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a b s t r a c t

A laser-heating technique, referred as the laser-driven thermal reactor, was used in

conjunction with laser transmissivity measurements to determine the absorption

coefficient of particle-laden substrates (e.g., quartz-fiber filters). The novelty of this

approach is that it analyzes a wide variety of specific samples (not just filtered samples)

and overcomes measurement issues (e.g., absorption enhancement) associated with

other filter-based particle absorption techniques. The absorption coefficient was

determined for nigrosin-laden, quartz-fiber filters and the effect of the filter on the

absorption measurements was estimated when compared to the isolated nigrosin

results. The isolated nigrosin absorption coefficient compared favorably with Lorenz–

Mie calculations for an idealized polydispersion of spherical particles (based on a

measured nigronsin/de-ionized water suspension size distribution) dispersed through-

out a volume equivalent to that of the nigrosin-laden filter. To validate the approach,

the absorption coefficient of a nigrosin/de-ionized water suspension was in good

agreement with results obtained from an ultraviolet/visible spectrometer. In addition,

the estimated imaginary part of the refractive index from the Lorenz–Mie calculations

compared well with literature values and was used to estimate the absorption

coefficient of optically opaque packed nigrosin.

Published by Elsevier Ltd.

1. Introduction

1.1. Filter-based particle absorption enhancement

The class of filter-based particle absorption techniques
(measuring the absorption characteristics of atmospheric
aerosol particles collected on filters) include aethal-
ometers, (e.g., Hansen et al. [1]), integrating plate/inte-
grating sphere photometers (e.g., Fry et al. [2], Campbell
et al. [3], Lawless et al. [4]), particle soot absorption
photometers (e.g., Bond et al. [5]), and multi-angle
absorption photometers (e.g., Petzold et al. [6]). Typically,
the transmission of light passing through the filter is

measured to determine the absorption coefficient in the
Beer–Lambert law (or the extinction coefficient when
scattering is considered significant). In turn, the absorp-
tion coefficient can be related to the imaginary part of the
refractive index (depending on the state of the substance,
i.e., if a bulk homogeneous substance or aerosolized
powder). One important issue that has been reported
extensively in the literature (e.g., Campbell et al. [3],
Clarke [7], Bohren and Huffman [8], Petzold and Schönlin-
ner [9], Cappa et al. [10]) is the effect of the filter
substrate (and possibly the presence of nonabsorbing
particles) on determining the correct value for the particle
absorption coefficient, often referred to as absorption
enhancement (e.g., Taha et al. [11]). This effect is attrib-
uted to absorption of backscattered laser light, which on
first pass is not absorbed by the particles discretely
distributed over and embedded within the fiber filter
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Nomenclature

a fitting parameter for exponential decaying
function (see Fig. 5)

A sample geometric cross-sectional area [m2]
An absorbance
Bi Biot Number (¼hL/ksam)
c mass specific absorption cross section

(m2g�1)
C solute/solvent molar concentration (mol L�1)
Cext,Csca,Cabs mean extinction, scattering, and absorp-

tion cross sections, respectively (m2)
cp(T) specific heat capacity (J g�1 K�1)
Cv mean volume fraction
d characteristic path length through the sample

(m)
(dT/dt) sample temperature derivative (K s�1)
D diameter (m)
Dg geometric mean diameter (m)
D32 volume-to-surface area mean diameter

(Sauter mean diameter) (m)
F(T,To) heat transfer term (W)
h convection heat transfer coefficient

(W m�2 K�1)
II incident radiation intensity (W m�2)
It transmitted radiation intensity (W m�2)
Ib absorbed radiation intensity (W m�2)
Ir reflected radiation intensity (W m�2)
k imaginary part of the complex

refractive index
kc coverage factor
ksam sample thermal conductivity (W m�1 K�1)
L sample characteristic length (m)
m(t) sample mass with respect to time (g)
mf sample final mass (g)
mr complex refractive index (¼nrþ ik)
M particle mass loading (g m�2)
n sample number
nr real part of the complex refractive index
N number density (particles m�3)
PI incident radiation power (see Table 3) (W)
Pt transmitted radiation power (see Table 3) (W)
P(D) probability distribution function
q(T) specific heat release rate due to chemical

reactions (W g�1)
Qext, Qsca, Qabs differential extinction, scattering, and

absorption efficiencies, respectively
Qext,Q sca,Qabs mean extinction, scattering, and absorp-

tion efficiencies, respectively
R1(Tr) rate at which heat is transferred from the

reactor at temperature Tr (W)
R2(T) rate of heat loss from the sample (W)
s standard deviation of the mean
t time (s)
ta,tb time initiating Regimes 2 and 3, respectively

(see Fig. 5) (s)
T sample temperature (K)

Tmax, To steady-state sample temperatures defined in
Fig. 4 (K)

Tr reactor temperature (K)
uc combined standard uncertainty
x size parameter (¼p D/l)
y absorption penetration depth (m)
z transformation parameter

Greek symbols

a sample absorption coefficient (m�1)
b(T, l) spectral hemispherical absorptivity (fraction

absorbed of incident radiation intensity)
by differential spectral hemispherical

absorptivity
g heat transfer parameter (W K�1)
Dm(t) sample mass change after heating (g)
e sample extinction coefficient (m�1)
em solute molar cross section (m2 mol�1)
l wavelength (m)
r spectral hemispherical reflectivity (fraction

reflected of incident radiation intensity)
rp mass density (g m�3)
s sample scattering coefficient (m�1)
sg geometric mean standard deviation
t spectral hemispherical transmissivity (frac-

tion transmitted of incident radiation
intensity)

tn temperature-dependent relaxation time (s)

Subscripts

abs absorption
Reg# regime
c clean copper pan
em electromagnetic (see Table 2)
ext extinction
f clean filter
hb laser heating beam
i index (¼p, s)
j index (¼ext, sca, abs)
n isolated nigrosin
nc nigrosin packed within the copper pan
nf nigrosin-laden filter
p isolated particles
ps particle-laden substrate
pb laser probe beam
s clean substrate
sca scattering
t thermal (see Table 2)

Superscripts

b fitting parameter for exponential decaying
function (see Fig. 5)
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[5,7]. As a result, a substantial increase may occur in the
measured particle absorption. As an example of the
presence of this effect, Conny [12] measured the trans-
mission through two individual particle-laden, quartz-
filter filters and then for the same two filters mounted
one upon another for different orientations of the parti-
cle-laden surface (i.e., for the coated sides facing upward,
downward, and facing one another). A variety of filters,
coated with particulate matter from different sources,
were analyzed with a thermal optical transmission instru-
ment. 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 1.5. Bond and
Bergstrom [13] mention in their review of absorption
enhancement effects that under certain conditions this
effect can be significant (with a correction factor of 3.5).

