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for 180 s, 700C for 60 s, 850C for 60 s, and 900C for 90 sto 120 s,
The chemical, physical, and morphological complexity of atmo- respectively.

spheric aerosol elemental carbon (EC) presents major problems in

assuring measurementaccuracy. Since EC and black carbon are of-

ten considered equivalent, methods based on thermal-optical analy-

sis (TOA) are widely used for EC in ambient air samples because no

prior knowledge of the aerosol’s absorption coefficient is required. INTRODUCTI_ON ] o

Nevertheless, different TOA thermal desorption protocols result in Atmospheric elemental carbon (EC) is a ubiquitous compo-

wide EC-to-total-carbon (TC) variation. We created three response nent of particulate mattex2.5 um in aerodynamic diameter

surfaces with the following response variables: EC/TC, maximum (p\2.5) and appears at measurable levels in even the most re-

laser attenuation in the He phase (), and laser attenuation at . . :
the end of the He phasel( ). A two-level central-composite facto- mote locations (Hopper et al. 1994; Wolff and Cachier 2002).

rial design comprised of four factors considered the temperatures |t iS @ persistent product of incomplete combustion, principally
and durations of all desorption steps in TOA's inert (He) phase and  Of fossil fuels in transportation, heating, power generation, and
the initial step in TOA's oxidizing (O »-He) phase L ma Was used to  industrial processes, wood for residential heating, and agricul-
assess the positive bias caused by nonvolatile unpyrolized organictyra| biomass (primarily in the tropics). Natural wildfires in the
carbon (OC char) being measured as native EC. A negative bias (oo rate and boreal zones are also significant EC sources. The
that the attenuated laser response does not detect is caused by the .
loss of native EC in the He phaseL s Was used as a surrogate prevalence of aerosol EC has been a concern because of its sus-
indicator for the loss of native EC in the He phase. The intersection pected deleterious effect on health and agriculture, its effect on
between thel max and Les Surfaces revealed TOA conditions where  visibility, and its effect on climate change via the solar radiation
both the production of OC char in the He phase was maximized pydget. Long-term exposure to combustion-related aerosols in

and the |oss of native EC in the He phase was minimized, therefore y,o 1ot nojluted urban areas has been linked to an increased
leading to an optimized thermal desorption protocol. Based on the

sample types used in this study, the following are generalized opti- 1Sk of mortality from lung cancer (Pope et al. 2002), a health
mal conditions when TOA is operated in the fixed-step-durations, risk comparable to long-term exposure to second-hand smoke.
laser-transmission mode (i.e., TOT): step 1 in He, 19@ for 60 s; Measurement of atmospheric aerosol EC has long been prob-
step 2 in He, 365C for 60 s; step 3 in He, 610C for 60 s; step 4in  |ematic, due largely to the fact that its chemical, physical, and
He, 835C for 72s. For steps 1-4in @-He, the conditions are 550C 1y ological nature is complex and quite variable. The terms
I graphitic carbon or black carbon (BC) are commonly used syn-
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in the chemical composition of aggregated soot particles as wadicessarily varies from site to site or with the time of sam-
as their size, shape, and physical properties (Watson and Vallygigg. In addition, the absorption coefficient is affected by the
2001). optical properties of other chemical species in the sample. EC-
The chemical and morphological complexity of EC aerosot®ntaining particles in ambient air can be externally mixed with
has led to a lack of consensus on the exact nature of the analgtanpositionally different particles that primarily scatter light, in
EC complexity and the wide scope of measurement methodop@rticular sulfate, nitrate, and organic compounds such as poly-
gies (e.g., optical, photoacoustic, thermal, chemical, and theyclic aromatic hydrocarbons (PAHs). However, EC may also
mal with optical) have led researchers to conclude that EChe mixed with light-scattering species within individual parti-
defined operationally by the measurement method. We makel@as (internal mixture). In this case, the absorption coefficient
distinction in definition, however, between EC and BC. Excluds dependent upon the average particle refractive index, which
ing nonrefractory humic OC and inorganic substances suchi@elf is a function of the refractive indexes of the nonabsorbing
iron that may contribute to light absorption by the aerosol, Barticle matrix as well as the absorber. Aerosols that contain
is the refractory carbon component of PM that absorbs visililgernally mixed particles exhibit a larger absorption coefficient
light at a specified wavelength. Since the term EC does not nétan aerosols consisting of a mixture of chemically distinct par-
essarily imply optical dependence, atmospheric aerosol EQiddes (Ackerman and Toon 1981).
operationally defined at this state of the science and is best deThere is, therefore, a conundrum in applying optical prop-
scribed as graphite-like, but it is not carbon in either of its pueaties alone to quantify both EC mass and the varying aerosol
elemental forms. For the purposes of this work, we define EBsorptivity upon which mass measurement relies. A solution
as BC. is to combine thermal desorption with optical extinction, i.e.,
For the determination of EC mass as BC, several lontiiermal-optical analysis (TOA) (Huntzicker etal. 1982; Johnson
established methods rely on the analyte’s optical behavior, eitle¢ral. 1981). In TOA, carbonaceous material in particles de-
absorptive or reflective. Most optical methods were originallyosited on a quartz-fiber filter is thermally desorbed in several
developed to measure aerosol optical extinction, in particular tteenperature stages that can range fron? C20 900 C among
absorption coefficient. For example, the integrating plate (IR)arious TOA methods. A continuous gas stream carries the des-
integrating sphere, and IP variants (Campbell et al. 1995; Clarddbed carbonaceous material through an oxidizer (typically a
1982; Hitzenberger et al. 1996; Lin et al. 1973) measure extirtcbe containing Mn@ at 870C or 912C), which efficiently
tion of longer-wave visible light through a particle-laden filterconverts organic carbon to GOThe CQ can be detected di-
Extinction from the filter substrate is subtracted, and scatteringgctly, e.g., by nondispersive infrared spectroscopy, or indirectly,
is minimized by various instrument fixes or empirical corredy reduction to Ch followed by flame ionization detection.
tion factors. Continuous EC monitoring is achieved with thBefore and during heating, the optical behavior of the filter is
aethelometer (Hansen et al. 1984) or particle soot absorptimonitored from the attenuation in laser light (typically 633 nm
photometer (Bond et al. 1999), in essence a continuous IP usargs70 nm), either as transmission through the filter, the TOT
a filter substrate. method (Birch 1998; Birch and Cary 1996), or as reflection
These optical methods have also been used for inexpendiaen it, the TOR method (Chow et al. 1993). In an inert gas
and rapid EC mass measurement based on Beer’s Law andgipeam such as helium desorption of the more thermally sta-
tical absorptivity. Success here depends on the constancy ofltkee organic compounds typically occurs at lower temperatures
light attenuation per unit EC mass (i.e., specific attenuatio@round 300C or less), while thermally unstable organic com-
(Gundel et al. 1984) and ultimately on knowledge of the contgpounds typically pyrolyze at higher temperatures, and can pro-
butions of the aerosol scattering and absorption coefficientsdiace “char” on the filter that further attenuates the laser light.
the specific attenuation. Since these methods rely solely on e char is removed from the filter in an oxidizing gas stream—
optical nature of the aerosol, accuracy of the absorption cogfpically O, in He—later in the analysis and then measured in
ficient is critical. However, aerosols from different locations athe same way as the thermally stable carbon. As the temperature
measured at different times from the same location may hawethe oxidizing stream rises, the attenuated laser signal (trans-
sharply different optical properties. For example, Hitzenbergetission or reflectance) eventually returns to the attenuated laser
(1993) reported that the absorption coefficient of aerosol calignal of the filter prior to thermal desorption. The time when
lected during wintertime in Vienna was six times higher thathe laser response returns to the initial response is called the
that for aerosol collected during summertime. split point: the critical point where native EC is “split” analyti-
There are a number of causes for variation in the absorptically from char. Charis assumed to have approximately the same
coefficient that are unrelated to instrument bias or imprecisicabsorptivity as native EC. Therefore, regardless of where char
For one, the absorption coefficientis proportional to an ensemiled EC actually come off the filter in the oxidizing gas stream,
of the photon capture cross-sections of multiple poorly charaany desorbed carbon mass beyond the split point is measured
terized EC species in a polydisperse aerosol sample. Sincedbenative EC. TOA methods monitor the optical properties of
relative proportions of EC compounds, as well as the total BEe sample, but do not utilize the absorption coefficient to de-
mass, vary from site to site, the aerosol absorption coefficigatmine EC mass. Since a priori knowledge of the absorption
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coefficient is not required, TOA is preferred for measuring EG midway between the third and fourth He-phase steps for the
mass over purely optical methods. The TOT method has a IoWgPROVE protocol. However, defining differences between the
history of use by the U.S. EPA and is currently used for the EPA®O protocols are perhaps exhibited in the first and last He-phase
PM2.5 speciation network. The TOR method has been used wstkeps. The first NIOSH temperature on the Celsius scale is more
the Interagency Monitoring of Protected Visual Environmentian twice the corresponding IMPROVE temperature, while the
(IMPROVE) sampling network to measure EC or100,000 last NIOSH temperature is 300 higher than the corresponding
PM2.5 and PM10 samples (Malm et al. 1994). IMPROVE temperature. Step duration for the IMPROVE proto-
TOT and TOR often produce varying EC results for the sanoel varies and depends on the width of the FID peak that evolves
sample material. For example, measurements on NIST SRiVa particular desorption step. A step ends when the peak returns
1649a distributed on quartz-fiber filters showed EC to total cao baseline, typically 1 min to 2 min into the step. In contrast,
bon (TC) ratios of 0.20 and 0.26 for the TOT method and 0.43 fetep duration is fixed for the NIOSH protocol but increases from
the TOR method (Currie et al. 2002). One reason for measutiee first step to last in both the He phase aneH®2 phase.
ment discrepancies is the fact that for PM imbedded in a fibrous In this work, response-surface methods were used to optimize
substrate absorption and reflectance of the char produced dioe- TOA thermal desorption protocol for EC accuracy. Accuracy
ing heating are not, in practice, complementary properties. Neém-this case is elusive because a comprehensive understanding
ertheless, the major reason for varying TOT and TOR resutisthe chemical nature of EC is still lacking. In addition, the crit-
is the use of different thermal desorption protocols. As TOiEally important process of separating instrument-produced OC
and TOR evolved, their protocols diverged in the temperatucbar from native EC is operationally difficult because the char
and duration of the desorption steps. TOT commonly emploissassumed to be chemically similar to native EC. Nevertheless,
the protocol for the NIOSH 5040 method (Birch 1998; Birchive approach this task by addressing two hypotheses. First, non-
1999) or slight modifications thereof (e.g., Cary 1994); TORbsorbing OC that does not volatilize or char in He is measured
commonly employs the IMPROVE protocol developed by therroneously as EC during the;®le phase, causing a positive
Desert Research Institute (Chow et al. 1993; Chow et al. 200kjas. Among the thermal methods, OC is known to carry over
Table 1 summarizes the differences between the two desorptioto the EC fraction and overestimate EC by as much as a factor
protocols. Both methods desorb thermally stable compounafs50 (Novakov and Corrigan 1995). Thus, optimal production
and pyrolyze the remaining OC in a single He phase. In addif char in He is necessary. Second, if loss of char occurs at high
tion, both methods oxidize the pyrolyzed OC and native EC temperature and the laser response does not adjust accordingly,
a single @-He phase with 1% to 2% £ The methods differ an unaccountable loss of native EC may also occur because of
to a greater extent in the temperature and duration of stepstaschemical similarity of char and native EC. The result in this
compared to their number. The NIOSH 5040 protocol has highease is a negative bias. To assess the extent of the positive and
step temperatures overall. For example, the second step tempegative biases we modeled the laser attenuation through the
ature in the He phase for the NIOSH 5040 protocol (&0 filter as the OC was pyrolyzed.

