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ABSTRACT 

 

Phthalates Particle–Gas Partitioning of Inorganic Particles: Effect of Ventilation, Particle 

Size and Phthalates Adsorption Competition 

Azad Bahrami. Ph.D. 

Concordia University, 2025 

 

Semi-volatile organic compounds (SVOCs) are widely used in building materials, personal 

consumer products, and furnishings. These compounds can have an interaction with ubiquitous 

particulate matters (PM) by particle-gas partitioning processes. This plays a critical role in human 

inhalation exposure; however, the influence of key indoor parameters such as ventilation rate 

(residence time), particle size, and competitive adsorption has been poorly documented. 

The objective of this research is to systematically quantify the particle–gas partitioning of 

phthalates under controlled indoor conditions. Specifically, this study (i) evaluates the influence 

of ventilation rate (residence time), (ii) determines size-resolved partitioning behavior using 

monodisperse NaCl particles, and (iii) examines competitive adsorption between co-existing 

phthalates. Sodium chloride (NaCl) as a model inorganic particle and four phthalates covering a 

wide range of vapor pressure were selected. A mixing chamber was used to combine particles and 

phthalates under isolated conditions. Moreover, the performance of the existing particle-gas 

partitioning model (adsorption) was evaluated, highlighting its limitations when applied to indoor 

environments. The results showed that residence time (ventilation rate) can alter particle-gas 

partitioning (even for adsorption process), which was suggested to occur for only absorption 
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process (organic particles- or coated-particle). This can stem from higher interaction time between 

these two pollutants and might come from multilayer adsorption for longer interactions. For 

particles having size of 337 nm, 650 nm, and 1007 nm, results indicated that smaller particles tend 

to adsorb more SVOCs (in this case phthalates) on their surfaces. Furthermore, results showed that 

competitive adsorption in mixtures reduces individual compound uptake. 

Not only do findings enhance the scientific understanding of SVOC partitioning behavior in indoor 

air, but also it offers new empirical insights that can refine predictive adsorption models.  Besides, 

this study provides new methodological approaches for generating gaseous phthalates (including 

heavier species) which can be used for future works. Results have direct implication in exposure 

assessment, indoor air quality management, and the design of air remediation strategies.  Lastly, 

this work supports the development of healthier indoor environments by providing data and 

modeling approaches better suited to real-world conditions. 
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1 Introduction 

1.1 Background 

In modern life, humans spend most of their time (almost 90 %) in enclosed indoor environments 

such as residences, offices and schools (1). Poor indoor air quality can exert a significant influence 

on the occupants’ health. Indoor air pollutants can significantly affect the quality of indoor air; 

they present in  different phases: gases, vapors, and particulate matter (PM), of which the latter is 

suspended in a gaseous medium (2). These pollutants are generated either naturally (e.g., sea spray, 

mineral dust, smoke from wildfires) or anthropogenically (e.g. emission from building materials). 

Semi-volatile organic compounds (SVOCs) are among the most common indoor pollutants, owing 

to their widespread use as plasticizers, flame retardants, adhesives, and in many other applications 

in modern life (3). Many SVOCs can gradually be emitted from their primary sources as they are 

not chemically bound (4); moreover, they can infiltrate into buildings through ventilation and can 

distribute in the gas phase (see Figure 1.1). These compounds typically have higher molecular 

Figure 1.1. Schematic illustration of SVOC interaction with indoor compartments. The figure also 

depicts the SVOC exchanges with outdoor air through ventilation (5). 
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weights and higher boiling points than the volatile organic compounds (VOCs) (5). Unlike VOCs, 

SVOCs have lower vapor pressure, which increase their tendency to sorb onto (stick to) many 

indoor surfaces (e.g., airborne particles, settled dust, fixed surfaces, and human surfaces). This 

sorption makes them predominant indoor compounds for long periods even after removing their 

emission sources (6).  

Among indoor surfaces, suspended particulate matter (PM) serves as a key solid phase for the 

sorption of SVOCs (7). As a result of interaction between particles and gaseous SVOCs (particle-

gas partitioning), PM becomes another source of SVOC exposure by means of inhalation (8). 

Small particles such as PM2.5 can deeply penetrate into the respiratory system and in some cases 

to cardiovascular system causing pernicious impact on occupants’ health (e.g., asthma, 

reproductive disorders, cancers, etc.) (9). Partitioned SVOCs on these particles can elevate such 

effects (10). A fraction of inhaled particle-associated SVOCs which reach the alveolar region can 

have the potential to enter the bloodstream and may reach key receptor sites. The particle size is a 

vital key to know where SVOCs can contact tissue in the respiratory system and to what extent 

they can affect metabolism (e.g. enzymatically promoted hydrolysis of phthalates). Therefore, 

improving our knowledge on this interaction is critical to better understanding SVOCs’ behaviour 

in the indoor environment and to develop appropriate remediation strategies to reduce exposure to 

indoor SVOCs.  

The interaction between SVOCs and particles is characterized by particle-gas partitioning 

coefficient (Kp), which describes how SVOCs distribute between the gas phase and particulate 

phases (11). This critical parameter  can help us to assess indoor SVOCs behavior (their fate and 

transport), and human exposure risk, and it can help to improve indoor air quality modeling (12). 

In fact, applying measured Kp into mass balance models (following equations) can give 
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quantitative predictions that in which phase the SVOC will be (gas, particles, surfaces, dust), how 

long it suspends, and at what extent occupants will be exposed by inhalation, skin adsorption, or 

ingestion. Inside a well-mixed room with volume of V (m3), the mass balance for total SVOC and 

particle-phase SVOC can be described as (13): 

𝑉
𝑑𝐶𝑔

𝑑𝑡
+ 𝑉

𝑑𝐶𝑝

𝑑𝑡
= 𝑄. (𝑦𝑖𝑛 + 𝐹𝑖𝑛) − 𝑄. (𝐶𝑔 + 𝐶𝑝) + ℎ𝑚,𝑠. 𝐴𝑠. (𝑦0 − 𝐶𝑔) 

