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Light absorption by aerosols has a great impact on climate change. A 

Photoacoustic spectrometer (PA) coupled with aerosol-based classification techniques 

represents an in situ method that can quantify the light absorption by aerosols in a real 

time, yet significant differences have been reported using this method versus filter 

based methods or the so-called difference method based upon light extinction and 

light scattering measurements. This dissertation focuses on developing calibration 

techniques for instruments used in measuring the light absorption cross section, 

including both particle diameter measurements by the differential mobility analyzer 

(DMA) and light absorption measurements by PA.  Appropriate reference materials 

were explored for the calibration/validation of both measurements. The light 

absorption of carbonaceous aerosols was also investigated to provide fundamental 

understanding to the absorption mechanism.  



  

The first topic of interest in this dissertation is the development of calibration 

nanoparticles. In this study, bionanoparticles were confirmed to be a promising 

reference material for particle diameter as well as ion-mobility. Experimentally, 

bionanoparticles demonstrated outstanding homogeneity in mobility compared to 

currently used calibration particles. A numerical method was developed to calculate 

the true distribution and to explain the broadening of measured distribution. The high 

stability of bionanoparticles was also confirmed. For PA measurement, three aerosol 

with spherical or near spherical shapes were investigated as possible candidates for a 

reference standard: C60, copper and silver. Comparisons were made between 

experimental photoacoustic absorption data with Mie theory calculations. This 

resulted in the identification of C60 particles with a mobility diameter of 150 nm to 

400 nm as an absorbing standard at wavelengths of 405 nm and 660 nm. Copper 

particles with a mobility diameter of 80 nm to 300 nm are also shown to be a 

promising reference candidate at wavelength of 405 nm. 

The second topic of this dissertation focuses on the investigation of light 

absorption by carbonaceous particles using PA. Optical absorption spectra of size and 

mass selected laboratory generated aerosols consisting of black carbon (BC), BC with 

non-absorbing coating (ammonium sulfate and sodium chloride) and BC with a 

weakly absorbing coating (brown carbon derived from humic acid) were measured 

across the visible to near-IR (500 nm to 840 nm). The manner in which BC mixed 

with each coating material was investigated. The absorption enhancement of BC was 

determined to be wavelength dependent. Optical absorption spectra were also taken 



  

for size and mass selected smoldering smoke produced from six types of commonly 

seen wood in a laboratory scale apparatus. 
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Chapter 1: Introduction 

Aerosols, referring to solid or liquid particles suspended in a gaseous medium, 

are ubiquitous in the atmosphere, with particle diameters in the range of (10-9 ~ 10-4) 

m.1,2 Light absorption by atmospheric aerosols has a great impact on climate change 

in terms of direct and semi-direct radiative effect3-5. While net radiative forcing 

caused by aerosols is negative (i.e. cooling) due to aerosol scattering, strongly light 

absorptive aerosols, e.g. black carbon (BC), contribute positive forcing (i.e. heating) 

by transforming electromagnetic into thermal energy that heats the absorbing particles 

and their surroundings. The local atmospheric temperature is changed due to the 

heating of light absorbing aerosols, which influences relative humidity, atmospheric 

circulation and stability, and thereby cloud formation and lifetime (semi-direct 

effect).6,7 In addition, light absorption by aerosols, distinct from other forcing 

mechanisms like light scattering, may continue to contribute strongly to radiative 

forcing after deposition on snow and ice by lowering snow and ice albedo and 

changing snow cover duration and spring runoff timing8-10. Thus quantification of 

light absorption by atmospheric aerosols is among the central topics in the current 

environment research.  
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Figure 1.1 Global-average radiative forcing (RF) estimates relative to 1750 and 

aggregated uncertainties for anthropogenic aerosols, carbon dioxide (CO2), methane 

(CH4), nitrous oxide (N2O) and other important agents and mechanisms, together 

with the typical geographical extent (spatial scale) of the forcing and the assessed 

level of scientific understanding (LOSU). Overall contribution of aerosols is cooling 

while strongly absorptive aerosols, e.g. black carbon, contribute to positive forcing.11 

At present the most common method to measure light absorption by aerosols 

is indirect, filter-based methods including the Aethalometer12, Particle Soot 

Absorption Photometer (PSAP)13, Multi-Angle Absorption Photometer14 and the 

continuous soot monitoring system15. The basic principle of these techniques is to 
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deposit aerosols on a filter by pulling air sample through it at a known flow rate. The 

attenuation of light across the filter with accumulated aerosols (i.e. transmittance) is 

then interpreted as a measure of aerosols light absorption. Despite the widespread 

application in field measurements, these filter-based techniques are performed on 

aerosols deposited on filters instead of on airborne particles in their natural state, 

thereby suffer from various artifacts that need to be addressed carefully. The 

necessary corrections of measured transmittance change to light absorption 16include 

1) the filter loading correction that compensate the non-linear response of attenuation 

to the increase of aerosols loading (i.e. the shadowing effect) 2) absorption 

enhancement correction that accounts for the enhancement of the particle absorption 

due to multiple scattering by the filter substrate and by the non-absorbing particles 

loaded on the filter. These corrections are found to be source specific17,18 and difficult 

to be carried out in the field. Thereby general corrections calculated during inter-

comparisons are usually applied to all PSAP or Aethalometer units, resulting in a 

precision somewhere in the range of 20-25 % 13,19 and 30-35 %17,18  respectively.   

Light absorption can also be determined from the so-call difference 

measurement, where absorption is derived from the difference between extinction and 

scattering. The combination of instrumentation that provides the best measure of 

absorption by difference is through cavity ring down spectrometer to measure 

extinction by aerosols (with accuracies of 2 % or better20,21) and an integrating 

Nephelometer to measure scattering, which has a reported accuracy of  ~7 %13. Since 

absorption is determined from the difference of two quantities, large uncertainties are 

derived from the propagation of errors through the difference of the two quantities, 



 

 
 
 

4 
 

particularly at low absorption levels in the atmosphere. Hence this method is limited 

to strong absorptive aersols, high pollution events, or to laboratory studies on high 

concentrated aerosols.13  

Photoacoustic spectroscopy (PA) represents an in situ optical technique that 

can characterize light absorption by airborne aerosols in a real time.  It has quickly 

been accepted as a standard for comparisons to the filter based methods and the 

difference methods18,22-25 with a reported accuracy of 5-10 %. Combination of PA 

with aerosol-based classification methods, including differential mobility analyzer 

(DMA) and aerosol particle mass analyzer (APM) that classify mobility diameter and 

mass of aerosols respectively, enables understanding of aerosol light absorption on 

the basis of other important physical properties of aerosols (i.e. particle size and 

mass). Based upon characterization of absorption using the combination of these 

instruments, this dissertation focuses on developing calibration techniques for DMA 

and PA by exploring appropriate reference materials for the calibration/validation of 

both measurements. While this combination of methods is being used, there is a lack 

of quantitative information on the methods. My research is directed as developing 

calibration methods for quantifying the performance of the instruments being used. 

Laboratory studies of light absorption by carbonaceous particles were also performed 

to provide fundamental understanding to the absorption mechanism. 

In the following sections of this chapter I will first review the theoretical basis 

of aerosol light absorption, starting with introduction of basic concepts in particle 

optics, followed by a discussion of theoretical methods to calculate light absorption 

by aerosols, including Mie theory and T matrix methods. An overview of 
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instrumentations, i.e. DMA and PA, of which calibration methods were explored, is 

subsequently provided in detail. Other instruments involved in the characterization of 

light absorption by aerosols, i.e. APM and condensation particle counter (CPC) are 

briefly reviewed. Finally the scope of this dissertation is demonstrated. 

1.1 Theory of Light Absorption by Particles 

1.1.1 Basic Concepts 

Aerosols remove light from incident beam (extinction) by light scattering, 

where the light is redirected from the original propagation direction, and by light 

absorption, where light is converted to thermal energy that heats the absorbing 

particles and their surroundings, as shown in Fig. 1.2. 

 

Figure 1.2 Schematic of light interaction with a particle. 

Light absorption by an individual particle is often described by the absorption 

cross-section CAbs (unit: m2), linked to the geometry cross section A through an 

absorption efficiency QAbs via 

 𝑄!"# = 𝐶!"# 𝐴, (1.1) 

where A is 𝜋r2 for  a spherical particle with radius of r.  
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Light absorption by an ensemble of n suspended particles in a volume V is 

described by absorption coefficient σAbs (unit: m-1), which represents the fractional 

loss in light intensity due to absorption per unit propagation volume. Assuming 

particles are identical in the ensemble, σAbs can be simplified as the product of CAbs 

and number density N. 

 
𝜎!"# =

𝐶!"#,!!
!!!

𝑉 = 𝑁𝐶!"# 
(1.2) 

with N=n/V. 

 Absorption of aerosol per unit mass is described using the term “mass specific 

absorption cross section” (MAC), defined as  

 𝑀𝐴𝐶 = !!"#
!!

, (1.3) 

 where mp is the mass of individual particle.    

Mass specific scattering cross section (MSC) can be defined in a similar way as 

follows 

 𝑀𝑆𝐶 = !!"#
!!

.   (1.4) 

Thereby the single scattering albedo ϖ0, an important input of global climate models, 

is defined as the fraction of light scattering over the extinction, as in 

 𝜛! =
!"#

!"#!!"#
 . (1.5) 

 The wavelength dependence of CAbs can be described as the absorption 

Ångström exponent (AAE) and calculated as  

 𝐴𝐴𝐸 = − log (
!!"#,!!
!!"#,!!

) log (!!
!!
), (1.6) 

where λ is wavelength, for pair-wise wavelengths. As for multiple wavelengths, AAE 

can be fitted over the range of all wavelengths using the power-law expression in  
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𝐶!"#,! = 𝑘!(
!
!!
)!!!", where k0 is a prefactor and λ0 is an arbitrarily chosen 

wavelength. 

 In particle optics, the ratio of a characteristic particle dimension and the 

wavelengths, termed size parameter x, is scale invariant, meaning millimeter waves 

interact with millimeter-sized particle exactly the same way as micrometer waves 

with micrometer-sized particles as long as the particle shape and the complex 

refractive index are the same. For a spherical particle, the size parameter x is 

calculated as  

 𝑥 = !!"
!

. (1.7) 

The interaction of light with particles can be categorized into three regimes based 

upon the size parameter x. In Rayleigh regime, where x <<1, particles are considered 

small relative to the incident wavelength. Upon illumination, whole volume of the 

particle is involved in the interaction with incident light, yielding particle CAbs, 

corresponding to the incoherent process that transfer electromagnetic energy into 

thermal energy, is proportional to the particle volume, whereas particle CSca, 

representing coherent addition of scattered wavelets, is proportional to the particle 

volume squared. On the other hand, there is geometric regime where particles size is 

much larger than the wavelength (x >>1). Incident light is attenuated by the particle 

exterior prior to fully sampling the particles volume, and thereby particle CAbs is 

proportional to the particle surface area. In between Rayleigh regime and geometric 

regime, where particle size is comparable to the wavelength (x ≈1), is the transition 

regime where particles are changing from volume absorbers to surface absorbers.   
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1.1.2 Light Absorption by Spherical Particles: Mie Theory 

The Mie solution to Maxwell’s equations, commonly referred to Lorenz-Mie 

theory or Lorenz-Mie-Debye theory, provides an analytical solution of Maxwell’s 

equation for the scattering of an electromagnetic plane wave by spherical particles in 

terms of infinite series. Bohren and Huffman provided a computer program to 

calculate Mie scattering based upon models of a homogeneous sphere and a coated 

sphere26, which have been widely applied in climate models. For example, aged BC 

particles are commonly assumed to collapse into near-spherical particles 

concentrically coated with other absorbing or non-absorbing compounds through 

atmospheric processing, while BC core after removal of coating by processes, i.e. 

thermal denudation, are approximated as a homogenous sphere. Based upon these 

assumptions, a wide variety of properties, including absorption enhancement, single 

scattering albedo and wavelength dependent optical properties, are studied27-29. Mie 

theory has also been extended to the calculation of scattering from spheres coated 

with multiple layers30, slightly distorted spheres31,32, anisotropic spheres33,34, 

spheroids35, coated concentric cylinders36, and other variations37.   

As a relevant example of Mie calculation, Fig. 1.3 demonstrates how MAC, 

MSC and ϖ0 vary as a function of size parameter x (πDp/λ) at wavelength λ=550 nm, 

assuming a refractive index of m = 1.77 + i0.8 and mass density of ρ=1.8 g cm-3. In 

this figure three ranges are evident: 1) for x <<1 (Rayleigh regime), MAC is constant 

meaning the particle acts like a volume absorber with CAbs scaling with particle 

volume (~Dp
3), while MEC increases proportional to Dp

3 with CSca scaled as Dp
6 

resulting in a strong single scattering albedo ϖ0 increase with Dp; 2) at the vicinity of 
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x≈1 where Dp is comparable to the wavelength, MAC and MSC are maximized due to 

internal resonances; and 3) for x >>1 (geometric regime), MAC and MSC are 

inversely proportional to Dp where the particle acts like a surface absorber and 

scatterer that both CAbs and CSca scale with Dp
2.   

 

             

Figure 1.3 Mie calculations of mass specific scattering cross section (MSC), mass 

specific absorption cross section (MAC) and single scattering albedo (ϖ0) as a 

function of size parameter x for a homogeneous sphere with density of 1.8 g cm-3 and 

refractive index of 1.77 + i0.8. 

 

1.1.3 Light Absorption by Fractal Aggregates: Multiple Sphere T-Matrix Method 

Despite the wide application in climate models, Mie solution of Maxwell’s 

equations is available only for some simple particles shapes. Calculation of 

absorption and scattering from particles of arbitrary shape requires approximation or 
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more advanced numerical methods. For example, BC particles from combustion, an 

important category of tropospheric aerosols that are strongly absorptive within solar 

spectra, are fractal-like agglomeration of BC spheres, optical properties of which can 

only be approximately calculated by the traditional Mie theory. Firstly introduced by 

Waterman in 196538, the numerically exact superposition T-matrix method has 

evolved rapidly and is used for a variety applications including homogeneous 

spheroids and other symmetric particles.39-42 Later, Mackowski43, and Mackowski and 

Mishchenko44 developed the multiple sphere scattering T-matrix algorithm (MSTM) 

which enables calculation of optical cross sections of multi-sphere clusters and 

ensembles of randomly oriented particles. The T-matrix method has been used to 

study scattering properties of soot aggregates with homogeneous carbonaceous soot 

monomers, showing that the effects of aggregate fractal morphology and size on the 

extinction, scattering, and absorption properties of soot aerosols to be significant45-47. 

 Despite the ability to handle computation of optical properties for non-

spherical morphologies, MSTM should be consistent with Mie theory with regards to 

a homogeneous sphere or a coated sphere. Figure 1.4 evaluates the extent of 

agreement between MSTM and Mie theory in calculating optical cross sections, 

including extinction cross section CExt, scattering cross section CSca and absorption 

cross section CAbs. The calculations are based on a homogeneous sphere model and a 

coated sphere model assuming a particle diameter of 250 nm. A refractive index (RI) 

of 1.77 + 0.8i was assumed for the homogeneous spheres, as well as the core of the 

coated spheres; shell RI of coated sphere was assumed to be 1.5 (i.e. transparent 

shell). 
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 For homogeneous spheres, the calculated cross sections using MSTM agrees 

with those calculated with Mie within 0.1 %. The adifferences in CSca calaculated 

with MSTM and Mie are negligible for a 250 nm particle over λ=500 nm to 850 nm, 

and for a particle with varying diameter (100 nm to 400 nm) at λ=550 nm. Spectrally, 

CExt and CAbs calculated using MSTM are increasingly higher than the Mie prediction 

towards the shorter wavelengths with a maximum deviation of ≈ 0.11 % in CAbs at 

λ=500 nm. MSTM also predicts higher CExt and CAbs at λ=550 nm for particles with 

varying diameter (100 nm to 400 nm). For coated spheres, all optical cross sections 

calculated by MSTM agree with Mie prediction within 0.015 % spectrally and for 

particles with varying core (diameter ranging from 50 nm to 200 nm). 
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Figure 1.4 Comparison of Mie theory vs. MSTM in calculating optical cross sections 

of a) 250 nm diameter homogeneous versus wavelength, b) homogeneous sphere with 

varying diameter at λ=550 nm, c) coated sphere with a core diameter of 125 nm and 

total diameter of 250 nm versus wavelength, and d) coated sphere with varying core 

diameter d and a fixed total diameter D of 250 nm measured at λ=550 nm. Black 

lines, red lines and blue lines represent CExt, CScat and CAbs, respectively. Cartoons 

describe the material, size and morphology of particles used in calculation, in which 

black represents absorbing materials with RI of 1.77 + i0.8, while blue represents 

pure scattering material with RI of 1.5. 
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1.2 Apparatus 

1.2.1 Differential Mobility Analyzer 

Particle size, one of the most important physical properties of aerosols, can be 

characterized with a variety of techniques that are generally categorized into ex situ 

technique and in situ techniques. Ex situ techniques, including electron microscopy, 

X-ray diffraction and atomic-force microscopy, provide straightforward visual 

observation of particle size or down to sub-nanometer resolution, yet are time-

consuming and are unrealistic to be implemented for the characterization of size 

distribution. In situ techniques, including various ion-mobility methods, dynamic 

light scattering and analytical ultracentrifuge etc., provide fast and accurate 

characterization of particle size and size distribution. Among all in situ techniques, 

the differential mobility analyzer (DMA) is the standard characterization method to 

obtain complete mobility size distribution of nanoparticles in aerosol phase.48 

DMA characterizes particle size based upon electrical mobility of 

nanoparticles. The principle of instrument operation can be demonstrated in a 

schematic of a cylindrical DMA as shown in Fig. 1.5. The DMA consists of two 

concentric electrodes, between which an electrical field is applied. The inner 

electrode is maintained with a controlled negative voltage, typically ranging from 1V 

to 10 kV, while the outer electrode is electrically grounded. When a flow of poly-

dispersed aerosol (Qa), is introduced into the annular area between electrodes, 

positive-charged particles are attracted to the inner electrode maintained at a negative 

potential. Particle-free sheath air (Qsh) is also introduced at the top of the DMA and 

passes down the annulus as a laminar stream without mixing with the aerosol flow. 
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Trajectories of aerosols are determined by the equilibrium of electrical force and drag 

force exerted on the particles49. As a result, for an applied voltage Ve, only particles 

with electrical mobilitygiven by 

 𝑍! =
(!!!!!!)
!!!!!!

ln !!"#
!!"

