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ABSTRACT 

CAVITY RING DOWN: CONSTRUCTION, VALIDATION AND EXPERIMENTS 

MEASURING THE OPTICAL EXTINCTION OF PURE CLAYS AND THEIR 

MIXTURES WITH SALTS AND CARBOXYLIC ACIDS UNDER A RANGE OF 

ATMOSPHERICALLY RELEVANT CONDITIONS 

by 

Alexis Rae Attwood 

University of New Hampshire, May 2012 

Aerosols interact directly with solar radiation by scattering and absorbing incident 

light to affect the Earth's climate system. Models indicate that aerosols cool the Earth 

counterbalancing greenhouse gases, but contribute the largest uncertainty to 

anthropogenic effects on climate. To address these uncertainties, a cavity ring down 

spectrometer (CRD) was built and performance tests were conducted to validate its 

capabilities for measuring optical properties of laboratory generated, atmospherically 

relevant aerosols over a range of conditions. The CRD provides an absolute and unbiased 

in situ measurement of total extinction and can reduce uncertainties associated with 

aerosols having unusual chemical and physical properties. 

Mineral dust particles are a large fraction of the total aerosol mass and thus 

contribute extensively to the climate balance. Assessing this impact is complicated by 

the irregular shape and sheet-like structures of these species making them difficult to 

model using standard Mie theory, thus direct experimental results are desirable. Further, 

xi 



variability in measurements of optical properties can result from water uptake and 

changes in chemical composition due to interactions with the immediate environment. 

Three different clay proxies for mineral dust and relevant mixtures were selected for 

study. First, pure kaolinite, montmorillonite and illite were characterized as a function of 

relative humidity (RH) revealing differences when compared to Mie theory generated 

from literature values for size or mass change. Second, internal mixtures of largely 

insoluble montmorillonite with sodium chloride or ammonium sulfate were studied and a 

lowering of the optically observed deliquescence RH was observed in comparison to the 

pure salts. Further, experimental results were compared with Mie theory generated from 

volume weighted mixing rules to reveal deviations near deliquescence. Lastly, optical 

properties of montmorillonite internally mixed with atmospherically relevant 

dicarboxylic acids were used to simulate atmospheric processing and compared to freshly 

emitted, pure montmorillonite aerosols under dry and humid environments. In all cases, 

the optical properties measured by cavity ring down have been used to obtain a better 

estimate of the magnitude of the climate forcing caused by mineral dust aerosols under a 

range of conditions. 
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CHAPTER 1 

ATMOSPHERIC AEROSOLS 

Aerosol Background 

Climate change has been shown to adversely affect many of the Earth's physical 

and biological systems and as a result, human health in diverse ways. These effects 

include sea level rise, the melting of arctic sea ice and glaciers, increased extreme 

drought conditions and the disruption of sensitive ecosystems.1 Such changes can lead to 

increased allergic disorders due to an increase in the duration and intensity of the pollen 

season, increased occurrences of waterborne illness such as cholera due to an increase in 

water temperature, increased mortality due to thermal stress in areas of high temperature 

rise, injuries due to flooding and reduced crop production caused by droughts. 

Greenhouse gases and aerosols are two of the largest contributors to anthropogenic (man-

• 2 I made) climate change based on the magnitude of their radiative forcing (Wm" ). 

Radiative forcing is a measure of the difference in outgoing radiation with and without 

greenhouse gases or aerosols present. For example, a negative forcing by aerosols at the 

top of the atmosphere corresponds to the outgoing radiation being greater with aerosols 

than without, leading to a net cooling whereas a positive forcing indicates an increase in 

energy at the top of the atmosphere as a result of perturbation. 

Figure 1.1 shows the principal components contributing to the radiative forcing of 

climate.1 Greenhouse gases, like methane and carbon dioxide, absorb infrared radiation 
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Figure 1.1: A summary of the anthropogenic radiative forcing estimates for atmospheric 
constituents and their level of scientific understanding (LOSU) adapted from the IPCC. Error bars 
represent the 90% confidence range. Results shown are derived from published values and their 
ranges.1 

and lead to positive forcing, or warming of the atmosphere. The effects of these gases are 

well characterized due to their atmospheric stability and long lifetimes allowing them to 

be well mixed throughout the atmosphere. They have been extensively modeled for many 

years and the Intergovernmental Panel on Climate Change (IPCC) reports the level of 

scientific understanding (LOSU) for the effects of greenhouse gases on the Earth's 

climate system as high. Aerosols, on the other hand, lead to a net negative forcing and 

have a LOSU between low and medium-low. The radiative effects for aerosols are poorly 

understood in comparison to greenhouse gases due to their short atmospheric lifetimes 

and their spatial and temporal variability. In addition, there is a lack of spectroscopic data 

for aerosols due to their variability, while the spectral signature of greenhouse gases is 

well known. As seen in Figure 1.1, aerosols contribute the largest uncertainty in the 

calculation of anthropogenic effects on climate.1 
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Atmospheric aerosols are solid or liquid particles suspended in air and contribute 

to a large range of phenomena including dust, fog, haze, smoke and soot.3 The interaction 

of solar radiation with aerosols affects the Earth's climate system by direct scattering and 

absorption of incident light. The degree to which aerosols interact with incoming solar 

radiation depends on a combination of aerosol properties such as loading, chemical 

composition, size distribution and shape, and variability in these properties makes 

quantification of radiative forcing magnitude on a global scale difficult. Aerosols can 

scatter the radiation back towards space, cooling the Earth's atmosphere, or absorb solar 

radiation leading to heating of the atmosphere while reducing the amount of light 

penetrating to the Earth's surface. In addition, long-wavelength thermal infrared radiation 

emitted by the Earth's surface can be absorbed by aerosol species, also leading to positive 

radiative forcing.4 This additional absorption near the surface means that determining the 

top of the atmosphere forcing by aerosols is not sufficient for climate change and this 

additional radiative heating must be included in predictions. In sum, the direct effect of 

aerosols on the radiation budget is predicted to counterbalance some of the warming 

caused by greenhouse gases. Indirectly, particles can also affect the climate through the 

cloud albedo effect by acting as cloud condensation nuclei (CCN). This changes the 

number concentration of droplets in clouds as well as their size distribution altering 

precipitation rates. Additionally, CCN will alter the lifetime and reflectivity of a cloud.5 

These indirect effects contribute the largest uncertainty in the total aerosol contribution to 

radiative forcing as shown in Figure 1.1. 

Greenhouses gases and aerosols also have an effect on a positive water feedback 

loop in the Earth's atmosphere. It is relatively well understood with respect to greenhouse 
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gases but the complicated effect of aerosols remains to be established. An increase in 

temperature will increase the water-holding capacity of the atmosphere, increasing the 

amount of water vapor and causing further warming due to the absorption capability of 

water.1 The additional atmospheric water will also impact aerosols with two opposing 

effects. In one case, absorbing aerosols take up water and their absorption is enhanced 

causing increased heating of the atmosphere.6 Under the same conditions, more light will 

be reflected by scattering from aerosols due to an increase in size, thus enhancing their 

cooling effect. The relative magnitude of these two effects is not well characterized. 

Aerosol Sizes, Sources and Removal Mechanisms 

Aerosols typically range in size from a few nanometers (nm) to several 

micrometers (jim) covering a size range over several orders of magnitude. The lower 

limit in their size is constrained by measurement techniques that can typically only 

measure particles larger than a few nanometers. They are generally classified as "fine" or 

"coarse" particles with the latter signifying particles greater than 2.5 jam. In addition to 

size, aerosols are further classified as being natural or anthropogenic (man made). This 

distinction between these size and type classifications is important because the physical 

and chemical characteristics, sources, formation and removal mechanisms are different, 

based on classification as shown in Table 1.1 and discussed below.3 

The smallest particles provide the largest number concentration of particles in the 

atmosphere, whereas larger particles contribute most particulate mass concentration, even 

at a lower total number concentration. In addition to having the largest number 

concentration, fine particles also account for the greatest particle surface area 

concentrations and stay in the atmosphere longer than coarse particles.3 Fine particles can 
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be further separated into three sub-classifications: nucleation mode particles with 

diameters up to 10 nm, Aitken mode with diameters spanning 10 nm to 100 nm and 

accumulation mode with diameters extending from 100 nm to 2.5 jam. Nucleation and 

Aitken mode particles are formed 

Table 1.1: Sources, sizes and emission estimates for the major aerosol classes.3 

Source Size Mode Estimated Flux (Tg yr1) 

Natural 
Primary 

Mineral Dust Fine 308 
Coarse 2672 

Seasalt Coarse 10100 
Volcanic Ash Coarse 30 
Biological Debris Coarse 50 

Secondary 
Sulfates from DMS Fine 12.4 

Sulfates from Volcani c S02 Fine 20 
Organic aerosol from biogenic VOC Fine 11.2 

Anthropogenic 
Primary 

Industrial dust Fine/Coarse 100 
Black Carbon Fine 12 
Organic aerosol Fine 81 

Secondary 

Sulfates from S02 Fine 48.6 
Nitrates from NOx Fine 21.3 

through condensation of vapors in combustion processes and nucleation of gaseous 

species in the atmosphere. These particles coagulate with themselves or attach to larger 

particles to form particles with diameters in the accumulation mode as their principal 

removal mechanism.3 

Accumulation mode particles are largely formed through coagulation of finer 

mode particles and condensation of vapors onto existing particles to increase their size. 

The name is fitting because removal mechanisms are not as efficient in this size range 

and therefore large amounts of particles start to accumulate at these sizes. They are 

5 



mainly removed via wet deposition but tend to stay in the atmosphere on the order of a 

week or more. During their lifetime, accumulation mode particles can be transported far 

away from their source, changing their physical and chemical makeup through 

atmospheric processing.3 

Coarse particles are greater than 2.5 |am in diameter and are mainly mechanically 

generated particles like seasalt and dust. These large particles make up the majority of 

aerosol mass in the atmosphere. Efficient removal from the atmosphere occurs via dry 

deposition or rapid settling.3 

It is important to note that although particle size is referred to by a diameter, 

implying a spherical particle, some aerosols are irregular and can be quite variable in 

shape making such a description inaccurate. The particle shape can determine surface 

area for reactions and have implications for optical properties. Some common irregular 

particle shapes are fractal, amorphous, crystalline, rod, disk and aggregate. Irregular 

shaped particles are classified using an "equivalent" diameter that depends on physical, 

not geometric properties.5 There are several types of equivalent diameters all of which 

represent the diameter of a sphere that would have the same value of a particular physical 

property as that of the irregular particle.7 For example, our instrumentation selects 

particle size based on the particles electrical mobility diameter (Dm) and therefore 

throughout this manuscript diameters will be reported as such. The relationship between 

Dm and its volume equivalent diameter, Dve is obtained from the electrical mobility (Zp). 

Zp is a measure of the particle's ability to move in an electric field and is related to 

particle size by: 

^ _ neC(D) _ neC(D) 
p 3m]Dm 3nrixDve 
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where n is the number of elementary charges carried by the particle, e is electron charge, 

C(D) is the Cunningham slip correction which corrects for the non-continuum gas 

behavior for small particles, r\ is the absolute gas viscosity and x is the dynamic shape 

factor for the particle. 

In addition to size, aerosols can be classified based on their formation 

mechanisms. Primary aerosols are emitted directly into the atmosphere while a secondary 

classification indicates formation in the atmosphere through a gas to particle conversion 

process. These types of conversion processes occur as a result of oxidation, usually by O3 

or OH and NO3 radicals, of a precursor gas to yield products of lower volatility that can 

partition into the particle phase.8 Once condensed into particulate form, aerosols can 

change their physical and chemical characteristics through an equilibrium of 

condensation and evaporation, coagulation with other particles or chemical reaction. 

Natural primary sources of particulate matter contribute a large flux as shown in 

-j 
Table 1.1 and include seasalt, mineral dust, volcanic ash and biological debris. 

Anthropogenic, primary sources only account for a small percentage of particulate mass 

and arise mainly from industrial dust, black carbon from combustion processes and 

• • 3 organic aerosol from domestic and agricultural fires. 

Natural secondary sources include sulfate aerosols released from dimethyl sulfate 

(DMS) produced in oceans and sulfates produced from volcanic activity. In addition, 

biogenic volatile organic compounds (VOC) like isoprene and pinene are released from 

vegetation and then can condense into secondary organic aerosols (SOA) as a result of 

atmospheric oxidation followed by gas to particle conversion of the lower volatility gas 

phase reaction products.9 Anthropogenic secondary particulate matter is especially 

7 



prevalent in urban areas and includes products of burning of hydrocarbons, sulfates from 

SO2 and nitrates from NOx (NO + NC^).3 

Interaction with Radiation 

Aerosols have the ability to absorb and scatter incoming solar radiation. 

Absorption converts photons into electronic or thermal energy thus warming the 

atmosphere for a positive radiative forcing. Scattering changes the direction of the 

photons propagation, returning some to space for a cooling effect and a net negative 

radiative forcing. Collectively, the sum of scattering and absorption are referred to as 

extinction, which describes the total attenuation of light by particles in the atmosphere. 

The amount of light a particular particle will scatter and absorb is dependent on 

various physical parameters including the particle size, morphology, wavelength of light 

and refractive index. The refractive index (m) is reported in the form: 

m(A) = n + ik [1.2] 

where the real part (n) describes the scattering nature of the particle, the imaginary part 

(k), describes the particles ability to absorb light and i is an imaginary unit. Both 

scattering and absorption portions are wavelength dependent as denoted by the m(X). 

The scattering, absorption and extinction coefficients for a collection of particles 

in a volume (ascat, cnabS and aext, respectively) describe the total light attenuated per unit 

distance and are reported in units of length"1. The single particle scattering, absorption 

and extinction cross sections (oscat, oabs and aext, respectively) have units of area particle"1 

and are constants that describe the amount of light attenuated by an individual particle. 

This is parallel to molecular absorption cross sections. These two values (a and a) are 
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related because integrating the extinction cross section over the aerosol size distribution 

in a volume yields the extinction coefficient. 

The relative amount of scattering (cooling) versus absorption (warming) is 

described by the single scattering albedo parameter, co, which is calculated using the 

scattering and extinction cross sections: 

to = ascat = [1.3] 
Gscat+Oabs Gext 

This parameter is crucial in determining whether an aerosol population will have a 

cooling or warming effect on the local atmosphere. As the absorption increases, the 

single scattering albedo will decrease from 1 (purely scattering) to a critical value of 

0.85-0.91 indicating a change in the aerosol effect from cooling to warming with the 

exact point of this change depending on the underlying surface albedo.10,11 While all 

aerosol particles scatter light, absorption mainly occurs in species such as black carbon, 

brown carbon and mineral dust. When a photon is absorbed by a particle it is re-radiated 

as thermal energy in all directions, heating the air around it, similar to the effect from 

greenhouse gases. 

Mixing States 

The extent of radiative forcing by aerosols is largely dependent on their chemical 

composition. Aerosols most often exist as a complex mixture of multiple chemically 

defined components and are typically classified as being externally or internally mixed. 

Externally mixed aerosols are a collection of individual particles of homogenous 

composition with no physical or chemical interaction between the species. Internally 

mixed particles are composed of two or more species interacting with each other in a 

single particle.12 Both are depicted in Figure 1.2. 
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Figure 1.2: Cartoon depicting the mixing state of aerosols. 

The diversity of an aerosol population at a given location is due to local sources 

and long range transport creating complex aerosol mixtures whose composition is hard to 

classify due to limitations in measurement techniques. The lack of detailed spectroscopic 

data to identify the components of a complex mixture makes accurately predicting the 

effect of aerosols on climate change difficult. 

The chemical composition of a mixed aerosol determines the refractive index, its 

hygroscopicity and can influence particle shape and size distribution, all of which will 

contribute to its optical properties. Aerosols can contain a wide variety of both inorganic 

and organic matter. Inorganic matter such as seasalt, sulfate and nitrate along with non-

absorbing organic matter directly affect the atmosphere by scattering radiation. 

Absorbing compounds such as elemental carbon (also called black carbon or soot), 

mineral dust and absorbing organics such as brown carbon, can both scatter and absorb 

radiation. Mineral dust and fresh elemental carbon aerosols are particularly interesting 

since they are insoluble in water and therefore act in different ways when mixed with 

more soluble compounds. Upon mixing these aerosols can form a core shell structure that 

is optically more complex than the mixtures shown in Figure 1.2.13 Here, an insoluble 

core made up of elemental carbon or mineral dust can be coated with another substance 

making a shell around the particle. Likewise, a particle can exist as soluble material with 

a number of insoluble inclusions throughout. Both of these scenarios have different 

10 



implications for the optical properties of the mixed particle. For example, one model 

study showed that the radiative forcing of elemental carbon was -0.27 W m" for an 

2 2 
external mixture, 0.54 W m" for elemental carbon as a coated core and 0.78 W m" when 

it was internally well mixed.14 

At present, there are few direct measurements of the optical properties of mixed 

13 22 aerosols with an insoluble component such as mineral dust or elemental carbon. 