1.2. Nigrosin for validation of absorption techniques

As reported by the Intergovernmental Panel on Cli-
mate Change [14], the major absorbing component of
atmospheric aerosol is combustion-generated carbonac-
eous particles (also referred to as black carbon or soot).
The large uncertainties associated with the absorption
properties of soot are well documented in the literature,
as summarized by Bond and Bergstrom [13]. As an
absorbing medium, aerosolized nigrosin has been used
in several investigations instead of carbonaceous particles
(e.g., Sedlacek and Lee [15]), even though the morpholo-
gical properties are different. Nigrosin is a mixture of
synthetic black dyes used in making India ink. Its chemi-
cal formula is reported as C48N9H51 (molecular weight of
753 g mol�1) [5,16], however, other physical and chemi-
cal properties are unavailable. The absorption spectrum
for nigrosin is broadband from the visible through the
near infrared [17–19]. Nigrosin particles are reported to
be water-soluble and spherical when aerosolized. Mea-
surements of its refractive index have been published in
the literature, as summarized in Table 1. Also, because the
nigrosin particles are spherical, the particle optical prop-
erties can be evaluated by Lorenz–Mie theory.

A wide range of values for the nigrosin single-scatter-
ing albedo, SSA (ratio of the scattering to extinction
coefficients) is reported in the literature. The variation is
attributed to a variety of factors (e.g., particle size and
composition, filter particle loading, and instrument

operating conditions) that influence both scattering and
absorption measurements. Bond et al. [5] reported SSA
values of approximately 0.5 for an aerosolized suspension
of nigrosin in de-ionized water. Measurements were
obtained with an optical extinction cell and nephelometer
operating at 550 nm (absorption was obtained from the
difference between the extinction and scattering). It was
recognized that this approach has a large uncertainty
since the absorption is obtained from the small difference
of two large numbers. More recent nigrosin studies report
smaller values (less than 0.5) for SSA [10]. Values of 0.06–
0.08 were reported at three increasing nigrosin concen-
trations from extinction/scattering measurements with a
pulsed cavity ring-down transmissometer in tandem with
a nephelometer at wavelengths of 532 nm and 1064 nm
[19,20]. Nigrosin was also used to investigate enhanced
absorption effects and derive correction factors for filter-
based particle soot absorption photometers (PSAP)
[10,16]. Cappa et al. [10] compared the PSAP particle-
laden filters to aerosol in a photoacoustic spectrometer.
Results indicated that filters loaded with nonabsorbing
particles (in addition to the glass filter) can further
enhance the absorption of the absorbing component
(i.e., nigrosin or soot) on a filter, resulting in a correction
larger than a factor of 2. Kondo et al. [16] and Nakayama
et al. [21] indicated that the dependency of particle size
(comparing PSAP measurements for different monodis-
persed diameters of nigrosin to Lorenz–Mie theory calcu-
lations) influenced the value of the correction factor
(larger 600 nm particles brought the correction factor
closer to unity while smaller 100–200 nm particles
increased the value to 1.9).

1.3. Measuring filter-based particle absorption by

laser-heating

In this investigation, a laser-heating technique,
referred to historically as the laser-driven thermal reactor
(LDTR), was used to estimate (without correction factors)
the absorption coefficient of nigrosin particles distributed
on a quartz-fiber. The LDTR was used in the past to
measure other thermophysical properties of various sub-
stances (i.e., energy release, heating value, and reaction
kinetics of hazardous wastes and other types of materials
[22]); in this study it was used to determine substance
absorptivity. The concept involves heating selected parti-
cles to a steady-state temperature, perturbing the

Table 1
Value of the refractive index for aerosolized nigrosin from several investigations. CRD – cavity ring down, CW –

continuous wave, LSAC – light scattering aerosol counter, PAS – photoacoustic spectrometer ASASP-X – active

scattering aerosol spectrometer probe, PTI – photothermal interferometry.

Refractive index (mr¼nrþik) Wavelength (nm) Approach Reference

1.67þ i0.26 532 ASASP-X Garvey and Pinnick [46]

1.70þ i0.31 532 CRD, PAS Lack et al. [24]

1.77þ i0.32 514 PTI Sedlacek and Lee [15]

1.649þ i0.238 532 CRD Dinar et al. [47], Rizik et al. [48]

1.72þ i0.28 532 CW-CRD Lang-Yona et al. [49]

1.65þ i0.24 Pulsed CRD

1.693þ i0.275 532 Mean value
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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
temperature and wavelength is determined using the
LDTR time-resolved temperature and a model for energy
conservation. The substance absorption coefficient was
determined with additional transmissivity measure-
ments. The absorption coefficient was obtained for nigro-
sin-laden quartz-fiber filters and the effect of the filter on
the absorption measurements was estimated when com-
pared to the isolated nigrosin results. Regarding valida-
tion of the approach, packed nigrosin samples were
evaluated, as well as nigrosin/de-ionized water suspen-
sion at different concentrations (with comparison to
ultraviolet/visible spectrometer results).

2. Experimental approach

The laser-driven thermal reactor (LDTR) is used to
measure rapidly the combined thermal response of a
substance, i.e., due to both substance thermal and chemical
heat release. One major advantage of this approach is that
the absorption coefficient of a variety of samples, e.g., solid
particles, liquid droplets, and particle-laden filters, can be
estimated directly without the need for correction factors.
In this study, we demonstrate that the LDTR approach can
overcome absorption enhancement effects associated with
current filter-based measurements (e.g., Campbell et al. [3],
Clarke [7], Bohren and Huffman [8], Petzold and Schönlin-
ner [9], Bond and Bergstrom [13]), by measuring the filter
absorption with and without the sample particles so as to
isolate and remove the filter effect from the measure-
ments. In addition, measurements can be carried out also
with other non-scattering substrates (or without a sub-
strate) in order to isolate particle absorption. Another
advantage is that the LDTR can characterize selected
individual samples over a wide range of operating condi-
tions (surrounding temperature, pressure, composition,
humidity, etc.). In contrast, extractive laser techniques,
for example, photoacoustic spectroscopy (e.g., Arnott
et al. [23], Lack et al. [24]), cavity ring down spectroscopy
(e.g., Spindler et al. [25]), photothermal interferometry
[15], and extinction/scattering (e.g., Schnaiter et al. [26])
depend on ensemble-averaged measurements of particle-
laden streams evaluated usually at normal-instrument
ambient operating conditions.

2.1. LDTR experimental arrangement

A schematic of the experimental arrangement and
supporting sub-systems is presented in Figs. 1 and 2,
respectively. The experimental protocol involves using a
high-powered laser (operating in the infrared) to heat to a
selected steady-state temperature a small copper-foil
spherical reactor. 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 mea-
surement, and then heated indirectly by the infrared laser.

A ‘probe’ laser beam is then used to heat the sample
directly through an opening in the top of the spherical
reactor, and perturb the temperature to a new steady-
state temperature. The temperature decay is then mon-
itored after the probe beam is blocked, and the experi-
ment is concluded after disengaging the infrared
heating beam.