, (1.8) 

will flow out of the “monodisperse” outlet.  The quantity Ld is the “active” length of 

DMA classification region, and Rout, Rin are radii of the outer and inner electrodes, 

respectively, as shown in Fig. 1.5. For a spherical particle, the electrical mobility is 

related to diameter Dp via Stokes’ law as  

 𝐷! =
!"!!(!!)
!!"!!

, (1.9) 

where n is the number of unit charges, e is elementary unit of charge (1.61×10-19 C), η 

is viscosity of the gas medium. The term, a function of Dp, is the Cunningham slip 

correction factor that accounts for noncontinuum effects when calculating the drag on 

small particles.  A widely used expression for Cc  is expressed as50  

 𝐶! 𝐷! = 1+ !!
!!
[𝐴! + 𝐴!exp (− !!

!!/!!
)], (1.10) 

where λ is the mean free path of gas, and A1, A2 and A3 are empirical constants with 

values of 1.142, 0.558 and 0.99951, respectively. 



 

 
 
 

15 
 

 

Figure 1.5 Schematic of DMA. 

 The resolution of the DMA is characterized using a transfer function, which is 

a measure of the transfer efficiency of aerosol particles passing through the sampling 

slit for a selected electrical mobility. Knutson and Whitby elegantly derived the 

transfer function of the DMA based upon streamline analysis, which is expressed in 

terms of measurable quantities, including flow rates and the electrode voltage.49 

Stolzenburg extended the Knutson-Whitby analysis to the case of diffusing particles 

and derived the diffusional spreading of the DMA transfer function.52He expressed 

the transfer function as a convolution of the non-diffusive transfer function with a 

Gaussian distribution as in  
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 Ω 𝑉 = !
!!

𝜖 !! !!!
!!

+ 𝜖 !! !!!
!!

− 2𝜖(!!!
!!
) , (1.11) 

where 𝜖 𝑥 = 𝑥 erf 𝑥 + !
!
exp(−𝑥!), β=Qa/Qsh, 𝑉 = 𝑉!/𝑉!∗, 𝑉!∗ =

!!! !"(!!"# !!")
!!"!!

, 

𝜎! = 𝐺𝐷, 𝐷 = !!"#
!!!

 (D is the size dependent diffusion coefficient), 

𝐺 = !(!!!)!

!!!
[𝐼! 𝛾 + (2(1+ 𝛽)𝜅)!!], 𝛾 = (𝑟!"#/𝑟!")!, 𝜅 = 𝐿𝑟!"#/(𝑟!"#! − 𝑟!"! ). The 

term 𝐼! 𝛾  is described as  

 𝐼! 𝛾 = !
!
1+ 𝛾  for plug flow, and as 

 𝐼! 𝛾 =
[!! !!!

! !!! !! !
!"(!!!

!)(!!!)× !" ! ! !
!" !!!

! !"(!)!

[(!!!)[!!! !!! !" ! !(!!!)]!]!!
 for inviscid flow. 

The great advantage of Stolzenburg’s model is its generality. One can assess 

the effects of diffusion on the transfer function as a function of the particle size, the 

flow ratio through the DMA, and the length of the DMA on the transfer function. In 

this dissertation, I adopted Stolzenburg’s model to evaluate the transfer function of 

the DMA numerically. 

1.2.2 Photoacoustic Spectrometer 

Photoacoustic spectroscopy (PA) is a real time technique that can characterize 

light absorption by all phases of matter53,54, but is especially practical and robust for 

quantifying light absorption by gases and aerosols as demonstrated by balloon borne 

detection of trace gases in the stratosphere55 and by aircraft borne measurements of 

light absorption by aerosols56. Photoacoustic measurements of light absorption by 

aerosols differs from that in gases in terms of the time response of heat transfer of 

absorbed electromagnetic energy by particles versus gases.  The ability to make such 

measurements for aerosols has been realized in the past two decades.57,58. 
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As light illuminates aerosols, photon energy is absorbed by the aerosols 

concomitant with heat transfer from particles to the surrounding air. Upon receiving 

this heat, the surrounding air expands and creates a pressure disturbance or sound 

wave. The conversion of light into sound is known as the photoacoustic effect. Based 

upon this effect, PA uses a microphone to detect the sound wave, signal of which is 

conditioned by a low-noise pre-amplifier. The resonator of PA is designed with an 

acoustic resonance frequency to couple with the modulated laser beam and sample 

flow, thereby acoustic pressure is maximized at pressure nodes that reduces the 

influence of window noise, due to light absorption on optical windows, and of flow 

noise, due to pressure fluctuations of sample flow. A variety of acoustic resonators 

have been developed in prior studies.59-61 Gillis et al. in NIST designed a PA 

resonator with a calculated cell constant and benchmarked its performance in 

applications related to climate change measurements.62,63 A PA resonator with similar 

design as in Gillis model is adopted in the experiment of this dissertation.  

 

Figure 1.6 Schematic of PA resonator used in this work with nominal dimensions Ld= 

100mm, 2rd=6mm, Lc=50 mm, and 2rc=30 mm. The microphone is located in the 

midway between the ends of the duct. 
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Light absorption coefficient σAbs can be determined from the acoustic pressure 

Pm, measured with the calibrated microphone, resonator quality factor Q, resonance 

frequency f0, the Fourier component of laser beam power PL at f0, and resonator cross 

sectional area Ares as in53 

 𝜎!"# = 𝑃!
!
!!

!!"#
!!!

!!!!
!

, (1.12) 

where γ=1.4 is the ratio of isobaric and isochoric specific heats for air. The quality 

factor Q of the acoustic resonator is an amplification factor provided by the standing 

acoustic wave, representing the ratio of the energy stored in the resonator to the 

acoustic energy dissipated per acoustic cycle. Recent studies58,62 implemented a two-

phase lock-in amplifier (LIA) for measurement of microphone signal to account for 

the effect of microphone noise that can induce non-zero offset when laser power is 

zero. The coefficient σAbs is expressed as  

   𝜎!"# =
(!!!!)!!(!!!!)!

!!!!!!"# !
, (1.13) 

where Cc is the cell constant describing instrument response, βm is the microphone 

sensitivity, WRMS is the root mean square of the laser power, and x and y are the in 

phase and out of phase signals from the LIA, respectively. The background signal 

when laser power is off is measured as x0 and y0. Presently Ccβm is 0.187 V m W-1 for 

the PA used in this dissertation, measured using a constant-amplitude sound source 63. 

1.2.3 Aerosol Particle Mass Analyzer  

The aerosol particle mass analyzer (APM) classifies particle based upon their mass to 

charge ratio.64 Particle mass can be determined by the APM with knowledge of 

number of charges on the particle. In recent decades, the APM has been employed as 



 

 
 
 

19 
 

a direct measurement of particle masses65,66, which is particularly useful for non-

spherical single or aggregate particles, or when the particle density is unknown or 

varies during a certain process67,68. The APM has also been used, often in 

combination with a DMA, for evaluating various particle properties such as 

“effective” density68,69, morphology through estimation of the mass-mobility 

exponent65,70,71, mixing ratio of internally-mixed particles72, volume73 and porosity74. 

The APM separates particles by balancing the electrostatic and centrifugal 

forces on charged particles. The classification area is the annulus gap between two 

concentric cylinders that rotate at the same angular velocity ω. A voltage V is applied 

on the inner cylinder with the outer cylinder electrically grounded resulting in a 

uniform  electric field between the cylinders. Flowing axially through the gap, 

aerosols experience radial electric and centrifugal forces, which act in opposite 

directions. Particles transit the APM to the downstream detector when the force 

balance is achieved, which can be described as 

 𝑚!𝑟𝜔! = !"#
! !"(!!"# !!")

, (1.14) 

where mp is the particle mass; n, e, rout and rin have the same definition as for the 

DMA. The value r represents the radius of the center of the annular classification 

space, i.e. 𝑟 = (𝑟!"# + 𝑟!") 2. The underlying assumption is that electric field is 

uniform within the classification space since the width of the annular gap is small 

compared to r. Note that a unique solution for mp/ne does not exist for a given ω and 

V. Hence an effective mass is measured by APM for n> +1, where is meff defined as 

mp/ne. Since meff varies solely in proportion to the applied voltage and rotation speed, 
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properties of particles such as shape, morphology or orientations play no role in the 

mass classification.   

Similar to the DMA, the transfer function of APM evaluates the performance 

of mass classification by the APM, which is determined solely by the non-

dimensional quantity termed the classification performance parameter λc as in 

 𝜆! =
!!!!"!!

!!
, (1.15) 

where L and v0 are the length of the classification area and volumetric flow rate of 

aerosols, respectively. The term B is the mechanical mobility and is equal to 

𝐶!(𝐷!) 3𝜋𝜂𝐷!. The classification parameter measures the separation ability of APM, 

which can be interpreted as the ratio of axial and radial transversal times.  

1.2.4 Condensation Particle Counter  

The condensation particle counter (CPC) is an aerosol number concentration 

measuring device that is capable of detecting ultra fine particles (down to 20 Å in 

diameter) over a wide concentration (from about 100 particles/cc to 107 particles/cc). 

Unlike electrostatic methods only applicable to charged particles75, CPC is the only 

technique available for detecting neutral gas-borne particles that are too small for 

optical methods. 

The fundamentals of CPC operation consist of three processes, involving 

super-saturation of a working fluid, growth of particles by condensation of vapors, 

and detection of aerosol particles. Figure 1.7 shows a schematic of the CPC operation. 

Aerosols are saturated with vapor when passing through vaporized working fluid kept 

at an elevated temperature. The vapor subsequently becomes supersaturated and 
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condensates at the particles, causing growth of particle to the size detectable optically 

by light transmission76,77 or by light scattering techniques. Based upon the 

configuration employed to super-saturate the working fluid, CPCs can be generally 

categorized into (adiabatic) expansion and continuous flow. In expansion type CPCs, 

super-saturation is achieved by adiabatically expanding the volume where saturated 

aerosols are trapped, and thereby particle size increases due to condensation of vapor. 

In continuous flow CPCs, super-saturation is realized by cooling saturated aerosols in 

a lower temperature condenser tube, or by blending cool aerosols with warmed air 

that contains saturated vapor. In the last decades, the most commonly used CPCs 

employs butanol as working fluid, and are capable of well defined detection limits 

with lower size limits below 3 nm78. Recent progress in CPCs includes development 

of water-based CPC that shows equivalent concentration measurements in field 

measurement.79,80 

 

Figure 1.7 Schematic of CPC Operation.81 

1.3 Scope of the Dissertation 

The dissertation focuses on the characterization of light absorption by 

atmospherically relevant carbonaceous aerosols using a photoacoustic spectrometer 

combined with aerosol-based classification methods, which can be categorized into 
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two main areas. Firstly, calibration techniques were developed for instruments 

involved in the in situ absorption measurement, i.e. DMA for mobility size 

measurement and PA for light absorption measurement.  These techniques are 

described in Chapter 2 and Chapter 3, respectively.  Bionanoparticles were confirmed 

to be a promising reference material to determine particle diameter from ion-mobility 

measurement. The true distributions of bionanoparticles were evaluated numerically 

to explain the broadening of measured size distribution. Several monodisperse 

candidate particles consisting of  fullerene C60, copper and silver, were assessed for 

calibration of absorption measurements for PA as well.  

In the second part, which involves Chapter 4 and Chapter 5, I demonstrated 

that a laboratory-generated aerosols mimicked carbonaceous particles in the 

atmosphere in regard to the absorption spectra . Optical absorption enhancement of 

BC was found to be wavelength independent, which arises from other species of 

aerosols mixed with BC and is affected by the manner in which BC is mixed.  Optical 

absorption spectra were also taken for size and mass selected smoldering smoke 

produced from six types of commonly seen wood in a laboratory scale apparatus. 

Finally, Chapter 6 summaries the work of in situ optical absorption measurement of 

atmospherically relevant aerosols and presents detailed discussion of future 

improvements for each part of the project. 
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Chapter 2: Bio-Materials as Candidate Reference Materials for 
Mobility Analysis of Nanoparticles 

 

2.1 Introduction 

With the proliferation of nanoparticle based materials in applications as diverse as 

photonics to nanomedicine, and the associated concerns about exposure and 

toxicology, reliable metrology characterization tools and materials necessary to 

calibrate them are needed.82 

One methodology that is widely used for general nanoparticle metrology is 

differential mobility analysis (DMA) and its variant electrospray differential mobility 

analysis (ES-DMA).83 Characterization based on the DMA is a very powerful 

instrumental approach for measuring the mobility/size distribution of nanoparticles in 

the gas phase. The method relies on a characterization of the electrical mobility Zp of 

aerosolized nanoparticles (NPs) by balancing the electric and drag force on the 

particles. The relationship between particle diameter Dp and electrical mobility Zp is 

shown in Eq. 1.10. 

While this ion-mobility approach offers superior resolution and accuracy, this 

can only be realized by an absolute calibration, using a well-calibrated source.  

Various non-certified RMs and standard reference materials (SRM) for nanoparticle 

sizing are commercially available84, including polystyrene latex spheres (PSLs), 

metallic NPs (e.g. colloidal gold and silver NPs) and metal oxides (e.g. colloidal 

silica), in the form of particle suspensions, in which non-volatile additives, like 

citrate, are very often added to stabilize the particles in the solution. One difficulty in 
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the production of these standards is that it is not possible to synthesize a new batch of 

particles with an identical size distribution as a previous batch.  Thus it is not possible 

to issue a replacement standard with the same particle mobility/size as a previous 

standard.  

           In contrast to “engineered” NPs as described above, biologically-derived 

materials, referred to as bio-nanoparticles henceforth, offer a precision in 

reproduction that cannot be matched.   The size and shape of each bio-nanoparticles is 

highly repeatable.  This can lead to an almost perfectly mono-dispersed aerosol while 

the “engineered” nanospheres have relatively broad distributions for sizes of 60 nm 

and less. Moreover, since commercially available bio-nanoparticles are usually 

lyophilized (available as dry powders) to keep the samples stable, their suspensions 

can be made at as high concentrations as required.  

Currently a series of unique molecular ions (tetra-alkyl ammonium ions) is 

being used in the calibration of high flow DMAs capable of measuring mobility over 

the range (5 ~100)×10-6 m2 V-1 s-1 (diameter of 1 nm to 6 nm).85,86 The widely used 

low flow nanoDMAs (TSI, Grimm etc.) are capable of measuring mobilities in the 

range of (0.06~20)×10-6 10-6 m2 V-1 s-1 with diameters ranging from 3nm to 60 nm).  

The bio-nanoparticles considered in this study cover the size range appropriate for the 

calibration of the low flow DMAs.   

In this work I explore using biologically derived materials as potential particle 

mobility/size standards for the DMA. The first implementation of ES-DMA to bio-

nanoparticles can be traced back to 1996, when Kaufman et al. measured globular 

proteins ranging from 3 nm to 14 nm.87 Subsequently researchers have presented the 
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application of this technique to other specific bio-nanoparticles such as polymers, 

viruses, bacteriophages etc.88-91 Most of them, however, were investigated only at a 

modest resolution, and the actual width of the mobility size distributions remained 

unknown. One recent study by A. Maiβer using high flow DMA included bovine 

serum albumin (BSA), which is included in our study, to provide an overlap between 

the high flow and low flow DMA measurements.85 Here I systematically investigated 

five different bio-nanoparticles: BSA, polyclonal human immunoglobulin (IgG), a 

glycoprotein with a high glyan heterogeneity, phage PP7, coliphage PR772 and 

tobacco mosaic virus (TMV) with size ranging from 6 nm up to 64 nm. The 

measurements of these materials were compared with high precision “engineered” 

nanoparticles: gold colloids (AuNPs) and polystyrene latex beads (PSL). I also 

calculated corresponding transfer functions and corrected for its contribution to the 

measured distribution in order to provide a more accurate estimate of the true width 

of the size spectrum for each aerosolized bio-nanoparticle. To demonstrate the 

stability of these bio-nanoparticles, the mobility/size was measured for a range of bio-

nanoparticle suspension concentrations and buffer molarities. Day-to-day variation of 

mobility/size was also evaluated. I conclude from these results that bio-derived 

material offers significant advantages compared to  most “engineered” nanoparticles. 

It is worth noting that size measured by DMAs could differ from device to device up 

to 15% even for same analyte.92 Hence the model of equipment should be specified 

and round robin test is important before assigning the value for reference material, 

which is beyond the scope of the discussion in this chapter. 
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2.2 Materials and Methods 

2.2.1 Electrospray Particle Generation and Differential Mobility Measurements 

I measured the size distribution with an ES-neutralizer-DMA-condensation particle 

counter (ES-neutralizer-DMA-CPC) system described previously.93 Suspended bio-

nanoparticles were first aerosolized using a 40 µm inner diameter capillary mounted 

in an electrospray (TSI Inc., Shore View, MN, #3480) with the chamber pressure of 

2.55×104 Pa (3.7 psi) and a carrier gas of 20 cm3 s-1 (1.2 L min-1) purified air. The 

aerosolized droplets were then charge-reduced in a Po-210 radiation source so that 

most aerosols carry -1, 0 or +1 charge. A negative voltage was applied to the central 

electrode of a Nano DMA (TSI Inc., #3085) such that the +1 charged particles passed 

through the DMA and were counted by a condensation particle counter (CPC) (TSI 

Inc. #3025A).  The counting efficiency of the CPC is over 95% for the investigated 

sizes. Two modules of mass flow controller (MKS Inc., #M100B), 333.3 cm3 s-1 

(20,000 sccm) and 500 cm3 s-1 (30,000 sccm) were used to control the sheath flow in 

the DMA.  The  uncertainty in the flows are ± 5 cm3 s-1 (300 sccm) and ±10 cm3 s-1 

(600 sccm) respectively.    

