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Abstract. The primary objective of the research reported EC fraction isolated for AMS contained about 8% of the orig-
here has been the development of a hybrid reference matenal biomass-C; for TOK, the refractory carbon (RC) isolated
rial (RM) to serve as a test of accuracy for elemental carborcontained about 3% of the original biomass-C.; (2) the initial
(EC) isotopic ¢*C) speciation measurements. Such measureisothermal oxidation stage of the TOK method substantially
ments are vital for the quantitative apportionment of fossil reduced the transfer of artifact char to the RC fraction, im-
and biomass sources of “soot” (EC), the tracer of fire thatproving isolation capabilities; (3) the Hybrid RM was not
has profound effects on health, atmospheric visibility, andequal to the sum of its parts, with matrix interactions induc-
climate. Previous studies fC-EC measurement quality, ing premature loss of EC which, however, could be quantified
carried out with NIST SRM 1649a (Urban Dust), showed a and minimized; (4) the three-stage TOK method provided a
range of results, but since the “truth” was not known for this superior capability for carbonate quantification at the sub-
natural matrix RM, one had to rely on isotopic-chemical con- micromolar level, with “reagent-free” removal of carbonate-
sistency evidence{C in PAH, EC) of measurement validity C from EC — essential for low-level EE'C AMS.

(Currie et al., 2002). Components of the new Hybrid RM
(DiesApple), however, have knowC and EC composition,
and they are nearly orthogonal (isotopically and chemically). o ]
NIST SRM 2975 (Forklift Diesel Soot) has little or iéc, =~ 1 Background, objectives, and extant particulate car-
and its major compositional component is EC; SRM 1515  bon reference materials

(Apple Leaves) has th¥'C content of biomass-C, and it has o ) ) )

little or no EC. Thus, the Hybrid RM can serve as an absoluteQuantitative apportionment of fossil and biomass sources
isotopic test for the absence of EC-mimicking pyrolysis-C of cfalrbonaceous paztlcles |slc3r|t|c§1IIy dependen? on the ca-
(char) from SRM 1515 in the EC isolate of the Hybrid RM, Pability to measure"’C (and*°C) in representative sam-
as well as a test for conservation of its dominant soot fractionP!€S Of such particles. When questions of long-range trans-
throughout the isolation procedure. port, or potential impacts on climate, or archival (ice core)

The secondary objective was to employ the Hybrid RM records are involved, “low-level” (micro-molar) accelerator
for the comparative evaluation of the thermal optical kinetic mass spectr'ometr); (AMS) measulrem?nts maﬁ/ also be_ re-
(TOK) and thermal optical transmission (TOT) methods for uired (Currie et al., 2000). Low-level AMS, however, 15
the isolation of EC for micro-molar carbon accelerator massParticularly susceptible to chemical impurities; as a result,
spectrometry (AMS). As part of this process, the relatively the “clean-chemistry” thermal and thermal optical process-

new TOK method was subjected to a critical evaluation and'"9 techniques are especially attractive: Wet-chemistry car
significant development. Key findings of our study are: (1) bonate removal, for example, proved disastrous in attempts

both methods exhibited biomass-C “leakage”; for TOT, theto determine**C in non—cgrbonate particulate carbon in tiny
samples of snow and firn from Greenland (Slater et al.,

Correspondence td:-. A. Currie 2002). (See also Sect. 4.2 of this manuscript.) Another crit-
(lloyd.currie@nist.gov) ical issue is'*C speciation — i.e., measurement 4 in
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individual chemical fractions of carbonaceous particles, esfor measurement of EC in bulk RMs (as SRM 1649a) and
pecially “EC™. 14C speciation poses a special problem, in geochemical samples not processed to produce uniform de-
that the species of interest must be isolated prior to AMS tar{posits.
get preparation, though, admittedly, on-line GC/AMS is on  To overcome the uniformity problem, G. A. Klouda and
the horizon. coworkers prepared two series of uniformly deposited filter
The main focus of the present work is to explore means toRMs, for quality control of thermal optical analysis in the
assure quality measurements'8€ in the elemental carbon  atmospheric particulate science community. Both series rep-
fraction of atmospheric particles. Isotopic-chemical partic- resent progeny of SRM 1649a; that is, both series have been
ulate carbon Reference Materials (RMs) constitute a natuprepared by resuspension of the bulk SRM 1649a, for de-
ral choice to accomplish this objective, but unless such RMsposit on quartz fiber filters. The first, prototype series de-
have known isotopic and chemical composition, they cannohoted “ACG?” filter RMs, has been utilized both in the SRM
be relied upon to guarantee “absolute” accuracy. NIST SRM1649a intercomparison of 2002, and in our present study, as
1649a (Urban Dust) is a case in point: Although it is a ho- a calibration and uniformity check. The new reference mate-
mogeneous, yet wonderfully complex RM, and comprises arrial, RM 8785, represents a fine fractioaZ.5.m) of SRM
excellent example of-¢C) isotopic heterogeneity, it does not 1649a, and it, too, has been subjected to an intercomparison.
have known EC-chemical or EC-isotopi®C, 14C) compo-  The EC/TC problem, observed with the results for the bulk
sition. As a result, for measurements of EC dfi@-EC, SRM, is still present: Two widely-used TOA methods (as
it is thus far limited to method-specific (“operational”) QA. practiced by the “TOR laboratory” and the “TOT laborato-
This was demonstrated in the international intercomparisorries”) had similar outcomes for the two reference materials,
of 2002, where results for EC in SRM 1649a spanned a factoiith TOR and TOT results differing in each case by roughly
of 7.5 among laboratories, and the very few data'fi@ in  a factor of 1.8 (EC/T&0.49 and 0.28, respectively) (Klouda
EC ranged over a factor of four (Currie et al., 2002). The me-et al., 20053.
dian result for §,(EC)=0.065 came from the work of Reddy  “Black Carbon” (BC) reference materials have been made
et al. (2002), using the “thermal oxidation/residue” method available also by the International Steering Committee for
(Gustafsson et al., 1997). More recently, a consistent resultglack Carbon Reference Materials (BC-Steer, 2005). The
0.066+0.020, was obtained by Szidat et al. (2004), using aCommittee was formed during the 1999 Geochemical Soci-
modification of that method; this supports the adoption ofety Meeting at Harvard University, in connection with the
these results as the basis for an RM-Method specific “Refersymposium on Black Carbon (BC) in the Environment. The
ence Value.” mission of the Committee is to address the need for develop-
To address the “isolation” problem, we must considering BC reference materials for the broad environmental sci-
methods to uniquely separate the carbon fraction of interesénces community. Since its formation in 1999, BC-Steer has
(EC) for'4C AMS, while avoiding the problem of attempting developed a suite of RMs, including: BC reference materials
to sharply separate spurious char carbon from EC at the opsuch as soot, charcoal, aerosol, soil, and sediment; and inter-
tical “split-point” of thermal optical analysis (TOA). Linked fering materials, such as humics, kerogens, and coals. These
to this chemical isolation — split time problem is the assump-materials served as the basis for perhaps the most extensive
tion that the optical balance between char and EC accurateljxternational comparison (“Ring Trial”) to date involving BC
reflects isotopic-chemical balance at the same split time -reference materials. First results, available in April 2005,
i.e., the issue of char carbon and EC physical mixing or ex-were a focus of the Committee’s second BC Symposium,
change. Another non-trivial issue related to the split time isat the 2005 General Assembly of the European Geosciences
the matter of uniformity, because the validity of the optical Union (EGU, 2005). Detailed information concerning the
split point, and that of the measured attenuation function, peiCommittee, background literature, and sources and descrip-
se, require a uniform deposit for meaningful transmittancetions of BC reference materials can be found on the website:
(or reflectance) measurements. This represents a difficultyttp://www.geo.unizh.ch/phys/hciogether with Ring Trial

