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Filter Material Effects on Particle Absorption Optical

Properties

Cary Presser, Joseph M. Conny, and Ashot Nazarian
National Institute of Standards and Technology, Gaithersburg, Maryland, USA

Absorption enhancement and shadowing effects were inves-
tigated for nigrosin-laden quartz (fibrous), Teflon (matted), and
polycarbonate (membrane) filters in inert surroundings at differ-
ent sample steady-state temperatures and particle mass loadings.
Sample absorptivity was determined using a novel laser-heating
technique, which is based on perturbing the sample steady-state
temperature and monitoring the thermal response during decay
back to steady state, along with a model for thermal energy conser-
vation. In addition, transmissivity measurements were carried out
to enable determination of the sample absorption coefficient. The
results indicated that the isolated-nigrosin absorption coefficient
decreased with steady-state temperature and increased with mass
loading and filter pore size. Comparing the absorption coefficient
for both the isolated nigrosin and nigrosin-laden filters, indicated
that absorption enhancement was most significant for the Teflon
filters and least significant for the polycarbonate filters. The effect
became more significant as the pore size decreased, steady-state
temperature increased, and particle mass loading decreased. The
decrease in the isolated-nigrosin, mass-specific absorption cross-
section with heavier sample loadings was attributed to shadowing
effects.

1. INTRODUCTION

1.1. Filter-Based Particle Absorption Enhancement and
Shadowing

Collecting particles on filters is the most widely used tech-
nique for atmospheric aerosol sampling, primarily because of
its low cost and simplicity (Lodge 1989). The class of filter-
based particle absorption techniques include the Aethalometer,
(Hansen et al. 1984), integrating-plate (IP)/integrating-sphere
photometer (Fry et al. 1992; Hitzenberger 1993; Campbell et al.
1995; Lawless et al. 2004), particle soot absorption photometer,
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PSAP (Bond et al. 1999), and the continuous soot monitoring
system, COSMOS (Kondo et al. 2009; Nakayama et al. 2010).
These techniques are based on measuring the light transmis-
sion through the particle-coated filter to obtain the absorption
coefficient in the Beer—Lambert law (or the extinction coef-
ficient when scattering is considered significant). One impor-
tant issue discussed extensively in the literature (Clarke 1982;
Bohren and Huffman 1983; Campbell et al. 1995; Petzold and
Schonlinner 2004; Virkkula et al. 2005; Taha et al. 2007; Cappa
et al. 2008) is enhancement of the particle absorption coef-
ficient (often referred to as “absorption enhancement”) due to
two effects, viz., 1) multiple scattering by the filter substrate and
2) scattering by filter-based nonabsorbing particles. This effect
is attributed to absorption of backscattered laser light, which on
first pass is not absorbed by the absorbing particles discretely
distributed over and embedded within the filter (Clark 1982;
Bond et al. 1999). As a result, a substantial increase occurs in
the measured particle absorption, which is corrected through in-
strument calibration. Correction schemes have been developed,
which are based on empirical measurements to a reference sys-
tem such as with PSAP (Moosmiiller et al. 2009; Bond et al.
2013), or radiative transfer considerations to compensate for fil-
ter surface reflected light (multiple-scattering effect) as with the
Acthalometer (Virkkula et al. 2005; Collaud Coen et al. 2010;
Virkkula 2010) and multi-angle absorption photometers, MAAP
(Hanel 1987; Petzold and Schonlinner 2004; Arnott et al. 2005;
Petzold et al. 2005; Moteki et al. 2010).

Several values of the correction factor required to com-
pensate for enhanced absorption effects are reported in the
literature. Horvath (1997) found for weakly absorbing aerosols
on Nuclepore (polycarbonate) filters that the absorption
coefficient was too high by a factor of 2.8, using an integrating
plate method. Bond and Bergstrom (2006) report in their
review of absorption enhancement effects that under certain
conditions this effect can require a correction factor of 3.5 with
quartz filters (i.e., to correct laser transmission for absorption
enhancement). Weingartner et al. (2003) report an average
enhanced absorption of 2.14 and 3.6 with quartz filters and
different types of soot, using two different Aethalometers.
Schmid et al. (2006) reported an enhancement (attributed to
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filter multiple scattering) of 5.23 (4.55 if corrected for aerosol
scattering) using a 7-wavelength Aethalometer with quartz
filters for ambient aerosols collected in the Amazon Basin.
Taha et al. (2007) cite work with the integrating plate method
(using Teflon and Nuclepore filters) to correct the absorption
coefficient for filter multiple scattering (by accounting for
the filter thickness and composition) and particle-loading
effects.

Another filter-based technique is the thermal-optical analyzer
(TOA), which distinguishes elemental carbon (EC) (Petzold
et al. 2013) mass from organic carbon (OC) mass in carbona-
ceous particles collected on quartz-fiber filters through a process
of thermal desorption of volatile OC species, OC pyrolysis, and
thermal oxidation of all carbon (Chow et al. 1993; Birch and
Cary 1996). Before and during the heating process, the attenua-
tion of laser light (typically at 633 nm or 670 nm) by the parti-
cles and filter is monitored either by light transmission through
the filter (TOT) or light reflection from the filter (Conny et al.
2003). Over the years, studies have tried to elucidate various is-
sues associated with the operation of the TOA (Kirchstetter and
Novakov 2007), and in particular absorption enhancement,
which influences the determination of OC and EC concen-
trations during the instrument heating protocol. The apparent
instrument absorption coefficient for filter-bound particles has
been found to be greater than the absorption coefficient of air-
borne particles by about a factor of 2 or more (Brinkworth
1972; Sadler et al. 1981; Weingartner et al. 2003). Subrama-
nian et al. (2007) demonstrated with a TOA that the presence
of liquid organic matter on fibrous filters can influence the
instrument absorption measurements. However, much uncer-
tainty still exists in the magnitude of absorption enhancement.
Conny (2007) measured the transmission through two individ-
ual particle-laden, quartz-fiber filters and then for the same two
filters mounted one upon another in different orientations of the
particle-laden surface (i.e., for the coated sides facing upward,
downward, and facing one another). Filters coated with particu-
late matter from different sources were analyzed with a thermal
optical transmission instrument. The results indicated that the
absorbance for the stacked filters was greater than the sum of the
individual filters, and thus an enhancement in absorption was
detected of up to a factor of about 1.4. It is also reported (Baum-
gardner et al. 2012) that using a low-temperature protocol leads
to overestimation of the EC, while high-temperature protocols
lead to premature evolution of EC. Thus, the sensitivity of the
TOA absorption measurements to the heating protocols is not
well understood.

