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                ABSTRACT OF THE DISSERTATION 
 

Hygroscopicity of Mixed Inorganic/ Surfactant 

Ultrafine Aerosol Particles  

 
by 
 

Ahmad Alshawa 
 

Doctor of Philosophy in Chemistry 
 

University of California, Irvine, 2008 
 

Professor Sergey A. Nizkorodov, Chair 
 

 
Ultrafine organic aerosol particles UFP (defined as particles with aerodynamic 

diameters < 100nm) are ubiquitous in the atmosphere. They are characterized by having 

an enhanced Kelvin effect and a greater surface energy contribution to the overall energy. 

The combination of their small size and chemical composition can drastically alter their 

hygroscopic behavior compared to fine particles.  While a significant fraction of these 

particles were found to comprise organic surfactants, their hygroscopic effect is not well 

characterized.   

Phase transitions in binary systems are usually described assuming ideal behavior. 

However, mixtures of inorganic salts and surface active agents may or may not be ideal, 

and therefore experimental measurements presented here are needed in order to assess the 

deviations from the ideal behavior. The main goal of this work is to understand the 

effects of surface active agents on hygroscopicity of binary system of inorganic/ 
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surfactants in ultrafine particles and the relationship between the structure and 

hygroscopicity in such systems. 

Hygroscopic growth measurements were preformed on internally mixed particles 

(7-20nm) of Sodium Chloride and anionic surfactants Dioctyl Sodium Sulfosuccinate 

(AOT) and Sodium Dodecyl Sulfate (SDS) at different weight fractions. The 

deliquescence relative humidities were measured using a novel Tandem Nano 

Differential Mobility Analyzer (Tandem-NDMA). Hygroscopicity  of mixtures of NaCl 

and AOT were reported in terms of hygroscopic growth factors. The growth factors of 

internally mixed 17.0 nm aerosol particles of NaCl and AOT or SDS surfactants were 

investigated at different total conditioning residence times. Initial results for 25% w/w 

AOT with NaCl and 25 % w/w SDS with NaCl showed a growth factor depression as 

well as a shift in the deliquescence relative humidity to lower values compared to the 

pure NaCl particles. Such a behavior was theoretically attributed to differences between 

the rates of spreading of each surfactant at the particle interface compared to rate of 

surface area increase of the deliquescing droplets. The experimental results presented 

here suggest that a small amount of surfactant is sufficient to cause a significant change 

in the water uptake by the inorganic soluble core. 

The rate of deliquescence of ultrafine ambient aerosol particles can substantially 

alter both its potential role as cloud condensation Nuclei (CCN) and its deposition rate in 

human respiratory system. There is one important concern in investigating hygroscopicity 

of ultrafine particles (UFP) as to whether or not particles have actually attained final 

equilibrium during the measurement time.  In this work, the effects of mass transfer and 

size on deliquescence of aerosol particles were also addressed. It was shown that unless 
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the deliquescence relative humidity is at equilibrium, hygroscopicity 

measurements can be potentially compromised by mass transfer effects.  

Chapter 5 of this dissertation describes how organic ultrafine particles can 

be generated indoors by ionization air purifiers in the presence of certain VOCs. It was 

shown that the operation of an ozone-generating air-purifier in a closed indoor 

environment results in an increase in the steady-state ozone concentration that 

is directly proportional to the air-purifier's ozone emission rate. Chapter 6 

addresses the kinetic analysis of competition between aerosol particle removal and 

generation by ionization air purifiers. It was shown that air purifiers may increase the 

respirable PM mass concentration instead of reducing it as advertised by the 

manufacturer. 

 

  



 

Chapter 1 

1. Ultrafine Particles 

1.1. Introduction  

Ultrafine aerosol particles UFP (defined as particles with aerodynamic diameters 

< 100nm)[1] are ubiquitous in the atmosphere. They are frequently observed in the 

troposphere during nucleation events when their molecular precursors condense into new 

particles through various condensation processes [2].  

 

Figure 1.1: Nucleation, accumulation and coarse modes of ambient particles 
(Courtesy of Constantinos Sioutas, Ultrafine Particles Conference, Los Angeles 
2006) 
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As a result of their very low inertia, UFP are highly mobile in the atmosphere, and 

depending on the conditions, they have a life time ranging from fraction of a second up to 

several hours or days with respect to deposition [3]. Furthermore, UFP efficiently 

coagulate to form accumulation or coarse modes as shown in Fig.1.1. UFP are also 

known as transient mode particles due to their rapid losses to deposition and coagulation. 

Nevertheless, UFP are the most abundant of all particles, dominating the number 

distribution and making a significant contribution to the surface area of atmospheric 

particulate matter.  

To illustrate this point, let us consider an aerosol characterized by mass 

concentration of 10 μg/m3 and containing monodisperse particles. This mass 

concentration translates into one particle per cm3 for 2.5 μm particles, compared to 

2.0x106 cm-3 particles of 20 nm in size. In addition, the combined surface area for such 

collection of 20 nm particles is two orders of magnitude higher than that for 2.5 μm 

particles. Therefore their surface to volume ratio is dramatically increased for an aerosol 

dominated by UFP[4]. 

As shown in table 1, a single 10 μm particle has the same mass as 109 particles of 

10 nm diameter. As the particle size gets smaller, and its surface-to-volume ratio 

increases, its physicochemical properties may become uniquely different from 

corresponding properties of a larger particle. As the number of molecules in UFP is 

small, a high proportion of them reside at the surface. For example, a 20 nm size particle 

has 12% of its molecules at the surface. This fraction increases to 25% for a 10 nm 

particle [5]. 
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Table 1.1 Comparison of number, area and size for different particles having the 
same weight concentration [3] 
 

Particle diameter (μm) Relative particle number Relative surface area 

 10 1 1 

1 103 102 

0.1 106 104 

 0.01 109 106 

               

1.2. Sources of Ambient Ultrafine Particles 

Atmospheric UFP mostly originate from combustion processes and from 

heterogeneous and homogeneous nucleation of non-volatile products of photochemical 

processes involving organic species. These sources can be categorized into primary and 

secondary. The primary source emits particles in the atmosphere directly (for example 

combustion processes) [6, 7], whereas the secondary source emits molecular precursors, 

which then undergo various gas to particle conversion processes [8]. According to the 

California Air Resources Board (CARB), the main sources of emission of UFP in 

California South Coast Air Basin in 1996 are on-road motor vehicles (43%), stationary 

source fuel combustion (32%), diesel engines (10%), and other industrial processes 

(15%). Kim et al have studied UFP sources and formation, and found that urban sources 

are dominated by nearby freeways, while inland sources of emissions are mostly 

photochemical formation of SOA [9]. The number concentration of these particles is 

highly dynamic, and their diurnal variations can be highly dependent on the presence of 

lager particles. UFP have an average ambient background levels of 1-4x104 cm-3 , but 

their mass concentration is normally is not greater than 2 μg m-3 [10]. 



 4 

1.3. Chemical Composition of Atmospheric UFP 

Numerous field experiments have been conducted to characterize the size 

distribution and the chemical composition of UFP. They found that UFP composition 

included 32-67% organic compounds, 3.5-17.5% elemental carbon, 1-18 % sulfate, 0-

19% nitrate, 0-9% ammonium ions, 0-2% sodium, 0-2% chloride, 1-26%  trace metal 

oxides, of which Fe, Ti, Cr, Zn were the most abundant trace elements.  

      

Organic 
Compounds

32-67%

Chloride
0-2%

Sodium
0-2%

Ammonium
0-9%

Nitrates
0-19%

Sulphates
1-18%

Elemental 
Carbon

3.5-17.5%

Trace metals
1-26%

 

Figure 1.2: Composition of ultrafine aerosol particles in Los Angeles atmosphere [7] 
 

UFP mass concentration was found to be in the range of 0.5-1.5 μg/m3  [11-15]. 

UFP composition is location dependent, and there are strong differences between urban 

and rural locations [16].  
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Compositional analysis of individual UFP utilizing mass spectrometry has found 

that organics may vary from 10-70% by mass [17-19]. Other studies have also found that 

the composition of atmospheric ultrafine particles comprise significant amount of 

organics compared to larger particles that comprise mostly inorganics.[20-23]. In 

addition, a significant fraction of the organic material in particles has been shown to have 

surfactant properties [24-26].  

 

1.4. Health Effects of UFP 

In light of the increasing amount of epidemiological and toxicological evidence, 

ultrafine particles are now recognized as a potential cause for the adverse health effects of 

air pollution. Per unit mass, UFP are more potent than fine particles for causing 

inflammatory response. Their enhanced surface-to-volume ratio and large number density 

relative to other particles, makes it possible for UFP to efficiently transport toxic 

substances into various tissues [27]. There is a growing concern about the exact role these 

particles may play in the observed increase in respiratory and cardiovascular premature 

deaths [28, 29]. According to Hughes, approximately 1011 particles are deposited daily 

inside different parts of the respiratory system of an average adult [8]. Figure 1.3 shows 

fraction deposition model of inhaled particles according to the International Commission 

on Radiological Protection ICRP (1994). In that model, larger particles are more likely to 

be deposited in the upper airways of nasal cavity, nasopharyngeal/ laryngeal and the 

tracheobronchi, whereas UFP have higher deposition probabilities in the alveoli region. 
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Figure 1.3: Depositions of inhaled fine and ultrafine particles in different region of 
the respiratory system from International Commission on radiological Protection 

ICRP (1994) 
 

The respiratory system has its own defense mechanism of using alveolar 

macrophages to consume foreign inhaled objects. However, there is limited number of 

macrophages per alveolus which are easily overwhelmed by the sheer number of UFP. 

Therefore, during strong air-pollution episodes, the function of macrophages is impaired, 

and UFP are able to be retained for a longer time on the alveolar epithelium. 

Furthermore, given enough time, UFP can penetrate inside the alveolar epithelium by 

endocytosis.  
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After their deposition onto the alveolar epithelium, UFP will be transported further down 

to the gastrointestinal tract and on to other organs. In this mechanism, UFP are able to 

enter into the bloodstream and therefore to the central nervous system directly by means 

of alveolar endocytosis or indirectly by means of gastrointestinal tract [30]. 

The translocation of UFP into the epithelia is accompanied by a release of 

hydrogen peroxide or histamine [31].  This condition is known as oxidative stress, in 

which excessive amount of free radicals are released into the alveoli [32, 33]. Therefore, 

high exposure to ultrafine particles leads to systematic inflammation through oxidative 

stress and promotes the progression of atherosclerosis. 

Figure 1.4 Deposition of UFP in respiratory system 

Alveolar 

Nasal 
Pharyngeal 
Laryngeal 

Tracheobronchial 
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Particles that are deposited in the upper airways may be cleared within 24 hours. 

However, the clearance of UFP that are deposited deeper into the alveoli is a slower 

process; it involves phagocytosis, cell migration and mucociliary transport, processes that 

may take months or even years. [34] 

 

 
1.5. Climate Effects of Ambient Aerosol Particles 
  

Atmospheric aerosols influence the Earth’s radiative balance directly and 

indirectly [35]. The direct effect of particles on climate results from scattering of the 

incoming solar radiation back to space by all particles, and absorption of solar radiation 

by elemental carbon particles. There are several additional ways, in which aerosol 

particles influence the radiative balance indirectly. Firstly, they can function as Cloud 

Condensation Nuclei (CCN) [36, 37] by allowing cloud and fog water droplets condense 

on their surface. Secondly, aerosol particles can influence the cloud droplet size 

distribution upon mixing with preexisting clouds [35].   

With respect to radiative forcing, the aerosol indirect effect has the largest 

uncertainty and is poorly understood. The main uncertainty comes from the lack of 

understanding of effect of organic species on hygroscopic properties of aerosol particles. 

To make things even more complicated, the organic composition of aerosol particles is 

constantly changing because of oxidation by atmospheric OH, O3 and NO3 [38]. Upon 

oxidation, the organic coating becomes highly functionalized and potentially more 

hydrophilic. Therefore, the formation of aldehydes, carboxyls, alcohols, and other 

functional groups changes the optical and chemical properties of organic aerosols as well 

as their effectiveness as CCN [39, 40]. 



 9 

1.6. Observation of UFP in Indoor Environment 

Several studies have identified cooking, cleaning, burning candles, vacuum 

cleaners, air fresheners and smoking as primary contributors to indoor airborne 

particulate matter. [41-44]. In addition, outdoor ultrafine particles can significantly 

contribute to indoor urban environment [45, 46]. Recently, other sources for indoor UFP 

were suggested to be potentially more potent. For example, stand-alone air purification 

devices for indoor use have gained widespread popularity in recent years, however, 

certain air purifiers emit ozone during operation, either intentionally or as a by-product of 

air ionization [47-50]. Ozone, a criteria air pollutant regulated by multiple health 

standards, represents a serious health concern by itself [51]. In addition, ozone can react 

with certain indoor surfaces [52-56] and indoor VOC [57-60] generating secondary 

products with potential adverse health effects. For example, terpene oxidation products 

are known eye and airway irritants [61, 62]. A series of experiments on major brands of 

air purifiers were conducted in indoor environment setup. Detailed results and findings of 

these experiments were discussed in details Chapters 5 and 6.  

 
1.7. Thesis Objectives 

The first part of this thesis focuses on hygroscopic properties of internally mixed 

inorganic/surfactant aerosol particles. The main goal of this work is to understand the 

relationship between the structure and hygroscopicity in ultrafine particles, and contrast 

their hygroscopic behavior to that of much better studied fine particles. Chapter 2 

discusses a novel water uptake experimental setup that was designed and constructed 

specifically for this work. Chapter 3 discusses a set of detailed experiments on 
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hygroscopicity of 17 nm ultrafine particles composed of NaCl and surfactants AOT and 

SDS. Chapter 4 discusses the effects of particle size on its hygroscopic growth, and 

addresses mass transfer limitations. The second part of this thesis addresses a different 

aspect of UFP chemistry: their formation in indoor environments. Chapter 5 shows how 

organic ultrafine particles can be generated indoors by ionization air purifiers in the 

presence of certain VOCs.  Chapter 6 addresses the kinetic analysis of competition 

between aerosol particle removal and generation by ionization air purifiers. 
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Chapter 2 

2.1. Generation of Ultrafine Aerosol Particles  

Electrospray is a soft ionization technique, wherein a solution containing analyte 

is pumped through a capillary needle maintained at a high voltage (2-3 kV) [63]. Modern 

applications of electrospray technique are mostly confined to mass-spectrometry because 

it represents a convenient way to extract ions from solutions with minimal fragmentation. 

However, under certain conditions, electrospray is also capable of generating ultrafine 

aerosol particles with a fairly narrow size distribution [64]. As a first step in this project, 

a home-build electrospray aerosol particle generator was constructed and optimized for 

the generation of mixed NaCl/surfactant particles. This setup is described in detail below. 

 

 

Figure 2.1: The primary droplets become unstable and may undergo Coulombic 
fission and evaporative ion loss.  

 

The basic idea of the design is shown in Figure 2.1. The solution is supplied 

through a fused-silica capillary tube with a syringe pump. A sufficiently high electric 

field is established between the capillary tip and a bipolar neutralizer (Kr-85, 10 mCi TSI 

Taylor Cone 

FS Capillary Tube   HV 

Evaporation & 
Rayleigh 
Discharge 

Neutralization 
        Kr 85 
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Model 3054), drawing the solution outward and forming what is known as Taylor cone 

jet. The Taylor cone breaks up into smaller but highly charged primary droplets which 

then experience a sequence of evaporation and Rayleigh discharge steps [65].  