Table 1
IMPROVE and NIOSH thermal-desorption protocols for TOA
IMPROVE Magnitude of
Step  (TOR)? NIOSH 5040 (TOT§ temperature difference
He phase 1 12@ 250C (~325°C)* for 1 min 130C
2 250C 500C for 1 min 250C
3 450C 650C for 1 min 200C
4 550C 850°C for 1.5 min 300C
O,-He phase 1 55@ 650C for 0.5 min 100C
2 700C 750C for 0.5 min 50C
3 800C 850°C for 1 min 50C
4 940 C for 2 min

'From Chow et al. 1993.

2Step duration for the IMPROVE protocol is variable. It is determined by the width of the FID signall
peak that appears during the desorption step. The step ends when the peak returns to baseline.

3From Birch 1998.

4On the first thermal optical carbon analyzers manufactured by Sunset Labs, the actual oven temperature
for a particular desorption step was higher than the set point used with the instrument software when the
set point was<500°C. Thus, the NIOSH 5040 method was commonly run with a temperature for the first
desorption step that was substantially higher than the published temperature associated with the method.
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Figure 1. TOA thermogram from an analysis on lab air particles showing the temperature profile (solid line), laser transmission
through filter at 670 nm (dashed line), and FID signal (shaded area). Also shown is the boundary between the inert He phase and
oxidizing O,-He phase, the split point, and factors in the central-composite factorial design. Factor 1 is the temperature of step 4 in
He, factor 2 is the duration of step 4 in He (with steps 1-3 varied proportionately), factor 3 is the temperatures of steps 1-3 varied
in concert, and factor 4 is the duration of step 1 nlde. Tri,;; is the attenuated laser signal prior to carbon desorpligs, is the
attenuated laser signal at its minimum, amde4 is the attenuated laser signal at the end of the He phase.

Three types of samples were studied to represent indddETHODS
ambient air, outdoor ambient air, and a carbonaceous aerosofrhe Sunset Laboratories’ Thermal Optical Carbon Analyzer
source. To determine conditions for thermal desorption, we egmploying the TOT method was used to measure OC and EC
ployed a central-composite factorial design (Massart etal. 1988) three sample typesTo represent ambient indoor air, parti-
Among the 7-8 desorption steps in the IMPROVE or NIOSkles <0.95m in aerodynamic diameter in laboratory air were
protocols, there are 14-16 factors to account for both tempegatlected on a precleaned 20 con25 cm quartz-fiber filter po-
ture and duration that can be used to assess the TOA resposi®ned as the after-filter in a Staplex Hi-Vol 4-Stage Cascade
In a central composite design, this would result in 16,413 tmpactor. 1.5 cri punches from the filter were taken for anal-
65,569 factor combinations! To make the task more managgis following a randomized and blocked sampling protocol.
able, we identified four factors associated with the step tefRifter-edge versus filter-center variation due to particle deposi-
perature and duration that would likely have the greatest inlen inhomogeneities was determined by analysis of variance
pact on variation in the EC/TC ratio. However, this requireANOVA), and corrections were made to minimize sampling
that individual step temperatures and durations be combingihs. To represent ambient outdoor air, fine particle®.% um
as described below. The selection of the factors was basediiameter) of the NIST Urban Dust Standard Reference Material
part on prior work (Chow et al. 2001) that determined thgSRM 1649a) were separated from bulk material using impactors
the fourth He-phase temperature, i.e., the highest temperataine then resuspended on precleaned 37 mm quartz-fiber filters
used to pyrolyze OC, was largely responsible for differences
in the TOT and TOR methods. With this in mind, four factors———
were used in the design (Figure 1): (1) temperature of step 4 Certain commercial products are identified here to specify the means by

. . . which experiments were conducted. Such identification is not intended to imply
in He, (2) duration of steps 1-4in He, (3) temperature of SteF?a%ommendation or endorsement by the National Institute of Standards and

_1_3 in He (varied proportionately), and (4) duration of step fechnology, nor is it intended to imply that the identified product is necessarily
in Oy-He. the best available for the purpose.