The top of the vacuum chamber provides access to the
reactor and is sealed with an o-ring. Each viewing port
includes a vacuum-sealed 76 mm diameter quartz win-
dow, which is suitable for transmission of the infrared
laser beams to the reactor. After softening a piece of
copper foil, the reactor is fabricated by pressing the
copper into a stainless steel ball-shaped form, which
results in a hemisphere. Two pieces are fabricated and
placed together to form the sphere. An opening is cut in
the top of the sphere (diameter of E7.2 mm), which
allows for placement of the sample and transmission of
the probe beam, and another opening in the bottom
(diameter of E4.0 mm) is used to introduce the thermo-
couples. To precondition the reactor surface, a small
nonsooting propane torch is used to heat and generate a
copper oxide layer, which reduces laser-beam scattering,
surface reactivity, and heat transfer effects that occur if
the oxide layer is formed during experiments. Near the
center of the copper reactor (with a diameter of
(18.270.03) mm1 and thickness of 0.14 mm), sample is
placed on and supported by thin-wire extensions that
protrude from near the bead of the thermocouple (see
Fig. 1). The sample rests on, and is in contact with, a
commercially fabricated, K-type, fine-wire thermocouple
(0.25 mm in diameter, unsheathed), i.e., ‘sample’ thermo-
couple, and a second thermocouple, i.e., ‘reactor’ thermo-
couple, is in contact with the reactor inner wall.
Embedding the thermocouple within the sample, or hav-
ing grazing contact, appears to have negligible effect on
the reported temperatures. The thermocouple readings
are not corrected for radiation effects. The thermocouple
time response was estimated to be about 3 s to reach
63.2% of an instantaneous step change in temperature in
still ambient air. This value was determined by heating
the thermocouple directly with the infrared laser and
monitoring the decay in temperature (between 1080 K
and 300 K), which was sufficient to resolve the decay in
perturbation temperature during the experiments. The
expanded uncertainty for the temperature was 2.4 K,
including the Type B uncertainty of 1.2 K. Time-resolved
temperatures (thermograms) for each thermocouple were
recorded with a personal computer/data acquisition sys-
tem at a rate of three samples s�1.

1 Estimation of the measurement uncertainty for this study is

determined from statistical analysis of a series of replicated measure-

ments (referred to as a Type A evaluation of uncertainty), and from

means other than statistical analysis (referred to as a Type B evaluation

of uncertainty) [27]. The Type A expanded uncertainty is calculated as

kcuc, where kc is the coverage factor and uc is the combined standard

uncertainty. The value for uc is estimated statistically by sn�1/2, where s

is the standard deviation of the mean and n is the number of samples.

For n¼3 and 5, kc¼3.18 and 2.57, respectively, representing a level of

confidence of 95%.

C. Presser / Journal of Quantitative Spectroscopy & Radiative Transfer 113 (2012) 607–623610
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The sample thermocouple and sample are considered
to be in thermal equilibrium due to the reactor config-
uration and the temperature uniformity near the center of
the reactor. The nearly uniform sample temperature is
maintained by the (1) relative dimensions of the sample
and thin-walled sphere, (2) sample alignment in the
middle of the sphere, (3) expansion of the laser beam to
cover a large portion of the sphere surface, (4) relatively

high sphere thermal conductivity (401 W m�1 K�1 at
300 K for copper [28]), and (5) thermal radiation (the
dominant mode of heat transfer at high temperature
between the interior sphere surface and the sample).
Thus, effects due to the laser beam intensity distribution
are insignificant. The uniformity in temperature of heat-
ing a sample placed within the center of the sphere (for a
volume with dimensions of about 10 mm diameter by

Laser Beam
(Heating) Reactor

Laser Beam
(Heating)

Laser Beam
(Probe)

Insulated
Supports

Ports

Set Screw

Sample/Substrate

Thermocouples

Insulated
Thermocouple

Wires

Base

Sample Thermocouple

Bead

Wires

Extensions

Fig. 1. Schematic of the copper reactor, including the supporting thermocouple and frame.

Heating Beam

250 mm
Lens

10/90 Beam
Splitter Mirror

Mirrors

Vacuum
Chamber Reactor Mirror

Vacuum Pump
Oil Trap Gases

Data
Acquistion

Laser

Power
Supply

30/70 Beam
Splitter

= 1064 nm

Fig. 2. Schematic of the laser-driven thermal reactor vacuum, optical, and data acquisition sub-systems.

C. Presser / Journal of Quantitative Spectroscopy & Radiative Transfer 113 (2012) 607–623 611



Author's personal copy

5 mm height) is of the order of 1 K [22]. Within the
sample, heat transfer is by conduction. The lumped-
capacitance approximation [29] is invoked, in which the
sample is spatially uniform in temperature at any instant
of time during the transient process, as long as the Biot
number (Bi¼hL/ksam)o0.1 where h is the convection heat
transfer coefficient, L is the sample characteristic length
(e.g., diameter for spheres or volume-to-surface area ratio
for other shapes [29]), and ksam is the sample thermal
conductivity. Since experiments are normally carried out
under vacuum, the value of h will be negligible (Bi50.1),
and thus nonuniformities in temperature over the sample
surface and internally will also be negligible.

Heating rates on the order of several hundred Kelvin
per second have been achieved for relatively high laser
intensities with the LDTR. The apparatus can analyze
sample quantities from a few milligrams up to a few
grams. The surrounding environment can currently han-
dle a variety of gas compositions, and gas pressures
ranging between 10 Pa and 500 kPa. A vacuum pump
and manifold are used to obtain vacuum and replace the
air in the chamber with other gases, see Fig. 2. Inert gas is
used generally to prevent oxidation of volatile matter and
other reactions on the sample surface. A Convectron2

heat-loss pressure gage and controller are used to monitor
the vacuum pressure. Additional details of the experi-
mental apparatus are given in Nazarian and Presser [22].

2.2. Nigrosin properties

Samples containing commercially available nigrosin
were examined including quartz-fiber filters (inspected
visually to be coated and embedded with nigrosin pow-
der), nigrosin powder packed into a copper sample pan,
and nigrosin/de-ionized water suspension. The nigrosin
density was estimated from the packed nigrosin powder
to be 1.13�105 g m�3, knowing the nigrosin mass in the
pan and the pan volume (see Table 2). Nigrosin was mixed
with de-ionized water at four nigrosin molar concentra-
tions of (0.35, 1.47, 2.87, and 5.54)�10�5 mol L�17
2.9�10�8 mol L�1. As stated earlier, nigrosin is generally
thought to be water soluble. However, nigrosin is a
mixture of different dyes and it is unknown whether all
of the dyes are miscible in water. To this end, sample was
introduced to a dynamic light scattering (DLS) apparatus
(Malvern Zetasizer Nano ZS), which was able to detect
both particle size distributions (e.g., see Fig. 3) and the
zeta potential. The magnitude of the zeta potential was
sufficiently large (mean value of about �50 mV) to
indicate that the particles would resist aggregation and
remain in suspension. The instrument was set with
properties for nigrosin and water dispersant at 293 K,
using a 100 mL disposable polystyrene cuvette, 30 s equi-
libration time, at least 6 runs of 10 s each, measurement
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2 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.
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detection angle of 1731, and wavelength of 633 nm. In
addition, suspension was placed on a silicon wafer and
dried in the ambient to permit imaging of the particle size
and shape with a conventional field-emission scanning
electron microscope (FE-SEM, see Fig. 3). The FE-SEM
images were obtained at a fixed electron beam energy
level of 5 keV and the particles were observed at different
magnifications. The particles appear to have diameters
similar to those measured with the DLS. Our particle size
range was also similar to that formed by Kondo et al. [16]
(i.e., 100–600 nm) after they aerosolized, dried, and size-
classified (with a tandem differential mobility analyzer)
particles from a nigrosin/de-ionized water suspension.
The absorbance for our different concentrations of nigro-
sin/de-ionized water suspension was determined with an
ultraviolet/visible (UV/vis) spectrometer (Perkin Elmer
Lambda Bio 20 with a 1053 lines/mm holographic con-
cave grating and 1 nm spectral bandpass).