results, methods, and participants In August 2005, public dis-
1 Terminology:In keeping with NIST usage, Elemental Carbon cussion of the Ring Trial results was opened.
(EC) is used here as the generic term for carbonaceous material, In the following text, we present preliminary results of ef-

resulting from incomplete combustion, that is optically absorbing ts: to d | hvbrid isotonic-chemical ref
and resistant to oxidation. Thus, EC could be taken as equivalentOr S. 10 develop a hybrid isotopic-chemical reference ma-

to black carbon. For the TOT and TOK thermal optical procedures,€fial having known EC'C composition; and to devise a
EC is quantified as the carbon that evolves beyond the optical splitc/€an chemistry” process for carbonate carbon removal and
point. Refractory Carbon (RC) is used to denote the carbon that
evolves in the last, high temperature oxidation stage of both pro- 2 The TOT-TOR differences appear to derive primarily from
cedures — stage Il of TOT, which is identical to stage Ill of TOK. differences in heating cycles (“temperature profiles”) — in partic-
RC>EC, since it may contain a pyrolytic char component, which is ular the difference in the first stage (helium) temperature maxima:
quantified before the optical split point. Where necessary for clarity,85°C to 900C (TOT laboratories) vs. 55€ (TOR laboratory)
subscripts are applied, as in £E&r, RCrok- (Klouda et al., 2005, Tables 1, 2).
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Table 1. Carbon dat&?.

Forklift Diesel Soot SRM 2975 [D] Apple Leaves SRM 1515 [A] Hybrid RM (DiesApple) [BA]

Total Carbon 0.7&0.06 0.45:0.03 0.5@:0.04
TC/m: mass fraction 0.70.06 0.53:0.04
<0.44> <0.55>
Refractory Carbon 0.980.04 0.29:0.01 0.60+0.0Z
Xrc: RCroT mole
fraction (RC/TC) <large> <0.56>
(TOT procedure)
Refractory Carbon 0.960.04 0.005:0.002 0.180.0%
XRrc: RCrok mole
fraction (RC/TC) <large> <none- <0.3%>
(TOK procedure)

4+ denotes estimated standard uncertairty;> denotes the expected (theoretical) result.

b Unless otherwise indicated, standard uncertainties of dimensionless quantities may be ta@as

¢ The mass fraction of SRM 2975 [D] in DiesApple [DA] is 0.388.001; the carbon fraction is 0.42D.015. The respective mass and
carbon fractions for SRM 1515 [A] in DiesApple [DA] complement those of SRM 2975.

4 >999% char-C

¢ n=2 (replicates)

elemental carbon isolation for micromofiC speciation of  of two of NIST’s natural matrix standard reference materials
carbonaceous particles. The Hybrid RM is then used to test selected for their compositional relevance to atmospheric
the assumption that isolated EC fractions are free from cercarbonaceous particfesand because of their complemen-
tain artifacts — viz.: positive bias from char mixing/exchange, tary, nearly orthogonal isotopic-chemical properties. These
and negative bias from premature, matrix-dependent EC oxare SRM 2975, Forklift Diesel Soot, and SRM 1515, Apple
idation. Leaves. The chemical relevance of the Diesel Soot is evi-
dent; that of the Apple Leaves follows: (1) from the signifi-
cant occurrence of natural biopolym&rsuch as cellulose,
2 The hybrid reference material in atmospheric particles (Kunit and Puxbaum, 1996), and
(2) from the charring potential (hence artifact production) of
As indicated above, a principal objective of our work was such materials in the thermal and thermal-optical methods of
to prepare a reference material that could provide a di-EC analysis. Beyond that, these materials were selected be-
rect test for'C measurement of elemental carbon. Valid cause of their very special isotopic attributes: SRM 2975 is
14C-EC data can be extremely important not only for fos- expected to be totally free df'C, while SRM 1515 should
sillbiomass apportionment of EC, per se, but also for demonhave the*C/AC ratio of the living biosphere (at the time of
strating whethef*C-EC data can serve as a surrogate for photosynthesis). In effect, SRM 1515 can serve as an abso-
14C-PAH data, since PAH apportionment has vital implica- lute isotopic tracer for artifact (pyrolysis) char in the EC or
tions for both health effects and combustion source identifi-RC isolated fot4C AMS.
cation. Such an isotopic-chemical link would be particularly
interesting for investigations of time and space series of car- 3 The expression “compositional relevance” is not intended to
bonaceous aerosols in remote atmospheres and ice cores, fefinvey compositional identity. The aim was to prepare a reference
example, where PAH abundances are far too low to permit dimaterial that coulpl proviqle ameans to explore quantitatively certain
rect4c assay. The reasonable assumption of such a direcfneasurement artifacts, linked to EC isolation¥8€ AMS, and for

isotopic link gave weight to certain of tHeC-EC data in iSotopic particulate EC quality control in a variety of environmental
disciplines.