The investigated bio-nanoparticles were split into two groups based on their 

expected mobility size. For smaller particles, i.e. IgG, BSA and PP7, a high sheath 

flow rate of 500 cm3 s-1 (30 L min-1) was adopted to reduce the broadening of the 

DMA transfer function from Brownian motion.   For the larger particles i.e. PR772 

and TMV, a sheath flow rate of 83.33 cm3 s-1 (5 L min-1) was used so that the largest 

particle could be sampled at a voltage below the maximum value of 10,000 V for the 

power supply. Due to anticipated narrow size distributions of bio-nanoparticles, the 
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ratios of the sheath to aerosol flow were chosen to be large, about 42 for smaller 

particles and 33 for the larger ones. Since the resolution in a DMA scales as the ratio 

of the sheath to aerosol, the operating resolution of the DMA is higher than what is 

normal practice. To ensure this resolution the DMA was operated in a voltage 

stepping mode with an interval of 25 s at high sheath flow, and 40 s under low flow 

rate, which ensured that the residence time from DMA inlet to the CPC detector was 

smaller than the dwell time. The scanning interval is chosen to be 0.2 nm for the 

smaller bio-nanoparticles, 0.05 nm for BSA, and 1nm for the larger ones. For the 

purpose of equipment calibration, NIST SRM PSL of 100.7 nm, SRM1963, was used 

in the measurements of big bio-nanoparticles while 30nm citrate-stabilized AuNPs 

(Ted Pella Inc.), size-calibrated by SRM 1963, was employed in those of small 

biomolecules. For the size distribution measurement of citrate-stabilized AuNPs I 

refer the readers to Hinterwirth’s paper94 that gives comparative assessment of several 

characterization methods and shows ES-DMA has the highest size resolution.    

The voltage associated with centroid electrical mobility was assigned by averaging 

the means of Gaussian fits to three replicate measurements. Electrical mobility of 

each bio-nanoparticle was calculated as below.   

 𝑍! =
!!! !"

!!"#
!!"

!!!!!!
, (2.1) 

where Qsh is the sheath flow rate, rout and rin the outer and inner radii of DMA 

column, Ve the voltage applied on electrodes and Ld the length of DMA column. The 

mobility size in this paper was calculated using Eq. 1.10, in which the slip correction 

factor is given by     
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 𝐶! 𝐷! = 1+ 𝐾![𝐴! + 𝐴! exp(−𝐴! 𝐾!)] (2.2) 

where Kn is twice the mean free path of air divided by the particle 

diameter(Kn=2λ/Dp) and A1=1.142, A2=0.558 and A3=0.999.51 Equation 2.2 is an 

empirical expression.  An alternative expression 90 that has been suggested for 

describing the relationship between mobility and particle diameter for small particles 

in the size range less than 10 nm.  The fundamental quantity accurately measured by 

the DMA is the mobility of the particle, while the determination of the mobility 

diameter has additional uncertainty from the use of Eq. 2.2.  I present our results in 

terms of mobility diameter as well as mobility because of the widespread use of 

mobility diameter in the aerosol community. 

2.2.2 ES-DMA Buffer Preparation  

Twenty mM ammonium acetate buffer solutions (AmAc) were prepared by 

dissolving 0.77 g of ammonium acetate powder (Sigma Aldrich, St. Louis, MO, 

#631-61-8) in 0.5 L of de-ionized water (18 MΩ cm-1, Barnstead nanopure UV 

system) filtered by 0.2 µm pores.  Ten and two mM buffers were then obtained by 

diluting with filtered de-ionized water. 

2.2.3 Bio-nanoparticle Suspension Preparation 

I found that to obtain a well-shaped mobility spectra with minimal capillary 

clogging of the electrospray the optimized sample concentration should yield a CPC 

count ranging from 2000 particles cm-3 to 6000 particles cm-3. The easiest approach to 

achieve this target was to start with highly concentrated solutions and dilute with 

buffer.  For BSA (Sigma Aldrich, St. Louis, MO, # A9418), and human IgG (Sigma 
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Aldrich, St. Louis, MO, # 14506), the initial solution was prepared by suspending 1 

mg in 1 mL of 20 mM AmAc. The solution was then diluted to be 100 µg mL-1 and 

denoted as 1× dilution. Phage PP7 from ATCC (Manassas, VA; accession numbers 

15692-B4) and PR772 (Felix d’Herelle Reference Center for Bacterial Viruses, 

Universite Laval, Quebec, Canada) were prepared as described in a previous paper. 95 

The initial solutions were obtained with a concentration of 2.5×1013 plaque forming 

units/cm3 (pfu cm-3) and 1.5×1012 pfu cm-3, respectively. The phages were then 

dialyzed into 20mM AmAc and adjusted to 2.1x1011 pfu cm-3 for PP7 and 1.25×1010 

pfu cm-3 for PR772 in 1× dilution. A TMV suspension (James N. Culver’s Lab, 

UMD) with an initial concentration of 15 mg mL-1 was diluted to 50 µg mL-1 with 2 

mM AmAc for 1× dilutions. Samples with five (5×) and ten (10×) times dilutions 

were also made to assess the effect of concentration on the mobility size. To assess 

the stability of bio-nanoparticle size in buffers with different molarities, 10 mM and 2 

mM AmAc were used to prepare 5× solutions for IgG and BSA as well as 1× 

solutions for PP7 and PR772.  For TMV, 1× solutions were also prepared using 10 

mM and 20 mM buffers. 

2.2.4 “Engineered” NPs Suspension Preparation 

Size distributions of “engineered” NPs including 10 nm, 20 nm, 30 nm and 60 

nm citrate-stabilized monodispersed colloidal AuNPs (Ted Pella Inc.) were measured.  

A suspension (1.5 mL) of 10 nm AuNPs were first centrifuged at 13.2 kRPM for 40 

min to remove most of the supernatant, and then replaced with an equivalent volume 

of 2 mM AmAc. This process was repeated to remove the citrate stabilizer, which 

forms a residue on the surface of the gold particle if not removed. The same 
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procedure was applied to 20 nm, 30 nm and 60 nm AuNPs by changing the centrifuge 

time to 15 min, 3 min and 1 min, respectively. For the PSL spheres, a drop of SRM 

1963 was mixed with 1mL of 2mM AmAc and diluted 6 times. The same procedure 

was applied to 30 nm PSLs (Thermo Scientific. 3030A) and 60 nm PSLs (NIST 

SRM1964) with a dilution factor of 20 for the 30 nm sample and 10 for the 60 nm 

sample. 

2.3 Results and Discussions 

2.3.1 Homogeneity of Bio-nanoparticle 

Comparison of Measured Distribution with Engineered Particles Figure 2.1 

shows a typical plot of number concentration reduced by the peak value, Nr(Zp), 

versus mobility for bio-nanoparticles, and comparison to AuNPs and PSLs spheres. 

The standard deviation of the mobility distribution σZp,exp  and that of the size 

distribution σDp,exp  are listed in Table Error! Reference source not found.1. The 

reduced standard deviation σr,Zp,exp and σr,Dp,exp are calculated as 

 𝜎!,!!,!"# =
𝜎!!,!"#
𝑍!

,𝜎!,!!!,!"# =
𝜎!!,!"#
𝐷!

 (2.3) 

In all cases the bio-nanoparticles have narrower width of Nr(Zp)  with reduced 

standard deviations that  did not exceed 0.047.  Remarkably the TEM images show 

that TMV folds after electrospray96, but still maintains a narrow distribution with a 

σr,Zp,exp of 0.021.  In contrast, among the engineered particles only SRM 1963 (PSL 

100.7nm) has a comparable distribution with a σr,Zp,exp of 0.033. For size of 30 nm the 
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colloidal gold samples are by far the better of the “engineered” particles relative to 

PSLs  

Table 2.1 Standard deviation of distribution of bio-nanoparticles and “engineered” 

NPs. 

in terms of mono-dispersity. It is also worth noting that the narrow distributions of 

bioparticles comprise both single molecules (e.g. IgG, and BSA) as well as whole 

viruses (PP7, PR772, TMV). However, despite the remarkably narrow distribution of 

TMV (σr,Zp,exp) and consistency of mobility measured over a long period of time as 

shown in the Section 2.3.2, I suggest that it be used with an understanding of its 

length variation in solution and folded state after electrospray.96 

 

 
Zp  

(10-8 m2V-1s-1) 

σZp,exp  

(10-8 m2V-1s-1) 
σr,Zp,exp  

Dp 

(nm) 

σDp,exp 

(nm) 
σr,Dp,exp  

Bio-particles 

BSA 465.9 21.8 0.047 6.80 0.16 0.023 

IgG 261.2 11.2 0.043 9.11 0.20 0.022 

PP7 36.99 0.736 0.020 24.58 0.22 0.009 

PR772 6.41 0.292 0.046 61.64 1.42 0.023 

TMV 6.09 0.127 0.021 63.38 0.70 0.011 

“Engineered” NPs 

AuNP 10nm 193.2 12.2 0.063 10.6 0.343 0.032 

AuNP 20nm 52.48 3.96 0.075 20.6 0.824 0.040 

AuNP 30nm 24.01 1.03 0.043 30.8 0.714 0.023 

PSL 30nm 25.74 4.57 0.178 30.26 3.754 0.123 

AuNP 60nm 6.439 0.611 0.095 62.0 3.319 0.054 

PSL 60nm 6.255 0.479 0.077 62.8 3.003 0.048 

PSL 100.7nm 2.641 0.088 0.033 101 1.769 0.018 
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Figure 2.1 The comparison of mobility distribution between smaller bio-

nanoparticles (a) and largger bio-nanoparticles (b) with engineered nanoparticles 

with comparable 

Evaluation of Instrumental Resolution Limit To assess if the observed size 

distributions reflect the intrinsic property of the particles or the resolution limit of the 

DMA, I evaluated the transfer function. The transfer function of the DMA is defined 

as the probability of an aerosol particle with a certain size that enters at the inlet slit 

and exits via the sampling slit.97 As a good approximation, the transfer function 

including Brownian diffusion of the aerosol reflects the instrumental resolution limit. 

I calculated the transfer function according to Stolzenburg’s approach52 and found 

that the peak value of the transfer function decreases, and the function broadens as 

particle mobility increases under the same experimental setup, as described in the 

literature.98 For comparison with the experimental Nr(Zp) I normalize the DMA’s 

diffusive transfer function to the peak value, and compare them with corresponding 

Nr(Zp) of bio-nanoparticles in Fig. 2.2. I also present the reduced standard deviations 
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of the 

 

Figure 2.2 Comparison of experimental size distribution with the corresponding 

diffusive transfer function normalized to the maximum value. 

transfer function in mobility, σr,Zp,tranf, and that for mobility size, σr,Dp,tranf, of all bio- 

nanoparticles in Table 2.2 for comparison. The distributions of the proteins, BSA and 

IgG, show standard deviation of Nr(Zp) that are about 2.4 times that of the respective 

transfer functions.  The PP7 and TMV, which are both viruses, show standard 

deviations even closer to that of the transfer function. The PR772 virus showed a 

relatively wide distribution, 2.9 times larger than its transfer function. These results 

show that the bio-nanoparticles are mono-dispersed with the measured Nr(Zp) less 

than three times wider than the corresponding transfer function. 

Calculation of Corrected Width of Bio-nanoparticle Distribution As Knutson and 

Whitby’s derivation97 in 1975 shows, the number of particles, N(V), measured at the 

outlet of the DMA at voltage V is the  integral over the product of the DMA transfer 

function Ω, and the mobility distribution F(Zp), as shown in Eq. 2.4 below 
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 𝑁 𝑉 = Ω(𝑍!,𝑉)𝐹(𝑍!)𝑑𝑍!
!
! , (2.4) 

Table 2.2 Standard deviation of the corrected mobility distribution and that of 

corresponding size distribution of bio-nanoparticles.a 

In most cases the distribution of aerosols F(Zp) is broad relative to the transfer 

function Ω(Zp, V). Hence the standard approximation97 is to treat F(Zp) as a constant 

value for the integration of the transfer function, in which case F(Zp) is proportional 

to the empirical Nr(Zp) in Fig. 2.1. However, this is clearly not the case for bio-

nanoparticles. Due to their very narrow distribution, such an approximation could 

result in an overestimation of the true width of the distribution of bio-nanoparticles.   

Here I present a numerical method to evaluate the width of the bio-

nanoparticle distribution F(Zp). Assuming F(Zp) to be Gaussian distributed with a 

standard deviation of σF(Zp), a spectral particle count as a function of voltage can be 

calculated using Eq. 2.5. This numerical result is compared with Nr(Zp) and the value 

of σF(Zp) that gives the best fit is considered as the width of the mobility distribution of 

the bio-nanoparticle. Figure 2.3 shows the numerical results of number spectra for 

PP7 as an example. The spectral distribution narrows as σF(Zp) decreases. The best fit 

 
Zp 

(10-8 m2V-1s-1) 

σr,Zp,exp σr,Zp,tranf σr,Zp,F(Zp) 
Dp 

(nm) 

σr,Dp,exp 
σr,Dp,tra

nf 
σr,Dp,F(Zp) 

BSA 465.9 0.047 0.020 0.041 6.80 0.023 0.011 0.015 

IgG 261.2 0.043 0.017 0.037 9.11 0.019 0.008 0.012 

PP7 36.99 0.020 0.012 0.016 24.58 0.009 0.006 0.008 

PR772 6.41 0.046 0.016 0.042 61.64 0.025 0.008 0.023 

TMV 6.09 0.021 0.014 0.017 63.38 0.012 0.008 0.009 
aAs for smaller bioparticles, i.e. BSA, IgG and PP7, measurements were carried out with sheath flow of 30 L 

min-1 while the bigger ones, PR772 and TMV, were measured with sheath flow of 5 L min-1. 
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spectral distribution to the experimental data is when σF(Zp) is 0.66×10-8 m2 V-1 s-1.  

The mobility distribution F(Zp) is further converted to a size distribution G(Dp), 

according to 

 
p

p

p

p
p dD

dZ
Dp
ZF

DG
)(
)(

)( =
, 

(2.5) 

where p(Dp) is the probability that a particle with diameter Dp carries one elementary 

unit of charge , and the reduced widths of distribution for bio-nanoparticles are listed 

in Table Error! Reference source not found.2. The ratio of the reduced width of the 

corrected distribution to the transfer function reduced width is in the range of 1.21 to 

2.18 with an average value of 1.69 excluding the value for PR772.  

 

Figure 2.3 An example of numerical result of normalized number distribution as a 

function of voltage for PP7 with various widths. The best fit to the experimental data 

is for σF(Zp) =0.66×10-8 m2 V-1 s-1. The transfer function is also plotted for comparison. 
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Notice that the width of corrected distribution F(Zp) is not as small as 

expected: less than 20% smaller than the width of measured distribution, the 

distribution proportional to the first order approximation of F(Zp), but still about two 

times bigger than that of transfer function. This could also be explained by the 

possibility of differential residual water or impurities retained on bio-nanoparticles 

which leads to a broader distribution. Although nonvolatile impurities attachment was 

ruled out by A. Maiβer’s study, possibilities of differential amounts of residual 

solvent or a volatile adduct cannot be eliminated, and they could attribute to the broad 

distributions85. A second possibility could be the conformation of bio-nanoparticles 

altered when introducing to gas phase 85,99,100. Compaction of proteins and viruses  

was found after electrospraying. 85,96,101 Non-ideal instrument performance of DMA 

could be another factor that attributes to the broad distribution (thereby reducing its 

resolving power). However, A. Maiβer et al. argued that the influence from 

instrumentation can be ruled out based on the similar observation as Kaufman’s using 

different DMA.85 

2.3.2 Stability of Bio-nanoparticle  

When ammonium acetate buffer is used to dissolve bio-nanoparticle, ammonium 

cations could pair with acidic functional groups, and acetate anion could pair with 

basic functional groups in the protein.102 As a result the concentration of ions in the 

buffer could be a potential factor that affects the size of bio-nanoparticle. All results 

in Table 2.3, 2.4 and 2.5 are shown with mobility and diameter of bio-nanoparticles 

as well as the standard deviation of the multiple measurements.  Results in Table 2.3 

suggest that the molar concentration of buffer has at most only a minimal effect on 
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the resulting absolute mobility size. The effect of dilution, which should primarily 

affect the salt coating thickness on the particles after electrospray as seen in Table 

2.4, shows a negligible effect.  

Table 2.3 Mobility and mobility size of bio-nanoparticles with various molarity of 

ammonium acetate. 

Table 2.4 Mobility size of bio-nanoparticles depending on thef dilution factor. 

Finally, I investigated long term stability, which was assessed at one day, one week, 

and four weeks after the sample preparation. All samples were stored at 4°C. As 

shown in Table 2.5, no significant day to day variation was observed in the mobility 

sizes, indicating that temporal degradation of the investigated bio-nanoparticles are 

 20 mM AmAc 10 mM AmAc 2 mM AmAc 

 Zp 

(10-8 m2V-1s-1) 

Dp 

(nm) 

Zp 

(10-8 m2V-1s-1) 

Dp 

(nm) 

Zp 

(10-8 m2V-1s-1) 

Dp 

(nm) 

BSA 464.19±1.98 6.81±0.02 457.48±1.34 6.86±0.01 436.07±1.01 7.03±0.01 

IgG 260.65±0.71 9.11±0.01 260.52±0.62 9.11±0.01 251.18±0.31 9.28±0.01 

PP7 36.99±0.03 24.58±0.01 37.18±0.02 24.51±0.01 36.75±0.03 24.66±0.01 

PR772 6.42±0.01 61.65±0.01 6.44±0.01 61.55±0.02 6.40±0.01 61.74±0.05 

TMV 6.10±0.01 63.36±0.03 6.10±0.02 63.36±0.11 6.11±0.01 63.30±0.06 

       

 1 x 5 x 10 x 

Zp 

(10-8 m2V-1s-1) 

Dp 

(nm) 

Zp 

(10-8 m2V-1s-1) 

Dp 

(nm) 

Zp 

(10-8 m2V-1s-1) 

Dp 

(nm) 

BSA 466.84±0.97 6.79±0.01 464.19±1.98 6.81±0.02 467.89±2.03 6.86±0.02 

IgG 258.09±0.89 9.15±0.02 260.52±0.62 9.11±0.01 261.13±0.40 9.10±0.01 

PP7 36.99±0.03 24.58±0.01 37.00±0.06 24.57±0.02 37.04±0.03 24.56±0.01 

PR772 6.42±0.01 61.65±0.01 6.41±0.01 61.66±0.03 6.43±0.01 61.57±0.02 

TMV 6.11±0.01 63.30±0.06 6.13±0.01 63.21±0.01 6.13±0.01 63.19±0.02 
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negligible for at least 4 weeks. However, previous study of PR772 shows evidence of 

disintegration of the capsids after 11 weeks91, which indicates PR772 is not a good 

candidate reference material for a long term use. 