Another issue is the effect of the volatile organics on light
absorption measurements (Bond et al 2013). Kondo et al. (2011)
compared the TOT with a COSMOS system. After heating the
COSMOS inlet section to 673 K to remove the volatile com-
pounds, agreement was achieved with the TOT. The BC was
cooled before carrying out measurements and monitored to en-
sure that no recondensation occurred (Kondo et al. 2009). No
reason is given as to why the particles are not kept at the inlet
temperature during the measurement process. Thus, temper-

ature effects on the absorption measurements and absorption
enhancement can potentially be important for these particular
instruments.

A third scattering effect is described with regard to the filter
particle loading (Weingartner et al. 2003; Arnott et al. 2005;
Schmid et al. 2006; Virkkula et al. 2007; Collaud Coen et al.
2010). This opposing effect to absorption enhancement, referred
to as “shadowing,” occurs for an increased presence of absorbing
particles on a filter surface (i.e., with heavier filter mass loading)
and results in an apparent reduced optical path length through the
coated filter, i.e., an apparent reduction in instrument-reported
absorption coefficient (Weingartner et al. 2003; Conny et al.
2009). Also, multiple-scattering effects for absorbing particles
embedded within a fibrous filter appear to be obscured by the
layer of surface particles (Arnott et al. 2005; Kirchstetter and
Novakov 2007). As aresult, it is unknown to what extent absorp-
tion enhancement and shadowing influence the determination of
absorption properties by filter-based techniques (Baumgardner
et al. 2012).

1.2. Measuring Filter-Based Particle Absorption
by Laser-Heating

In this investigation, a rapid laser-heating approach was used
to determine the absorptivity of quartz-fiber (fibrous), Teflon
(matted), and polycarbonate (membrane) filters coated with ni-
grosin (a highly absorbing substance Sedlacek and Lee 2007)
over a range of steady-state temperatures. The concept involves
heating selected samples to a steady-state temperature, perturb-
ing the temperature with a laser beam that impinges directly
on the particles, and monitoring the temperature decay back
to the steady state. Substance absorptivity at a given tempera-
ture and wavelength was determined using the recorded time-
resolved temperatures and a model for thermal energy conserva-
tion. Transmissivity measurements were also carried out, along
with the absorptivity, to provide the particle absorption coeffi-
cient. Measurements for both clean and coated filters enabled
determination of the isolated particle absorption characteristics,
which (when compared with the coated filters) was used to es-
timate absorption enhancement effects.

2. EXPERIMENTAL APPROACH

A rapid laser-heating approach, referred to as the laser-driven
thermal reactor (LDTR), was used to determine the particle ab-
sorptivity for six types of commonly used filters that were coated
with nigrosin. The LDTR measures the temporally resolved tem-
perature response due to exothermic/endothermic changes in a
substance thermal, chemical, and phase-change energy content.
One major advantage of this approach is that the absorption coef-
ficient can be estimated directly without the need for calibration
to offset various sensitivities that afflict several of the aforemen-
tioned instruments (Moosmiiller et al. 2009) (see Presser 2012
for validation of the approach). The LDTR approach measures
the filter absorption with and without the sample particles so as
to isolate and remove the filter effect from the measurements.
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Determination of the absorption coefficient for particle-laden
filters (being treated as a bulk material Presser 2012), requires
measurement of the sample transmissivity in addition to the
LDTR measurement.

2.1. Nigrosin Properties

Nigrosin is a mixture of synthetic black dyes used in making
India ink. Its chemical formula is reported as C4gNoHs; (molec-
ular weight of 753 g-mol~') (Bond et al. 1999; Kondo et al.
2009), however, other physical and chemical properties are un-
available. The absorption spectrum for nigrosin is broadband
from the visible through the near infrared (Justus et al. 1993a,b;
Radney et al. 2009).

2.2. Filter Properties

Samples were prepared by coating commercially available ni-
grosin on different types of 47-mm diameter filters, (1) PallFlex!
pure quartz fiber (no binder), (2) Pall Zefluor and Zylon polyte-
trafluoroethylene (PTFE) Teflon, and (3) Whatman Nuclepore
track-etched polycarbonate. The pore diameters were 1 pum
for the Zefluor, 5.0 um for the Zylon, and 1 um, 5 pum,
and 10 um for the Nuclepore filters. The Teflon filters have
nonstraight-through pores while the polycarbonate filters are
straight-through pores produced by penetrating nuclear-decay
particles (Baker 2004). The full-size membrane was used for
the extinctions measurements. The filter samples used for the
LDTR experiments were punched (with a stainless steel cylinder
sharpened at one end) from the larger coated membranes with
a diameter of (5.1 £ 0.1) mm.? The measured filter thickness
varied with the filter type: i.e., (635 & 3) um for quartz, (229
+ 3) um for Zefluor, (190 £ 3) um for Zylon, and (25 &£ 3)
pm for each Nuclepore filter. The color of the filters was white
for the quartz and Teflon filters, which lend themselves to more
surface scattering than the transparent polycarbonate filters.

2.3. LDTR Experimental Arrangement

Schematics of the experimental arrangement for the LDTR
absorptivity measurements are provided in the online supple-
mentary information (SI) section along with additional operat-
ing details. The transmissivity is measured at atmospheric con-
ditions within the vacuum chamber after modifying the LDTR
arrangement.

!Certain commercial equipment or materials are identified in this publication
to specify adequately the experimental procedure. Such identification does not
imply recommendation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the materials or equipment are necessarily
the best available for this purpose.

