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Abstract. Carbon analysis consists in the evaluation of thel Introduction

carbonaceous content of the aerosol (TC) but, more impor-

tantly, of its distribution between the two components EC The overall composition of the particulate matter (PM) has
(E|ementa| Carbon) and OC (Organic Carbon) that are Charbecome one of the fundamental tOpiCS in the field of envi-
acterized by different physical-chemical properties. In spiteronmental chemistry. One of the main topics is represented
of the numerous studies focused on this topic, nowadays &Y carbonaceous fraction quantification since this component
universal methodology for the determination of the two com-makes up about the 50% of the particulate mass concentra-
ponents EC and OC is not available. In fact OC and EC (alsdlon.

known as black carbon or soot) are operationally defined by The total carbon content (TC) includes elemental carbon
the method of analysis and, as a consequence, different metlfEC) and organic carbon (OC) as well as a small percentage
ods can produce different results. (less than 5%) of inorganic carbon mainly present as carbon-
e.

. L at
In this paper we present results on the application of . . . . .
X ; . : EC is essentially a primary pollutant (Seinfeld and Pandis,
TGA/FT-IR (Thermo-gravimetric Analysis/Fourier Trans- 1998) emitted during incomplete combustion of fossil and

formed Infrared Spectroscopy) to the characterization of car-_. ) o
P Py) biomass carbonaceous fuels. In urban areas, diesel emissions

bﬁggfggﬁ 13?‘;%';;la-g';:t?:rlmiﬁggighond:;ﬁgﬁi\;V:]Sethére one of the major sources for black carbon, which is often
P b y used as a marker for urban pollution (Delumyea et al., 1980;

Ism? Ilje :r;[ hl\?irll i]q)”r]:)) fr:)urr-hou;_::mrenrfﬁolju?on tsvsmp:es C?A' rSalma et al., 2004); furthermore, its temporal pattern could
ecte an urban area. 1nhe metnod IS a Wo-SIeps ey g, o1 ataq 1o traffic intensity (Ruellan and Cachier, 2001).

mal one and it is based on the different thermal behaviour . . .
of OC and EC. It has been set up analyzing suitable stan- OC has both primary and secondary origin. Primary OC

. . is mainly formed during combustion processes such as un-
dards containing both organic and elemental carbon. Carbo‘%aded gasoline combustion in urban area or biomass and

quantification is achieved by on-line, continuous monitoring field agricultural burning (Duan et al., 2004). It is also di-

of CO, infrared absorption at 2361 cth. A good separa- rectly emitted as plant spores, pollens and soil organic matter.

tion between OC and EC on particulate matter (PM) Sam'Secondary OC can originate from different processes such
ples has been obtained. Ranges and average values w

e : . .
12-70ug/m? and 20ug/n? for OC and 0.2—Gg/m? and S gas to particle conversion of low vapour pressure volatile

organic compounds, condensation and physical and chemi-
2 ug/me for EC. On average OC and EC made up 29.8)% . .
and 2.5 §1.8)% of the PM10 fraction, respectively, The cal adsorption. The presence of secondary organic aerosol

method reliability has been verified by a preliminary compar- (SOA) s suggested by an increase of the OC/EC ratio. Sec-

ison with TOT (Thermal Optical Transmission) technique. ondary organic aerosol can be easily estimated using EC

OC and EC values determined for ambient samples of PM 1@3;?(:86;2 a0§ glrlmzaorg 4§m§§|c;g r(-ggpcl?] earlr:g: a|1_l| lg::r:g;i:

xﬁrr]eRch;ilif:cgr';?a:?oeggomlog'Cal parameters as well a?ion, this fractiqn conta}ins a large amount of 'organic sub.—

’ stances belonging to different classes (aliphatic or aromatic
compounds, acids, etc.) the majority of which has not yet
been identified.
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EC is also indicated as black carbon (BC) because of itdion system. Moreover, a recent comparison between TOR
color. It has a graphitic-like structure with the presence ofand TOT methods has shown that the EC concentration de-
some functional groups containing elements such as oxygenermined by TOT is often a factor two lower than the corre-
sulphur, hydrogen and nitrogen, which are able to enhanceponding value determined by TOR (Chow et al., 2004).
catalytic processes. EC is sometimes referredoagwhen Another well-established thermal method for OC/EC anal-
carbon to oxygen ratio during the combustion process is lesgsis has been proposed by Cachier et al. (1989). In this pro-
than 1. Indeed soot, that represents the dark component of theedure inorganic carbon is preliminarily eliminated by expo-
carbonaceous aerosol, is a very complex mixture of both elsure of the filter to HCI vapours. Afterwards, half a filter is
emental carbon and highly polymerized organic substancesheated at 340 in oxygen in order to decompose the whole

The large concern on elemental carbon (EC) concentraOC. The remaining carbon, i.e. EC, is then determined by
tions in PM samples is due to the adverse health effect€oulometric titration. The remaining half of the filter is di-
(Summerhays, 1991; Obdéndter and Yu, 1990) and soil- rectly analyzed without the pre-treatment. OC concentration
ing of surfaces. At a global scale, EC might also play ais determined by difference. This protocol is known as LSCE
role in radiative forcing effects, as it is the dominant light- (Laboratoire des Sciences du Climat et de I'Environnement,
absorbing component of atmospheric aerosols. As regards t€achier et al., 1989).
the organic carbon (OC) the increasing awareness has to be A thermal method quite similar for some aspects to the
attributed to the fact that it typically constitutes up to 70% of LSCE protocol has been proposed in a preliminary work car-
the total dry fine particle mass in atmosphere. Moreover, OQried out by Fermo et al. (2003). In this study the carbona-
is an aggregate of hundreds of individual compounds, whichceous component in the Milan urban particulate matter was
can modify the thermodynamic and chemical properties ofestimated by means of a thermo-gravimetric analyzer com-
the atmosphere (Turpin et al., 2000). bined with an infrared spectrophotometer (TGA/FT-IR). In