Table 2.5 Day to day variation of mobility size of bio-nanoparticles. 

I noticed that our result for BSA is about 12 % lower than the measurement 

from A. Maiβer et al. and, hence, resulted into a larger inferred mobility size.  A 

larger value was also obtained by Kaddis et al. and Bacher et al.. Also I obtained a 

narrower distribution for BSA with FWHM (full width at half maximum) of 11.0 % 

compared to that of 17.6 % from Maiβer. Though Maiβer et al. inferred that the use of 

commercial nanoDMA (TSI), same as I used here, caused the “anomalously large” 

mobility size85, they calibrated their DMA in a different way than I used: Maiβer et 

al. calibrated their DMA with [tetra-dodecyl ammonium]+ ions, for which the 

mobility was measured by Ude and F. de la Mora7, while I used NIST traceable 100 

nm size standard SRM1963. In addition, a different batch of BSA was studied here 

which could be a potential cause of the difference.  It remains unresolved whether the 

discrepancy in mobility arises from the different instrumental performance, the 

calibration method, variation of samples or other factors. 

 First Day One week after Four weeks after 

 Zp 

(10-8 m2V-1s-1) 

Dp 

(nm) 

Zp 

(10-8 m2V-1s-1) 

Dp 

(nm) 

Zp 

(10-8 m2V-1s-1) 

Dp 

(nm) 

BSA 467.52±1.00 6.78±0.01 466.84±0.97 6.79±0.01 468.91±0.21 6.77±0.02 

IgG 259.12±0.37 9.13±0.01 258.09±0.89 9.15±0.02 257.38±0.20 9.16±0.01 

PP7 37.28±0.02 24.46±0.01 36.99±0.03 24.58±0.01 37.23±0.04 24.50±0.01 

PR772 6.41±0.01 61.69±0.04 6.42±0.01 61.65±0.01 6.40±0.01 61.74±0.15 

TMV 6.04±0.05 63.71±0.06 6.11±0.01 63.30±0.06 6.10±0.01 63.34±0.02 
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2.4 Conclusion 

In summary, I have measured the size distributions of several proteins and viruses: 

BSA, IgG, PP7, PR772 and TMV using ES-DMA and compared them with those of 

colloidal gold and PSL. The width of the size distribution of the bio-nanoparticles is a 

factor of at least two times smaller than that of the 30 nm and 60 nm PSL spheres and 

a factor of about two times smaller than the gold nanoparticles.  Transfer functions 

are calculated to show the instrument limits. The experimental results show the 

empirical spectra of bio-nanoparticles are less than 2.4 times wider than 

corresponding transfer functions where the worst case is PR772 with a ratio of 2.9 

due to a possibility of temporal disintegration. By separating the contribution of 

diffusive transfer function I also calculated the corrected distribution of the bio-

nanoparticles, width of which is 20% less than the empirical distribution. The fact 

that these corrected distributions are still wider than the transfer functions could result 

from multiple conformations of bio-nanoparticles due to capillary forces during the 

droplet evaporation process and from the presence of residual water or other volatile 

impurities.  The non-ideal behavior of the DMA is likely not a significant factor.  The 

TEM images of folded TMV after electrospray support that structure of the bio-

nanoparticles could be different as aerosol relative to being in a liquid phase. Stability 

testing shows the mobility size of the bio-nanoparticles varies little as the buffer 

molarity or the buffer concentration changes. No significant change of mobility size 

is observed in the measurements for up to four weeks’ time. Thus the bio-

nanoparticles could be a promising reference material for mobility size measurement. 
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Chapter 3: Exploring Aerosol Standards for Optical Absorption 
Measurement Using a Photoacoustic Spectrometer 

 

3.1 Introduction 

Photoacoustic spectroscopy (PA) represents a sensitive optical technique that 

measures the absorption coefficient in situ. Besides application in trace-gas 

spectroscopy,62,103,104 PA has also been applied to monitor black carbon content of 

atmospheric aerosols.28,105 Compared to routine filter-based techniques, PA measures 

absorption of aerosols suspended in a flow of carrier gas that is close to their natural 

state, thus fast gaining acceptance in the aerosol community.106-108  

The absorption coefficient is the primary quantity measured with a PA 

instrument. A brief description of this technique is as follows. A stream of aerosols is 

drawn into an acoustic resonator where they are illuminated by a laser beam. Photon 

energy is absorbed by particles and converted to thermal energy that heats the bath 

gas creating a local pressure increase that propagates as a sound wave. Modulation of 

the light intensity at the resonance acoustic frequency amplifies the propagated sound 

wave that can be detected by a calibrated microphone. The absolute response of 

acoustic resonator has been shown to be quantitative with a calculable cell constant.62 

However, to ensure robust PAS measurement, a calibrated source is necessary to 

calibrate/check the measured absorption. 

The calibration of PAS has been performed using high concentrations of 

absorbing gas, including nitrogen dioxide107, ozone108 and oxygen A-band62. A gas 
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calibration accuracy of 1% to 2% was reported by Lack et. al using ozone as the 

calibration source108. In contrast to when applied to gaseous absorber, PA when 

applied to aerosol involves an additional mechanism that the bathgas is heated by an 

absorber different in phase than the surrounding medium. Since the mechanism of 

light absorption, internal heating, and subsequent heat transfer to the surrounding, one 

could in principle never be sure that the observations made by an aerosol calibration 

relative to a gas phase calibrant. An ideal aerosol standard should be easy to generate, 

have a reproducible morphology, and  with a known optical constant. A spherical 

shape is preferable since it facilitates selection of size and mass, as well as 

comparison with theory. One documented aerosol standard is spray dried nigrosine 

employed by Lack et al., who reported a combined relative uncertainty in absorption 

coefficient < 5%108.   

  In this chapter, I explore online synthesis of nanospheres of fullerene C60, 

copper and silver. As a novel carbon allotrope, C60 has a potential to serve as an 

absorbing standard for black carbon.  Copper and silver were chosen because of well-

characterized optical properties of bulk109-111 and because of controllable structure 

that can be conveniently synthesized112,113. The absorption cross section for size and 

mass selected particles were measured using PAS at λ = 405 nm and λ = 660 nm, and 

compared to Mie calculations based on a homogenous sphere model, using refractive 

indices from literature. Finally, I make recommendations on the PAS calibration 

standards based on these results. 
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3.2 Materials & Methods 

A schematic of the experimental setup is shown in Fig. 3.1, which consists of aerosol 

generation and conditioning, classification by mobility size (Dp) and particle mass 

(mp) using a differential mobility analyzer (DMA) and an aerosol mass analyzer 

(APM) respectively, optical absorption measurement of aerosols using a 

photoacoustic spectrometer (PAS), and finally counting of particle number density 

employing a condensation particle counter (CPC).     

 

Figure 3.1 Experimental schematic used for the characterization of aerosol size, 

mass and optical absorption properties.  Abbreviations: differential mobility analyzer 

(DMA), aerosol particle mass analyzer (APM), photoacoustic spectrometer (PAS) 

and condensation particle counter (CPC). 

3.2.1 Nanoparticle Generation and Classification 

The challenge of particle synthesis is to obtain relatively big nanospheres yet at 

sufficiently high number concentration to achieve optical signals with reasonable 

signal to noise ratio. Nanocrystalline C60 particles with Dp up to 100 nm can be 

generated by spay drying a solution of mixed fullerene extract in toluene.114-116 Gurav 

et al. reported generation of fullerene nanoparticles via vapor condensation in a 

continuous flow system starting from C60 power117, which is relatively more 

convenient in terms of sample preparation. Here I adopted a similar method used by 

Gurav but with a reduced carrier gas flow rate to enable growth of bigger particles. 
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Fullerene C60 nanoparticles were generated by subliming bulk C60 powder (99.9%, 

MER) at 650 ⁰C in a tube furnace, with a residence time ≈ 13 s in the heated zone, at 

a flow rate of 0.9 L min-1 of nitrogen. Down-stream supersaturation results in 

nucleation to form C60 particles. The generated C60 particles has a size distribution 

located at 239 nm, see SI. To ensure removal of possible volatile impurities, the 

temperature of the furnaces took one hour to ramp up to the set point and was 

maintained at the set point for half an hour prior to optical measurements.  

Production of copper nanospheres followed the same procedure as in the study 

of Kim et al. 113 by spray pyrolysis of copper acetate precursor with an ethanol co-

solvent. The precursor concentrated at 0.02 mol L-1 was prepared by dissolving 

copper acetate (reagent graded, Sigma Aldrich) in a co-solvent containing 10% 

volume fraction of ethanol and 90% volume fraction of deionized water, followed by 

vigorously stirring for 3 hours using a magnetic bar. This copper precursor was 

atomized with a collision-type atomizer (TSI 3076, 30 psig) using nitrogen gas. The 

nebulized solution droplets, suspended in nitrogen carrier gas, were sampled with a 

flowrate of 0.5 L min-1 passing through a tube furnace maintained at 650 ⁰C, where 

solvent evaporates and precursor particles are decomposed to copper. Trace amounts 

of hydrogen which come from thermal-decomposition of ethanol helps to generate the 

zero valent metal113. The copper particles are found to have negligible oxygen as 

determined by X-ray photoelectron spectroscopy analysis. Subsequently aerosols 

were passed through an active carbon desiccation dryer (TSI 3062), a SiO2 

desiccation dryer (TSI 3062) and a Nafion drying tube (PermaPure MD-700-48F-3) 

with the counter flow relative humidity (RH) held at <5% to remove any remaining 
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solvent residue. The same procedures were repeated using a forming gas (5% volume 

fraction of hydrogen and 95% volume fraction of nitrogen) where the  hydrogen 

could ensure reduction of metal oxides. 

A two-furnace system, as described in prior study112, was adopted here for the 

production of spherical silver nanoparticles with an aggregation chamber added after 

the first furnace to increase the number concentration of larger particles.  As received 

granular silver (99.999%, Sigma Aldrich) 118 were heated at 1070 ⁰C in a ceramic 

boat inside a tube furnace, enabling evaporation, homogeneous nucleation and 

condensation to grow silver aggregates. Silver spheres were then created by sintering 

the aggregates in a second furnace at 600 ⁰C. A 5L buffer bottle was placed prior to 

the second furnace to facilitate the growth of silver aggregate which broadens the size 

distribution of the generated silver spheres and increases the number density for 

particles with large size (60nm ~ 120nm).   Nitrogen was used as carrier gas to 

prevent oxidation with a flowrate e 3 L min-1 which was empirically found to 

generate the highest silver sphere yield in the size range of 60 nm ~ 120 nm.  

Before PA measurement, the particles were subject to size classification (60 

nm to 120 nm for silver, 60 to 300 nm for copper and 150 nm to 400 nm for C60) by a 

differential mobility analyzer (DMA, TSI 3082) using 5L min-1 sheath flow and 0.5 L 

min-1 aerosol flow. Since DMA functions by balancing electrostatic and drag forces, 

which scales with the viscosity and mean free path of the carrier gas, thus actual size 

would be different from nominal size if carrier gas is not air by default.  To 

compensate this size shift due to carrier gas, I correlated the measured Dp with 

nominal Dp using NIST-traced size standard polystyrene latex beads of three sizes (60 
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nm, 100 nm and 150 nm nominally). The actual Dp was consequently extrapolated 

based upon the Dp read out from the software, see SI. This results in a 2% shift to 

smaller sizes in nitrogen, and 15% larger for forming gas, than the standard software 

readout.   The particles were then mass- selected using an APM (Kanomax 3061) as 

described previously 119. The operational characteristics of the APM are nominally 

independent of carrier gas.  

 

3.2.2 Optical Absorption Measurement  

The PA spectrometer here utilized a resonant acoustic cell that is similar to prior 

studies 58,62,120. Optical absorption of aerosols was measured at wavelengths of 405 

nm and 660 nm using external-cavity diode lasers which emit up to 160mW and 

70mW respectively, monitored by a NIST-traceable calibrated power meter. Prior to 

the PA cell, the laser beam was intensity modulated using a mechanical chopper in 

order to couple with the selected resonance frequency of the cell.  The aerosol stream 

passes through the PA cell at a flow rate of 0.5 L min-1 with a residence time of 10 s. 

A calibrated microphone, located at the resonator antinode, detects the acoustic waves 

converted from the optical energy that is absorbed by the aerosols. A lock-in 

amplifier (LIA, Stanford Research Systems, model SR830) was employed for phase-

sensitive detection allowing for the absorption coefficient αAbs to be calculated from 

Eq. 1.13. Along with number density N determined from CPC, absorption cross 

section CAbs can be calculated as  

 𝐶!"# =
!!"#
!

. (3.1) 
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Utilizing Allance variance test I quantified the detection limit of current PA 

spectrometer to be 9.6 × 10-8 W m-1 for an averaging time of 5 min with a uniform 

interval of 1 s 58.   

  For a resonant acoustic cavity, the measured αAbs is proportional to the 

resonance frequency f0 which is  ~1639 Hz in ambient air at 296 K 62 for the current 

PA cell, corresponding to the lowest-order mode. Incident laser beam was intensity 

modulated at a frequency fm to match the selected f0 of the acoustic resonator. 

However, f0 scales with the speed of sound in the gas, which is a function of gas 

composition. Such shift in f0 can alter the amplitude of αAbs if fm is not adjusted 

accordingly. Therefore, resonator response at multiple frequencies (f) in the vicinity 

of f0 was measured prior to changing working gas in PA cell. Values of f0 was 

determined by fitting the resonance response function based upon 

  
𝑢 + 𝑖𝑣 =

𝑖𝑓𝐴
(𝑓! + 𝑔)! − 𝑓!

+ 𝐵 + 𝐶(𝑓 − 𝑓) (3.2) 

with adjusted parameters including resonance frequency f0, the half width g, the 

complex amplitude A, and the complex background parameters B and C that account 

for the tails of other modes, frequency dependence of the transducers, cross talk, etc. 

The terms u and v represent the real and imaginary component of the acoustic 

response. Thus modulated frequency fm of the laser beam was changed accordingly to 

match f0 by varying the rotation speed of the mechanical chopper. 

3.2.3 TEM Characterization 

For electron microscopy characterization, size selected aerosols were 

electrostatically precipitated onto a TEM grid (200-mesh copper grids coated with 
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carbon film) using an aerosol sampler (TSI 3089) at -9.5 kV collection voltage, and a 

sampling flow rate of 0.5 L min-1. The TEM images were collected with a JEOL 2100 

at an acceleration voltage of 200 kV, while SEM images were collected with FEI dual 

beam FIB/SEM at an acceleration voltage of 10 kV. 

3.3 Results and Discussion 

3.3.1Charaterization of Nanoparticles 

Figure 3.2 shows TEM images for size-selected nanospheres of C60 (150 nm, Fig. 

3.2a), copper (60 nm, Fig. 3.2b) and silver (60 nm, Fig. 3.2d). Both copper and silver 

nanospheres are dense and near-spherical. Unlike the silver which required a second 

sintering furnace, the C60 generated compact aggregates from a single furnace system. 

(Fig. 3.2c). A closer look at C60 particles reveals crystalline domains with d-spacings 

corresponding to various face centered cubic lattice planes 121. The morphology can 

also be examined by the mass-mobility scaling component Dfm, defined as 

 
𝑚! = 𝑚!,!

!!
!!,!

!!"
, (3.3) 

whose value approaching 3 reveals nearly spherical shape, while significantly smaller 

than 3 indicates a fractal structure 65,122.  The term mp,0 corresponds to the particle 

mass for an arbitrarily chosen mobility diameter Dm,0. As shown in Table 3.1, C60 

particles has Dfm slightly smaller than 3 while both silver and copper particles have 

Dfm close to 3, which are consistent with the TEM images. The effective density ρeff, 

defined as 

 𝜌!"" =
!!!

!!!!
, (3.4) 



 

 
 
 

48 
 

was measured as (1.33 ± 0.11) g cm-3 for C60 particles, implying about 20% void 

 
Figure 3.2 TEM images of a) 150 nm C60 spheres, b) 60 nm copper spheres, c) 60 nm 

silver aggregates collected at the exit of first furnace and d) 60 nm silver spheres 

collected at the exit of second furnace. The scale bars correspond to 50 nm. 

Table 3.1 List of mass-mobility scaling component (Dfm), effective density (ρeff) and 

densities relative to bulk (θ) assuming bulk density (ρbulk) from literature. Propagated 

uncertainties are shown along with the mean values. 

space assuming bulk density of (1.65± 0.05) g cm-3.124 Results are presented using 

mean value with 2σ uncertainties here and hereinafter. In contrast, ρeff was measured 

as (10.21 ± 0.17) g cm-3 for silver and (8.08 ± 0.21) g cm-3 for copper, respectively. 

 Dfm ρeff (g cm-3) ρbulk (g cm-3) 123 θ 

C60 2.79 ± 0.05 1.33 ± 0.11 1.65 0.81 

Cu 3.03 ± 0.01 8.08 ± 0.21 8.92  0.91 

Ag 2.97 ± 0.03 10.21 ± 0.17 10.49  0.97 
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The densities relative to bulk (θ = ρeff/ρbulk) are close to 1 for both metal particles 

indicating a densely packed morphology.  

3.3.2 Validation of PA Absorption  

To check if the investigated particle systems are suitable as a calibration source for 

PAS, it is crucial to quantify how well the optical absorption measured by PAS agrees 

with documented values. Based upon the characterization stated above, a 

homogeneous sphere model would be a good approximation for the aerosols 

generated in this study.  The strategy here is to calculate the absorption cross section 

CAbs using a homogeneous sphere Mie routine 26 by applying documented refractive 

indices (RI) (or dielectric constants) of bulk for the given material and wavelength. 

For C60 particles, RI was adopted from thin film measurement by Dresselhaus 125. For 

metal particles, the refractive indices from Palik 110 and McPeak 111 were chosen as 

bulk standards due to their widespread use in the plasmonic community. Values are 

listed in Table 3.2. 

Table 3.2 Refractive index from literature applied in absorption calculation. 