2Estimation of the measurement uncertainty for this study is determined
from statistical analysis of a series of replicated measurements (referred to as
Type A evaluation of uncertainty), and from means other than statistical analysis
(referred to as Type B evaluation of uncertainty) (Taylor and Kuyatt 1994). The
Type A expanded uncertainty is calculated as k.u., where k. is the coverage
factor and u, is the combined standard uncertainty. The value for u, is estimated
statistically by sn~!2, where s is the standard deviation of the mean and 7 is
the number of samples. For n = 3 and 5, k. = 3.18 and 2.57, respectively,
representing a level of confidence of 95%.

2.4. LDTR Experimental Protocol

The experimental protocol for the absorptivity measurements
involves using a high-powered laser (operating in the infrared)
to heat a small copper-foil spherical reactor to a selected steady-
state temperature. The reactor is positioned near the center of a
5 L vacuum chamber containing five viewing ports (four ports
on the chamber side placed 90 degrees apart and one port on
the top). Sample is placed on, and in contact with, a fine-wire
thermocouple that is positioned near the center of the spherical
reactor prior to a measurement. Measurements were carried out
in an inert helium environment (same as that for TOA) and under
vacuum to prevent sample oxidation. A portion of the laser beam
was used for the separate transmissivity measurements.

24.1. Coating of the Filters

A simple apparatus was assembled to coat the different filters
(see section S1.3 in the SI). The portion of the filter exposed to
the particle stream was 35 mm in diameter. The time required
for achieving qualitatively the desired particle loading varied
with each filter type; i.e., up to 5 min for the quartz, 5 min for
the Zefluor, 60 min for the Zylon, and (5, 20, and 40) min for
the Nuclepore filters with 1-, 5-, and 10-um pore size, respec-
tively. More time was required to coat the filters with the larger
pore sizes, perhaps due to fewer pores per unit area and parti-
cle clogging of the pores. Qualitatively, the filters were coated
to vary the particle loading from a visually subjective light
(1 mg-3 mg), medium (8 mg—12 mg) to heavy (17 mg-18 mg)
coating, depending on the filter type (Table 1). The flow rate
(from a rotameter) and pressure drop through the clean filters
are also presented in Table 1.

2.4.2. Transmissivity Measurements

Each filter was mounted on a support and placed in the path
of a diverted portion of the infrared laser beam. The ratio of
the transmitted to incident intensities (i.e., T = I/I;) provided a
measure of the transmissivity (t) for both the clean and coated
filters. The filter was fixed in position and did not account for
possible coating variations over the filter face. Several readings
were recorded and averaged. It was assumed that the transmis-
sivity of a particular filter did not change during the LDTR
absorptivity measurements at elevated temperatures.

2.4.3. Absorptivity Measurements

The sample was heated indirectly to a preselected steady-
state temperature with the infrared laser beam (which is split into
two beams and expanded to near the reactor diameter with con-
comitant beam steering and attenuation optics) by directing the
beam to opposing sides of the reactor surface. This laser beam is
referred to as the “heating” beam. The continuous-wave multi-
mode Nd:YAG laser, operating at a wavelength of 1064 nm, was
used as the light source for heating the reactor. The laser-beam
intensity (directed at the sphere) was controlled by exchanging
a pair of spatial apertures within the vacuum chamber, which
resulted in achieving six different sample steady-state tempera-
tures per filter (i.e., with apertures of different size). Then direct
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TABLE 1
Coating parameters for the different full-size filter materials

Flow rate Pressure drop Mass Approx. coating
Filter type [cm3.s~1] [kPa] loading Nigrosin mass [g] time [min]
Quartz (fibrous) 212.4 13.5 Lighter 0.0001 1
Medium 0.0002 2
Heavier 0.0003 3
Zefluor (1 wm pore size) 196.6 15 Lighter 0.0001 1-2
Medium 0.0003 3
Heavier 0.0005 5
Zylon (5 pum pore size) 180.9 17 Lighter 0.0001 7
Medium 0.0008 30
Heavier 0.0015 60
Nuclepore (1 um pore size) 196.6 15 Lighter 0.0006 2
Medium 0.0014 3
Heavier 0.0017 5
Nuclepore (5 wm pore size) 212.4 13.5 Lighter 0.0006 5
Medium 0.0010 10
Heavier 0.0018 15
Nuclepore (10 um pore size) 212.4 13.5 Lighter 0.0007 20
Medium 0.0013 30
Heavier 0.0018 40

laser heating of the sample was provided from a third focused
beam (referred to as the “probe” beam). Wavelength dependence
can be evaluated using any laser, but for this study, a portion of
the infrared source beam was diverted through the opening in
the top of the spherical reactor. Thus, at the steady-state sample
temperature, the probe beam increased the sample temperature
to a new perturbation steady-state temperature (of less than 10%
of the initial steady-state value). The temperature decay back to
the initial steady-state temperature was then monitored after the
probe beam was blocked, and the experiment was concluded
after disengaging the infrared heating beam. The thermogram
(i.e., recorded sample temperature with respect to time) was
then analyzed to determine the absorptivity.

3. PARTICLE ABSORPTION - THEORETICAL ANALYSIS

The theoretical model is based on the fact that light ab-
sorption is a process dependent on principles of heat transfer,
as well as electromagnetism. The theoretical analysis used to
determine bulk substance absorptivity involves modeling the
equation for thermal energy conservation during laser heating
to a given steady-state temperature and the subsequent decay in
temperature after laser heating termination (Presser 2012), as
outlined above. In addition, transmission of radiation through
a plane-parallel portion of an arbitrary homogeneous bulk sub-
stance (Siegel and Howell 1981; Bohren and Huffman 1983) is
used in conjunction with the absorptivity analysis to determine
the substance absorption coefficient. The details are presented
in Presser (2012), along with relevant information in the SI.

The analysis results in an expression for the absorption coef-
ficient of the particle-laden substrate (o) and isolated particles
(). One may then define an absorption enhancement factor
(ag) as

_ Opy Cpx mps
Q= — = Tom (1]
Up pMp

where C is the mass-specific absorption cross-section, m is the
sample mass, and the subscripts p and s refer to the particle and
substrate, respectively. Note, the particle spatial dispersion is
considered the same with and without the filter (i.e., the sam-
ple geometric cross-sectional area, A, and characteristic path
length through the sample, d., remain unchanged, see the SI).
This expression provides an estimate for the contribution of the
substrate scattering to enhancing particle absorption.