                              −ℎ𝑚,𝑛𝑠. 𝐴𝑛𝑠. (𝐶𝑔 − 𝑦𝑛𝑠) − 𝑣𝑑 . 𝐶𝑝. (𝐴𝑠 + 𝐴𝑛𝑠) + 𝑅𝑀𝑠. 𝑃𝑑𝑢𝑠𝑡,𝑠. 𝐴𝑠 

                              + 𝑅𝑀𝑛𝑠. 𝑃𝑑𝑢𝑠𝑡,𝑛𝑠. 𝐴𝑛𝑠 

(1.1) 

where t (h) is time, Cg (μg/m3) and Cp (μg/m3) are the gas-phase and particle-phase concentration 

of SVOC in room, respectively, and Q (m3/h) is the ventilation rate. yin (μg/m3), Fin (μg/m3) 

represent the gas-phase and particle-phase SVOC outdoor, respectively. hm,s (m/h) and hm,ns (m/h) 

are the mass transfer coefficients for source and non-source surfaces. y0 (μg/m3) is the gas 

concentration of SVOC adjacent to its source. As (m
2) and Ans (m

2) are the source surface areas 

and non-source surfaces, respectively. yns (μg/m3) is the gas-phase concentration adjacent to non-

source surfaces, vd (m/h) is the particle deposition velocity, R (1/h) is the particle resuspension 

rate, Ms (μg/m2) and Mns (μg/m2) are the mass loading of settled dust on source and non-source 

surfaces, respectively. Pdust,s (μg/g) and Pdust,ns (μg/g) correspond to the concentrations of SVOC in 

the settled dust on source and non-source surfaces, respectively. By ignoring the diffusion of 

SVOC inside particles, the mass balance of particle-phase SVOC can be described as: 

𝑉
𝑑𝐶𝑝

𝑑𝑡
= 𝑄. (𝐹𝑖𝑛 − 𝐹) + ℎ𝑚,𝑝. 𝐴𝑝. 𝑁 (𝑦 −

𝐹

𝐾𝑝. 𝑇𝑆𝑃
) − 𝑣𝑑 . 𝐹. (𝐴𝑠 + 𝐴𝑛𝑠) 

               +𝑅𝑀𝑠. 𝑃𝑑𝑢𝑠𝑡,𝑠. 𝐴𝑠+ 𝑅𝑀𝑛𝑠 . 𝑃𝑑𝑢𝑠𝑡,𝑛𝑠. 𝐴𝑛𝑠                               

(1.2) 
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where Hm,p (m/h) corresponds to the mass transfer coefficient of SVOC at particle surfaces. Ap 

(m2), Np, and TSP (μg/m3) represent the surface area of a single particle, the total number of 

suspended particles in the room, and the mass concentration of total suspended particles.  

The particle-gas partitioning is a complex process governed by various factors including particle 

properties (particle size and particle composition) (14), SVOCs physiochemical properties 

(molecular weight, vapour pressure, polarity, and its compound group class) (15), and indoor 

environment conditions (air change rate, temperature, and humidity) (16). For example, particle 

composition has a direct effect on the partitioning process. SVOCs tend to partition to inorganic 

particles by adsorption, albeit into organic particles by absorption (17).  

Particle-gas partitioning of SVOCs in atmospheric environment has been extensively studies, both 

experimentally (18,19) and through modelling work (20,21). Attempts have been made to correlate 

Kp with various parameters (depending on sorption mechanisms) such as vapour pressure of the 

compound (22) or octanol-air partitioning coefficient (a ratio that describes how a chemical 

distributes itself between octanol and air) of the compound (23) while some tried to describe the 

partitioning based on intermolecular interaction between gas and particles (e.g. van der Waals) 

(24). However, fewer studies have been conducted in indoor environment where its conditions is 

quite varied with outdoor settings (e.g. particle characteristics, ventilation patterns, and SVOCs 

sources).  

For instance, limited research has pointed out how particle size, ventilation patterns, and multi-

SVOCs competition for sorption can affect the partitioning coefficient. Furthermore, most models 

have developed based on assumptions on outdoor particles and condition (e.g. the sorption was 

described for both wet and dry conditions), which might not be applicable for indoor contexts. 

Therefore, more experimental data mimicking the real indoor environment is needed to evaluate 
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the dynamics of indoor particle-gas interactions accurately. This knowledge is vitally important in 

developing indoor air quality interventions and refining human exposure risk assessments, 

particularly in places where vulnerable groups such as children spend more time with direct contact 

with sources (kindergarten) or individual with pre-existing health conditions (hospital). 

1.2 Problem statement 

Indoor particle-gas partitioning can be affected by several factors. Ventilation rate, which can 

influence the interaction time between gaseous SVOCs and particles, has not been investigated. 

This impact is an important criterion to understand the behaviour of SVOCs in indoor air and have 

direct implications for air purification strategies. Another influential factor which has not been 

studied properly is particle size. Depending on particle sources, the mean particle size distribution 

will change. For example, cooking can produce both ultrafine (particles with a diameter smaller 

than 0.1 μm) and fine particles (with a diameter smaller than 2.5 μm) while candle burning is rich 

in ultrafine particles. By shifting from microscale to nanoscale, several key differences arise 

because of changes in physical and chemical properties such as surface area to volume, surface 

energy, and diffusivity etc. These changes can alter the affinity of particle to adsorb more SVOCs 

on its surface. However, except for very few field studies this parameter has not been considered. 

For example, the partitioning coefficient has been measured in a size-resolved study and showed 

that Kp values changed with particle size. However, such effect cannot be distinguished from other 

parameters like particle composition. This might be source of introducing potential bias into 

models using collected data from different locations where sources of particle might differ. 

Another issue in model is that the partitioning of particles and SVOCs have been described as a 

single-compound interaction. Nevertheless, in real indoor (or outdoor) environments, a complex 
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mixture of SVOCs is present and each compound depending on their affinity compete to settle on 

adsorption sites.  

Despite development in both experimental and modeling studies, it is of the utmost importance to 

isolate parameters in experimental measurements to investigate effect of abovementioned 

parameters. In fact, no laboratory studies have been conducted to investigate the effect of particle 

size ranges, and ventilation scenarios on particle-gas partitioning process. Measuring Kp values in 

such conditions is crucial due to their direct use into indoor air quality and exposure models. 

1.3 Research objectives 

Based on abovementioned facts, the main objective of this work is to experimentally investigate 

the particle-gas partition behaviour of SVOCs on suspended inorganic particles under mimicked 

indoor conditions. Sodium chloride (NaCl) was selected as a model inorganic particle for its 

relatively easy to generate in different size ranges, its well-known density, which allows better 

control of particles’ surface area at constant mass concentrations. To achieve this goal, the 

following research objectives were formulated: 

1) Determine the influence of air change rate (residence time) on the indoor particle-gas 

partitioning behavior of SVOCs. 