λ (nm) 
C60 Cu Ag 

Dresselhaus125 Palik110 McPeak 111 Palik McPeak 

405 nm 2.4 + i0.37 1.18 + i2.21 1.108 + i2.168 0.173 + i2.01 0.045 + i2.182 

660 nm 1.99 + i0.03 0.214 + i3.8 0.102 + i3.88 -- -- 

      

Absorption of C60 Figure 3.3 shows the measured CAbs at λ=405 nm and 660 nm for 

C60 nanoparticles that were size and mass selected for Dp ranging from 150nm to 400 

nm with corresponding mp from (2.20 ±0.01) fg and (38.55 ± 0.10) fg reported as 
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mean and standard deviation of multiple measurements. At both wavelengths, the 

measured CAbs increases as a function of Dp and the CAbs measured at λ=405 nm is 

larger than that measured at λ=660 nm over all selected sizes. This agrees with 

previous findings that absorption of C60 is maximized in the ultraviolet.126 For   

λ=660 nm, the increase of CAbs as a function of Dp reaches a plateau at around 

Dp=300 nm, which suggests a transition from a regime where the total volume of the 

particle interacts with the incident light to a regime at higher Dp where light is 

significantly attenuated by the particle (volume to surface absorption transition). 

 Also shown in Fig. 3.3 is the calculated CAbs based upon the homogenous 

sphere Mie model26 at λ=405 nm and 660 nm, respectively. Using RI from 

Dresselhaus125, the theoretical prediction agrees well with the measured CAbs at λ=405 

nm, with more deviation at λ=660 nm, particularly at the larger Dp where the Mie 

calculation is up to 30% low. I believe this discrepancy can be attributed to the open 

structures on the surface of the synthesized C60 that allows more of the radiant 

penetrating the sphere, and therefore more absorption in measurement compared to 

the calculation for particles with same Dp.  To address this the RI was recalculated 

using Maxwell-Garnett mixing rule based upon our measured packing density (see 

Table 3.1) to account for the void fraction in C60 particles, yielding (2.306±0.075) + 

i(0.351±0.032) and (1.876±0.047) + i(0.047±0.005) for λ=405 nm  and λ=660 nm, 

respectively. The difference in particle morphology compared to the film structure in 

the literature may contribute to the deviation of imaginary part of RI at 405 nm. This 

approach leads to no change in the 405 nm case, but elevates the computed cross 

section to be in much better agreement with the experiment.   
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Figure 3.3 Absorption cross section CAbs as a function of particle mobility size Dp for 

C60 at a) λ=405 nm and at b) λ=660 nm. Results are reported as experimental mean 

and 2σ uncertainty propagated across all measurements. Navy solid lines represent 

Mie calculation using refractive index from Dresselhaus 125, while gray dashed lines 

correspond to Mie calculation using refractive index retrieved using Maxwell-

Garnett mixing rule based upon measured packing density (See Table 3.1). 

Absorption of Metal Particles The metal particles (Cu and Ag) as I have shown 

above are approximately spherical, and thus I expect good agreement with Mie 
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calculation. However, the outcome is complicated due to various factors that I will 

discuss below.  

Figure 3.4 shows the measured CAbs for Cu particles as a function of selected 

Dp from 60 nm to 300 nm, corresponding to a selected mass of (0.81±0.02) fg to 

(100.86±0.82) fg, and exhibits an increasing trend both at λ=405 nm and λ=660 nm. 

A volume to surface absorption transition is evident in the semi-logarithm plot (Fig. 

3.4a, Fig. 3.4b) where CAbs scales linearly with size in the regions where Dp < ~ 100 

nm and where Dp > ~ 100 nm, while the slope is larger in the former than in the latter. 

Mie calculations using two documented RIs shows negligible difference between 

each other at λ=405 nm, while the RI from Palik yields a CAbs two times higher than 

the RI from McPeak at 660 nm.   

One concern is that while the particles are nominally spherical, there is 

deviation from sphericity.  I find that generating particles at lower temperature 450 

⁰C yields copper particles that are rougher and less spherical. This change of 

morphology gives rise to a 20% increase in CAbs at both wavelengths, see Appendix 

A. Another issue to consider is that copper is a plasmonic metals with an absorption 

maximum located at around 700nm.127 Standard thin film methods, e.g. elliptical 

polarization 111, reflectance or/and transmission measurements 128, retrieved RI that is 

highly sensitive to the surface roughness and grain size of these thin films111. Prior 

studies with films of various quality have demonstrated a broad range of retrieved 

imaginary part of RIs for Cu and Ag in the visible wavelengths110,111,129. This 

morphology impact should become pronounced at wavelengths close to the plasmon 
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resonance peak, consistent with our observation that significant discrepancy is seen at 

660 nm, but good agreement at 405 nm away from the resonance peak.   

The discrepancy is even more pronounced for silver, which is also a well-

known plasmonic metal exhibiting a sharp and strong absorption peak around 390 

nm.130,131 The PAS measurements for silver were taken only at 405 nm, due to the 

lower  laser power at 660 nm together with the smaller cross section.  Unfortunately, 

405 nm is near the resonance. The measured CAbs decreases slowly as Dp approaches 

to 80 nm and scales with Dp linearly afterwards, while Mie calculations demonstrate 

significant differences from the PA measurement by peaking around 80 nm. I 

repeated the experiment by generating Ag particles in nitrogen mixed with 5% 

volume fraction of hydrogen, which acts as a reducing agent, but the measured CAbs 

differs from calculation in a similar way as that of particle synthesized in nitrogen, see 

Fig. 3.4c.   

I believe that the results for both metals clearly indicate that measurements 

made near the resonance, will lead to significant error, both because this range is 

where absorption is highly size-sensitive and because morphology or asymmetry 

effects on absorption is magnified near the resonance condition. It is concluded that 

when considering metals as calibration source for PAS absorption measurement, great 

care must be taken in wavelength choice to avoid the regime where plasmon 

resonance is expected.     
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Figure 3.4 Absorption cross section CAbs as a function of particle mobility size Dp for 

a) copper nanospheres at λ=405 nm and b) λ=660 nm, and c) silver nanospheres at 
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λ=405 nm. Solid symbols correspond to measurements using nitrogen as carrier gas, 

while open symbols are the measurement using forming gas (5% volume fraction of 

hydrogen and 95% volume fraction of nitrogen). Results are reported as experimental 

mean and 2σ uncertainty propagated across all measurements. Mie calculations are 

also shown using refractive index from Palik 110 (solid gray lines) and McPeak 111 

(dashed black lines), respectively. 

3.4 Conclusion  

In conclusion various aerosols candidates were explored for the purpose of 

calibrating optical measurement for photoacoustic spectrometer (PA). It has been 

demonstrated that compact nanospheres of silver, copper and fullerene C60 can be 

generated via aerosol routes with equivalent density close to bulk. Particle size 

studied here ranges from 60 nm to 300 nm with corresponding mass spanning two 

orders of magnitude. To demonstrate the feasibility of investigated particles as PA 

calibration standards, Mie calculations based upon homogeneous sphere model were 

used to validate the PA measurements. In the case of C60, measured absorption cross 

section CAbs agrees well with Mie calculation at λ=405 nm and at λ=660 nm. In the 

case of metal particles, measured CAbs is close to the calculated value for copper at 

λ=405 nm, but differs greatly for copper at λ=660 nm and for silver at λ=405 nm. It is 

proposed that the uncertainty in the refractive index in the vicinity of of the  

plasmonic resonance together with sensitivity of of slight deviations from a 

homogeneous sphere contribute  to the large difference between PA measurement and 

Mie calculation. Readers are therefore advised to select aerosol standards for PA 
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measurement taking into account the wavelength where the plasmonic resonance 

would occur.     
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Chaper 4:  Measured Wavelength-Dependent Absorption 
Enhancement of Internally Mixed Black Carbon with Absorbing 
and Non-absorbing Materials  

4.1 Introduction 

Black carbon (BC) is produced from the incomplete combustion of biomass and fossil 

fuels, and consists of layered graphitic carbon monomers 20 nm to 40 nm in 

diameter132 that are aggregated into more complex structures that strongly absorb 

light across the visible spectrum.133  It has been estimated that BC is the second 

largest contributor to global warming after CO2.134  BC aggregates are often internally 

and/or externally mixed with other species (sulfate, nitrates, carbonaceous organics, 

etc.).135-143 The resulting particle morphology, referred to here as the mixing state, can 

have BC surface bound, or partially- or fully-embedded (engulfed) with BC either 

centrally (concentric) or off-centrally (eccentric) located within the particle.139,144 

Changes to the per particle absorption strength (i.e. absorption cross section) 

and spectral shape when other atmospheric components coat, embed in or mix with 

BC have drawn significant attention27,145-147 as absorption is typically enhanced 

beyond the bare particle case. Consistent with previous investigations,17,20,22 I define 

the wavelength dependent absorption enhancement factor (EAbs,λ) as the ratio of the 

absorption cross section (CAbs) of the embedded particle (CAbs,embed BC,λ) to that of the 

bare BC particle (CAbs,BC,λ) 

 𝐸!"#,! =
!!"#,!"#!$ !",!

!!"#,!",!
, (4.1) 

where CAbs is defined as  
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 𝐶!"# =
!!"#
!

, (4.2) 

and N is the number concentration of particles. The quantity αAbs represents the 

absorption coefficient and is the fractional loss in light intensity due to absorption per 

unit propagation distance.  

Considering the size of particles and the thickness of embedding material 

relevant in the atmosphere (i.e. comparable to or smaller than the wavelength of 

light), absorption enhancement arises from the gradual step-wise refractive index 

change between the medium (air), embedding material and the absorbing material 

(BC in most cases); i.e. the embedding material facilitates improved refractive index 

matching between the medium and absorbing material thereby behaving similar to an 

antireflective coating.148 The observed enhancement is strongly dependent upon the 

size and absorption strength of the absorbing material, embedding thickness and 

embedding material. Previous investigations have referred to this refractive index 

matching as lensing whereby the embedding material focuses light towards the 

absorbing core.27,149,150 I note that while lensing may be an appropriate descriptor in 

the geometric optics regime (particles much larger than the wavelength of light) it is 

not appropriate to use at these sizes.   

For an absorbing core comprosed of 10 nm aggregates embedded in a 1 µm 

non-absorbing shell the EAbs,λ can be greater than 10.  However, for atmospherically 

relevant particles, the EAbs,λ is more modest and ranges between 1.5 and 1.9 for 

particles with shell diameters that are less than 1.6 times larger than the core 

diameter.145 Ambient measurements show that the EAbs,λ of BC can be up to 

2.4.28,142,151-155 The discrepancy between field measurements and theoretical 
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calculations of internally mixed, embedded particles can be computationally reduced 

with the consideration of an eccentrically-located single BC core in an internally 

mixed embedded particle or by the application of discrete dipole approximation 

method (DDA) or multiple sphere T-matrix method (MSTM) to account for the 

complex aggregate morphology and the interaction between spherules.156-158 

Moreover, it has been shown computationally that the mixing state of BC has a great 

impact on the absorption enhancement factor.159 In contrast to the ambient field-based 

observations, laboratory measurements tend to coincide more closely to EAbs,λ 

predicted by the concentric sphere model.28,160-162 Previous laboratory studies have 

concentrated on BC embedded in materials generated from the ozonolysis products 

from α-pinene,163 glycerol and oleic acid,161 and dioctyl sebacate,28 and can produce a 

BC core embedded in an organic shell (core-shell model). These investigations 

observed that the current theory based upon core-shell model can adequately capture 

the measurement, but are limited in relevance to particles observed in many field 

studies.164 Further, in ambient studies the embedding material must be physically 

removed to measure the absorption by the BC core. Removal of the embedding 

material is typically done by volatilization, although the efficacy of removal remains 

questionable.154,165 To our knowledge, however, no laboratory study has been 

reported on the absorption enhancement of heterogeneous BC particles with different 

mixing states in a controlled manner. 

In addition to EAbs,λ, spectral shape can be affected by particle mixing state. 

The absorption spectral dependence is commonly described by the absorption 

Ångström exponent (AAE): 
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 𝐶!"#,! = 𝐶!"#,!
!
!!

!!!"
, (4.3) 

where CAbs,λ is the absorption cross section at wavelength λ.  The terms CAbs,0, and λ0 

have been included as the values for a reference wavelength; presently, λ0 = 550 nm 

for comparison to prior work. The AAE for BC is typically quoted as being near unity 

and assumes a wavelength independent refractive index for particles < 40 nm in 

diameter.166 Recent modeling has shown that BC cores embedded within a non-

absorbing matrix (50 nm embedding in a 300 nm BC core) can increase the AAE from 

an initial value of 1.3 up to 1.6.27 BC can also be mixed or embedded with weakly 

absorbing carbonaceous materials derived from combustion of biomass and biofuels, 

termed brown carbon (BrC). BrC is typically quoted as having AAE values ranging 

from 1.5 to ≈ 7.0.153,160,167-174 Additional experimental studies are required to fully 

understand the impact of BC embedded within BrC. 

Direct in-situ absorption measurements can be made using a photoacoustic 

spectrometer.  Ideally, absorption measurements at many points spanning the visible 

portion of the spectral window would be collected to elucidate the wavelength 

dependence of embedded BC.  In practice, four or fewer wavelengths are typically 

used as a sufficiently intense source (e.g. laser) is necessary to generate a measurable 

acoustic signal; further, the use of multiple sources may require the use of multiple 

acoustic resonators and data acquisition systems. It is possible to equip a 

photoacoustic spectrometer with a broad-band source such as an optical parametrical 

oscillator,175 a Hg arc lamp176 or supercontinuum laser58,177 to acquire step-scanned 

absorption spectra. In the present study 7 points were used to comprise a spectrum, 
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although only two wavelengths are required to fit Eq. 4.3, which is approach used 

extensively in prior studies.178-181 

 The discrepancy between ambient field-based measurements and 

computational-based predictions of absorption for spherical systems of BC in 

different mixing states requires measurements of well-characterized laboratory-based 

aerosol. This investigation describes absorption measurements of BC mixed with 

non-absorbing materials (ammonium sulfate and sodium chloride) and a weakly 

absorbing BrC surrogate, humic acid (HA); all of which are atmospherically relevant 

species. The mass mixing ratio (χBC) defined as the ratio of BC mass to the mass of 

the total mixture, was chosen as 0.13, similar to particles collected in the terrestrial 

atmosphere.144 The absorption spectra were measured using a photoacoustic 

spectrometer coupled to a supercontinuum light source with a tunable wavelength and 

bandwidth filter. The measured data as a function of embedding material and mixing 

state were compared to EAbs calculated using the T-matrix method.   

4.2 Materials & Methods  

The experimental setup is very much like the one used in Chapter 3, schematic of 

which is shown in Fig. 3.1. Aerosols were generated and conditioned before being 

passed to a differential mobility analyzer (DMA) and an aerosol particle mass 

analyzer (APM) to select the mobility diameter (Dp) and mass (mp), respectively. 

Optical absorption was measured by a photoacoustic spectrometer (PA) that utilizes a 

supercontinuum laser as its light source. A condensation particle counter (CPC) was 

situated downstream to measure aerosol number density. Using both mobility and 

mass selection facilitates isolation and selection of particles bearing a +1 charge. Care 
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was used to ensure that only +1 particles were selected by measuring particle 

extinction as function of mp as previously described in Radney and Zangmeister 

(2016).182  

4.2.1 Aerosol Generation and Morphology Characterization  

BC was generated from Cab-O-Jet 200 (Cabot Corp., 20.03 weight percent solids), a 

material generated from the combustion of organic fuel stock.183 This material was 

chosen for its water solubility and its spectroscopic and morphological similarities to 

aged BC (See discussions in Results section). Cab-O-Jet in solution consists of 

dispersed aggregates with monomers ≈ 30 nm in diameter as evidenced by 

transmission electron microscopy (TEM) images (see Fig. B1). Atomization of a Cab-

O-Jet solution produces water droplets containing multiple monomers.  Upon drying, 

the monomers combine and collapse into a structure that appears similar to collapsed 

BC observed in the terrestrial atmosphere.184,185  

A BrC surrogate (AAE > 4) consisting of humic acids (HA) was prepared 

from Ful-Humix (Faust BioAg Inc., 50 weight percent humic acids) by dissolving 500 

mg in 15 mL of DI H2O. The solution was centrifuged for 30 min, the supernatant 

was decanted and collected, and centrifuged for an additional 30 min. The supernatant 

was again collected, combined and subsequently filtered to remove any residual 

solids.  The filtered solution was then air dried. The density of the HA was measured 

in bulk (mass per unit volume) and calculated as the average effective density from 

the mass-mobility scaling relationship (See discussion in Sec. 4.3 and Appendix 

B.4).  From the residual dried solid material, a stock solution of 5 mg mL-1 was 

prepared for absorption measurements. The non-absorbing materials, ammonium 
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sulfate (AS, Sigma Aldrich) and sodium chloride (NaCl, Sigma Aldrich) were used as 

received and stock solutions of 5 mg mL-1 were prepared. 

To mimic BC containing aerosol measured in Mexico City aerosol plumes,144 

internally mixed particles were produced by co-atomization of a single aqueous 

solution containing both BC and either AS, NaCl or HA at a 0.13 BC mass fraction 

(χBC) in a liquid jet cross flow atomizer (TSI 3076, 30 psig);  BC volume fractions 

were 0.12, 0.15 and 0.11 for the AS/BC, NaCl/BC and HA/BC particles, respectively.  