OPTIMIZING THERMAL-OPTICAL METHODS FOR EC 707

(Klouda et al. 1996; Klouda 2002). SRM 1649a is an outdogubes is the corresponding star figure with the three dashed-
PM that was collected in large quantities in Washington, Dlihe axes representing factors 2—4. The center of the star in this
during 1976-1977 using filter bags. The material was pasdgglire coincides with the factor 1 temperature at°fO0Filled
through a 125um sieve to remove extraneous materials ircircles represent levels of the full-factorial and the open circles
cluding bag fibers. It is believed to typify urban PM (NISTrepresent levels of the star factorial. Included at each factor com-
2001). To represent a carbonaceous aerosol source, fine paration is the symbolic code used in subsequent figures and ex-
ticles from the smoldering stage of a boreal forest fire wepanations. For example{(+ ++) represents the full-factorial
collected on a precleaned 20 cti25 cm quartz-fiber filter po- combination where all factors are at the upper level:{ ——)
sitioned in the fine-particle stream of an MSP Model 310 Virepresents the full-factorial combination where factors 1 and 2
tual Impactor (Conny and Slater 2002). While the smolderirgye at the upper level and factors 3 and 4 are at the lower level;
forest fire sample used here does not represent aerosol framd (// + /) represents the star factorial combination where fac-
forest fires in general, it nevertheless was useful in this stuttys 1, 2, and 4 are at the central level and factor 3 is at the
because it exhibited pronounced charring in TOA, as evidencegper level.
below, compared to the other two samples. The lab air and ur-Factor 1. Factors were selected and ordered to the extent
ban PM samples had similar amounts of total carbon, averdlgat they were expected to contribute to EC/TC variation and
ing 2989+ 0.37 ug C cnm? (x £ tsn/2,t = 2,n = 48) and accuracy (Figure 1). The temperature of step 4 in He was as-
28.24+1.09 g C cnm? (n = 30), respectively. The smolderingsigned factor 1 because it was expected to have the largest effect
fire sample had 5934-0.65 .9 C cnm? (n = 26). Carbonate was on both OC charring and on the loss of native EC, due perhaps
not detected in either the ambient air samples or the smoldertogadventitious oxidation in the presence of a substance in the
fire sample. sample with a higher reduction potential than EC. The two lev-
Figure 1 is a thermogram showing, as a function of analgis for this factor in the full factorial corresponded to the step
sis time, the desorption temperature (solid line), transmissiontemperatures of the IMPROVE and NIOSH protocols, %50
670 nm light through a quartz-fiber filter (dashed line), and FIBnd 850C, respectively. For the lower and upper levels of the
response (shaded area). The time delay between the attenustadfactorial, we used 50Q and 900C, i.e., 50C below and
laser response and the FID response (hence, the transit timeafmove the IMPROVE and NIOSH protocols, respectively. The
carbon to reach the FID), determined just prior to conductirgjar center level was the midpoint: 7@ Levels of each factor
experiments, was 6 s. Consistent with both the TOT and TG®& the full factorial and star factorial are shown in Table 2.
methods, we used a single He phase (Compressed He puritfFactor2. Relatedtothe effect of step temperatureon EC/TC
99.9999%, Scott Specialty Gases, Plumsteadville, PA, USA)itostep duration. Hence, He-step duration was expected to have
desorb thermally stable compounds and pyrolyze the remainihg next largest effect and was assigned factor 2. We focused
organic carbon. We used a single-Be phase (1.0% ©vol- primarily on the He step 4 duration. The two levels for this dura-
ume fraction) to oxidize the pyrolized OC and native EC. Alstion in the full factorial were 1.5 min and 4.5 min; the former is
consistent with the TOT and TOR methods, we employed fotire duration from the NIOSH protocol. The lower and upper star
temperature steps in the He phase. These temperatures vagetbrial levels were 1 min and 5 min; the star center level was
with the factorial design as described below. Four fixed terthe midpoint at 3 min. Scaling the durations of steps 1-3 to the
perature steps were used in the-i@e phase (55, 700C, duration of step 4 was necessary to make these steps consistent
850°C, and 900C); the first two are equivalent to those in thavith step 4 as TOA might typically be run. The duration of step 1
IMPROVE protocol and the third step is equivalent to that in theas 1 min and 2 min, respectively, for the lower and upper levels
NIOSH protocol. The temperature at the start of analyses wafhoth the full factorial and the star factorial; the center level for
maintained at approximately 30. the star factorial was 1.5 min. In each case, the duration of steps
2 and 3 were spaced proportionately as shown in Table 2. For
example, when the He step 4 duration was 1.5 min, steps 1-3
Factorial Design were 1 min, 1.17 min, and 1.33 min, respectively. When the He
The factorial design was a composite of two parts: a twetep 4 duration was 4.5 min, steps 1-3 were 2 min, 2.8 min, and
level full factorial design consisting of 162k = number of 3.7 min, respectively.
factors) combinations and a partial two-level star factorial de- Factor 3. Just as the temperature of step 4 in He likely
sign consisting of 9 (2 + 1) combinations, for a total of 25 affects EC/TC, the temperatures of steps 1-3 also might affect it.
combinations. (For a comprehensive introduction to factoridb accountfor their effect, we varied these step temperatures as a
designs, see Box et al. 1978). The complete design is shognoup. In our design, we used IZ5and 250C for the two levels
graphically in Figure 2. The two solid-line cubes arranged veof the step 1 temperature in the full factorial, which correspond
tically in the figure represent the full factorial. Their placemernbughly to the He step 1 temperatures for the IMPROVE and
along the main vertical axis corresponds to the two factor 1 tefdfOSH protocols, respectively. For the star factorial levels, we
perature levels, 55€C and 850C. The three axes of each cubaised 100C, 188C, and 325C. The temperatures of steps 2
represent factors 2—4. Imbedded between the two full-factorad 3 were scaled proportionately as the step 4 temperature was
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Figure 2. Graphical representation of the two-level full factorial design and the two-level partial (star) factorial design that
comprise the central-composite factorial design used to set parameters for the various TOA thermal desorption experiments. The
two cubes represent the four factors for the full factorial. The upper cube and lower cubes each represent the 8 full-factorial
combinations associated with the upper and lower levels, respectively, of factor 1. The 16 total combinations of the full-factor
are represented by the closed circles with the four-symbol code that indicates the-tppefdwer (—) level of factors 1-4 as
indicated in Table 2. The star represents the central partial factorial, with the 9 combinations represented by the open circles. The
four symbol codes for these combinations indicate the uppgrdwer (—), or central (/) level of factors, as indicated in Table 2.
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Table 2
Factor levels in the central-composite factorial design

Star factorial (2x 4 + 1 combinations)

Full factorial (2 combinations)

Lower Upper
Lower level ) Upper level §) level (-) Center level (/) level (+)
Factor 1. Hestep4  55C 850C 500C 700C 900C
temperature
Factor 2: He step4 1.5 min 4.5 min 1 min 3 min 5 min
duration
Durations of steps 1-3 scaled proportionately
Step 3 1.33 min 3.7 min 1 min 2.5min 4 min
Step 2 1.17 min 2.8 min 1 min 2 min 3 min
Step 1 1 min 2 min 1 min 1.5 min 2 min
Factor 3: He steps 1-3 temperatures
Step 1 125C 250C 100C 187.5C 325C
Step 2 267C if step 4=550°C 350C if step 4=550C 300C 292C if step 4= 500°C 450C
366°C if step 4= 850°C 450C if step 4= 850°C 358C if step 4= 700°C
425°C if step 4= 900°C
Step 3 408C if step 4=550°C 450C if step 4=5500C 500C 396 C if step 4=5000C 575C
608 C if step 4= 850°C 650C if step 4= 850°C 529C if step 4= 700°C
662°C if step 4= 900°C
Factor 4: duration of 1 min at 55CQ 3 min at 550C 0.5minat 2 min at55@ 3.5 min at
15t O,-He step 550C 550C

set at a particular level. For example, as we show in Table Measured Responses and Modeled Surfaces

when the step 1 was 126 and step 4 was 55G, steps 2 and  Foreach sample type, three response variables were measured
3 were 267C and 408C, respectively. When the step 1 was aénd modeled. The FID signal was used to determine EC/TC. To
125'C and the step 4 was 850, steps 2 and 3 were 386 and track OC charring and potential losses of EC, the maximum laser
608 C. Adjusting steps 1-3 as a group in this way was necessafienuation ( may) in the He phase and laser attenuation at the
to make all He step temperatures proportionately placed in #8d of the He phasé (4e4) were calculated as follows:

desorption protocol as they are in the NIOSH and IMPROVE

protocols and, thus, as TOA might typically be run. T Finit — T 'min

Factor4. The fourth factorinvolved the first desorption step L max = T [1]
in the O-He phase where char and native EC are expected to Trinit — T MHea
oxidize. We surmised that thermal desorption ind@uld affect LHes = B T [2]

EC/TC accuracy if oxidation of char was perhaps too gentle

or too harsh initially, particularly as the laser signal reachd$e attenuated laser signal from light passing through the filter
the split point. It is plausible that effects to the surface chaas first smoothed with a 13-point quadratic Savitzky-Golay
particles brought on by harsh oxidation as opposed to genfileer (Savitzky and Golay 19647r,;; is the 10-point average of
oxidation could alter particle refraction, in turn affect char (othe smoothed laser signal during the 10 s prior to the start of ther-
native EC) absorptivity, and thus affect laser behavior close fital desorptionTrnin, andTrie4 are, respectively, the minimum
the split point. For the temperature of the first-Be step, we smoothed laser signal in the He phase and the smoothed laser
chose a value that was consistent with the lower level of factsignal at the end of He step 4. Bothy,, andTryeq are 3-point

1: 550 C for the full factor or 500C for the star factorial. This is averages. Spurious variation in the laser signal due to extremes
also consistent with the IMPROVE protocol where the first O in oven heat, albeit minor, was corrected by fitting a 2nd order
He step has the same temperature as He step 4¢358ince the polynomial to laser signal versus temperature for precleaned
temperature of the first2He step was more or less a constarilank quartz-fiber filters and then adjusting the laser signal for
in the factorial design, we varied the duration. The two levels feiach analysis by the offset from the polynomial function.