When mineral dust is mixed with biomass burning aerosol, it has been shown to reduce 

the solar radiation reaching the Earth's surface by a factor of two compared to mineral 

dust alone.21 A study by Schnaiter et al., on the optical properties of soot aerosol showed 

that when soot was internally mixed with ammonium sulfate aerosol, there was minimal 

change in the absorption coefficient.20'22 However, when soot was mixed with a-pinene, 

a secondary organic aerosol precursor, the absorption was significantly enhanced.20,22 

Others have found that coating soot with sulfuric acid or common dicarboxylic acids 

present in the atmosphere results in a profound enhancement in both absorption and 

scattering.15,17 

Due to a lack of experimental data, models often approximate the optical 

properties of mixed aerosols by assuming that all aerosol is externally mixed or by using 

"mixing rules" which assume homogeneous mixing between all constituents in the 

particle and that each constituent behaves independently even after mixing. Although 

mixing rules are helpful in predicting aerosol optical properties for simple systems, 

especially in the case of common electrolytes, this approach is inadequate for predicting 

the optical properties of more complex systems especially those including insoluble 

13 19 species. 
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Hygroscopicity 

A particle's size and hence its optical properties are also greatly affected by its 

hygroscopicity, or ability to take up water. Particles containing soluble components like 

nitrates and sulfates are very hygroscopic and will readily take up available water. 

Hygroscopic particles will increase in size as they take up water with rising relative 

humidity (RH). This hygroscopic growth will affect the refractive indices of the particles, 

in turn further changing their optical properties. These interrelated effects are difficult to 

quantify since they can be non-linear and vary with aerosol composition. There is 

uncertainty associated with the response of the absorption coefficient to increasing RH 

based on experimental work although theoretical studies have shown that the response is 

much smaller than it is for scattering. Therefore, the single scattering albedo is expected 

to increase with increasing relative humidity.23 

The hygroscopicity of insoluble particles like mineral dust and soot are much 

more complex and greatly depend on the mixing state of the particle. If soluble 

components are mixed with the particle, it can enhance water uptake onto the particle. 

Absorption and scattering are affected by the additional water taken up by the mixed 

particle in comparison to the single component particle. Mineral dust and soot also have 

the added complication of being irregular in shape and having varying degrees of 

porosity and density. This irregular shape can lead to compaction of the particle when 

exposed to water, changing the particle morphology and density and further affecting the 

optical properties.16'24-27 

12 



The work presented here addresses the need for more direct, accurate optical 

measurements of atmospheric aerosols in order to decrease the uncertainty associated 

with their contribution to climate change. Specific focus is placed on the optical 

properties and hygroscopicity of pure mineral dust particles and their internal mixtures 

with other atmospherically relevant species. A two channel cavity ring down 

spectrometer, newly built at the University of New Hampshire, was used for these 

studies. Chapter 2 gives a brief background and description of this instrument and 

validation techniques. Chapters 3, 4 and 5 include the experimental design and results for 

the specific systems studied, including atmospheric implications. Chapter 6 will conclude 

with future directions. 
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CHAPTER 2 

CAVITY RING DOWN SPECTROMETER 

History and Background 

Cavity ring down spectroscopy (CRD) is a relatively new technique developed in 

28 1988 by O'Keefe and Deacon and was originally used to measure gas phase species. To 

date, CRD has been used for a variety of optical measurements of both gas phase species 

and aerosols and has been reviewed extensively in the literature.13 I8'29-31 It was more 

recently developed as a technique to measure the extinction coefficient (a) of light by 

particles due to the need for improved accuracy and time resolution. CRD uses a cavity 

where a laser pulse can travel between two highly reflective mirrors at each end. This 

creates a long pathlength in a relatively short distance over which a laser pulse can decay, 

making it a highly sensitive instrument capable of measuring low values of extinction.30 

Light decays within the cavity in two ways; either by absorption and scattering by 

particles and gases in between the mirrors or by transmission through the mirrors at each 

pass. Light intensity is detected by a photomultiplier tube (PMT) connected behind a 

mirror outside one end of the cavity. As the pulse circulates from mirror to mirror, the 

light intensity as seen by the detector rings down. The intensity of light within the cavity 

is determined as an exponential function of time: 

h = h «p(t) [2.1] 
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where /, is the measured intensity of the light pulse, IQ is the incident intensity of the laser 

light pulse, t is the time and T is a decay time constant, known as the ring down time. 

Since the decay of the laser intensity is monitored, rather than the magnitude, variations 

in the laser intensity from pulse to pulse will not affect the analysis. This, along with the 

high sensitivity achieved by the long pathlengths (several kilometers), are the major 

advantages in using this type of spectroscopy. 

With no aerosol sample or absorbing gases present in the cavity, the light intensity 

decays exponentially in time due solely to losses through the two end mirrors yielding a 

time constant to, known as the sample free cavity ring down time. Particles and gases in 

the cavity will absorb and scatter light, and their extinction will decrease the time for 

equivalent light decay to reduce the ring down time to t. The characteristic ring down 
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Figure 2.1: Graphically determining the characteristic ring down time, which is equal to the 
negative inverse slope of the linear fit to the data. As particles and gases are introduced into the 
cavity, the slope for the line decreases and therefore the ring down time is reduced. 
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time can be determined by taking the negative inverse slope of a plot of the natural log of 

the intensity of light at time t over the intensity of light at time 0 versus time as shown in 

Figure 2.1. The extinction coefficient for the particles, aext, is a measure of the fractional 

loss in intensity per unit path length and therefore has units of length"1 and is calculated 

according to equation 2.2: 

a' «  =  T ( l - d  p-2] 

where Rl is the ratio of the cavity optical length to the sample length and c is the speed of 

light. 

Instrument Design 

The cavity ring down system consists of three main components: a laser, the 

optics and the sample cavity all mounted on a portable rack. The laser source is a solid 

state 20 Hz pulsed Nd:YAG (neodymium:yttrium-aluminum-garnet) laser (Big Sky 

Laser, now Quantel USA, Ultra). This laser has a high output power at 1064 nm (75 mJ) 

and operates by having a Nd:YAG rod next to a flashlamp which provides broadband, 

pulsed optical pumping. Generation of the second harmonic using a potassium titanyl 

phosphate crystal produces an output wavelength of 532 nm (45 mJ) which is used for 

experiments due to atmospheric relevancy. This wavelength is close to the center of the 

most intense portion of the solar spectrum and therefore is an obvious choice for studying 

the optical properties of aerosols in relationship to understanding climate change. In 

addition, the third harmonic at 355 nm (20 mJ) is also generated, but not used. 

The optical layout and cavity setup are shown in Figure 2.2 a) and b) respectively. 

The two cavities have an optical length of 68.9 cm and a sample length of 62.1 cm. The 
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sample cavities consist of V2" stainless steel tubing mounted between two concave mirrors 

1" in diameter with a 1 m radius of curvature and a reflectivity of >99.998% (Advanced 

Thin Films). The mirrors are located at each end of the cavities. These are separated from 

the sample flow and supplied with a constant flow of filtered nitrogen (0.006 L/min) to 

prevent deposition of particulate matter onto the mirror surface. If particulate matter 

were allowed to deposit the reflectivity would decrease causing the pathlength and 

unin B^ani dump 
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PMT ^ 
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R,=B/A 

Figure 2.2: a) The optical layout of the cavity ring down spectrometer is shown. Laser light in the 
ultraviolet (355 nm) is immediately dumped. The other output is a combination of 1064 nm and 
532 nm light. The first beam splitter (BS 1) is a long wave pass dichroic beam splitter that 
transmits the 1064 nm light to a beam dump and reflects 532 nm light at a 45° angle relative to 
the beam splitter towards the cavities. The 532 nm light then hits another beam splitter (BS 2) that 
transmits 95% of the light (which is dumped) and reflects 5% of the light. An optical isolator sits 
in the beam path which prevents back reflection from damaging the laser head. The next beam 
splitter (BS 3) transmits 50% of the light and reflects 50% of the light, splitting the beam in two. 
The remaining optics are highly reflective mirrors (M) and simply serve to align the beam into 
one of the two sample cavities, b) The cavity set up is shown. Our light source is a pulsed 
Nd:YAG laser which enters the optical cavity and is reflected between two mirrors. The decay of 
the laser pulse is captured by a PMT and sent to a computer for processsing. RL, the ratio of the 
optical cavity length (B) to the sample length (A) and is used in calculating the extinction. 
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sensitivity to also decrease. The 532 nm light is coupled into the cavity through the back 

of a mirror and reflected between the two mirrors. The intensity is low, but this does not 

impact detection or sensitivity. The light intensity in a sample free cavity decays 

exponentially in time due to losses through the two end mirrors with a typical To value on 

the order of 90 jxs. This yields an effective path length of about 27 km. The ring down 

signal of the decaying laser light is captured by a photomultiplier tube (PMT), 

(Hamamatusu H9433-03MOD), digitized using a National Instruments card (NI-USB-

6259 BNC) and transferred to a personal computer to process the data using custom 

LabVIEW software. 

The aerosol inlets and outlets are located near the end of the cavities at a 45° 

angle to the cavity and these locations define the sample length. Temperature and RH are 

monitored using Vaisala INTERCAP HMP50 probes (accuracy ±3%) located in the 

middle of both optical channels. Extinction is dependent on RH and therefore the RH 

measurements are important to include, especially since it will inform the influence of 

RH on direct aerosol radiative forcing. Using our two cavity system, we can investigate 

the influence of RH on extinction by changing the RH between the two cavities. 

A schematic of the full set up used for experiments detailed in Chapters 3, 4 and 5 

is shown in Figure 2.3. Particles are produced using a custom built, constant output 

atomizer. The atomized particles are directed through a diffusion dryer consisting of 14" 

stainless steel tubing and 13x molecular sieves. After atomization and drying, the RH is 

<10% and the aerosol is directed to a differential mobility analyzer (DMA) that size 

selects particles based on their electrical mobility. The RH of the monodisperse dry 
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Figure 2.3: Atomized particles are first passed through a diffusion dryer before being directed to 
the DMA where a polydisperse population of aerosols is size selected. The particles are then dried 
to a RH<10% before entering the first optical cavity, where dry extinction is measured. After 
exiting the first cavity, the particles are humidified to a desired RH and enter the second optical 
cavity and the humidified extinction is measured before being counted by the CPC. 

sample following the DMA is maintained by passing the aerosols through a second 

diffusion dryer to remove any water vapor that was introduced via the sheath flow of the 

DMA. The RH of the sheath flow in the DMA is dependent on the RH of the laboratory 

air which can be high, especially during summer months. The dry aerosol sample enters 

and exits the first cavity at a flow rate of 0.3 L/min, where the extinction of the sample, 

aext(dry), is measured. After exiting the first cavity, the aerosol stream is humidified 

using a custom built, temperature controlled humidifier made of Accurel tubing. The 

particles then enter the second cavity where the extinction, aext(RH) is measured. The 

extinction coefficients are converted to extinction cross sections (oext) by dividing by the 

particle number concentration which is measured by a condensation particle counter 

(CPC). The dry and humidified extinction cross section values are then used to calculate 

fRHext: 
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f R H e x t ( R H , D r y )  = [2.3] 
a Dry 

which describes the RH dependence of light extinction. It is important to note that there is 

a slight difference in the number concentration of particles in the two cavities due to a 

small dilution by the purge flows. This dilution is accounted for numerically in the 

calculations. 

Performance Tests 

The measurement of extinction using the CRD is absolute and therefore does not 

require calibration assuming that the physical characteristics of the cavities (lengths and 

purge flows) are accurately known. However, performance tests were done to validate its 

use in measuring the optical properties of aerosols. The first validation done was using 

polystyrene latex (PSL) spheres from Duke Scientific with a reported size of 300±6 nm 

and refractive index of m(A.)=l .59+0/ at 589 nm according to the manufacturer and a 

calculated m(X)= 1.57+0/ at 532 nm.32 Several drops of the spheres were diluted in a test 

tube with HPLC grade water and subsequently atomized with filtered nitrogen. A typical 

size distribution plot of the atomized PSL solution measured by the DMA and CPC is 

shown in Figure 2.4. The two smaller peaks between 100 nm and 300 nm are attributed to 

the surfactant added to the solution in order to stabilize the small particles and keep them 

from agglomerating.33 Unsuccessful tests were done previously in the lab to try to remove 

this surfactant. The largest and broadest peak at small particle sizes (<100 nm) is due to 

the non-volatile impurities dissolved in the water used to dilute the sphere solution. The 

concentration of these particles can be reduced by using very pure water, but this 

impurity cannot be completely eliminated.34 For all experiments particles were atomized 
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using particle free nitrogen as the background gas and were dried and directed into the 

DMA for size selection. By size selecting the particles to be optically measured, any 

contribution from the surfactant and water impurities is eliminated. The DMA was set to 

i 

Particle Diameter 

Figure 2.4: A scan of particle concentration (arbitrary units) versus particle diameter (nm, log 
scale) for 300 nm Duke Scientific PSL measured using a DMA for determining particle size and a 
CPC for particle counting. 

zero causing particle free nitrogen to be sent through the cavities allowing for a 

measurement of To. The DMA was then set to size select 300 nm particles and the 

monodisperse aerosol stream was directed through both cavities to measure T. Finally, the 

aerosol flow was terminated at the CPC to count particle number concentrations. Five 

runs were completed, measuring TO and T in each case. 

For PSL, the refractive index and sphere diameter are well defined variables and 

can be entered into a Fortran Mie code program, along with the wavelength of light to 

output a theoretical extinction cross section (omie) for the particles. Mie theory is an 

analytical solution to Maxwell's equations and describes the interaction between particles 

and radiation when the wavelength of light is on the same order of magnitude as the 
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particle size. It can be used to calculate the absorption, scattering and extinction cross 

sections by a particle when the appropriate inputs are known. The extinction cross section 

can then be used in equation 2.2, along with measured values of T andio to calculate a 

theoretical particle concentration, Ncaic: 

Ri f1 1 \ 
°M1E * Ncalc - T"(r ~~ ~) 

0 [2.4] 

Since Rl  and c are known constants, Ncaic can be theoretically determined and compared 

to the number concentration of particles measured by the CPC. Since there is a ±10% 

error in particle counts measured by the CPC as reported by the manufacturer, any result 

within that error was considered to be acceptable. Table 2.1 shows the results of the 

described validation study. This type of validation was performed whenever the 

instrument was relocated or had to be realigned due to maintenance of the laser head. 

Table 2.1: Results from a representative validation study of the CRD using 300 nm PSL. 
Each cavity was tested in 5 different trials and a % error of less than 10% was required for 
validation. 