Lhuet ;?;f:;hséagl cloGniZitl gf‘eitrgzjz%ae”nig?c(;:rgg;]efreatc?il(.)’nz\?vg?’ 4The substantial difficulties in EC measurements of SRM 1649a
. - . . derive from the large degree of charring, which in turn may arise
unknown, th|§ assumption and the quest'on of possible Me3om the presence of natural biopolymers. Such components may
surement artifacts could not be tested rigorously. contribute to the approximately 40% biomass carbon content of the
To provide a material that could give a direct test#€-  SRM, greater than any of the component species thus far isotopi-
EC measurement validity, we proposed to prepare a mixtureally assayed in this material (Currie et al., 2002: Table 3).
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Fig. 1. Temperature profile and carbon evolution thermograms for thermal optical kinetic (TOK) analysis of NIST SRM 1515 (Apple
Leaves) [A], SRM 2975 (Forklift Diesel Soot) [D], and the Hybrid, mixed RM “DiesApple” [DA]. The three stages of analysis include,

I: isothermal oxidation (560C; He+1% Q) (OC); II: high temperature inert gas (He) decomposition of IC (inorganic and/or intermediate
highly condensed, non-absorbing carbonaceous material); and Ill: stepped temperature oxidation (Heefl%ftactory carbon (RC).
Numerical triplets within each panel indicate the observed and, for the hybrid, the expected)(mole fractions of carbon evolution for

each stage of the analysis. The thermograms [A] and [D] are scaled according to their mixing ratio in the Hybrid RM. The thermogram for
the actual hybrid [DA] differs from the sum of those parts [D+A], however, showing matrix catalyzed carbon transfer from region-Ill (RC)
to region-I (OC).

The relative portions of the two SRMs for this exploratory expectations. Only the Diesel Soot SRM was tested46r
study were chosen for maximum artifact detection sensitiv-content (Table 2, column-2). A consistency check oft@
ity — i.e., to yield a roughly equal mixture of biomass-C and content (TC) of the Hybrid RM (“DiesApple”) (Table 2, col-
fossil, soot-C in the hybrid (mixed) RM. Prior to this study umn 4) ruled out any major departure from the presufied
no data existed on th¥'C content of the two SRMs. Rea- value of the Apple Leaves SRM.
sonable assumptions, however, put th€ content of SRM Prior data for SRM 2975 total carbon (TC) and “soot
2975 as negligible, and that of SRM 1515 at 1.18 fraCtioncarbon" have been generated by W. P. Ball (persona| com-
of modern (f). This value for the Apple Leaves SRM is munication, 2001) and byD. Gustafsson et al. (2001).
based on the presumed year of growth (1987) and the shorgr TC, Ball and Gustafsson report mass fractions of
term (geochemical) decay curve ¥iC (Currie et al., 2002;  (0.817-0.048, and 0.8720.003, respectively; our result is
Fig. 1). The EC fraction of SRM 2975 was expected to be(, 774+-0.049 (Table 1: average, taking into account covari-
‘large,” and that of SRM 1515, to be negligible. Also, if ance). For EC/TC by TOK analysis, we determined a ra-
cellulose can be taken as a model for the carbon content ofig of 0.7874-0.039: Ball's result for soot-C is 0.77D.069;
SRM 1515, its carbon mass fraction would be approximatelyGystafsson’s, 0.7820.011.
0.44. Experimental results for these two materials, as given The Hybrid RM was prepared by making an intimate mix-

in columns 2 and 3 of Table 1, are generally consistent Withture of the two SRMs: 204:40.5mg of SRM 2975, plus

Atmos. Chem. Phys., 5, 2833845 2005 www.atmos-chem-phys.org/acp/5/2833/
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Table 2. AMS (}4C) resulté.

Diesel Soot SRM  Apple Leaves SRM  Hybrid RM (DiesApple)

fjs: Total Carbon 0.00260.0002 - 0.65#:0.002
(TC —“large” AMS samples) 0.6240.003

<0.00> <1.18> <0.68>
fyr: Elemental Carbon - 0.1940.006
(ECrot — “small” AMS samples) <none- 0.152+0.004

(TOT procedure) <0.00> <0.00>
f1: Refractory Carboh - 0.123:0.008
(RCrok — “small” AMS samples) <none- 0.093+0.004

(TOK Procedure) <0.00> <0.00>

¢ <...> denotes a “theoretical” result; “-", not measured;standard uncertainty

b The final, refractory carbon (RC) peak, which was isolated for AMS, was found by thermal optical analysis to contain a small amount of
char-C (see Sect. 4.2).