3.1. Criteria Regarding the Change in Absorption with
Steady-State Temperature

Several criteria must be satisfied to ensure consistency in
the measurements, which are specified in the SI section (also
Presser 2012). Several additional criteria must be satisfied when
considering how the filter absorption characteristics change with
increasing steady-state temperature and filter particle loading,
as listed in Table 2. Also, certain relationships exist that are de-
pendent on the initial steady-state sample temperature (7,) and
also must be satisfied for each set of experiments (as given in
Table 2). An expression is derived (see the SI) for the
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TABLE 2
Various relationships that need to be satisfied by the calculated parameters (d7/dt is the decay temperature-time derivative, T is
the transmissivity, p is the reflectivity, and B is the absorptivity)

Change with filter case [for a particular
loading and spatial aperture]

Change with particle loading [for a
particular spatial aperture]

Change with T, per filter
[T = constant]

n —isolated nigrosin

cf — clean filter

nf — nigrosin-laden filter
[dT/dt] e > [dT/dt]

[ — lower loading
h — higher loading

/dT/dt/,!f;h > /dT/dl‘/,,ﬁ[ > /dT/dt/d'

[t — lower value of T,
ht — higher value of T,

JdTidt)y > |dT/dt]y

Tp > Tef > Tyf Tof = Tnfl = Tafh Pht = Pt
Pef > Puf > Pn Pcf > Pufl > Pufh Bit > Bt
Bug > Bu > Bef B > Bust > Ber oy > oy
Qpf > 0y > Qf Apfh = Oyf] > Ocf
absorptivity 8(T), which is given by thermogram, is given as:
Cp(Tmax)mAT _L_*(T) — ! [6]
B(T) = T Av (2] In TnaTe

where ¢,(T) is the specific heat capacity, T is the sample tem-
perature, T« is the perturbation steady-state sample temper-
ature, AT is the temperature difference (= Thax — T,), T i8S
the temperature-dependent relaxation time, and /; is the inci-
dent radiation intensity. The derivative of g with respect to T,
is expressed as

dp __Cp(Tmax)m
dT, L At*

(3]

Since all terms in Equations (2) and (3) are positive, the
change in absorptivity with steady-state temperature will be
linear with a negative slope. An expression for the absorption
coefficient (o) is derived as

__ll [L} (4]
=L M Aara—p2 |

where p is the reflectivity (= 1 — t — 8), and the derivative with
respect to T, is

da Cp(Tmax) m
dT, d.v >
where V. = [;At*(1 — p) — ¢p(Tnax) m AT and must be a
positive number to satisfy the logarithm term in Equation (4).
Equations (4) and (5) indicate that the change in the absorption
coefficient with steady-state temperature must be positive, log-
arithmic with a negative slope, i.e., the positive portion of the
general relationship y = —In(x).

The relaxation time, which is defined in the SI by an assumed
exponentially decaying expression that represents the fit to the

o

Figure 1 illustrates how the terms AT, At (= f,~tp), and
[dT/dt]™ change during the perturbation temperature de-
cay. The term 7, is the time corresponding to the onset of
the perturbation temperature decay, and ¢, is the time at
which the decaying sample temperature returns to 7,. The
term [dT/df]™2* is the temperature-time derivative at the onset

—— g

o)3

l (To);

[dT/df]Tmex

Sample temperature

(To)1

Time

FIG. 1. Illustration of how the terms AT (= Tax — 1,), At (=1, — 1), and
[dT/df]"™ change during the perturbation temperature decay for a given probe
beam power and different values of T,. The term ¢, is the time at which the
decaying sample temperature returns to 7.
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of the perturbation temperature decay (i.e., at Tpnax). The
magnitude of the negative slope [dT/dt]™ and the term AT
decrease with increasing T, (i.e., different experimental runs)
for a given probe beam power, according to the following re-
lationships: AT, > AT, > AT, At; > A, > Az,
and |dT /dt|(p5 > |dT/dt|(5 > |dT /dt|(3 . This behavior
is attributed to the fact that radiative heat transfer to the sur-
roundings is reduced due to the smaller temperature difference
between the sample and the surrounding environment (Incropera
and DeWitt 2001). According to Nazarian and Presser (2008),
[7*]7! increases linearly with increasing T, (i.e., as the num-
ber of experimental runs at different values of T, is expanded).
Thus, the decrease in [dT/dt]"™* and AT with increasing T,
(with dAT/dT, > d[dT/dt]"™ /dT,) must satisfy this crite-
rion. Rearrangement of Equation (6) for the inverse relaxation
time, taking its derivative with respect to the steady-state tem-
perature, and choosing a reference value for T along the per-
turbation decay of T, = (Tmax + T,)/2 with a corresponding
reference time ¢, = #(T,), results in [t*]~' = In(2)/¢, and

1
T InQ@)T*AT

dlt*]™!
a7,

' i=123....n [7]
J J

where j represents different experimental runs. This equation
indicates that the change in inverse relaxation time with steady-
state temperature for all other experimental conditions un-
changed will be linear with a positive slope.

4. RESULTS AND DISCUSSION

A variety of filter materials were studied in this investigation
including quartz fiber, Teflon with two different pore sizes of
1 um (Zefluor) and 5 um (Zylon), and polycarbonate (Nucle-
pore) with three pore sizes of 1 um, S um, and 10 um. Measure-
ments were carried out twice and over a range of steady-state
temperatures with clean (reference) and nigrosin-laden filters for
each filter type. The reported expanded uncertainties are Type
A evaluations, which are estimated by determining the stan-
dard uncertainty for the variables, completing a propagation of
errors analysis, and combining of uncertainties to provide the
expanded uncertainty.

4.1. Features of the Filters and Coatings

The physical features of the coating on the filters were ob-
served and recorded using an optical/digital microscope with
objective magnification of 2x, 10x, 20x, and 100x. For the clean
filters, the quartz surface appeared to be fibrous, Teflon ap-
peared to have a matted wavy surface, and polycarbonate had a
flat membrane surface with discrete holes distributed randomly
and some aggregated overlapping holes. The polycarbonate fil-
ters with 1-um pores had a higher density of holes than for
the larger 10-um pore filters, and were more evenly distributed
over the filter surface. The transmission through the clean white
quartz filter was lower than the other filters and the transparent
polycarbonate filters had the highest transmission.