The dimensions of the commercially fabricated round
copper pans were (4.9570.01) mm (inner diame-
ter)� (2.3470.008) mm (height)� (0.12570.006) mm
(thickness). The filters were pure tissue quartz (no binder)
punched with a diameter of (7.070.1) mm and manufac-
tured with a nominal thickness of (1.2770.042) mm. The
inner length of the polystyrene square cuvette used for the
UV/vis spectrometer apparatus was (10.170.013) mm.

2.3. Measurement protocol

The sample is heated by an infrared laser beam (which
is split into two beams with concomitant beam steering
and attenuation optics) and directed to opposing sides of
the reactor surface, see Fig. 1. This laser beam is referred
to as the ‘heating’ beam. A 250 W continuous-wave multi-
mode Nd:YAG laser, operating at a wavelength of
1064 nm, is used as the light source for heating the
reactor. The sample heating protocol involves an initial
heating with the heating beam to a pre-selected steady-
state sample temperature. Then direct laser heating of the
sample is provided from a third beam (i.e., for this study,
a diverted portion of the infrared source beam, referred to

as the ‘probe’ beam) after heating to the steady-state
sample temperature (referred to as the ‘direct-heating
approach’ [22]). The probe beam power is measured
beforehand inside the chamber with a calibrated power
meter. Other sources for the probe beam may also be
selected to investigate wavelength-dependent effects.
Direct sample heating by the probe beam brings about a
small rise in the sample temperature of less than 10% of
the steady-state value. This perturbation results in a new
steady-state sample temperature (not too different from
the original state-state temperature to represent new
sample properties). When at this new steady-state tem-
perature, the probe beam is blocked with a beam stop to
decrease the sample temperature back to the original
steady-state condition. To conclude the experiment, the
heating beam is then abated after returning to the original
steady-state temperature. The temperature thermogram
is then evaluated by the theoretical model described in
the next section. The theoretical model is based on
the fact that absorption is a process by which incident
radiant energy is converted to thermal energy [30], and
therefore a theoretical description of substance absorp-
tion can be based on both principles of heat transfer and
electromagnetism.

2.4. Experimental conditions

Three replicates were recorded of each case, except for
the nigrosin/de-ionized water case for which there was 8
replicates. As a means of technique validation, measure-
ments were carried out in air, and for a chamber pressure
and steady-state temperature at ambient conditions, to
simulate the operating conditions of the nigrosin studies
cited earlier (see Table 1). The chamber was open to the
environment and thus changes in pressure due to
the small temperature rise were not noted. An estimate
of the Biot number for nigrosin and for water justified our
employment of the lumped-capacitance approximation.
Apertures were inserted inside the laser to reduce the
laser intensity so as not to damage the copper reactor or
samples. Data acquisition was initiated at room

Fig. 3. (A) Conventional field-emission scanning electron microscrope (FE-SEM) image of nigrosin particles (magnification of 363, electron beam energy

of 20,000 kV, beam dwell time of 30 ms, horizontal field width of 1.4 mm, pixel size of 1.28 mm for 1024 pixels). (B) Size distribution for the nigrosin/water

suspension (molar concentration of 2.41�10�5 mol/L) measured using dynamic light scattering (DLS), and a calculated log-normal probability

distribution (fitting parameters: Dg¼0.8�10�7 m and sg¼0.23) using Lorenz–Mie theory.
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temperature (i.e., the selected steady-state temperature,
and thus the heating beam was not used). After 10 s the
probe beam was allowed to impinge directly on the
sample for approximately 83 s, at which time the probe
beam was blocked and the sample temperature returned
to the initial steady-state room temperature. Data acqui-
sition was terminated after 150 s. The probe-beam power
for the filter, packed, and suspension cases was (2, 13.8,
and 162) mW70.1 mW, respectively.

3. Theoretical model

3.1. Absorption of particle-laden bulk substances by

conservation of thermal energy

The theoretical analysis used to determine the absorp-
tivity of a bulk substance involves modeling the decay of
the sample temperature after laser heating to a given
temperature [22]. The model is representative of samples
with a small Biot number [29]. In this limit, where the
assumption of a thermally lumped sample temperature is
appropriate, the following thermal energy balance gov-
erns the heating process:

mðtÞcpðTÞdT=dt¼ R1ðTrÞ�R2ðTÞ

¼ IIAbðT ,lÞ�FðT,ToÞþDmðtÞqðTÞ ð1Þ

where the rate of change of sample internal energy is
given by the term on the left side of Eq. (1), R1(Tr) is the
rate at which heat is transferred from the reactor at
temperature Tr to the sample, and R2(T) is the rate of heat
loss from the sample, T is the sample temperature, cp(T) is
the sample specific heat capacity at the sample tempera-
ture, m(t) is the sample mass with respect to time t. The
first term on the right side of Eq. (1) is the energy
absorbed by the sample [31], where II is the laser beam
incident radiation intensity that heats the sample, A is the
sample geometric cross-sectional area, b(T,l) is the sam-
ple hemispherical absorptivity at temperature T and laser
wavelength l. The heat transfer term, F(T,To), depends on
the sample geometry (defined generically to include
arbitrary sample geometries) and represents the sample
thermal losses due to conduction and convection
(assumed negligible when operating under vacuum)
through the gaseous medium, conduction through sub-
strates (e.g., copper support pan used for powders and
liquids) and temperature sensor wires, and radiation. The
parameter To is the sample temperature at steady state
(see Fig. 4). Thermal losses due to chemical reaction and
vaporization are considered if there is a detectable mass
change, Dm(t), after heating the sample, with q(T) defined
as the specific heat release rate due to chemical reactions.

Eq. (1) is used to describe each regime of the heating
protocol (i.e., temperature rise, steady state, and tempera-
ture decay), as illustrated by the numbered regimes in
Fig. 4. Initially, the sample is heated to a prescribed
steady-state temperature (i.e., the temperature at which
the sample is evaluated) with the heating beam (Regime 1
in Fig. 4), and is described by Eq. (1). At steady state
(within Regime 1), there is no further change in sample
temperature (i.e., Eq. (1) with [m(t)cp(T)dT/dt]Reg1¼0
where the subscript Reg# refers to the corresponding

regime). It is expected that any chemical reactions are
completed prior to reaching or while maintaining the
steady-state temperature in Regime 1 (i.e., before the
sample temperature is perturbed by the probe beam, see
Fig. 4). Completion of the experiment is represented by
the temperature decay back to that of the ambient
(Regime 4 in Fig. 4), for which no further incident laser
energy is introduced to the sample (i.e., passive response
due to the absence of the heating beam; Eq. (1) with
[II A]Reg4,hb¼0 where the subscript hb refers to the heating
beam). If there is no heat loss and mass change (i.e., no
chemical reactions) in Regime 1 then the last term of Eq.
(1) is not included in the analysis. The term q(T) is
determined after first evaluating the nonreacting regimes
2 and 3 for b(T,l) and F(T,To), as described next.