468.#-0.3mg of SRM 1515. This gave an expected total procedure, used in both the 2002 intercomparison (Currie et
carbon (TC) mass fraction of about 0.55, which is consis-al., 2002; Sect. 3.3.2 and footnote 4), and the RM 8785 in-
tent with the observed mass fraction (Table 1). Similarly, tercomparison (Klouda et al., 2005, Table 1). The other was
the C and“C contents of the individual SRMs can be used a modification of the TOK procedure (Currie and Kessler,
to determine the expecteg, {TC) value for the Hybrid RM.  1999). The first (TOT) uses a 2-stage heating cycle of the
Again, reasonable agreement is found (Table 2). The replisample, using multiple temperature steps — first in He, then
cates for TC andyf (TC) for the Hybrid (Tables 1, 2) indicate in He (1% Q). The heating cycle (“temperature profile”)
that the material is relatively homogeneous, chemically (C)employed, shown in Fig. 2a, was based on the optimization
and isotopically ¥*C), for the 0.5mg to 1 mg portions used study of J. M. Conny et al. (2003, Table 6). In this case the
in this study. EC component is determined by optical balance — the split
Note that other complementary RM mixtures could be pre-point (time) being given by the point at which the transmis-
pared, if, for example, one wished to test the hypothesission (of a laser beam passing through the sample) returns to
that a specific analytical technique accurately isolated EQts initial value, signaling the removal of artifact EC (pyrol-
that was entirely biomass-C. In that case soot from wood olysis char-C). This procedure is not well suited for off-line
biomethane could be used, together with a synthetic polyisotopic measurement, however, since the char-C and the na-
mer having fossil fuel as feedstock. Preparation of mixturestive EC form a composite peak, or are in close proximity
giving various intermediate values for EC biomass carbonWe attempted isolation of the EC component by stopping the
would also pose no difficulties. In light of the results of tests analysis at the split point, retrieving the residual material for
performed here, however, it would seem advisable to use EQMS target preparation and analysis.
components that are purer soot-C, without the complex pol- The second procedure (TOK) is better designed for iso-
yaromatic hydrocarbon composition of the diesel soot SRM.lation of a thermogram carbon peak. It is based on the re-
(Hexane soot, as endorsed by BC-Steer, 2005, would be afractory nature of soot carbon, and it begins with an isother-
interesting alternative for the BC (EC) end member of themal oxidation stage, designed to oxidize more labile or-
Hybrid RM.) ganic species, as well as their pyrolysis products (char).
This approach was inspired by thermal oxidation studies
of Cachier et al. (1989) and Gustafsson, et al. (1997), and
the wet chemical oxidation method of Wolbach and Anders

. . (1989) which was subsequently applied to RMs by Masiello
Although the development of an excellent 4 isolation et al. (2002). In addition to the thermal oxidation studies of

technique was an essential goal, that was not the main driv: :
ing force for this work. Rather, our prime objective was to Cachier et al. (1989), and Gustafsson et al. (1997), a method

demonstrate the applicability of a Hybrid RM, with known for oc ¢!|r_n|nat|on in an oxidizing environment to mini-
EC-1C, for testing of possible EC isotopic artifacts (as from mize artificial (pyrolytic) char was developed by Lavanchy

isotope mixing from char) using existing procedures. et al. (1999) contemporaneously with the development of the

For this purpose, we applied two thermal oxidation proce-ToK method.
dures, one being a particular version of the widely-used TOT

3 Analytical techniques

www.atmos-chem-phys.org/acp/5/2833/ Atmos. Chem. Phys., 5, 28352005
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Fig. 2. Temperature profile&, c) and thermal optical carbon evolution thermograms (solid lines) for the hybrid RM, by thermal optical
transmission analysis (TOTb), and thermal optical kinetic analysis (TOKJ). Dashed lines represent the optical attenuation functions,
with split points indicated by the symbol “x”. (Note the monotonic decrease in attenuation during the isothermal oxidation stage of the
Hybrid RM (d).)

The thermal optical kinetic (TOK) procedure (Currie and ing conditions (thermal and chemical): |, isothermal oxi-
Kessler, 1999) is similar to the above thermal and chemicaldation (560C; He+1% Q) (OC); Il, high temperature in-
oxidation procedures, except that the initial isothermal ox-ert gas (He) decomposition of IC (inorganic and/or interme-
idation stage (He, 1% £) is followed by the 2-stage TOT diate highly condensed, non-absorbing carbonaceous mate-
procedure discussed above. Also, the TOK method permitsial); and Ill, stepped temperature oxidation (He+1%) O
monitoring of sample attenuation during the entire 3-stageof refractory carbon (RC). The other three panels in Fig. 1
procedure. In this case the final carbon peak is well sepashow thermograms for SRM 1515 [A], SRM 2975 [D], and
rated from other thermal carbon peaks, and it is selected athe hybrid RM [DA] — with [D] and [A] scaled according
the refractory component (RC), for isotopic measurement. to their mixing ratio in the hybrid RM. (Numerical triplets

Substantial isolation of a relatively char-free refractory within each panel indicate the observed and, for the hybrid,
component for isotopic assay has the merit of minimizingexpected& >) mole fractions of carbon evolution for each
potential pitfalls linked to optical splitting. Besides the afore- stage of the analysis.)
mentioned assumptions of deposit uniformity and optical With this method we find large gaps between the differ-
vs. isotopic balance (and a strictly sequential oxidation ofent C-classes, making for relatively facile isolation of RC
char and EC), are significant questions regarding variationgor isotopic measurement. This contrasts with the TOT ther-
of apparent absorption coefficients with temperature, samplenogram, which is compared in Fig. 2 to that of the TOK
loading, and sample matrix, and even char vs. EC (Conny eprocedure, for the hybrid RM. Another important feature
al., 2003; Kirchstetter, T., personal communication, 2005). of the TOK procedure is represented by the second stage,

The TOK temperature program used for the refractory-labeled IC, where carbonates and surviving non-EC con-
C isolation and analysis is shown in the bottom right paneldensed carbonaceous material are decomposed at high tem-
of Fig. 1. The three stages reflect the differing process-perature in an inert atmosphere. One advantage of this stage,