The large number of studies carried out in the last yearghe present paper the employed technique is the same but the
and devoted to OC and EC quantification, have demonstratedrotocol has been partially modified in order to overcome
that, because of the carbonaceous aerosol complex nature,sbme drawbacks of the previous methodology such as a not
is difficult to compare results produced by means of differentsatisfactory OC/EC separation and, in some cases, a not suf-
techniques (Schmid et al., 2001; Chow et al., 2001, 2004). Irficient sensitivity.
fact, these methods gave results in fairly good agreement just The aims of this study are:
with respect to TC concentration while difficulties have been

encountered in the determination of the two fractions i.e. EC — (O test the reliability of TGA/FT-IR technique for the
and OC. detection of the carbonaceous component in particulate

It is worthy to note that up to now a reference method of ~ Matter samples;

analysis is not available and there is a significant disagree-
ment in the experimental results (Schmid et al., 2001).

The methods most commonly applied are based on ther-
mal evolution and reflectance/transmission measurements.
Amongst them the IMPROVE (Chow et al., 1993) and the The method set up has involved the analysis of both stan-
NIOSH (Birch and Cary, 1996) protocols are widely em- dard samples prepared in our laboratory and ambient samples
ployed. Both methods require the sample (i.e. PM depositeaf Milan urban particulate matter.
on a filter support) first heating to 600 in pure He and, af-
ter the temperature has decreased t6@0@ second heating
to 600°C in He containing a small percentage of. CDur-
ing the first step organic substances are removed since OC
less thermally resistant than EC. However, at the same tim

OC can partially be converted into EC through a pyrolysis. 14 gntimize and calibrate the analytical technique applied
Because of this process, knownasarring, OC would be i, this study, some “standard samples” (carbon black or
underestimated. In order to overcome this problem, a PY-graphite mixed with Si@ and some suitable compounds)
rolysis correction is applied monitoring a laser beam trans~yere generated. These standard mixtures have been prepared

mitted or reflected by the filter. The IMPROVE protocol g4 that their carbon concentration, both for organic and ele-
adopts the thermal-optical reflection (TOR) method while yenta| carbon, was similar to the one expected in the atmo-
the NIOSH protocol uses the thermal-optical transmlssmnspheriC aerosol samples.

(TOT) method. The comparison of NIOSH and IMPROVE " £ s reason, among the organic substances, some of
carbon measurements has shown that they are equivalent §,se present in the particulate matter in higher concentration
concerns TC while NIOSH EC is lower than IMPROVE EC |\ o1e chosen (Seinfeld and Pandis, 1998).

(Chow et al., 2001). The discrepancy is mainly due to dif-

ferences in the temperature steps and to the different correc-

— to quantify OC and EC concentrations on PM samples
collected in Milan (ltaly) in a field campaign carried out
during winter 2003.

2 Experimental

g.l Standards preparation

Atmos. Chem. Phys., 6, 25366, 2006 www.atmos-chem-phys.org/acp/6/255/
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The following mixtures were prepared:
H H \V4 stain\:sesa;?:e\ tube
— standard acontaining: SiQ (80%) and NaCyO4 (110°C)

JAN
(20%) Exhaust THERMOGRAVIMETRIC
=1 WHITE CELL ANALYZER

— standard bcontaining: SiQ (85%) — palmitic acid (5%)
— stearic acid (5%) and benzoic acid (5%) FT-IR

spectrophotometer

— standard ccontaining: SiQ (70%) — NaC,04 (5%) — COVPUTER
palmitic acid (5%) — stearic acid (5%) — benzoic acid _
(5%) — carbon black (10%)

E

0,

— standards d1-d3containing: SiQ and graphite in Fig. 1. Diagram of the carbon analyzer obtained by coupling a

different concentrations, l.e. 4.7%, 1730ppm and thermo-gravimetric analyzer (TGA) with an infrared spectropho-
3300 ppm, respectively. tometer (FT-IR).

The substances employed for the preparation of the stan-
dard samples are commercial products. Graphite powder Wag,ere js a filter to prevent the entrance of ambient particulate
obtained grinding E441 Shaped Carbon Rods (Assing, Italy)yatter in the re-suspension system.
carbon black was a powder of Monarch (Cabot Corporation,

France); s_ilica,_ sodium oxal_ate, palmit_ic acid, stearic acidport (quartz fiber filters, Whatman QMA) after passing a
and benzoic acid were supplied by Aldrich (ltaly). size-selective inlet constituted by a cyclone, which allowed

As for the mixtures preparation, the chosen materials wergne sampling of particles with aerodynamic diameter smaller
at first mixed in an agate_ mor_tar and then in a baII_ mill than 3.5um. The grains size was checked by scanning elec-
(Retsch model S1, operating with three balls, 3mm diame+,4, microscopy (SEM) using a Hitachi 2400 instrument

ter) in order to obtain a homogeneous sample of powder Witquuipped with a Quantum Kevex energy dispersive X-ray mi-
small grain dimensions to be deposited on the filter SquortScroanalyzer (EDX).