Figure 2.1 also includes a simplified cartoon of the primary droplet evaporation. 

The initially generated droplets are about 100-500 nm in size, each carrying some 104-106 

charges. As the solvent evaporates, surface charge density of the droplets increases. Once 

the surface charge density reaches the Rayleigh limit, wherein the electrostatic repulsion 

equals to the surface tension forces, the droplet surface becomes unstable. The ions 

repulsion that are on the droplet surface can eventually overcome the surface tension and 

produce satellite droplets having a small mass but carry a high overall charge [66-68]. 

However, the advantage of having a neutralizer is theorized to prevent a complete 

disintegration of the primary droplet into ions [69], which is valuable for mass-

spectrometry but is a nuisance for aerosol particle generation.  

                                 Figure 2.2: Electrospray aerosol particle generator setup 

 

Figure 2.2 shows a schematic diagram of the aerosol particle generator 

constructed for this work. A syringe pump (KD Scientific) that was operated at 25-100 

Fused silica Capillary 
            0.1mm ID High Voltage 

Kr-85 neutralizer 

Dry Air Purge box 
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μL/hr, was capable to generate desired particles size. The capillary needle (250 μL 

Hamilton syringe) was maintained at a high voltage (2-3 kV). The stable cone jet was 

viewed by a microscope piece (x25 magnification). A range of (8-30) nm UFP can be 

easily generated by either varying the pumping flow rates, changing the inner diameter of 

fused silica capillary (25, 50 and 100μm ID), by varying solvents and solution 

concentrations.  

For the purpose of testing the utility of this electrospray setup for generation of 

UHP containing surfactant molecules, 0.5g/l aqueous surfactant solutions of Sodium 

Dioctyl Sulfosuccinate (AOT) or Sodium Dodecyl Sulfate (SDS) were elertosprayed 

through a 25 μm ID fused-silica capillary tube. The structures of these surfactants are 

shown in Figure 2.3. The generated particles were characterized by Scanning Mobility 

Particle Sizer (SMPS TSI 3080).  

 

 

Figure 2.3:  a) Sodium Dioctyl Sulfosuccinate (AOT). b) Sodium Dodecyl Sulfate 
(SDS) 

 

Fig 2.4 shows a lognormal particle size distribution produced by electrospraying 

aqueous AOT. The distribution is centered at 17.0 nm and has a standard geometric 

deviation of 1.14. The total count corresponds to 1.0x106 particles per cm3, which is more 

than enough for the hygroscopic growth experiments described below.  
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Particles were also collected on TEM grids and imaged under UHV conditions. 

Some of the resulting images are shown in Figure 2.5. For these experiments, the 

electrospray conditions were adjusted to produce larger particles (∼25 nm in diameter). 

The imaged particles appear to retain their size under UHV conditions suggesting that 

they are free of solvents (presence of solvents in the particles is discussed in more detail 

in the following section). Typical parameters used for generation of aerosol particles by 

this electrospray source are listed in Table 2.1.  Some of these conditions were optimized 

for maximal particle number concentration, whereas others were optimized for the best 

stability or the narrowest size distribution. 

Table 2.1 Comparison of number, area and size for different particles  

Solvent Solute Concentration Optimal flow 
µL/min 

Optimal 
Voltage 

Particle 
count 

Particle 
size (nm) 

MeOH NaCl 0.5 g/L 50 2100 kV 1.0x106 17.0 

H2O NaCl 3.0 g/L 70 2700 kV 1.0x106 17.0 

MeOH 
/Chloroform NaCl 0.5 g/L 50 3400 kV 1.0x106 17.0 
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Figure 2.4: Particle size distribution of electrospraying an aqueous solution of 0.5 

g/L AOT.   
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Figure 2.5: TEM images of AOT particle cluster in (a) and (b) at different 
magnifications. In panel (c), a single AOT particle is shown 
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2.2. Solvent Content of Generated UFP 
 

The properties of solutions of surfactant molecules under electrospray conditions 

are not well established. To verify whether particles generated by our electrospray source 

contained residual solvent, two separate experiments were conducted. The first one was 

to measure the effect of laser vaporization on the particle size. The second was to 

measure the effect of conventional heating on the particle size. 

For the laser experiment, a 0.1 g/L, mixture of NaCl with a probe molecule 2,5-

dihydroxybenzoic acid (DHB) was electrosprayed to produce 21 nm particles. DHB is a 

well known molecule that is frequently used in MALDI because it absorbs 355nm 

radiation and efficiently converts absorbed energy into heat [70, 71]. This heat can be 

utilized to evaporate any solvent excess in the aerosol particle containing DHB.  

                  

               

 

Figure 2.6: Experimental setup for laser heating of 21 nm particles consisting of 

NaCl/DHB. 

 

Solution of NaCl/DHB was electrosprayed and was directed into the setup shown 

in Figure 2.5 at 0.3 SLM by using a dry air as a carrier gas. The particles were exposed to 

variable amounts of pulsed 355 nm radiation from a frequency tripled Nd: YAG laser (20 

Electrospray SMPS 

355 
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Hz, 10 ns pulse width). The generated particles had a size distributions centered at 21 nm 

with a Geometric Standard Deviations within GSD= 1.10. The size distributions were 

measured before and after the laser exposure, and compared to the most immediate scans 

when the laser was off.  

 

 
Figure 2.7: Size distribution for 21 nm particles of NaCl/DHB. When the laser is 

on, there is no significant decrease in size, but the particle count decreases. 
 

   No sign of particle size decrease was evident at pulse energies below 10 mJ/pulse. 

At higher pulse energy (30mJ/pulse), the particle size distributions decreased in total 

count, however, the distribution was still centered at 21 nm, indicating the laser 

completely vaporized a small fraction of particles.  Further increase in the pulse energy 

resulted in total vaporization of all particles. Although these experiments were consistent 
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with solvent-free particles, they were not entirely conclusive because of the binary nature 

of the result (the laser either completely vaporized the particle or did nothing; no 

intermediate sizes were observed). 

A second experiment was conducted by utilizing a tube furnace, and it tuned out 

to be more revealing. Solutions of pure NaCl, AOT and SDS were electrosprayed to 

generate particles of different sizes. The particles were directed into a heated 1/2” x 12” 

glass tube immediately followed by a diffusion dryer in order to minimize solvent 

recondensation back onto the particles after they come out of the furnace. The particle 

size distributions were compared before and after heating.  

 

 

Figure 2.8: 15nm NaCl (circles), 23nm AOT (squares), 17nmSDS (triangles) are 
showing no apparent changes in size at different temperatures. 
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The experimental results are shown in Figure 2.8. Within the accuracy of SPMS 

size resolution, there was no evidence of size shift that would indicate further solvent 

evaporation up to 300 C0 Celsius. We conclude from these experiments, that particles 

generated by the electrospray source are free of solvent molecules.  

2.3. Hygroscopicity Experimental Setup 

The main goal of this research project is to characterize hygroscopicity of 

ultrafine mixed soluble inorganic / surfactant ultrafine particles. To this end, we have 

constructed a Hygroscopic Tandem Nano-Differential Mobility Analyzer (HTNDMA), 

and used it to characterize hygroscopic activity of several different classes of ultrafine 

particles. Such tandem DMA techniques are widely used to study particle size changes 

due to water uptake [72-74]. The main components of this setup are two Nano-

Differential Mobility Analyzers (NanoDMA) that are connected in series, conditioning 

section comprised of a combination of drying and humidification systems, and a 

condensation particle counter (CPC).  

Throughout these experiments, the following protocol is adopted. Polydisperse 

particles that are generated by the electrospray source are dried and size selected by using 

the first NanoDMA. The monodisperse particles are then humidified to a desired relative 

humidity inside the conditioning section and finally are probed for a change in their 

particle size using a second NanoDMA. Details of all these steps are provided below.  
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2.3.1. Size Selection 

The internally mixed ultrafine aerosol particles of NaCl and AOT or SDS 

surfactants were generated by electrospraying a 0.1 g/L aqueous solution of 100% NaCl 

(Aldrich) and 99.99% AOT (Fluka) or 99.99% SDS (Fluka).  Solution analytes were 

dissolved in deionized water (OmniSolv, conductivity < 8 μΩ.cm) with variable relative 

weight concentrations of NaCl vs. surfactant. The source produced polydisperse particles, 

having geometric standard deviation <1.2 and particle counts of the order ~ 1.0× 106 

particles cm−3. These particles were diluted with 3.0 SLM of filtered dry air, and were 

immediately neutralized by passing the flow through a bipolar neutralizer (Kr-85, 10 mCi 

TSI Model 3054), in order to establish a near Boltzmann charge distribution, with the 

most probable charge state centered at zero. Since their initial size was less than 20 nm, 

particles that remained charged after the neutralization were almost entirely comprised of 

singly charged particles; no multiply charged particles remained [75]. The generated 

aerosol particles were established to be solvent-free, and were assumed to be internally 

mixed after being electrosprayed, since their size distribution after deliquescence was 

unimodal. They were also assumed to have the same composition as the bulk solution 

mixture.  

Fig 2.9 shows a detailed diagram of the experimental setup for manipulating the 

particles once they were generated. A flow of 0.3 SLM (standard liter per minute) of 

polydisperse aerosol particles was directed into the first Differential Mobility Analyzer 

(DMA1, TSI 3085) in order to narrow the size distribution. The applied DC voltage to the 

first NanoDMA and the internal flows both determine the mobility diameter of the 

selected particles. For instance, in order to change the particle size, the applied voltage 
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was adjusted while maintaining the same internal flows.  The sheath air for DMA1 (3.0 

SLM) was operated with a closed loop configuration, in which the excess air was filtered 

twice and was further dried with a Nafion dryer (PermaPure, MD-110), in order to 

maintain a stream of 3.0 SLM of clean dry air with an accurate and stable relative 

humidity of (%RH < 0.5). The polydisperse aerosol particles were size selected by 

applying a corresponding voltage.  

 

 

Fig 2.9:  The experimental Hygroscopicity Tandem Nano Differential Mobility 
Analyzer (HTNDMA) constructed for this work. 

 

 A typical size distribution of particles before and after the size selection process is 

shown in figure 2.10  
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Figure 2.10: Size distribution for 17.0 nm NaCl particles before and after the 
process of size selection. 17.0nm NaCl particle distribution having Geometric 
Standard distribution of GSD =1.25 (red), after the second Nano-DMA, size 
distribution has GSD = 1.05 (green) 
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2.3.2. Aerosol Particles Conditioning 

Once the particles were size selected, they were conditioned to achieve a desired 

relative humidity (RH).  The conditioning of monodisperse aerosol particles was 

achieved by using a combination of a Nafion humidifier (PermaPure MD-110) and a 

laminar flow conditioner (a copper tubing with 1/2“ID that could be maintained at 

desired relative humidity).  A rapid and stable adjustment of a desired relative humidity 

inside the Nafion humidifier was achieved by mixing different ratios of a highly 

humidified air flow (%RH > 95) and dry air flow as shown in Figure 2.9 The 

monodisperse aerosol particles experienced a relative humidity gradient inside the Nafion 

humidifier with a residence time of 1.35s. The relative humidity was monitored by 

Vaisala HMP237 probes. They were periodically calibrated against %RH of air above 

standard salt solutions ( Vaisala ready saturated solutions ) with an accuracy of ±1.0% for 

the low RH range (%RH < 50) and ± 2.0% for the upper RH range (%RH > 80).  

For some experiments, a longer humidification time was desired in order to study 

possible mass transfer effects during hygroscopic particle growth [76]. In such cases, a 

laminar flow conditioner was used, where particles were exposed to a matching relative 

humidity with an additional residence time of 60 s. As relative humidity was increased, a 

necessary adjustment to an encountered relative humidity deviation between the inlet and 

outlet of the flow conditioner was made by introducing a laminar flow of dry air 

alongside the conditioner.  
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2.3.4. Sheath Air Conditioning and Particle Sizing: 

Humidified particles were sized in the second DMA column. To ensure the proper 

operation of this column, the sheath air of the second DMA (3.0 SLM) had a closed loop 

configuration to allow an independent control of relative humidity. It was carefully 

conditioned in order to match the relative humidity of the incoming conditioned 

monodisperse aerosol particles stream. The RH was adjusted by mixing a humid (>95%) 

and a dry air flows in different proportions. The excess air was filtered twice and was 

heat exchanged to match the sheath air temperature. The relative humidity was monitored 

by a Vaisala HMP237 probe. The size distribution of the conditioned particles was 

measured with by DMA2 and the condensation particle counter (CPC, TSI 3025A). The 

total particle conditioning time (from DMA1 output to DMA2 output) was 67 s. All gas 

flows were periodically calibrated using a Gilian-type mass flow calibrator. The particle 

growth factors were measured by taking the ratio of the averaged mobility diameters for 

the dry particles with respect to their mobility diameters after being conditioned. 
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Chapter 3 

 

3. Hygroscopicity of Ultrafine Particles 
 
3.1. Introduction 
 

Ultrafine organic aerosol particles (UFP; diameter < 100nm) are ubiquitous in the 

atmosphere. Despite their small mass and size, they are the most abundant of all particles 

in terms of their number concentration. While a significant fraction of these particles 

were found to contain organic surfactants [77-80], the effect of surfactants on 

hygroscopicity of ultrafine particles is not well characterized.  

UFP are characterized by having an enhanced Kelvin effect and a greater surface energy 

contribution to the overall free energy of the particles. Their small size can drastically 

alter their hygroscopic behavior relative to larger particles with the same composition 

[73]. The effect of particle size becomes the most pronounced when the size approaches 

nanometer domain. To the best of our knowledge, the hygroscopicity of internally mixed 

nanometer-sized particles containing soluble inorganic salts and organic surfactants have 

not been investigated in the past. 

 
3.2. Deliquescence 

Deliquescence is defined as the phase transition that takes place upon adsorption 

of water vapor by a crystalline solid until it completely dissolves into a saturated solution. 

The deliquescence transition occurs when the free energy of the solid crystal equals the 

free energy of the droplet [81]. Upon deliquescence, the particle size undergoes a sudden 
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jump as shown in Figure 3.1. Particle growth factor is defined as the ratio of particle 

diameter at a given relative humidity (RH) to the diameter of the dry particle measured 

well below the deliquescence point. Upon decreasing the relative humidity a reverse 

phase transition from a dissolved to crystalline form takes place at so called efflorescence 

point. Efflorescence normally takes place at a lower RH than deliquescence because of 

kinetic limitations. Further increase in RH above the deliquescence point causes the 

deliquesced particle to absorb more water and grow further in size (Figure 3.1).  

  

 

    

 Figure 3.1: Deliquescence and efflorescence of pure crystalline compound 
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Where p is the partial water vapor pressure and p0 is the equilibrium water vapor pressure 

for a given temperature. If water vapor is treated as an idal gas, the RH can be equated to 

the activity of gas-phase water molecules. A soluble inorganic salt having a well defined 

crystalline structure in a dry environment normally undergoes deliquescence and 

efflorescence at well defined relative humidity values[73].   

According to thermodynamics, Gibbs free energy of the crystalline phase of any 

pure compound should be independent of activity of gas-phase water (we neglect a thin 

layer of surface water adsorbed on the crystalline surface). 