2) Determine the surface-area-related mechanisms using size-resolved inorganic NaCl particles.  

3) Evaluate competitive adsorption effects among co-existing SVOCs on airborne particles. 

1.4 Application 

The proposed research will fill a critical knowledge gap by experimentally measuring the particle–

gas partitioning coefficient of phthalates (a subgroup of SVOCs) across simulated indoor 



7 

 

conditions. The results will have wide practical impact on public health studies and indoor air 

quality management. Improving exposure assessment of indoor SVOCs leads to well-planned 

strategies to protect building occupants from hazardous indoor pollutants. Knowing the indoor 

behavior of SVOCs will help us to design and optimize the building ventilation and air cleaning 

systems to reduce the indoor SVOC concentrations.  

1.5 Thesis outline  

Chapter 1 (Introduction): This chapter presents an overview of the background of current 

research progress on particle-gas partition of SVOCs, existing problems that need to be studied, 

main objectives of the thesis research, and its application. 

Chapter 2 (Literature review): This review provides a comprehensive review of SVOCs 

interaction with particulate matter in indoor environments. Its main focuses are on the particle-gas 

partitioning process, and how particle properties (e.g. particle size, composition and morphology) 

can regulate this interaction. Moreover, it summarizes both experimental and modeling studies 

(e.g. adsorption, absorption models and combination of both, equilibrium, and steady state 

models), which were used for describing the process in the state-of-the-art. The review also 

highlights the shortcomings of past studies, specifically the limitations of reporting particle 

physiochemical properties and sampling artifacts over the course of sampling, and it introduces 

the need for enhancing models and designing appropriate experiments in controlled conditions.  

Chapter 3 (Methodology): Not only does this chapter describe detailed explanations of the 

experimental procedures and utilized setups illustrations, but also it presents a comprehensive 

explanation of the instrumentation calibration and analysis.  
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Chapter 4 (Influence of Air Exchange Rate on the Particle-Gas Partitioning of Phthalates 

onto Airborne Inorganic Particle): The focus of this chapter is on experimental investigation of 

how air exchange rate (AER)- a pivotal factor in ventilation- influences the particle-gas 

partitioning behavior of two phthalates onto inorganic NaCl particles. By fixing particle size and 

using a controlled mixing chamber, generated gaseous phthalates (introduced by single compound) 

are subjected to mix with generated particle at different residence time. This is followed by 

adsorption model validation for both compounds. In addition, an empirical model is developed to 

incorporate AER as factor in predicting Kp values, which provides better alignment with 

experimental data in comparison with traditional adsorption models where the effect of AER has 

been neglected.  

Chapter 5 (Phthalates particle-gas partitioning of inorganic particles: Effect of particle size 

and phthalates adsorption competition): In this chapter, four phthalates are selected- covering 

a wide range of vapor pressure of the group to investigate the impact of particle size on the particle-

gas partitioning. A novel approach is used to generate gaseous phthalates over the course of 

experiments- even for heavier compounds. Airborne particles are generated at different sizes while 

other parameters are isolated. The airflow is fixed for all compounds and configurations. Kp values 

are calculated by measuring particle concentration and both gas-phase and particle-phase 

phthalates and are compared with predicted values from traditional adsorption models. This study, 

furthermore, tries to improve models by calculating a constant introduced in model, which is a 

function of particle surface area concentration, over different particle sizes for four phthalates 

separately. This constant was used in previous atmospheric studies based on outdoor-based 

assumptions of particle surface area. Besides calculating Kp values for single-compound condition, 



9 

 

a binary mixture of two selected phthalates is introduced into the mixing chamber to examine the 

potential competition effects during adsorption process.  

Chapter 6 (Conclusions and recommendations): This chapter offers a structured summary of 

the thesis findings, along with recommendations for future works. 

1.6 Current thesis type 

The current dissertation is a manuscript-based thesis in which chapters 2 to 5 are parts of the 

submitted or accepted journal papers in environmental engineering: 

Chapter 2: 

Azad Bahrami, Fariborz Haghighat, Jiping Zhu, “Indoor environment gas-particle partitioning 

models of SVOCs and impact of particle properties on the partitioning: A review.” Building and 

Environment (2024): 111791 

Chapters 3 & 4: 

Azad Bahrami, Fariborz Haghighat, Jiping Zhu, Jianjun Niu, “Influence of Residence Time on the 

Particle-Gas Partitioning of Phthalates onto Airborne Inorganic Particle.” Atmospheric 

Environment (2025): 121651 

Chapters 3 & 5: 

Azad Bahrami, Fariborz Haghighat, Jiping Zhu, Jianjun Niu, “Phthalates particle-gas partitioning 

of inorganic particles: Effect of particle size and phthalates adsorption competition.” Building and 

Environment (2025): 113619 
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2 Literature Review 

2.1 Gas-particle partition models 

Gas-particle partitioning (GPP) of SVOCs has been mostly expressed in equilibrium state, 

meaning that the exchange process of SVOCs molecules from sources with the sorption sink 

(particulate matter or dust in this case) are balanced. In indoor spaces where mass and energy are 

perpetually exchanging, equilibrium partitioning may not be expected to achieve, particularly for 

compounds with higher octanol-air partition coefficient (KOA) values; in fact, for these compounds 

slow sorption may take place where the sorption subjected to take more than 10 hours, whereas 

the time scale of air-exchange is less than few hours (25). Another approach to model the 

partitioning is through expressing the exchange process as a steady state (26), where sum of all 

source terms balances the sum of all sink terms. Besides, empirical models have been developed 

to explain the gas-particle interaction through a molecular mechanism based on the neutral 

electronic ground state (27). In this article, we selected 12 compounds from 3 SVOCs groups, 

including phthalic acid esters (PAEs), polybrominated diphenyl ethers (PBDEs), and polycyclic 

aromatic hydrocarbons (PAHs). Their relevant physicochemical properties are presented in Table 

2.1. 