Cavity *•.<!«> Measured Conc«ntratlon MIc Calculated •KKmr *•.<!«> 
Concentration <#/cm3) 

Cavity #1 
1 82.23 20.91 1012 972 4 

2 82.53 20.71 1052 986 6 
3 82.62 19.93 1094 1038 5 

4 81.46 24.74 762 834 9 

5 81.43 25.23 802 869 8 

Cavity #2 
1 91.16 20.07 968 1059 9 

2 90.59 19.48 1005 1099 9 

3 90.65 18.90 1046 1142 8 

4 89.44 24.74 738 797 7 
5 89.70 25.23 721 777 7 

In addition to validating our system using Mie theory, the ability of the system to 

determine accurate values of fRHext(RH, Dry) was tested using ammonium sulfate. The 



growth of ammonium sulfate as a function of RH has been extensively studied and is well 

defined.35"39 The majority these studies report a growth factor (GF), the change in particle 

diameter or mass, as a function of RH. This type of analysis is usually performed using a 

humidity tandem differential mobility analyzer (HT-DMA) or electrodynamic balance to 

measure changes in particle size and mass, respectively. Garland et al., used a CRD 

system, similar to the one described here, to measure an fRHext(80%, Dry) for ammonium 

sulfate over the size range of 100-700 nm.35 They compared their results to fRHext(80%, 

Dry) values calculated using GFs from Tang et al.36 For 288 nm ammonium sulfate 

particles a range, based on error, in fRHext(80%, Dry) from 2.7 to 3.4 was reported from 

observed and calculated values.35 In our CRD system we observe an fRHext(80%, Dry) of 

2.86(0.11) for 288 nm ammonium sulfate, which agrees well with the previous study. The 

agreement between Mie theory predictions and measured extinction observed for both 

PSL and ammonium sulfate under dry and humid conditions confirms the absolute 

uncertainty in our CRD system. 
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CHAPTER 3 

OPTICAL PROPERTIES AND ASSOCIATED HYGROSCOPICITY OF CLAY 

AEROSOLS 

Introduction 

Mineral dust aerosol is associated with windblown dust soil and has an estimated 

global source strength of 1,000-3,000 Tg yr"1, accounting for 45% of the total aerosol 

mass load.1'40 Larger particles will sediment out quickly due to gravitational settling, but 

particles smaller than 10 jam have longer atmospheric lifetimes of about a week. During 

this time, mineral dust can be transported tens of thousands of kilometers, depositing 

particles in areas that are located far away from the source.41,42 For example, a large 

amount of Asian dust is subject to long range transport over the Pacific Ocean, showing 

up as background dust aerosol on the West Coast of the United States whereas African 

dust frequently gets deposited over the Caribbean.43'44 

Mineral dust is involved in many different atmospheric processes including 

deposition of micronutrients,45'46 providing surfaces for heterogeneous reactions47"49 plus 

direct50"52 and indirect radiative forcing.53- 54 Each of these processes is complicated by 

the ability of mineral dust to take up water. For example, the more soluble a particle, the 

more likely it will be removed from the atmosphere via wet deposition. Further, if 

particle size and mass are affected by water uptake, it will influence the rate of 

gravitational settling.24 Reactivity towards other species is also affected by aerosol 
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hygroscopicity. It has been shown that clay aerosols provide a sink for reactive gases and 

a substrate for chemical reaction, as a function of water content.55"59 In particular, 

increased ambient relative humidity resulted in a greater concentration of short chain 

hydrocarbons on the surface of mineral dust particles, indicating water assisted uptake 

onto these particles.59 Mashburn et al. showed a greater nitric acid content on 

montmorillonite particles with increased relative humidity as the particles were exposed 

to atmospherically relevant nitric acid concentrations.55 In contrast, kaolinite samples 

showed decreased uptake of two different methyl siloxanes, in conjunction with an 

increase in surface absorbed water at elevated relative humidity.58 These studies show 

that uptake of gas-phase species on dust surfaces can be either increased or decreased as a 

function of the water concentration on the surface and in air. 

Understanding the hygroscopicity of atmospheric particles is also important in 

assessing their direct and indirect effects. Mineral dust particles contribute to radiative 

forcing, changing the energy balance of the atmosphere by scattering incoming short

wave radiation (negative forcing) and absorbing outgoing infrared terrestrial radiation 

(positive forcing).50, 52,54 The size of the particle and its complex refractive index are a 

function of water content and these two characteristics determine the extent of absorption 

and scattering of light by the particle. Due to the complicated chemical makeup and 

irregular shape of the species, along with high loading and spatial and temporal 

variability, mineral dust aerosols represent the largest uncertainty associated with climate 

change having a net negative forcing reported as -0.1 ± 0.5 W m"2. 1 The Fourth 

Assessment Report of the Intergovernmental Panel on Climate Change reports "the level 

of scientific understanding" as very low for the radiative effects of mineral dust.1 
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Mineral dust particles can also impact the radiative balance of the atmosphere 

indirectly, by acting as cloud condensation nuclei (CCN) or ice nuclei (IN). Previously 

studies have shown that mineral dust can act as efficient nuclei for cloud droplet 

formation and cirrus cloud formation affecting cloud albedo and cloud lifetime.26,60 61 

The ability of the particle to act as an effective CCN or IN depends on its hygroscopicity. 

For mineral dust an increase in nucleation with increased relative humidity has been 

seen.62- 63 Therefore, understanding water uptake and specifically the optical effect of 

water uptake is crucial for understanding mineral dust's direct and indirect impact on 

climate change. Mie theory is typically used to model the climate impact from the 

interaction of light with aerosols because it provides a basic estimate using spherically 

shaped particles and approximate values for the refractive index.64 However, these 

calculations are not assumed to be valid for assessing the optical properties of mineral 

dust as the particles are irregular in shape and are composed of an inhomogeneous mix of 

minerals.65'66 A recent study investigated the agreement between Mie theory simulations 

for various shapes, including sphere and disk, and experimental extinction results for the 

major silicate resonance bands of mineral dust in the infrared region from 4000-10000 

cm"1. The results show a large deviation from spherical Mie theory for band position, 

band shape and peak intensity with the resonance peak red shifted 27-44 cm"1.65 

Generally, mineral dust is considered to be non-hygroscopic and therefore global 

climate models assume it to be fully insoluble. Recently, several studies of different clay 

components of mineral dust found that these particles are slightly hygroscopic and the 

extent of water uptake largely depends on the structure and chemical composition of the 

clay.24'26'67 69 Measurements of the water uptake on mineral dust are highly uncertain and 



difficult to quantify as their hygroscopicity is small in comparison to other aerosol 

species such as inorganic salts. In addition, water uptake by dust has been shown to affect 

the fRH(RH, Dry) of both extinction and absorption, with a pronounced effect for 

ambient African dust that has been transported long distances and is therefore well-

aged.70 This effect will have implications on the single scattering albedo, an important 

parameter in assessing the global radiation balance. To date, laboratory quantification of 

water uptake on mineral dust particles has been investigated using a humidified tandem 

differential mobility analyzer (HT-DMA) and a quartz crystal microbalance (QCM). 

Physical growth factors (GF) from a HT-DMA are a measure of hygroscopicity, where 

GF is defined as:24"26'69 

G F ( R H , D r y ) =  D ( R H }  [3.1] 
D ( D r y )  

In these experiments the measured particle diameter (D), is based on its electrical 

mobility diameter which can have significant deviations from geometric size for 

aspherical particles. A QCM has been used to quantify the mass of water taken up by a 

clay sample.67 Calculating the growth of the particle from its mass change provides an 

upper bound on particle growth as some water uptake may result from filling internal 

voids with water without causing the particle diameter to change. 

In this study, we investigate water uptake on three clay minerals by quantifying 

optical growth upon humidification using cavity ring down spectroscopy (CRD). The 

three minerals considered, montmorillonite [(Na,Ca)(Al,Mg)6(Si4()io)3(OH)6], kaolinite 

[Al2Si205(0H)4] and illite [(K,H3O)(Al,Mg,Fe)2(Si,Al)4Oi0(OH)2], are common 

components of mineral dust from different source regions.71 The relative abundance of 
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these clays can be used as a tracer to assess the origin of mineral dust aerosols. For 

example, the illite/kaolinite ratio seems to be the most sensitive indicator of Saharan dust 

7")  
even after long range transport. Kaolinite is indicative of dust from low latitudes in 

west Africa whereas illite is more common in the northern regions toward the 

Mediterranean coast.73 Montmorillonite is less commonly used as a tracer but is 

frequently associated with volcanic rock.74 

Optical properties were determined by measuring the extinction cross section 

(Oext) of size selected clay aerosols as a function of relative humidity, fRHext(RH, Dry), 

where fRHext is: 

mH„,(RH,Diy)=0-(^H) [3.2] 
°ex,(Dry) 

CRD at 532 nm is used for these measurements and showed both decreases and increases 

in extinction with humidification depending on the clay and the humidity levels. Mie 

theory was used to convert the fRHext(RH, Dry) into a calculated growth factor (GFC) 

value at 68% RH for comparison with measured growth factors (GFm) from the literature. 

Further, the electrical mobility size distributions of clay particles at 68% RH and dry 

conditions was measured and used to indicate size change for all clays in this study. 

Direct optical measurements are able to capture the effects of the irregular shapes and 

internal voids possible in clay particles, but are difficult to include in models. Our GFC 

provides a lower limit and can be incorporated into climate models in conjunction with 

other results to reduce the uncertainty associated with the optical response to water 

uptake on clay aerosols. 
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Experimental Methods 

Properties of Selected Clays and Aerosol Generation 

The three clays investigated, illite (IMt-1), kaolinite (KGa-lb) and 

montmorillonite (STx-lb), were purchased from the Source Clays Repository. These 

clays have been previously well studied with other methods and their chemical 

composition and structure are known. The structures of the three types of clay are useful 

in understanding the different optical response upon humidification. Previous studies by 

Cases et al. determined that all of the clays are composed primarily of layered aluminum 

and silicon held together by interlayer Van der Waals forces, charge-countering cations, 

or hydrogen bonds.75 The layers are arranged with tetrahedrally coordinated silicon layers 

and octahedrally coordinated aluminum layers.75 The ability of these clays to swell upon 

hydration is based on the type of interlayer interactions. In addition, they differ in the 

number of hydroxyl groups on their surfaces which will influence the extent to which 

ft*) 
they can hydrogen bond with water vapor. 

The layers of montmorillonite are composed of a 2:1 ratio of silicon to aluminum 

held together by van der Waals forces and charge countering cations. Montmorillonite 

is classified as a "swelling clay" in which the extent of water uptake is largely dependent 

on the availability of cations in between the structural sheets and their hydration 

energies.24- 67'76 There are six hydroxyl groups on its surface, and it can therefore easily 

hydrogen bond to water upon humidification. Illite has a similar structure to 

montmorillonite with a 2:1 silicon to aluminum ratio in its layers, but it is considered a 

"non-swelling" clay. The layers are held together by stronger electrostatic interactions 

with interlayer cations such as potassium, calcium or magnesium. The degree of water 
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uptake can be affected by isomorphic substitution of these interlayer ions for cations of 

lower charge causing a charge imbalance.75 There are only four hydroxyl groups on its 

surface leaving less sites for possible hydrogen bonding to water. The chemical structure 

of kaoiinite is a 1:1 silicon to aluminum layered clay and is considered "non-swelling". 

Kaoiinite has strong hydrogen bonding between the layers preventing cations and water 

molecules from entering the interlayer space forcing water to primarily absorb on the 

surface of the particle.67 It only has two hydroxyl groups on its surface for hydrogen 

bonding to water. 

To generate aerosols, illite was ground using a Wig-L-Bug prior to being 

atomized, while the kaoiinite and montmorillonite powders were used as received. 

Suspensions of the clays (10 wt% clay) in HPLC grade water (J.T. Baker) were 

constantly mixed using a stir plate and atomized using a custom built constant output 

atomizer. The polydisperse aerosol was subsequently dried in a diffusion dryer with a 

residence time of-12.5 s so that the RH of the aerosol stream was decreased to <10%. 

After atomization and drying, the clay particles were directed through a 

differential mobility analyzer (DMA, TSI 3081L) to select a monodisperse size 

population for optical measurements. The electrical mobility size distribution for each 

clay type was determined at wet (68% RH) and dry conditions by following the DMA 

with a condensation particle counter (CPC, TSI 3775) to function as a scanning particle 

mobility sizer, SMPS (TSI, 3081L). Atomization produced a log normal distribution with 

a single mode for the diameter of montmorillonite, illite and kaoiinite at 157, 209 and 346 

nm respectively under dry (RH<10%) conditions. At elevated relative humidity, the 

diameter mode from the size distribution is approximately 10% lower in each case, where 



differences seen between trials were considered. Due to the limitations of the current set 

up, only 68% RH was selected for these measurements. 

For optical measurements, montmorillonite, illite and kaolinite aerosol 

populations were size selected for 200, 300 and 425 nm particles respectively. The 

particle size was chosen to be larger than the mode of the size distribution, which 

minimizes the contribution of multiply charged clay particles in the sample. The multiply 

charged particles result from the neutralizer of the DMA. A sufficient concentration of 

particles for optical measurements was still achieved. The DMA size selection has a 

reported uncertainty of ~10%77 which is included in uncertainty calculations. The aerosol 

sizes selected for this study can be compared to ambient atmospheric mineral dust 

particles, which span a size range of 100-5000 nm.78 We have chosen to focus on smaller 

particles because larger particles have lifetimes on the order of a few hours and tend to 

settle out quickly from the atmosphere. Smaller particles will reside in the atmosphere 

70 
longer and can be transported long distances. 

Optical measurements are terminated at the CPC to count the population exiting 

the CRD and to determine the doublet concentrations by using the measured number 

concentration at the doublet size and the neutralizer charging distribution from the 

manufacturer for subsequent corrections. Since our measurements are reported as a 

function of particle size, the extinction contribution for particles with multiple charges 

are calculated and used to correct the extinction values of the size selected particles. Only 

doublets were used in corrections; the number of higher charged particles is expected to 

be small and would have a negligible effect on the extinction. It is important to note that 

the CPC is the largest source of error with a reported uncertainty of 10% in particle 
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counts. This uncertainty is minimized by reporting the fRHext as a ratio between 

humidified extinction and dry extinction for the same sample. 

Cavity Ring Down Spectrometer 

CRD has been used for a variety of optical measurements of both aerosol and gas 

13 18 29 31 phase species and has been reviewed extensively in the literature. ' " " The system 
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Figure 3.1: a) Optical layout of the cavity ring down spectrometer. Laser light in the ultraviolet 
(355 nm) is immediately dumped. The other output is a combination of 1064 nm and 532 nm 
light. The first beam splitter (BS 1) is a long wave pass dichroic beam splitter that transmits the 
1064 nm light and reflects 532 nm light at a 45° angle relative to the beam splitter. The 532 nm 
light then hits another beam splitter (BS 2) that transmits 95% of the light (which is dumped) and 
reflects 5% of the light. An optical isolator sits in the beam path which prevents back reflection 
from damaging the laser head. The next beam splitter (BS 3) transmits 50% of the light and 
reflects 50% of the light, splitting the beam in two. The remaining optics are highly reflective 
mirrors (M) and simply serve to align the beam into one of the two sample cavities, b) Cavity set 
up: Our light source is a pulsed Nd:YAG laser which enters the optical cavity and is reflected 
between two mirrors. The decay of the laser pulse is captured by a PMT. RL, the ratio of the 
optical cavity length (B) to the sample length (A) is used in calculating the extinction (equation 
3.3). 
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used in the present work is newly constructed and similar to that fabricated by Baynard et 

al. and is briefly described here.31 The optical layout and cavity setup is shown in Figure 

3.1a) and b) respectively. The cavities have an optical length of 68.9 cm and a sample 

length of 57.8 cm. Two concave mirrors 1" in diameter with a 1 m radius of curvature 

and a reflectivity of >99.998% (Advanced Thin Films) are located at each end of the 

cavity. These are supplied with a constant flow of filtered nitrogen (0.02 L/min) to 

prevent deposition of particulate matter onto the mirror surface. The laser source is a 

solid state 20 Hz pulsed Nd:YAG laser (Big Sky Laser, now Quantel USA, Ultra). The 

second harmonic produces 532 nm light which is coupled into the cavity and reflected 

between the two mirrors. The light intensity decays exponentially in time due to losses 

through the two end mirrors with a time constant to, known as the particle free cavity ring 

down time. Typical To, values were on the order of 100 jas, which yields an effective path 

length of about 31 km. Particles in the cavity will absorb and scatter light, and their 

extinction will reduce the ring down time to x. The extinction of the particles, aext (m *'), 

is calculated according to equation 3.3: 

aext = ~ 
R, f1 1 x 

V x  

[3.3] 

where Rl  is the ratio of the cavity optical length to the sample length and c is the speed of 

light. The ring down signal is captured by a photomultiplier tube (Hamamatusu H9433-

03MOD), digitized using a National Instruments card (NI-USB-6259 BNC) and 

transferred to a personal computer to process the data using custom LabVIEW software. 
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A schematic of the full experimental set up is shown in Figure 3.2. After 

atomization and drying the RH is <10% and the RH of the monodisperse dry sample 

following the DMA is maintained by passing the aerosols through a second diffusion 

Diffusion Dryer 

Diffusion Dryer 
Atomizer 

Humidifier 

^ CPC 

Figure 3.2: Atomized particles are first passed through a diffusion dryer before entering the DMA 
where a polydisperse population of aerosols is size selected. The particles are then dried to a 
RH<10% before entering the first optical cavity. After exiting the first cavity, the particles are 
humidified to a desired RH and enter the second optical cavity before being counted by the CPC. 

dryer to remove any water vapor that was introduced via the sheath flow of the DMA. 

The dry aerosol sample enters and exits the first cavity at a flow rate of 0.3 L/min, where 

the extinction, a«xt(dry) is measured. After exiting the first cavity, the aerosol stream is 

humidified to 50%, 68% or 90% RH using a custom built temperature controlled 

humidifier. The particles then enter the second cavity where the extinction, aext(RH) is 

measured. Temperature and RH are monitored using Vaisala INTERCAP HMP50 probes 

(accuracy ±3%) in both optical channels. The extinction results are converted to 

extinction cross sections by dividing by the particle number concentration. The dry and 

humidified extinction cross section values are then used to calculate fRHext, which 

describes the dependence of light extinction on relative humidity by the aerosols. Errors 



in fRHext values are reported in Table 3.1 as the experimental standard deviation (lo) of 

at least 18 trials at each RH for each clay type over 3 different experiments. 