    

   

Figure 3.2: Phase transition of a single crystalline component [36] 
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However, Gibbs free energy of the same compound in solution is a function of its 

activity in that solution, which depends on RH as shown in figure 3.2[36]. Compounds 

generally undergo phase transition in order to accommodate for the lowest Gibbs free 

energy available for the system [36, 82]. The deliquescence transition occurs at the 

intersection of solid and solution curves shown in Figure 3.2. If the relative humidity is 

less than the deliquescence relative humidity (DRH), the crystalline phase is 

thermodynamically preferred. On the other hand, if relative humidity is greater than the 

DRH, the compound will exist in the solution phase.  

 

3.3. Deliquescence in Binary Systems 

Deliquescence phase transitions in binary systems are usually described assuming 

ideal behavior. However, mixtures of inorganic salts and surface active agents that are 

used in this work may or may not be ideal, and therefore experimental measurements 

presented here are needed in order to assess the deviations from the ideal behavior.  

Figure 3.3 shows a typical deliquescence curve of an ideal mixture of two 

deliquescing components, KCl and NaCl. The system initially shows no water uptake 

until it reaches 72% RH, at which point the more soluble component (KCl) starts to 

dissolve to form a saturated aqueous solution that is in equilibrium with its own solid 

crystalline form. As %RH increases, the second component (NaCl) begins to dissolve, 

resulting in a coexisting of both solids that are in equilibrium with their saturated aqueous 

solution at 80% RH. At this point, a complete deliquescence for the mixture occurs. It has 

been observed by Tang et al [83] that the initial deliquescence of the mixed components 
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always occurs at a lower value than that for either one of the components. Above 80% 

RH, there are no more solids remaining, and the saturated droplet continues to grow.    

     

 Figure 3.3: Example of a growth curve for a binary system of two deliquescent 
components. Particles are composed of mixed salt with 66% wt KCl and 34 wt% 
NaCl, Tang et al. [83] 
 

A more atmospherically relevant model system to this work is particles composed 

of mixtures of soluble inorganic compound and poorly soluble organic compound. 

Investigations of these model systems are scarce. Our investigation in this chapter on 

nanometer-sized NaCl particles mixed with organic surfactant provides basis to such 

model. 
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3.4. Experimental 

A more detailed experimental setup is described in Chapter 2. The following is a 

brief summary. Before size selection, the internally mixed ultrafine aerosol particles of 

NaCl and AOT or SDS surfactants were generated by electrospraying a 1.0 g/L aqueous 

solution of 100% NaCl (Aldrich) and 99.99% AOT, (Fluka) or 99.99% SDS, (Fluka).  

Solution analytes were dissolved in deionized water (OmniSolv, conductivity < 8 μΩ.cm) 

with variable relative weight concentrations of NaCl vs. surfactant. The polydisperse 

particles that were generated by the electrospray source had a geometric standard 

deviation <1.2 and particle counts in the range of ~ 1.0×106 particles cm−3. These 

particles were diluted with 3.0 SLM of filtered dry air, and were immediately neutralized 

by passing the flow through a bipolar neutralizer (Kr-85, 10 mCi TSI Model 3054).  

The setup had an optional Nafion Dryer (PermaPure, MD-110) installed right 

before the first DMA to insure particles were completely dry. The generated particles 

were assumed to be internally mixed and were also assumed to have the same 

composition as the bulk solution mixture. Only 0.3 SLM of polydisperse aerosol particles 

were directed into the first Nano Differential Mobility Analyzer (Nano-DMA, TSI 3085). 

This was mixed with 3.0Lpm closed loop sheath air. A corresponding DC voltage to the 

first NanoDMA was applied and was finely adjusted to select a desired mobility 

diameter. By using Nafion humidifiers, size selected monodisperse particles were 

conditioned to have a desired relative humidity (RH). The relative humidity was 

monitored by Vaisala HMP237 probes. All the experiments in this section have a total 

conditioning residence time that was about 7 seconds. Humidified monodisperse particles 
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were sized in the second Nano-DMA that was preconditioned by using a closed loop 

configuration of 3.0 SLM sheath air, in order to match the relative humidity of the 

incoming conditioned particles.  

The size distribution of particles was measured by scanning the voltage of the 

second Nano-DMA and was sent to a condensation particle counter (CPC, TSI 3025A). 

The hygroscopicity measurements of different mixtures of NaCl and AOT/SDS were 

reported in terms of growth factors. The growth factor is defined as the ratio of the 

humidified particle diameter to the dry particle diameter. The growth factors were 

compared to Zdanovskii-Stokes-Robinson (ZSR) model. Figure 3.8 shows a close up of 

the electrospray portion of hygroscopicity experimental setup. 
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 Figure 3.4: Electrospray portion of the experimental setup 
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3.5. Results and Discussion 

3.5.1. The Growth Factor of Pure NaCl Particles 

The measured growth factors of the dry 17.0 nm particles of pure NaCl were 

consistent and in good agreement with the results reported by Hameri [84] and Russell 

and Martin [73, 85].  Specifically, the growth factor of 17.0 nm NaCl particles was 1.0+/- 

0.05 with the experimental uncertainties until 70%RH (Figure 3.9). After this, the mean 

mobility diameter slightly increased due to some initial water adsorption onto NaCl 

particles [86]. This initial water coating created a metastable equilibrium at which water 

molecules deposited onto steps or edges of NaCl crystalline that caused a portion of 

crystalline population to prematurely increase in size.  

It was somewhat counter intuitive to have an increase in the mobility-equivalent 

particle size early on before the deliquescent relative humidity, since the rounding of the 

NaCl edges was expected to result in a rather slight decrease in size, but perhaps the 

initial water adsorption process was accelerated at 78% relative humidity, at which a  

sudden increase in growth factor took place which indicating particle deliquescence 

during the passage of particles inside the second preconditioned DMA. 
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Figure 3.5: Growth factor for 17.0nm NaCl particles, in agreement with Martin 
results in 2006 
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3.5.2. The Growth Factor of NaCl Particles Internally        
          Mixed with AOT 
 

Figure 3.10 illustrates the experimentally measured growth factors for three 

different mixtures of NaCl with AOT at different relative weight concentrations (5%, 

25% and 59% w/w) at a total conditioning residence time of 7 seconds. One major 

observation is non-promptness of the of the deliquescence transition. Upon increasing the 

weight fraction of the surfactant, the deliquescence relative humidity shifts to lower 

values relative to that of pure NaCl, corresponding to a shift in Gibbs free energy for the 

aqueous solution mixture of NaCl and AOT as the weight fraction of surfactant is 

increased according to figure 3.2.  

After the deliquescence transition, there is an apparent decrease in the growth 

factor compared to NaCl. This suggests that surfactants at the particle-air interface 

impede the water mass transfer to the deliquescing NaCl/H2O solution inside the particle.  

It is also apparent that the decrease in growth factor was indirectly proportional to the 

weight fraction of the surfactant in the mixture. 
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Figure 3.6: Growth factors for mixtures of 17nm particles of AOT and NaCl at 
different compositions, total residence time is 7.0 seconds 

 

3.5.3. AOT vs. SDS as Surfactant 

Figure 3.11 shows the comparison of growth factors for the particles of NaCl with 

AOT and NaCl with SDS having the same size and the same relative weight fraction. For 

both cases, the deliquescence relative humidity of 25% salt mixtures occurred at the same 

value of 70%RH. However, there were obvious differences immediately after 

deliquescence. For example, for the mixture of 25% SDS with NaCl, there was an 
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enhanced depression of growth factor right after deliquescence as compared to 25% AOT 

and NaCl mixture  
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Figure 3.7: Comparing growth factors for 25% by weight of AOT with NaCl vs. 
SDS with NaCl, total residence time is 7.0 seconds 
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3.5.4. Zdanovskii, Stokes and Robinson (ZSR) Modeling of 
Hygroscopic Growth of Internally Mixed Particles 
 

In the ZSR model of multi-component system, the hygroscopic growth factor 

(GF) can be estimated from the known GF values of its pure components and their 

volume fractions. ZSR model assumes that there are no interactions amongst the different 

mixture components; therefore, the hygroscopic growth of the internally mixed particles 

is an appropriately weighed sum of the hygroscopic growth factors of its components 

[87]. It also assumes an ideal mixing behavior with spherical particles having a shape 

factor of unity. 

 

    
3 33

1 1 2 2GF GF GFε ε= +  

 

Where 1ε  and  2ε  are the volume fractions of component 1 and 2 respectively. GF1 and 

GF2 are the growth factors for pure component 1 and 2. Figure 3.12 shows that ZSR 

modeling for a mixture of 5% AOT with NaCl was in reasonable agreement with the 

experimental results for the growth but it did not reproduce the deliquescence point 

correctly.  

However, ZSR model for particles containing 25% AOT showed large 

disagreement with the experimental results on two counts: it missed the premature 

deliquescence, and it also incorrectly predicted the absolute value of the growth factor. 

This indicates that water uptake by NaCl and AOT cannot be regarded as independent. 
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Therefore, the best approach to modeling such system would be to consider structural 

characteristics of such mixed particles. 
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Figure 3.8: ZSR model of growth factors for NaCl/AOT particles 
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3.6. Conclusion 

The growth factors of internally mixed 17.0 nm aerosol particles of NaCl and 

AOT or SDS surfactants were investigated at the total conditioning residence time of 7.0 

seconds. The hygroscopic growth measurements were preformed using a Tandem Nano 

Differential Mobility Analyzer (Tandem-NDMA). Initial results for 25% w/w AOT with 

NaCl and 25 % w/w SDS with NaCl showed a growth factor depression as well as a shift 

in the deliquescence relative humidity to lower values compared to the pure NaCl 

particles. The experimental results presented above suggest that a small amount of 

surfactant is sufficient to cause a significant change in the water uptake by the inorganic 

soluble core. 
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Chapter 4 
 
 

 Effects of Mass Transfer and Size on Hygroscopicity of            
Internally Mixed Particles 

 
4.1. Introduction 
 

The rate of deliquescence of ultrafine aerosol particles can substantially alter both 

their potential role as cloud condensation nuclei (CCN) and its deposition rate in human 

respiratory system. One important concern in investigating hygroscopicity of ultrafine 

particles (UFP) is whether or not particles have actually attained final equilibrium during 

the measurement time.  It has been well established that particles made of pure inorganics 

can achieve hygroscopic equilibrium within timescale of < 1 s [76, 88]. However, the 

presence of organic films on particles surface can increase the time required for particles 

to grow to their final equilibrium size [89-93] because organic films significantly reduce 

the rate of mass transfer across their gas-liquid interface. A second important concern is 

the enhanced Kelvin effect due to particles small size, i.e., increased equilibrium water 

vapor pressure about strongly curved surfaces. Indeed, there have been laboratory 

observations indicating that deliquescence relative humidity of UFP is a function of size 

for particles < 20 nm in diameter [73, 84].  In this work, the effects of mass transfer and 

size on deliquescence of aerosol particles are addressed. 
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4.2. Experimental 

The experimental setup was previously discussed in Chapter 2. In order to 

increase the time during which the aerosol particles interact with humid air, an optional 

laminar flow tube (½” OD. Copper tube) was added to the setup immediately after the 

Nafion conditioner tube (fig 2.9), giving an additional residence time of 60 seconds, and 

thereby giving a total conditioning residence time of 67 seconds.   

 

4.3. Results and Discussion 

4.3.1. Mass Transfer Effects on Hygroscopicity of 17.0 nm 
NaCl Particles Internally Mixed with AOT or SDS 
 

Figure 4.1 shows the growth factor of 17 nm NaCl particles containing 25% AOT 

by weight at two different residence times: 7 seconds and 67 seconds. In order to interpret 

these hygroscopicity measurements, it should be kept in mind that particle’s growth 

factor is a function of particle’s size, composition and shape. Therefore the rate at which 

the particle approaches deliquescence may depends on some or all of these variables. The 

first observation that can be made from Figure 4.1 is that by increasing the residence time 

from 7 seconds to 67 seconds, there is a reproducible shift in the growth factor curve. 

This strongly suggests that AOT/NaCl particles require more than 7 seconds achieving 

equilibrium with water vapor. This is in stark contrast to pure NaCl particles, which are 

know to equilibrate with waver vapor on millisecond time scales [76]. 
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Figure 4.1: Growth factor of 17.0 nm NaCl with 25% AOT internally mixed 
particles at two different conditioning residence times 7 and 67 seconds. 

 

 More careful examination of figure 4.1 reveals a shift of the first deliquescence 

point to higher RH% values at increased residence times and simultaneous reduction in 

the growth factor achieved after the first deliquescence transition. At first, this 

observation is surprising. Indeed, we would expect that the particles should either grow 

more or maintain their size after spending more time in the humid air. Instead particles 

appear to become more compact when given a chance to interact with water longer.  This 

observation suggests that the premature increase in size at 70% RH that achieved after 7 
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second residence is compensated for by some sort of slow rearrangement of the particle 

structure. This rearrangement must take place on time scale of tens of seconds. 

One possible explanation of the observed growth factor suppression at longer 

residence times is the effect of new found equilibrium for the internally mixed particles at 

which more surfactants are found at the surface therefore decreasing water 

accommodation, and consequently dislodging some previously adsorbed water 

molecules.  
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Figure 4.2: Growth factor of 17.0 nm NaCl with 25% SDS internally mixed particles 
at two different conditioning residence times 7 and 67 seconds. 
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Figure 4.2 shows the growth factor of 17 nm NaCl particles containing 25% SDS 

at two different residence times (7 and 67 seconds). As opposed to the previously 

considered case of NaCl/AOT particles, there seem to be a good correlation between the 

7 s and 67 s curves. This implies that SDS/NaCl particles achieve equilibrium with water 

vapor in 7 seconds or less. We conclude that the nature of the surfactant has a large effect 

on the on the rate of water accommodation on nanometer-sized particles. 

 

4.3.2. Size effects on hygroscopicity 

Ultrafine particles with diameters less than 10 nm are not expected to have a well 

defined surface compare to 17 nm particles described previously.. Therefore they should 

be regarded as large molecular clusters whose hygroscopic properties strongly depend on 

the relative placement of their constituent molecules. By studying the particle size effects 

on the hygroscopic growth factor one can gain indirect information on particle 

morphology.  To this end, the following section compares the hygroscopic growth of 9 

and 17 nm particles with the same relative NaCl/surfactant composition.  

 

4.3.2.1. The Growth Factor of 9.0 nm NaCl Particles 

Before discussing the results for mixed 9 nm NaCl/surfactant particles, it is useful 

to examine the data for pure NaCl particles (Figure 4.3). In general, the measured growth 

factors of the dry 9.0 nm particles of pure NaCl were consistent and in good agreement 

with the results reported by Hameri [84] and Russell and Martin [73, 85] at 6 seconds 
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conditioning residence time. The mean mobility diameter displayed a slight increase 

below the deliquescence point due to some initial water adsorption onto NaCl particles 

[86], followed by restructuring of the deliquescing crystal. This initial water coating 

creates a metastable state at which water molecules are deposited onto steps or edges of 

NaCl crystalline causing an apparent increase in aerodynamic size. Between 80-83% 

relative humidity, there is a sudden increase in particle growth factor indicating particle 

deliquescence.  
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Figure 4.3: Growth factor of 9.0 nm NaCl particles at conditioning residence time of 
6 seconds. 

Similar to observation described in Hameri et al. [94], we observed that the 

particles do not deliquesce all at once. Close to the deliquescence point the size 

distribution actually becomes bimodal, with some particles already deliquesced and some 
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still retaining their pre-deliquescence size. The full deliquescence for all 9.0 nm particles 

occurred at 82.3%RH. 