Table 2.1. Physiochemical properties of selected compounds (25) 

Chemical  CAS NO. Molecular weight (g/mol) Vapor pressure (Pa) Log KOA 

DnBP 84−74−2 278.4 4.73 × 10−3 8.54 

DiBP 84−69−5 278.4 4.73 × 10−3 8.54 

BBzP 85−68−7 312.4 2.49 × 10−3 8.78 

DEHP 117−81−7 390.6 2.52 × 10−5 10.53 

BDE-47 5436-43-1 485.79 3.09 × 10−4 10.53 

BDE-99 60348-60-9 564.68 3.98 × 10−5 11.31 
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BDE-183 207122-16-5 722.48 8.12 × 10−7 12.78 

BDE-209 163-19-5 959.16 3.98 × 10−10 15.09 

Phe 85-01-8 178.23 8.74 × 10−2 7.22 

FLT 206-44-0 202.26 8.10 × 10−3 8.60 

PYR 129-00-0 202.26 1.06 × 10−2 8.19 

BaP 50-32-8 252.32 2.30 × 10−5 10.5 

2.1.1 Gas/Particle partition coefficient 

There are two ways to describe the partition coefficient. The first way is to use gas-particle 

partitioning coefficient (Kp) as following:  (28,29) 

𝐾𝑝 =
𝐶𝑝 𝑇𝑆𝑃⁄

𝐶𝑔
 (2.1) 

where Cp is the particle-phase concentration of the SVOC TSP is the total suspended particles 

(mass/volume-µg/m3), and Cg is the gas-phase concentration of the target SVOC (mass/volume-

µg/m3). 

The second way is to use particulate-phase ratio, φ, which can be experimentally derived from the 

following equation: 

𝜑 =
𝐶𝑝

𝐶𝑝 + 𝐶𝑔
 (2.2) 

2.1.2 Experimental approaches to measure partition coefficient 

Many studies have calculated Kp values using measurement data. A summary of earlier 

experimental work is presented in Table 2.2.  These studies attempted to measure the gas- and 

particle-phase concentration of SVOCs and provided general information on  Kp values  For 

example, He et al. mentioned that the seasonality of Kp for specific compounds exhibits varying 

values (30). Wang et al. using a nano Micro-Orifice Uniform Deposit Impactor (nano-MOUDI), 
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revealed size distributions of PAHs and PAEs, and varied Kp suggesting different mechanisms 

influencing the partitioning of SVOCs in different particle size modes (14). The variation in 

reported Kp values for a specific compound in the table is attributed to differences in sampling 

conditions and variations in particle properties during the sampling process. 

Moreover, factors like artifacts and breakthrough of gas or particles can overestimate or 

underestimate the exact value of Kp (31). In fact, sampling errors from the interaction of SVOCs 

and sorbent stem from two mechanisms: 1) The process of particulate-phase SVOCs becoming 

volatile, undergoing a shift into the gas phase from the sample (negative artifact leading to 

underestimate the particle-phase concentration and overestimation of gas-phase), and 2) 

Adsorption of gas-phase SVOCs on the filter (positive artifact resulting in underestimation of gas-

phase concentration) (32,33). Besides, most of these works measured only concentrations and they 

did not characterize the factors that may influence the GPP process, such as particle size, particle 

composition, particle morphology etc.  Therefore, when it comes to modeling the partitioning and 

predicting the particle-phase concentration, without these characterizations, one cannot compare 

data because they cannot tell which process was dominant (adsorption, absorption, or both). 

Benning et al. for the first time conducted an experimental approach to measure Kp of DEHP 

toward ammonium sulfate (an inorganic particle). Generated particles were introduced to a 

chamber in which a DEHP-containing vinyl flooring were installed. Gaseous and total DEHP were 

measured separately by two Tenax sorbent tubes, one loaded with a polytetrafluoroethylene 

(PTFE) membrane to collect gaseous DEHP only, and another one without the filter to sample the 

total DEHP. They showed that an increase in particle concentration led to an increase in DEHP 

concentration emitted from a vinyl flooring (34). Later, Wu et al. developed a tube chamber with 

almost the same collection method as used by Benning et al. to experimentally study and compare 
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DEHP Kp value of organic and inorganic particles. The authors argued that the partitioning is 

expected to be dominated by adsorption for the inorganic particles and absorption for the organic 

particles (35). The results showed that Kp for organic particles was an order of magnitude higher 

than that for the inorganic particles of ammonium sulfate (Table 2.2).  
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Table 2.2. Summary of experimental works on measuring gas-particle partition coefficient (Kp) of three SVOCs groups: PAEs, PBDEs 

and PAHs.  

Compound 
Particle characteristics 

SVOC analysis 

methods Kp 

(m3/µg) 
Conditions Limitations Ref. 

Source Size 

(µm) 

Collecti

on 

Measure

ment 

P
h

th
a

la
te

s DnBP Residenti

al indoor 

air 

environm

ent   

2.5> PEM 

2.5 

PUF 

GC/MS 1.0 × 10-2 

4.0 × 10-3 

The coefficient 

corresponds to 

summer and winter 

value. Indoor 

temperature during 

summer and winter 

was reported at 28.5 

and 22.7 °C, 

respectively.  

The particle distribution 

size was not involved. 

Particle composition was 

not considered, although it 

was suggested as a reason 

for coefficient difference 

in two seasons. 

(36) 
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-Indoor 

cooking  

-Indoor 

smoking  

-Outdoor 

haze 

>18 

10-18 

5.6-10 

3.2-5.6 

1.8-3.2 

1-1.8 

0.56-1 

0.32-0.56 

0.18-0.32 

0.1-0.18 

0.056-0.1 

MOUD

I 

PUF 

GC/MS 3.3 × 10-4
 – 7.5 × 10-3 

3.0 × 10-4
 – 5.2 × 10-3 

1.9 × 10-4
 – 3.1 × 10-3 

1.6 × 10-4
 – 2.3 × 10-3 

1.8 × 10-4
 – 2.1 × 10-3 

1.1 × 10-4
 – 1.4 × 10-3 

1.0 × 10-4
 – 1.5 × 10-3 

1.8 × 10-4
 – 2.1 × 10-3 

3.8 × 10-4
 – 6.6 × 10-3 

5.3 × 10-4
 – 7.4 × 10-3 

7.5 × 10-4
 – 1.3 × 10-2 

Particle sample 

underwent three 

separate ultrasonic 

extractions, and each 

gaseous sample was 

subjected to Soxhlet 

extraction. 

 

Although three particle 

sources were collected, the 

effect of composition on 

the partitioning was not 

studied. The effect of 

sampling bias was not 

considered. 