At this pressure, ≈ 2.2 L min-1 of flow is generated by the atomizer of which ≈ 0.5 L 

min-1 was sampled and the remainder directed to a laboratory exhaust.  Both Cab-O-

Jet (BC) and HA required extensive drying due to their hygroscopic nature and an 

extra effort was made to remove particle-bound water in order to avoid additional 

absorption enhancement58 or potential photoacoustic response dampening186-189 from 

water adsorption. After atomization, aerosols were passed through two SiO2 

desiccation dryers (TSI 3062) and a Nafion drying tube (PermaPure MD-700-48F-3) 

with the counter flow relative humidity (RH) held at < 5 %.  After drying, particles 

were size selected by a DMA (TSI 3082) using 5 L min-1 sheath flow and 0.5 L min-1 

aerosol flow. The particles were then mass-selected using an APM as described 

previously.58  

For TEM measurements, particles were collected using an electrostatic aerosol 

precipitator (TSI 3089) on TEM grids (200-mesh copper grids embedded with lacey 

carbon film) at -9.3 kV collection voltage. The morphology and mixing states of the 

BC particles were imaged using a JEOL 2100 TEM at an accelerating voltage of 200 

kV. 
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4.2.2 Optical Measurements  

Aerosol optical absorption spectra were measured using a PA spectrometer as 

described in Radney and Zangmeister (2015),58 which can operate across a range 

spanning from visible to near IR (λ = 550 nm to 840 nm) using a supercontinuum 

laser (NKT Photonics SuperK Extreme EXR-15) and tunable wavelength and 

bandpass filter (NKT Photonics SuperK Varia). The particles were illuminated by an 

intensity modulated laser (via a mechanical chopper) at the resonant frequency of the 

acoustic cavity (≈ 1640 Hz at 296 K in ambient air).63 Absorbed optical energy is 

thermally re-emitted generating a standing pressure wave (i.e. sound wave) at the 

modulation frequency that was measured by a calibrated microphone located at the 

resonator antinode, as described previously.58  A lock-in amplifier (Stanford Research 

Systems, SR830) was employed for phase-sensitive detection allowing for the 

absorption coefficients to be calculated from Eq. 1.13. 

4.2.3 Modeling BC Optical Properties  

The optical properties of bare BC and BC mixed with other components were 

modeled using the multiple-sphere superposition T-matrix method.190 BC aggregates 

were constructed using a diffusion-limited aggregation algorithm191 as described in 

Appendix B. Calculated absorption of BC mixed with other species (i.e. AS, NaCl & 

BrC) assumed BC possessed a similar morphology to bare BC, except that the 

number of monomers was scaled relative to the mass ratio (0.13 mass ratio). Two 

cases were investigated, fully- and partially-embedded where either: 1) a single host 

sphere was used with the diameter identical to the Dp selected by the DMA, with the 

BC aggregate’s center of mass overlapping that of the host sphere, or 2) half of the 
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monomers in the BC aggregate were moved radially to the outside of the sphere and 

remained attached, respectively. 

4.3 Results 

4.3.1 Characterization of Bare BC  

Bare BC aerosol had a compact, spherical morphology comprised of 30 nm 

monomers. TEM images revealed monomers with discontinuous onion-like fringes, 

consistent with flame-generated soot and indistinguishable from TEM images of aged 

soot in the atmosphere,132 see Fig. 4.1a. The measured mass-mobility scaling 

exponent Dfm was 2.83 ± 0.01 consistent with the nearly spherical shape observed in 

TEM images. The effective density ρeff, defined as Eq. 3.4, was measured as (0.78 ± 

0.05) g cm-3 over a Dp range between 100 nm and 300 nm. Figure 4.1b shows the 

measured CAbs at λ = 600 nm, 700 nm and 800 nm of bare BC as a function of particle 

mass spanning from 0.47 fg to 10.48 fg; Dp = 100 nm to 300 nm in 50 nm increments. 

The linearity at each wavelength indicates that the CAbs scales with particle mass (i.e. 

Rayleigh regime) across the spectral region used in this investigation up to the pure 

10.48 fg BC particle. For comparison, the average internally mixed AS/BC and 

NaCl/BC particles (see below) contained ≈ 1.4 fg and 1.7 fg of BC, respectively. Due 

to the wide mass range over which CAbs is linear for pure BC particles, I expect the 

BC portion of the internally mixed particles to behave similarly.  
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Figure 4.1 a) TEM image of bare 250 nm BC particles used in study. b) BC 

absorption cross section (CAbs) as a function of particle mass at λ = 600 nm, 700 nm 

and 800 nm. c) Absorption spectrum (CAbs) of 250 nm BC from λ = 550 nm to 840 nm. 

Dashed black line represents AAE fit of the experimental data over full range. Solid 

red line represents calculated absorption spectrum utilizing T-matrix method 
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described in text. Measured results are reported as experimental mean and 2σ 

uncertainty propagated across all measurements. 

A better resolved absorption spectrum (Δλ = 50 nm) for BC particles with a 

250 nm mobility diameter corresponding to a BC mass of 6.3 fg is shown in Fig. 4.1c. 

Here the data has been plotted as CAbs versus wavelength, instead of CAbs versus mass 

as in Fig. 4.1b, as absorption depends only upon mass for all measured wavelengths 

(i.e. linearity of traces in Fig. 4.1b).192 The MAC (defined as CAbs/mp) at 550 nm is 

(7.89 ± 0.25) m2 g-1 and the AAE is 1.03 ± 0.09 over the measured wavelength range, 

similar to the average MAC and AAE for BC reported in prior studies (all reported 

uncertainties are 2σ).149,193   

The RI at 660 nm of bare BC was calculated as (1.77 ± 0.02) + i(0.80 ± 0.02), 

see discussion in Appendix B.3. A broad range of RIs for atmospheric BC are 

documented in the literature.194-196 The RI of the bare BC measured in this study is at 

the upper end of the previously published RI values for atmospheric BC, but similar 

to other investigations for particles with compact morphology.149,195 To validate the 

BC parameters used in subsequent calculations, the absorption spectrum of bare BC 

was calculated using the T-matrix method158 using a refractive index of m = 1.77 + 

i0.80 and an aggregate structure calculated using DLCA with k0 = 1.2, Df = 2.83, Nm 

= 218 and using the calculated BC RI (See Appendix B.3). The BC RI was assumed 

to be wavelength independent as discussed in Bond and Bergstrom (2006).149  Using 

these assumptions, the T-matrix is able to agree well with the measured CAbs and 

AAE, see solid red line in Fig. 4.1c. 

 



 

 
 
 

68 
 

4.3.2 Characterization of Embedded BC Mixing State  

The absorption spectrum of BC embedded in three atmospherically relevant materials 

was measured for two non-absorbing materials (AS and NaCl) and a surrogate for 

brown carbon, HA (i.e. Ångström exponent ≥ 4).27 BC particles can be embedded 

with AS and/or other aerosol at a BC mass fraction (χBC) ≈ 0.1.144 Particle mixing 

state and optical properties are influenced by the interaction between BC and the 

embedding material,144 drying rate151 and history.197  

In the present investigation, TEM images show structural differences for 

AS/BC, NaCl/BC and HA/BC, as seen in Fig. 4.2, for 250 nm mobility diameter 

particles. AS/BC and HA/BC formed spherical particles with BC aggregates fully 

embedded within an AS or HA shell (Fig. 4.2a and 4.2c, respectively). NaCl/BC 

particles have a cubic NaCl shell with BC aggregates protruding from the particle 

interior to its periphery (Fig. 4.2b). Further evidence of the particle mixing state was 

determined by utilizing the electron beam from the TEM to melt and desorb the 

embedding material and reveal the particle interior, showing the presence of BC 

aggregates (see Fig. B5 in Appendix B for images showing time series of embedding 

material melting). For NaCl/BC, aggregates were observed both internal and external 

to the embedding material.  
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Figure 4.2 TEM images of 250 nm a) AS/BC, b) NaCl/BC, c) HA/BC. The scale bar 

corresponds to 100 nm. 

4.3.3 Absorption of BC Embedded in Non-absorbing Materials 

Below I focus on how mixing state influences on particle absorption. I first 

concentrate on the optical properties of BC mixed with non-absorbing materials. 

Figure 4.3a shows the measured CAbs spectra spanning between λ = 550 nm and 840 

nm for particles that were size and mass selected at Dp  = 250 nm and mp = (13.50 ± 

0.06) fg and (11.48 ± 0.06) fg for AS and NaCl, respectively with χBC = 0.13. The 

absorption cross section is higher for the BC fully embedded in AS versus the BC 

partially embedded NaCl. The spectra of the embedded particles have higher AAEs 

than bare BC; 1.43 ± 0.05 for AS/BC and 1.34 ± 0.06 for NaCl/BC versus 1.03 ± 0.09 

for bare BC. The absorption enhancement of embedded BC (EAbs) is based on Eq. 4.1 
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with CAbs of the BC core calculated from the particle mass, BC mass fraction and 

MAC of 250 nm particles: 

 𝐸!"#,! =
!!"#,!"#!$ !",!
!! !!" !"#!",!

, (4.4) 

At the shortest wavelengths, EAbs is within 2σ for both the AS/BC and NaCl/BC 

systems.  Towards the long-wave side of the spectrum, EAbs values for both systems 

differ as NaCl/BC has remained nearly constant and AS/BC has decreased.   

Wavelength dependent EAbs have been calculated previously for embedded BC using 

spherical particle Mie theory,27 but to our knowledge the AS/BC data represent the 

first measured spectra showing a wavelength dependent EAbs for embedded BC; the 

NaCl/BC EAbs is wavelength independent across the measured spectral range. I used 

the T-matrix method to investigate if the method is able to capture the measured 

spectral dependence for each embedding material. Calculations were run for fully-

embedded and half-embedded BC. The simulated enhancement spectra are shown in 

Fig. 4.3a for each case where the lower (dashed) and upper (solid) bounds represent 

the half-embedded and the fully-embedded cases, respectively. The region in between 

these two values represents mixing states migrating from half-embedded to fully- 

embedded BC, and assumes the BC aggregate’s center of mass overlaps that of the 

host sphere. Moving BC aggregates off center still within the host sphere results in 

less than a 3% decrease in absorption cross section, consistent with previous 

calculations.26 The corresponding simulated and measured AAEs are shown in Table 

4.1.   
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Figure 4.3 a) Measured absorption cross section (CAbs) spectra of AS/BC (red 

circles) and NaCl/BC (blue squares) for 250 nm mass selected particles (χBC = 0.13) 

from λ = 550 nm to 840 nm. Lines represent fully embedded (solid) and half 

embedded (dashed) BC for each system; the shaded regions represent mixing states in 

between these two extremes. b) EAbs for AS/BC (red circles) and NaCl/BC (blue 

squares). Measured results are reported as experimental mean and 2σ uncertainty 

propagated across all measurements. 
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Table 4.1 Measured and modeled AAEs for half- and fully-embedded AS/BC and 

NaCl/BC. Propagated uncertainties are shown along with the fit AAEs. 

 Measured AAE 
Calculated AAE 

half-embedded fully-embedded 

AS/BC 1.43 ± 0.05 1.36 1.45 

NaCl/BC 1.34 ± 0.06 1.32 1.41 

 

4.3.4 Absorption of BC with Absorbing Material 

A weakly absorbing BrC surrogate material was isolated from humic acid extracts as 

described in the Materials & Methods. Upon atomization and drying, pure HA forms 

spherical particles with an average effective density of (1.5 ± 0.1) g cm-3, as 

determined from the mass-mobility scaling relationship (Dfm = 3.10 ± 0.04). The RI of 

HA was determined to be (1.58 ± 0.01) + i(0.02 ± 0.01) at λ = 660 nm. For T-matrix 

calculations, I assumed the real component of RI was invariant with wavelength and 

the imaginary part of the RI is well described by the absorption spectrum of the 

material in aqueous solution (see Appendix B3 for HA refractive index determination 

and aqueous absorption spectrum). The absorption spectrum of HA aerosol is shown 

in Fig. 4.4a, and exhibits an AAE of 5.31 ± 0.14. The MAC of HA aerosol was (0.85 ± 

0.06) m2 g-1 at 550 nm, nearly an order of magnitude lower than that of BC at the 

same wavelength, and is comparable to strongly absorbing BrC in prior work.198  
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Figure 4.4 a) Measured absorption cross section (CAbs) spectra of pure HA (gold 

triangles) and HA/BC (blue diamonds) with χBC = 0.13 for 250 nm size-mass selected 

particles from λ = 550 nm to 840 nm. Lines represent calculated CAbs for each system. 

b) EAbs for HA/BC including HA absorption (solid blue diamonds) and only including 

enhancement from HA after subtraction HA absorption (open blue diamonds); see 

Eq. 4.5 in discussion and text. Lines represent calculated EAbs using fully internal 

mixing model for both definitions. Measured results are reported as experimental 

mean and 2σ uncertainty propagated across all measurements. 
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At a χBC = 0.13, CAbs increases by a factor of 2 to 3 relative to the pure HA at the same 

mobility diameter. The AAE of BC embedded in HA is 1.91 ± 0.05, lower than that of 

pure HA but higher than that of BC embedded in AS or NaCl.  For modeling I 

adopted a single sphere model for the pure HA and a fully-embedded model for 

HA/BC particles, consistent with TEM images of BC embedded in HA. The T-matrix 

calculated CAbs spectrum agrees well with the experimental results in each case, as 

shown by the solid lines in Fig. 4.4a. 

The EAbs,λ of BC embedded in HA was calculated using two methods. Using 

Eq. 4.1, EAbs,λ includes the impact of HA absorption and enhancement of BC 

absorption. For the second method, the inherent relative contributions to absorption 

from HA is removed by redefining EAbs,λ as 

 𝐸!"#!!",! =
!!"#,!"#!$ !",!

(!!!!") !! !"#!",!!!!" !! !"#!",!
, (4.5) 

where MACHA,λ represents the MAC of the pure HA. Note that EAbs-HA,λ when applied 

to BC embedded in HA, describes the EAbs arising only from BC absorption 

enhancement and reduces to Eq. 4.4 when applied to the non-absorbing material. 

Both results are shown in Fig. 4.4b. The EAbs,λ shows an increase up to a factor of 3 at 

the shortest measured wavelengths and is 1.6 in the near-IR. Removing HA 

absorption from EAbs,λ shows that much of the enhancement at short wavelengths is a 

result of HA absorption as seen by the relatively constant EAbs-HA,λ in Fig. 4.4b.  This 

trend was first predicted in prior calculations using spherical particle Mie theory, 

where the data are similar in shape and magnitude to 300 nm absorbing core with a 

weakly absorbing 100 nm thick embedding.27  
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4.4 Discussion  

In this investigation the mass mixing ratio and mobility diameter of internally mixed 

BC and NaCl, AS or HA particles were held constant at χBC = 0.13 and 250 nm, 

respectively.  The primary variables that differ between the embedding materials are 

density, refractive index and how each material interacts with BC under the 

conditions of aerosol generation to form particles (mixing state). Below I highlight 

how each variable impacts EAbs,λ using the simplest case of spherical particles. Due to 

density differences between the embedding materials, the χBC corresponds to a 133 

nm, 127 nm and 120 nm BC core embedded in NaCl, AS and HA, respectively. Using 

a core-shell model in conjunction with Mie theory to calculate EAbs,λ for each of the 

non-absorbing core/shell diameters results in an EAbs,λ that is 4% ± 1% higher for 

NaCl/BC than AS/BC over the 550 nm and 850 nm wavelength range studied here 

(see Fig. B6 in Appendix B). The refractive index of the coating material also affects 

the calculated EAbs,λ. This is best shown by keeping the BC core diameter constant 

(127 nm) and varying the coating refractive index, where Eabs,λ increases an additional 

0.5% to 1% for NaCl/BC over AS/BC. Thus, for equivalent 250 nm particles using an 

idealized spherical core-shell model, the EAbs,λ for NaCl/BC is calculated to be 5% to 

6% higher than AS/BC. TEM images show that for NaCl/BC BC is partially 

embedded in NaCl, whereas BC is fully embedded by AS. Despite these differences, 

the measured EAbs,λ are equivalent at the shortest measured wavelength region and is 

up to 15% higher in the near-IR for NaCl/BC, suggesting that using simple core-shell 

spherical models do not adequately capture EAbs,λ for embedded particles.   
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The spectral shape and wavelength dependence of CAbs can also be described 

by the measured AAE when compared to pure BC. The AAE for NaCl/BC and AS/BC 

are within the 2σ measurement uncertainty, see Table 4.1, indicating that for BC 

mixed with non-absorbing materials the AAE is near 1.4 and independent of particle 

mixing state. For HA/BC the AAE is nearly 2. Prior modelling studies of BC 

embedded in absorbing and non-absorbing materials have classified the AAE into two 

regimes to help better describe measured ambient aerosol, where BC embedded with 

non-absorbing materials have an AAE < 1.6, whereas only BC embedded with an 

absorbing materials have AAE > 1.6.27 Although this study covers a small parameter 

space of the possible aerosol combination of BC core diameters, core-shell ratios and 

BrC imaginary RI values, the presented data support this classification. 
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Chapter 5:  Real Time Absorption Spectra of Smoke from 
Smoldering Combustion 

5.1 Introduction 

Biomass burning (BB) represents a major source of greenhouse gases and is estimated 

to contribute more than 35 percent of emission of global carbonaceous aerosols by 

mass.199 The major particulate matter (PM) emissions from biomass burning, 

containing black carbon (BC), the strongest light absorber in the visible (400 nm ~ 

700 nm), and primary organic carbon (i.e. brown carbon, BrC), a weak absorber of 

light but with a strong spectral absorption dependence, play an important role in the 

climate forcing200. Biomass burning aerosols are often considered climate neutral (-

0.2 to +0.2 W m-2). However recent simulations shows the contribution of biomass 

burning aerosols, when taking brown carbon into account, results in a net positive 

forcing.201 The strong spectral dependence of absorption by brown carbon could 

introduce large uncertainties into radiative forcing calculation.202  

Field measurements of optical properties of PM can be conveniently 

conducted during natural fires203,204 and prescribed fires205,206 with a controlled fire 

activity. However, since fuel composition in the field is complex, optical 

measurements cannot be correlated with specific fuel type. Laboratory-simulated fires 

were conducted extensively to quantify and characterize optical properties of biomass 

burning aerosols from a variety of fuel species, which correlate optical 

characterization with biomass burning emissions207-209, combustion efficiency210 or 

physical and chemical composition211-213. For characterization of light absorption, 

most measurements are carried out based on the transmission of accumulated 



 

 
 
 

78 
 

particles deposited on filters209, such as with an Aethalometer12, particle soot 

absorption photometer (PSAP)13 or continuous soot monitoring system,214 etc. In the 

past decades, photoacoustic spectroscopy (PA) is being accepted as a complementary 

method to the filter based measurement62,203,210 with the advantage of characterizing 

absorption in situ. In both cases, optical characterization is performed with limited 

spectral coverage using one or multiple wavelengths due to limited laser 

source208,209,213,215.  