 

4.3.2.2. The Growth Factor of 9.0nm NaCl Particles   
             Internally Mixed with AOT or SDS 
 

The 9.0 nm internally mixed particles of NaCl with surfactants were generated by 

electrospraying 3.0 g/L solution of 25 % AOT or 25% SDS at about 3000 VDC spraying 

potential and by utilizing a 50 μm fused silica capillary tube. Figure 4.4 shows the results. 

The 25% AOT/NaCl particles displayed graduate uptake of water with no evidence of 

clear deliquescence transitions below 90%RH. This is clearly different from the growth 

factors for 17 nm 25% AOT/NaCl particles (Figure 4.1).  

Experimental difficulties with stability of humidity probes precluded us from 

getting reliable data above 90%RH. Contrary to AOT, the 25% SDS particles gradually 

increased in size until 78%RH where they picked up a different rate of increase. At this 

experimental level there was no evidence that particles have achieved equilibrium and 

attained their final size increase, therefore it was necessary to investigate the effects of 

residence time on growth factors.  
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Figure 4.4: Growth factor of 9.0 nm NaCl with 25% AOT and 25% SDS internally 
mixed particles at conditioning residence time of 6 seconds. 

 

4.3.2.3. Mass Transfer Effects on Hygroscopicity of 9.0 nm 
Internally Mixed with AOT or SDS 
 

Figure 4.5 shows that increasing the conditioning residence time from 6 seconds 

to 66 seconds had no effect on the growth factor curve of the 9.0 nm internally mixed 

particles of 25% AOT with NaCl within 90% RH range. Within the signal-to-noise of the 

measurement (0.02 growth factor units) the growth curves are identical. Also shown in 

Figure 4.5 is the growth curve for pure AOT particles and pure NaCl particles of the 

same size. Similarly to pure AOT, the mixed AOT/NaCl particles display no clear 



 50 

deliquescence transitions. However, the mixed particles do pick up more water than the 

pure AOT ones. 

The situation for the 9.0 nm internally mixed particles of 25% SDS with NaCl 

was very different. SDS/NaCl particles exposed to water for 6 seconds displayed a 

relatively featureless growth curve. At longer interaction times, a clear deliquescence 

transition appeared which is an increased suppression of the growth curve between 76-

82% RH. What is surprising is that this behavior is completely opposite to 17 nm 

particles, in which SDS/NaCl growth factor was unaffected by the residence time, 

whereas that of AOT/NaCl particles was.  
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Figure 4.5: Growth factor of 9.0 nm NaCl with 25% AOT internally mixed particles 
at two different conditioning residence times 6 and 66 seconds. 
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The increased suppression in growth factor that occurred immediately after 

increasing residence time can be interpreted as the following: upon increasing residence 

time, there should be some form of particle structural rearrangement after which more 

surfactants are now accessible at the surface of the particle. At this instance, a new 

equilibrium is talking place since surfactants are now been giving more time to spread out 

at the particle surface.  
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Figure 4.6: Growth factor of 9.0 nm NaCl with 25% SDS internally mixed particles 
at two different conditioning residence times 6 and 66 seconds. 

 

 

As the next step in the discussion, let us consider possible structures of mixed 

particles of different surfactant/NaCl composition and size. The simplest assumption we 
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can take is that the particles have a core shell structure shown in figure 4.8, wherein the 

NaCl is at the core and organic surfactants are distributed on the surface. Furthermore, 

the core is assumed to be spherical (probably not true for NaCl, which prefers to form 

cubic crystals). With this model, the diameter of NaCl core can be estimated from 

Equation 1.               

                                   

               Figure 4.7: Core- Shell Model of NaCl mixed with Surfactant 

                   

       

 

Here, W NaCl is the weight fraction of NaCl,  dparticle  is the overall particle diameter,  ρNaCl  

and ρAOT  are the densities of  NaCl and AOT respectively.  Calculations for the possible 

number of surfactants that are inside the shell are shown in table 4.4. 

By looking at table 4.4, for 17.0 nm NaCl particles mixed with 25% surfactants, 

the number of AOT molecules that are available inside the shell (fig 4.8) are comparable 

to number of AOT that can be accommodated at the surface. However, 17.0 nm particles 

with 25% SDS in table 4.4 have less surfactant molecules available than what can be 

dNaCl 

              Eq.1 
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3 3
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NaCl AOT particle

NaCl
NaCl NaCl AOT NaCl
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=   − − 



 53 

accommodated at the surface. Therefore, based on these calculated results, one would 

predict to observe more hygroscopic growth for 25% SDS molecules due to partial 

surface coverage with surfactants compared to 25% AOT molecules. However, both 25% 

AOT and 25% SDS show similar hygroscopic growth above 80% RH as in fig.4.1 and 

4.2, indicating that the 17.0 nm internally mixed particles of surfactants- NaCl may not 

necessary adopt the core-shell model at the onset of the electrospray process on one hand.  

On the other hand, if one compares calculated values in table 4.4 for 9.0nm particles for 

mixtures of 25% AOT and 25% SDS, it is very clear that both would have much less 

number of surfactants inside the shell than what could be accommodated at the surface, 

therefore one would predict similar hygroscopic growth factors. However, the growth 

factors obtained for 9.0nm particles of 25% AOT and 25% SDS in figure 4.4 clearly 

show that 9.0 nm of 25% SDS particles have greater growth factor than 25 % AOT 

particles, indicating once again that the internally mixed particles at the onset of 

electrospray do not actually adopt a core-shell model.  

 

 

 

                 Table 4.1 Density and cross sectional area used in the calculations[95, 96] 
 

 

 
 
 
 
 
 
 

Density of NaCl  (g/cm^3) = 2.165 
 Density of AOT (g/cm^3) = 1.1 
         Area per AOT head = 0.37nm2 
 Density of SDS (g/cm^3) = 0.4 
        Area per SDS head = 0.25nm2 
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Table 4.2: AOT and SDS possible accommodation for 9.0 nm and 17.0 nm diameter. 
The # AOT and #SDS molecules that can be accommodated at the particle surface 
were calculated using first order approximation (particle surface area divided by 
the area per surfactant head group in table 4.3) 

%AOT %W NaCl Diameter of 
NaCl (nm) 

AOT thickness 
        (nm) 

# AOT molecules 
      inside shell 

# AOT molecules that 
can be accommodated 
at surface 

0 1 17.0 0 0 0 
5 0.95 16.451 0.275 362 2125 
25 0.75 14.369 1.316 1529 1622 
50 0.5 11.829 2.585 2559 1099 
100 0 0.000 8.500 3859 0 

                                         

%SDS %W NaCl Diameter of 
NaCl (nm) 

SDS Thickness 
         (nm) 

# SDS molecules 
     inside shell 

# SDS molecules that 
can be accommodated 
at surface 

0 1 17.0 0.000 0 0 
5 0.95 15.637 0.681 476 3073 
25 0.75 12.055 2.472 1382 1826 
50 0.5 9.150 3.925 1813 1052 
100 0 0.000 8.500 2148 0 

 

%AOT %W 
NaCl 

Diameter of 
NaCl (nm) 

AOT Thickness 
       (nm) 

# AOT molecules 
   inside shell 

# AOT molecules that 
can be accommodated 
at surface 

0 1 9.0 0.000 0 0 
5 0.95 8.709 0.145 54 596 
25 0.75 7.607 0.696 227 454 
50 0.5 6.262 1.369 380 308 

100 0 0.000 4.500 573 0 
 

 
%SDS 

  
%W 
NaCl 

  
Diameter of  
NaCl (nm) 

SDS Thickness 
(nm) 

# SDS molecules 
inside shell 

# SDS molecules that 
can be accommodated 
at surface 

0 1 9.0 0.000 0 0 
5 0.95 8.279 0.361 71 861 
25 0.75 6.382 1.309 205 512 
50 0.5 4.844 2.078 269 295 

100 0 0.000 4.500 319 0 
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4.4. Conclusion 

Based on the results of Chapter 4, it was clearly shown that unless the 

deliquescence relative humidity is at equilibrium, hygroscopicity measurements could be 

potentially compromised by mass transfer effects. The time needed for these particles to 

grow to their final size depends on the structure and size of the mixed organic/ inorganic 

particles. Perhaps the largest single question is the observed hygroscopic retardation 

effect for 17.0 nm 25% AOT upon increasing residence time. To this end, more 

experiments would have to be preformed in order to account for this unexplained effect. 

Another set of experiments would also be required in order to ascertain the assumption 

that the initial mixture composition was actually maintained at the onset of electrospray. 

Further studies are also required in order to explore the lack of water activity for 

9.0 nm particles of 25%AOT compared to 25% SDS. It was speculated that either the 

initial composition of 25 % AOT for 9.0 nm was not maintained at the onset of 

electrospray or that AOT surfactants were capable to encapsulate NaCl and therefore 

retarding its hygroscopicity. 
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Chapter 5 
 
 
Quantification of Ozone Levels in Indoor Environments 
Generated by Ionization and Ozonolysis Air-Purifiers  
 

 

Abstract 

Indoor air-purifiers are advertised as safe household products for health conscious 

individuals, especially for those suffering from allergies and asthma. However, certain 

air-purifiers produce ozone during operation, either intentionally or as a by-product of air 

ionization. This is a serious concern because ozone is a criteria air pollutant regulated by 

health-related federal and state standards. Several types of air-purifiers were tested for 

their ability to produce ozone in various indoor environments at 40-50% relative 

humidity, including office rooms, bathrooms, bedrooms, and cars. Ozone levels 

generated by personal wearable air-purifiers were also tested. In many cases, ozone 

concentrations were well in excess of public and/or industrial safety levels established by 

the EPA, CARB, and OSHA. Simple kinetic equations were obtained that can predict the 

steady-state level of ozone in a room from the air-purifier's ozone emission rate and the 

first-order decay rate of ozone in the room. The additively of ozone levels generated by 

independent ozone-generators was experimentally demonstrated.  
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5.1. Introduction 

5.1.1. Indoor Air-Purifiers and Ozone.   

Due to growing air pollution problems in urban areas, indoor air purification has 

gained widespread popularity in recent years, with a large variety of indoor air-purifiers 

being available to the public [97]. The main targets of indoor air purification are odorous 

VOCs (Volatile Organic Compounds), dust, pollens, and airborne particles, which are 

suspected exacerbates of respiratory health problems [98-101]. From an operational 

standpoint, there are three basic types of air-purifiers: i) air filtration; ii) air ionization; 

iii) ozonolysis of air impurities. Household use of certain air ionization and ozonolysis 

air-purifiers has raised serious concerns because they produce ozone, a criteria air 

pollutant, either as a by-product of air ionization or intentionally. 

Most air ionization (ionic) devices work by charging airborne particles and 

electrostaticaly precipitating them on metal electrodes. Ionic air-purifiers are available in 

a broad spectrum of designs including large units for household use, smaller units for use 

in bathrooms, refrigerators and closets, units intended specifically for cars, personal 

wearable units, ionic brushes, shoe cleaners, toothbrush disinfectors, etc. Depending on 

the design, some ionic air-purifiers can emit ozone with a rate of a few milligrams of 

ozone per hour (mg/hr), which is comparable to the amount of ozone emitted by dry-

process photocopiers during continuous operation [102, 103]. 

Ozonolysis air-purifiers typically produce several hundred mg/hr of ozone with a 

goal of oxidizing VOCs in indoor air. However, ozone reacts exceedingly slowly with 

most saturated VOCs [104]. Ozonolysis half-lives of common VOCs found indoors are 
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days or even years at 100 ppb (parts per billion) of ozone [59]. Ozone reacts considerably 

faster with VOCs containing unsaturated carbon-carbon bonds [104, 105]. found in 

cooking oils, air fresheners, cleaning products, etc. [59, 106], and with certain polycyclic 

aromatic compounds [107], found in household materials (e.g., pigment dyes in carpets). 

However, these reactions produce carboxylic acids, epoxides, organic peroxides, 

aldehydes, and ketones as stable products, some of which may result in adverse health 

effects [61, 62, 108-110]. Ozone + unsaturated VOC reactions are known to produce OH 

as an intermediate [111-114], which further contributes to the diversity of oxidation 

products. Ozone treatment may affect the particle size distribution but it generally does 

not reduce the overall concentration of particles in the air. In fact, new ultrafine particles 

are likely to be created if an ozonolysis air-purifier is used in a room with a large 

concentration of gaseous unsaturated VOCs, such as terpenes [60, 115, 116]. 

The level of ozone required to efficiently kill bacteria is also harmful to humans. 

Indeed, the US Environmental Protection Agency (EPA) provided a comprehensive 

assessment of the effectiveness and health consequences of ozone generation indoors 

stating that "at concentrations that do not exceed public health standards, ozone is 

generally ineffective in controlling indoor air pollution" [117]. Reviews by Boeniger 

[118] and Weschler [59] similarly concluded that "ozone is not a practical and effective 

means of improving indoor air quality". The California Air Resources Board (CARB) 

issued an official statement in early 2005 expressing a serious concern about ozone-

generating air-purifiers and recommending the public avoid using these devices [119]. In 

February 2005, CARB released a draft report to the California Legislature on indoor air 

pollution which stated that "Air cleaners that intentionally generate ozone should not be 
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used indoors. Independent studies by US EPA, the Consumers Union, and others have 

shown that ozone-generating air cleaners do not effectively destroy microbes, remove 

odor sources, or reduce pollutants enough to provide any health benefits" [48].  

5.1.2. Ozone Health-Effects and Regulations.   

The detrimental health effects of ozone are well known and have been extensively 

reviewed [34, 51, 120-124]. In addition to directly affecting humans breathing ozone-

polluted air, ozone can react with indoor surfaces [52-54, 59, 125] such as carpets, 

linoleum, clothing, furniture, etc., releasing volatile oxidation products that may have 

adverse health effects [61, 110]. For example, aldehydes are readily produced in reactions 

between ozone and C=C double bonds in fatty acid residues, which are found in a number 

of detergents [40, 126-128]. Carpets were also shown to release a number of volatile 

aldehydes in the C1-C13 size range upon ozone treatment which may change the odor 

perception [55, 56, 129, 130]. 

Existing US health-related standards for ozone are reviewed in Table 5.1. The 

National Institute for Occupational Safety and Health (NIOSH) established the 

Immediately Dangerous to Life or Health Concentrations (IDLH) ozone level at 5 ppm 

and Permissible Exposure Limit (PEL) at 100 ppb. The Occupational Safety and Health 

Administration (OSHA) established a PEL of 100 ppb for an 8-hour exposure and Short-

Term Exposure Limit (STEL) of 300 ppb for a 15-min exposure. The US EPA classified 

ozone as a criteria pollutant and established national ambient air quality standards 

(NAAQS) of 120 ppb for 1-hour exposure and 80 ppb for 8-hour exposure. The 

California state government has just introduced new 8-hour AAQS at 70 ppb [131] (the 

California 1-hour-average ozone standard is 90 ppb). In California, a stage-one smog 
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alert is issued whenever the ambient concentration of ozone is in excess of 200 ppb. 

Ozone levels of 350 ppb and 500 ppb correspond to stage-two and stage-three smog 

alerts, respectively.  