_The carbon concentration in our standards has been Ver- gefore and after the depositions the quartz fiber filters
ified by CHN (Carbon/Hydrogen/Nitrogen Analyzer, Perkin \yare exposed for 24—48 h on open but dust-protected sieve-
Elmer instrument model 2400). In particular, as for standards(rays in an air-conditioned weighing room (T=20°C and
d1-d3 used in the instrument calibration, the actual carborh.H_:5%3%)_ The gravimetric determination of the mass
concentrations were verified by CHN for standard d1 and by,a5 carried out using an analytical microbalance (precision
TOC (Totgl Carbo_n Analyzer, Dohrmann Apollo.9000 instru- 11g), which is installed and operates in the weighing room.
ment equipped with a NDIR-detector and a solid sampler alyn order to remove static electricity from filters the bal-

lowing to analyze small sample quantities) for standards d2,,.e was equipped with a special kit consisting in a Faraday
and d3. The use of TOC was necessary as CHN was nafpig|q.

suitable to analyze samples d2 and d3 because of their low

carbon content. It has been found that the measured carbop2  Analytical techniques — TGA/FT-IR

concentrations (i.e. those used for the calibration curve; see

Sect. 3.2) were slightly lower than those calculated on theEC and OC determination has been performed by a TGA/FT-

base of the weighed quantities, probably because of somiR (Thermo-gravimetric Analysis coupled with Fourier

losses occurred during mixture preparation. Transformed Infrared Spectroscopy) home-made instrument,
The NIST (National Institute of Standards and Technol- assembled using a JASCO-FTIR spectrophotometer Model

ogy) Standard Reference Material 1649a (urban dust) and th860 and a Dupont Thermo-gravimetric analyzer model 951.

NIES (National Institute for Environmental Studies) Certi- A schematic diagram of the carbon analyzer apparatus is re-

fied Reference Material No. 8 (vehicular exhaust particulate)ported in Fig. 1.

have been analyzed to test the method reliability. Basically, the method is a thermal evolved one where car-
In order to realize measurement conditions quite similar tobon quantification is achieved by on-line continuous moni-

those typical of particulate matter samples, standard d1 hatoring of CQ infrared absorption. At the moment, the fa-

been deposited on quartz fiber filters and these filters wereility of the thermo-gravimetric analysis (weight loss evalu-

used for the TGA/FT-IR calibration (see further on in the ation) is not used for carbon quantification.

text). The TGA/FT-IR system is also advantageous because it al-
The deposition was done by means of a home-made relows the continuous monitoring of GCas well as of other

suspension system composed of two differently sized chamspecies (e.g. water vapour, SONOy and NH;), which

bers in order to get a homogeneous dispersion of the powderolatilize during the decomposition of sulphates and nitrates

mixture in the chambers volume. At the inlet of the air flow contained in the particulate matter. Indeed, from preliminary

The re-suspended powder was collected on the filter sup-

www.atmos-chem-phys.org/acp/6/255/ Atmos. Chem. Phys., 628852006
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Table 1. Experimental conditions used for TGA/FT-IR analyses; standards composition is reported in Sect. 2.1.

Experiment No. Sample FirststepTQ@) Firstisotherm  Second step T¢) Second isotherm Carbon %
duration (min) duration (min)  recovered in the first step

1 Stda 350 120 700 10 72
2 Stda 425 10 700 10 84
3 Stdb 350 10 700 10 60
4 Std b 425 10 700 10 90
5 ambient sample 435 25 700 10

6 Stdb 435 25 700 10 90

ture steps allow the separation of organic carbon from ele-
mental carbon. C&evolved during sample decomposition is
transferred through a stainless steel tube heated &aCltbta
Elemental 15 cm long multipass White cell equipped with KBr windows
N (thus, the optical path reaches a length of 120 cm), which is
located inside the infrared spectrophotometer. In this way,
during each thermo-gravimetric analysis, infrared spectra se-
ries are collected automatically by the FT-IR with a spectrum
collected every 60s. By continuous monitoring of £&b-

Organic
<«—— carbon
peak

Absorbance (a. u.)

0 500 1000 1500 2000 sorbance at 2361 cm (which corresponds to the most in-
Time (<) tense signal in C@infrared spectrum) vs. time, a G@vo-
@ lution curve (in the following called CEC) is obtained. The

curve shows distinctive features and it is possible to distin-
guish, on the base of the different decomposition tempera-
ture, the two components OC and EC detectable as well sep-

Organic arated peaks. CECs examples are shown in Fig. 2a—b. These
<«—— carbon

< peak curves were obtained analyzing both standards b and c, pre-
5 Elemental pared as described in the experimental section (Fig. 2a), and
2% peak a couple of four-hour time resolution particulate matter sam-
<

ples collected in Milan as described further on in the paper
(Fig. 2b). Two fully separated peaks are detectable, the first
one due to organic carbon and the second one due to ele-

T T T T T T
0 500 1000 1500 2500 3000 3500

Time (s) 2000 mental carbon. The area under each peak is proportional to
OC and EC content in the sample. It is worthy to note that
® the small peak corresponding to EC in the CEC of standard