The filters were coated with three different particle mass
loadings—qualitatively classified as lighter, medium, and heav-
ier. Visually, the coating on the quartz filters was observed to
be uniform (Figure 2a). A fine film of particles did form on the
filter-holder screen (Figure 2b) after coating each filter (presum-
ably from small particles transported through the filter), which
was removed before coating the next filter. The Teflon filter
coatings contained discrete points, and the polycarbonate filter
coatings contained blotchy regions. Under the microscope, the
particles on the quartz filters adhered to the fibers near and below
the surface. For the Teflon filters, the particles appeared to be
distributed discretely over the uneven topography of the matted
surface, with regions of larger aggregated particles and other
lower-lying regions with apparently few particles. The pres-
ence of striations was attributed to the matted surface. However,
when the microscope focus was changed over these apparently
low-density regions, particle density appeared to be higher in
the lower-lying portions of the surface. For the polycarbonate
filters, the lighter particle mass loadings sometimes resulted in
an observed uniform coating; however, the higher mass load-
ing filters always had blotchy surfaces. Under the microscope,
well-defined black spots were observed, which were attributed
to particles accumulated at and clogging the filter pores. For the
1-pum pore filters, a checkered pattern (Figure 2a) was observed,
presumably related to the flow drawn through the perforated
filter-holder screen that resulted in a similar checkered pattern.
Under high magnification, the particles appeared to accumulate
around the edge of the filter pores (Sadler et al. 1981) and ad-
hered less so to the surface region between the pores. For the
10-um pore filters, well-defined, larger-diameter black disks
were distributed in an aggregated fashion, again correspond-
ing to the clogged filter pores. There was no indication of the
screen pattern because the larger holes were not distributed as
densely as the smaller 1-um pore filters, however, the presence
of the back plate may have contributed to clogging of pores. The
blotchy areas on the filter surface corresponded to the smaller
particles coating the filter surface unevenly between the clogged
pores.

Scanning electron microscope images of the particle accu-
mulation at the 10-um polycarbonate filter pores is presented
in Figure 3a (lighter coating), for which some of the pores
are completely covered with particles and others are not. A
higher resolution image of a partially clogged pore is shown
in Figure 3b with aggregated particles inside the pore, adher-
ing to and extending away from the pore wall. A clogged pore
image is presented in Figure 3c with the presence of fibrous
strands, which are also presumed to be nigrosin. Figures 3d and
e present images of the 1-um polycarbonate filter pores from
one light (between screen holes) and dark (at the screen hole)
region of the checkered pattern (Figure 2a), respectively. It is
clear that the dark region has a higher concentration of parti-
cles, which are drawn there by the flow through the holes in
the perforated screen. The presence of clustered filter pores is
also clearly shown in Figure 3d. One can obtain an estimate of
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FIG. 2. Photographic images of the (a) particle-laden filters recorded at different microscope magnifications, (b) filter housing back plate, and (c) quartz filters

for different particle mass loadings.

the particle sizes by comparing the pore size to the collected
particles.

The variation in the particle mass loading is illustrated in
Figure 2c for the quartz filter. The filters were coated for a pe-
riod of time that simulated a qualitatively observed darkening
of the filter surface; similar to those collected from atmospheric
sampling (thus, highly dense particle loadings were not of in-
terest). The filters were weighed before, during, and after the
coating process to estimate the particle mass on the filter. Table 1
presents the measured nigrosin mass on the filters and coating
times, as well as the clean filter flow rate and pressure drop.

The data in Table 1 indicate that the particle-collection time
and measured change in mass varied significantly, although
the coating for the different filters was visually similar. The
quartz took the shortest time to coat (having a higher flow rate
and lower pressure drop than the Teflon filters) and the Zy-
lon took the longest, indicating that the fibrous filters have less
of a tendency to clog than the porous filters. The circuitous
path through the quartz filter also makes them more efficient
at collecting particles. Similarly, coating times increased for
the larger pore size filters (e.g., compare the three Nuclepore
filters).
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D

FIG. 3. Field-emission scanning electron microscope image of nigrosin parti-
cles on the polycarbonate filters (for all images: lighter nigrosin coating, elec-
tron beam energy: 5 kV, current: 25 pA, pixel size [nm]: HFW/1024 hori-
zontal pixels (HFW - horizontal field width), secondary-electron mode, and
Everhart-Thornley detector). The filter pore size (FPS), magnification (M), and
HFW for each respective image are: (a) FPS: 10 um, M: 500 x, HFW: 256.0 um;
(b) FPS: 10 pm, M: 8000 x, HFW: 16.0 um; (c) FPS: 10 wm, M: 6500 x, HFW:
19.7 pm; (d) FPS: 1 m, M: 8000 x, HFW: 16.0 m; (e) FPS: 1 um, M: 8000
x, HFW: 16.0 pum.

4.2. Change in Particle Absorption Characteristics with
Steady-State Temperature and Mass Loading

The nigrosin absorption coefficient («,) and mass-specific
absorption cross-section (C,,) are presented in Figures 4-7 with
respect to steady-state temperature (7,) for the different filter
materials and nigrosin mass loadings. Note that Lorenz—Mie
theory computations (for an idealized polydispersion of nonag-
gregated, spherical nigrosin particles well-dispersed within a
volume comparable to that of the filter) were found to compare
favorably with the experimentally derived absorption coefficient
for a nigrosin-laden quartz filter at ambient temperature (Presser
2012). The results in Figures 4—7 are presented for steady-state
temperatures up to about 700 K. The melting temperature for
quartz is about 1900 K, Teflon (PTFE) is 600 K, and polycar-
bonate is 413 K. The melting point for nigrosin is about 550 K.
After the six temperature runs, the quartz filter appeared un-
changed, the Teflon filters kept the coating but were folded after
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FIG. 4. Variation of isolated-nigrosin absorption coefficient («,) with steady-
state sample temperature (T,) at different particle mass loadings for (a) quartz,
(b) Zefluor, and (c) Zylon filter materials.

the highest temperature run, and the polycarbonate filters were
destroyed after using the fourth spatial aperture.