In spite of the existing concerns about ozone-generating air-purifiers, no 

government-imposed restrictions on the use of such devices in occupied spaces currently 

exist[48]. The US Food and Drug Administration (FDA) limits the concentration of 

ozone produced by medical devices operated in closed spaces to 50 ppb [132] but this 

limit does not strictly apply to indoor air-purifiers. The US EPA website states that "no 

agency of the federal government has approved these devices for use in occupied spaces" 

[117].   The main objectives of this work are to: i) verify whether ozone-generators such 

as ionic air-purifiers can produce levels of ozone in excess of public health standards; ii) 

quantify the steady-state ozone levels generated by air-purifiers in several representative 

indoor environments; iii) develop a simple phenomenological model that can be used to 

predict the steady-state ozone level generated by an air-purifier in a closed space; iv) test 

the effect of operating ozone-generating air-purifiers in rooms with pre-existing ozone 

sources. The following sections describe the experimental procedure, key results, and 

implications of these measurements. 

 

5.2. Experimental 

Ozone concentration was measured with Ebara Jitsugyo EG-2001 high-accuracy 

ozone monitor, which provided ozone mixing ratio referenced to 1 atm and 295 K 

conditions with a 1 ppb resolution. The linearity and accuracy of this instrument was 

verified by cross-referencing it against two home-made absorption cells operating on the 
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253.65 nm mercury line (base-e absorption cross section of O3 at 253.65 nm is 1.136×10-

17 cm2) [133]. The calibration showed that EG-2001 is accurate to better than 5% for all 

the ozone mixing ratios of interest. Before each measurement, the instrument was 

allowed to warm up for 2-3 hours to achieve better stability. The instrument 

automatically re-zeroed itself every 3 minutes by passing the sampled air flow through a 

built-in scrubber. It continuously displayed ozone mixing ratio averaged over 1 second 

interval between re-zeroing cycles. The drift in the output between re-zeroing cycles did 

not exceed 3 ppb. As all the measurements were done close to atmospheric pressure and 

room temperature, no explicit temperature or pressure corrections were made. 

 

5.2.1. Air-Purifier Ozone Emission Rates.   

The ozone emission rate was measured for each air-purifier inspected in this 

work. For these measurements, the air-purifier was placed in a sealed Teflon bag filled 

with a known volume of dried air (400-700 L; relative humidity < 5%). A fan was placed 

inside the bag to ensure rapid mixing. The ozone monitor withdrew air from the bag at a 

rate of 1.5 SLM (standard liters per minute) and returned it to the bag in a closed-loop 

circuit through all-Teflon gas lines. Although a small amount of ozone was destroyed by 

the instrument during re-zeroing cycles, the ozone destruction rate was not fast enough to 

compete with other ozone emission and removal processes in the measured volume. In a 

typical measurement, the air-purifier was turned on and the build-up of ozone with time 

was recorded. The concentration was logged every 0.5-5 minutes depending on the rate 

of ozone concentration increase. A slightly modified procedure was used for highly 

efficient ozone generators. These were turned on for a preset period of time (20-30 
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seconds) and turned off. The resulting ozone concentration increment was then recorded 

after the air in the Teflon bag was well mixed. The procedure was reiterated several times 

for repeatability. 

When the concentration of ozone in the bag reached a certain level, typically 500-

1000 ppb, the air-purifier was turned off and the decay of ozone concentration was 

recorded. Ozone concentration typically dropped with exponential lifetime of 3-5 hours 

because Teflon is relatively unreactive towards ozone. The resulting data were analyzed, 

as described in the kinetics section below, to extract the ozone emission rate. The results 

of the measurements are summarized in Table 5.2. 

 

5.2.2. Measurements in Rooms.   

Several types of indoor environments were examined (Table 5.3) including: i) two 

medium-size office rooms in the Rowland Hall building on campus of the University of 

California at Irvine; ii) medium-size bathroom; iii) small bathroom; iv) small furnished 

carpeted bedroom. The last three rooms were located in a 3 year old house in Irvine, 

California. All measurements were done in rooms with doors and windows closed. In 

some measurements, forced air circulation from the building ventilation system was 

present. The amount of admitted air was varied from measurement to measurement to 

control the decay rate of ozone from the room. In rooms with forced ventilation, the air 

exchange rate was estimated from the time it took to fill a plastic bag of known volume 

through the air intake vent. No measurements of air exchange rates were performed in 

rooms without forced ventilation. The ozone monitor, which was installed in an adjacent 

room, was withdrawing and returning air at 1.5 SLM through Teflon tubes. The rate of 



 63 

ozone removal by the instrument (during its re-zeroing cycles) was always negligible 

compared to other ozone emission and removal processes in the room. A large fan was 

placed in the room for better circulation of air to avoid significant ozone concentration 

gradients across the room volume.  

During the measurements, the air-purifier was turned on and the ozone 

concentration build-up was traced until either a steady-state concentration level was 

reached or the concentration exceeded the levels deemed to be safe for occupants of 

neighboring rooms and offices. After that, the air-purifier was turned off and the decay 

rate of ozone in the room was measured. 

 

5.2.3. Measurements in Cars.  

 A few measurements were performed in a stationary unoccupied car, Lexus ES 250, 

1991, outfitted with leather seats and carpeted floors. The car was positioned in a 

driveway with its doors and windows closed. The ozone monitor was installed in a 

nearby garage and it withdrew air from the car at 1.5 SLM through a Teflon line. The 

measurements were done at dusk hours at a temperature of about 15°C to avoid possible 

artifacts from inhomogeneous heating of the vehicle by the sun and to minimize the effect 

of variations in the ambient ozone level. No measurements of air exchange rate were 

performed. 
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5.2.4. Personal Air-Purifiers.   

Personal air-purifiers (PAPs) were tested in a way that is similar to a previous 

study of PAPs by CARB researchers.[50] The PAP was suspended from a ring stand and 

ozone concentration was sampled a certain distance away from the PAP (typically 10 cm) 

through a Teflon tube withdrawing air at 1.5 LPM. In initial experiments, the ring stand 

was positioned on a bench in a laboratory with a lot of air currents (because of two fume 

hoods withdrawing air from the room and forced ventilation admitting air to the room). In 

subsequent tests, the ring stand was surrounded by a large Plexiglas cylinder to minimize 

the effect from the strong lateral air currents in the lab. A few additional measurements 

were done using a human-sized stuffed doll wearing a PAP around its neck, with ozone 

level being sampled next to the doll’s "mouth" (10 cm away from PAP).  

 

5.3. Results and Discussion 

5.3.1. Air-Purifier Ozone Emission Rates.   

Figure 5.1 provides an example of measurements of ozone emission rates by air-

purifiers under dry-air conditions. For PZ6 Air, which is a fairly powerful ozone 

generator, the observed ozone concentration in a 700 L Teflon bag reaches 5 ppm in just 

10 minutes. The concentration increase appears to be linear in time with no visible signs 

of saturation. For SI633, which is a much less efficient ozone producer, the rate of 

increase is also linear but considerably slower. The observed concentration profiles can 

be fitted to the kinetics model described below ([O3](t) ≈ ksource×t for small t) to obtain the 

air-purifier ozone emission rates in mg/hr.  
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An example of ozone concentration decay taking place after the air-purifier is 

turned off is given in Figure 1b. The observed decay profile deviates slightly from the 

single exponential dependence. It is somewhat better described as a second-order loss at 

concentrations above 200 ppb suggesting that the loss of ozone on Teflon surfaces is not 

a first-order process. Indeed, ozone reactions on hydrophobic soot [134] and self-

assembled organic monolayers [128] are known to be governed by a Langmuir-

Hinshelwood mechanism. It is possible, that decomposition of ozone in a Teflon bag 

follows a similar mechanism, wherein ozone molecules participate in a rapid adsorption-

desorption equilibrium with the surface, with a very slow O3 + O3 surface reaction 

removing the ozone. There was no evidence of the second order ozone loss in normal 

environments (rooms); all decays could be fit to a single exponential decay within the 

measurement uncertainties. 

Table 5.2 reports the ozone emission rates measured in a Teflon chamber in dry 

air with RH (relative humidity) <5%. All measurements use the highest air-purifier 

settings. Although the measurements are quite repeatable for one and the same air-

purifier, it is not appropriate to place well defined error bars on these values without 

testing multiple copies of the same model. Two identical units were available for SI627, 

with one producing 0.17 mg/hr and the other 0.24 mg/hr of ozone (30% difference in the 

ozone emission rates). The measured ozone emission rates should be treated as 

approximately representative values for a given class of air-purifiers.  

As the ozone emission rate by air-purifiers can be affected by RH, the effect of 

RH was tested on 2 ionic air-purifiers, SI637 and SI627. The ozone emission rates for 

both models decrease at higher RH; the effect is stronger for SI637. Specifically, SI637 
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produces 2.2, 1.9, and 1.4 mg/hr of ozone at RH of 5, 30, and 60%, respectively. The 

output of SI627 drops from 0.24 mg/hr at RH = 5% to 0.18 mg/hr at RH = 60%. The RH 

dependence of the ozone emission rates for other air-purifiers was not explicitly 

measured. It is expected that air-purifiers generating ozone by an electrical discharge 

(every model in Table 5.3 except PZ6 Air) should reduce their ozone emission rates 

somewhat at elevated RH.  

The effect of particulate matter on SI637 ozone emission rate was investigated by 

purposely injecting NaCl aerosol particles into the Teflon bag (roughly 105 particles per 

cm3 with a mean particle diameter of 0.2 µm). Presence of particles caused no significant 

change in the ozone emission rate suggesting that ozone production and particle 

ionization processes are fairly independent of each other in ionic air-purifiers. The effect 

of particles on the performance of ozonolysis air-purifiers was not explicitly investigated 

in this work. 

For certain air-purifiers, the ozone emission rate was specified by the 

manufacturers. With the exception of Ioncare personal air-purifier which was advertised 

to produce 44 mg/hr as opposed to the measured rate of 0.5 mg/hr, the measurements 

were within a factor of 3 of the specifications. For EZ-COM air-purifier, the measured 

rate of 68 mg/hr is a factor of 1.7 larger than its 40 mg/hr manufacturer's rating. The PZ6 

Air-purifier had been used for an unknown number of hours prior to this study, which 

may account for its lower output of 42 mg/hr compared to its 125 mg/hr rating. Pro 420 

model produced 132 mg/hr instead of the quoted 420 mg/hr. After the manufacturer 

replaced the unit (initially believed to be defective), the replacement performed at a 
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similarly low 137 mg/hr level. XT-400 model generated ozone at a measured rate of 220 

mg/hr compared to its 400 mg/hr rating.  

5.3.2. Ozone Measurements in Rooms.   

Sample measurements of emission of ozone by air-purifiers operated in rooms 

and offices are shown in Figures 5.2, 5.3, and 5.4. In all examined cases, the ozone 

concentration in the room increases to some steady-state level after the air-purifier is 

turned on. It decreases exponentially to the background level after the air-purifier is 

turned off. The steady-state ozone concentration and the rate with which ozone is 

removed from the room depend on the specific environment. Table 5.3 provides a 

comprehensive listing of all air-purifier/environment combinations examined in this 

work. 

Figure 5.2 shows sample results for unventilated bathrooms. Bathrooms are 

uniquely different from other kinds of indoor environments in that they have a relatively 

small volume, little or no furniture, and fairly unreactive surfaces (ceramic tile, glass, 

enamel painted walls, etc.). As a result, even weak ozone generating appliances can be 

rather effective in building up large ozone concentrations in bathrooms. For example, 

Figure 2a shows that SI637, which has an ozone emission rate of 2.2 mg/hr in dry air, can 

easily maintain levels of ozone in excess of 150 ppb in a small bathroom. EZ-COM, a 30 

times more powerful ozone generator, only needs about 15 minutes to reach the OSHA 

STEL ozone level of 300 ppb in a larger bathroom (Figure 5.2b). For this specific 

measurement, the steady-state level was not reached because of safety issues (a strong 

smell of ozone was detected in the adjacent rooms). The extrapolated steady-state value 

in Figure 2b is in excess of 1 ppm.  
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Figure 5.2 also illustrates the effects of environmental variables on measurements 

in rooms. The SI637 measurement in Figure 5.2a took about 10 hours from 9.30 in the 

morning till 20.00 in the evening on a Christmas day. The temperature in the bathroom 

was about 5 °C higher in the afternoon (between about 12.30 and 15.00) compared to that 

in the morning and evening hours. This small temperature variation had a visible effect 

on the rate of ozone decomposition on the room surfaces. Indeed, the observed 

exponential lifetime for the first decay in Figure 5.2a is about 20 min as opposed to 29 

min for the second decay measured later in the evening. As a direct result of this 

temperature variation, the steady-state level achieved in the afternoon is somewhat lower 

than that in the evening. The temperature variation is also responsible for the observed 

decline in the steady-state ozone level between 12.30 and 13.00.  

Figure 5.3 shows the result of using the same air-purifiers, EZ-COM and SI637, 

in a ventilated furnished office room. Because of the increased room volume, larger 

available area for ozone surface decomposition reactions, and presence of forced air 

ventilation with an air exchange rate of about 5 room volumes per hour, the observed 

increase in the steady-state ozone level is not as dramatic as in bathrooms. SI637 

increases ozone level by about 9 ppb. EZ-COM is capable of driving the ozone 

concentration up by about 240 ppb, which is higher than both 1-hour and 8-hour EPA 

NAAQS standards. The loss of ozone from the air after the generator is turned off is 

considerably faster: the exponential lifetimes measured from data in Figure 5.3a and 3b 

are 13±3 and 12±2 min, respectively. This is essentially identical to the time needed for 

the ventilation to displace one room volume (measured to be 12±1 min from the rate of 

filling a plastic bag of calibrated volume through the air inlet) suggesting that the removal 
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of ozone from the office in this particular case is dominated by physical rather than 

chemical loss. More measurements in offices will be discussed after introducing the 

kinetic model.  

5.3.3. Car Air-Purifiers  

Two car air-purifiers were tested as described in the experimental section. The 

observed ozone concentration behaved similarly to the results obtained in rooms: an 

increase in the steady-state concentration during the air-purifier’s operation, and an 

exponential decline after the air-purifier is turned off. The observed ozone decay rate was 

very rapid (lifetime ∼ 2 min) presumably because of the presence of a number of reactive 

surfaces inside the car (leather upholstery, carpet floors, rubber, insulation, etc.) and also 

because of a relatively facile exchange of air between the car interior and the outside (not 

quantified in this work). As a result, the incremental ozone concentration increase caused 

by the air-purifier was relatively small: below 10 ppb (Table 5.3). 

5.3.4. Personal Air-Purifiers   

In addition to experiments with air-purifiers designed for rooms and cars, several 

tests were done with personal air-purifiers (PAPs). The previous findings of CARB 

researchers [50] that PAPs can expose the wearer to ozone levels in excess of public 

health standards were fully confirmed by the present work. For example, in tests with 

Ioncare PAP worn by a human-sized doll, peak ozone concentrations near its "mouth" 

were as high as 700 ppb and average concentrations were in excess of the EPA 1-hour 

NAAQS standard of 120 ppb. The concentrations were highly variable and depended 

strongly on the pattern of air drafts in the room. Figure 5 shows the result of using 
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Ioncare PAP in a quiet air environment, wherein the air currents are controlled solely by 

diffusion. One can see that the ozone level was quickly brought up to 120 ppb above the 

PAP. The results of Figure 5 were obtained with a 10 cm separation between the PAP and 

the ozone meter sampling inlet; the measured concentration increased rapidly as this 

distance was reduced, in agreement with the results of Ref. [50]. 