_ ) _ b has to be assigned to some organic cartdmarring since
Fig. 2. CECs (CQ Evolution Curves) obtained by TGA/FT-IR an- s standard mixture doesn’t contain any elemental carbon.
alyzing standard b and c (see Fig. 2a) and two particulate matteg 4 ormore, the EC peak falls at higher time values in the
samples deposited on quartz fiber filters (Fig. 2b); the peaks due tCr)eal samples since the experimental conditions were slightly
organic carbon (OC) and elemental carbon (EC) are indicated with .
aIrrows. different. In fact, CECs corresponding to standards b and
¢ were acquired by using the heating program reported for

experiment No. 4 (Table 1) while the ambient samples were

measurements on a few PM samples both 8@ NG have analyzed as described in experiment l_\lo. 5 (Ta}ble 1).
been detected from infrared spectra; nevertheless, the quan—AII TGA/FT-IR analyses were carried out inz(atmo-

tification of these species will require a suitable calibration sphere with a gas ﬂO\_N rate of 110mL/min. Before each
and work is still in progress. measurement the White cell was evacuated and purged by

. . a nitrogen flux. Subsequently, oxygen was fluxed and the
The system COOS'StS of a furnace (which is th? core of theoackground spectrum acquired. €@ carried through the
thermo-gravimetric analyzer) where the sample is heated UNztainless steel tube and the White cell by means pflax
der controlled conditions and the carbonaceous aerosol fraC(Fig 1)

tion is oxidized to C@ whose concentration is monitored
by the FT-IR spectrophotometer. Two increasing tempera-

Atmos. Chem. Phys., 6, 25366, 2006 www.atmos-chem-phys.org/acp/6/255/
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A two-step heating procedure has been optimized in ~ 800 -
order to minimize both charring of organic carbon and % 700 v
pre-combustion of elemental carbon. The heating ramp, suit- ggg | /’M
able to obtain the best separation between EC and OC, con g 400 p—o—s +
sists of a first jump at 43%, an isotherm for 25 min, a jump 300 /
at 700C and an isotherm for 10 min. The heating program fgg J
is displayed in Fig. 3. Each jump takes about 2 min with a o4
heating preset rate of 160/min (corresponding to a rate of 0 5 10 15 20 25 30 35 40 45 50 55 60
increase of about 20C€/min as shown in Fig. 3). The sys- time (minutes)
tem takes about 5-10min to equilibrate at the two desired
temperatures of 43& and 700C. Each analysis takes alto- Fig. 3. Heating program employed for the analysis of particulate
gether 55 min. matter samples by TGA/FT-IR.

The analysis conditions, i.e. the two-step temperatures, the
atmosphere and the isotherm duration, have been set-up ana-
lyzing standard samples (described in Sect. 2.1) and will be Our methodology for OC and EC analysis is a thermal

Furnace Temperature (°C

discussed later on in this paper. one based on TGA/FT-IR measurements. It allows OC/EC
In order to perform the TGA/FT-IR calibration, known separation thanks to the different thermal behaviour of the
quantities of standards d1-d3 were analyzed. two carbon components. OC and EC are oxidized to car-

Thereafter, for each sample, the area of the peak due to eld20n dioxide whose quantification is accomplished by a FT-IR
mental carbon was integrated and the obtained values plotte@P€ctrophotometer, which acquires infrared spectra simulta-
against the corresponding carbon concentrations. The instr1€0USly with the thermo-gravimetric analysis. While non-
ment calibration has been carried out analyzing both powder§ispersive infrared detection (NDIR) of evolved ghes al-
of samples d1-d3 and standard d1 re-suspended on quarfg@dy been used (Cadle et al., 1980; Tanner et al., 1982; No-
fiber filter (Sect. 3.1). When analyzing real particulate mat-VakoV, 1997), as far as we know, a FT-IR spectrophotometer
ter samples (Fig. 2b), the quantification is achieved by single8S & detecto.r is here ap.plled for the first time (see the Exper-
peak area integration (since the two peaks corresponding tinental section for details on the apparatus). _

OC and EC are fully separated) taking into account the point Our approach shows some analogies with the earlier ther-
where the baseline regains its initial value. mal methods presented in the literature taking into account

It is worthy to note that suitable standard carbon concenhe specific problems previously described. _
trations have been selected according to the carbon concen- Evolved gas analysis procedures proposed in the literature
trations expected both for ambient samples analyzed in thigliffer in the temperature programs and in the atmosphere
study (see Sect. 3.3) and for SRM1649a. In this way the confonditions (oxidation or pyrolysis). As concerns the sam-
centrations determined in the samples fall exactly within theP!€ heating, up to now three different systems have been em-
calibration ranges. ployed: (1) direct insertion of the filf[er into the heated zone

For TGA/FT-IR analysis one half of the quartz filter (cor- (Cadle et al., 1980), (2) flash heating (Tanner et al., 1982;
responding to a deposit area of 69nwas accurately cut Cachier et gl., 1989), i.e. avery rapid he_atmg WhICh allows to
from the exposed filter area or from the standard sample. Thé€ach the final desired temperature within a few minutes, and
filter was then divided into small pieces, which were put into (3) Progressive heating (Chow et al., 1993; Birch and Cary,
a circular shaped and flat platinum sample pan (inner diame1996; Novakov, 1997; Iwatsuki et al., 1998). As in our sys-

ter=1 cm and height=2 mm) placed in the TGA furnace oven.tem the heating is realized by a thermo-gravimetric analyzer,
we have tested both progressive and flash mode. In a previ-

ous work (Fermo et al., 2003) first attempts were made using

3 Results and discussion a temperature rate of&/min in the range going from am-
bient temperature up to 650. The method accuracy in to-

3.1 Operational conditions set-up tal carbon determination was verified analyzing SRM 1649a.
However, on examining particulate matter on filters, a good