The general trends regarding the mass loading indicated that
the absorption coefficient increased with the mass loading due
to the increased absorption (Figures 4 and 5). The mass-specific
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absorption cross-section, C,,, for isolated nigrosin is presented
in Figures 6 and 7 and the results indicate a decrease with in-
creased mass loading. Since the value of C, is an intensive
property (i.e., normalized with respect to mass), it would be
expected to be independent of the mass loading. However, as
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FIG. 6. Variation of isolated-nigrosin, mass-specific absorption cross-section
(Cp) with steady-state sample temperature (T,) at different particle mass load-
ings for (a) quartz, (b) Zefluor, and (c) Zylon filter materials.

mentioned earlier, shadowing effects can alter these results due
to particle obscuration by other particles, which would result in
reduced absorption for heavier loadings. Thus, as the accumu-
lation of nigrosin increases on the filter surface and in the open
areas of the filter shadowing effects become more prominent
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ings for Nuclepore filter materials with (a) 1 pm, (b) 5 um, and (c) 10 um pore
sizes.

(Sadler et al. 1981; Weingartner et al. 2003; Arnot et al. 2005;
Kirchstetter and Novakov 2007; Conny et al. 2009). For exam-
ple, nigrosin clogs the pores of the polycarbonate filters (Figure
3b) more readily with increased mass loading, which can result

in the outer-layer aggregation of particles obscuring those par-
ticles within the clogged pore. This causes shadowing effects to
become substantial and results in a reduced absorption cross-
section. This effect is enhanced with increased filter pore size
(the value of C,, decreases by nearly a factor of two when the 10-
um pore size nuclepore filter is compared to the 1-pm pore size
filter; Figure 7). This pore-size dependency was also found for
the Teflon filters (Figure 6). Similar effects occur for the quartz
fibrous filter for which the increased presence of particles on the
filter surface obscure light from reaching the particles embedded
in the fibers (Kirchstetter and Novakov 2007).

The absorption coefficient generally decreased with in-
creased steady-state sample temperature, as explained by the
negative logarithmic trend of Equations (4) and (5). The phys-
ical source of this trend relates, as mentioned earlier, to the
smaller temperature difference between the sample and sur-
rounding environment at higher steady-state temperatures (Fig-
ure 1). Another explanation may be attributed to pyrolysis of
the coating on the filter that ultimately resembles the clean fil-
ter. However, the visual evidence (i.e., the coating was observed
to be similar to the pretest sample) and absence of change in
the filter mass (comparing the filter mass before and after the
experiments) did not support this possibility. Also, there were
no unusual temperature digressions that would be indicative of
chemical reaction (Nazarian and Presser 2008). Although ef-
forts were made to ensure that the three mass loadings would be
different, one case for the Zefluor resulted in two similar lighter
mass loadings (Figure 4b).

Comparison of the different filter types indicated that the
relative magnitude of the absorption coefficient at the lower
steady-state temperatures was most likely a result of the filter
mass loading and pore size. The value of «,, for the quartz filter
appears to be smaller than that for the two Telfon filters. The
values of «, for the Zylon filter are generally higher than that for
the Zefluor filter (at the lower steady-state temperatures), indi-
cating that absorption increases as the filter pore size increases
(1 pwm for the Zefluor filter and 5 pum for the Zylon filter). The
absorption coefficient for the 5-um and 10-um polycarbonate
filters (Figure 5) was much larger than for the quartz and Teflon
filters. The trend between the polycarbonate filters (with pore
sizes of 1 um, 5 um, and 10 pm, respectively) was similar to
that for the Teflon filters, namely, the value of «, increased as
the pore size increased.

4.2.1. Discussion and Comparison to Literature Results

As described earlier, the operating protocol for filter-based
absorption techniques (i.e., for IP, Aethalometer, PSAP and
MAAP) relies on measurement of both the transmission and
scattering (and estimation of the respective extinction and scat-
tering coefficients). The difference between these two mea-
surements is used to estimate the absorption coefficient. When
absorption is small, the difference between two large numbers
can lead to inaccuracies due to the presence of the filter mate-
rial (being more significant for lighter particle loadings) (Bond
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et al. 1999). The aforementioned studies listed in the Introduc-
tion summarize the effect of absorption enhancement (i.e., due
to particle-related scattering and filter-matrix multiple scatter-
ing effects) and shadowing (i.e., due to filter particle loading). A
variety of correction schemes have been developed to account
for these scattering effects when referenced to other techniques.
For example, Bond et al. (1999) compensates PSAP absorption
enhancement effects by comparing the absorption coefficient
to that of an IP. The IP is considered a reference system be-
cause a diffuse light source is used to remove the filter multiple-
scattering effects by index of refraction matching. Petzold et al.
(2005), expand on this concept for the MAAP response char-
acteristics by applying the two-stream approximation radiative
transfer scheme (Hanel 1994) to model the multiscattering ef-
fects. Hanel (1987, 1994) used a polar photometer method to
determine the volume scattering and transmission (and subse-
quently the absorption coefficient) from Nuclepore filters (com-
paring particle-laden and clean filters). An inversion scheme was
developed to better estimate (as compared to earlier investiga-
tions) the particle volume scattering. Although a data correction
is not required (as with PSAP and Aethalometer data), the inver-
sion process is based on providing initial values for the particle
optical thickness or single-scattering parameter. A correction
factor is required in order for the inversion process to reduce
the uncertainty of the optical parameters when the filter particle
loading is too low or high. There is no discussion as to the source
of the discrepancy, i.e., regarding absorption enhancement and
shadowing. Similarly, the reference measurement used by Pet-
zold et al. (2005) was defined by the transmission (Virkkula
et al. 2005) and scattering from an integrating nephelometer.
Sheridan et al. (2005) referenced various filter-based instru-
ments to nonfilter-based photoacoustic spectroscopy and cavity
ring-down spectroscopy systems.