the full factorial were 1 min and 3 min. The three levels selected Thel haxresponse variable was used to assess the positive EC
for the star factorial were 0.5 min (duration from the NIOSHbias that might occur if nonvolatile uncharred OC were measured
protocol), 2 min, and 3.5 min. as native EC during thef2He phase. Thepeqresponse variable
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was used to assess the extent that native EC might have béecreases of 55% and 49%, respectively. The EC/TC decrease

unaccountably lost through adventitious oxidation during tHer the smoldering fire emissions sample was less noticeable

He phase, causing a negative EC bias. yet still substantial (25%). EC/TC decreased to a greater extent
Response surfaces of the EC/TIGyax, and Lpes response when the step 4 temperature was raised fron?80@ 900C

variables were calculated by fitting a 2nd order polynomiah the star factorial (Figure 4), particularly with lab air particles

modelto measurement data fromthe complete central-compo§n@%) and smoldering fire emissions (56%).

factorial design (full plus star factorials) using Matlab software. As expected, the next largest effect displayed in Figures 3

The model contained 15 terms as shown below: five terms quamd 4 is from the step duration in He (factor 2). From the data in

tified the first-order behavior of each factor (i.e., main effectdyigure 3 for the higher He step 4 temperature (80EC/TC

four terms quantified within-factor nonlinear behavior (i.e., selfzalues for the lab air particles, for example, averaged 0.20 when

interactions), and six terms quantified factor covariance (i.step 4 lasted 1.5 min{{— ——), (+ — —+), (+ — +-), (+ —
between-factor interactions): ++)), but 0.16 when step 4 lasted 4.5 mia-( —), (+ +
—+), (+ + +-), (+ + +4)); a 20% decrease. Increased step
y = by + bixg + boxo Main effects duration did not, however, appear to cause a decrease in EC/TC
+ baxz + baxg + - - - when the step 4 temperature was 850Furthermore, there isno
bsx? + bex2 + byx2 + bgxZ + - - - Self-interactions  [3] noticeable effect from factor 2 on the smoldering fire emissions
BoX1 Xz 4 b1oX1 X3 + br1XqXa Between-factor sample, regardless of the step 4 temperature.
+ b1oXoXs + b13XoXa + b14X3Xs interactions.

Analyses of Variance
The polynomial model parametetis) @re calculated as fol-  Table 3 shows an ANOVA on EC/TC from the full facto-

lows (Massart et al. 1988): rial experiment for the lab air sample. Factors 1-3 are statis-
tically significant in the design at the 5% significance level
b= (X'X)"}(X'y), [4] (F/Fuit < 0.05). Factor 4 does not show significance in this

_ o o . _ analysis; however, the interaction of factor 1 with factor 4 is
whereX is a 25x 15 matrix with coefficients associated with th%|gn|f|cant, as is the interaction of factor 1 with factor 2.

model parameters. The first columnXncontains ones associ- |n Table 3, factor 2 accounts for a very small portion of the
ated withbO. The remaining columns of contain coefficients ygriance in the factorial design (0.5%) compared to factor 1
corresponding to factor levels from the central-composite desig;g%). However, if we perform an ANOVA on the two factor 1
(cols. 2-5), their squares (cols. 6-9), and their cross produgge|s separately (Table 4), factor 2 has much more statistical
(cols. 10-15) for each of the 25 combinations (hence, 25 rowgjgnificance, but only for the higher factor 1 level. When the
y is a 25-element column vector for each sample containing th step 4 temperature is 85I, step duration accounts for 66%
average of measured EC/TCray, Or Lies values for each ofthe of the variance. In contrast, when the He step 4 temperature is
25 combinationsh is the resulting 15-element column vector o55¢C, the duration accounts for only 4% of the variance and the
model parameters, and elemehistobl4 should be interpreted factor is not statistically significant at the 5% significance level.
as partial derivatives. Thus, we see that the ANOVA of the full factorial experiment
Thermal desorption conditions that optimized charring in Herable 3) revealed a significant factor 1 versus factor 2 interaction

and m|n|m|zed its loss in He were determined from Observ%cause He Step duration is important 0n|y at h|gher He Step 4
relationships among the EC/TC response surfaces and lasef@tperatures.

tenuation surfaced, max andL pes. Optimal conditions were re-  |n addition to the importance of the He step duration, the
vealed from the intersection of the laser attenuation surfaGggportance of the @He step 1 duration (factor 4), becomes
whenL maxandL nes Were equivalent and, therefore, when chaglear from the second ANOVA. As shown in Table 4, thelde
ring was maximal in the He phase, but loss of char at the end@ép duration is significant regardless of whether the temperature
the He phase was minimal. of step 4 in He is 55@C or 850C. However, the amount of
variance attributed to factor 4 varies widely between the two
RESULTS He step 4 temperature levels, hence the reason for the factor 1
versus factor 4 interaction shown in Table 3. At 560or step 4
EC/TC Measurements in He, duration of the first @He step accounts for 60% of the

Figures 3 and 4 show the extent to which EC/TC values vay@riance. At850C for step 4 in He, the first ©He step accounts
in the full factorial and the star factorial, respectively, for thér 15% of the variance.
three sample types. The obvious feature here is the effect on
EC/TC from variation in the He step 4 temperature (factor 1JThe EC/TC Response Surface
Raising the temperature from 5%Dto 850C caused EC/TCto  EC/TC responses from the factorial design among the three
decrease on average from 0.40to 0.18 for the lab air particles aadnples shown in Figures 3 and 4 exhibit similar patterns. There-
0.52 to 0.26 for the urban PM sample, corresponding to relatif@e, we would expect their response surfaces to be similar.
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Figure 3. Average EC/TC values of lab air particles, urban PM, and smoldering fire emissions for each combination of thermal
desorption parameters in the full factorial design. The four-symbol codes, read from left to right, correspond to those in Figure 2.
Error bars indicate standard deviation.

Figure 5 displays the EC/TC response surface for each saation relative to the average EC/TC value for all 25 factorial
ple as a function of the He step 4 temperature and durati@embinations is 4.5%. The standard uncertainty (the NIST/ISO
Parameters for the 2nd order polynomial model used for eamhalog to the confidence interval at 5% significance (ISO 1993;
sample are shown in Table 5. The major feature in FigureTaylor and Kuyatt 1994)) for the lab air EC/TC surface is 0.8%,
is the linear (first order or slightly second order) decrease lrased om = 112, a coverage factor of 2 (analogous to Student’s
EC/TC with temperature. As we discuss below, the behavior Of and relative to the average EC/TC values in the factorial de-
the EC/TC response surface with respect to the He-step 4 tesigh. For the urban PM sample, the pooled standard deviation
perature contrasts substantially with the behavior oflthgy relative to the EC/TC average is 5.4%, and the standard uncer-
andL ne4 response surfaces. tainty relative the EC/TC average is 1.7%, basethen39. For

Another distinctive feature of the EC/TC response surfacttee smoldering fire emissions sample, the pooled standard de-
is the curvature along the step duration axis. For both the lafation relative to the EC/TC average is 14%, and the relative
air particles and urban PM, the surfaces show an asymptattandard uncertainty is 5.2%, basedos 30. Thus, the relative
decrease in EC/TC as step duration increases. The smoldestandard uncertainty for the smoldering fire emissions sample is
fire emissions sample does not exhibit this effect. As noted in taeleast 3 times higher than for the other two samples. For each
above section “Analysis of Variance”, the statistical significan@ample, uncertainties are derived from the pooled variance of all
of the effect of He step duration on EC/TC is unequivocal. replicated factor combinations.