Growth Factors 

GFC were calculated using optical measurements in combination with Mie theory. 

These closure based GFC use literature values for the refractive indices as an input for 

Mie theory to determine the effective optical diameter that corresponded to the dry and 

wet extinction cross section. The retrieved diameters were used to calculate a GFC. 35 

Results and Discussion 

The fRHext of three clay components of mineral dust as measured by CRD at 

50%, 68%, and 90% RH are shown in Figure 3.3 and Table 3.1. An fRHext of 1 is 
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Figure 3.3: Measured fRHext for montmorillonite (diamonds), lllite (squares) and kaolinite 
(triangles) at 50%, 68% and 90% relative humidity. The solid black line represents no change in 
extinction cross section upon humidification. 
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Table 3.1: fRHex, for all three clays at select relative humidities measured with cavity ring down 
spectroscopy. Errors in fRHext values are reported as the experimental standard deviation (lo) of 
at least 18 trials at each RH for each clay type over 3 different experiments. 

Clay fRHext (50%) fRHext (68%) fRHext (90%) 

Montmorillonite 1.03(0.11) 1.18(0.15) 1.4 (0.2) 

Illite 0.90 (0.16) 0.93 (0.06) 1.06 (0.10) 

Kaolinite 0.90 (0.08) 0.79 (0.11) 0.8 (0.17) 

expected when there is no optical change in the particle upon humidification. 

Montmorillonite showed a steady increase in extinction as a function of relative 

humidity, with an fRHext ranging from 1.03 at 50% RH to 1.4 at 90% RH. Illite showed a 
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Figure 3.4: Size distributions of kaolinite clay under dry (RH<10%) and wet conditions 
(RH=68%) measured by the SMPS. A decrease in particle size upon humidification of 
approximately 10% is seen for this case and all other clays studied. 

decrease in extinction upon humidification at 50% RH and 68% RH. At 90% RH, a 

moderate increase in extinction was observed when compared to dry illite. Kaolinite 

showed a decrease in extinction for all three relative humidity values studied. We also 
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monitored the aerosol electrical mobility diameter size distribution of wet and dry clay 

particles and observed shrinkage of approximately 10% upon humidification for each 

clay type as illustrated in Figure 3.4 for kaolinite. A decrease in extinction upon 

humidification may be attributed to compaction of the particle leading to a decrease in 

optical diameter, a shape transition to a more spherical humidified particle than its dry 

counterpart, or a significant decrease in refractive index for the humidified particle.24"26 

We will consider these explanations below. 

A comparison between closure-based GFC calculated from optical extinction 

measured in this study and GFm from the literature at 68% RH in all cases are shown in 

Table 3.2 for all three clays investigated. The differences between the literature derived 

GFm values for specific clay types illustrates the general challenge associated with 

growth factor measurements of clays. Each of these techniques has some disadvantages. 

Table 3.2: Comparison of our GFC with GFm presented in the literature for clay minerals. All 
growth factors were measured at 68% RH. The HT-DMA study reported GF at comparable sizes 
and the QCM work reported mg H20 per g of sample. 

Clay Calculated GF° HT-DMA6 QCIW 

Montmorillonite 1.03 (0.03) ~1 1.15 

lllite 0.99(0.02) ~1 1.17 

Kaolinite 0.93 (0.05) ~1 1.07 

"Calculated GF using the fRHex,(68%, dry) from this study and refractive indices 
reported in the literature 

hCalculatedfrom reported K values measured by HT-DMA2'1 

Calculated using individual clay densities from literature and measurements 
using QChf 

The optical measurements in conjunction with Mie theory used to calculate a GFC begins 

with a high accuracy technique of CRD and accounts for the irregular shape and possible 
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internal voids of the clay particles. However, these calculated GFC do not take into 

consideration the small decrease in refractive index for the clay particles that could 

accompany water uptake. Such a decrease leads to a larger calculated GFC. Further, the 

GFC calculated using Mie theory and optical measurements assumes that the particles are 

spherical. Recent work has shown that Mie theory underestimates extinction by clay 

particles, so sizes would have to be larger to reproduce the extinction intensity.65 The 

impact of this on our calculations is minimized by reporting a ratio between two cases. 

These two complications mean that calculating the GFC using Mie theory represents a 

lower bound for the growth factor of clays in comparison to HT-DMA and QCM 

measurements. 

The fRHext for montmorillonite is the largest of all the clays at each relative 

humidity value studied. This can be explained by specific physical characteristics of 

montmorillonite which has a structure that is easily hydrated by water on the surface. 

Montmorillonite is also expected to have the greatest amount of swelling by 

incorporation of water between the layers after initial restructuring of the particle due to 

the weak Van der Waals forces holding the layers together. At 68% RH, montmorillonite 

had an fRHext of 1.18 which corresponds to a calculated GFC of 1.03. The increase in GFC 

is in contrast to a decrease of approximately 10% in the mode of the particle size 

distribution. Typically increases in optical results should be mirrored by increases in size 

as water is taken up. This apparent discrepancy could be attributed to enhanced 

absorption by a scattering (water) shell formed around an absorbing core.6 Our 

hypothesis is supported by the steady increase in the optically determined fRHext with 

increased RH corresponding to the addition of subsequent water layers which are 
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expected to directly translate into enhanced absorption. The linearity of the 

montmorillonite trace from 50%-90% RH seen in Figure 3.3 could be indicative of the 

• 82 proportionality of the enhancement with increasing numbers of water monolayers. At 

90% RH, the fRHext of 1.4 could also be attributed to growth of the particle beyond its 

dry diameter in combination with an enhancement. The possibility of an increase in the 

mode of the particle size distribution could be confirmed with additional measurements at 

90% RH; however this is beyond the current capabilities of our equipment. 

Using Mie theory to model experimental extinction results, the optical fRHext 

(68%, Dry) values measured can be converted to a GFC using the literature value for the 

refractive index of 1.523 + 0.0000382/ for montmorillonite at 532 nm.81 An fRHext (68%, 

Dry) of 1.18 corresponds to a calculated closure based GFC of 1.03. This is assuming that 

the water associated with the particle, if any, has no influence on the refractive index. If 

this is not the case, the actual real portion of the refractive index of the humidified 

particle would be a composite, and it would decrease since the refractive index of water is 

1.33. This potential decrease in refractive index would result in a higher calculated GFC 

from the measured fRHext(68%, Dry). Recent studies have used other methods to quantify 

the water uptake onto the clay components of mineral dust.24'67 Herich et al. reported a 

GFm for montmorillonite of approximately 1 using an HT-DMA technique, indicating no 

change of the electrical mobility diameter of the particle at 68% relative humidity.24 

Schuttlefield et al. measured water uptake on clays using a QCM at different relative 

humidities.67 For a similar montmorillonite clay, an uptake of 225 mg of water/g of 

sample was measured at 68% RH.67 This corresponds to GFm of 1.15 using the literature 

value of 2.35 g/cm for the density of montmorillonite. This QCM based calculation 
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however, provides an upper limit of the growth factor due to the possibility that internal 

voids present in the clay particles could fill with water and increase the mass without 

causing particle growth as described previously. 

Illite only reaches an fRHext (90%, Dry) of 1.06 in contrast to montmorillonite 

(1.4), probably due to its structure being less hygroscopic. The fRHext results for illite 

show the expected general trend, increasing extinction with increasing relative humidity 

after an initial decrease, although the changes are less significant than for 

montmorillonite. It is expected that decrease fRHext would translate to shrinkage of the 

particle. At 68% RH, the observed fRHext<l which corresponds to a calculated GFC of 

0.99 can be compared to a 10% shrinkage seen when the mode of the size distributions 

are examined. These results are anticipated since a decrease in particle size should, based 

on physical structures, yield a decrease in extinction. It is also possible that water could 

be adding to the surface of the illite aerosols and an enhancement effect is being observed 

similar to montmorillonite. As more water is taken up (RH 90%), the fRHext increases to 

greater than one and this could also be due to hydration of interlayers causing the particle 

to grow beyond its dry diameter. 

Using Mie theory, a GFC can be calculated from the fRHext (68%, dry) using the 

literature value of 1.414 +0.000773/ for the refractive index of illite at 532 nm.81 The 

calculated GFC is 0.99. Similar to montmorillonite, Herich et al. found a GFm of 

approximately 1 for illite at 68% RH and this is in good agreement with our results.24 

According to the QCM measurements by Schuttlefield et al., illite particles take up 

approximately 225 mg of water/g of sample.67 This corresponds to a GFm of 1.17 
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assuming the density of illite to be 2.75 g/cm3 as reported in the literature.83 Again, the 

QCM measurements provide an upper limit to describe the particle growth factors. 

Kaolinite displays decreases at 50% and 68% RH for the fRHext with no further 

significant change at 90% RH. The strong hydrogen bonding between the layers of 

kaolinite does not allow water to enter between the layers, so it primarily has to absorb on 

the surface of the particle. However, there are not many surface sites available and so 

after initial compaction, not much change is expected. As a result, this sample has a 

calculated GFC at 68% RH of 0.93 in good agreement with the approximately 10% 

shrinkage with humidification represented in the change of the mode of the particle size 

distributions measured at corresponding RH. At 68% RH, the particles have taken up the 

maximum amount of water possible onto the surface and between the layers, therefore 

further increasing the relative humidity, even as high as 90%, has little effect on the 

extinction. It is also possible that as these particles are exposed to water vapor, partial 

dissolution of the surface layer in addition to compaction of particles can occur. When 

dry, the clay particles have an irregular shape and rough edges.67 The rough surface of the 

particle could smooth out during the redistribution and restructuring of the surface layer, 

which could help explain the decrease in extinction upon humidification. Specifically, it 

is known that particles with smooth surfaces scatter light less efficiently than particles 

with sharp edges.15 

A closure based GFC of 0.93 for kaolinite was calculated at 68% RH using Mie 

theory and a refractive index of 1.493 + 0.0000477/.81 Based on HT-DMA measurements, 

Herich et al. reported a GFm near 1, which is similar to the other two clays studied in that 

work but does not represent the shrinkage observed optically in this study.24 The QCM 
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study by Schuttlefield et al. reported water uptake of approximately 88 mg water/g 

sample at 68% RH, which corresponds to a upper limiting GFm of 1.07 assuming the 

density of kaolinite is 2.6 g/cm3.67'83 Again, it is clear that growth factor measurements of 

clays are variable by around 20% using different measurement techniques. 

Conclusions and Atmospheric Implications 

In this work, the fRHext was measured for three clay components of mineral dust 

using CRD at 50%, 68% and 90% RH in comparison to dry conditions (RH<10%). The 

optical behavior varied considerably between clay types indicating that different 

morphologies and chemical structures of the clays play an important role in water uptake. 

As mentioned previously, there are regional differences in the composition of mineral 

7'? 7^ 
dust and the proportion of each clay type can be an indicator of source region. ' 

Therefore, it is reasonable to assume that aerosols from different regions will exhibit 

different optical properties as they encounter elevated RH in transport due to the 

differences in water uptake between the three clays. Since the fRHext(RH, Dry) differs 

from unity, neglecting the change in optical properties with variable relative humidity 

and neglecting the difference in water uptake between different clays in radiative forcing 

models will lead to incorrect predictions for the direct effect of mineral dust on climate. 

Typically the change in optical properties due to water uptake is inferred based on 

physically measured particle growth. However, based on the deviations between physical 

GFm and optically based GFC results noted in this work, the inclusion of direct optical 

property measurements for clays in climate models is advantageous for reducing 

uncertainties. 
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Closure based GFC were calculated from optical measurements using Mie theory. 

These GFC deviate from literature values highlighting the uncertainties in the techniques 

used to quantify water uptake and growth of mineral dust particles. Accurate 

measurements of water uptake for these particles are crucial for understanding their 

atmospheric lifetimes, their ability to act as CCN and IN and their reactivity in the 

atmosphere. Using fRHext measurements to calculate GFC provides a lower limit for the 

physical growth factor and is an alternate method for assessing water uptake as compared 

to conventional measurements using an HT-DMA or a QCM. Converting the optical 

measurement to closure based GFC using our method initially accounts for the effect of 

the irregular shape and possible voids of clay aerosols to provide advantages over other 

techniques. The bounding of the growth factor using our closure based calculations 

(lower bound) with QCM measurements (upper bound) may further reduce uncertainties 

associated with growth factor measurements. 

Based on top of the atmosphere globally averaged direct aerosol radiative forcing 

(AFR) calculations previously described by Chylek and Wong84 and Garland et al.35, we 

have performed calculations to estimate the impact of our results on radiative forcing in 

comparison to the assumption that clays do not take up water. AFR is determined by 

equation 3.4:84 

AF„ =-SLT2„(l-N)(l-a)2(2/?r„ -4ar,bJ [3.4] 

where So is a solar constant, Tatm is the transmittance of the atmosphere above the 

aerosol layer, N is the fraction of the sky covered by clouds, a is the albedo of the 

underlying surface, P is the fraction of radiation scattered by the aerosol into the upper 
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hemisphere and xscat and tabs are the aerosol layer scattering and absorption optical 

thickness respectively. Many of the parameters cancel in the ratio: 

AF R (measured) ri 

AF R (assumed) 

where measured refers to our results and assumed refers to the case where no water is 

taken up by the clays. We calculated effective diameters and size changes from our work 

which is necessary to determine p. Using literature values for the RI and Mie theory; we 

separated scattering and absorption components for conversion to TSCAT and TABS- The 

resulting radiative forcing ratio is dominated by a term equivalent to fRH because there 

are only small changes in the P value between the measured and assumed cases. As a 

result, the radiative forcing ratio as a function of RH is very similar to Figure 3.3. In this 

case the fRH can be considered a proxy for the radiative forcing impact of including the 

correct optical response of a given aerosol sample. For montmorillonite, there will be 

greater cooling at the surface with measured values compared to the assumed case where 

there is no interaction with water. The opposite will be true for kaolinite throughout the 

RH range and for illite up to at least 68% RH. 

As aerosols are emitted into the atmosphere, they can be transported over large 

distances, experiencing changes in temperature, pressure and RH. For example, mineral 

dust emanating from warm, arid regions of the Saharan desert are lofted up beyond the 

marine boundary layer allowing for extended residence time and transport of mineral dust 

or 

over long distances. At the source, the amount of water vapor in air is extremely low. 

However, as it is transported over the Atlantic, the particles will experience fluctuations 

in RH until reaching the warm, moist Caribbean, where they are usually deposited. It is 
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important to take these RH changes into account when considering mineral dust aerosol 

because as our data show, especially for montmorillonite and illite, the amount of water 

vapor available will affect particle size as well as its optical properties. 

In the future, experiments based on work by others should be considered. For 

example, studies have measured the enhancement of the fRHabs(RH, Dry) to determine 

70 82 the change in single scattering albedo and therefore the global radiation balance. 

While the fRH(RH, Dry) of scattering and absorption will be enhanced from particle 

growth due to water uptake, the fRH(RH, Dry) of absorption can also be enhanced due to 

a lensing effect as previously described. This effect can be counteracted by a decrease in 

the imaginary portion of the refractive index due to the presence of water on the particle 

surface.6- 70'82 Therefore it is necessary to not only measure how water uptake affects 

extinction as reported here but also how scattering and absorption are affected 

individually, due to the changes in single scattering albedo. 

It is also necessary to consider a size dependence to the RH response and the 

physical size changes at other RH values. Further, it would be useful to consider how the 

optical properties of these systems change as a function of wavelength as the solar 

spectrum is broad but we have only considered a central wavelength of 532 nm. Further 

experiments, especially considering mineral dust mixed with common aerosol 

components will improve understanding of realistic atmospheric conditions. For 

additional improvements in radiative forcing calculations, it is important to 

experimentally measure the fRH for extinction and absorption. 
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CHAPTER 4 

DELIQUESCENCE BEHAVIOR OF INTERNALLY MIXED CLAY AND 

SALT AEROSOLS BY OPTICAL EXTINCTION MEASUREMENTS 

Introduction 

Particulate matter contributes to radiative forcing, directly altering the energy 

balance of the atmosphere by scattering incoming short-wave radiation (negative forcing) 

and absorbing outgoing infrared terrestrial radiation (positive forcing).50,52'54 Particles 

can also act as cloud condensation nuclei (CCN) or ice nuclei (IN), indirectly impacting 

the radiative balance of the atmosphere. The effect of the interaction of solar radiation 

with particles on the Earth's climate system has been extensively studied yet is poorly 

understood. The Fourth Assessment Report of the Intergovernmental Panel on Climate 

Change reports "the level of scientific understanding" as "medium low" for the direct 

radiative forcing of the Earth's atmosphere to "low" for the indirect radiative effect of 

aerosols on clouds.1 The uncertainty in aerosol forcing dominates the total uncertainty in 

the radiative forcing of climate. This is due to limitations in the ability to accurately 

quantify and model atmospheric loading and optical properties of aerosols under ambient 

conditions. This uncertainty should be reduced by a factor of 3 to 10 in order to support 

o/: 

regulatory decisions related to climate change. 