5.4. Kinetic Treatment.   

The ozone concentration time dependence and steady-state level observed in 

experiments in closed volumes such as rooms, cars, and Teflon bags can be described by 

a simple model. The linearity of the initial ozone concentration rise in Teflon bag 

measurements (Figure 1) suggests that the production of ozone by an air-purifier is a 

zero-order process with respect to ozone: 

Air → O3 
.).(

)/( 1023.1)(][O 11133

ftcuV
hrmgRatescmk

dt
d

source ××== −−             (1) 

The measured ozone emission rates for several air-purifiers are reported in Table 

5.2. The zero-order assumption was observed to be valid for all air-purifiers listed in 

Table 5.2 for ozone mixing ratios in the ppb - low ppm range. The conversion factor in 

Eq. (1) is valid for 1 atm, 25°C, and for volume measured in the units of cubic feet (1 

foot = 30.48 cm). Eq. (1) implicitly assumes that the rate of mixing of air within the room 

volume, V, is considerably faster than the rate of ozone removal from the room. This 

condition was satisfied for all measurements reported here (except for measurements with 

PAPs).  

The loss of ozone from the room is in principle a complicated process because of 

the presence of multiple surfaces with varying degree of reactivity towards ozone 
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(including the body of the air-purifier itself), complicated pattern of air mixing in the 

room, and coupling between air-transport and surface kinetics [135]. However, in present 

measurements in closed, well-mixed indoor environments the observed ozone decay 

could be described as a first-order process to an excellent degree of approximation (i.e., 

there were no apparent deviations from the first-order kinetics within the measurement 

uncertainties): 

O3 → products  ][O)(][O
3

13 −−= sk
dt

d
loss       (2) 

The decay rate constant, kloss, is a combination of physical removal due to the air 

exchange, chemical removal due to heterogeneous reactions on surfaces, and chemical 

removal due to reactions with air impurities.[59] In cases when the wall loss dominates, 

the decay rate-constant can be related to the deposition velocities customary reported in 

the research literature on surface decay rates: 

                                  ∑ ×= dloss A
V

k υ1   (3) 

where A is the surface area, υd is the deposition velocity of ozone on that particular type 

of surface, and the summation extends over all available surfaces in the room.  

The inverse of the decay rate constant, 1−
lossk , can be viewed as the characteristic 

lifetime of ozone in a given environment. It can range from several hours in a highly 

unreactive Teflon bag (e.g., 5 hours in Figure 1) to just a few minutes in a well-ventilated 

office (Table 5.3). The decay rate constants measured here (Table 5.3) are consistent with 

previous measurements of similar parameters in houses and offices [59, 136]. In well-

ventilated, sparsely furnished rooms the ozone decay rate is observed to be very close to 

the air exchange rate, which suggests that the decay is dominated by physical removal of 
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ozone from the room. However, when the air exchange rate is slow or the room contains 

reactive surfaces, the observed decay rate should be faster than the air exchange rate. In 

this case, the removal is mostly due to the chemical reactions with the surfaces and/or 

with gas-phase organics. The effect of air exchange and transport-limitations on 

concentrations of indoor air pollutants is discussed in more detail in Refs. [106, 135].  

Eq. (1) and (2) can be integrated to give the ozone concentration build-up after the 

air-purifier is turned on (assuming very low background ozone concentration): 

                   ( )tk

loss

source losse
k

k −−= 1](t)[O3    (4) 

The ozone concentration builds up from zero to a steady-state value in which the 

emission rate is exactly balanced by the decomposition rate: 

.).()(min
)/( 300)(][Oor            ][O 1ss3ss3 ftcuVk

hrmgRateppb
k

k

lossloss

source

×
×

== −  (5) 

Once again, Eq. (5) is valid only when the rate of mixing of air within the room volume is 

considerably faster than the rate of ozone removal from the room. The conversion factor 

in Eq. (5) is equal to 300 purely by accident; it is valid for the conditions of 1 atm, 25°C, 

and the specified set of units. In cases where the ozone loss is dominated by the wall 

decomposition, the product kloss×V in the denominator can be equivalently replaced by the 

product of the deposition velocity and the room surface area, A×υd.  

After the air-purifier is turned off, the ozone concentration decays exponentially 

                      tklosse−= ss33 ][O](t)[O    (6) 

with the decay rate constant, kloss. Figures 2-4 provide clear examples of this behavior. 

Except for measurements inside Teflon bags, no significant deviations from the single 

exponential decay were observed in this work.  
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5.4.1. Verification of the Kinetic Model.   

Eq. (5) has several interesting ramifications. For example, it confirms the 

suggestion of Ref. [50] that the effect of putting several ozone generators in the same 

room is additive, with contributions of each generator to the total steady-state ozone 

concentration being proportional to its ozone emission rate. Indeed, if there is an 

additional source of ozone present, e.g., from a steady intake of polluted air from the 

outside or from another ozone-generating device inside, it will create a background 

concentration of ozone, 
loss

ext

k
k

=bg3 ][O , where kext is the effective zero-order rate constant 

for the background source and kloss is the first-order ozone decay rate constant for the 

room (or any other closed space in question). A simple exercise in kinetics shows that 

turning on an air-purifier with ozone emission rate constant ksource will further increase 

the steady-state ozone concentration to 
loss

source

loss

sourceext

k
k

k
kk

+=
+

= bg3ss3 ][O][O . The last 

term in this equation is exactly equal to the steady-state level of ozone that the air-purifier 

would have produced in the absence of the background ozone source. 

This additivity of contributions from different ozone sources was explicitly tested 

by running two air-purifiers in the same room at the same time. Figure 4 shows the result 

for operating Pro-420 in a ventilated office for an hour, followed by simultaneously 

operating Pro-420 and XT-400 for another hour, followed by operating XT-400 for 

another hour. The measured steady-state levels of ozone for individual air-purifiers 

(corrected for the small background level of 8 ppb) are 307 ppb (Pro-420 only) and 276 

ppb (XT-400). The uncertainties in the measured steady-state values are about 5 ppb. The 
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sum of these values, 584 ppb, is essentially identical to the steady-state level of 582 ppb 

measured during the Pro-420 and XT-400 concurrent operation.  

To further test the predictive power of Eq. (5), Figure 5.6 compares incremental 

[O3]ss measured in experiments (Table 5.3) with [O3]ss calculated from the room volume, 

measured decay rate constant for the room, and the air-purifier ozone emission rate 

measured in separate experiments in a Teflon bag. The data in Figure 6 reflect the results 

obtained for several ionic and ozonolysis air-purifiers operated in cars, offices, 

bathrooms, and bedrooms. The ozone emission rates of air-purifiers in Figure 5.6 span 2 

orders of magnitude (from 0.4 mg/hr to 357 mg/hr in dry air). Nevertheless, the 

agreement between the measured values and those predicted from the simple kinetic 

model can be regarded as excellent over the entire range of environmentally relevant 

ozone concentrations (10 – 1000 ppb).  

Possible sources of scatter in Figure 5.6 include: i) use of ozone emission rates for 

dry air (Table 5.2) instead of those for the actual RH in the room (in this work, RH was 

40±5% in offices and 50±10% in the house); ii) uncertainties in measuring kloss (10-20%); 

iii) and air-transport limitations. The last source refers to either inhomogeneous or 

insufficiently rapid mixing of air across the room volume by the fan. These two 

conditions required for the validity Eqs. (1) and (5) are not always trivial to meet in 

actual environments because of the presence of furniture, sharp room corners, 

temperature and pressure gradients across the room, and non-uniform distribution of 

ozone deposition velocities on the room surfaces. In spite of all these limitations, the 

model performs quite well; the largest deviation between measured and observed steady-

state concentrations in Figure 6 is by a factor of 2. 
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5.4.2. Implications of the Model.   

In the absence of indoor ozone-generating sources, indoor ozone concentration is 

known to track the outdoor ozone concentration [59]. The observed ratios of indoor-to-

outdoor ozone levels (I/O) are generally in the range of 0.1-0.7 [59], with larger values 

correlating with higher air exchange rates between the inside and outside. Operation of an 

ozone-generating air-purifier can make the I/O ratio considerably larger than 1, with the 

incremental increase in indoor ozone level being directly proportional to the air-purifier 

ozone emission rate. Therefore, people occupying rooms with an operating ozone-

generating air-purifier are more likely to be exposed to levels of ozone in excess of the 

public health standards. Depending on the way the air-purifier is used, the exposure level 

can be as high as the equivalent of Stage-1 or even Stage-2 smog alert (Figures 5.2-4). 

For reference, the last Smog-2 alert in the South Coast Basin, which includes Los 

Angeles, occurred in 1988, and there was only one Smog-1 alert in this area between 

1999 and 2003 [137].  

Eqs. (3) and (5) suggest that the increase in ozone concentration driven by an air-

purifier should be inversely proportional to the total room surface area in the limit when 

the ozone removal from the room is dominated by the wall loss, and the surfaces in the 

room have similar reactivity towards ozone (i.e., similar ozone deposition velocities). 

Everything else being equal, operation of an ozone-generating air-purifier in rooms with 

smaller floor areas (i.e., bathrooms) should produce higher steady-state levels of ozone. 

In the limit when the ozone removal is dominated by air-exchange, the steady-state 

increase in ozone level is inversely proportional to the room volume instead of the total 



 76 

surface area. Again, the prediction is that operation of an air-purifier in smaller rooms 

should result in larger ozone level rises. Data in Table 3 fully confirm these predictions. 

As a final note, Eq. (5) can be of some potential value for future regulatory 

decisions affecting ozone-generating appliances and for checking compliance with 

already existing regulations. Consider an example of a calculation of the maximal ozone 

emission rate for a medical device subject to the Code of Federal Regulations 21 CFR 

801.415 set forth by the US Food and Drug Administration in 1976. According to the 

code, such a device should not generate ozone at a level in excess of 50 ppb in an 

"enclosed space intended to be occupied by people for extended periods of time".[132] 

Assuming that the device is to be operated in a 2000 cu. ft. enclosed space characterized 

by an ozone lifetime of 30 min, one calculates 11 mg/hr for the maximal ozone emission 

rate under such conditions. The chief advantage of Eq. (5) is that one does not need to 

conduct actual measurements of ozone concentrations to obtain the steady-state level of 

ozone resulting from the device. Indeed, the room volume and surface area can be easily 

measured, ozone emission rate is an intrinsic property of the device, and the ozone decay 

rate can be estimated from deposition velocities for surfaces used in construction. Tables 

of ozone deposition velocities are available from multiple sources, e.g., Ref. [53, 59, 

125]. 
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5.5. Conclusions 

Operation of an ozone-generating air-purifier in a closed indoor environment 

results in an increase in the steady-state ozone concentration that is directly proportional 

to the air-purifier's ozone emission rate. Depending on the mechanism of ozone removal 

from the room, the magnitude of the increase is inversely proportional to either the 

surface area of the room (the loss is dominated by heterogeneous removal on surfaces) or 

the total volume of the room (the loss is dominated by air-exchange). In either case, the 

largest increase in the steady-state ozone level is anticipated for small, poorly ventilated 

rooms, especially if they are constructed from materials with low reactivity towards 

ozone. In such rooms, even a device with an ozone emission rate of a few milligrams per 

hour can maintain an ozone level in excess of public health standards. The ozone level 

generated by an air-purifier is in addition to the normal indoor ozone level resulting from 

the air exchange between inside and outside. Therefore, persons operating ozone-

generating air-purifiers in their houses and/or offices may be more frequently exposed to 

ozone levels in excess of the health standards compared to an average person living in the 

same area.  
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Table 5.1. Health-based standards for ozone mixing ratio in the air established by   
                  the US government. The acronyms are explained in the introduction. 
 

Agency Standard Exposure time Mixing ratio (ppb) 

US EPA NAAQS 1-hour average 120 

US EPA NAAQS 8-hour average 80 

CARB California AAQS 1-hour average 90 

CARB California AAQS 8-hour average 70 

NIOSH IDLH - 5000 

NIOSH PEL 15-min 100 

OSHA PEL 8-hour average 100 

OSHA STEL 15-min 300 

CARB Stage 1 smog alert - 200 

CARB Stage 2 smog alert - 350 

CARB Stage 3 smog alert - 500 
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Table 5.2. Ozone emission rates for air-purifiers tested in this work. Ionic and 
ozonolysis air-purifiers are listed on the top and bottom of the table, respectively. 
The rates were measured in a Teflon bag in dry air with RH<5%. Only a single 
instrument of each type was tested except for SI627 and PRO 420, where two units 
were available. All air-purifiers were new except for PZ6 Air. All measurements 
used the highest device settings, where applicable. 
 

Air-purifier name Model 

number 

O3 emission rate 

(mg/hour) 

SI (= Sharper Image) Quadra Silent Air-Purifier SI637 2.2 

SI Personal Air-purifier SI736 0.30 

SIIB Pet Brush SI688 0.71 

SI GP Car Air-purifier with Ultraviolet Germicidal 

Protection 

SI710 0.74 

SI Dashboard (Plug-In) Ionizer SI629 0.40 

SI Car Air-purifier  SI633 0.48 

SI Electrostatic Air Cleaner for Bathrooms & Small 

Spaces 

SI627 0.17 / 0.24 

SI Air Freshener 2.0 for Bathrooms & Small Spaces SI717 0.16 

Ioncare Personal Air-purifier Ioncare 

PAP 

0.50 

EZ-COM Air-purifier (rated at 40 mg/hr) EZ-COM 68 

Air-Zone® XT-400 (rated at 400 mg/hr) XT-400 220 

Prozone® Air-purifier (rated at 125 mg/hr) PZ6 Air 42 

o3ozoneTM PRO 420 Ozone Generator (rated at 420 

mg/hr) 

PRO 420 132 / 137 
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Table 5.3. Measurements of steady-state ozone concentrations during operation of selected air-purifiers in various 
environments. The ozone emission rates refer to dry air; they are listed for reference only. Different [O3]ss and kloss 
values are reported for the same room/air-purifier combinations because the air exchange rate in the room was varied 
from test to test by partially blocking the air intake. Uncertainties in kloss are about 10% (σ). The air exchange rates 
were quantified only for selected measurements in offices. 
 