(14) 

DiBP Residenti

al indoor 

air 

environm

ent   

2.5> PEM 

2.5 

PUF 

GC/MS 5.3 × 10-2 

1.1 × 10-2 

The coefficient 

corresponds to 

summer and winter 

value. Indoor 

temperature during 

summer and winter 

was reported at 28.5 

and 22.7 °C, 

respectively.  

The particle distribution 

size was not involved. 

Particle composition was 

not considered, although it 

was suggested as a reason 

for coefficient difference 

in two seasons. 

(36) 
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-Indoor 

cooking  

-Indoor 

smoking 

-Outdoor 

haze 

>18 

10-18 

5.6-10 

3.2-5.6 

1.8-3.2 

1-1.8 

0.56-1 

0.32-0.56 

0.18-0.32 

0.1-0.18 

0.056-0.1 

MOUD

I 

PUF 

GC/MS 3.4 × 10-4
 – 7.2 × 10-3 

3.0 × 10-4
 – 5.2 × 10-3 

1.9 × 10-4
 – 3.1 × 10-3 

1.8 × 10-4
 – 2.1 × 10-3 

1.9 × 10-4
 – 1.9 × 10-3 

1.1 × 10-4
 – 1.3 × 10-3 

8.5 × 10-5
 – 1.1 × 10-3 

2.1 × 10-4
 – 1.8 × 10-3 

3.0 × 10-4
 – 5.2 × 10-3 

5.4 × 10-4
 – 7.2 × 10-3 

7.9 × 10-4
 – 1.2 × 10-2 

Particle sample 

underwent three 

separate ultrasonic 

extractions, and each 

gaseous sample was 

subjected to Soxhlet 

extraction. 

 

Although three particle 

sources were collected, the 

effect of composition on 

the partitioning was not 

studied. The effect of 

sampling bias was not 

considered. 

(14) 
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BBzP -Indoor 

cooking  

-Indoor 

smoking  

-Outdoor 

haze 

>18 

10-18 

5.6-10 

3.2-5.6 

1.8-3.2 

1-1.8 

0.56-1 

0.32-0.56 

0.18-0.32 

0.1-0.18 

0.056-0.1 

MOUD

I 

PUF 

GC/MS 3.0 × 10-3
 – 1.3 × 10-1 

4.0 × 10-3
 – 1.5 × 10-1 

1.9 × 10-3
 – 8.3 × 10-2 

2.2 × 10-3
 – 7.0 × 10-2 

2.6 × 10-3
 – 9.5 × 10-2 

1.7 × 10-3
 – 5.7 × 10-2 

1.2 × 10-3
 – 8.1 × 10-2 

1.7 × 10-3
 – 1.4 × 10-1 

5.7 × 10-3
 – 1.7 × 10-1 

7.9 × 10-3
 – 1.9 × 10-1 

1.4 × 10-2
 – 2.6 × 10-1 

Particle sample 

underwent three 

separate ultrasonic 

extractions, and each 

gaseous sample was 

subjected to Soxhlet 

extraction. 

 

Although three particle 

sources were collected, the 

effect of composition on 

the partitioning was not 

studied. The effect of 

sampling bias was not 

considered. 

(14) 

DEHP (NH4)2S

O4 

0.045 PTFE  

Tenax 

tube 

ATD and 

GC-FID 

3.2 × 10-2 Temperature was 22 

°C. Ammonium 

sulfate particles were 

generated by using a 

constant output 

atomizer at 35 psi. A 

vinyl flooring was 

installed in a chamber 

for generating DEHP. 

Limited to only one type 

of particle, one range of 

particle size and one 

surface area of the airborne 

particles. 

(34) 
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Oleic 

acid 

Squalene 

0.04-0.13 

0.11-0.17 

PTFE  

Tenax 

tube 

Particles: 

SMPS 

with 

CPC. 

DEHP: 

ATD, 

and GC-

FID 

1.0 × 10-1
 – 3.6 × 10-1 

1.0 × 10-2
 – 2.1 × 10-1 

Organic particles 

were generated using 

a 

vaporization−condens

ation approach. 

Inorganic particles 

were generated using 

an atomizer.  

A slim layer of pure 

DEHP liquid, acting 

as the emission 

source, was 

meticulously coated 

onto the inner wall of 

a stainless-steel tube. 

Given that achieving 

equilibrium partitioning 

may not be feasible in 

reality, non-equilibrium 

condition studies is 

needed. The particle 

morphology was assumed 

to be spherical and 

monodisperse. The particle 

size range for inorganic 

particle was lower than 

organic ones. A 

comparable range size is 

needed. 

(35) 

Ammoni

um 

sulfate 

0.07-0.08 7.0 × 10-3
 – 1.8 × 10-2 
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Residenti

al indoor 

air 

environm

ent   

2.5> PEM 

2.5 

PUF 

GC/MS 2.1 × 10-2 

 

2.5 × 10-2 

The coefficient 

corresponds to 

summer and winter 

value. Indoor 

temperature during 

summer and winter 

was reported at 28.5 

and 22.7, 

respectively.  

The particle distribution 

size was not involved. 

Particle composition was 

not considered, although it 

was suggested as a reason 

for coefficient difference 

in two seasons. 

(36) 

-Indoor 

cooking  

-Indoor 

smoking  

-Outdoor 

haze 

>18 

10-18 

5.6-10 

3.2-5.6 

1.8-3.2 

1-1.8 

0.56-1 

0.32-0.56 

0.18-0.32 

0.1-0.18 

0.056-0.1 

MOUD

I 

PUF 

GC/MS 3.0 × 10-4
 – 2.0 × 10-2 

3.4 × 10-4
 – 1.8 × 10-2 

2.3 × 10-4
 – 1.0 × 10-2 

2.5 × 10-4
 – 1.0 × 10-2 

3.0 × 10-4
 – 1.3 × 10-2 

2.6 × 10-4
 – 9.3 × 10-3 

2.2 × 10-4
 – 1.0 × 10-2 

3.3 × 10-4
 – 1.2 × 10-2 

2.8 × 10-4
 – 2.1 × 10-2 

4.1 × 10-4
 – 2.3 × 10-2 

3.7 × 10-4
 – 2.6 × 10-2 

Particle sample 

underwent three 

separate ultrasonic 

extractions, and each 

gaseous sample was 

subjected to Soxhlet 

extraction. 