Understanding the hygroscopicity of atmospheric particles is important in 

assessing their direct and indirect effects. The particle size, complex refractive index and 
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shape are a function of water content and these three characteristics determine the extent 

of extinction, or the sum of absorption and scattering, of light by the particle. A positive 

water feedback loop exists in the Earth's atmosphere that is relatively well understood 

with respect to greenhouse gases. An increase in temperature will increase the water-

holding capacity of the atmosphere, increasing the amount of water vapor and causing 

further warming due to the absorption capability of water.1 The impact additional 

atmospheric water will have on aerosols is not fully characterized, but a set of opposing 

effects are known. In one case, absorbing aerosols take up water and their absorption is 

enhanced causing increased heating of the atmosphere.6 Under the same conditions, 

more light will be reflected by scattering from aerosols due to an increase in size, thus 

enhancing their cooling effect. The relative magnitude of these opposing effects is not 

well understood. 

Commonly, water uptake in models is directly associated with inorganic salts 

which comprise 25-50% of atmospheric fine aerosol mass and include compounds like 

ammonium sulfate [(NH^SO^ which we will abbreviate AS] and sodium chloride 

(NaCl).1 Their hygroscopic properties have been extensively studied, and they exhibit a 

phase transformation from a solid particle to a liquid droplet at a specific relative 

Til 0? Qf) 

humidity (RH) referred to as the deliquescence relative humidity (DRH). ' " At this 

relative humidity, the size, shape, chemical composition and refractive index of the 

particle transitioning to a droplet will change, impacting its radiative effects. Previous 

studies have modeled the effects of the physical state of AS particles on aerosol optical 

properties such as scattering efficiency, single scattering albedo and asymmetry 

parameter and found that the extent of their global radiative forcing is significantly 
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affected by the phase of the particle around its DRH.91 This effect specifically arises from 

changes in particle size and the degree of light scattering due to water uptake and 

therefore emphasizes that radiative forcing by particles is dependent on water content as a 

function of RH. 

Aerosols in the atmosphere exist as both external and internal mixtures of various 

components. Understanding the water uptake and deliquescence behavior of 

multicomponent aerosols is much more complicated than the individual components 

alone. Thermodynamically, the deliquescence transition is predicted to occur when the 

Gibbs free energy of the solid particle surrounded by water vapor is equal to that of the 

aqueous particle.90'92,93 Typically, the Gibbs-Duhem equation is used to predict water 

uptake of mixtures based on the thermodynamic properties of the individual 

components.90 This model accurately predicts the water uptake and deliquescence 

lowering of some mixed aerosols where the thermodynamic properties such as Henry's 

Law constants, equilibrium vapor pressures and solubilities are known.37,90,94-96 Since 

insufficient thermodynamic data exists for many common aerosol components these 

predictions are not able to accurately assess the hygroscopicity of many mixed systems 

07 Qft 
and more laboratory work is needed. ' 

The majority of laboratory studies on the effect of water uptake on aerosol 

properties to date have focused on measuring a growth factor based on a change in 

particle diameter or particle mass as a function of RH.37,95'100 Optical properties are 

calculated using the measured growth factors in conjunction with Mie theory. There have 

been few direct studies on the optical properties of complex aerosol mixtures.13,15, l8,35' 

101 Recent studies have used models to approximate the effects using volume weighted 
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mixing rules, which assume minimal dependence on mixing state.18'32'37"39,90'95 These 

studies of internal mixtures show good agreement between theory and experiment if each 

component in the mixture behaves independently in terms of water uptake. In this paper, 

we investigated the optical properties of AS and NaCl mixed with montmorillonite 

[(Na,Ca)(Al,Mg)6(Si40io)3(OH)6], a common component of mineral dust originating 

from specific source regions like the Northern Sahara and southern United States.71,102 

Our montmorillonite sample originated in Gonzales County in Texas. Mineral dust 

aerosol is associated with windblown dust soil and has an estimated global source 

strength of 1,000-5,000 Tg yr"1, accounting for 45% of the total aerosol mass load.1'40,103 

Mineral dust is mixed with soluble species like AS and NaCl by coming in contact with 

seasalt particles containing such inorganic compounds during in cloud processing or 

through condensation of gas phase compounds onto the particle surface with up to 85% 

of transported dust being internally mixed with other material.104"108 Generally, the effect 

of RH on the radiative properties of mineral dust is considered negligible as the particles 

are treated as non-hygroscopic.109 More importantly, some measurements reported in the 

current literature suggest little change in the hygroscopic behavior or radiative properties 

of internal mixtures of mineral dust and soluble material.91'110"'12 Recently, several 

studies of different clay components of mineral dust found that a number of these 

particles have a range of hygroscopicities and the extent of water uptake largely depends 

on the structure and chemical composition of the clay.24'26'67"69'113 Our group has 

recently shown that montmorillonite does take up water at high relative humidities and 

this has a significant effect on optical properties, although the magnitude of the 

enhancement in extinction is small compared to pure AS or NaCl."3 Therefore, we 

49 



expect that montmorillonite will contribute to the change in optical properties of 

multicomponent aerosols. 

To our knowledge, there have been no previous direct optical measurements on 

internal mixtures of inorganic salts and insoluble clays. Here, cavity ring down 

spectroscopy (CRD) at 532 nm is used to directly measure the extinction of 

montmorillonite particles mixed with either AS or NaCl to achieve various compositions. 

The sensitivity of the relative humidity dependence of extinction by these internal 

mixtures based on the fraction of salt present is examined. The CRD was used to 

determine the extinction cross section (aext) of size selected clay aerosols as a function of 

relative humidity, fRHext(RH, Dry), where fRHext is: 

fRH„,(RH,Dry) = ̂ 5ffi . [4.1] 
a ex,(Dry) 

Direct optical measurements of these mixtures have the ability to decrease the uncertainty 

associated with quantifying optical properties in climate models as compared to using 

growth factors and Mie theory. Further, our investigation gives insight into whether 

volume weighted mixing rules used in conjunction with the measured fRHext of the pure 

components is sufficient to approximate the optical changes in multicomponent aerosol 

systems composed of both soluble and largely insoluble species. 

Experimental Methods 

In this study, CRD was employed to measure extinction as a function of relative 

humidity and particle composition. CRD has been used for a variety of optical 

measurements of both aerosol and gas phase species and has been reviewed extensively 
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in the literature 13, 18, 29-31 The system used in the present work is similar to that fabricated 

by Baynard et al.31 The optical layout and cavity setup is described in detail elsewhere. 113 

A schematic of the full experimental set up is shown in Figure 4.1. The clay 

investigated, montmorillonite (STx-lb), was purchased from the Source Clays Repository 

and used as received. This clay has been previously well studied with other methods and 

its chemical composition and structure are known. The layers of montmorillonite are 

•> Diffusion Dryer [-

Atomizer 
Diffusion Dryer 

^ Humidifier 

=3 2 
^ CPC 

Figure 4.1: Atomized particles are first passed through a diffusion dryer before entering the 
differential mobility analyzer (DMA) where a polydisperse population of aerosols is size selected 
for 250 nm particles. The particles are then dried to a RH<10% before entering cavity. After 
exiting the first cavity, the particles are humidified to a desired RH and enter the second optical 
cavity before being counted by the condensation particle counter (CPC). 

composed of a 2:1 ratio of silicon to aluminum held together by van der Waals forces and 

75 • • * charge countering cations. Montmorillonite is classified as a "swelling clay" in which 

the extent of water uptake is largely dependent on the availability of cations in between 

the structural sheets and their hydration energies.24'67'76 There are six hydroxyl groups on 

its surface and therefore, it readily hydrogen bonds to absorbed water upon 

humidification.47 
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To generate aerosols, a 10 wt% suspension of montmorillonite, a 1 wt% solution 

of AS (Sigma-Aldrich, >99.0%, ACS reagent grade), and a 1 wt% solution of NaCl 

(Fisher Chemicals, 99+%, ACS reagent grade) in HPLC grade water (J.T. Baker) were 

separately prepared for single component measurements. For mixed aerosol 

measurements, a suspension of 10 wt% montmorillonite with either AS or NaCl at 0.1-40 

wt% was constantly mixed on a stir plate and atomized with pre-filtered nitrogen using a 

custom built constant output atomizer. The wet polydisperse aerosol was subsequently 

dried in a diffusion dryer with a residence time of-12.5 s so the RH of the aerosol stream 

was decreased to <10%. We assume that the dry aerosol population exiting the dryer is 

internally mixed with the same composition as the atomized suspension. This assumption 

was tested by Freedman et al. using aerosol mass spectrometry (AMS) and Raman 

spectroscopy to determine the chemical composition and structure of similarly produced 

internally mixed aerosols consisting of ammonium sulfate and carboxylic acids with a 

range in solubilities.18 Their AMS results confirmed that the concentration of the 

I 8 
atomized solution is quite similar to that of the aerosols produced. Raman spectroscopy 

was used to determine both the shape and composition of individual aerosol particles. 

Through this technique, they established that the particles were internally mixed as each 

• 18 individual particle showed a composite Raman spectrum of AS and dicarboxylic acid. 

The assumption is further explored in this manuscript since the clays used were 

suspended in solution whereas the dicarboxylic acids used in Freedman et al. were all at 

least slightly soluble. Pure clay aerosols have been generated in sufficient concentration 

using this suspension method previously.113-114 The conversion of wt% of salt in the 

solutions to wt% of salt in aerosol samples can only be proven using microscopic or 
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spectroscopic techniques not currently available to us. The consequences of this 

assumption are discussed in the conclusions and atmospheric implications section. Salt 

concentrations were varied widely to ensure different mixtures even if atomized solutions 

were not perfectly representative of the aerosol sample. 

After atomization and drying, the particles were directed through a differential 

mobility analyzer (DMA, TSI 3081L) to select a monodisperse size population for optical 

measurements. The DMA size selects particles based on an electrical mobility diameter 

with a reported uncertainty of 10% and therefore these are the diameters referred to 

throughout the manuscript.77 Individual component and mixed montmorillonite/inorganic 

salt aerosol populations with diameters of 250 nm were size selected for optical 

investigation. The size chosen for this study can be compared to ambient atmospheric 

78 
mineral dust particles, which span a size range of 100-5000 nm. We have chosen to 

focus on smaller particles because larger particles have lifetimes on the order of a few 

hours and tend to settle out quickly from the atmosphere. Smaller particles in the size 

range selected will reside in the atmosphere longer and can be transported long 

distances.79 The particle size was also chosen to be larger than the mode of the size 

distribution, which minimizes the contribution of multiply charged particles present in the 

sample. The multiply charged particles result from the neutralizer of the DMA. A 

sufficient concentration of particles for optical measurements was still achieved. Since 

our measurements are reported for a particular particle size, the extinction contribution 

for particles with multiple charges are calculated and used to correct the extinction values 

of the size selected particles. Only doublets were used in corrections; the number of 
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higher charged particles is expected to be small and would have a negligible effect on the 

• 80 extinction. 

The RH of the monodisperse sample following the DMA is maintained by passing 

the aerosols through a second diffusion dryer to remove any water vapor that was 

introduced via the sheath flow of the DMA. The dry aerosol sample enters and exits the 

first cavity of the CRD at a flow rate of 0.3 L/min, and the extinction, aext(dry) is 

measured according to the equation: 

a ex t  —  

c  V T  To J 
[4.2] 

where Rl is the ratio of the cavity optical length to the sample length, c is the speed of 

light and x and To are the ring down time with sample and the particle free ring down 

time, respectively. 

After exiting the first cavity, the dry aerosol stream (RH<10%) passes through a 

custom built temperature controlled humidifier made with Accurel tubing. The relative 

humidity is ramped from 58% to 90% RH by slowly increasing the temperature of the 

humidifier from approximately 28° C to 35° C. The permeability of the Accurel tubing to 

water increases by raising the temperature. By changing the temperature in 0.5°-1° C 

increments, the RH will slowly increase allowing for equilibrated measurements of the 

fRHext throughout the RH range. Equilibration was achieved by allowing the RH and the 

ring down times to level off for several minutes before making an RH dependent 

measurement and then the temperature was increased to achieve a new RH. After 

humidification, the particles enter the second cavity where the extinction, aext(RH) is 
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measured at each RH. Temperature and RH are monitored in the center of each cavity 

using Vaisala INTERCAP HMP50 probes (accuracy ±3%) in both optical channels. The 

extinction results are converted to extinction cross sections (aext) by dividing by the 

particle number concentration measured by a condensation particle counter (CPC, TSI 

3775). The dry and humidified extinction cross section values are then used in equation 

4.1 to calculate fRHext, which describes the relative humidity dependence of light 

extinction by the particles. Errors in fRHext values are reported as the experimental 

standard deviation (la) at specific RH values for each particle mixture over 3 different 

experiments. The CPC also determines the doublet concentration and correction using the 

measured number concentration at that size and the neutralizer charging distribution 

specified by the manufacturer for subsequent corrections. It is important to note that the 

CPC is the largest source of error with a reported uncertainty of 10% in particle counts. 

These uncertainties are minimized by reporting the fRHext as a ratio between humidified 

extinction and dry extinction for the same sample. 

Results and Discussion 

Single Component Aerosols 

Single component aerosols were probed for comparison to other studies, as a 

reference for the aerosol mixtures and for calculations based on volume mixing rules. The 

fRHext of pure montmorillonite as a function of RH is shown in Figure 4.2. This figure 

along with Figures 4.3, 4.4, 4.5 and 4.6 all display a composite of individually measured 

fRHext following equilibration at each RH value. Results are reported for particles with a 

250 nm diameter for montmorillonite and all other particles studied. An fRHext of 1 is 

expected when there is no optical change in the particle upon humidification. 
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Figure 4.2: A composite of the individually measured fRHex, as a function of RH for pure 
montmorillonite from 58-90% RH. Montmorillonite particles do not exhibit a DRH but do take 
up water gradually as RH is increased. The error in the RH measurement is ±3%. 

Montmorillonite shows a steady increase in extinction as a function of relative 

humidity, with the fRHext reaching a maximum of 1.34±0.04 at 90% RH, the highest RH 

under study.55 At 58% RH there is optical growth due to water associated with the 

particle, indicated by an fRHext > 1 • These particles do not exhibit deliquescence, but do 

show a steady increase in extinction throughout the RH range studied. Although 

montmorillonite is largely insoluble, its ability to show an enhancement in extinction as a 

function of RH is known to occur as a result of swelling from incorporation of water 

24 67 76 between the layers or on the surface to increase particle size and hence extinction. ' ' ' 

IJ3 

The heavy black traces in Figures 4.3 and 4.4 show the f"RHcxt as a function of RH 

for pure AS and pure NaCl, respectively. Error bars for this data are included in Figures 

4.5 and 4.6 and are omitted here for clarity. At low RH, AS does not take up water and 

there is no enhancement in extinction as shown by an fRHext = 1. An abrupt increase in 
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Figure 4.3: A composite of the individually measured fRHext as a function of RH for internal 
mixtures of 10 wt% montmorillonite with 0.1 wt% (red), 1.0 wt% (green), 3.0 wt% (blue), 15 
wt% (purple) or 40 wt% (orange) AS. Results for pure AS are also shown in black. Particles have 
an initial diameter of 250 nm. Error bars are omitted for figure clarity but can be found in the 
panels of Figure 4.5. 

fRHext at 77±3% RH shown in Figure 4.3 signifies the DRH for pure AS. This abrupt 

increase in extinction is due to an increase in particle size as the particle transitions from 

solid to liquid at that RH. Our results are consistent with other studies, which report the 

DRH of AS at 78-81% RH.37'95.115-117 gjnce js soluble and very hygroscopic, the 

particles continue to take up water after deliquescence, increasing the extinction by the 

particles and hence the fRHextto 5.1 ±0.4 at 90% RH. The initial particle size stayed 

constant throughout the experiments and therefore we would not expect the fRHext as a 

function of RH to change with different salt concentrations (wt%). We only measured the 

fRHext of pure AS and NaCl at 1 wt% salt as the DRH is a physical property that does not 

vary with the concentration of the solution used to generate pure salt aerosols through 

atomization. 
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Figure 4.4: A composite of the individually measured fRHex, as a function of RH for internal 
mixtures of 10 wt% montmorillonite with 0.1 wt% (red), 1.0 wt% (green), 3.0 wt% (blue) or 15 
wt% (purple) NaCI. Results for pure NaCI are also shown in black. Particles have an initial 
diameter of 250 nm, Error bars are omitted for figure clarity but can be found in the panels of 
Figure 4.6. 