Environment Floor area 

sq.ft. (m2) 

Volume 

cu.ft. (m3) 

Air exchange 

rate (kair)-1 (min) 

Air-purifier Rate 

(mg/hour) 

Measured [O3]ss 

increase (ppb) 

Measured 

(kloss)-1 (min) 

Bathroom A 23 (2.1) 207 (5.9) - SI637 2.2 135 20 

   - SI637 2.2 165 29 

   - SI627+SI717a 0.40 40 53 

Bathroom B 46 (4.3) 370 (10.4) - EZ-COM 68 Stopped at 450b 18 

   - SI637 2.2 22 11 

Bedroom 125 (11.6) 1110 (31.4) - EZ-COM 68 260 30 

Office A 138 (12.9) 1245 (35.2) 12 EZ-COM 68 240 12 

   12 PRO 420 132 320 10 

   12 SI637 2.2 9 13 

   12 PZ6 Air 42 120 11 

Office B 120 (11.1) 957 (27.1) 11 PZ6 Air 42 140 9.3 

   11 PRO 420 137 340 9.2 
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   11 EZ-COM 68 180 9.5 

   - PRO 420 137 650 12 

   - PRO 420 137 290 6.3 

   - PRO 420 137 310 8.4 

   - SI637 2.2 12 12 

   - PRO 420 137 307 7.7 

   - PRO 420 + XT-

400a 

357 582 7.7 

   - XT-400 220 276 7.7 

Lexus ES250 - ∼50 (1.4)c - SI633 0.48 6 ∼2 

 -  - SI710  0.74 9 ∼2 

a Operated simultaneously 

b The steady-state was not reached for safety reasons (See Figure 2b) 

c Estimated 
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Figure 5.1: Sample measurements of ozone emission rates for PZ6 Air and SI633. 
Ozone concentration build-up is measured in a Teflon bag of a known volume after 
turning the air-purifier on. The initial concentration rise is linear, [O3] ≈ ksource×t. 
The lifetime of ozone in the Teflon bag after the air-purifier is turned off is very 
long, with a lifetime of almost 5 hours.  
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Figure 5.2: Sample measurements in bathrooms: (a) SI637 operated in a small 
bathroom; (b) EZ-COM operated in a larger bathroom. No forced ventilation is 
used in both cases. Dashed lines correspond to EPA 1-hour (80 ppb), EPA 8-hour 
(120 ppb), and OSHA STEL (300 ppb) standards. Dash-dotted lines are Stage-1 (200 
ppb) and Stage-2 (350 ppb) smog alerts. 
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Figure 5.3: Sample measurements in ventilated office rooms: (a) SI637 operated in 
an office room; (b) EZ-COM operated in the same room. The air exchange rate is 
one room volume every 12 minutes. Dashed lines correspond to EPA 1-hour (80 
ppb), EPA 8-hour (120 ppb), and OSHA STEL (300 ppb) standards. Dash-dotted 
line is Stage-1 Smog alert level (200 ppb). 
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Figure 5.4: Back-to-back operation of two different air-purifiers in the same office. 
First, Pro-420 is turned on for 60 min, followed by Pro-420 and XT-400 both on for 
the next 60 min, followed by XT-400 on for the next 60 min, followed by the decay of 
ozone after everything is turned off. Dashed lines correspond to EPA 1-hour, EPA 
8-hour, and OSHA STEL standards. Dash-dotted lines are California Stage-1, -2 
and -3 smog alerts. 
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Figure 5.5: Sample measurement for Ioncare PAP. Sampling takes place 10 cm 
above the PAP. Dashed lines correspond to EPA 1-hour (80 ppb) and EPA 8-hour 
(120 ppb) standards. 
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Figure 5.6: Comparison of the measured steady-state ozone concentrations with 
those calculated using Eq. (5) from the decay rate constants, air-purifier ozone 
emission rates, and room volumes. The plot includes all data from Table 3. The 
sources of the scatter are discussed in the text. 
 

 

 

 

 

 

 
 



 88 

Chapter 6 
        

Kinetic analysis of competition between aerosol particle 
removal and generation by ionization air purifiers 

 

 

Abstract 

Ionization air purifiers are increasingly used to remove aerosol particles from 

indoor air. However, certain ionization air purifiers also emit ozone. Reactions between 

the emitted ozone and unsaturated volatile organic compounds (VOC) commonly found 

in indoor air produce additional respirable aerosol particles in the ultrafine (<0.1 µm) and 

fine (<2.5 µm) size domains. A simple kinetic model is used to analyze the competition 

between the removal and generation of particulate matter by ionization air purifiers under 

conditions of a typical residential building. This model predicts that certain widely-used 

ionization air purifiers may actually increase the mass concentration of fine and ultrafine 

particulates in the presence of common unsaturated VOC, such as limonene contained in 

many household cleaning products. This prediction is supported by an explicit 

observation of ultrafine particle nucleation events caused by the addition of d-limonene to 

a ventilated office room equipped with a common ionization air purifier.  
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6.1. Introduction 

Ultrafine (diameter < 0.1 µm; PM0.1), fine (< 2.5 µm; PM2.5), and coarse (< 10 

µm; PM10) aerosol particles significantly contribute to the toxicity of urban air pollution 

[138, 139]. The adverse health effects of particulate matter (PM) include exacerbation of 

asthma symptoms [99, 101], cardiovascular problems [140, 141], increased mortality [29, 

100], and increased incidence of lung cancers [142, 143]. To address the health impacts 

of airborne PM, the Environmental Protection Agency (EPA) established the national 

ambient air quality standards for PM2.5 at 15 µg/m3 (annual mean) and 65 µg/m3 (24-hour 

mean). The standards for PM10 are 50 µg/m3 and 150 µg/m3, respectively. No official 

standards for ultrafine particles have been established yet in spite of the increasing 

evidence for their toxicity and innate ability to penetrate into the blood circulation [144]. 

A significant fraction of urban PM can be classified as secondary organic aerosol 

(SOA) produced by oxidation of volatile organic compounds (VOC) [104]. A particularly 

important group of aerosol-forming VOC are terpenes [145, 146], a class of hydrocarbons 

emitted by coniferous plants, and used extensively as additives to many household 

cleaning products. The SOA yields, reaction mechanisms, and particle composition have 

been extensively studied for oxidation of α-pinene, β-pinene, limonene, and other 

monoterpenes in smog chambers under atmospherically relevant conditions [147-158] 

and in simulated indoor environments [60, 115, 116, 145, 146, 159, 160]. The observed 

SOA yields resulting from oxidation by ozone can be quite high (> 50% by mass), but the 

yields depend in a complicated way on multiple factors including presence of NOx, 

presence of OH scavengers, concentration of preexisting aerosol particles, concentrations 

of reactants, humidity, temperature, radiation level, and reaction time.  
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Stand-alone air purification devices for indoor use have gained widespread 

popularity in recent years. However, certain air purifiers emit ozone during operation, 

either intentionally or as a by-product of air ionization [47-50]. Ozone, a criteria air 

pollutant regulated by multiple health standards, represents a serious health concern by 

itself [51]. In addition, ozone can react with certain indoor surfaces [52-56] and indoor 

VOC [57-60] generating secondary products with potential adverse health effects. For 

example, terpene oxidation products are known eye and airway irritants [61, 62].  

Ionization air purifiers present an interesting dilemma in this respect. On one 

hand, they remove PM from the air. On the other hand, ozone emitted by certain 

ionization air purifiers in the presence of unsaturated VOC increases both the mass and 

number concentration of aerosol particles. The main objective of this study is to verify 

whether the mass emission rate of fine and ultrafine PM resulting from an ionization air 

purifier operation can exceed the purifier’s PM removal rate under conditions 

characteristic of a private residence.  

 

6.2. Experimental 

A common residential ionization air purifier (IAP) was used in experiments. A 

commercial ozone generator (OG) marketed as an “air cleaner” despite its lack of any 

particle filtration capabilities, was used for comparison. Rates of ozone emission and 

particle removal (Table 6.1) for these two devices were quantified as described in the 

supporting section.   

The measured ozone emission rates for the IAP and OG are 2.2(2) mg hr-1 and 108(14) 

mg hr-1, respectively. Parentheses contain 2σ uncertainties in the last significant digits.  
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IAP works by capturing a certain fraction of particles from the air passing through 

the purifier. The particle capture probability, γ, is related to the first-order particle 

removal rate constant, kap, the mass flow rate through the air purifier, F, and room 

volume, V, as follows: 

                                          ap
Fk

V
γ

=  (1) 

The γF product, which is related to the clean air delivery rate (CADR) of the air purifier, 

can be used to predict the effective particle removal rate constant in a well-mixed room 

of an arbitrary volume. The measured value of γF (see supporting information) is 342(20) 

SLM = 20(1) m3 hr-1 for the IAP. This value of γF was measured for particles that were 

predominantly in the 0.15-0.30 µm size range. This work assumes that γF value is the 

same for all particle sizes of interest. It is certainly possible that IAP has different 

efficiencies for ultrafine and course particles [161] but this is not going to strongly affect 

the main conclusions of this work. OG was found to have no measurable effect on the 

particle count (γF ≈ 0) because it has no built-in particle filtration capabilities.  

The actual tests were performed in a sparingly furnished office room with a floor 

area of 11.1 m2, and overall volume of 27.1 m3. The floor material was linoleum, the 

walls were painted drywall, and the ceiling consisted of industrial fiberglass ceiling tiles. 

The room was ventilated through an HVAC system with a measured whole air exchange 

rate of ∼5 hr-1. This exchange rate is higher than for an average private residence but 

typical for an office room. The air purifiers were positioned on the floor in the middle of 

the room. The ozone monitor and particle counters were installed in an adjacent room and 

air was sampled approximately 1 m away from the air purifiers.  
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A scanning mobility particle sizer (SMPS) was used to measure the particle size 

distribution in 0.010-0.90 µm size range, and a laser particle counter sampled particles in 

the 0.15-5.0 µm size range. A large fan was placed in the room for a better mixing of the 

air across the room volume. The time to acquire one particle size distribution with SMPS 

was 7 min; that for laser particle counter was 5 min. In a typical run, the data were logged 

with a Labview-based program for 5-20 hours with the air purifier turned off and then for 

another 5-20 hours with the air purifier turned on. At certain time intervals, a measured 

quantity of d-limonene vapor (5-60 mg) was injected in the room at a rate of 3 mg min-1 

for a brief period of time.  

 

6.3. Kinetic model 

The following model is used to describe concentrations in a single well-mixed 

indoor environment that exchanges air with the exterior atmosphere: 

                ( )[X] [X] [X] [X] [X]X
X out X rX dX

E td SR k
dt V V

κ λ λ υ= + + − − −            (2) 

[X] and [X]out are concentrations of species X indoors and outdoors, respectively; λ is the 

whole air exchange rate; κX is outdoor-to-indoor penetration efficiency; V is the volume; 

S is the interior surface area; EX is the emission rate for X by all indoor sources; RX is the 

combined rate of production of X by gas-phase chemistry; krX is an effective first-order 

rate constant for the removal of X by chemical reactions; υdX is the deposition velocity of 

X on indoor surfaces. The constantsλ, krX, and dX dX
Sk
V
υ=  all have units of inverse time, 
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κX is unitless, and [X] has mass concentration units (µg m-3) to simplify comparison of 

concentrations of gas-phase and aerosolized species. 

Three species are included in the model: ozone, an unsaturated VOC (d-

limonene), and PM. Ozone is emitted indoors by the air purifier, and also penetrates from 

outdoors by means of air exchange. Aerosol particles are brought indoors by the HVAC 

system, and also chemically generated via reaction 

                          3VOC + O   χPM + volatile organics→              (3) 

where χ is the mass yield of aerosol resulting from the ozonolysis of VOC. The model 

implicitly assumes that all involatile products of VOC oxidation by ozone quickly 

partition themselves in the particle phase. The aerosol particles are not differentiated by 

size or composition; reaction (3) is simply assumed to increase the total mass 

concentration of PM in the room volume.  

With these assumptions, the time evolution of ozone, reactive VOC, and aerosol 

concentrations can be written as follows. 

                  ( )3 3
3 3 3 3

[O ] [O ] [VOC] [O ]O
O out dO r

d E k k
dt V

λκ λ= + − + +                  (4) 

           ( )3
[VOC] [VOC] [O ] [VOC]VOC

VOC out dVOC r
Ed k k

dt V
λκ λ= + − + +            (5) 

             ( )3
[PM] [PM] [VOC][O ] [PM]PM out r dPM ap

d k k k
dt

λκ χ λ= + − + +         (6) 

In the last equation, we separated the removal of aerosol particles by wall deposition 

(kdPM) and by the air purifier (kap). The latter can be calculated from equation (1). These 

equations will be used below to simulate the indoor VOC, PM, and ozone concentrations 

either analytically or numerically.  
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6.4. Results 

6.4.1. Steady-state kinetic model 

 In the experiments and simulations described here, and also in many realistic indoor 

environments, the ozone removal is often dominated by either air exchange or surface 

deposition. Gas-phase reactions normally make a much smaller contribution to the ozone 

removal rate. Under such conditions, the term kr[VOC] in equation (4) can be neglected 

compared to λ and kdO3. With this simplifying assumption, the equations can be easily 

solved in steady-state (ss) for the case of time-independent emission rates EO3 and EVOC. 

The steady-state concentration of ozone depends on whether the air purifier is turned on 

or off: 

                             3 3 3
3

3

/ [ ][ ]ON O O out
ss

dO

E V OO
k
λκ

λ
+

≅
+

                (7) 

                              3 3
3

3

[ ][ ]OFF O out
ss

dO

OO
k

λκ
λ

≅
+

                            (8) 

This dependence propagates into the steady-state concentrations of VOC and aerosol 

particles. 

                             /
/

3

[ ] /[ ]
[ ]

ON OFF VOC out VOC
ss ON OFF

dVOC r ss

VOC E VVOC
k k O

λκ
λ

+
≅

+ +
                                (9) 

 
/ /

/ 3[ ] [ ] [ ][ ]
ON OFF ON OFF

ON OFF PM out r ss ss
ss

dPM ap

PM k O VOCPM
k k

λκ χ
λ
+

=
+ +

         (10) 

The time it takes for the concentrations to approach their steady state values is 

inversely proportional to the corresponding removal rates, i.e., values in the denominators 
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of equations (8-10). For the base conditions listed in Table 2, these times are 0.3 hr, 1.4 

hr, and 2 hr for ozone, particles, and VOC, respectively. 

To quantify the effect of the air purifier on particle concentration in the room, we 

define an efficiency parameter K, as the ratio of the steady-state PM concentrations 

obtained when the air purifier is turned on to that when it is off. 

      3

3

[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]

ON ON ON
ss dPM PM out r ss ss

OFF OFF OFF
ss dPM ap PM out r ss ss

PM k PM k O VOCK
PM k k PM k O VOC

λ λκ χ
λ λκ χ

+ +
= = ×

+ + +
           (11) 

Operation of an effective air purifier should result in conditions corresponding to K<<1. 

When K>1, the device actually makes more particles than it removes, thus acting as a net 

particle emitter. The situation with K=1 corresponds to the exact cancellation of the 

particle removal and generation rates.  

The first term in this equation describes the effect of the air purifier in the absence 

of any indoor chemistry.  

                                         
1

1 ap
base

dPM

k
K

kλ

−
 

= + + 
                                  (12) 

 

The more effective is the air purifier the smaller is the values of Kbase. It is close to unity 

for an ineffective air purifier (kap << λ+kdPM). A similar parameter was used to 

characterize air cleaners in Ref. [162].  

The second term in equation (11) corresponds to the effect of indoor particle 

generation from the VOC oxidation by ozone. It is unity for air purifiers that emit no 

ozone and/or for rooms containing negligible amounts of reactive VOC, but it can be 

substantially larger than unity if both ozone and reactive VOC are present. In such cases, 
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the effect of indoor chemistry can make the overall value of K>1 (air contamination) even 

if Kbase<1.  

We have calculated values of K for a typical indoor environment as a function of 

the ozone emission rate and clean air delivery rate from the air purifier (γF). Table 2 lists 

the calculation parameters. The outside ozone, PM, and unsaturated VOC concentrations 

are 30 ppb, 10 µg/m3, and 0 µg/m3, respectively , characteristic of reasonably clean air. 

The whole air exchange rate λ=0.5 hr-1 comes from an analysis of multiple residences 

[163, 164]. The value kdO3=2.8 hr-1 is adopted for a typical surface removal rate constant 

for ozone [59, 136]. The corresponding rate constant for particles is kdPM=0.2 hr-1, a value 

suitable for a sparsely furnished room [163, 165]. It is known that particle deposition 

rates depend on particle size [161, 165] but this dependence is not explicitly considered 

in this model to in order to keep it simple. All penetration efficiencies are set to κ=1 

(setting them to smaller values would only make the predicted K higher).  