3.1.1 Heating rate and carrier gas separation between OC and EC was not achievable. There-

fore, in the present study the heating rate was increased at
A number of procedures have been recently proposed for OGhe maximum value allowed by the instrument (160min),
and EC quantification on filter samples of ambient particulatewhich means to realize a flash heating.
(Schmid et al., 2001; Chow et al., 2001, 2004, 1993; Birch When starting the analysis, at first the system is left to
and Cary, 1996; Cachier et al., 1989; Fermo et al., 2003)equilibrate for some minutes at 3D (Fig. 3) then a first
Nevertheless, a unique and validated method doesn't exigump at 425C (at a rate of 160C/min) takes place. At
because of some problems encountered in assigning correcthyis point, after an isotherm step of 25min, a second jump
the carbon content to the organic or to the elemental fractionat 700C is performed maintaining the same heating rate

www.atmos-chem-phys.org/acp/6/255/ Atmos. Chem. Phys., 62882006
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5] cation and, as a consequence (see the introduction), this can
produce different splitting between the two fractions.

2] Different temperatures have been proposed in the literature

151 for the separation of organic carbon from elemental carbon

such as 300C-350C (Cachier et al., 1989; Ohta and Okita,
1984; Ellis et al., 1884), 40€C-430C (Tanner et al., 1982;
054 b Iwatsuki et al., 1998) and 68C (Cadle et al., 1980).

Isotherm duration is also quite variable and goes from a
few minutes (Tanner et al., 1982) to longer periods such as
: : : : : , , : , 30 min (Novakov, 1997), 60 min (Iwatsuki et al., 1998) or
1000 2000 3000 400?|.im:(0:;0 6000 7000 8000 9000 120 min (Cachier et al., 1989)

In setting the proper temperature it is mandatory taking

Fig. 4. CECs obtained by TGA/FT-IR analyzing standard a and cor- into account some facts: temperature must be high enough

responding to experiment No. 1 — Table 1 (curve a) and experimenfO @Ssure organic matter complete decompositemarring
No. 2 — Table 1 (curve b). must be minimized; elemental carbon pre-combustion must

be avoided.
Some experiments were carried out on standard mixtures
(heating temperature values and isotherms duration are dissf known composition in order to establish the optimal tem-
cussed in the next paragraph). perature for the first step and the corresponding isotherm du-

A very rapid heating allowed us to obtain two well distin- ration. We didn’t check 65 since the apparatus used in
guishable peaks in the CEC (G@volution Curve). Further-  that case (Cadle et al., 1980) worked in an inert atmosphere,
more, in these conditions the determination of low quantityavoiding EC decomposition, while we had decided to work
of organic and elemental carbon is possible and the organiéh oxygen (see Sect. 3.1.1).
carbon volatilization is favoured against carbonization. In The second temperature step has been in any case set at
fact it is well known that, while heating, organic carbon could 700°C since, working in oxidizing conditions, it is enough
char, i.e. a pyrolitic organic-to-elemental carbon conversionto decompose elemental carbon (Cadle et al., 1980; Iwatsuki
takes place. Previous works (Cadle et al., 1980; Cachier egt al., 1998). This has been verified by our system analyz-
al., 1989) have also estimated the percentage of OC to E@g both pure graphite and the standards d1-d3. No residual
conversion, which is about 10-20% in the worst case. carbon was observed.

In the literature, as carrier gas, He and a mixture of 10% Results obtained in the optimization procedure are sum-
O,/He or 2% Q/He are generally used for the OC and EC marized in Table 1. Each experiment was replicated at least
decomposition step, respectively (Chow et al., 1993; Birchtwice.
and Cary, 1996; Cadle et al., 1980; Tanner et al., 1982). At first we reproduced the experimental conditions re-
When an inert atmosphere is used during the first step jusported by Cachier et al. (1989), i.e. first step temperature of
the organic fraction decomposition takes place and EC de350°C and a heating duration of 120 min in order to decom-
composition is prevented. However, some authors observeg0se all the OC fraction (experiment No. 1, Table 1). The
that in order to minimize&harring, oxygen has to be chosen CEC corresponding to this experiment is reported in Fig. 4,
instead of an inert atmosphere (Cachier et al., 1989; Ohta angurve a. Only 72% of the total carbon, in the mixture as
Okita, 1984). In particular Cachier et al. (1989) found that N&2C20a, is recovered in the first step (Table 1). From exper-
using both flash heating and oxygen as carrier gas, pyrolysi§nental results obtained in our laboratory by means of a stan-
would affect 10% or less of the initial organic carbon. On the dard thermo-gravimetric analysis, it has been noted that pure
base of some experiments previously carried out by TGA/FT-sodium oxalate shows two characteristic decomposition tem-
IR (Fermo et al., 2003), it has been concluded that also in ouPeratures at about 500 and 780C respectively: at S0 it
case charring was more pronounced in non-oxidizing mediglecomposes and turns to carbonate which then decomposes
such as helium. For this reason we selected pure oxygen & 780C. This high temperature has been avoided in our

Absorbance (a. u.)
T

carrier gas. analyses because of the possibility of carbonate decompo-
sition during real PM samples measurements. The second
3.1.2 Heating temperature and isotherm duration peak present in the CEC may be due to some charring or to

initial carbonate decomposition. Oxalate is the most abun-
Once flash-heating mode has been selected, some expedant of the dicarboxylic acids in the particulate matter and
ments were carried out to optimize the two heating step tem<¢an potentially act as cloud condensation nuclei. Its atmo-
peratures in order to find a split point between OC and EC spheric concentration is about 0,8§/m? (Yao et al., 2002)
which is not arbitrary. Nevertheless, it is important to stressand together with malonate and succinate represent on av-
that up to now the OC and EC definition is an operative oneerage 5.5% of sulphate concentration, one of the major PM
depending on the analytical method used for their quantifi-component. It has also been demonstrated that mono and
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Fig. 6. CECs obtained by TGA/FT-IR analyzing SRM1649a using
a first temperature step of 350 (curve a) and 435 (curve b)