We do not show uncertainties in the EC/TC response surfaces
in Figure 5; however, their magnitudes are noteworthy in thAMeasurements from the Attenuated Laser Signal
they are remarkably consistent and small for the lab air sampleFigure 6 shows a series of laser responses with temperature
and urban PM. For lab air particles, the pooled standard deprofiles (solid line) from thermograms for selected full factorial
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Figure 4. Average EC/TC values of the three sample types for each combination of thermal-desorption temperature and time
parameters in the partial (star) factorial design. The four-symbol codes correspond to those in Figure 2. Error bars indicate standard
deviation.

conditions. The initial attenuated laser signals (i.e., at 0 s) demgthy step 4 heating, i.e., conditions{ ——) and ¢+ +-).
offset because the initial transmission of light through the filtarhis is clear evidence that there is either loss of char from the
is due to varying total light-attenuating masses. For all condikler in the He phase, a loss of native EC, or a decrease in the
tions except those in Figure 6a & ——), where step durations absorptivity of either under these conditions. In fact, in Figure 6d
and temperatures are at their lower levels, the smoldering filee laser signal rises slightly during step 3 in He (850for the
emissions charred in He to a much greater extent than lab laip air particles and urban PM. There is no evidence, however,
particles or urban PM. Nevertheless, all three samples charcddhe loss material or decrease in absorptivity in the He phase
to a greater extent when step 4 in He was“®5€than when the for smoldering fire emissions.
temperature was 55GQ. As explained in the above section “Measured Responses and
A surprising observation is that in the- (— ——) case char- Modeled Surfaces,l nax and Lyeq, Were calculated from the
ring of the smoldering fire emissions continues into theH2 attenuated laser signalto assess charring during the He phase. We
phase. In fact, most of the charring of this material occurs theraw explore the relationship between the EC/TC measurements
Clearly, for the other three factorial conditions shown in Figure#&nd laser attenuation. In Figure 7, we shioyx (filled circles)
where the He step 4 temperature is 850no further charring and itsL 4 cCoOunterpart (open circles) with respect to EC/TC for
takes place in the £He phase. Furthermore, we observed th#db air particles, urban PM, and smoldering fire emissions. For
no further charring took place in the;@e phase for the smol- lab air particles and urban PM (Figures 7a and b), the points fall
dering fire emissions sample when the He step 4 temperatwiéhin three general clusters along the EC/TC axis. For example,
was 700C. in Figure 7a the clusters are centered near 0.16, 0.29, and 0.40
Laser responses for the three samples also behave differeattyng the EC/TC axis. For the most part, the clusters correspond
for the three factorial conditions with step 4 in He at 850 to the factorial conditions associated with the three levels of the
(Figures 6b—d). For lab air particles and urban PM, the attenuatée step 4 temperature in the factorial design. With an exception
laser signal clearly reaches a minimum and then rises during thbeled ¢///), points in the first cluster along the EC/TC axis
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Table 3
Analysis of varianckon EC/TC of lab air particles from the full factorial experiment
Fraction of
Source DR Sum of squares Mean squares F-value F/Fgid total variancé
Blocks 3 2.27E-06 7.56E-07 0.00451 >0.999 9.38E-07
F1 1 0.789 0.789 4710 3.46E-47 0.979
F2 1 0.00374 0.00374 22.3 2.31E-05 0.00464
F3 1 0.000876 0.000876 5.23 0.0270 0.00109
F4 1 3.61E-05 3.61E-05 0.215 0.645 4.48E-05
F1.F2 1 0.00563 0.00563 33.6 6.30E-07 0.00698
F1.F3 1 2.74E-07 2.74E-07 0.00164 0.968 3.40E-07
F1.F4 1 0.003667 0.00367 21.9 2.67E-05 0.00455
F2.F3 1 0.000677 0.000677 4.04 0.0505 0.000810
F2.F4 1 0.000669 0.000669 3.99 0.0518 0.000830
F3.F4 1 2.80E-05 2.80E-05 0.167 0.685 3.48E-05
Residual 45 0.00754 0.000168 0.000208
Total 63 0.813

1IANOVA encompassed two- to four-way factor interactions; however, only two-way interactions are shown in the
table. No three- or four-way interactions were significant at the 5% significance level.
’Degrees of freedom.

3Factor or factor interaction is significant whe&iF ¢t is <0.0500.

“Ratio of mean squares for an individual factor, factor interaction, or the residual to the total of mean squares for all
entries including three- and four-way interactions.

are associated with the 88DHe step 4 level of the full factorial.  Figures 7a and b clearly show that EC/TC increasds.as

The middle cluster is associated with the 700evel from the decreases. While the results for smoldering fire emissions
star factorial. With an exception labeled(//), the third cluster (Figure 7c) do not reveal distinctive clusters along the EC/TC
is associated with the 550 He step 4 full-factorial level. The axis, the same trend exists. Thus, as the He step 4 temperature
exceptions are associated with the star factorial condition witlicreases, EC/TC decreases and laser attenuation from charring
the He step 4 temperature at 900(+///) and 500C (—///). (Lmax) increases. In addition, Figures 7a and b reveal that the

Table 4
Analyses of variandeon EC/TC of lab air particles from the full factorial experiments separated into the two levels
of the He step 4 temperature (factor 1)

He step 4 temperature at 5%D He step 4 temperature at 838D

Source DE F-value F/Fgi® Fraction of total variande F-value F/Fqi® Fraction of total variande
Blocks 3 0.535 0.663 0.0392 0.490 0.693 0.00522

F2 1 0.532 0.474 0.0390 60.4 1.31E-07 0.643

F3 1 2.33 0.142 0.171 2.96 0.100 0.0315

F4 1 8.21 0.00925 0.601 14.4 0.00105 0.154

F2.F3 1 0.0639 0.803 0.00468 7.26 0.0136 0.0774
F2.F4 1 0.768 0.391 0.0562 4.00 0.0586 0.0426
F3.F4 1 0.161 0.693 0.0118 1.08 0.310 0.0115
Residual 21 0.0732 0.0107

Total 31

LANOVA encompassed two- and three-way factor interactions; however, only two-way interactions are shown. The three-way

interaction (F2.F3.F4) was not significant at the 5% significance level.
2Degrees of freedom.

3The factor or factor interaction is significant WhEAF it is <0.0500.

“Ratio of mean squares for an individual factor, factor interaction, or the residual to the total mean squares for all entries, including
the three-way interaction.
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In general, Figures 7a and b show that the extent to which

Parameters from 2nd order polynomial models (Equation (3)nesandL max diverge is clearly related to the step 4 temperature

used to calculate EC/TC surfaces

Lab air particles Urban PM Smoldering fire emission

b0
bl
b2
b3
b4
b5
b6
b7
b8
b9
b10
b1l
b12
b13
b14

in He and the EC/TC ratio. However, we can further separate the
fsirst cluster of Figure 7a into two groups, delineated by ellipses
al anda2. Groupal has eight points that exhibit the highest
laser attenuation of all factorial combinations and lthg, and

L hes points coincide, unlike those ia2. Points inal exhibit

the most charring as indicated by relatively lalgg.x values.

In addition, there is minimal loss of pyrolysis OC, native EC, or
change in the absorptivity in the He phase as indicated by the
relatively largel e4 Values and the coinciding afieq andL max
values. Conditions that are common to gradgare 850C in He

for 1.5 min. In contrast, conditions that are common to group
a2 are 850C in He for 4.5 min. (Each of th& e points in

a2 corresponds to ahma point directly above). EC/TC values

in al are higher on average than thosealh It is important

to note that if the divergence dfax and Lyes Were due to

a decrease in absorptivity rather than a loss of char or native
EC, we would not expect to see a corresponding decrease in
EC/TC. Conditions represented by groap are the optimal
conditions in the factorial design for the indoor air sample, based
onthe laser signal, compared to those for graRipecause while

L max @andL peq points behave differently in each cluster for theseC/TC values are higher ial, charring is also optimal in the

samples. In the third cluster along the EC/TC akigaxandL ea

He phase.

points coincide. However, they diverge in the second cluster andThe same relationships between EC/TC and hqgth, and
then to a greater extentin the first cluster. Overall, the smolderibges exist for urban PM, shown in Figure 7b. The first clus-
fire emissions behave differently in that there is virtually nter along the EC/TC axis is for the most part associated with

divergence betweehnax andL eq points in Figure 7c.

Figure 5. EC/TC response for lab air particles, urban PM, and smoldering fire emissions as surfaces with respect to the He step 4
temperature (factor 1) and the He step 4 duration (factor 2).
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Figure 6. Comparison of laser responses from representative thermograms of four full-factorial conditions:<a}- (—),
b®)H———-), () ++ — —),and (d) & + + —). Included for each factorial condition is the temperature profile.

groups b1, b2). (The point labeled+///) in the first cluster is of water vapor; sample placed 2 mm below the gaseous sec-
associated with the star factorial condition for step 4 at@00 ondary electron detector). In these experiments, filter sections
in He (and itsL max counterpart directly above).) The folrax  of lab air particles were removed from the instrument imme-
points inb1 nearly coincide with the correspondibges points, diately after the He phase ended and placed in clean, enclosed
and they have the largest EC/TC values in this cluster. Conéetri dishes prior to SEM imaging.