The VOC emission rate is assumed to be EVOC =5 mg/hr (this corresponds to the 

evaporation of 0.5 g of a cleaning solution containing 1% limonene in one hour). This 

value is comparable to the combined emission rate of aerosol-forming terpenes in 

realistic indoor environments [57, 160]. The rate constant for the reaction between VOC 

and ozone correspond to that for limonene [104]. The aerosol mass yield is difficult to 

estimate as it depends in a complicated way on the preexisting PM concentration, 

concentrations of reactants, and many other factors. This model assumes that χ=1, but we 

also show results for an order of magnitude reduction in the yield. Surface deposition of 

VOC is neglected. The ozone emission rate is varied over the range expected for a typical 

ionization air purifier, 0-10 mg/hr [49].  
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Figure 6.1 shows the calculated K=1 curves for several different scenarios. 

Everything above the K=1 curves corresponds to K<1 (air purification) and everything 

below the curves corresponds to K>1 (air contamination). In addition to the base 

conditions listed in Table 2, Figure 1 also presents calculations for [O3]out, [PM]out, or air 

exchange rate, λ, scaled by one order of magnitude. Although it is not directly obvious 

from equation (11), an increase in [PM]out by a certain factor is exactly equivalent to a 

decrease in the VOC emission rate, EVOC, or to a decrease in the aerosol mass yield, χ, by 

the same factor. For example, the bottom curve in panel (b) is equivalent to the base 

conditions with χ changed to 0.1, a more realistic SOA yield for low concentrations of 

reactants [166].  

Ozone-free air purifiers fall on the vertical axes (EO3 = 0) in Figure 1. They are 

always characterized by K≤1 as predicted by equation (12). Pure ozone-generators fall on 

the horizontal axes (γF = 0), and always have K≥1. The ionization air purifiers that both 

remove particles and emit ozone represent the most interesting case. For example, the 

IAP used here (γF = 20(1) m3 hr-1 and EO3 = 2.2(2) mg hr-1) falls slightly below the K=1 

curve for the base-case scenario. With the predicted value of K=1.12, this device would 

not act as a purifier under the base conditions listed in Table 2. Decreasing the outside 

concentrations of PM or ozone, decreasing the air exchange rate, or increasing the indoor 

VOC emission rate would make the situation even worse.  

 

 

 



 98 

6.4.2. Indoor SOA nucleation events 

 Aerosol particle generation was tested for both IAP and OG in a 27.1 m3 office room. 

Figure 2 shows a sample data run. Operation of OG normally increased the ozone steady-

state concentration by some 250 ppb above the 5 ppb background. Operation of IAP 

increased it by about 5-15 ppb above the background, in rough proportion to its ozone 

emission rate [49]. The triangles in Figure 2 indicate the time when a certain amount (5-

60 mg) of limonene vapor was injected into the room.  

Continuous operation of IAP in the absence of limonene resulted in a slight (< 

20%) reduction in the average particle concentration. For the 27.1 m3 room volume, the 

expected particle removal rate constant by IAP is kap = 0.76 hr-1. The measured air 

exchange rate for this room is λ ∼ 5 hr-1. Neglecting the particle wall deposition, equation 

(12) predicts 10-15 % reduction in the particle count, in agreement with our observations. 

As expected, operation of OG had no detectable effect on the particle concentration.  

Injections of limonene into the room during operation of either OG (injections 1-4 

in Figure 6.2) or IAP (injections 5-6) reproducibly increased the particle number 

concentration by 1-2 orders of magnitude. On the contrary, injections of limonene 

without operating air purifiers (e.g., injection 7 in Figure 2) produced little change in the 

particle concentration; a small increase was observed only in 10-15% of such injections. 

Very infrequently, a spontaneous increase in the particle number concentration would 

occur (Figure 6.2). These spontaneous bursts were of an external origin, and penetrated 

into the room through the HVAC system. 

The limonene injection rate (3 mg min-1) was higher than one could expect for a 

typical indoor source. However, the injection lasted only a short time, and the total mass 
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of injected limonene was comparable to what one could get from a room cleaning using a 

limonene-containing cleaning solution [159].  

Steady-state ozone concentration decreased at most 10-20% for a short period of 

time following the injection. (The spikes in [O3] in Figure 6.2 are artifacts resulting from 

the contribution of particles to the overall UV-absorption sensed by the ozone monitor.) 

This small effect on the ozone concentration is due to the relatively small rate of reaction 

(3). Indeed, an instantaneous 10 mg limonene injection into the 27.1 m3 room volume 

would correspond to the initial concentration of 1.6×1012 molecules /cm-3. Even at this 

high concentration, the VOC+O3 reaction’s contribution to the ozone removal rate is only 

1.2 hr-1. The air exchange rate, λ ≈ 5 hr-1, and ozone deposition rate, kdO3 = 2.8 hr-1 [59, 

136] are considerably higher. The effect of VOC on the ozone concentration is expected 

to be even smaller if VOC are emitted over an extended period of time. The same 

arguments were used to justify neglecting the kr[VOC] term in equation (4) in the steady-

state model described above.  

Figure 6.2(c) shows the total particle mass concentration computed from the 

particle size distribution assuming spherical particles with a density of 1 g/cm3. While 

limonene injections 1-4 occurring at [O3]ss = 250 ppb produce clear peaks in the total 

particle mass concentration, injections 5-6 occurring at 10-15 ppb ozone increase the 

number but not the total mass of the particles. This is a clear indication that the limonene 

oxidation products not only condense onto pre-existing particles but also nucleate 

homogeneously. A similar conclusion was reached in a chamber study of ozone reacting 

with selected household products [160]. The resulting new particles are in the ultrafine 

size domain (≈ 0.1 µm), and therefore do not significantly contribute to the total mass.  
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Figure 6.3 shows a filled contour plot of two particle bursts corresponding to 

injections 1 and 2 in Figure 2. In the first case, corresponding to the addition of 15 mg 

limonene over 5 min, the particle size distribution peaks below 0.1 µm. In the second 

case, corresponding to the addition of 30 mg limonene over 10 min, the resulting particle 

size distribution is bimodal, reflecting complicated particle nucleation and growth 

dynamics. The structure of these particle bursts bears a resemblance to the particle 

nucleation events frequently observed outdoors [167-169]. The main difference is that the 

size distribution evolves considerably faster under the present conditions of large 

concentrations of reactants and fast air exchange rates. 

Figure 6.4 displays the time evolution in the particle size distribution resulting 

from an addition of 15 mg limonene in 5 minutes into the room with IAP turned on. Each 

size distribution took 6 minutes to acquire, with SMPS scanning in the direction of 

increasing particle diameter. New particles appear immediately after the limonene 

addition. They grow from their initial diameter of 0.02-0.03 µm to about 0.08-0.1 µm 

before being driven out of the room by the HVAC air flow.  

 

6.4.3. Model evaluation 

  The observed particle bursts were fitted to the kinetic model described above in 

one of the following ways. The first approach was a numeric solution of equations (4-6) 

using a stiff differential equation solver. The injection of limonene was treated as a 3 mg 

min-1 limonene source turned on for a certain period of time. The second approach was an 

analytical solution of equations (4-6), under the simplifying assumptions of an 

instantaneous jump in VOC concentration by the amount of [VOC]added (i.e., the amount 
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that is added over the entire injection period), and a constant ozone concentration in the 

room. Once again, the second assumption means that [O3]ss is not strongly affected by the 

presence of limonene. The resulting solutions are: 

                           [VOC]( ) [VOC] [VOC] VOCk tON
ss addedt e−= +                           (13) 

                 ( )3[VOC] [O ][PM]( ) [PM] VOC PM

ON
k t k tON r added ss

ss
PM VOC

kt e e
k k

χ − −= + −
−

        (14) 

kVOC and kPM are the effective rate constants for the removal of VOC and PM, 

respectively, 

                            3[O ]ON
VOC dVOC r ssk k kλ= + +                                              (15) 

                            PM dPM apk k kλ= + +                                                        (16) 

The initial steady-state concentrations are calculated from equations (7-10). 

Figure 6.5 shows the results of the simulations. The experimental data points represent 

the total mass concentration of particles following an injection of 15 mg limonene over 5 

minutes into the room with an operating IAP. Because the particles are small, the total 

mass is calculated only for particles below 0.12 µm in diameter under the usual 

assumptions of particles’ sphericity and unit density. The simulation parameters (Table 

6.2) are explicitly measured, estimated, or taken from the literature. For example, the 

outdoor particle concentration, [PM0.12]out = 0.55 µg m-3, is chosen to match the 

background particle mass concentration for particles with Dp < 0.12 µm for that particular 

measurement. The only adjustable parameter in the fit is the mass yield of aerosol 

particles, χ. 

Figure 6.5 shows that both exact and approximate simulations provide a 

satisfactory fit to the data. The fitted mass yield of aerosol particles is χ=0.13 for this 
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particular measurement. The fitted yield becomes higher for elevated [O3]ss and/or larger 

amounts of injected limonene. This explains why the particle bursts resulting from 

injections 1-4 in Figure 6.2 are stronger than the ones from injections 5-6. These results 

are in qualitative agreement with published chamber studies of SOA yields, which find 

that the yields increase with the concentration of both VOC and O3 [147, 166, 170, 171].  

 

6.5. Discussion 

Concerns about ozone-emitting air purifiers have been and continue to be raised 

by scientists and government officials [47, 49, 50, 59, 118]. Thus, in a recent report to the 

California Legislature, the California Air Resources Board officially recommended that 

the public avoid using these devices indoors [48]. This important report reviewed both 

direct and indirect health effects of the artificially elevated indoor ozone concentrations. 

This paper evaluates a simple kinetic model that can be used to quantify the 

indirect effect of ozone-VOC chemistry on the level of indoor PM. This model includes 

only three chemical species but it grasps all the key elements of the ozone-VOC 

chemistry. It should be directly applicable under conditions when the reactive VOC 

emissions are dominated by one molecule or by several molecules with comparable 

reactivities towards ozone. In more complicated VOC emission scenarios, the model can 

be expanded to include multiple SOA-forming reactions between ozone and VOC. 

The most striking prediction of the model is the small magnitude of the air 

purifier’s ozone emission rate needed to significantly increase the PM level in the air 

under realistic indoor conditions. Indeed, under the base conditions listed in Table 2, an 

air purifier with EO3/γF ratio exceeding ∼ 0.1 mg m-3 (i.e., 0.1 mg of ozone emitted into 
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every cubic meter of air processed by the air purifier) may increase the respirable PM 

mass concentration instead of reducing it as advertised by the manufacturer. It is also of 

concern that this condition is actually fulfilled by IAP used in this work: an appliance that 

had a broad commercial availability as recently as 2005. Reduction of the ozone emission 

rate (ideally to zero level) and increasing the air flow through the air purifier are the most 

important factors for achieving the maximum possible reduction in the indoor PM level. 

Operation of ozone-emitting air purifiers in indoor environments with elevated 

concentrations of unsaturated VOC should be avoided. 
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Table 6.1. Parameters of commercial IAP (ionization air purifier) and OG (ozone 
generator) used in the tests. Measurements of ozone emission rates and particle 
removal rates are described in the supplementary information section. 
 IAP OG 

Purchase date 2004 2004 

Model SI637 Crystal Air Pro 420 

O3 emission rate (mg/hr) (±2σ) 2.2±0.2 108±14 

Clean air delivery rate, γF (m3 hr-1) 20±1 0 
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Table 6.2. Kinetic model parameters. The third column lists the base parameters 
used for steady-state calculation of the air purifier efficiency, K, from equation (11). 
The forth column lists parameters used in the simulation of particle bursts observed 
in the office room with operating IAP. [PM]out refers to the [PMall sizes] and [PM0.12] 
in columns 3 and 4, respectively. 
Parameter Definition Base values for 

calculation of K 
Values for simulation of 
particle bursts 

V Room volume 50 m3 27.1 m3 (measured) 

[O3]out Outside ozone 30 ppb 5 ppb (measured) 

[PM]out Outside PM 10 µg m-3 0.55 µg m-3 ([PM0.12]) 

[VOC]out Outside VOC 0.0 µg m-3 0.0 µg m-3 (assumed) 

λ Air exchange rate 0.5 hr-1 5.0 hr-1 (measured) 

kdO3 Ozone surface deposition 2.8 hr-1 1.0 hr-1 (estimated) 

kdPM PM surface deposition 0.2 hr-1 0.2 hr-1 (assumed) 

kdVOC VOC surface deposition 0.0 hr-1 0.0 hr-1 (assumed) 

kr VOC+O3 rate constant 2.0×10-16 cm3 s-1 2.0×10-16 cm3 s-1 

χ Aerosol mass yield 1.0 0.13 (fitted) 

κX All penetration 
efficiencies 

1.0 1.0 (assumed) 

EVOC VOC indoor emission rate 5 mg hr-1 5 min pulse @ 3 mg hr-1 

EO3 Ozone indoor emission 
rate 

Variable 0-10 mg hr-1 2.2 mg hr-1 (SI637) 

γF Clean air delivery rate Variable 0-100 m3 hr-1 20 m3 hr-1 (SI637) 



 106 

  

 

                               

Figure 6.1 Conditions resulting in an exact cancellation of particle generation 
and removal by ozone-emitting air purifiers. Solid lines are K=1 curves for the 
base conditions listed in Table 2. Areas above and below the K=1 curves 
correspond to air purification (K<1) and contamination (K>1), respectively. 
Panels (a), (b), and (c) display K=1 curves for tenfold deviations from the base 
conditions in [O3]out, [PM]out, and λ, respectively. An increase in [PM]out is 
exactly equivalent to a decrease in EVOC or χ by the same factor. Panel (a) 
includes the parameters of the IAP used in this work. 
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 Figure 6.2 Sample measurements of ozone (a) and particle (b) concentrations in 
a ventilated office. Two plateaus in [O3] correspond to the OG and IAP 
operation. Spikes in [O3] are experimental artifacts (see text). Panels (b) and (c) 
display the total number and mass concentrations of particles in the 0.01-0.9 µm 
size range. Triangles represent injections of limonene in the room at a rate of 3 
mg min-1; injections 1-7 lasted 5, 10, 15, 20, 5, 15, 15 min, respectively. 
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Figurer 6.3: Contour plot of particle bursts caused by addition of limonene to 
the office room with an operating OG (injections 1-2 in Figure 2). The color 
contours correspond to the particle size distribution, , in units of dN/dlogD cm-3, 
logarithmically distributed. 
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Figure 6.4 Particle size distributions observed after adding limonene to the office 
room with an operating IAP. Each distribution takes 6 minutes to acquire; 
limonene is injected in the middle of the “0 min” scan. The distributions are 
offset for clarity. The vertical scales on all plots are identical; the tick labels are 
shown for the “-6 min” plot only.  
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Figure 6.5: Simulations of a representative particle burst event resulting from an 
addition of 15 mg limonene (for 5 min at t =0) to the office room with operating 
IAP. Dots: experimental total particle mass concentration for particles with 
diameters below 0.12 µm (PM0.12). Solid line: approximate analytical solution 
calculated from equation (14). Dashed line: exact numeric simulation of 
equations (4-6). 
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