 

Although three particle 

sources were collected, the 

effect of composition on 

the partitioning was not 

studied. Effect of sampling 

bias was not considered. 

(14) 



20 

 

P
o

ly
b

ro
m

in
a

te
d

 D
ip

h
en

y
l 

E
st

h
er

s BDE-47 Rural 

outdoor 

air 

NA GFF 

PUF 

GC/MS 8.9 × 10-4
 – 2.7 × 10-3 GFFs and PUF plugs 

were preprocessed, 

stored, and 

transported under 

specific conditions, 

and samples were 

collected, and 

analyzed for PMs and 

PBDEs, involving 

various extraction and 

purification. 

Particle’s properties were 

not documented. 

Effect of temperature on 

Kp and breakthrough was 

not studied. 

(37) 
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Indoor 

air 

environm

ent 

PM10 

PM1 

GFF 

PUF 

GC/MS 3.5 × 10-2 

1.5 × 10-1 

Gas phase was 

sampled by active and 

passive sampling. 

Particulate phase 

samples were 

collected with the 

active gas phase 

sampling. An 

impactor was used for 

PM10 and PM1 

collection. 

Particle composition was 

not documented, and effect 

of artifact was not 

considered. 

(38) 

Rural 

outdoor 

air 

 

PM10 GFF 

PUF 

GC/MS 1.1 × 10-2
 –3.3 × 10-2 

3.4 × 10-2
 – 6.9 × 10-2 

7.5 × 10-3
 – 4.5 × 10-2 

1.7 × 10-2
 – 6.7 × 10-2 

Calculated based on 

atmospheric 

concentrations. 

Values show the GPP 

for each season, 

respectively. 

Effect of temperature on 

sampling bias was not 

studied. Particle’s 

properties were not 

documented.  

(30) 
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BDE-99 Rural 

outdoor 

air 

NA GFF 

PUF 

GC/MS 3.0 × 10-3
 – 8.9 × 10-3 

 

GFFs and PUF plugs 

were preprocessed, 

stored, and 

transported under 

specific conditions, 

and samples were 

collected, and 

analyzed for PMs and 

PBDEs, involving 

various extraction and 

purification. 

Particle’s properties were 

not documented. 

Effect of temperature on 

Kp and breakthrough was 

not studied. 

(37) 
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Indoor 

air 

environm

ent 

PM10 

PM1 

GFF 

PUF 

GC/MS 3.3 × 10-2 

1.3 × 10-1 

Gas phase was 

sampled by active and 

passive sampling. 

Particulate phase 

samples were 

collected with the 

active gas phase 

sampling. An 

impactor was used for 

PM10 and PM1 

collection. 

Particle composition was 

not documented, and effect 

of artifact was not 

considered. 

(38) 
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BDE-183 Rural 

outdoor 

air 

NA GFF 

PUF 

GC/MS 3.4 × 10-2
 – 1.3 × 10-1 

 

GFFs and PUF plugs 

were preprocessed, 

stored, and 

transported under 

specific conditions, 

and samples were 

collected, and 

analyzed for PMs and 

PBDEs, involving 

various extraction and 

purification. 

Particle’s properties were 

not documented. 

Effect of temperature on 

Kp and breakthrough was 

not studied. 

(37) 
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Indoor 

air 

environm

ent 

PM10 

PM1 

GFF 

PUF 

GC/MS 3.0 × 10-2 

1.9 × 10-1 

Gas phase was 

sampled by active and 

passive sampling. 

Particulate phase 

samples were 

collected with the 

active gas phase 

sampling. An 

impactor was used for 

PM10 and PM1 

collection. 

Particle composition was 

not documented, and effect 

of artifact was not 

considered. 

(38) 
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BDE-209 Rural 

outdoor 

air 

NA GFF 

PUF 

GC/MS 7.1 × 10-2
 – 1.0 × 10-1 GFFs and PUF plugs 

were preprocessed, 

stored, and 

transported under 

specific conditions, 

and samples were 

collected, and 

analyzed for PMs and 

PBDEs, involving 

various extraction and 

purification. 

Particle’s properties were 

not documented. 

Effect of temperature on 

Kp and breakthrough was 

not studied. 

(37) 
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Indoor 

air 

environm

ent 

PM10 

PM1 

GFF 

PUF 

GC/MS 3.8 × 10-2 

1.7 × 10-1 

Gas phase was 

sampled by active and 

passive sampling. 

Particulate phase 

samples were 

collected with the 

active gas phase 

sampling. An 

impactor was used for 

PM10 and PM1 

collection. 

Particle composition was 

not documented, and effect 

of artifact was not 

considered. 

(38) 

Rural 

outdoor 

air 

 

PM10 GFF 

PUF 

GC/MS 1.9 × 10-2
 – 9.7 × 10-2 

1.7 × 10-2
 – 2.6 × 10-2 

5.3 × 10-3
 – 4.6 × 10-1 

1.8 × 10-2
 – 3.3 × 10-1 

Calculated based on 

atmospheric 

concentrations. 

Values show the GPP 

for each season, 

respectively. 

Effect of temperature on 

sampling bias was not 

studied. Particle’s 

properties were not 

documented.  

(30) 
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P
o

ly
cy

cl
ic

 A
ro

m
a

ti
c 

H
y

d
ro

ca
rb

o
n

s Phe Urban 

outdoor 

aerosol 

PM10 PTFE-

coated 

GFF 

PUF 

GC/MS 1.5 × 10-3 (summer) 

1.9 × 10-3 (winter) 

Filters were weighted 

before and after 

sampling to measure 

particle mass.  

Sampling bias was not 

mentioned. Effect of 

temperature on artifacts 

was not included. 

(39) 

Mining 

outdoor 

air 

NA QFF 

PUF 

HPLC 4.6 × 10-5
 – 3.7 × 10-3 QFFs were 

ultrasonically 

extracted with n-

hexane-DCM, while 

PUF plugs underwent 

extraction with 

Soxhlet, and both 

extracts were cleaned 

using liquid-solid 

chromatography. 

Particle” properties were 

not studied. Sampling bias 

and effect of temperature 

on the bias were not 

included. 