For pure NaCI, there is no enhancement in extinction until the RH reaches 70±3% 

and the particles deliquesce. This DRH is consistent with other studies which report the 

DRH of NaCI between 70-75% RH.37,95'116117 NaCI shows an even greater 

enhancement in extinction, compared to AS, as the particles continue to take up water at 

high relative humidities reaching a maximum fRHext of 11±2 at 90% RH. The measured 

enhancement in extinction of montmorillonite is significantly smaller than that of AS and 

NaCI at high RH due to the clay particles being insoluble and much less hygroscopic. 

Internally Mixed Particles 

Particles composed of internal mixtures of AS or NaCI and montmorillonite were 

produced at various salt/clay mass fractions in order to investigate the composition and 

RH dependence of extinction. Figures 4.3 and 4.4 show the change in fRHext as a 
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function of RH for various mass fractions of AS and NaCl, respectively in comparison to 

single component salt aerosols. In all cases, the montmorillonite concentration stayed 

constant at 10 wt% whereas the salt mass fraction varied from 0.1-40 wt% for AS and 

from 0.1 -15 wt% for NaCl. The lower solubility of NaCl prevented a measurement at 40 

wt% NaCl. In the following, the mixed particles will be referred to by the wt% of the salt. 

For 0.1 wt% AS, the particles showed no sharp deliquescence but rather 

continually take up water throughout the RH range behaving similarly to the pure 

montmorillonite particles as seen by comparing Figure 4.2 and 4.3. At low RH, water is 

associated with the particle due to the high relative proportion of the clay. At high RH the 

enhancement in fRHext is greater than montmorillonite alone. At 90% RH, 

montmorillonite has a maximum fRHext of 1,34±0.04 whereas this internal mixture 

reached an enhancement of 1.47±0.02. The higher extinction at 90% RH for 0.1 wt% AS 

indicates that the salt portion of the mixed particle has increased the hygroscopicity and 

enhanced the extinction at high RH even though the wt% of montmorillonite exceeds that 

of AS by two orders of magnitude. Insoluble/soluble internal mixtures can form different 

structures including an insoluble core surrounded by a soluble shell or particles with a 

soluble matrix and insoluble inclusions.19,118 Regardless of structure, the AS associated 

with the particle is more hygroscopic and will lead to an increase in the amount of water 

associated with the mixed aerosol in comparison to pure montmorillonite. At 1.0 wt% 

AS, there is a minor increase in fRHext at 72% RH, although it is unlikely it reflects a full 

phase transition. Therefore the gradual change in fRHext for 1.0 wt% AS may be 

interpreted similarly to the 0.1 wt% AS mixed and pure montmorillonite aerosols. For 1.0 
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wt% AS at 90% RH an enhancement in the extinction of 3.47±0.04 was observed as 

would be expected for the larger wt% AS. 

As shown in Figure 4.4, the addition of montmorillonite has a similar effect on the 

optical properties of the mixtures with low salt fractions of NaCl as is seen with AS. 

Because of the mixture, the salt does not behave as a pure salt with a well defined DRH. 

For 0.1 wt% NaCl, the fRHext as a function of RH follows the same trend as pure 

montmorillonite. At 58% RH, water is associated with the particle and no DRH is 

observed even when the RH is increased to 90%. Water is continually taken up by the 

particles, with increasing extinction most likely due to increasing particle size. At 90% 

RH the fRHext reaches a maximum of 3.07±0.20 which is a larger enhancement then 

montmorillonite alone (1.34±0.04) or 0.1 wt% AS (1.47±0.02). At low relative salt 

compositions for the NaCl, like the AS case, montmorillonite enhances the extinction at 

low RH because water is associated with the clay as seen in the single component 

montmorillonite results. At high RH, salt incorporated in the particle increases the 

amount of water associated with the clay, enhancing extinction due to a probable increase 

in particle size beyond that seen with the clay alone. The higher fRHext observed in the 

pure NaCl cases is most likely due to the differences in density between the two salts. A 

direct correlation between particle density and hygroscopicity has been observed for 

mixed aerosol particles."9 NaCl has a higher density (2.165 g/cm3) compared with AS 

•} Ol 

(1.769 g/cm ) and therefore these results are expected. 

As the amount of AS in the particles is increased to 3.0, 15 and 40 wt%, the 

fRHext as a function of RH begins to have a shape similar to pure AS, showing little 

enhancement in extinction until an abrupt increase signifying the DRH of the pure salt. 
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However, the onset in DRH for these AS/montmorillonite mixtures occurs at a lower RH 

than pure AS. Similarly, the onset of deliquescence is observed at an RH lower than the 

DRH of pure NaCl for aerosols from 1.0, 3.0 and 15 wt% NaCl solutions. The decreases 

in DRH for the NaCl mixtures are not as pronounced as in the AS mixtures and are 

within the error of our RH probes. Deliquescence lowering is a well known phenomena 

occurring when there is physical contact between two or more deliquescent compounds 

and the thermodynamics of the process are explained in detail elsewhere.90- ,20'121 

Previous laboratory studies have shown DRH lowering for both AS and NaCl when 

mixed with another electrolyte or a weakly dissociating organic compound, but this is the 

first time to our knowledge that it has been observed in mixtures with an insoluble, non-

deliquescent clay.88- 90'94'122 

The decrease in DRH of mixed systems occurs at a thermodynamic global 

minimum that is at a lower RH than the DRH of either of the individual components. Our 

results demonstrate that DRH lowering can occur when montmorillonite is one of the 

components in the system, even though montmorillonite does not deliquesce and is 

insoluble. Of particular interest is that the extent to which the DRH decreases is 

independent of the relative proportions of the salt and montmorillonite in the sample. The 

DRH onset for the samples where DRH was lowered from 77±3% RH and 70±3% RH 

for pure AS and pure NaCl respectively, have a maximum variation in the DRH of 3% 

from 70-73% RH for AS and 2% from 67-69% RH for NaCl. Thus the variability in the 

lowered DRH values is within the uncertainty (±3%) of our RH measurements. Similar 

examples, where relative amounts of components had no influence on the extent of DRH 

lowering, have been reported in the literature.123'124 
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The lowered DRH observed in the salt/clay mixtures studied here can be 

described thermodynamically by investigating changes in the Gibbs free energy of 

mixtures due to ion-molecule interactions.93-125 In mixtures where the contribution of salt 

to the particles is relatively high (i.e. 3.0, 15 and 40 wt% AS and 1.0, 3.0 and 15 wt% 

NaCl), montmorillonite has the ability to reduce the Coulomb attractive forces between 

the cation and anion in the salt. In addition, the montmorillonite will cause a disorder of 

the lattice structure of the pure salt component. Both of these factors will slightly increase 

the Gibbs free energy of the system in comparison to the pure components.93'125 The 

increase in energy will cause the particle to incorporate water at a lower RH than the 

DRH of the pure substances to allow return to a lower, more favorable overall Gibbs free 

energy of the system. Eventually, as the RH exceeds the DRH of the salt, complete 

dissolution of the salt will occur. At lower relative percentage of salt (0.1, 1.0 wt% AS 

and 0.1 wt% NaCl) the ion-molecule interactions are not as strong. The cation and anion 

interactions and the lattice structure of the salt are not affected by the montmorillonite to 

the point that it would cause a reduction in the DRH for these systems. In fact, the salt 

concentration is too low for a DRH to be observed and so the clay characteristics 

dominate. 

The DRH of a mixture of two deliquescent compounds can be approximated by 

multiplying the water activities of each component in a saturated solution through the 

• 126 Ross equation: 

aw = (a°w)i * (O2 - t4-3] 
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This equation can be written in terms of DRH, assuming that a°w is directly related to 

DRH by ignoring any kinetic effects: 

D R H m i x t u r e  D R H i  D R H 2  r .  « • .  

100 ~ 100 100 ^ 

This approximation has been successful in predicting the DRH of different mixtures 

where the water activities or individual DRH values are well known.120 124 However, 

since montmorillonite is not water soluble and therefore does not have a water activity in 

a saturated solution, this approach is not helpful when trying to describe the influence of 

clay on the water uptake and consequently the optical properties of AS and NaCl. 

Another approach widely used in predicting the optical response to an increase in 

RH is volume weighted mixing rules based on the Zdanovskii-Stokes-Robinson (ZSR) 

model.127 This technique has been shown to be valid in assessing water uptake for 

inorganic salts mixed with organics.18'35,37"39'90'95' I0°"128 We used the measured fRHext 

data for the pure components to predict the fRHext of mixtures using the ZSR equation as 

follows: 

fRH e x t (RH ) = [e0 * fRHgXt mont + (1 - e0) * mUsauf'3 [4.5] 

where €o is the volume fraction of montmorillonite in the dry particle and fRHext,mom and 

fRHext,sait are the fRHcxt for pure montmorillonite and pure salt at a given RH, 

respectively. 

Figures 4.5 and 4.6 display comparisons of the measured and predicted 

enhancement in fRHexi as a function of RH for AS and NaCl internally mixed aerosols, 

respectively. 
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Figure 4.5: A composite of the individually measured fRHex, as a function of RH for pure 
ammonium sulfate and internal mixtures of montmorillonite and ammonium sulfate (diamonds). 
The solid lines represent the theoretical prediction based on single component measurements and 
the ZSR model. Initial particle diameter is 250 nm and reported error is lo. 

Since experiments were run using different mass fractions of the salt, these values were 

converted to volume fractions using the density of each component in the dry particle as 

shown in Table 4.1. For AS at RH <71% and for NaCl at RH<63%, both prior to 

deliquescence, the ZSR approximation accurately predicts the optical response for all 
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Figure 4.6: A composite of the individually measured fRHext as a function of RH for pure sodium 
chloride and internal mixtures of montmorillonite and sodium chloride (diamonds). The solid 
lines represent the theoretical prediction based on single component measurements and the ZSR 
model. Initial particle diameter is 250 nm and reported error is la. 

salt/clay mixtures to within 10%. Any enhancement in extinction at these humidities is 

most likely dominated by the presence of montmorillonite which is non deliquescent but 

will cause water to be associated with the particle at a RH lower than the DRH of the salt. 

The simple ZSR approximation used here proves to be sufficient in capturing this 

enhancement at RH below deliquescence. 
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Table 4.1: Comparison of the weight percent (wt%) and volume percent (vol%) of ammonium 
sulfate and sodium chloride calculated using densities. 

wt%salta vol% salt3 

Ammonium Sulfate 0.1 1.3 

1.769 g/cm3 1.0 12 
3.0 28 

15 66 

40 84 

Sodium Chloride 0.1 1.1 

2.165 g/cm3 1.0 9.8 

3.0 25 

15 62 

This model approximation fails to reproduce the more complicated effect of 

montmorillonite on AS and NaCl in the region around the DRH. It does not account for 

changes in the Gibbs free energy of the system caused by molecular disturbances in the 

attractive forces between the ions and the lattice structure. The largest error occurs for 

internally mixed AS and NaCl particles within ±6% of their pure component DRH. This 

deviation from theory occurs at all compositions where DRH lowering is observed. In 

some cases the error exceeds 100%. For example, at 76% RH for 15 wt% AS in Figure 

4.5(e), the measured fRHext-2.19±0.05 corresponds to a predicted fRHext=1.09. This large 

discrepancy between the measured and theoretical values is significant since theory 

would predict there to be essentially no enhancement in extinction for these particles at 

76% RH but experiment shows that extinction more than doubles at this RH. Our results 

indicate that there would be obvious consequences in using ZSR theory to predict the 

extent of radiative forcing for these internally mixed aerosol particles between 72% and 

80% RH. The NaCl/clay mixed particles also show large discrepancies around the DRH, 

with the biggest errors increasing from 20% at 64% RH [for 1 wt% NaCl, Figure 4.6(c)] 

to 130% at 70% RH with an experimental fRHext=2.73±0.38 and a theoretical 
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fRHext=l -19. Once again, based on theory, little enhancement in extinction is expected to 

occur whereas experiment shows more than a doubling in the extinction of light by the 

particles. For internally mixed NaCl particles in this RH region (64<RH<70), the simple 

ZSR approximation is not valid for assessing the enhancement in extinction for these 

mixtures. 

The ZSR approximation is generally useful in predicting fRHext for particles 

internally mixed with AS or NaCl when they are fully deliquesced and optical growth is a 

consequence of gradual water uptake by the particle. This approximation is slightly better 

for internally mixed AS particles. The only compositions that exceed a 10% error 

between the measured and predicted fRHext is 3 wt% AS and a single measurement at 

90% RH for 1% AS. In the 3 wt% AS case, theory underestimates the enhancement by 

approximately 35% from 80%<RH<90%. This is similar to what is seen in the NaCl/clay 

mixed particles. Theory underestimates fRHext between 20-40% for 0.1, 1.0 and 3.0 wt% 

NaCl. The difference in accuracy between the two salts could be due to the large 

differences in the volume weighted fractions calculated at each mass fraction as shown in 

Table 4.1. Due to differences in density between the two salts, the volume percentages of 

AS are higher than NaCl. ZSR predicts fRHext based on the volume fraction of each salt 

in the particle which could explain the better agreement between theoretical and 

measured values for AS at high RH. 

Conclusions and Atmospheric Implications 

In this work, the fRHext was measured for internal mixtures of montmorillonite 

with AS or NaCl at various compositions over a RH range of 58-90%. The different 

physical properties and chemical structures of the two salts played an important role in 



the variability in the humidity dependence for the optical properties of their mixtures. 

Contrary to previous studies on insoluble mineral dust, we have shown that 

montmorillonite does affect the hygroscopic properties of salt particles.90'91,110 The onset 

of deliquescence for 3.0, 15 and 40 wt% AS and 1.0, 3.0 and 15 wt% NaCl, was lowered 

in comparison to the salt alone. These observations have important implications for the 

atmosphere, suggesting that the transformation of a mixed salt/montmorillonite particle 

from solid to predominantly liquid can occur at a lower RH then is expected by the pure 

salt due to perturbations in the ion-molecule interactions and lattice structure that result 

from the presence of montmorillonite. We have also shown that this effect cannot be 

predicted by simple mixing rules based on the fRHext of the pure components, mainly due 

to errors in replicating the lowered DRH. If the lowered DRH is not accounted for when 

assessing the optical properties of the mixed particles, the predicted extinction has the 

potential to be underestimated especially within 6% of the pure salt DRH. In addition, 

water may be present on the mixed particle prior to deliquescence due to the presence of 

the montmorillonite which takes up water even at low RH. This will change the physical 

and chemical properties of the mixed particle. In particular, the rates of heterogeneous 

chemical reactions have been shown to be influenced by particle phase and water 

content.55'57'l29"134 The reaction probability for the hydrolysis of N2O5 decreases an order 

of magnitude from 0.02-0.06 to <0.003 for liquid and solid ammonium sulfate particles, 

respectively. Therefore, our results indicate a broadened range of RH in which such 

56 135 i 36 liquid phase reactions can take place. ' 

Pure, unmixed aerosols are uncommon in the atmosphere and most aerosols, 

including mineral dust, will exist as a mixture with other components. Our results also 
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show that the amount of light scattered and absorbed by a salt particle and hence the size 

and phase is dependent on whether or not it is internally mixed with montmorillonite. 

Based on the data for the individual pure components, we used the ZSR approximation as 

a predictor for optical growth of the mixed particles and found that in some cases using 

this estimate for fRHext ratios at high (above 85%) and low (below 60%) RH is an 

adequate first approximation. However, in the RH=65-80% range where typical ambient 

RH of the atmosphere falls, the effects of montmorillonite on the optical properties of the 

salts are the most complex and this approximation was shown to be inadequate. 

Specifically, the complex ion-molecule interactions inferred from our experiments 

change the overall energy of the mixed systems around the DRH and are not accurately 

captured for most ambient humidity conditions using a simple volume weighted mixing 

rule. 