Fig. 5. CECs obtained by TGA/FT-IR analyzing a 24-hour sample )
respectively.

of particulate matter (on a filter). The filter was divided into two
portions both heated at 426 for 25 min (curves a and b); curve c
was obtained with the heating program, reported in Fig. 3, on one
half of the filter submitted to 24-h Soxhlet extraction; curve d was baseline signal was regained (Fig. 5, curves a and b). Af-
obtained by the same heating program on the second half of theer cooling, one half of the filter was undergone to a 24-h
filter not extracted. Soxhlet extraction in dichloromethane in order to dissolve
the organic matter that was eventually still present. Soxh-
let extraction is frequently used in the analysis of particulate
di-carboxylic acids represent one of the main classes in thgnaiter organic compounds while dichloromethane has been
so-called WSOC (water soluble organic carbon) fraction thatchosen since it is one of the most widely used solvent (Poz-
accounts for about 50% of OC (Decesari et al., 2001). As a,jj et al., 2004). The two halves were then submitted to the
consequence, oxalate contribution to particulate matter masgomplete ramp program (heating at 42&isotherm/heating
is not negligible. at 700Clisotherm). A residual signal is detectable in both
It is also important observing that the OC fraction could CECs in correspondence of the first step (Fig. 5, curves ¢ and
include high molecular weight organic substances having al) suggesting that also by means of the extraction it was not
thermal behaviour quite similar to the soot one. For examplepossible to eliminate all the organic substances (the second
a mixture of amid, starch and sucrose has been chosen aspgak in both curves c and d is due to EC). Afterwards, the ex-
model for this fraction and its thermal behaviour studied. It periment was carried out working at a 485 which turned
has been found that in order to have a complete combustionut to be high enough to decompose the whole OC fraction.
of this class of substances, it is necessary to reach a thresholiks a consequence, we selected this value as the first step tem-
temperature of 48% (Iwatsuki et al., 1998). perature and adopted the first isotherm duration of 25 min for
In our experiment, the first temperature step was then in-ambient particulate samples analysis.
creased to 4Z% in order to test an intermediate value be-  Some experiments were also performed in order to eval-
tween 350 and 48% (experiment No. 2, Table 1). The du- uate minimum EC combustion temperature. According to
ration step was drastically reduced to 10 min, which seemsjata reported by other authors (Iwatsuki et al., 1998) in oxi-
enough to regain the initial baseline signal and a recovery indizing conditions the elemental carbon combustion starts be-
crease was observed (Fig. 4, curve b). Nevertheless, wheyond 485C and it is complete under 650—66&D (Cadle et
thermal analysis is performed at temperatures lower theral., 1980; Iwatsuki et al., 1998). Loss of elemental carbon
780°C — as in our case — OC may be slightly underestimateccan be reduced by a short pre-combustion step (Cachier et al.,
if oxalate is present, since it does not completely decompose1989). Samples of pure graphite were analyzed by TGA/FT-
A temperature of 35T is not enough to decompose stan- IR using the following first step temperatures: 425450°C,
dard b, a mixture containing organic acids (experiment No. 3470°C and 500C. Starting from 470C, CEC shows a signal
Table 1). Carbon recovery reaches 90% when heating aih correspondence of the first step indicating that in our oper-
425°C (experiment No. 4, Table 1). Taking into account the ational conditions some EC pre-combustion can take place.

decomposition temperatures of the substances contained in However, it is known that soot present in the atmospheric
standard b it is reasonable supposing that under these condierosol is not only composed by elemental carbon but con-
tions acharring of 10% took place. tains a variety of highly condensed organic compounds (Ca-
The temperature of 42& was then checked for the analy- dle et al., 1980, Cachier et al., 1989). Standard reference
sis of samples of ambient particulate matter. For this purposenaterial NIES No. 8, being a vehicle exhaust particulate,
a 24-h filter was divided into two portions that were heated contains about 80% of carbon so that it was used to check
at 425 C with an isotherm duration of 25 min after which the pre-combustion conditions in real particulate samples. Four
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Table 2. Standards used for the calibration curve shown in Fig. 7a; Table 3. Standards used for the calibration curve shown in Fig. 7b;
together with the standard type the mass of the standard, the carbdngether with the standard type the mas% dilter (area 6 crf), the
content present in each standard and the peak area observed in tharbon content present in each standard and the peak area observed

CEC are reported. in the CEC are reported.
Stdtype  Mass of Std (mg) Carbon content (mg) Peak area Std type Mass of Std on  Carbon content  Peak area
l .
No sample 0 0 11.4  filter (mg) (mg)
d2 54 0.009 18.7 1 blank filter 0 0 17.3
d2 5.8 0.010 24.0 d1 0.172 0.008 235
d1 0.5 0.025 52.6 d1 0.277 0.013 30.0
d2 44 0.074 114 d1 0.523 0.025 375
d2 45 0.076 94.7 d1 0.702 0.033 445
d3 23 0.077 109 d1 1.299 0.061 65.6
d3 42 0.137 187 d1 1.480 0.070 91.6
d3 43 0.142 167 d1 1.791 0.084 96.5

standard samples, previously submitted to Soxhlet extractiotent of 17.0% has been obtained against a certified value of
in order to eliminate the soluble organic fraction, were ana-17.68 ¢-0.19)% and OC and EC concentrations were 81.4%
lyzed by TGA/FT-IR testing the following first step temper- and 18.6% of TC, both values within the range of variation
atures: 425C, 435C, 450C and 470C. A signal attributed  determined by the other methods (Currie et al., 2002).