Regarding shadowing, a correction scheme for filter loading
effects was developed for the PSAP (Bond et al. 1999; Sheridan
et al. 2005; Virkkula et al. 2005). Collaud Coen et al. (2010)
develop a correction scheme, which also included the effects of
filter loading for the Aethalometer, based on the earlier work
by Weingartner et al. (2003), Arnott et al. (2005), Schmid et al.
(2006), Virkkula et al. (2007), and Virkkula (2010). Also note
that wavelength corrections (having a power-law dependency)
have been used to account for the different instrument laser light
sources (Bond et al. 1999; Collaud Coen et al. 2010; Ogren
2010). Again, these corrections are applied to obtain a more
precise determination of filter transmission and scattering, so as
to improve the estimation of the absorption coefficient.

For this investigation, there are no restrictions due to particle
loading (Presser 2012). Comparing the absorption coefficient for
Nuclepore filters, the values cited by Hanel (1994) and others
are much smaller than reported in this study. This discrepancy
is attributed to the definition of the characteristic path length.
The measurements by Hanel (1994) are based on a volumetric
absorption coefficient, for which the characteristic path length
is defined by the column of air drawn through the filter (ratio of

the sampling volume to filter cross-sectional area), whereby the
characteristic path length for this work was the filter thickness
(Bohren and Huffman 1983). Note that for the volumetric repre-
sentation, an underestimation of the sampling volume is possible
if the particle concentration increases within the flow field for a
particular particle loading (absorbance), air flow rate, and filter
cross-sectional area. Agreement is fine when the absorption co-
efficient is derived using a characteristic path length that is based
on the volumetric flow rate and particle collection time during
the filter coating process, and the filter cross-sectional area ex-
posed to the particles (i.e., punch diameter of 5.1 mm). Note that
the air flow rates and particle collection times for the full-size fil-
ters (Table 1) do not scale linearly down to the punched case, thus
requiring separate determination of the sampling volume for the
punched specimen. For example, the quartz-filter absorption co-
efficient (lightest loading, at ambient temperature, volume flow
rate of 300 cm?® min~!, and collection time of 60 min) changes
from a value of about 235.3 m~' (Figure 4a) to about 169.5
Mm~!, which is similar to the values given by Hinel (1994) and
others using nigrosin-laden glass fiber/cellulose filters (Bond
et al. 1999; Sedlacek and Lee 2007; Cappa et al. 2008; Kondo
et al. 2009). Virkkula et al. (2005) used atmospheric aerosol and
reported results that were similar to that of nigrosin absorption
coefficient by Bond et al. (1999). Lack et al. (2006) also re-
port similar values for the nigrosin absorption coefficient using
photoacoustic absorption spectroscopy (no filter). Weingartner
et al. (2003) presents the absorption coefficients with respect to
wavelength for different types of soot on fibrous filters from a
spectrum Aethalometer. The absorption coefficient is found to
decrease nonlinearly with increasing wavelength, with values of
the same order as reported above for this investigation at A =
1064 nm.

Regarding the mass-specific absorption cross-section,
Hitzenberger et al. (1996) analyzed black carbon collected on
polycarbonate filters over Vienna, Austria, using an integrating
sphere and reported values of C = 10m? g~ ! at A = 550 nm. Pet-
zold and Schonlinner (2004) used the analysis by Hanel (1994)
for a MAAP system to analyze fibrous filters. The absorption
coefficient for black carbon urban aerosol was calibrated against
Aethalometer measurements, and reported values of C = 9.1 m?
g7 't0 10.7 m?> g~ at A = 550 nm. Fuller et al. (1999) reported
that, based on modeling of aggregates of graphitic carbon grains,
the value of C = 10 m? g~! is an overestimation and that light-
absorbing carbon in diesel soot is often less than 7 m?> g~ at
A = 550 nm. They also cite other studies for which C = 5 m?
g~ ! at A = 685 nm (black carbon) (Moosmiiller et al. 1998)
and 4.6 m? g~! at A = 550 nm (diesel soot) (Bruce et al. 1991),
using photoacoustic systems (no filter). Bond et al. (1999) ob-
tained PSAP results for nigrosin-laden Nuclepore filters with C
=3 m? g~ at A = 550 nm. Similar results are also reported
by Mogo et al. (2005) for 1 pum particulate matter on poly-
carbonate filters using an integrating plate. Taha et al. (2007)
measured a value of C = 1.5 m? g~! at A = 633 nm (for crushed
graphite carbon on Teflon filters) using a laser integrating-plate
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method, and considered the values reported by Hitzenberger
et al. (1996) too high. They also report that Nuclepore filters
resulted in slightly higher values than those of the Teflon filters.
In this light, results for the polycarbonate filters of the current
investigation (Figure 7) at ambient temperature are about C =
0.05 m? g~! to 0.1 m? g~! (depending on the filter pore size),
which are consistent with Taha et al. (2007) when accounting
for the longer wavelength of A = 1064 nm (i.e., absorption de-
creases at longer wavelengths [Moosmiiller et al. 1998]). Also,
Bruce et al. (1991) reported a mean value of about C = 0.85 m?
g~ ! for diesel soot in the infrared, which is similar in magnitude
to the current investigation.

4.3. Absorption Enhancement and Shadowing Effects

For the aforementioned referenced literature, different em-
pirically derived correction schemes are used to compensate for
scattering effects on absorption. With the LDTR approach, the
absorption characteristics are determined directly from thermal
energy conservation and a model for the transmission of radi-
ation. Considered in the theoretical analysis are the issues of
multiple scattering within the filter and surface reflection due
to the filter surface or particles (particle scattering in this study
is small since nigrosin is essentially absorbing). The analysis
also directly considers the absorption through the material and
thus accounts for high particle mass loadings (Presser 2012).
The effect of the filter is removed from both the absorptivity
and transmissivity so as to isolate the absorption by the par-
ticles. Secondary effects may be present due to the coupled
particle-filter system; however, these effects are estimated to be
negligible. The absorption coefficient for the isolated nigrosin
is representative of the particles without multiple-scattering ef-
fects, which is compared to the nigrosin-laden filter to evaluate
the effect of the filter.