At the steady-state temperature and no further change
in mass (end of Regime 1), the probe beam is then
directed onto the sample (i.e., with the heating beam still
maintaining the steady-state temperature To). This causes
the sample temperature to rise slightly (within 10% of the
original steady-state temperature) to a new steady-state
temperature (Regime 2 in Fig. 4). The probe beam is then
blocked so that the sample temperature decays to the
original steady-state temperature (Regime 3, passive
system response due to the absence of the probe beam).
Specifically, the two regimes corresponding to the per-
turbed sample temperature (i.e., Regimes 2 and 3 in Fig. 4,
respectively) can be expressed by:

temperature rise : mf cpðTÞðdT=dtÞReg2 ¼ ðIIAÞpbbðT ,lÞ�FðT ,ToÞ

ð2Þ

steady state : ðIIAÞpbbðT ,lÞ ¼ FðT ,ToÞ ð3Þ

temperature decay : mf cpðTÞðdT=dtÞReg3 ¼�FðT ,ToÞ ð4Þ

where mf is the sample final mass (¼m(0)�Dm(t)). Note
that if the sample does not chemically react (as is the case
for this investigation) and the mass remains unchanged
(Dm(t)¼0) then mf¼m(0). The subscript ‘‘pb’’ refers to the
probe beam.

Analytically, the expression for F(T,To) will contain
both a conductive (with a T dependence) and radiation
(with a T4 dependence) heat transfer term [22]. Separat-
ing variables and integrating Eq. (4), and considering that
both conduction and radiation heat transfer contribute to

4

Chemically Reacting
(with mass change)

Tmax To << To

Tmax

ToNonchemically Reacting
(no mass change)

2

1

3

Fig. 4. Schematic of the heating protocol; Regimes: (1) initial heating to

the prescribed steady-state temperature, (2) purturbed temperature rise

to a new steady-state temperature, (3) temperature decay back to the

original steady-state temperature, and (4) termination.
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the sample heat losses, results in a complex exponential
expression (a power-law expression results if radiation
losses are dominant) for the temperature decay with
respect to time. For simplicity, however, we assume an
exponentially decaying expression of the form:

T�To ¼ ðTmax�ToÞe
ð�t=tnÞ ð5Þ

which is numerically similar to the more complicated
exponential and power-law functions (since it fits satis-
factorily the experimental data) in the regions of interest.
The temperature-dependent relaxation time (tn) is deter-
mined by rearranging Eq. (5). Taking the derivative of
Eq. (5) with respect to time at the sample temperature,
Eq. (4) can be rewritten as:

gðT�ToÞReg3 ¼ FðT,ToÞ ð6Þ

where g¼cp(T) mf /tn.
Using Eqs. (2)–(4), we solve for the absorptivity, b(T,l),

with the following protocol. With regression analysis of
the measured sample thermogram, an estimate of the
best exponentially decaying expression is obtained (a
generic example is given in Fig. 5(A) and (B) for the pan
at a high steady-state temperature; Fig. 5(C) is a sample
from this study at ambient conditions), and of the three
fitting parameters, i.e., tn, To, and Tmax (where tn40 and
TooTmax). The temperature derivative dT/dt in Eq. (4) is
then determined for Regime 3. Mathematically, this

derivative (slope) is evaluated at the intercept of the
thermogram temperature at t¼0 in Regime 3, i.e., for
T¼Tmax when initiating the temperature decay. The sam-
ple mass is determined using a commercial precision
mass balance, and the value of the specific heat capacity
is calculated at Tmax. The value of cpiT) is based on taking
the weighted mean from algebraic expressions of cp(T)
(i.e., regressive fits of the data found in Ref. [28]) for the
sample (i.e., graphite since values are unavailable for
nigrosin, and water) and substrate (i.e., either CuO or
SiO2) used in this investigation. One can then evaluate the
heat transfer term, F(T,To), at Tmax with Eq. (6). For the
current study, the aforementioned analytical expressions
for F(T,To) [22] were not invoked to determine the con-
tribution of each heat transfer mode. It then follows from
Eq. (6) that b(T,l) at both Tmax and l can be determined
knowing the probe-beam laser power (which is pre-
calibrated at the sample location). Equating Eqs. (3), (4),
and (6) provides the following useful expression for the
absorptivity:

bðT ,lÞ ¼�cpðTmaxÞmf ðdT=dtÞReg3,Tmax
=ðIIAÞpb

¼�gTmax
ðTmax�ToÞ=ðIIAÞpb ð7Þ

where the mass weighted value of cp is evaluated at Tmax.
This procedure can be repeated at different laser fluences
(i.e., steady-state sample temperatures). Equation (2) can
then be used to check for consistency.

eTTTT

Perturbation

eT-TTT

etTT

tbt

Fig. 5. Sample experimental run (A) and expanded view (B) for the copper pan at high temperature. Data were fit with exponentially decaying functions

for regression modeling (given for Regimes 1, 2, and 3, see Fig. 4). The equation for TReg3 is Eq. (5). The power-law term (first term) in the equation for

TReg1 is the regression fit for the thermogram steady-state temperature To before and after the temperature perturbation. Equating functions of adjoining

regions allows for determining the transition time from one region to the next. Regression of the data is not carried out for Regime 4. (C) Experimental

run for the copper pan at ambient steady-state temperature (conditions for this study).
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3.2. Absorption of particle-laden bulk substances by

conservation of electromagnetic radiation

In order to determine the absorption coefficient of a
bulk substance, another approach is used (in conjunction
with the LDTR results for absorptivity) that is based on
the transmission of radiation through a plane-parallel
portion of arbitrary homogeneous bulk substance [8,32].
The analysis is dependent on the conservation of incident
radiation at a surface, as illustrated in Fig. 6(A), and is
expressed as:

rþtþb¼ 1 ð8Þ

where r is the sample spectral hemispherical reflectivity,
t is the sample spectral hemispherical transmissivity, and
b is the sample spectral hemispherical absorptivity (near
surface phenomenon for opaque substances) [29]. If r is
the fraction of incident radiation intensity that is
reflected, then it follows from Fig. 6(A) that:

r¼ Ir=II ð9Þ

t¼ It=II ¼ ð1�rÞ2e�ed ð10Þ

and from Eq. (8):

b¼ Ib=II ¼ 1�r�ð1�rÞ2e�ed ð11Þ

where Ir is the reflected intensity, It is the transmitted
intensity, and Ib is the resulting intensity absorbed by the
sample, e is the extinction coefficient (e�aþs [8,32]), d is
a known characteristic path length through the sample,
and a and s are the absorption and scattering coefficients,
respectively. Higher-order surface reflections (and result-
ing transmission internal to the sample) are considered
negligible [8,29], regardless of the sample. Note that Eq.
(11) represents the total cumulative absorptivity through
the sample, and can also be derived by specifying the
differential absorptivity, integrating over the substance
thickness (i.e., path length), and accounting for reflected
radiation off of the surface at d (see Fig. 6(A)). Similarly,
for the special case of t¼0 (an optically opaque