(40) 



29 

 

Urban 

outdoor 

air 

PM10 GFF 

PUF 

GC/MSD 8.1 × 10-6 – 2.2 × 10-4 

(summer) 

9.7 × 10-5 - 1.2 × 10-3 

(winter) 

PUF plugs and GFFs 

were Soxhlet 

extracted for 4 h and 

10 h, respectively, and 

the concentrated 

extracts were 

analyzed. 

Particle” properties were 

not studied. Sampling bias 

and effect of temperature 

on the bias were not 

included. 

(41)  

Urban 

outdoor 

air 

4-6 

0.9-1.2 

0.4-0.45 

0.13-0.17 

̴0.05 

Nano- 

MOUD

I 

Al Foil 

TD-

GC/MS 

1.1 × 10-4 

1.9 × 10-4 

6.7 × 10-5 

5.4 × 10-5 

2.9 × 10-5 

Sampling was 

conducted in different 

temperature. PAHs 

collected on Al foils 

were analyzed using 

in-injection port 

thermal desorption 

coupled with GC/MS. 

Effect of temperature on 

GPP is not considered. 

Sampling bias was not 

documented. 

(42) 
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-Indoor 

cooking  

-Indoor 

smoking  

-Outdoor 

haze 

>18 

10-18 

5.6-10 

3.2-5.6 

1.8-3.2 

1-1.8 

0.56-1 

0.32-0.56 

0.18-0.32 

0.1-0.18 

0.056-0.1 

MOUD

I 

PUF 

GC/MS 4.6 × 10-6
 – 8.5 × 10-5 

4.2 × 10-6
 – 5.8 × 10-5 

3.3 × 10-6
 – 4.6 × 10-5 

4.1 × 10-6
 – 3.8 × 10-5 

6.1 × 10-6
 – 4.1 × 10-5 

6.9 × 10-6
 – 3.6 × 10-5 

7.5 × 10-6
 – 5.2 × 10-5 

9.7 × 10-6
 – 6.4 × 10-5 

1.2 × 10-5
 – 1.2 × 10-4 

1.6 × 10-5
 – 1.5 × 10-4 

1.5 × 10-4
 – 2.5 × 10-4 

Particle sample 

underwent three 

separate ultrasonic 

extractions, and each 

gaseous sample was 

subjected to Soxhlet 

extraction. 

 

Although three particle 

sources were collected, the 

effect of composition on 

the partitioning was not 

studied. Effect of sampling 

bias was not considered. 

(14) 

FLT Urban 

outdoor 

aerosol 

PM10 PTFE-

coated 

GFF 

PUF 

GC/MS 6.3 × 10-3 (summer) 

1.2 × 10-2 (winter) 

Filters were weighed 

before and after 

sampling to measure 

particle mass.  

Sampling bias was not 

mentioned. Effect of 

temperature on artifacts 

was not included. 

(39) 
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Mining 

outdoor 

air 

NA QFF 

PUF 

HPLC 1.3 × 10-3
 – 2.9 × 10-2 QFFs were 

ultrasonically 

extracted with n-

hexane-DCM, while 

PUF plugs underwent 

extraction with 

Soxhlet, and both 

extracts were cleaned 

using liquid-solid 

chromatography. 

Particle” properties were 

not studied. Sampling bias 

and effect of temperature 

on the bias were not 

included. 

(40) 

Urban 

outdoor 

air 

PM10 GFF 

PUF 

GC/MSD 2.8 × 10-4 – 3.7 × 10-3 

(summer) 

1.6 × 10-3 – 2.7 × 10-2 

(winter) 

PUF plugs and GFFs 

were Soxhlet 

extracted for 4 h and 

10 h, respectively, and 

the concentrated 

extracts were 

analyzed. 

Particle” properties were 

not studied. Sampling bias 

and effect of temperature 

on the bias were not 

included. 

(41)  
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Urban 

outdoor 

air 

4-6 

0.9-1.2 

0.4-0.45 

0.13-0.17 

̴0.05 

Nano- 

MOUD

I 

Al Foil 

TD-

GC/MS 

1.2 × 10-3 

2.0 × 10-3 

7.1 × 10-4 

5.7 × 10-4 

3.1× 10-4 

Sampling was 

conducted in different 

temperature. PAHs 

collected on Al foils 

were analyzed using 

in-injection port 

thermal desorption 

coupled with GC/MS. 

Effect of temperature on 

GPP is not considered. 

Sampling bias was not 

documented. 

(42) 

-Indoor 

cooking  

-Indoor 

smoking  

-Outdoor 

haze 

>18 

10-18 

5.6-10 

3.2-5.6 

1.8-3.2 

1-1.8 

0.56-1 

0.32-0.56 

0.18-0.32 

0.1-0.18 

0.056-0.1 

MOUD

I 

PUF 

GC/MS 3.4 × 10-5
 – 4.5 × 10-4 

3.1 × 10-5
 – 3.2 × 10-4 

4.2 × 10-5
 – 2.3 × 10-4 

6.6 × 10-5
 – 3.8 × 10-4 

1.3 × 10-4
 – 7.4 × 10-4 

1.9 × 10-4
 – 7.9 × 10-4 

2.3 × 10-4
 – 1.1 × 10-3 

2.8 × 10-4
 – 1.4 × 10-3 

2.2 × 10-4
 – 1.7 × 10-3 

2.5 × 10-4
 – 2.5 × 10-3 

1.1 × 10-4
 – 2.1 × 10-3 

Particle sample 

underwent three 

separate ultrasonic 

extractions, and each 

gaseous sample was 

subjected to Soxhlet 

extraction. 

 

Although three particle 

sources were collected, the 

effect of composition on 

the partitioning was not 

studied. Effect of sampling 

bias was not considered. 

(14) 
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PYR Urban 

outdoor 

aerosol 

PM10 PTFE-

coated 

GFF 

PUF 

GC/MS 1.0 × 10-2 (summer) 

1.5 × 10-2 (winter) 

Filters were weighted 

before and after 

sampling to measure 

particle mass.  

Sampling bias was not 

mentioned. Effect of 

temperature on artifacts 

was not included. 

(39) 

Mining 

outdoor 

air 

NA QFF 

PUF 

HPLC 4.1 × 10-4
 – 1.9 × 10-2 QFFs were 

ultrasonically 

extracted with n-

hexane-DCM, while 

PUF plugs underwent 

extraction with 

Soxhlet, and both 

extracts were cleaned 

using liquid-solid 

chromatography. 

Particle” properties were 

not studied. Sampling bias 

and effect of temperature 

on the bias were not 

included. 