Atmos. Chem. Phys., 5, 2833845 2005 www.atmos-chem-phys.org/acp/5/2833/
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following isothermal oxidation for the minimization of char, antee isotopic balance; and in part to the difficulty of batch-
is improved carbonate detection capability, and “clean chemitype fraction isolation from a continuous flow procedure, as
istry” and loss-free carbonate destruction, of considerablediscussed below. In the case of the TOK refractory car-
importance for low-level AMS measurements. bon component, it is possible that exposure to biomass-C
Accelerator mass spectrometry measurements were peffrom SRM 1515) may be slightly enhanced, because the iso-
formed at the National Ocean Sciences AMS (NOSAMS) lated RC peak contains a small amount of char-C, as shown
facility at the Woods Hole Oceanographic Institution. Full by the optical measurements. (See also Sect. 4.2 and foot-
replicate analyses were made on individual {6€ and note 6.) However, considering the total RC-char observed
RCrok preparations of the Hybrid RM, samples of which in the Diesel Soot [D] and Apple Leaves [A] end member
were prepared on 1.0 &Pallflex Quartz strips using the SRMs —~11% and<0.01%, respectively, one would expect
methods described below. Unlike tHéC measurements the RGok char carbon to be essentially fossil. It would be
(TC) made on the bulk SRM (2975) and Hybrid RM, the car- very interesting indeed to apply the Hybrid RM to the test-
bon contents of the isolated E&r and RGok fractions re-  ing of other methods that have been devised for the analysis
quired the “small sample’{-molar-C) facility at NOSAMS.  of 14C-EC. A quantitative assessment of the biomass-C con-
The goal in using these techniques was to test the applicaamination of the samples submitted for AMS follows.
bility of the hybrid RM, and at the same time gain some
guantitative assessment of isotopic-chemical artifacts — .0,
biomass-C “leakage” into the isolated fractions.

The first step in estimating the fraction of biomass-C leak-
ge into the (EC, RC) AMS samples is to consider the
biomass-C contribution to each. The biomass-C fractign,
equals f§;(obs)/f(bio), where f,(obs) is observed frac-

) tion of modern carbon in the material isolated for AMS
4 Experimental results (ECrot, RCrok), and fy;(bi0)=1.18 is the f; value for the
carbon from the Apple Leaves SRM. The TC-normalized

Results of the TOK experiments with the Apple Leaves SRM, 2 1ue for the biomass-C in the isolated material is then given

and the Diesel Soot SRM (Fig. 1, panels A and D, respec—by the product ¢;r;), where f=rror equals EC/TC for the

tively) show that: (1) practically all of the Apple Leaf car- AMS :
: . . samples isolated by TOT, angerrok equals RC/TC
bon (0.98 mole fraction) appears in the OC window, whereasfor the Al\ﬁs samples isglated by TOTKT< Fi?'lally, the frac-

ggo r_nc:jle fral(::no?hof [tjhe ileslel SD?A\ot;akr)b%n ﬁppears N Neion of the initial biomass-C (Apple Leaves-C) that contam-
window. For the DiesApple [DA] Hybrid, however, we inates the isolated material equals the ratiog®f;( to the

find that the "whole” [DA] is not equal to the sum of its fraction of Apple Leaves-C in the Hybrid reference mate-

pags [D+¢t]. tQu?I't?t'Velilﬁ b)(/:wsulal fexa;mnattl_o? ?f Fig. 1, rial (0.573). Thus, for TOT, the average biomass-C fraction,
and quantitafively, Irom the &.-moie Iraction triplets, we see ToT, present in the isolated samples is (G£0702)/1.18,

that evolved carbon has been transferred from stage-Ill (RC]) ' 101 Given the observed value fopt (i.e., EC/TC) of

(0‘3,[9 dexgz‘gedk’) 0.18 dobsAeIrvedf) tothstage-l (Ot(':) (0%52,\/?;('0.3]:&0.02 for the Hybrid RM, we estimate the fraction of the
pected, 0.80 observed). Also, for the preparation o original biomass-C that contaminates the isolated AMS sam-

Sag‘Pr'gf{ e C'ea{ frg.rf*f‘ the tthermg.gl’.rt.amsf in Fl'g' 2.th?ttTOTple to be [(0.144)(0.31)]/0.573 or (Z8.0)%. Since ideally
an ofier quite dierent capablliies for clean ISOfallon 0 ¢ jsolated should contain essentially no biomass-C, this

of EC from char. In this section, we consider these r_eSUItSresult may be taken as a measure of EC-char mixing across
from the perspectives of th¥'C data, the thermal optical

! S . the optical split point and/or imperfections in the batch isola-
g]"’gg’r:;]d finally the kinetic data derived from the TOK ther- process when there is a composite peak, with a prepon-

derance of (biomass-C) char (Fig. 2b).

4.1 AMS data Similar calculations follow for the isolated RC frac-

tion from the TOK preparations. Here, the average
Since the hybrid RM derived virtually all of its EC from the value for the biomass-C fraction of the RC peafok is
Diesel Soot SRM 2975, and since that material was practi{0.108t0.015)/1.18, 0r=9.2%, which is consistent with the
cally “dead” — ca. 0.3% modern carbon (Table 2), one wouldobserved percentage of char in the peak4{s (Table 3),
expect the EC fraction of the Hybrid to be essentially free of but not with the belief that that char should be primarily
14C. The bottom rows of Table 2 show that that was not thefossil. That discrepancy suggests the possibility of matrix-
case. Both the Efpt data and the Repk data show sig- catalyzed carbon exchange between the fossil and biomass
nificant contamination from modern carbon, hence, biomassomponents of the Hybrid RM. Given the observed value
carbon from the Apple Leaves (SRM 1515) component. Thisfor rrok(i.e., RC/TC) of 0.180.01 for the Hybrid RM,
result demonstrates both the utility of an RM having known we estimate the fraction of the original biomass-C that was
14C-EC, and the failure of both methods to isolate fractionstransferred to the RC isolate to be [(0.092)(0.18)]/0.573 or
free from isotopic exchange or contamination. This may be(2.9+0.4)%. Even this might have been eliminated, however,
due, in part, to the fact that optical balance does not guarhad the RC peak been splitinto EC, char components.
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Table 3. Performance characteristics of TOT and TOK as a function of isothermal oxidation tempférature

TOT  TOK (360°C) TOK (460°C) TOK (560°C)

[A]: RC/TC? 0.29:0.01  0.32:0.02 0.22:0.01 (0.005y
[A]: peak/BLC  0.39£0.10  0.38:0.10 0.60:0.11 3.4:0.3
[DA]: char/RCY  0.47£0.03  0.49-0.03 0.31:0.03 0.07:0.04

@ *+" denotes the standard uncertainty

b ppple Leaves SRM 1515 [A], RC /TC

¢ Apple Leaves SRM 1515 [A], carbonate peak/baseline

4 DiesApple RM [DA]: RC char fraction (ratio: char/RC={EC/RC))

¢ The~0.5% refractory-C (stage-1ll) is absent when an oven clean step is inserted after stage-II.