One can estimate the absorption enhancement effect of the
filter material by comparing the nigrosin-laden filter results to
the isolated nigrosin case. The variation of the sample absorp-
tion enhancement ratio («g, as defined by Equation (1)) with
steady-state temperature is presented for the different filter ma-
terials and mass loadings in Figures 8 and 9. The results indi-
cate that generally the value of oy increases as the mass loading
decreases and as the value of T, increases. For the heavier-
loaded quartz filter at room temperature, the results are similar
to our earlier investigation (Presser 2012). The values of ag
for the quartz and Teflon filters become large for increasing
steady-state temperature (Figure 8), and perhaps unreasonable
when compared to the literature values reported above in the In-
troduction (e.g., by about a factor 4-5 when comparing fibrous
filters at ambient temperature; Figure 8a), but the results for the
polycarbonate filters compare well with the above-mentioned
literature values (Figure 9). The increase in the value of ag
with lower mass loading is consistent with the increased ex-
posure of the filter material, greater surface scattering, and en-
hanced absorption effects (Horvath 1993; Kirchstetter and No-
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FIG. 8. Variation of nigrosin absorption enhancement factor (ag) with steady-
state sample temperature (T,) at different particle mass loadings for (a) quartz,
(b) Zefluor, and (c) Zylon filter materials.

vakov 2007). Likewise, the influence of the filter substrate is
reduced for the heavier mass loadings that may be attributed to
shadowing effects (Clarke 1982; Arnott et al. 2005). Similarly,
the dependence of the sample absorption enhancement ratio on
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increasing steady-state sample temperature (i.e., increased laser
radiation) is again attributed to the increased filter-surface scat-
tering and enhanced particle absorption for the nigrosin-laden
filter, as opposed to the isolated nigrosin. Comparing filter types,
the results for the quartz substrate are similar to that for the Zy-

lon. Comparing the Teflon filters, the smaller-pore-size Zefluor
filter results in larger absorption enhancement ratios than the
larger-pore-size Zylon filter (Figure 8), which may be related
to the observed clogging of the larger pores (i.e., shadowing
effect). Similarly, when comparing the three polycarbonate fil-
ters, again the value of oz decreases as the pore size increases
(Figure 9).

Regarding particle deposition within the fibers of quartz fi-
brous filters, the particle size distribution was not monodisperse
during deposition, and the flow velocity was not varied (for
equivalent particle loadings) to achieve greater penetration into
the fibers. These effects were reported by Moteki et al. (2010),
and Nakayama et al. (2010) for which size-dependent correction
factors in fibrous filters were established for PSAP. In this inves-
tigation, the flow rate was kept unchanged for a particular filter;
the loading was varied by changing the particle-collection time.
Thus, one can assume similar penetration depths for the investi-
gated quartz fibrous filters. Perhaps this explains, in part, the dif-
ference in the larger absorption enhancement ratio for the quartz
fibrous filter, as compared to the reported literature values (i.e.,
having lower values due to shadowing effects of the penetrated
particles). The nigrosin size distribution was also measured us-
ing dynamic light scattering and compared with Lorenz—Mie
calculations (Presser 2012). For the membrane polycarbonate
filters, there is no surface penetration; coating and clogging of
the pores (i.e., by deposition of larger particles, faster flow rates,
and higher particle densities) are the parameters that influence
absorption enhancement or shadowing effects. The difference
in the surface penetration between the fibrous and membrane
filters may explain why the absorption enhancement effect is
less for the membrane filters.

As described earlier, the mass-specific absorption cross-
section is sensitive to shadowing effects (for heavier filter load-
ings). This is to be expected since the absorbance is dependent
on the mass-specific absorption cross-section (Equation (1)).
As shown in Collaud Coen et al. (2010), shadowing affects
the absorbance and is corrected either empirically (Weingart-
ner et al. 2003) or with theoretical considerations of the total
optical depth (i.e., from the filter transmission) (Arnott et al.
2005). It is suggested that shadowing be corrected either empir-
ically through the mass-specific absorption cross-section since it
should be independent of the mass loading), or by theoretically
estimating the absorption penetration depth (see Equation (13)
in Presser 2012) beyond which particles will not be contributing
to absorption.

5. SUMMARY

The absorption coefficient and mass-specific absorption
cross-section for different steady-state temperatures and particle
mass loadings were determined for quartz, Teflon, and polycar-
bonate filter materials. Quartz is a fibrous material while Teflon
and polycarbonate are porous; the effect of pore size was also
studied for the porous substrates. The substrates were coated
with nigrosin, which has been used in several prior investigations
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found in the literature. To determine the absorption coefficient,
the absorptivity was obtained from a new rapid laser-heating
technique and the transmissivity was obtained from classi-
cal transmission measurements. This technique was used to
isolate the absorption properties of the particle coating from
the substrate, and investigate substrate effects on enhancing ab-
sorption in terms of a defined absorption enhancement ratio.
The results indicated that the isolated-nigrosin absorption co-
efficient increased with nigrosin mass loading and decreased
with steady-state temperature. The isolated-nigrosin absorption
coefficient also increased with pore size for the porous filters
(which was attributed to the accumulation and thicker deposit
of particles at the pores). The isolated-nigrosin, mass-specific
absorption cross-section was not found to be independent of the
mass loading, but was found to decrease with increasing particle
concentration. This result is attributed to shadowing effects, for
which particle obscuration by other particles results in reduced
absorption. The effects of the filter substrate on enhancing ab-
sorption tends to be more significant for increasing steady-state
temperature, lighter mass loadings, and for filter substrates with
smaller pore sizes. The values of the absorption enhancement
ratio varied widely among the different filter materials with the
effect by the Zefluor filter being the most significant and poly-
carbonate filters being similar to values found in the literature.
This study provides another independent methodology for
determining aerosol absorption characteristics and comparing
results with established techniques to enhance measurement
confidence. For filter-based aerosol absorption methods, one
may consider (1) evaluating absorption directly, with a more
detailed theoretical formulation, to avoid the complexities of a
scattering measurement, (2) removing the filter contribution in
the theoretical analysis in order to isolate particle absorption,
enable comparison with the particle-laden filter, and estimate
absorption enhancement effects, and (3) using the mass-specific
absorption cross-section to evaluate shadowing effects.
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