substance), one can estimate the distance absorbed radia-
tion penetrates into the sample by defining the differen-
tial absorptivity, by, as:

by ¼ bð1�e�ayÞ ð12Þ

where y is the absorption penetration depth (distance
within the sample normal to the incident surface, see
Fig. 6(B)). For by�!b, the exponential term in Eq. (12) will
approach 0. If one knows a, then one can estimate the
absorption penetration depth (as indicated in Fig. 6(B)) by
rearranging Eq. (12), determining the expanded uncer-
tainty for the quotient by/b through propagation of errors,
assuming that the combined standard uncertainty for by

equals that for b, and integrating over y until the estimate
for by is statistically indistinguishable from b (i.e., by¼b),
then:

y¼�
1

a
ln

ffiffiffi
2
p

kcucðbÞ
b

" #
ð13Þ

where kc is the coverage factor, and uc(b) is the combined
standard uncertainty of b.

Relating the absorptivity from Eqs. (8) to (7) results in
the following useful expression that relates the two
above-mentioned approaches:

�cpðTmaxÞmf ðdT=dtÞReg3,Tmax
¼ ðIbAÞpb ¼ ½ðII�Ir�ItÞA�pb

ð14Þ

3.3. Particle absorption coefficient for particle-laden

substrates

The protocol for determining the absorption coefficient
of a particle-laden substrate (e.g., quartz-fiber filter) also
requires knowing the value for r, as well as that for e.
Thus for closure, in addition to measurement of the
absorptivity (using the LDTR approach), the transmissivity
is also determined for both the particle-laden substrate
and a clean substrate (reference for isolating the particle
characteristics). Measurement of the absorptivity is car-
ried out as outlined above, and the transmissivity is
measured in-situ with a slightly modified arrangement,
as illustrated in Fig. 7, using an additional detector
to determine the transmitted beam intensity. With

Thermocouple

II
I = II I = II(1- )2e-

II(1- )e-

II(1- )

II(1- ) e-

Thermocouple0

II

I = II 

II(1- )

e-

d

Fig. 6. (A) Transmission of incident electromagnetic radiation through a

homogeneous bulk substance. (Higher order surface reflections and

related transmissions are considered negligible.) (B) Absorption of

radiation within a substance for no transmission (t¼0).

Fig. 7. Schematic of optical arrangement for measuring the sample

transmissity.
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measurements for both b and t, the reflectivity is deter-
mined from Eq. (8), and the extinction coefficient can be
determine from

e¼�1

d
ln

t
ð1�rÞ2

" #
¼�

1

d
ln

1�r�b
ð1�rÞ2

" #
ð15Þ

for t40.
To obtain the particle absorption coefficient, a, for a

substrate laden with absorbing particles (i.e., particles
coating and embedded within the substrate), several
conditions need to be satisfied. Since the value of e must
be greater than 0, the following relationships must be
satisfied after the measurements are carried out (see
Eq. (15)), i.e., tr(1–r)2 and bZr (1�r). We distinguish
between the particle-laden substrate and clean substrate
with

bps ¼ bpþbs ð16Þ

and

tps ¼ tpUts ¼ e�An

ps ¼ e�ðA
n

pþAn

s Þ ð17Þ

where An is the absorbance (Ai
n
¼eid¼� ln(ti), i¼p, s), and

the subscripts ps, s and p refer to the particle-laden
substrate, clean substrate, and isolated particles, respec-
tively. It is assumed that bpsZbs since the particles are
considered absorbing, and thus the measurements should
reflect this condition. For the clean substrate, it is
expected that as51 (and bs51) and therefore es¼ss.
The extinction coefficient for the isolated particles is then
derived from ep¼eps�es for epsZes. Since ep�apþsp, then
ep¼ap if the particle scattering is negligible, i.e., sp51.

When considering bulk substances, the absorption
coefficient is assumed to be represented by homogeneous,
unbounded media [8]:

a¼ 4pk=l ð18Þ

where k is the imaginary part of the complex refractive
index. Note the dependence of refractive index on wave-
length and temperature when there are changes in sub-
stance composition and morphology. Also, the particle
scattering coefficient, sp, can be determined by subtract-
ing Eq. (18) from Eq. (15).

Often in the literature for particle-laden filters (e.g.,
Liousse et al. [33], Weingartner et al. [34]), the sample
absorbance, An, is reported on a mass specific basis such
that An

¼cM¼crpd, where c is the mass specific absorp-
tion cross section (m2 g�1), M is the particle mass loading
(g m�2), and rp is the mass density (concentration)
(g m�3). For particle suspensions in liquid, the transmis-
sion law is expressed as:

t¼ e�An

¼ e�emCd ð19Þ

where em is the molar cross section and C is the molar
concentration. For dilute suspensions (Ano1 depending
on wavelength [35] or Co0.01 mol L�1 [36,37]), the
relationship between the absorbance and concentration
is linear, whereas for denser concentrations, linearity is
affected by particle interactions (including possible
changes to the effective refractive index, chemical reac-
tions, etc.), and thus absorbance will become nonlinear
with increasing concentration.

4. Results and discussion

Filter-based measurements were carried out under
ambient conditions for clean (reference) and nigrosin-
laden quartz fiber filters. Validation experiments were
carried out for a clean copper pan (reference), the pan
packed with nigrosin, and a pan filled with nigrosin/de-
ionized water suspension. The measurement results (i.e.,
absorptivity and transmissity) for the above-mentioned
cases are presented in Table 2. Table 3 presents the input
data and other relevant information used in determining
the values of b and t. The reported expanded uncertain-
ties are Type A evaluations, which are estimated by
determining the standard uncertainty for the variables
(see Eq. (7)), completing a propagation of errors analysis,
and combining of uncertainties to provide the expanded
uncertainty.

4.1. Absorption coefficient measurements of nigrosin-laden

quartz filters

The absorptivity and transmissivity for the nigrosin-
laden quartz filters are presented in Table 2. It is assumed
from observation of the filters that the nigrosin particles
are dispersed nonhomogeneously over the surface and
embedded within the quartz-fiber filter (considered semi-
transparent). Also, no change to the filter properties was
expected since the experiments were carried out at
ambient conditions. Thus, the path length was derived
from the filter thickness. The value of the nigrosin
absorption coefficient was estimated from Eq. (15) to be
en¼an¼(3.9470.83)�102 m�1 (tn¼0.59070.061, bn¼

0.39770.060, d¼(1.2770.04)�10�3 m, assuming that
sn¼0, and removing the influence of the filter as given in
Eqs. (16) and (17)).