1000 [ : T Temp. (C) : ] parallel decrease in attenuation. This is shown in Fig. 2d,
: ST T T T T T T T s ] where attenuation decreases (transmission increases) mono-
! ] tonically during the isothermal oxidation st@geAddition-
4 ally, a quantitative link between premature EC oxidation and
] the missing RC of Table 1, is given in Sect. 4.3.

A second important difference between the TOT and TOK
procedures relates directly to the effective isolation of the EC
from the respective refractory carbon peaks: i.e., the final
RC peaks in Figs. 2b and d, respectively. The split points, as
derived from the attenuation curves in Fig. 2, are indicated
by the “x’s” in the two panels. The corresponding EC/RC
ratios for these samples, which had reasonably uniform de-
. - o0 p— o on p— posits, were 0.580.03 (TOT) and 0.930.04 (TOK). (Er-
rors in EC/RC estimates as large as 0.06 to 0.09 were ob-
served when insufficient attention was given to sample uni-
Fig. 3. Initial, isothermal stage evolved carbon patterns (OC oxida-formity and split-time validity.) Thus, roughly half of the re-
tion stage) for the virtual [D+A] RM (mixing ratio weighted average fractory carbon peak is char-C for TOT, in contrast to about
of [D] and [A]), and for the “real” mixed RM [DA]. Both curves are  10% for TOK. Failing to “split” the RC properly can be dis-

normalized to TC=10@g. (The actual temperature profile is shown gstrous in the case of TOT, but it introduces much smaller
by the upper dashed curve.) The TC-normalized areas under the tWen5r contamination in the case of TOK.

curves show that this stage accounts¥60% of the [D+A] carbon,
and~80% of the DiesApple [DA] carbon.

160 |

18

Temp. (°C), FID

time (s)

The stage-II (IC), high temperature decomposition of car-
bonaceous material that fails to be oxidized in the isothermal
stage (I) of the TOK procedure has two significant benefits:
(1) It converts highly condensed organic matter to char that
can be optically discriminated from EC in stage-Ill. (Other-
)yyise that carbon fraction, which comprised a few % TC in
our studies, will be co-emitted with EC, causing a positive

4.2 Thermal optical data

Table 1 shows consistency between the observed and e
ected refractory carbon fractions for the TOT procedure.” . . .
P y P artifact. This point has been made also by Novakov and Cor-

For TOK, however, the “whole” [DA] was clearly not equal *, . .
[DA] Y 9 rigan (1995), who observed that non-volatile organic carbon

to the sum of its parts —i.e., as derived from the mixing ratio]c bi that high t ture d i
of SRMs 2975 and 1515. This is especially apparent in the'oM blomass that escapes high temperature decomposition

relative areas of the OC and RC peaks of [DA] in Fig. 1, and can mimic black carbon.) (2) It provides enhanced sensitivity
numerical discrepancy shown in Table 1 (0.39 expected RC
mole fraction, 0.18 observed). Some further insight into a
cause for the apparent RC loss is given in Fig. 3. This fig-
ure presents an amplified view of the initial portion of the uation in Fig. 2d.)

isothermal OX|dat|.on rates of the “Idegl" (D+A curve) and 6 Splitting the TOK refractory-C peak for isotopic analysis mer-
real (DA curve) mixed reference material. What we observejis fyrther study. One drawback, however, is that such splitting
is a greatly enhanced rate of loss of carbon in the hybrid RMyyould sacrifice the clean isolation characteristic of the TOK pro-
that continues through to the end of the isothermal stage. Theedure; another is that the validity of the split point depends on the
increased loss is evidently gk, at least in part, given a uniformity of the deposit.