Light absorption by aerosols is often described by absorption coefficient αabs., 

corresponding to the fractional loss in light intensity from absorption per unit 

propagation distance. As a useful parameter in climate models to predict radiative 

forcing, the mass-specific absorption cross section (MAC) can be derived from a 

variety of interrelated formulations 

 𝑀𝐴𝐶 = !!"#
!!!

= !!"#
!!

= !!"#
!

, (5.1) 

where N, mp, CAbs and M are the number density of aerosol particles, the average 

particle mass, the absorption cross section (CAbs = αAbs/N,) and the mass density of 

aerosol particles (ρ = N*mp), respectively. 

In this paper we investigate smoldering smoke particles from six types of 

wood that are commonly found in North America. Absorption spectra were measured 

between 500 nm and 840 nm, using a photoacoustic spectrometer (PA) equipped to a 

supercontinuum laser with a tunable wavelength and bandwidth filter. Using oak as a 

test case, we demonstrate here the real time measurement of Mass specific absorption 

(MAC) for size-selected particles by coupling PA with aerosol based classification 

technique, i.e. differential mobility analyzer (DMA) and aerosol particle mass 
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analyzer (APM). We also show that the smoke particles are essentially volume 

absorbers of light, which is confirmed by core-shell Mie calculation.  

5.2 Materials & Methods  

An experiment setup as in Fig. 3.1 is adopted in this study. Figure 5.1a also shows a 

schematic of apparatus to generate and condition smoldering smoke, including a 

burning chamber, a 20L buffer bottle to enable growth of particles and a set of dryers 

to reduce the humidity. The delivery of smoke to DMA at downstream is driven by 

the negative pressure generated by an ejection pump. 

 

Figure 5.1 a) schematic of Aerosol Generation & Conditioning section; b) schematic 

of experimental setup. 

5.2.1 Sample Generation  

Six wood types (3 hardwoods and 3 softwoods) were investigated including 

oak, hickory and mesquite (hardwoods) and cedar, cypress and pine (softwoods).  The 

hickory, mesquite, cedar and cypress were sourced from commercially available 
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wood chips, while oak chips and pine twigs were collected from the grounds of the 

National Institute of Standards and Technology (NIST), Gaithersburg Campus. Hille 

showed that only wood with a moisture content less than 14% is totally consumed 

during forest fires.216 To increase consumption efficiency of fuel, wood moisture 

content was reduced by pre-treating all samples at 100 ⁰C overnight prior to burning. 

Wood pieces were allowed to smolder in a home-made combustor in a laboratory 

fume hood.  For each run, ≈ 100 g of fuel was used.  The combustor consisted of an 

aluminum can 20 cm tall and 15 cm in diameter with seven 0.5 cm diameter air holes 

(three on side wall and four at bottom center) to supply air. An exit port in the lid was 

fashioned by drilling a hole to accommodate a 1.27 cm (1/2 in) NPT flange.  This 

flange was then attached to 1/2 inch tubing serves as exit port of smoke particles. 

Upon ignition, the lid was left off for ≈ 1 to 2 min to allow the flame to propagate 

along the surface of the wood pieces. Afterwards, the can was sealed with a lid to 

quench the flaming combustion. Smoke was then drawn through the exit port of the 

lid and delivered to the rest of the system using a slight negative pressure provided by 

an ejection pump. In order to alleviate fluctuations in particle number density, a 20L 

glass carboy served as a buffer volume with a nominal particle residence time of 5 

minutes. 

Smoke was sampled from the main stream with a flowrate of 0.5 L min-1. A 

conditioning system including a diffusion dryer (TSI 3062)118 with silica desiccant, a 

diffusion dryer (TSI 3062) with activated carbon to remove emitted gases, and a 

Nafion drying tube (PermaPure MD-700-48F-3, with counter flow relative humidity 

(RH) held at < 5%), was used to remove residual water vapor from the flow stream 
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prior to size/mass selection and optical measurements. We note that this amount of 

conditioning may seem excessive, but was necessary to maintain all downstream 

measurements at constant RH over the course of a single burn; silica desiccant was 

changed prior to every burn.  

5.2.2 Size and Mass Classification  

Smoke particles were size-selected at a given mobility diameter (Dm) using a DMA 

(TSI 3082) that was operated with an aerosol flow of 0.5 L min-1 and a sheath flow of 

2.5 L min-1. The APM was operated in two modes in sequence: scanning mode with 

APM directly connected to CPC to determine mass of +1 charged particles, and fixed 

mass mode with APM followed by PA to select the  +1 charged particles for 

absorption measurement. Care was taken to ensure that only +1 particles were 

selected by measuring particle extinction as a function of mp as previously described 

by Radney and Zangmeister.217 This combination of DMA-APM also enables 

determination of the effective density (ρeff) 

 𝜌!"" =
!!!

!!!!
 , (5.2) 

where 𝐷! is the mobility diameter selected by DMA and 𝑚! is the average mass of 

+1 charged particle determined from the mass distribution measured by APM and. 

For spherical particles, 𝐷! is equivalent to particle physical diameter.  

 

5.2.3 Absorption Measurement  

The absorption coefficients of size- and mass-selected smoke particles were measured 

using a PA with a supercontinuum laser (NKT photonics SuperK Extreme EXR-15) 
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that outputs wavelengths spanning 475 nm to 2.5 µm. Wavelength selection of the 

laser beam was performed using a tunable wavelength and bandwidth filter (NKT 

Photonics SuperK Varia). Wavelengths spanning λ = 500 nm to 840 nm in 50 nm 

increments were used for measurements and bandwidths for each center wavelength 

were chosen in order to obtain a minimum of 25 mW of transmitted power. Intensity 

of the laser beam was modulated using a mechanical chopper (ThorLabs MC-2000 

with MC1F30 blade) driven by a function generator (Standford Research Systems 

DS345). Frequency was nominally 1640 Hz at 296 K in ambient air62.    The reader is 

directed to Radney and Zangmeister (2015)58 for a detailed description on the 

determination of αAbs using the supercontinuum PA.  The MAC values were then 

calculated using Eq. 5.1 with knowledge of αAbs, mp from APM selection, and N from 

CPC measurement. The wavelength dependence of smoke particles is often 

characterized using absorption Ångström exponent (AAE) as in 

 𝐴𝐴𝐸 = −
!"# (!!"#,!! !!"#,!!)

!"# (!! !!)
. (5.3) 

For dual- and triple- wavelengths measurements, one and three pairwise AAE values 

can be calculated, respectively, to describe the absorption spectrum28,171,215. To 

elucidate the wavelength dependence of smoke particles, light absorption was 

performed across the visible portion of the spectral window with enhanced resolution 

(8 wavelengths used presently), and thereby, the AAE can be instead be fit using 

 MAC! = 𝑘!
!

!"" !"

!!!"
, (5.4) 

where k0 is a prefactor, and the MAC value, equivalent to CAbs, is normalized to λ = 

500 nm, similar to weighting to λ2 in Eq. 5.3. 
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5.2.4 TEM Characterization 

Smoke particles were collected on TEM grids (200-mesh copper grids coated with 

lacey carbon film) with an electrostatic aerosol precipitator (TSI 3089) at -9.3 kV 

collection voltage, and an aerosol flow of 0.5 L min-1. Images were collected using a 

JEOL 2100 TEM at an accelerating voltage of 200 kV. 

5.3 Results & Discussion 

5.3.1 Smoldering Stability  

Prior to the collection of absorption spectra, smoldering stability, absorption size 

dependence and TEM images of emitted particles were characterized for smoldering 

oak. Smoldering was able to be sustained for 30 min or longer, over which time both 

particle concentration and MAC at λ = 500 nm were collected as a function of time 

(see Figure 2, for 750 nm, 311 femtogram (fg) smoldering oak particles). Particle 

concentrations were ≈ 1010 particles m-3.  At the early stages of each experiment, after 

sealing the combustor, a short period of flaming combustion persisted and MAC 

values as high 0.25 m2 g-1 were measured, likely due to BC within the emitted 

particles.206 After a few minutes, the flaming subsided and smoldering persisted as 

evidenced spectrally by the nearly order of magnitude reduction in MAC.  These 

observations are consistent with Holder, et al (2016).206 who quantified the BC 

concentration during burning and observed a correlation between BC and MAC 

during the transition between flaming to smoldering. At times spontaneous flaming 

would occur due to rearrangement on the material in the smoldering chamber. This 

could be explained by an increase in the MAC due to generated soot coagulate with 
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organic particles, and a decrease in particle concentration due to consumption of 

organic particles (see spike in measured MAC at 6 and 25 minutes in Figure 2).  

 

Figure 5.2 Time evolution of MAC (black) for 750 nm smoke particles from burning 

of oak wood, corresponding to mass of 269.9 fg, measured at wavelength of 500 nm 

along with the corresponding number concentration (red). 

5.3.2 Particle Characterization 

Figure 3a shows measured MAC at λ = 660 nm for smoldering oak particles 

with selected diameters ranging from 500 nm to 900 nm. The population of MAC is 

observed to be essentially invariant with Dp. The median of MAC is ~ (0.008 ± 0.002) 

m2 g-1 for all sizes, which is about three orders of magnitude lower than the MAC of 

BC (~ 7.5 m2 g-1)149,218. The constant MAC over sizes indicates the particles are 

basically optical volume absorber (in Rayleigh regime) despite the dimension of 

particles comparable to the wavelength. The mean is higher than the median, 

indicating selected particles were mostly weakly absorptive but with some outliers, 

consistent with the observation in Figure 2. 
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Figure 5.3 MAC of oak smoke as a function of particle size measured at λ = 660 nm. 

The box and whisker plot shows experimental data where the box represents the 

range of 25% and 75% percentile, the dash in the box is the median and the solid 

square is the mean.What does the whisker correspond to – the range of the data?  

How long does the scan take?  What is variability in the result as a function of time – 

is that what the error bars represent? 

Aerosol formation during biomass burning is described as a condensation 

process, which produces solid or liquid particles. 149Figure 4 shows a TEM image of 

oak smoke collected during the smoldering phase where the MAC is constant. No 

aggregated particles, indicative of BC132,219, were observed. Instead, the grid is nearly 

universally coated with individual liquid-like droplets and membranes, similar to 

previous observations of cellulose smoldering and consequent condensation of 

volatilized organics.220 
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The measured density ranges from (1.35 ± 0.01) g cm-3 for Cypress, to (1.51 ± 

0.03) g cm-3 for Mesquite, as listed in Table I. It is observed that density of smoke 

particles is higher for hard wood than that for soft wood.  

  

Figure 5.4 TEM images of particles collected from smoldering oak. Liquid-like 

material forms droplets on thin (a) and thick (b) meshes. Liquid membranes are 

formed on the junctions of carbon fibers (1) and the holes on the carbon film (2).I do 

not understand this image.  The images I have seen of smolder smoke are circular. 

5.3.3 Smoldering Wood Absorption Spectra  

Figure 5 shows the MAC spectra of Dm = 750 nm smoke particles from smoldering 

six types of wood collected over a whole cycle of smoldering. Medians of MAC are 

also listed in Table I. Overall, the MACs of smoke particles are at least two orders of 

magnitude lower than that of BC (~ 7.5 m2 g-1)149,218 with the greatest measured MAC 

at ~0.14 m2 g-1 for Hickory at λ=500 nm. The strongest absorber is Mesquite and 

hickory which have MACs about 4 times greater than that of the weakest absorbers, 
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oak and cedar. No distinct correlation of absorption between hard wood (Oak, 

Hickory and Mesquite) and soft wood (Cedar, Cypress and Pine) is observed.  

Despite the low MAC compared to that of BC, the smoke exhibits significantly 

increasing absorption towards the shorter wavelengths. The AAE was fit over λ = 500 

nm to 840 nm and are listed in Table I. As shown, all AAE values are above 3.68 and 

are significantly higher than the quoted AAE of 1 for BC 149. This large AAE is 

consistent with the reported wavelength dependence of BrC 168,221. The mean of MAC 

is higher than the median in all wavelengths, suggesting majority of particles 

possessing low MAC were collected during smoldering phase, while there were 

periods, e.g. intermittent flares, when particles with high MAC were emitted.  
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Figure 5.5 MAC spectra of smoke particles from smoldering six types of wood. The 

box and whisker plot show the mean (■), median (-), 25% and 75% percentile (box), 

10th and 90th percentile (whisker) and outliers (○).  
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Table 5.1 Density, AAE and median MAC (λ=500 nm) of 750 nm smoke particles for 

6 wood samples. Soft wood is highlighted with gray. 

 
Density (g/cm3) 

AAE (from median, 

500 ~ 840 nm) 

Median MAC (m2/g) 

at λ=500 nm  

Cedar 1.36±0.03 5.31±0.53 0.031 

Cypress 1.35±0.01 5.58±0.72 0.079 

Pine 1.35±0.02 3.79±0.37 0.080 

Oak 1.41±0.04 4.13±0.43 0.026 

Hickory 1.44±0.05 4.46±0.08 0.126 

Mesquite 1.51±0.03 3.68±0.25 0.133 

 

5.4 Summary  

In conclusion, absorption spectra of laboratory produced smoldering smokes from six 

types of wood were investigated. Absorption data were measured in situ between 500 

nm and 840 nm using a photoacoustic spectrometer and step-scanning a 

supercontinuum laser source coupled to a tunable wavelength and bandwidth filter. 

Smoldering smoke particles were mobility and mass-selected prior to optical 

characterization allowing data to be reported as mass-specific absorption cross 

sections (MAC). The measured MAC at 500 nm was time dependent, ranging from 

0.25 m2g-1 and gradually dropped to 0.03 m2g-1 within 12 min of smoldering 

initiation. All six materials studied had a median MAC ranging between 0.026 m2 g-1 

to 0.133 m2 g-1 at a wavelength of 500 nm and absorption Ångström exponents (AAE) 
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ranged between 3.68±0.25 (Mesquite) to 5.58±0.72 (Cypress), consistent with 

reported AAEs for BrC in general. It was shown both experimentally and 

computationally that smoldering smoke particles as big as 750 nm in diameter behave 

as volume absorbers due to weakly absorption of light.  
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Chapter 6:  Conclusion and Future Work  

In summary, the work discussed in this dissertation is devoted to laboratory studies of 

optical absorption by atmospherically relevant aerosols.  Such information is 

important to to predicting the radiative forcing of aerosols in the terrestrial 

atmosphere that impacts climate change. Here a photoacoustic spectrometer is used to 

quantify the absorption coefficient of particles in situ. Aerosol-based classification 

technique, i.e. DMA and APM, are implemented to enable absorption measurements 

based upon pre-size/mass- selected particles. Such size dependent data is essential for 

testing and developing models for the optical properties of black and brown carbon 

particles. Basically the work involves two main parts: development of calibration 

methods for instrumentation (Chapter 2 & 3) and characterization of absorption by 

laboratory-generated aerosols that are relevant to particles in atmosphere (Chapter 4 

& 5). 

 For calibration of DMA, bio-nanoparticles were proposed as a candidate 

reference material for determining the mobility of nanoparticles over the range of 

(6×10-8 - 5×10-6) m2V-1s-1 in Chapter 2. Using an electrospray differential mobility, I 

measured the empirical distribution of several bio-nanoparticles, all of which show 

monomodal distribution that are more than two times narrower than the currently 

used calibration particles for electrical mobility larger than 6×10-8 m2V-1s-1 (diameter 

less than 60 nm). I also presented a numerical method to calculate corrected 

distribution of bio-nanoparticles by separating the contribution of the diffusive 

transfer function. Despite that the corrected distribution is about 20% narrower than 

the empirical distribution, the reduced width of this corrected distribution is about a 
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factor of 2 larger than the diffusive transfer function, which could result from the 

nonuniform conformation of bio-nanoparticles and from the presence of volatile 

impurities or solvent adducts. I also found the mobilities of these investigated bio-

nanoparticles are stable over a range of buffer concentration and molarity, with no 

evidence of temporal degradation over several weeks. 

In Chapter 3, I explored three aerosol standard candidates for PA 

measurement, including fullerene C60, copper and silver. Comparisons were made 

between experimental photoacoustic absorption data with Mie theory calculations at 

wavelength of 405 nm or/and 660 nm. I identified the feasibility of C60 particles with 

a mobility diameter of 150 nm to 400 nm as an absorbing standard at wavelengths of 

405 nm and 660 nm. Copper particles with a mobility diameter of 80 nm to 300 nm 

are also shown to be a promising reference candidate at wavelength of 405 nm. I 

proposed recommendation to select metallic aerosol standards for PA measurement 

taking into account the wavelength where the plasmonic resonance would occur, 

based upon the investigation of the deviation of experiment from theory for 

absorption of copper at 660 nm and that of silver at both 405 nm and 660 nm. 

With well-calibrated instruments, I investigated light absorption by 

atmospherically relevant aerosols. In Chapter 4 I measured optical absorption spectra 

of laboratory-generated aerosols consisting of black carbon (BC) internally mixed 

with non-absorbing materials (ammonium sulfate, AS, and sodium chloride, NaCl), 

and BC with a weakly absorbing brown carbon surrogate derived from humic acid 

(HA) across the visible to near-IR (550 nm to 840 nm).  Using MSTM method, I 

predicted the manner in which BC mixed with each material that was confirmed by 
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TEM images. The absorption enhancement of BC was found to decrease from 1.5 at λ 

= 550 nm with increasing wavelength for AS/BC, while NaCl/BC enhancement was 

essentially wavelength independent. For HA/BC, the enhancement ranged from 2 to 3 

and was strongly wavelength dependent. Theoretically removal of the HA absorption 

contribution to enhancement revealed that the enhancement was ≈ 1.5 and 

independent of wavelength.   

 Biomass burning (BB) is a large contributor to carbonaceous aerosols in the 

terrestrial atmosphere. High in mass concentration, but weakly absorbing across the 

visible portion of the spectrum, much of the BB is formed from smoldering smokes. 

In Chapter 5 I investigated absorption spectra of laboratory-produced smoldering 

smokes from six types of wood over wavelength of 500 nm to 840 nm. Using Oak as 

a test case, I demonstrated the measured MAC at λ=500 nm was time dependent, 

ranging from 0.25 m2g-1 and gradually dropped to 0.03 m2 g-1 within 12 min of 

smoldering initiation. It was found that all six materials studied had a median MAC 

ranging between (0.026 to 0.133) m2 g-1 at a wavelength of 500 nm and absorption 

Ångström exponents (AAE) ranged from 3.7 to 5.6. It was shown both experimentally 

and computationally that weakly absorbing smoldering smoke particles behave as 

volume absorbers for particles despite of large particle diameter selected at 750 nm 

that is comparable to the wavelength. 