Disagreement between theoretical and measured values using the ZSR equation 

could be attributed to the assumption that the aerosol samples had the same composition 

as the atomized suspension. For example, if the concentration of NaCl in the particle in 

Figure 4.6(d) was greater than the 3 wt% in the atomized solution, there would be better 

agreement between measured and theoretical values. For this case, the particles would 

have to contain approximately 45 wt% NaCl, more than 40 wt% greater than assumed, to 

agree within 10% of the fRHext values predicted by ZSR theory at high RH. However, 

this is one extreme case, and the agreement in the rest of the model comparisons suggests 

that our assumption is correct. If the reported wt% salt in the particle is inaccurate, 

adjustments still would not predict the DRH lowering using ZSR theory. This is the first 

time DRH lowering has been observed due to addition of mineral dust to aerosols and it 
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is important to consider the challenges of predicting the phase of mixed aerosol in this 

range of atmospherically relevant humidities. 
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CHAPTER 5 

EXTINCTION AND HYGROSCOPICITY OF CLAY AEROSOLS MIXED 

WITH REPRESENTATIVE DICARBOXYLIC ACIDS: A PROXY FOR 

ATMOSPHERIC PROCESSING 

Introduction 

Mineral dust particles are associated with windblown dust soil and have an 

estimated global source strength of 1,000-5,000 Tg yr"1, accounting for 45% of the total 

aerosol mass load.1-40,103 Mineral dust is involved in many different atmospheric 

processes including deposition of micronutrients45'46, providing surfaces for 

heterogeneous reactions47"49 plus direct50"52 and indirect radiative forcing.53,54 They 

change the energy balance of the atmosphere by scattering incoming short-wave radiation 

(negative forcing) and absorbing outgoing infrared terrestrial radiation (positive 

forcing).50'52'54 Due to the complicated chemical makeup and irregular shape of the 

species, along with high loading and spatial and temporal variability, mineral dust 

aerosols represent the largest uncertainty associated with climate change having a net 

negative forcing reported as -0.1 ± 0.5 W m"2.1 The Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change reports "the level of scientific 

understanding" as very low for the radiative effects of mineral dust.1 

Particle size, complex refractive index and shape largely determine the extent of 

extinction, or the sum of absorption and scattering, of light by the particle. Each of these 
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characteristics can be affected by mixing with other species and water uptake as a particle 

is transported through the atmosphere. Atmospheric particles are often observed as a 

mixture of organic and inorganic material including salts, insoluble soot and mineral dust. 

The organic portion contributes 30-50% of fine particulate mass depending on 

•3 1 "2 T 1 TO 
location. ' ~ The organic fraction has been the subject of many recent studies due to 

its ability to affect light extinction, hygroscopicity, phase transitions, solubilities and 

chemical reactivities of mixed particles; although the majority of these studies focus on 

particles consisting of organics mixed with inorganic salts such as ammonium sulfate and 

sodium chloride.37"39-59'93'95' 96' ,28'140'141 

Field studies have identified several different types of organic components, 

including short chain dicarboxylic acids, on the surface of mineral dust particles with up 

to 80% of transported dust being internally mixed with other material.59,70,104,105"108 

However, the optical and hygroscopic properties of mineral dust24'25'65"68'113 and organic 

particles142'143 are typically studied independently, with few experiments regarding their 

radiative effects when mixed. In addition, studies of mixed dust aerosols have only 

indirectly investigated the changes in optical properties of mixed particles, typically using 

an electrodynamic balance or humidified tandem differential mobility analyzer (HT-

DMA) to measure a change in particle mass or diameter, respectively, as a function of 

relative humidity (RH). There is a lack of direct spectroscopic data on the optical 

properties of these mixtures. 

In addition to the radiative effects of processing by coating or mixing organic 

species with mineral dust, the amount of scattering and absorption is further complicated 

by the water content, the hygroscopicity and phase of a particle. When exposed to 
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increasing RH, some inorganic and organic species undergo a phase transition from solid 

to liquid droplet at a specific RH known as the deliquescence relative humidity (DRH). 

Although mineral dust does not explicitly exhibit deliquescence, several recent studies of 

different clay components of mineral dust found that these particles have a range of 

hygroscopicities dependant on the structure and chemical composition of the 

clay.24'26-67-69113 

The effects of aerosols on climate are usually modeled using Mie theory, 

providing an estimate based on spherically shaped particles and approximate values for 

the refractive index.64-144 However, these calculations tend to overestimate the scattering 

of mineral dust particles because of irregular shape and inhomogeneous composition.64"66 

A recent study investigated the agreement between Mie theory simulations for various 

shapes, including sphere and disk, and experimentally obtained extinction for the major 

silicate resonance bands of mineral dust in the infrared region from 800-1600 cm"1. 

Results showed a large deviation from spherical Mie theory for band position, band shape 

and peak intensity.65 

To better quantify the effects of mineral dust on climate, a detailed quantitative 

connection between optical properties and mixing state is required. However, there are a 

limited number of laboratory studies on the optical properties of mineral dust and no 

laboratory studies, to our knowledge, of the optical properties of mineral dust internally 

mixed with atmospherically relevant dicarboxylic acids that would be representative of a 

processed aerosol. In this study, we used cavity ring down spectroscopy (CRD) to 

directly measure the optical properties of montmorillonite, a common clay component of 

mineral dust, internally mixed with succinic, glutaric and malonic acid, which are all 
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abundantly found in the atmosphere. Our technique investigates how simulated 

atmospheric processing represented by mineral dust mixed with these organic species 

affects the optical properties in comparison to freshly emitted, single component 

montmorillonite particles. Fresh and mixed processed mineral dust particles are analyzed 

under both dry and humidified conditions to detect any additional enhancement in 

extinction due to water uptake on the mixed processed particles. In the following, we will 

show that the difference in extinction between freshly emitted, single component and 

mixed processed mineral dust is dependent on particle size and the type of dicarboxylic 

acid associated with the particle. 

Experimental 

A CRD was employed to measure extinction of laboratory generated mixed 

processed mineral dust in comparison to freshly emitted mineral dust aerosols and 

dicarboxylic acid particles. The details of the experimental setup used to generate and 

measure the optical properties of mineral dust containing aerosols have been described in 

detail previously.113'145 Figure 5.1 summarizes the CRD system employed including 

additional instrumentation for particle generation, sizing and counting. Briefly, single 

component aerosols are generated via atomization of a 10 wt% suspension of 

montmorillonite (The Clay Minerals Society, Source Clays Repository, STx-lb) as a 

mineral dust proxy or a 1 wt% solution of the dicarboxylic acids, succinic acid 

(Mallinckrodt, 99+% ACS reagent grade), glutaric acid (Acros Organics, 99+% ACS 

reagent grade) or malonic acid (Acros Organics, 99+% reagent grade), in HPLC grade 

water (J.T. Baker). For mixed processed aerosol measurements, a suspension of 10 wt% 

montmorillonite with each individual dicarboxylic acid at 1.0 wt% in water was 
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Figure 5.1: Experimental setup used to measure the extinction of light by mineral dust and 
internal mixtures of mineral dust and dicarboxylic acids. 

constantly mixed and atomized with pre-filtered nitrogen using a custom built constant 

output atomizer. For glutaric and malonic acid samples, the wet polydisperse aerosol was 

subsequently dried in a diffusion dryer with a residence time of-12.5 s. An additional 

dryer was used for succinic acid to ensure maximum removal of water from the particle, 

increasing the residence time in the dryers to -25 s. In both cases, the RH of the aerosol 

stream was decreased to <10%. 

We assume that the dry aerosol population is physically and chemically 

homogeneous and internally mixed with the same composition as the atomized 

suspension. This assumption was validated by Freedman et al. using aerosol mass 

spectrometry (AMS) and Raman spectroscopy to determine the chemical composition 

and structure of similarly produced internally mixed aerosols consisting of ammonium 

18 sulfate and a number of different carboxylic acids with a range in solubilities. After 

atomization and drying, the particles were directed through a differential mobility 

analyzer (DMA, TSI 3081L) to select a monodisperse size population for optical 
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measurements. The DMA size selects particles based on an electrical mobility diameter 

with a reported uncertainty of 10% and therefore these are the diameters referred to 

throughout the chapter.77 Individual component and mixed processed aerosol populations 

with diameters ranging from 250 nm to 600 nm were selected. These sizes were chosen in 

comparison to ambient atmospheric mineral dust particles, which span a size range of 

100-5000 nm.78 A focus on smaller particles is relevant because larger particles have 

shorter lifetimes and quickly settle from the atmosphere, while smaller particles can be 

transported long distances.79 The particle sizes are larger than the mode of the size 

distribution, minimizing the contribution of multiply charged particles and thus the 

required optical correction for the sample. The multiply charged particles result from the 

neutralizer of the DMA and can complicate optical measurements. Since our 

measurements are reported for a particular particle size, the extinction contribution for 

particles with multiple charges are calculated and used to correct the extinction values of 

the size selected particles. Only doublets were used in corrections; the number of higher 

charged particles is expected to be small and would have a negligible effect on the 

extinction.80 

The RH of the monodisperse sample following the DMA is maintained by passing 

the aerosols through a second diffusion dryer. The dry aerosol sample enters and exits the 

first cavity of the CRD at a flow rate of 0.3 L/min, and the extinction, aext(Dry) is 

measured according to the equation: 

t5.u 
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where RL. is the ratio of the cavity optical length to the sample length, c is the speed of 

light and x and To are the ring down time with sample and particle free, respectively. 

The dry aerosol stream (RH<10%) passes through a custom built temperature 

controlled humidifier made with permeable Accurel tubing (Microdyn Technologies, 

Inc). The RH is ramped from 58% to 90% RH by slowly increasing the temperature of 

the humidifier from approximately 28° C to 35° C. Changing the temperature in 0.5°- 1° 

C increments, allows for equilibrated measurements of the fRHext throughout the RH 

range so that the DRH can be observed. For mixed processed aerosol components, the 

elevated RH is kept constant at 80% RH. After humidification, the particles enter the 

second cavity where the extinction, aext(RH) is measured. Temperature and RH are 

monitored using Vaisala INTERCAP HMP50 probes (accuracy ±3%) in both optical 

channels. The extinction results are converted to extinction cross sections (aext) by 

dividing by the particle number concentration (N) measured by a condensation particle 

counter (CPC, TSI 3775): 

The dry and humidified extinction cross section values are then used to calculate fRHext 

for single component measurements: 

which describes the relative humidity dependence of light extinction by the particles. For 

mixed processed aerosols, enhancement factors (EF) were calculated using the equation: 

[5.2] 

f R H e x t ( R H , D r y )  =  
(Text (Dry) 

[5.3] 

°ext, processed 

^ext, fresh 
[5.4] 
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as described by Zhang et al.15 In this equation, aext,Processed is represented by the extinction 

cross section of the mixed processed mineral dust and aext,fresh is represented by the 

extinction cross section of the single component mineral dust. EFs were measured under 

dry (RH<10%) and humidified (RH=80%) conditions. Errors in both values are reported 

as the experimental standard deviation (la) for each particle mixture over 3 different 

experiments. 

Results and Discussion 

Succinic Acid 

The fRHext calculated using equation 5.3 at 80% RH for single component 

succinic acid, malonic acid, glutaric acid and montmorillonite at 250 nm, 350 nm, 450 

nm and 600 nm are reported in Table 5.1. An fRHext<l indicates that total extinction by 

the particle decreased upon humidification, while particles experiencing an increase in 

extinction have an fRHext>l and those particles showing no change upon humidification 

have an fRHext-l • Succinic acid has an fRHexf= 1 • 11(0.05) for 250 nm particles at 80% 

RH, similar to what is seen in other studies reported in the literature, and reaches a 

maximum fRHext~4.1 at 90% RH, the highest RH studied.39,100'l42'143 Our observed DRH 

is lower (DRH=81%) than what is reported for bulk solution or electrodynamic balance 

measurements as shown in Table 5.1. This discrepancy can be attributed to the 

hygroscopic state of the particles during the experiment. Although the RH of the first 

cavity was below 10% and the crystallization RH of succinic acid is 53.2-53.4%, it is 

possible that some water could still be associated with the particles, thus allowing water 

uptake at RH below the DRH.35'142 Contrary to our technique, the bulk studies reported in 
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Table 5 . 1 :  f R H e x l  values and selected properties for the dicarboxylic acids and montmorillonite. 

Compound fRH„,(80% 

dry) 

Succinic Acid 250 rati 1.11(0.05) 
35(1 tint 1.(If> (0.03) 
450 ran 1.05(0.03) 
600 lull 1.02 (0.03) 

Glutaric Acid 250 nm 1.42(0.11) 
350 ran 1.6(0.3) 
450 tun 1.82 (0.03) 
600 rati 1.91(0.11) 

Mulonic Acid '' 250 nm 2.60(0.20) 
350 ran 2 09(0.06) 
450 ran 2.10(0.09) 
600 nut 2.10(0.07) 

Montmorillonite 250 nin 1.17(0.03) 
350 nm 1.05(0.06) 
450 ran 0.92 (0.03) 
600 nm 0.954 (0.018) 
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Table 5.1 cannot measure water absorption prior to full deliquescence and therefore 

would not show any water uptake prior to the succinic acid DRH.39 The residence time in 

our dryer is fairly long (-25 s for succinic acid); but for other techniques longer times are 

utilized (e.g. several minutes for an electrodynamic balance). The relatively short 

residence time here could have prevented full crystallization of the particles.38'95,142 Our 

results are still relevant especially since atmospheric results will depend on the cycle of 

RH experienced by the particle. 

The enhancement in extinction of mineral dust particles that were mixed with 

succinic acid, as a proxy for processed aerosol, is shown in Figure 5.2. EFs are reported 

for particles with diameters of 250 nm, 350 nm, 450 nm and 600 nm at dry (RH<10%) 

and elevated RH (RH=80%). The EFs describe the change in extinction by mixed 

processed mineral dust in comparison to freshly emitted single component 

2 .2 - j  

2.0 

1 . 8 -

1.6 -

1.4 -

1.2 -

1.0 

0.8 H 

0.6 

• <10% RH 
a 80% RH 

250 nm 350 nm 
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Particle Diameter 
Figure 5.2: Enhancement factors for succinic acid as a function of size. Values are reported for 
<10% RH and 80% RH representing dry and wet conditions, respectively. For comparision, the 
fRHext(80%,Dry) for succinic acid and montmorillonite are given in Table 5.1. 
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montmorillonite particles at 80% RH. The largest enhancement is seen for 250 nm 

particles, where extinction is increased by approximately 1.3 after mixing with succinic 

acid. However, no significant difference exists between mixed processed particles at low 

and high RH and this indicates that any enhancement in extinction due to the processing 

of mineral dust and is due to mixing and not the water uptake. This is to be expected 

since succinic acid has a high DRH and does not take up water at 80% RH. As a result, 

the addition of succinc acid should not contribute any additional water uptake in 

comparison to the mineral dust particles alone. In addition, the fRHext at 80% RH for 

succinic acid ranges from 1.02 (0.03) to 1.11 (0.05) depending on particle size, which is 

similar to the range in fK.Hext for montmorillonite, 0.954 (0.018) to 1.17 (0.03), for the 

same particle sizes. The enhancement is also not due to an increase in refractive index 

because the refractive index of succinic acid is slightly lower than montmorillonite. A 

decrease in the refractive index predicted for the mixed processed particle would lead to a 

decrease in the total extinction. 

The enhancement in extinction seen particularly for the 250 nm and 600 nm 

mixed processed particles is most likely due to an increase in absorption by the mineral 

dust particle caused by a transparent succinic acid shell or a change in particle density or 

morphology. The enhancement in extinction is more pronounced at 250 nm because 

single component montmorillonite particles experience the least amount of compaction at 

that size, indicated by the greatest fRHext as seen in Table 5.1. 

Glutaric Acid 

Glutaric acid has an fRHext^l -42 (0.11) for 250 nm particles at 80% RH. A DRH 

spanning from 83.5-99% RH has been reported in the literature.39'I41'l42'146 However, no 
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apparent DRH was observed with this study. Instead, glutaric acid had a continually 

changing fRH which indicates the gradual water uptake as a function of RH, in 

agreement with previous studies that noted the ability of glutaric acid to absorb water at 

all RHs. 146148 The continuous change in extinction indicates that the particles never 

fully crystallized during the experiment, despite the low RH of the aerosol stream (<10%) 

and the crystallization RH=54.4%.95 

The change in extinction of mineral dust aerosol after mixing with glutaric acid is 

depicted in Figure 5.3. No significant difference in the enhancement at high or low 
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Figure 5.3: Enhancement factors for glutaric acid as a function of size. Values are reported for 
<10% RH and 80% RH representing dry and wet conditions, respectively. For comparison, the 
fRHext(80%, Dry) for glutaric acid and montmorillonite are given in Table 5.1. 

relative humidity is observed, similar to the succinic acid results, indicating that any 

enhancement observed in the mixed processed particle is not due to an increase in water 

uptake as a result of the addition of organic acid to the particle. At 250 nm, mineral dust 

particles mixed with glutaric acid have an EF<1 indicating that the processing in this case 

decreases extinction by the particle. This can occur due to evaporation of glutaric acid 

between the dry and humidified cavities or by compaction of the particle, reducing its 
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size and hence the amount of light scattered and absorbed. The semivolatile nature of 

glutaric acid has been reported previously in both field and laboratory experiments.143'149 

The reduction in fRHext due to particle compaction is particularly interesting because at 

that size, the least amount of compaction is expected based on the fRHext value of pure 

montmorillonite. Further, a compaction upon coating is not observed for succinic acid. 