As mentioned earlier, these measurements are based on
two assumptions, i.e., (1) the nigrosin particles do not
scatter (sn¼0), and (2) it is appropriate to determine the
isolated nigrosin absorption coefficient by removing the
contribution of the clean filter from the nigrosin/filter
measurements. To verify these assumptions, the absorp-
tion and scattering coefficients were calculated using
Lorenz–Mie theory [38] for an idealized polydispersion of
non-aggregated, spherical nigrosin particles that were
well-dispersed within a volume comparable to that of the
filter [8]. The calculations were carried out for an assumed
nigrosin refractive index mr,n¼1.693þ i0.275 (correspond-
ing to the values reported in Table 1) and wavelength
l¼1.064�10�6 m. An assumed polydispersion size dis-
tribution, represented by a log-normal probability function
(see Appendix A), was fitted to the measured particle size
distribution for a nigrosin/de-ionized water suspension
with a molar concentration of 2.41�10�5 mol L�1 (the
measured size distribution was obtained with the afore-
mentioned dynamic light scattering apparatus using the
value of mr,n given above and A,n

n
from the UV/Vis spectro-

meter for l, see Fig. 8). The reported DLS mean particle size
distribution is presented in Fig. 3(B) along with the fitted
size distribution for tn¼0.590 and d¼1.27�10�3 m (see
Table 2), and the probability function fitting parameters:
Dg¼0.8�10�7 m (geometric mean diameter) and sg¼0.23
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(geometric mean standard deviation). The transmissivity
for a polydispersion of spherical particles is given by
[39–41]:

t¼ e�ed ¼ e�NCext d ¼ e�ð3Qext Cvd=2D32Þ ð20Þ

where N is the number density, Cextð ¼ CscaþCabsÞ is the
mean extinction cross section, Qextð ¼Q scaþQabsÞ is the
mean extinction efficiency, Cv is the volume fraction, and
D32 is the volume-to-surface area diameter. Pertinent
details for evaluating the terms in Eq. (20) are given in

Appendix A. The computational results were en¼414.8 m�1,
sn¼20.3 m�1, an¼394.5 m�1 (SSA¼0.049, see Table 4).
These results indicate that the isolated nigrosin absorption
coefficient for the nigrosin-laden filter absorptivity/trans-
missivity experiments (see Table 2) was similar to the value
calculated for the idealized dispersion of nigrosin particles.
The nigrosin scattering coefficient is less than 5% of the
extinction coefficient and can be considered negligible, as
assumed earlier. In addition, these results indicate that the
absorption was not dependent on the spatial particles
dispersion throughout the filter volume (i.e., no apparent
effect of the nonhomogenous particles distribution within
the filter, although the theory was based on a homogenous
particles distribution).

In this light, the contribution of absorption enhance-
ment effects to the absorption measurements was esti-
mated by comparing the isolated nigrosin and nigrosin/
filter cases. Particle scattering was also assumed to be
negligible (en¼an). For the nigrosin/filter case, the reflec-
tivity is significant (rnf¼0.38970.058, where the sub-
script nf refers to the nigrosin-laden filter), but smaller
than for the clean filter (rf¼0.76370.014, where the
subscript f refers to the clean filter), and is therefore
indicative of both energy losses from the sample surface
and possible scattering within the sample. Since rnforf,
this may be an indication of the presence of enhanced
absorption. Comparison of the absorption coefficient for
the isolated nigrosin (given above) to that of the nigrosin/
filter case, anf¼(1.9370.11)�103 m�1, resulted in a five-
fold increase due the presence of the filter (similar to that
found in the literature [13]).

4.2. Validation with packed nigrosin

The absorptivity of the packed nigrosin was deter-
mined from the LDTR measurements, and Eq. (18) was
used to estimate the absorption coefficient. The following
conditions were stipulated for the copper pan and deter-
mination of the nigrosin absorptivity. Since the probe
beam impinges directly on the nigrosin within the pan, it
is assumed that Ir,n¼ Ir,nc where the subscripts n, c, and nc

refer to the isolated nigrosin, clean copper pan, and
nigrosin/pan cases, respectively. The transmissivity of
the clean copper pan is negligible (tc¼0, considered as
being optically opaque [42]), absorptivity is small (see
Tables 2, bc¼0.06670.002), and therefore the reflectivity
is high [43]. The thermal conductivity is high (being of the
same material as the copper reactor) and thus the pan

Fig. 8. Nigrosin absorbance of nigrosin mixed in de-ionized water with

respect to (A) wavelength, and (B) molar concentration, as obtained from

a UV/Vis spectrometer.

Table 4
Results of Lorenz–Mie calculations for a polydispersion of non-aggregated nigrosin particles dispersed within the volume

of the filter. Inputs: mr¼1.693þ i0.275, l¼1.064�10�6 m, tn¼0.590, d¼1.27�10�3 m, Dg¼0.8�10�7 m, and sg¼0.23.

The subscript j¼ext, sca, abs, respectively.

Extinction Scattering Absorption

Efficiency factor (Qj) 0.1377 0.0067 0.1310

Cross section (Cj) (m2) 0.7696�10�15 0.0377�10�15 0.7319�10�15

Coefficient (e, s, a) (m�1) 414.8 20.3 394.5

Number density (N) (particles m�3) 0.5390�1018

Volume fraction (Cv) 0.1833�10�3

Mean diameter (D32) (m) 0.9131�10�7
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acts to transmit thermal energy to the sample thermo-
couple. When the nigrosin is in the pan, the pan absorp-
tivity is again negligible and the pan reflectivity (rnE1) is
not sensed since the reflected incident radiation is off of
the nigrosin (any possible pan reflectivity would be a
secondary lower-order reflection reabsorbed by the nigro-
sin [29]). Because tc¼0, the transmissivity measurements
need to be carried out either on the isolated sample or
with an optically transparent container. Likewise, the pan
needs to be thermally conductive to be used for the
absorptivity measurements. Eq. (8) will hold true for each
case, i.e., for the clean pan, nigrosin/pan, and isolated
nigrosin. Eqs. (16) and (17) were used to isolate the effect
of the pan and determine the isolated nigrosin optical
characteristics. The results indicated that the nigrosin
absorptivity was the same as that for the nigrosin/pan
case (i.e., bn¼bnc since bcE0 for the nigrosin/pan case),
rn¼rnc, and tn¼tnc¼tc¼0. These results also satisfy
Eq. (8) for self-consistency. As a result, the isolated
nigrosin absorptivity was determined to be
0.95670.016 (from the LDTR measurements), as listed
in Table 2, and the reflectivity off of the nigrosin surface
will therefore be small.

To determine the absorption coefficient, we note again
that the transmissivity of packed nigrosin is negligible
(tn¼0). The absorbance and absorption coefficient (defined
with respect to the absorption penetration depth) will then
be relatively large (see Eq. (15)). To estimate a value for an,
Eq. (18) is used along with the imaginary part of the
refractive index and the aforementioned laser wavelength
(k¼0.27570.036, l¼1.064�10�6 m). The value of k is
derived from the above-mentioned Lorenz–Mie calculations
for dispersed nigrosin particles, as confirmed from the
agreement with the absorption measurements for the
nigrosin-laden filters and the literature values listed in
Table 1 for aerosolized nigrosin. It is assumed that the bulk
refractive index remains unchanged from the aerosol values
and uncorrected for wavelength since the difference would
be less than the uncertainty in k (the wavelength depen-
dence is assumed similar to that for carbon [44]). The
resulting value for an is (3.2470.21)�106 m�1. If it is
assumed that en¼an (for sn51, no internal scattering
within the bulk substance), and tn¼0, then upon substitu-
tion into Eq. (10) the value for the absorption penetration
depth (i.e., the distance over which absorption is estimated
to occur) will be on the order of microns (i.e., using Eq. (13),
y¼(1.1670.23)�10�6 m for kc¼2.5). This result indicates
that the absorption penetration depth of the packed opaque
sample is consistent with the literature (e.g., Eckert and
Drake [42], Siegel and Howell [32]).