to pre-combustion already appeared at450MNe can there-

fore conclude that to avoid elemental carbon pre-combustion3-2 ~ Calibration and method validation

in our operational condition the maximum temperature forS ; | . hi sio
the first step must be 436. Even if it cannot be excluded ome reference samples containing pure graphite ang Si

that some quite refractory organic substances could be ndf’ known quar1_t|t|e§ have been prepared in order to perfp m
still decomposed at this temperature, 4@5s a good com- instrument calibration (standards d1-d3 whose composition

promise between the need to decompose OC and to avoid EE (Ije_squbed in Sect. 2.1). h b . h
pre-combustion. t is important to stress that carbon concentration chosen

. . . . .. for standards d1-d3 are found in ambient samples such those
As carbon loss is associated with a change in the filter P

; e e . collected in this study, i.e. samples with four-hour time res-
color, in order to verify if some variation occurred, a partic-

lat tter filt tracted f the f t th cic)lution. These filters are characterized by low carbon con-
ufaf_e ;n_a ?hr ner \t/vas ex drac eh romt ethurrf1_z|itce a | € NG entrations and the total carbon contem%dﬂter (thatis the
ot irst 1sotherm sStep and no change In the filter color Wasanalyzed portion) is within the concentration range reported

ewdent: _ N _ in Table 2 and 3.
The final selected operational conditions for ambient sam-  The measurement conditions were the same employed for
ples analysis are summarized in Table 1. real samples analysis (experiment No. 5, Table 1) that al-

We would stress that also with our method OC charringlowed to obtain the best OC/EC separation. Two different
cannot be excluded when analyzing particulate matter samealibration curves were constructed:
ples. However, for a standard mixture of known composition
(standard b, experiment No. 6, Table 1) where no elemental — the first curve (Fig. 7a) obtained analyzing different
carbon was present, it was estimated to be 10% in accordance quantities of standard d1, d2 and d3 (Table 2) that can be
with literature data (Cachier et al., 1989). Pure substances used for OC/EC quantification when particulate matter
with high molecular weights such as sucrose and starch have ~ Powder samples have to be measured (e.g. SRM1649a);
been analyzed and, from the ratio between areas of the first

and the second peak, "F was estimated a charring percentage filter loaded with standard d1 in different quantities (Ta-
of 10 and 14%, respectively. . o
) ) ble 3) varying between about 0.17 mg and 1.8 mg; this

SRM1649a has been also analyzed using the final selected ¢y is used for OC/EC quantification in real particu-
operathnal conditions. Figure 6 shows the CECs obtained  |5te matter samples.
with a first temperature step of 38D (curve a) and 43%
(curve b). As expected, 35Q wasn't high enough to allow The difference between the slopes of the two curves is within
complete OC evolution. On the contrary, using a first temper-20%.
ature step of 43%C a good agreement with literature values  As well known, TGA response depends on the physical
has been obtained (Currie et al., 2002). A total carbon constatus of the sample and this is the reason of our tests both

— the second curve (Fig. 7b) obtained analyzing one half
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ing with two different matrices, slight different combustion
efficiency can be hypothesized. However, the combustion _ _
efficiency at fixed analysis conditions shows a very good re-F19- 8. Comparison between TGA/FT-IR and TOT methodologies
producibility. for the IanaIyS|s of OC (Ilzlg. 8a), EC (Fig. 8b), and TC (Fig. 8c) in
In this work, all the carbon quantifications in PM samples particulate mafter samples.
have been made using the second curve (Fig. 7b).
It has been estimated that our technique has a detection
limit of 0.5 gClcn? and the precision of the method is 10%. this method is able to both prevent any undesired oxidation of
In comparison to NIOSH-TOT and LSCE our methodology ©riginal elemental carbon and make corrections for the possi-
has a lower precision while the detection limit is comparableble generation of carbon char produced by the pyrolitic con-
to LSCE one and slightly higher than the NIOSH-TOT one Version of organics into elemental carbon.

(0.15.gClcn). In Figs. 8a, b and c the results of the preliminary compar-
A few PM10, PM2.5 and PM1 samples (particulate matterison between the TGA/FT-IR and TOT methodologies are
with aerodynamic diameter smaller than 10, 2.5 apdrire- shown. Generally, there is a good agreement on total carbon

spectively) were also analyzed by a thermal-optical methodand OC while EC shows larger discrepancies. Differences
TOT (Sunset Lab inc., USA) to perform a first comparison can be due either to possible OC charring processes or to the
with TGA results on EC/OC/TC. The TOT instrument was EC pre-combustion with TGA/FT-IR method but also to the
designed to specifically address some of the problems oblarge uncertainty of TOT results in case of heavy loaded PM
served in other methods in assigning carbon either to the orsamples because of difficulties in the optical evaluation of
ganic or elemental fraction. By the continuous monitoring the OC/EC splitting point. A more rigorous comparison on a
of the optical absorbance of the sample during the analysislarger number of samples is in progress at our laboratory.
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Fig. 9. Temporal patterns of PM10, OC and EC concentrations together with wind speed (OC and EC values have been multiplied x2 and
x10 respectively).