SAttenuation, as used in this manuscript is equated tor Il
where | is the transmitted laser signal, apdd the final laser signal
following complete C-combustion. (Note the zero-offset for atten-
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for carbonate analysis, and contamination-free removal of| jgge C7 7 Lo L]
carbonate carbon — the latter being crucial for valid EC ' ' ]
14C data and the preparation of well-performing AMS tar-
gets. Improved carbonate measurement capability is depicteq
graphically in Fig. 4, which shows the IC-stage (Il) of the L
TOK analysis of SRM 1515 (Apple Leaves). The (net) peak Gaa -
height to baseline ratio shown there is approximately 3.4, M
whereas for the same SRM analyzed by the TOT procedure,
the carbonate-C peak to baseline ratio is but 0.39. The quan;
titative result for the carbonate carbon peak shown in Fig. 4
corresponds to 1.480.11ug carbon in the sample taken for
analysis, and a carbonate-C/TC ratio of 0.06584€0002 5 5 : :
for this SRM. (The relative standard uncertainty of the es- ! ! : ! !
timated mass of carbonate-C.f¥.1%] is much larger than o e e . 1o
that of the estimated mole fractionfe0.42%] because of the
uncertainty of the absolute calibration factor for these anal-Fig. 4. Temperature profile and carbonate-C peak seen in the in-
yses. The mole fraction uncertainty derives strictly from theert gas (He) IC stage of the TOK analysis of SRM 1515 (Apple
uncertainty of estimating the net carbonate-C peak area.) Aheaves).
independent check on validity of so precise an estimate came
from a comparison of the carbonate-C mole fraction of the
Hybrid RM: observed, vs. calculated from the mixing ratio represents the null case for TOK —i.e., the protocols for TOT
of SRMs 1515 and 2975 and the above carbonate-C valuand TOK are identical for the final IC- and RC-stages. From
for SRM 1515. The observed value for the Hybrid RM was the experimental results (Table 3), it is clear that for this par-
0.00316:0.00007; the value calculated from the mixing ratio ticular study the default temperature (860 yields the best
was 0.00312-0.00001. (For SRM 2975 no carbonate peak performance. Kinetic analysis of the isothermal residual car-
was visible — only a featureless, refractory organic carbonbon function showed also that the residual organic carbon
baseline that accounted for about 3% of the total carbon.) for the Apple Leaves was destroyed with a time constant
of about 40s, which is quite early in the isothermal stage
4.2.1 Isothermal oxidation temperature (TOK) of analysis (see also Fig. 3). “Tuning,” or optimization of
TOK parameters is a topic that is beyond the scope of this re-
To give a somewhat broader perspective to the performanceearch, but one might consider adapting isothermal oxidation
of the TOK procedure for AMS sample isolation, we include time-temperature selections to particular classes of samples.
here results of a brief study of the influence of the isother-Premature EC loss from the Hybrid RM, for example, could
mal oxidation temperature. Temperatures selected coverelle better controlled by reducing the overall isothermal time
the range from 36TC (just below the onset of biopolymer span to~150s, given the 34 s time constant for OC oxida-
charring observed with the Apple Leaves SRM) to the defaulttion in this material. Also, reducing the temperature for the
value 560C (where just noticeable soot loss{.8%) was  Hybrid RM to 460C proved effective in preventing most of
observed with the Diesel Soot SRM). Charring, as evidencedhe premature EC oxidation, but at the cost of increased char
by a local decrease in transmission, occurred with all threg~30%) in the RC fraction An analogous temperature reduc-
materials, though it was most noticeable with SRM 1515, be-tion strategy has been employed for the CTO procedure, to
cause of the absence of EC-attenuation from the SRM 297%ompensate for matrix catalyzed loss of soot BC in marine
end member The local attenuation maximunmr&5 s for  sediment (EImquist et al., 2005).
all three materials signaled the completion of charring, about
15 s after start of the 56C isothermal phase. Following the 4.3 Kinetic data
transient phase of the analysis, relatively smooth char and EC
combustion set in, where the decrease in the residual carboThe isothermal oxidation stage of the TOK procedure lends
function could be modeled as a sum of first order reactiondtself to application of the kinetic approach to EC, or at least
(see Sect. 4.3)) RC, assay, as pioneered by Wolbach and Anders (1989), and
Performance criteria to assess the impact of oxidation tememployed subsequently by Masiello and coworkers (1998,
perature included: (1) the relative amounts of the Apple2002). (Their “wet chemical” oxidation technique is de-
Leaves carbon appearing as char in stage-Ill; (2) the net peakcribed also in (Currie et al., 2002) under the label of
height to baseline ratio for carbonate-C in stage-Il; and (3)“Ch(Cr)K".) By this approach, loss of carbon during isother-
for the Hybrid RM, the fraction of char-C in the stage-Ill mal oxidation is described by a sum of exponential terms,
(RC) carbon. Results for isothermal temperatures oP@60 with the one having the largest time constant (slowest) be-
460°C, and 560C were included, as well as for TOT, since it ing deemed the most refractory component. Input data for

4B [t e

Temp (°C)

208 [

time (s)
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Fig. 5. Residual carbon functions for the isothermal oxidation stageFig. 6. Kinetic analysis (multicomponent exponential fitting) of the
of the TOK procedure. The curve for SRM 2975 [D] shows only residual carbon data for [D+A] and [DA] as shown in Fig. 5. The
a small decrease during the isothermal phase, including minimab-parameter model for the hybrid [DA] RM has long-lived com-
(<1%) premature oxidation of EC. The curve for SRM 1515 [A] ponents with time constants of 326 s and “large” (compared to the
exhibits only a short-term “decay” resulting in nearly complete dis- ~430 s isothermal oxidation time span). The former gives an ap-
appearance of its carbon during the first 100 s aP&6d he virtual proximate match to the prematurely oxidized (“lost”) refractory car-
hybrid [D+A] shows the characteristics of both end members, whilebon. Both plots display a short-lived OC component.

the real Hybrid RM [DA] exhibits premature loss of refractory car-

bon over the entire isothermal time span.

such mixture-induced enhanced oxidation is that oxygenated

. ) . biomass carbon polymers may serve, perhaps indirectly, as

such analysis comes from backward integration of the loss'supplementary oxidizing agents. (The “water gas” reaction,
rate data (thermogram) during the isothermal oxidation stagg, example, comes to mind.) Matrix-catalyzed, premature
to determine the fraction of residual carbop.Jfas a func-  qyiqation of black carbon has been reported also by Novakov
tion of time. Figure 5 shows the experimental furves for 504 corrigan (1995), who investigated the catalytic effect of

Apple Leaf [A] and Diesel Soot [D] end members of the 5 ali metal ions on decreasing the combustion temperature
DiesApple hybrid [DA], as well as the hypothetical curve ¢ piomass smoke particles.

[D+A] derived from the mixing ratio of [D] and [A]. The
loss of carbon (organic carbon) from [A] is relatively rapid
and nearly complete, while that from [D] is relatively slight
and slow, with<1% loss of EC during isothermal oxidation
at 560C. [D+A] is necessarily the weighted average of the
end members. The Hybrid RM [DA] is quite different, how-

ever, not bemg gquwalent to a linear combination of the [D] ter the best fit was represented by the 5-parameter model (a
and [A]. It exhibits premature loss of refractory carbon over . ; :
sum of 2 exponentials with unknown time constants, and an

the entire time span of the isothermal oxidation stage, illus-;

. . " . intercept), while for the former, only a 3-parameter model
trating the impact of composition-dependent matrix effects. . . :
(In the isothermal region, the residual-C curve follows the (one exponential function and an intercept) gave an accept-

. . able fit. For the Hybrid, DiesApple, refractory carbon was
general pattern of the rate curve (thermogram), of which it : ;
> . . modeled as moderate and very long-lived (slow reacting)
is the integral}. The partial, early loss of elemental carbon

h . . .__.components, having mean lives (time constants) o326
from the hybrid RM necessarily arises from thermochemical T .
. ) X i -~ and “infinity” (i.e., much longer than the isothermal (3€X)
reactions made possible by interactions between the individ-. . .
. . . time span 0k430s). The additional, short-lived component
ual SRM components in the mixture. One hypothesis for

has a time constant (34L s) that is similar to that of SRM
1515 [A]. (The stated standard uncertainties (u) are based