tions that are common to grold are 850C in He for 1.5 min, We selected three factorial conditions for imaging: (1) a full
as they were to groupl in Figure 7a. Similarly, conditions factorial condition representing step 4 at 560n He (— — —-),

that are common to group? are 850C in He for 4.5 min, as (2) a star factorial condition representing step 4 at°@

they were to grou@2 in Figure 7a. Conditions represented byde (/ — //), and (3) a full factorial condition representing the
groupbl are optimal in the factorial design for the urban PMtep 4 at 850C in He (+ — ——). Representative plots of the
sample, because charring was optimal in the He phase bakegr response for (1) and (3) are shown in Figures 6a and b.
on the near alignment df o« and Lyes. As a result of opti- Figure 8 shows representative examples of several images of lab
mal charring, EC/TC values in grod are higher than those air particles taken for these conditions. For each condition, we

in b2. show a low magnification (250 or 500x) image and a high
magnification (165& or 2550x) image.
SEM Images From the high magnification images (Figures 8b, d, and f),

In addition to determining EC/TC ratios and laser attenuatigrumerous smaller particles (L wm in diameter) remained on fil-
for the various conditions in the factorial design, we observedrs following heating at 55, 700 C, or 850C. For the 550C
the effect of varying He-phase conditions on individual particldseatment (Figure 8a) and the 7@treatment (Figure 8c), var-
with scanning electron microscopy (FEI-Phillips-Electroscaiously shaped larger particles-2 wm in length) were also
model 2020 Environmental Scanning Electron Microscoppresent. In contrast, large particles were clearly less abundant
20 kV accelerating voltage; chamber pressure 612 Pa (4.6 Tdrom the 850C treatment, as shown in Figure 8e.
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It is likely that a high proportion of the particles in the im-
ages<1 um are aggregates of primary ultrafine particles from
combustion and have a high EC content. Xiong and Friedlander
(2001) have shown that aggregates of urban air particles consist
of 10 to 180 primary soot-like particles with diameters of 6 nm
to 100 nm. Aggregates2 um were not found in their study.
For soot from a modern diesel engine, Shi et al. (2000) found
that the primary particles ranged from 10 nm to 40 nm. There-
fore, the larger particles in Figures 8a and c are likely charred
remains of non-agglomerated particles. We would expect these
particles to have a relatively low EC content. The presence of
these large particles suggests that the°g58nd 700C treat-
ments for the sample were inadequate to either volatilize the
carbon or pyrolyze it in OC-rich particles.

DISCUSSION

The data presented in Figures 6 and 7 clearly indicate that
charring increases as the He step 4 temperature increases. More-
over, Figure 7 reveals that there is a direct relationship between
the extent of charring in He and EC/TC. Within the He phase,
OC is either volatilized or pyrolyzed, and maximal charring
from pyrolysis minimizes the likelihood that uncharred OC will
be oxidized in the @He phase and measured as native EC. Itis
clear from Figure 6 that when charring is maximal for a sample,
the laser response must rise further in theH® phase to reach
the initial laser signal at the split point than when charring is
minimal. If the laser signal reaches the split point before all OC
is charred, any uncharred OC remaining on the filter after the
split point would be measured as native EC, causing a positive
bias.

In Figure 6 there was evidence that in some cases change in
the laser response in the-®le phase might correct for inade-
quate charring in the He phase. In Figure 6a, the optical density
of the smoldering fire sample clearly continued to change in
O,-He. However, the attenuated laser signal was still only about
60% of the attenuation when the TOA was run at the higher
step 4 temperature in He (Figures 6b—d). Thus, the TOA laser
response did not correct for all of the uncharred OC from the
He phase when step 4 in He was at 35(Figure 6a). There-
fore, EC/TC is optimized to eliminate the positive bias only
when charring is maximized during the He phase as measured
by L max-

An unwanted effect from maximizing OC charring at high
temperatures is the potential negative bias due to the loss of na-
tive EC before the split point is reached. This should not affect
EC accuracy if the laser signal accounts for this loss by a propor-
tional rise in the attenuated laser signal. However, the separation
of Lmax @andLpeq Values for lab air particles (Figure 7a) and es-

closed circles) and versus laser attenuation at the end of He st@edially for urban PM (Figure 7b) versus EC/TC suggests that
(Lres, Open circles) for the various thermal desorption protocalkere is a direct relationship between EC/TC and the loss of char
in the complete factorial design. (a) Lab air particles; (b) urbanthe He phase. EC/TC decreases as loss of char in He increases.
PM; (c) smoldering fire emissions. Error bars indicate standdfdve assume that native EC and instrument-produced char are
deviation. Points labeled{(///) and ( / / /) are star-factorial the result of similar high-temperature processes, the chemical
“outliers” in that their nearest neighbors are full-factorial pointsind optical properties of these substances will be similar. Thus,
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Figure 8. Scanning electron microscope images at both low (a, c, e€) and high (b, d, f) magnification of lab air particles on
quartz-fiber filters at the end of step 4 in He for two full factorial protocols and one star factorial protocol. For (a) and (b) He step
4 was 550C based on the{ — — —) protocol, for (c) and (d) He step 4 was 7@based on the/(//) protocol, and for (e) and

(f) He step 4 was 85 based on thef{ — — —) protocol.
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the loss of OC char in He can serve as a surrogate for monitorir
the negative bias.

As further evidence of the importance of monitoring char a: g)
a surrogate for native EC, we note in Figure 7a the two-poin
“outlier” associated with the He step 4 star factorial conditior
at 900C. EC/TC for these points (0.12) is 40% less than the
average EC/TC value for grougd points (0.20). Clearly, the
low EC/TC result in this case indicates a loss of EC at*@lid
He. The importance of this observation is further substantiate
by the relatively low uncertainties of the “outlier” with respect
to both EC/TC andL-values. Again, our results indicate that it is
important to maximize char production in He and to minimizing
its loss after it is formed.

The reason that the TOA laser signal may not correctly trac
the loss of EC is perhaps related to changes in the absor
tivity of EC during TOA analysis. The absorptivity of native b)
EC subjected to high temperatures (ex850°C) in He may
be different from that of native EC oxidized at lower temper-

0.30
atures in @-He due to changes in the particle refractive in-
dex. Thus, we cannot assume that the optical behavior of n L
tive EC in a high-temperature inert environment is the same ¢ 0.25

that in a lower-temperature oxidizing environment. The smol
dering fire sample in our experiments did exhibit a substantie

optical-density change in £&He due to charring, as we indi- 0.20 F2: He Step-4
cated in the above section “Measurements from the Attent Duration (min)
ated Laser Signal”. However, this occurred to a great exter ) “&1&%

at lower temperatures (550—7@in Figure 6a) rather than at B B N R ‘Q’l-“

higher temperatures, where significant loss of native EC migt L L

occur. F1: He Step-4 Temp. (°C)

In this study, we presume that the high-temperature loss of .
OC char (and native EC) mainly involves redox reactions witigure 9. Views of thel response surfaces for urban PM sam-

solid-phase compounds in the sample. An example is the high€ as functions of the He step 4 temperature and duration. Fac-
temperature reaction of F®; with EC involving perhaps the tor 3 is fixed at the center level for the star factorial (e.g., He
cycling of surface-bound CO and GQFe,0; + 3CO — 2Fe Step 1 temperature: 188). Factor 4 (@-He step 1 duration) is

+ 3COy; CO, + C — 2C0). We do not believe that the lossat 2 min. (b) is the magnified view at the distal corner of the
of pyrolytic OC and native EC is merely an instrument artifac@verall surface shown in (a). The vertical white bar shown at the
caused by @ contamination in the He phase. If this were théurface intersection at 835 in (b) is the standard uncertainty
case, we would expect loss of char in He from the smolderifg-006) based on a pooled standard deviation from full and star
fire sample, which clearly did not occur. factorial measurements faor (n = 71,k = 2).

Step 4 in Helium lasts 5 min, maximum charring occurs about 8D0T hus, there
Urban PM. If we plot the response surfaces fiopax and is a diminishing benefit from increasing the step 4 temperature
Lues in the same dimensional space, the intersection betwdarHe to maximizing charring.
the response surfaces points to a region where we approacie now compare the curvature of thg,x surface for urban
optimal TOA conditions. Beginning with the response sur- PM with the lack of curvature in the EC/TC surface (Figure 5).
faces for urban PM, Figure 9 shows two views of the surfac@dote that the temperature and duration axes are reversed from
(Lmax-gray and_e4-black) as functions of the He step 4 temperthose in Figure 5 to better display thg,ax andL ye4 Surfaces.)
ature and duration. Figure 9a shows the entire model surfacéhile the Lo« surface levels off around 800 at 5 min, the
Figure 9b shows the part of the surface whergy is largest EC/TC surface continues to decrease in a first order manner.
and wherel 5« and L ey intersect, i.e., at the distal corner ofThis comparison provides clear evidence of aloss of native EC at
Figure 9a. high temperature. If there were no loss of native EC under these
An important characteristic of thienax surface is its curva- conditions, the EC/TC surface would also be second order and
ture. In Figure 9al. naxincreases with the He step 4 temperatuneesemble thé. 5 surface. However, if we compare the EC/TC
with apparent second-order behavior. For example, when steantlL o« surfaces at the shortest He step 4 duration (1 min), the
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produce a qualitative change in the large OC-rich lab air par-
ticles, suggesting that pyrolysis at 7@is inadequate for that
sample. Conversely, the disadvantage to using a higher tempera-
ture such as 90C is the likely loss of native EC in the He phase
as evidenced by the differences between the EC/TC arldthe
surfaces. Thus, native EC loss can occur at high temperatures as
OC charring increases. Moreover, because we use loss of char
as a surrogate for native EC loss, thg.4 surface may not fully
exhibit this loss.