One future extension of this work would involve comparison with ground-

based measurement as well as satellite measurement that contributes to better 

quantify the role of aerosols in climate change. Mass specific absorption cross section 

(MAC) measured in this dissertation is a critical input of global climate model to 
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calculate radiative forcing of aerosols. It would be beneficial to build a MAC 

inventory for the major species of atmospheric aerosols that helps to isolate the 

absorption contributions of each aerosol species from field measurement. Combined 

with global aerosol emission inventory, radiative forcing of major aerosols species 

can be evaluated in the full solar spectrum with aid of the broadband supercontinuum 

laser. From the computation perspective, discrete-dipole approximation method 

(DDA)222 can be introduced to calculate optical properties of non-spherical particles 

and compared with MSTM method. In investigation of optical absorption 

enhancement of NaCl/BC, for example, since NaCl exists as crystalline cubics, the 

spherical assumption in MSTM would cause error in estimation of absorption cross 

section. Future calculation could use DDA to calculate optical properties of particles 

with arbitrary shape and multiple components, and to estimate the influence of 

spherical assumption used in other methods. On the other hand, there exists no unique 

morphology of soot particles for a given set of fractal parameters, i.e. fractal 

dimension Df and prefractor f0.  Thereby, future work could involve investigation of 

statistics of light absorption by particles with morphology described by the same Df 

and f0.  
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Appendices 

A. Supplemental Information for Chapter 3  

A.1 Size Distribution of Fullerene C60 Nanoparticles 

Fullerene C60 nanoparticles were generated by sublimating C60 powder in a flow of 

nitrogen with heating temperature of 650 ⁰C. The size distribution of generated C60 

nanoparticles is shown in Fig. A1 peaking at around 239 nm. 

 
Figure A1 Size distribution of C60 nanospheres. 

A.2 Mass-mobility Scaling Relationship 

The aggregate morphology of a particle with a mobility diameter Dm can be described 

via 

 
𝑚! = 𝑚!,!

!!
!!,!

!!"
, (A1) 

where Dfm is mass-mobility scaling component, mp,0 is the particle mass for an 

arbitrarily chosen mobility diameter Dm,0.  The mass mobility scaling relationship for 

as generated nanospheres of silver, copper and fullerene C60 is shown in Fig. A2. 
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Figure A2 Mass mobility scaling relationship of silver, copper and C60 nanospheres. 

A.3 SEM images of Copper Nanospheres at Different Synthesis Temperature 

To investigate morphology effect of particles on the absorption measurement, copper 

particles were synthesized at different temperature in order to yield nanospheres with 

various morphology. The SEM images are shown in Fig. A3. Rough surfaces as well 

as voids are evident on particles synthesized at 380 ⁰C. As temperature increases, 

particles become more spherical and dense. 

A.4 Effect of 405 nm Laser Power 

Measured PA signal is known to be proportional to the peak-to-peak laser intensity. 

In this study 660 nm laser outputs power half of the laser power emitted by 405 nm, 

which could be potential contributor to the discrepancy between PA measurements 

and Mie calculation at λ=660 nm. Here I studied the effect of laser power on PA 

absorption by measuring CAbs of copper nanoparticles at 405 nm with laser 
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performing at the comparable signal level as at 660 nm. I first calibrated the laser 

 

Figure A3 SEM images of copper nanosphere synthesized at a) 380 ⁰C, b) 500 ⁰C 

and c) 650 ⁰C. 

power as a function of the operating voltage of the 405 nm laser which shows a linear 

relationship in the regime of 0.45V to 0.95V, see Fig. A4. PA measurements were 

then carried out for multiple Dm of copper particles (60 nm to 200 nm) using laser 

voltage ranging from 0.45 V to 0.95 V with an interval of 0.1 V. Particles of most 

sizes exhibit a measured CAbs constantly being 60 % ~ 90% of CAbs calculated using 

Mie theory over all voltages, while particles of 60 nm in diameter absorbs only 30% ~ 

50 % of Mie prediction, as shown in Fig. A5. Finally, I found 405 nm laser yields 

comparable signal level as 660 nm laser when operating at 45 % ~55 % of the full 

power. 
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Figure A4 Calibration of output laser power with operating voltage of PA 405 nm 

laser. 

 

Figure A5 Comparison of measured CAbs with Mie calculation for multiple size of 

copper nanoparticles at λ=405 nm using different operating voltage of PA laser. 
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A.5 Effect of Particle Morphology 

As shown in TEM images, some of the metal particles are slightly prolate, deviating 

from perfect sphere, which indicates there exists intrinsic errors using homogeneous 

sphere model in the Mie calculation. Whether these spheroids contribute to the 

experiment and calculation discrepancy at λ=660 nm depends on how much the 

optical absorption was affected by the prolate eccentricity. Discrete dipole 

approximation (DDA) is known as a powerful technique for computing scattering and 

absorption by target of arbitrary geometry. I calculated CAbs of copper using DDA by 

constructing spheroids with aspect ratio (ratio of semi-major axis to semi-minor axis) 

up to 1.5. Comparison with CAbs of spheres with equivalent diameter indicates CAbs 

rises for both wavelength as the particle become more prolate. However, the effect is 

small, e.g. up to 16% and 8% rise in absorption at λ=405 nm and λ=660 nm, 

respectively.  

 Experimentally, I measured CAbs of copper particles synthesized at various 

heating temperature (HTemp, 450 ⁰C, 650 ⁰C and 750 ⁰C). The basic assumption is 

that particles are less dense and less spherical with decreasing Htemp which allows us 

to examine the impact of non-sphericity. From SEM images, it is not easy to 

differentiate the particles synthesized at Htemp=650 ⁰C and 750 ⁰C, which are dense 

and spherical, while nonspherical particles with rough surface are prevalent in the 

SEM images for Htemp=450 ⁰C. PA measurement shows increasing CAbs for lower 

heating temperature, but only up to 20% rising for both wavelength, which is 

consistent with the calculation above, see Fig. A6. 
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Figure A6 Absorption cross section CAbs of copper nanoparticle a) at λ=405 nm and 

b) λ=660 nm. Green, blue and purple dots correspond to particle synthesized at 

temperature of 450 ⁰C, 650 ⁰C and 750 ⁰C, respectively. Results are reported as 

experimental mean and 2σ uncertainty propagated across all measurements. Mie 

calculations are also shown using refractive index from Palik 110 (solid gray lines) 

and McPeak 111 (dashed black lines), respectively. 
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A.6 Calibration of Measured Dp with PSLs  

NIST-traced size standard polystyrene latex beads with three nominal sizes 

(60 nm, 100 nm, 150nm) were used to calibrate the measured Dp in nitrogen and in 

forming gas, as shown in Fig. A7. The actual Dp was then extrapolated from this 

linear relationship based upon the nominal Dp selected on the DMA panel. 

 

Figure A7 Measured Dp of NIST-traced size standard polystyrene latex beads as a 

function of nominal Dp. 
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B. Supplemental Information for Chapter 4  

B.1 Drop Cast TEM Images 

The as received BC suspension was diluted with DI H2O and drop cast on TEM grids. 

After drying overnight at room temperature, the BC was imaged using TEM and 

shown in Fig. B1. Agglomerates of ≈ 30 nm monomers with discontinuous onion-like 

fringes are observed, similar to the monomers in Fig. 4.1a.     

 

Figure B1 TEM images of drop cast BC suspension. 

B.2 Measurement of Aerosol Extinction 

The extinction cross sections (CExt) of bare BC particles were measured using a cavity 

ringdown spectrometer (CRD) at 𝜆 = 660 nm to retrieve the refractive index (RI) of 

BC in conjunction with the absorption cross section (CAbs) from the photo-acoustic 

spectrometer (PA) measurements. The schematic of experimental setup is shown in 

Fig. B2.  
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Figure B2 Experimental schematic used for determination of optical extinction. 

The optical cavity used here was fashioned after a similar one used for gas-

phase absorption measurements223 with some variation to accommodate aerosols. 

Particles flow into the cavity at 0.5 L min-1 with an additional 1.0 L min-1 being 

flushed around the windows to prevent particle deposition.  A λ = 660 nm continuous 

wave diode laser is used to pump a high finesse optical cavity to saturation.  Then the 

light is quickly terminated (tens of nanoseconds) using an acousto-optic modulator, 

and the intra-cavity light intensity decays exponentially in time as a result of 

absorption and scattering (the sum of which is extinction) from gas- and aerosol-

phase species and window losses. Aerosol extinction coefficients (αext) are determined 

by taking the difference in ringdown times between aerosol-laden and clean (HEPA-

filtered) cavity conditions, τ and τ0, respectively: 

 𝛼!"# =
!
!"

!
!
− !

!!
, (B1) 

where L is the total length of the cavity, d is the length of the cavity occupied by 

aerosol and c is the speed of light; aerosol-free ringdown times were nominally 22 µs. 

To evaluate the precision and stability of the system performance, an Allan variance 

test was performed prior to the measurement which yielded an 1s detection limit of 

4.9×10-7 m-1. 
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B.3 Determination of Refractive Index 

The BC refractive index (RI) was calculated from extinction and absorption cross 

section measurements made at λ = 660 nm on mass-selected 150 nm to 400 nm 

mobility diameter particles, assuming monodisperse distribution for all size-selected 

particles, Distinct peaks corresponding to different charge states were observed in the 

mass distribution of selected particle size as observed in Radney, et at. (2013).224  

Following the discussion of Radney and Zangmeister (2016),182 mass-selection by the 

APM for these nearly-spherical particles (See section on mass-mobility scaling 

exponent) ensured that only particles with q = +1 were measured.  Further, 

measurements were performed where Cext possessed a stable slope. The refractive 

indices were calculated using a weighted sum method225 including both Cext and Cabs, 

as it has been shown that the combination of extinction and absorption data greatly 

improves the retrieval of RI compared to the extinction-only retrievals.226 The 

measured extinction and absorption cross-sections (Cext,measured and Cabs,measured, 

respectively) are used to minimize the merit function (χ2), with the refractive index 

(m = n + ik) treated as the fitted parameter for the calculation of Cext,calculated (n, k) and 

Cabs,calculated  (n, k) from Mie theory.  Mathematically: 

 

𝜒! 𝑛, 𝑘 =

!
!!"#

!!"#,!"#$%&"'!!!"#,!"#!$#"%&' !,!
!

!

!!
!

!!"#
!!! +

!
!!"#

!!"#,!"#$%&"'!!!"#,!"#!$#"%&' !,!
!

!

!!
!

!!"#
!!! , 

(B2) 

where N is the number of mobility diameters measured, and εi is the standard 

deviation of multiple measurements for size i. The optical cross sections are 
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calculated using the homogenous spheres routine described in Appendix A of Bohren 

and Huffman (1983).227  The algorithm scans through possible values of indices with 

interval of 0.001 for both 𝑛 and 𝑘 until converging to the merit function’s absolute 

minimum 𝜒!"#! . This value is taken as the average RI of the BC aggregate and air, 

from which the RI of BC bulk is retrieved using Bruggeman mixing rule227 for an 

assumed packing density calculated from the effective density.228 The uncertainty of 

the retrieved RI was approximated from the vicinity of 𝜒!"#!  for RI satisfying 

 𝜒! − 𝜒!"#! ≤ 𝜒!"#$! , (B3) 

at a 95% confidence level where 𝜒!"#$! =19.6751 for the eleven degrees of freedom. 

The error of RI is given as the standard deviation of all 𝑛 and 𝑘 that satisfying this 

relationship. For BC and air, the RI was determined to be (1.32 ± 0.01) + i(0.31 ± 

0.01).  Applying the Bruggeman mixing rule yields a BC RI of (1.77 ± 0.02) + i(0.80 

± 0.01) and was assumed to be wavelength independent.149 

Unlike BC, the RI of BrC is expected to vary with wavelength. To account for 

the wavelength dependence of BrC the RI was first determined at λ = 660 nm as 

described above. Over the wavelengths of interest, I assumed that the real part of the 

RI was wavelength independent. For the imaginary component of the RI, the 

absorption spectrum of an aqueous solution across the wavelength region of interest 

was measured (see Fig. B3), as the solution, in principle, captures the absorption from 

the bulk material, as demonstrated in Radney and Zangmeister (2015).58 The 

absorption coefficient 𝛼!"#,!"#$ can be related to the imaginary component (k) and the 

wavelength 𝜆 through227  
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 𝛼!"#,!"#$ =
!!"
!

, (B4) 

Thus, it follows that 

 
!!!
!!!

= !!!
!!!

= !!!!
!!!!

, (B5) 

where 𝐴!  is the measured absorption measured at wavelength 𝜆.  

 

Figure B3 Measured absorption spectrum of BrC (from UV-vis spectrophotometer). 

B.4 Mass-mobility Scaling Relationship  

A surrogate for aggregate fractal dimension, the mass-mobility scaling exponent 

(Dfm),10,11 relates particle mass (mp) to the electrical mobility diameter (Dp) through 

 𝑚! = 𝑚!,!
!!
!!,!

!!"
, (B6) 

where mp,0 corresponds to the particle mass for an arbitrarily chosen mobility 

diameter Dm,0.229,230 Figure B4 shows the mass-mobility scaling relationship for BC 

and HA with Dm,0 =150 nm; the corresponding mp,0 and Dfm are (1.50 ± 0.01) fg and 

(2.83 ± 0.01), and (2.50 ± 0.10) fg and (3.10 ± 0.4), respectively. 
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Figure B4 Plot of mass-mobility scaling relationship for pure BC and HA. 

B.5 Modeling BC Optical Properties  

The BC particle morphology constrained by  

 𝑁! = 𝑘!
!!!
!!

!!
, (B7) 

where Rg is the gyration radius of the aggregate, Dm is the diameter of monomer, and 

Nm represents the number of monomers, respectively. Although not physically 

equivalent,231,232 the fractal dimension, Df, of BC was chosen to be the same value as 

the measured mass-mobility scaling exponent.229,230 Previous studies have retrieved 

aggregate morphological parameters by coupling TEM projected with image 

analysis;233,234 a similar procedure was used in this investigation. To determine Nm for 

a 250 nm BC aggregate, I relate Nm to the projected number of monomers Nproj in the 

TEM image of a typical BC aggregate (Fig. 4.1a) via the empirical formula235 

 𝑁! 𝑁!"#$ = 0.46𝑒!.!"!!, (B8) 
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where Nproj was determined from the ratio of the aggregate projected area to the 

average monomer area. Hence, the estimated Nm for the aggregate in the inset of Fig. 

4.1a is 218 given an average Dm of 30 nm. Furthermore, Brasil et al. (1999)233 

suggested a ratio of 3 between the longest projected dimension 𝐿!"#!!  to the radius of 

gyration 𝑅!!!. Therefore, the structural prefactor 𝑘! can be calculated by rewriting Eq. 

6 as 

 𝑘! =
!!

!!!"#
!! !!!

!!
. (B9) 

 

Table B1 Model parameters for BC core and shell materials.  

B.6 Comparison of BC MAC from Fig. 4.1b and Fig. 4.1c  

The MAC was calculated from the slope of CAbs vs. mp as shown in Fig. 4.1b and 

compared to the MAC calculated from a single point measurement in Fig. 4.1c. At 

each wavelength, the single point MAC was within 10 % of the linear fit to MAC as 

shown in Table B2. 

  

 BC AS NaCl BrC 

ρ (g cm-3) 1.8 1.77 2.17 1.48a) 

RI 1.77+i0.80b) 1.53236 1.54237 1.58+i0.02 at 660 nm** 

a) From DMA-APM measurement (as for bare BC in Sec. 4.3.1)  

b) Retrieved from Cavity Ring-Down + PA. See discussion in text. 
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Table B2 MAC of BC as calculated from slope of Cabs vs. mp in Fig. 4.1b and from a 

single point Cabs/mp in Fig. 4.1c for a Dp = 250 nm particle. 

B.7 TEM Images of Particle Melting  

To reveal BC core in the mixing particles, I intentionally melt the particles by 

exposing them to the focused electron beam in the TEM. Upon exposure, the exterior 

of AS/BC particle bubbles and evaporates gradually, leaving only BC aggregates 

(Fig. B5a, B5b, and B5c). Similarly, for NaCl/BC particles, NaCl cubes turn 

transparent and collapse, revealing BC core (Fig. B5d, B5e, B5f).    

Wavelength (nm) 
MAC (m2 g-1) 

% Difference 
Fig. 4.1b* Fig. 4.1c 

600 6.90 ± 0.04 7.47 ± 0.30 8.3 

700 6.10 ± 0.06 6.43 ± 0.09 5.4 

800 5.39 ± 0.06 5.41 ± 0.13 0.4 

* Linear fit for mp ≤ 10.48 fg 
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Figure B5 TEM images showing evolution of mixed particles upon exposure to 

electron beam for AS/BC (a, b and c) and NaCl/BC (d, e and f).  Scale bar 

corresponds to 100 nm in all images. 
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B.8 Influence Core/Shell Size and Refractive Index on Absorption Enhancement  

Figure B6 demonstrates how core/shell size (Fig. B6a) and RI (Fig. B6b) affect the 

absorption enhancement EAbs,λ using a core shell Mie theory. For a 250 nm particle, 

core diameters of 127 nm and 120 nm, corresponding to the BC core in AS/BC and 

NaCl/BC particles, respectively, were assumed and the RI of the shell was taken to be 

1.53 (i.e. AS).  The calculated EAbs,λ was found to be (3 to 6) % higher the particles 

with the smaller core, see Fig. B6a. On the other hand, for a 250 nm particle with a 

BC core at fixed diameter of 127 nm, varying RI of shell from 1.53 to 1.54 only 

elevates EAbs for < 1%, as shown in Fig. B6b.   
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Figure B6 Core-shell Mie calculation of EAbs for a) 250 nm particle with 127 nm 

(solid red) vs. 120 nm (blue dashed) BC core with a shell refractive index of 1.53, and 

b) 250 nm particle with a 127 nm BC core with shell refractive indices of 1.53 (solid 

magenta) vs. 1.54 (blue dashed). 
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