4.3. Validation with nigrosin/de-ionized water suspensions

The nigrosin absorption coefficient for different molar
concentrations of nigrosin mixed in de-ionized water,
i.e., (0.35, 1.47, 2.87, and 5.54)�10�5 mol L�171.4�
10�7 mol L�1, was determined with the LDTR and compared
to UV/Vis spectrometer results. For the spectrometer, the
nigrosin absorbance spectrum with regard to wavelength is
presented in Fig. 8(A) (path length is 10.1 mm70.013 mm)
for each concentration (with the contribution of the

de-ionized water removed by the instrument). The linear
variation of the nigrosin absorbance with suspension molar
concentration at a wavelength of 1.064�10�6 m (the
wavelength of the probe beam for the LDTR experiments)
is presented in Fig. 8(B). One can then determine the
absorptivity from Eq. (8), knowing the measured absorbance,
path length, and assuming negligible reflectivity (by the
cuvette and particles, as is assumed by the instrument). For
the nigrosin/de-ionized water suspension molar concentra-
tion of 5.54�10�5 mol L�1, the value of the nigrosin
absorption coefficient from the UV/Vis spectrometer was
an¼(5.7970.54) m�1 (tn¼0.94370.002 using An

¼an d,
bn¼0.05770.002 for sn¼0, and the water contribution
was removed by referencing the measurements to clean
de-ionized water). The LDTR experiments were carried out
with the same nigrosin/de-ionized water suspension by
filling a copper pan and carrying out the measurements for
bn at the aforementioned conditions. Transmissivity mea-
surements (in the LDTR setup) were also carried out by
placing the suspension in a polystyrene cuvette. Vaporiza-
tion of the water over the course of the repeated experi-
mental measurements made it difficult to measure the mass
precisely and determine its uncertainty. The nigrosin absorp-
tion coefficient for this suspension (assuming negligible
contribution by the pan, as discussed above) was an¼

(6.3371.98) m�1 (tn¼0.93870.019 using d¼(10.17
0.013)�10�3 m for the transmissivity measurement,
bn¼0.06270.008 using d¼(2.3470.008)�10�3 m for the
LTDR measurement), and in good agreement with the above-
mentioned UV/Vis spectrometer results. Note that the calcu-
lations included the weighted contribution for the specific
heat capacity of water, and an average sample mass reduced
about 58% from the initial value to account for water
vaporization during heating. The contribution due to the
de-ionized water and cuvette was removed according to
Eqs. (16) and (17). As expected for a dilute suspension
(rn¼0), bn51, tn�!1, and an is significantly smaller than
the packed nigrosin values.

Comparing the different cases presented in Table 2,
one finds that the nigrosin absorption coefficient
increases with increasing nigrosin concentration, as
expected. The absorption coefficient for the packed nigro-
sin in the copper pan has the largest value since the
transmission was negligible. The nigrosin/filter case had
the next largest value of an, and the nigrosin/de-ionized
water suspension had the lowest concentration and thus
the smallest absorption coefficient. The linearity in absor-
bance for the range of nigrosin-suspension concentrations
presented in Fig. 8(B) does not extend to the relatively
high nigrosin/filter and nigrosin/pan concentrations, as
discussed earlier. The absorbance appears to increase in
an exponentially decaying fashion with increasing con-
centration when comparing the suspension and filter
cases, similar to results reported by Gundel et al. [45].

5. Summary

A laser-heating technique to measure absorptivity, in
conjunction with transmissivity measurements, was used
to determine the absorption coefficient of particle-laden
quartz-fiber filters. The novelty of this approach is that it
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overcomes measurement issues associated with other
filter-based techniques. Validation of the approach was
also carried out with packed particles in a copper pan and
a nigrosin/de-ionized water suspension (which was also
compared with results from a UV/vis spectrometer). The
laser-heating methodology is based on perturbing the
steady-state temperature of selected samples, with a
probe laser beam directed at the sample, and monitoring
the thermal response during decay back to the steady
state. A theoretical model (based on thermal and electro-
magnetic radiation conservation) was used to evaluate
the particle absorption coefficient.

The nigrosin absorption coefficient was estimated for
nigrosin-laden quartz-fiber filters. The nigrosin absorp-
tion coefficient for the nigrosin/filter case compared
favorably with an idealized dispersion of nigrosin parti-
cles within the volume of the filter, using Lorenz–Mie
calculations for a polydispersion of particles (for which
the distribution function was derived from DLS measure-
ments of a nigrosin/de-ionized water suspension). It was
also verified that the nigrosin scattering coefficient was
small and that the influence of the filter on the nigrosin
absorption coefficient (absorption enhancement) was sig-
nificant. In addition, the packed nigrosin absorption
coefficient was determined by estimating the imaginary
part of the refraction index from the nigrosin/filter case,
Lorenz–Mie calculations, and the literature. An absorption
penetration depth was also defined and used to verify
consistency with the literature. Measurements were car-
ried out for a nigrosin/de-ionized water suspension at
different concentrations, with favorable results obtained
when compared to those from a UV/vis spectrometer.
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Appendix A

The polydispersion particle size distribution is repre-
sented by an assumed log-normal probability function,

PðDÞ ¼
1ffiffiffiffiffiffi

2p
p

sgD
exp

�½lnðD=Dg �
2

2s2
g

( )
ðA:1Þ

where Dg is the geometric mean diameter and sg is the
geometric mean standard deviation. The procedure of
Dobbins et al. [39,40] is used to evaluate the terms in
Eq. (20), where Cj ðj¼ ext, sca, absÞ are the mean extinc-
tion, scattering, and absorption cross sections, respec-
tively, Qj ðj¼ ext, sca, absÞ are the mean extinction,
scattering, and absorption efficiencies, respectively, Cv is
the volume fraction, and D32 is the volume-to-surface

area diameter (Sauter mean diameter), and are defined
by:

Cj ¼
p
4

Z 1
0

Qj½x,mrðlÞ�PðDÞD2dD ðA:2Þ

Qj ¼
4Cj

p
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Z 1
0

PðDÞD3dD ðA:4Þ

D32 ¼

R1
0 PðDÞD3dDR1
0 PðDÞD2dD

ðA:5Þ

where Qj (j¼ext, sca, abs) are the differential extinction,
scattering, and absorption efficiencies for a specific parti-
cle (output from the Lorenz–Mie calculation [38]), respec-
tively, x is the size parameter (¼p D/l), and mr(l) is the
complex refractive index (¼nrþ ik). Equations (A.2)–(A.5)
are transformed into simpler expressions by defining
z� lnðD=DgÞ=

ffiffiffi
2
p

sg before integrating over all particle
sizes.
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