Laboratory Air Particles. Figure 10 shows thé ,x and
L Heq Surfaces for the lab air sample as functions of the He step 4
temperature and duration. Distinctive similarities exist between
the lab air particles and urban PM for thg«surface. Curvature
inthelL maxsurface is clearly evident in Figure 10a over the range
of step durations, so the benefit from increasing the step temper-
ature diminishes as temperature and duration increase. Again,
we compare this curvature with the lack of it in the correspond-
ing EC/TC surface at high temperatures (Figure 5). We conclude
that EC loss occurs as charring continues at high temperatures,
particularly when step duration is lengthy. Moreover, thgx
surface for lab air particles begins to resemble the corresponding
EC/TC surface as step duration becomes smaller.

Smoldering Fire Emissions.For the smoldering fire sample,
L max @andL peq Surfaces are nearly identical (Figure 11). Curva-
ture in thel max Surface is quite evident, however, and contrasts
sharply with the lack of curvature in the corresponding EC/TC
surface (Figure 5). Thus, the loss of native EC may occur at high

F1: He Step-4 Temp. (°C)

He temperatures for this sample. If so, the use @f; to gauge

the loss of native EC does not work in this case.

Figure 10. Views of theL response surfaces for the lab air
sample as functions of the He step 4 temperature (Factor
and duration (Factor 2). Factor 3 is fixed at the center level fo

the star factorial (e.g., He step 1 temperature*C§8Factor 4 T
(O,-He step 1 duration) is at 2 min. (b) Magnified view at the |
distal corner of the overall surface in (a). The vertical white ba 0.8 ]
shown at the surface intersection at 880n (b) is the standard |
uncertainty (0.007) based on a pooled standard deviation fro 0.6 !
all full and star factorial measurements fo(n = 112,k = 2). L |
0.4 1
L : ' . . = Lmax
max Surface is more first order-like and begins to resemble th 0.2 1
EC/TC surface. L e
As Figure 9 shows, thé& nax and Lyes surfaces for urban 0.0 <
PM differ sharply, particularly at higher He step 4 temperatures 4
allowing us to clearly view the intersection between the two sur O’f_-z
faces. Along the intersection shown in Figure BRgxandL yeq 015 ’5& ; 900
are equal, and there is no loss of char during step 4 at those con ’;c';) ‘9{0 19— o0 oc)
tions. The optimal region begins at the intersection between tf @foy 500 A-Temp: (
two surfaces and includes the area of thgy surface beneath 2 Fi He Step

theLyeq Surface. In this analysis, a high step 4 temperature (e.g.,

900’ C) should be accompanied by a short step 4 duration (elgigure 11. L response surfaces for the smoldering fire emis-

1 min); a lower step 4 temperature (e.g., 70Pshould be ac- sions sample as functions of the He step 4 temperature and dura-
companied by a longer step 4 duration (e.g., 1.7 min). As notigdn. Factor 3 is fixed at the center level of the star factorial (e.qg.,
in the above section “SEM Images,” SEM images (Figure &je step 1 temperature: 188). Factor 4 (@-He step 1 duration)
reveal that a lower step 4 temperature such asC@bes not is at 2 min.
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Generalized Optima for Temperature and Duration of Step  0.35,
in Helium To converge on the optimum temperature and du
ration for step 4 in He for our samples, we look for commot
features between the surfaces for urban PM and lab air partic
near the surface intersections in Figures 9b and 10b. Rest L.
from the smoldering fire emissions do not provide insight fo 55
optimizing step 4 because no sufficient intersection inLthg,
andL peq Surfaces exists (Figure 11). L

e

For the lab air particles (Figure 10b), themaximum along
the intersection occurs around 880Jand 1.6 min. Thus, there
is clearly no advantage to increasing the temperature beyo

0.30|

0.20|

880°C for this sample. For the urban PM, there does appear 219 F2: He Step-4
be an advantage to increasing the temperature beyond this pc / : : ' N s
(Figure 9b) as long as the step duration is short. However, lo / Y

of native EC is still an important consideration. Thus, there i 100 150 200 2g0 400

no advantage to increasing the He step 4 temperature beyc F3: He Step-1 Temp. ("C)

880°C for either the lab air sample or urban PM. Our selectio 349 383 416 450 484

of an optimum He step 4 temperature is based on the stand He Step-2 Temp. (°C)

uncertainty inL at 880C for the lab air sample (vertical bar 600 616 633 650 667

in Figure 10b). If we select the lower limit of the uncertainty

He Step-3 Temp. (°C)

interval (0.670) and project thik value along the. max-L Hes
intersection, we find a temperature of 885and duration of Figure 12. L response surfaces for the urban PM sample as
1.2 min. Thus, 83%C for 72 s is the optimal instrument setting§unctions of the temperatures of steps 1-3 in He and the He
for step 4 in He for ambient air samples from this study. Theredsep 4 duration. The He step 4 temperature is at@5and the

no evidence to suggest that these settings are not applicabledeHe step 1 duration (Factor 4) is at 2 min.

the smoldering fire emissions because, from Figure 11, there is

no clear benefit to extending the He step 4 temperature beyond

835°C.

Carbonate is generally not problematic at 835since it
usually appears as a narrow peak betweerfCthd 800C,
indicating the need to either remove the thermogram carbon:
peak from the raw data or remove carbonate chemically fro
the sample by HCI vapor and then reanalyze. Ca§ked to
our lab air sample showed the carbonate carbon peak appea
around 750C to 800C.

0.72,

0.70|

Optimizing Steps 1-3 in Helium

Figures 12 and 13 shows the response surfaces for the
urban PM and lab air samples, respectively, as a function of t
He step 4 temperature and the temperatures of steps 1-3 in
as they were varied in concert as factor 3. For these surfaces,
He step 4 temperature is 88D and the @-He step 1 duration

F2: He Step-4
Duration (min)

is 2 min. / 7 F =
Among steps 1-3 in He, we would expect the greatest ¢ L L =pe “H - =Ll
fect from step 3 because most charring occurs at this te F3: He Step-1 Temp. (°C)
perature. Also, as we see in Figure 6d, the step 3 tempe 349 383 416 450 484
ture can be high enough to cause loss of char if the step He Step-2 Temp. (°C)
lengthy. However, the ANOVA (Table 4) on lab air particles 600 616 633 650 667

indicated that varying the temperatures of steps 1-3 did not |
sult in a significant change in EC/TC when step 4 in He was
at 850C. Figure 13. L response surfaces for the lab air sample as func-

InFigure 12, we focus on the surface intersection when the Hens of the temperatures of steps 1-3 in He and the He step 4
step 3 temperature ranges from 60Go 667C, which occurs duration. The He step 4 temperature is at&50nd the @-He
when He step 4 is2 min. Clearly L naxincreases, hence overallstep 1 duration (Factor 4) is at 2 min.

He Step-3 Temp. (°C)
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charring increases, as the temperature of step 3 decreases, amdlde was either 55@C (60% of variance) or 85C (15% of
steps 1 and 2 decrease by design. In Figure 13, the optimal intexriance), respectively. Figure 14 shows EC/TC as a function
section ofL max and L yeq 0OCcurs when step 3 is between 600 of the G-He step 1 duration, taken from the EC/TC response
and approximately 63C. While we have not proven statisti-surface. In this case, the He step 4 temperature wa¥840
cally that higher step 3 temperatures cause a loss of native Bt O,-He phase, we are no longer concerned with the posi-
there is clearly no advantage to raising this temperature. Froiwe bias from uncharred OC. Thus, we seek a maximum in the
results shown in Figures 12 and 13, itis prudent to limit the stefexC response for this factor. For the three sample types, EC/TC
temperature, as well as the temperatures of steps 1 and 2.iMéeeased with time. However, EC/TC for urban PM and smol-
concluded that the optimal temperatures of steps 3 and 2 in #iring fire emissions leveled off with time, while the ratio for
are at the lower level of the full factorial design (Table 2)—thdab air particles did not. A duration of 3 min for this step is suffi-
is, 608 C and 366C, respectively. For the smoldering fire sameiently lengthy yet reasonable with respect to the overall time of
ple, no effect on thé. 5« surface was observed from a changanalysis.
in factor 3. Thus, the same step temperatures are appropriate for
this sample.