3.3 Analysis of carbon content in PM samples In Fig. 9 the temporal patterns of PM10, OC and EC con-
centrations are displayed together with the wind speed reg-

The analytical methodology above described was applied tdstered during the whole campaign. The good correlation
PM10 samples collected in the urban area of Milan to de-Petween the PM10 mass concentration and its carbonaceous

termine the EC/OC/TC content. Blank filters were also ana-component is a first qualitative evidence of TGA/FT-IR reli-
lyzed and no significant signals were observed. ability. As the examined filters are characterized by a sam-
" location, ac-Pling time of 4 h, the collected particulate matter amount is
t sometimes very low and EC is often below the detection limit
(missing values in the figure).

The sampling site was a “background urban
cording to the Italian Environmental Agency definitions, as i
is not directly influenced by local emissions (i.e. traffic). The
campaign was carried out in 2003, 27 January—10 February, During the campaign, PM mass concentration varied from
and the PM10 was sampled daily with a four-hour time reso-20.11.g/m? to 200..g/m? with an average value of 78g/m?
lution. As a consequence during each day six four-hour timeand a standard deviation of 4&/nm? (it is an expression of
resolution filters were collected with a total number of 90 the observed variability in the data-set and not of the experi-
(=6x 15) ambient samples during the whole period. mental error which is lower than 5%).

During the second week of the campaign the PM threshold Ranges and average values were 12+30n° and
values were exceeded so that the local authorities decided 01g/m® for OC and 0.2-Gug/m® and 2ug/m® for EC.
introduce the condition of an odd/even plate’s traffic. How- On average OC and EC made up 294312.8)% and 2.5
ever, this obligation was maintained only for a couple of days(£1.8)% of PM10 mass, respectively.

(starting from Monday, 3 February) because of the occur- Converting the organic carbon (OC) to organic matter

rence of a strong &n episode, which cleaned up the atmo- (OM) concentrations using a mean molecular-to-carbon ra-
sphere on the whole Po valley (see Fig. 9). Thus, it was notio of 1.6, as proposed by the recent literature (Salma et al.,
possible to single out the effect of this action to prevent high2004; Turpin and Lim, 2001), an average contribution of

pollution levels. about 53% to the PM10 mass has been found.

The samples were collected on quartz fiber filters (What- To study the observed temporal patterns the concentrations
man QMA) using low volume CEN-equivalent samplers of the gaseous precursors of secondary aerosol as well as me-
(flow rate: 2.3 m/h) equipped with PM10 (particulate matter teorological parameters (data available from the regional air
with aerodynamic diameter smaller than;4@) inlets. The  quality network), have been also taken into account. Owing
PM10 mass was gravimetrically determined using the sameo the important role of the dispersion conditions of the at-
methodology described in Sect. 2.1. mosphere in determining PM10 concentration levels in the
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Fig. 10. Temporal patterns of PM10, OC and EC concentrations together with Radon concentration (OC and EC values have been multiplied
x2 and x10 respectively).

urban area of Milan, and in general in the Po valley, alsoanalyzer and a FT-IR spectrophotometer. In the framework of
Radon measurements were carried out during the campaigour study particular attention has been devoted to the method
(Fig. 10). Radon can be considered a good natural tracer a$et-up. In particular, it is well known that the choice of both
vertical dispersion as it does not undergo chemical transforheating program and carrier gas are tricky points in the anal-
mations in the air and it has a half-life of 3.8 days that is ysis of the two components OC and EC. The adopted ana-
long enough to measure the atmospheric phenomena of idytical conditions led to the minimization of both charring of
terest here. It also has an approximately constant rate of exX©C and pre-combustion of EC.
halation from the ground over large, homogeneous areas and The method reliability for carbon quantification is sup-
over time. ported by the fairly good agreement with TOT technique,
The Radon hourly concentration is routinely and continu-which is one of the most widely used systems for TC/OC/EC
ously measured at ground level (6 ma.s.l.) in Milan by theanalysis. Nevertheless, a clear separation between OC and
group of the Institute of Physics. Radon activity concen- EC is not easy to achieve either using more sophisticated sys-
tration outdoor is detected with hourly resolution through tems such as TOT or TOR.
the collection of its short-lived decay products attached to TGA/FT-IR was applied to PM10 samples collected in the
aerosol particles and the spectroscopic evaluation of theiurban area of Milan to determine the EC/OC/TC content.

alpha activity (estimated detection limit=0.2 Bq#). De- The technique reliability was also qualitatively demonstrated
tails on the experimental methodology to measéf&n con- by the good correlation between the particulate matter mass
centration are reported in Sesana et al. (2003). concentration and its carbonaceous component. As for the

The temporal patterns of PM10, OC aAt?Rn show a  method sensitivity, EC values were often below the detection
fairly good correlation (Fig. 10); and when radon concen-limit but this is mainly due to the fact that the filters were
tration reaches the maximum value (during the night and thesampled with four-hour time resolution.
early morning) the atmospheric dilution power is poorer and

the pollutants accumulate (Vecchi et al., 2004). AcknowledgementsThe authors are grateful to G. Marcazzan

(University of Milan) for the helpful suggestions.

4 Conclusions Edited by: R. Hitzenberger

The method here presented appears suitable for the analysis
of atmospheric aerosol carbonaceous fraction. It is based on
evolved gas analysis and it consists of a simple home- made
apparatus obtained by the coupling of a thermo-gravimetric
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