Figures 3 and 6 provide a direct, graphical comparison be- . . i
tween the rate curves and the residual carbon curves, respectivelo.n the residual standard deviation from fitting the model to

The latter can be modeled as a sum of exponential functions afte he . 'data'l.) As noted earlier, one pF’te”“a'_ F’e”ef'F from
about~100s — i.e., some 205 after the approach to temperatur&Uch kinetic analyses would be matrix-specific optimized
equilibrium (560C). Figure 3 gives a clear indication of the shift times (or time-temperature combinations), for the isother-
from the transient state (during temperature rise) to the exponentiamal oxidation stage for each class of samples, that balances
state. the need to exceed the time for practical elimination of the

Quantitative analysis of the.f curves yields estimates
of time constants and refractory-C component contributions.
Up to 5-parameter non-linear least squares estimates were
derived from the data shown in Fig. 5. Results are shown
graphically in Fig. 6 for the (mathematically) synthetic TOK
data [D+A] and for the real Hybrid RM [DA]. For the lat-
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short-lived OC component and the desire to minimize loss of O O OO S SR S S S SO
refractory components.
The TC-normalized initial values for the short-lived
isothermal kinetic components provide an opportunity to
check for mass balance among the three RMs. For Ap-
ple Leaves, the initial value of the short-lived component
(t~405s) was 0.2860.003; for Diesel Sootr(~45s), it was
0.025+0.001. Combining these results with the mixing ratio
of the two SRMs yields an estimated TC-normalized value
in the Hybrid RM of [(0.286)(0.573)+(0.025)(0.427)] which
equals 0.175. Five parameter kinetic analysis of the Hybrid
RM gave an observed value of 0.170.003 ~34s). (On
average, the readily oxidizable (short-lived) pyrolysis car- 3 e 7 -
bon components represented about 30% of the OC present
in these materials.) The fact that mass balance is achieved
for the OC char, and the fact that it is oxidized nearly ten Fig. 7. Relation between the fitted longer-term exponential (refrac-
times as fast as the least refractory EC component, suppotbry) components of the DiesApple RM and the parallel change in
the assumption that, under these particular circumstances, thptical attenuation during isothermal oxidation, supporting the hy-
thermal optical split point might be used for the physical Sep-pOtheSiS that this refractory carbon is elemental carbon. Plus signs
aration of EC for isotopic measurement — i.e., that char ox-(+)_ represent total residual carbon; asterisks g*) represent the slowly
idation and EC oxidation are approximately sequential (see?Xidizing componentsz=326 s andr=oo] during the isothermal
footnote 8). Also, the reduced time constant for the OC charper'Od'
combustion in the Hybrid RM is consistent with the matrix

catalyzed combustion enhancement observed with the EC. kinetic analysis, supported by a decrease in attenuation, gave

Initial values for the refractory (EC) components are inter- an estimated EC/TC (stage-1) loss of 0#®01. A tentative
esting also, in that the long-lived (intercept) component givesemperature dependent decomposition of the final (stage-11l)
an estimated (TC normalized) value of 0C8l01 forits con-  noq suggested greater and lesser refractory components of
trlbuthn to the refracto.ry-C, whereas thg observedr@@ roughly 0.11 and 0.07, respectively. The total, 0.27, is con-
value is 0'1&0'(_)1 (derived fr_om the optical split point of ~ gjgiant with cluster-2 data of the SRM 1649a intercompari-
the RC peak, Fig. 2d). The initial value of the 326s com- g, oyercise (Currie et al., 2002), as well as the recent result
ponent on the other hand equals Q21101 large enough to g 5g) of Szidat et al. (2004) based on isotopic mass balance.
account for most of the *missing” soot carbon. (Uncertain- A ygitionally, the fact that the ACG controls had relatively
ties here are combined standard uncertainties, including thgisorm EC deposits increased the reliability of the estimated
measurement-_callbranon uncert_aunhes.) Finally, in Fig. 7wesplit times, compared to that of the bulk materials used in
give a comparison of the C(_)mblned EC components of theyjg study. This is reflected perhaps in the reduced magni-
hybrid RM with the attenuation data from the isothermal re-y,, 4o anq dispersion of the estimated char contribution to the

gion of the TOK procedure, from ca. 100 s to 530 s (Fig. 2d). RC (TOK) peak: (4.8:1.9)%, compared to (Z4)% for the
The two sets of data are independently derived, yet they SugHybrid RM.

gest a clear relationship, supporting the hypothesis that the

more refractory components£326 s andr=00) represent

absorbing (black) carbon. (Fig. 7, in effect, represents thes5 Summary and outlook

projection of the 3-dimensional (attenuatiop,, time) data

onto the (attenuation-f) plane.) The figure shows also that Mixed, natural matrix RMs of known and complementary
roughly half of the total carbon is evolved by the onset of theisotopic composition show promise for revealing and quan-
isothermal period (5th point (+) from the top of the diagram) tifying unsuspected artifacts in EC analysis of complex car-
during the transient period, when the temperature increaseBonaceous particulate matter. A variety of known isotopic

Residual carbon (fract.)

Attenuation

linearly from ca. 40C to 560C. mixes could be generated, using for example, synthetic (fos-
sil) fibers and wood-burning soot. For laboratories relying
4.4 Control material: SRM 1649a on carbon isotopes for source apportionment, such hybrid

RMs could serve as essential QA materials, without which
Comparative data, obtained with the prototype 1649aquantitative isotopic carbon artifacts could not be assessed.
("ACG”) thermal optical control RM, showed analogous pre- An interesting first step might be the organization of a EC-
mature EC oxidation during the isothermal phase of the TOKisotope speciation intercomparison, using such materials.
procedure. The residual-C plot for this material (not shown) The assessment of EC abundance [EC/RC] in refractory
was quite similar to the DiesApple [DA] curve in Fig. 5; and carbon peaks isolated for AMS can be an essential step in
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