We note that when the lower step 1 temperature from the fidlyncLUSION
factorial was useq (12€) no OC desorbed from either the urban We have demonstrated the use of response surface modeling
PMor lab air particles at this temperature. Thl.JS’ suchalow ?egls' a means to optimize the TOA temperature protocol for accu-
perature served no purpose. Desorbed OC first appeared in 24

: ; ély measuring atmospheric EC as BC. The study was based
factorial experiment when the He-step 1 temperature WefK1880n a central-composite factorial design consisting of four factors

We conclude, therefo_re, that an appropriate step 1 t_emperat‘w considered the temperatures and durations of the four ther-
for both the ambient air samples and the source emissions sample desorption steps in TOA's He phase and the initial step in

is 188°C. TOA's O,-He phase. For the fourth step in He, temperatures and
durations in the factorial design ranged from 50Go 900C
and 1 min to 5 min. The temperature of this step accounted

Optimizing Step 1 in the O,-He Phase X - _ ) !
The L response surfaces do not provide a means to op{_fr—r the largest portion of variance by far in the factorial design.

mize the duration of the first step in,@e. Here, we must rely OWever, the duration of t.his. ;tep as well as the duration. of
solely onthe EC/TCresponse surface. As mentionedinthe abé% first Q-He step had a significant effect on the EC/TC ratio,

section “Analysis of Variance,” the ANOVA (Table 4) on lab airde%endlng on thhetHe s:[[_ep_4_ temTngature. based on t |
particles indicated that factor 4 accounts for a significant porti ur-approach to optimizing Wwas based on two goals.

of the variance in the full factorial when the step 4 temperatu rst, we sought to minimize a positive bias from the detection of
residual OC on the filter as native EC by maximizing the produc-

tion OC char by the instrument. Second, we sought to minimize

0.34 a negative bias from the loss of native EC at high temperatures.
2 0.32 0.024 With these goals in mind, we modeled three variables based on
-E g 030 by i instrument responses: EC/TC, maximum laser attenuation in He
Lo o8 N [ B2 g’ » (Lmax), and laser attenuation at the end of the He phasggy.
28 o026 —— é A comparison of the EC/TC arldyay surfaces revealed how OC
E‘:‘, i gE char production and change in the He phase relates to EC/TC.
& g 0'22 oo01s P w  TOA optimization is complicated by the fact that the loss of na-
= : (E) tive EC at high temperatures in He occurs at the same time that
T 0.20 0016 O OC charring increases. The intersection betweeri_thg and
0.18 - T - T ; L Hes surfaces for the three samples revealed the conditions in
2 &8 S@ &) @8 0 A8 the He phase that minimize potential biases and thus led to an
O2-He Step-1 Duration (min) optimized thermal desorption protocol.
—— LiGAHPH Table 6 presents the optimal TOA conditions based on sam-

ples used in this study. An instrument that monitors the change in
sample transmission during analysis requires pre-specified step
durations (i.e., TOT). However, the protocol may also be ap-
plicable to instruments that monitor sample reflectance (TOR)
Figure 14. Change in EC/TC from the response surface aswhen step duration matches those in Table 6. The amount of
function of the Q-He step 1 duration. The He step 4 temperatutetal carbon on our samples was around.@pto 50u.g. Thus,

and duration are 84C and 1.5 min. Factor 3 is fixed at the loweithe temperature protocol is applicable to similar samples in this
limit of the full factorial (i.e., temperatures of steps 1-3 in Hecarbon mass range. Our study indicated the following optimal
125°C, 366 C, and 608C), respectively. temperatures, rounded to the nearégt,mnd durations for steps

—— Lab Air Particles
——— Smoldering Fire Emissions
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Table 6 Cary, R. A. (1994)Sunset Laboratory’ Thermal Optical Analyzer Operating
Optimized thermal-desorption protocol for TOT using Manual Sunset Laboratory, Inc., Forest Grove, OR.
fixed-duration steps Chow, J. C., Watson, J. G., Crow, D., Lowenthal, D. H., and Merrifield, T. (2001).

Comparison of IMPROVE and NIOSH Carbon Measuremeféspsol Sci.
Technol.34:23-34.
Chow, J. C., Watson, J. G., Pritchett, L. C., Pierson, W. R., Frazier, C. A.,
He phase 1 190 60 and Purcell, R. G. (1993). The Dri Thermal Optical Reflectance Carbon
Analysis System—Description, Evaluation and Applications in United-States

Step  TemperaturéC)  Duration (S)

2 365 60 Air-Quality Studies,Atmos. Environ. Part A—General Topic27:1185—

3 610 60 1201.

4 835 72 Clarke, A. D. (1982). Integrating Sandwich—A New Method of Measurement
0O,-He phase 1 550 180 of the Light-Absorption Coefficient for Atmospheric Particlegpl. Opt.

(1% O V/V) 21:3011-3020.
2 700 60 Conny, J. M., and Slater, J. F. (2002). Black Carbon and Organic Carbon in
Aerosol Particles from Crown Fires in the Canadian Boreal FaigSgophys.
3 850 60 Res.—Atmos.07:10.1029/2001JD001528.
4 900 9010 120  Currie, L. A, Benner, B. A. Jr., Kessler, J. D., Klinedinst, D. B., Klouda, G.

A., Marolf, J. V., Slater, J. F., Wise, S. A., Cachier, H., Cary, R., Chow, J. C.,
Watson, J., Druffel, E. R. M., Masiello, C. A., Eglinton, T. I, Pearson, A.,
1-4 in He: 190C for 60 s, 365C for 60 s, 610C for 60 s, Reddy, C. M., Gustafsso., Quinn, J. G., Hartmann, P. C., Hedges, J. I,

and 835C for 72 s, respectively. These temperatures are Iowef| re(gggz) KA-'\é-’_tK"ﬂ‘ESteI“eiz T V‘f’-i ’\t‘o‘l’a'go"- tT P;X?a“m’THt"la’é‘I’ SC“T“I"
. . . . . A Critical Evaluation of Interlaboratory Data on Total, Elemental,
than those associated with NIOSH 5040 but higher than theand Isotopic Carbon in the Carbonaceous Particle Reference Material, NIST

IMPROVE temperatures. For steps 1-4 ite we used 55  srwm 1649a). Res. Natl. Inst. Stand. Techndi07:279—298.
for 180 s, 700C for 60 s, 850C for 60 s, and 90T for 90 St0  Gundel, L. A., Dod, R. L., Rosen, H., and Novakov, T. (1984). The Relationship
120's, depending on when the fingl-Ble peak reaches baseline. Between Optical Attenuation and Black Carbon Concentration for Ambient

The TOA protocol presented here is not intended for all and Soxrcg P:r“gesde'ta' E’;VKIO”3?(:197T‘2(0129-84) The Aethalomet
nsen, A. D. A, Rosen, H., and Novakov, T. . The Aethalometer—
carbonaceous PM samples. Therefore, we recommend adél_n Instrument for the Real-Time Measurement of Optical-Absorption by

tional studies for optimizing TOA using factorial designs and aerosol-ParticlesSci. Total Environ36:191-196.
response surface methods such as those presented here. THigsgberger, R. (1993). Absorption Coefficients and Mass Concentrations in
studies should involve ambient air samples impacted by varyindghe Urban Aerosol of Vienna, Austria, During the Years 1985 and 18@éer

PM source emissions and their aging, as well as different emjsir Soil Pollut. 71:131-153.
Hitzenberger, R., Dusek, U., and Berner, A. (1996). Black Carbon Measurements

sion source samples themselves, including diesel emissions URing an Integrating Sphera, Geophys. Res.—Atmd<i1:19601~19606.

der varying load conditions. Additional response surface studigsyper, 3. F., Worthy, D. E. J., Barrie, L. A., and Trivett, N. B. A. (1994).
will likely lead to a more comprehensive understanding of TOA Atmospheric Observations of Aerosol Black Carbon, Carbon-Dioxide, and
behavior as well as an assessment of how protocols may neédethane in the High ArcticAtmos. Environ28:3047-3054.

to be fine-tuned for characteristically different types of carbongntzicker, J. J., Johnson, R. L., Shah, J. J., and Cary, R. A. (1982). Analysis
ceous PM of Organic and Elemental Carbon in Ambient Aerosol by a Thermal-Optical

Method, in Particulate Carbon: Atmospheric Life Cycle, G. T. Wolff and R.
L. Klimish, eds., Plenum Press, New York, pp. 79-88.
ISO (1993).Guide to the Expression of Uncertainties in Measuremletgrna-
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