This observation is discussed in more detail below. A modest enhancement is seen for 

350 nm, 450 nm and 600 nm mixed processed particles although the extent of the 

enhancement does not seem to be size dependent. Like succinic acid, glutaric acid has a 

slightly smaller refractive index than montmorillonite and therefore a change in the 

refractive index of the mixed particle cannot account for the observed enhancement. 

Malonic Acid 

Malonic acid has an fRHext=2.6(0.2) at 80% RH indicating that it takes up a 

significant amount of water by this RH. This is more than double what is observed for the 

other two dicarboxylic acids and is in agreement with other studies which report an 

fRHext ranging from 1.81-3.19.35'39'!42,143 Like glutaric acid, no DRH was observed, and 

malonic acid took up water continually throughout the RH range. A similar observation 

was reported by Peng et al.142 using an electrodynamic balance and Prenni et al.38 using 

an HT-DMA technique, whereas other studies show a DRH for malonic acid ranging 

from 65.2-91% RH.39"1I6'141,146 As noted with the other dicarboxylic acids, a possible 

explanation for the discrepancies between the studies likely results from the difficulty in 

obtaining completely dry particles. In all cases, a significant amount of water is 

associated with single component malonic acid particles at 80% RH, thus explaining the 

large difference in the enhancement factors for dry and wet particles of mineral dust 
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processed with malonic acid shown in Figure 5.4. At high RH, the enhancement in 

extinction can be attributed to the uptake of additional water by the malonic acid present 

in the mixed processed particles in comparison to mineral dust alone. The organic portion 

will increase the overall hygroscopicity of the mixed processed particle, allowing for 

greater water uptake, increased particle size and enhanced extinction. 
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Figure 5.4: Enhancement factors for malonic acid as a function of size. Values are reported for 
<10% RH and 80% RH representing dry and wet conditions, respectively. For comparison, the 
fRHext(80%,Dry) for malonic acid and montmorillonite are given in Table 5.1. 

At elevated RH, a maximum enhancement of 1.9 (0.2) is experienced by 250 nm 

mixed processed particles and seems to decrease with size. It is possible that this size 

dependence is caused by a greater degree of compaction by the montmorillonite at larger 

sizes as shown in pure component montmorillonite as a decrease in the fRHext- In 

addition, pure malonic acid has a decrease in fRHext with size reinforcing the observed 

trend. When the particles are dry, there is no enhancement in extinction except for 250 

nm mixed processed particles with an enhancement factor of 1.28 (0.19). This 

enhancement could be attributed to an increase in absorption due to the transparent 

malonic acid shell, or a change in density or morphology of the particle upon processing. 
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It is important to note that for 350 nm and 450 nm mixed processed particles a slight 

decrease in extinction is observed, similar to what is seen for 250 nm mixed 

montmorillonite and glutaric acid particles and this can be explained by looking at the 

physical properties of the dicarboxylic acids as discussed below. 

Characteristics of Dicarboxylic Acids Contributing to the Extinction Observations 

Aside from the enhancement due to water uptake observed when mineral dust is 

mixed with malonic acid and measured high RH, the increase in extinction is observed in 

extinction in these mixed processed particles may be attributed to an increase in 

absorption caused by the formation of a transparent dicarboxylic acid shell or a change in 

particle density or morphology. Transparent shells formed by non absorbing compounds 

have been shown to increase absorption in spherical or irregular shaped soot particles, by 

focusing the radiation on the core.16,20"I50-151 Although the extent of absorption by 

freshly emitted mineral dust is expected to be less than is typically seen in soot aerosols, 

an enhancement in absorption with the addition of a transparent dicarboxylic acid shell 

would lead to enhanced extinction. 

Increased scattering and absorption by the processed mineral dust can also be 

attributed to a restructuring of the particle to yield a more compact form with a spherical 

shape, thus increasing the particle density. We have previously observed compaction of 

mineral dust particles upon exposure to water vapor.113 This type of compaction is also 

commonly seen in soot particles when the irregular, fractal nature of the freshly emitted 

soot particles is replaced with a more spherical morphology as a result of internal 

mixing.15"17'20'150 In these studies, soot particles coated with a non-absorbing material 

showed increased scattering and absorption as described above. In addition to the 
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compaction seen in the these studies, Xue et al. showed that after the coating was 

removed, both scattering and absorption of the processed particles remained higher than 

the initial values for the freshly emitted soot particles.15 The restructuring of the particle 

caused an increase in particle density and a change in particle morphology enhancing the 

scattering and absorption by the particle. The enhancement in extinction seen by 

processed mineral dust particles in this study could be caused by a similar effect. 

There are noticeable differences in the extinction effects for mineral dust mixing 

with the different dicarboxylic acids. For example, mineral dust mixed with glutaric acid 

at 250 nm and malonic acid at 350 nm and 450 nm exhibit a decrease in extinction, 

indicated by an EF<1. This is contrary to what is seen for succinic acid, where coating the 

mineral dust causes either an enhancement or no significant change in extinction. 

Structurally the three dicarboxylic acids only differ by the number of CH2 groups, with 

glutaric acid and malonic acids having an odd number of carbon atoms (5 and 3 carbons, 

respectively) and succinic acid having an even (4) number of carbon atoms. This small 

difference proves to be important as the physical properties of C3-C9 dicarboxylic acids 

are very different and exhibit alternating trends for even versus odd numbers of carbon 

atoms.152"154 For odd numbers of carbons, the additional carbon creates a twisted 

conformation in the crystal lattice, causing a strained torsional conformation. This 

conformation leads to lower melting points, higher vapor pressures and lower sublimation 

enthalpies for glutaric and malonic acids.153'154 This less stable conformation leads to 

excess energy as compared to their even number counterparts. The additional energy 

leads to stronger interactions with the montmorillonite surfaces and causes the particles to 
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collapse and compact, even under dry conditions.152 This phenomenon has been 

previously observed in soot particles exposed to succinic (even) and glutaric (odd) 

acids.152 In the succinic acid case, no restructuring or change in particle diameter was 

observed. However, when soot is exposed to glutaric acid, restructuring occurs, shrinking 

the diameter by 10-40% of its initial value.152 

Comparison of Experimental fRHPyi with Calculations Based on Simple Mixing Rules 

Predictions of the optical growth of mixed processed mineral dust aerosol have 

been made using, a simple linear mixing rule as described by Cruz and Pandis. Here, we 

use the Zdanovskii, Stokes and Robinson (ZSR) method applied to optical growth 

assuming that each component in the mixture behaves independently. The experimentally 

measured fRHext data for the pure components is used to predict the fRHext of mixtures 

using the ZSR equation as follows: 

fRH, x t (RH) = [e0 » fRH] x t m o n t  + (1 -  £„) .  fRHl x u > cJ [5.5] 

where Co is the volume fraction of montmorillonite in the dry particle and fRHext,mont and 

fRHext,dca are the fRHext for pure montmorillonite and pure dicarboxylic acid at a given 

RH, respectively. 

Figure 5.5 displays comparisons of the experimentally measured and predicted 

fRHext for each of the mixed processed aerosols. Since aerosols were generated based on 

the wt% of the components, these values were converted to volume fractions using the 

density of each component in the dry particle. In all cases the fRHext modeled by equation 

5.5 are in good agreement with the measured values. The error does not exceed 15% 

except for montmorillonite particles mixed with glutaric acid at high RH. Therefore, the 
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ZSR equation is useful in estimating the fRHext for processed mineral dust since there is 

little inconsistency between the predicted and measured values. 
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Figure 5.5: Experimentally measured and predicted optical growth of 250 nm internally mixed 
dicarboxylic and montmorillonite particles. Error bars are reported as the experimental standard 
deviation (la) for each particle mixture over 3 different experiments. 

Conclusions and Atmospheric Implications 

We have investigated the effect of processing on the optical properties of 

montmorillonite, a clay component of mineral dust aerosol. Mineral dust particles were 

mixed with succinic, glutaric and malonic acid, three dicarboxylic acids commonly found 

in atmospheric particles. Once internally mixed, the processed particles were subjected to 

low and high RH during optical interrogation by CRD to quantify changes in extinction 

relative to freshly emitted pure mineral dust particles. 
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Mineral dust particles mixed with all three dicarboxylic acids showed changes in 

extinction, depending on size. For succinic acid, the enhancement was greatest for small 

particles and no significant difference was seen between the dry and elevated RH 

conditions, indicating that water uptake is not significant upon addition of the DCA. The 

enhancement seems to have a size dependence most likely to due to compaction of the 

mineral dust particle upon coating. Mineral dust showed a significant decrease in 

extinction upon coating with glutaric acid at 250 nm, most likely due to restructuring of 

the particle to a smaller diameter. At larger sizes, the mixed processed mineral dust and 

glutaric acid mixtures showed a slight enhancement in extinction, most likely due to 

enhanced absorption by the transparent glutaric acid shell or a change in particle density 

and morphology. Mineral dust mixed with malonic acid, the carboxylic acid with the 

greatest uptake in water at low RH, showed a strong enhancement in extinction at high 

RH due to significant water uptake and increased particle size. In all cases, the physical 

and chemical characteristics of the coating material had a significant effect on the optical 

properties of the mixed particle. These results have important implications for the 

atmosphere since they suggest that the type of dicarboxylic acid coating on a mineral dust 

particle will determine the degree of enhancement in extinction for that particle. Further, 

the EFs observed in the mixed processed mineral dust are likely due to changes in both 

the scattering and absorption by the particle and the relative magnitude of each will 

determine the degree of radiative forcing in the atmosphere. Our results also provide 

evidence that the ZSR equation, using simple linear mixing rules, is an accurate 

representation of these systems if the optical properties of the individual components are 

known. 
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CHAPTER 6 

CONCLUDING REMARKS 

Summary 

A newly built CRD was used to measure the optical properties of single 

component mineral dust particles and their mixtures with salts or dicarboxylic acids 

under a range of conditions. The particles and conditions were chosen based on 

atmospheric relevancy and to our knowledge there have been no other direct optical 

measurements at 532 nm of these types of particles reported in the literature. The newly 

built CRD was tested and evaluated for similar cases before the original work was 

completed. As a result of this testing, it was determined that the new CRD is capable of 

making accurate, highly sensitive measurements of extinction by laboratory generated 

aerosols, similar to instruments used by others.31'35,155 

The initial studies on mineral dust measured the fRHext for three clays: 

montmorillonite, illite and kaolinite. These species served as proxies for mineral dust as 

they comprise a large fraction of the smallest sized ambient mineral dust particles. 

Optical extinction was measured using the CRD at 50%, 68% and 90% RH and compared 

to dry conditions (RH<10%) to obtain fRHext. The optical behavior varied considerably 

between clay types indicating that the different morphologies and chemical structures of 

these clays play an important role in water uptake. 
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Other measurement technologies determine the change in optical properties due to 

water uptake by inferring that change based on physically measured particle growth. 

However, based on the deviations between physical growth factors, mass based growth 

factors and optically based growth factor described in this work, the inclusion of direct 

optical property measurements for clays based on species specific loading would be 

advantageous for reducing uncertainties in climate models. We concluded that our 

calculated optically derived growth factor provides a lower limit for the physical growth 

factor and is an alternate method for assessing water uptake as compared to 

measurements using an HT-DMA or a QCM. The bounding of the growth factor using 

our closure based calculations (lower bound) with those calculated using QCM 

measurements (upper bound) may further reduce uncertainties associated with growth 

factor measurements. 

Since aerosols can only exist as a single species close to the source but mix as 

they age in the atmosphere, the second study looked at internal mixtures of 

montmorillonite clay and two common atmospheric salts, ammonium sulfate and sodium 

chloride. The fRHext for the single components and internal mixtures were measured over 

a RH range of 58-90%. Montmorillonite affects the hygroscopic properties of salt 

particles and for the first time, a lowering in the onset of deliquescence for many of the 

soluble/insoluble mixtures studied was observed. This effect cannot be predicted by 

simple mixing rules based on the fRHext of the pure components, due to errors in 

replicating the lowered DRH. If the decrease in DRH is not accounted for when assessing 

the optical properties of the mixed particles, the predicted extinction has the potential to 

be dramatically underestimated especially within 6% of the pure salt DRH. 
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In the third study, the effect of processing on the optical properties of 

montmorillonite by mixing with organic compounds was investigated. Montmorillonite 

particles were internally mixed with succinic, glutaric and malonic acid, three 

dicarboxylic acids commonly found in atmospheric particles, and subjected to low and 

high RH. Particle sizes between 250 nm and 600 nm in diameter were selected for optical 

interrogation. The addition of each of the three dicarboxylic acids to montmorillonite 

yielded changes in extinction, somewhat dependent on size. In most cases, the physical 

and chemical characteristics of the added dicarboxylic acid had a significant effect on the 

optical properties of the mixed particle. These results have important implications for the 

atmosphere since they suggest that the type of dicarboxylic acid mixed with a mineral 

dust particle can influence the degree of enhancement, if any, in extinction for that 

particle in comparison to the pure clay aerosols. This is also likely to depend on the 

composition of the mineral dust, as well as the distribution of their particle sizes in the 

ambient environment. Our results also provide evidence that the ZSR equation, using 

simple linear mixing rules, is an accurate representation of these systems if the optical 

properties of the individual components are known. 

Considerations for Future Work 

The studies described above demonstrate the ability of the CRD to provide 

sensitive, accurate measurements of total extinction of laboratory generated aerosols as a 

function of relative humidity. Yet, there are additional measurements that can be done in 

the future to complement the CRD technique and further improve climate models, 

ultimately decreasing the uncertainty associated with aerosols and climate change. 
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As mentioned previously, the composition of our internally mixed aerosols is 

approximated by the composition of the atomized suspension. The internal structure of 

these mixed particles is also unknown but could give insight into physical and chemical 

properties such as water uptake. A combination of microscopy and spectroscopy of the 

mixed particles could elucidate the chemical composition and structure and thus 

eliminate the need for an approximation. For example, transmission electron microscopy 

(TEM) and scanning electron microscopy (SEM) are commonly used to probe particle 

structure and can be paired with electron dispersion spectroscopy (EDS) to give 

information on elemental composition. Raman spectroscopy also can provide detailed 

information about the chemical composition of single particles by looking at the position 

and intensity of Raman active vibrational modes. Possible correlations of chemical and 

structural composition with extinction data from the CRD could be powerful in future 

predictions of optical properties. 

The addition of a humidified tandem differential mobility analyzer (HT-DMA), to 

measure the change in particle diameter as a function of RH, would help to explain the 

results of our CRD measurements. Simultaneous growth factor and fRHext measurements, 

especially on mixed particles not previously studied, will help determine if changes in the 

optical properties are correlated with particle size as a function of increasing RH. In 

addition, this type of measurement could be used to produce numerical comparisons 

between growth factors calculated using the optical growth measured by the CRD and 

growth factors physically measured by the HT-DMA. 

It would also be advantageous to have a complementary measurement of either 

scattering or absorption of the aerosol samples to determine single scattering albedo. As 



previously mentioned, single scattering albedo is the ratio of aerosol scattering to total 

aerosol extinction (scattering + absorption), and this quantity decreases from 1 (purely 

scattering) as aerosol absorption increases. Since mineral dust can have an absorbing 

component and an estimated radiative forcing ranging from +0.4 to -0.6 W m2, the 

calculation of the single scattering albedo would help to determine if mineral dust has a 

net cooling or heating effect on the climate. Scattering is typically measured using an 

integrating nephelometer which measures scattering intensity over different angles 

relative to the aerosol sample.156 Aerosol absorption is difficult to quantify by the 

difference method (extinction - scattering = absorption) since its relative magnitude is 

typically much smaller than both extinction and scattering. Some common examples of 

direct absorption measurements include optically based filter measurements using a 

particle soot absorption photometer (PSAP) or aethelometer. Alternatively, in situ 

measurements are possible using photoacoustic absorption spectroscopy that measures 

sound waves produced by an aerosol sample after heat is released from absorbed light. 

The robust extinction measurements provided by the CRD offers accurate and direct 

measurements of aerosol optical properties and could potentially be used to evaluate the 

uncertainties associated with measuring scattering and absorption using other techniques. 
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