(40) 



34 

 

Urban 

outdoor 

air 

PM10 GFF 

PUF 

GC/MSD 4.7 × 10-4 – 6.7 × 10-3 

(summer) 

2.2 × 10-3 – 6.6 × 10-2 

(winter) 

PUF plugs and GFFs 

were Soxhlet 

extracted for 4 h and 

10 h, respectively, and 

the concentrated 

extracts were 

analyzed. 

Particle” properties were 

not studied. Sampling bias 

and effect of temperature 

on the bias were not 

included. 

(41)  

Urban 

outdoor 

air 

4-6 

0.9-1.2 

0.4-0.45 

0.13-0.17 

̴0.05 

Nano- 

MOUD

I 

Al Foil 

TD-

GC/MS 

1.5 × 10-3 

2.6 × 10-3 

8.9 × 10-4 

7.2 × 10-4 

3.8 × 10-4 

Sampling was 

conducted in different 

temperature. PAHs 

collected on Al foils 

were analyzed using 

in-injection port 

thermal desorption 

coupled with GC/MS. 

Effect of temperature on 

GPP is not considered. 

Sampling bias was not 

documented. 

(42) 
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-Indoor 

cooking  

-Indoor 

smoking  

-Outdoor 

haze 

>18 

10-18 

5.6-10 

3.2-5.6 

1.8-3.2 

1-1.8 

0.56-1 

0.32-0.56 

0.18-0.32 

0.1-0.18 

0.056-0.1 

MOUD

I 

PUF 

GC/MS 4.1 × 10-5
 – 6.1 × 10-4 

6.6 × 10-5
 – 3.8 × 10-4 

4.7 × 10-5
 – 3.3 × 10-4 

9.7 × 10-5
 – 4.1 × 10-4 

1.5 × 10-4
 – 6.3 × 10-4 

2.5 × 10-4
 – 9.7 × 10-4 

3.3 × 10-4
 – 1.1 × 10-3 

3.9 × 10-4
 – 1.5 × 10-3 

3.8 × 10-4
 – 1.6 × 10-3 

4.7 × 10-4
 – 2.1 × 10-3 

2.7 × 10-4
 – 1.4 × 10-3 

Particle sample 

underwent three 

separate ultrasonic 

extractions, and each 

gaseous sample was 

subjected to Soxhlet 

extraction. 

 

Although three particle 

sources were collected, the 

effect of composition on 

the partitioning was not 

studied. Effect of sampling 

bias was not considered. 

(14) 

BaP Urban 

outdoor 

aerosol 

PM10 PTFE-

coated 

GFF 

PUF 

GC/MS 2.5 × 10-1 (summer) 

6.3 × 10-1 (winter) 

Filters were weighted 

before and after 

sampling to measure 

particle mass.  

Sampling bias was not 

mentioned. Effect of 

temperature on artifacts 

was not included. 

(39) 
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Mining 

outdoor 

air 

NA QFF 

PUF 

HPLC 2.2 × 10-1
 – 11.22 QFFs were 

ultrasonically 

extracted with n-

hexane-DCM, while 

PUF plugs underwent 

extraction with 

Soxhlet, and both 

extracts were cleaned 

using liquid-solid 

chromatography. 

Particle” properties were 

not studied. Sampling bias 

and effect of temperature 

on the bias were not 

included. 

(40) 

Urban 

outdoor 

air 

4-6 

0.9-1.2 

0.4-0.45 

0.13-0.17 

̴0.05 

Nano- 

MOUD

I 

Al Foil 

TD-

GC/MS 

4.78 

8.51 

2.81 

2.29 

1.17 

Sampling was 

conducted in different 

temperature. PAHs 

collected on Al foils 

were analyzed using 

in-injection port 

thermal desorption 

coupled with GC/MS. 

Effect of temperature on 

GPP is not considered. 

Sampling bias was not 

documented. 

(42) 
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Urban 

outdoor 

air 

NA HVAS-

QFF 

PUF 

GC/MS 5.9 × 10-3
 – 9.6 × 10-1 Sampling was 

conducted in different 

temperature. HVAS, 

calibrated and 

operated at an average 

flowrate of 0.66 m3 

min−1 for 48 h 

Effect of temperature on 

GPP is not considered. 

Sampling bias was not 

documented. 

(43) 
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2.1.3 Equilibrium models to describe partitioning 

The first equilibrium model for describing the partitioning was suggested by Junge (1977) based 

on adsorption approach (44), which was further developed by Pankow (1987), where the concept 

of particulate phase fraction 𝜑 was introduced (45): 

𝜑 =
𝐶𝐽𝜃

𝐶𝐽𝜃 + 𝑃𝐿
 (2.3) 

where CJ (Pa.cm) is determined by considering the heat released during desorption from the 

surface of particles, the heat required for vaporization of the compound, and the number of 

adsorption sites available on the particle θ (cm²surface/cm³air) represents the concentration of particle 

surface area, and PL (Pa) corresponds to the vapor pressure of the sub-cooled liquid which depends 

on the air temperature. 

Later, Harner and Bidleman et al. described the GPP coefficient (KP-HB) as an absorption process 

and they assumed that the partitioning of SVOCs on particle (organic film covered the surface of 

particle) is resemble to partitioning of SVOCs into octanol (23)). Assuming the density of octanol 

is 820 kg m-3, they derived an equation under equilibrium condition (Equation 2.4) as: 

𝑙𝑜𝑔 𝐾𝑃−𝐻𝐵 = 𝑙𝑜𝑔𝐾𝑂𝐴 + 𝑙𝑜𝑔𝑓𝑂𝑀 − 11.91 (2.4) 

where Koa is the octanol/air partition coefficient of the substance, and fOM is the fraction of organic 

matter in the particle mass.  

While these two models attempted to formulate the partitioning mechanism based on either 

adsorption (Equation 2.3) or absorption (Equation 2.4), others tried to consider the partitioning 

mechanism as a combination of both. Dachs and Eisenreich (2000) assumed that the elemental 

carbon (EC) is a criterion of the soot phase (corresponding to the adsorption process); therefore, 
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the Dachs-Eisenreich model of GPP coefficient (KP-DE) adds the adsorption term to the absorption-

based H-B model as (46): 

𝐾𝑃−𝐷𝐸 = 𝐾𝑃−𝐻𝐵 + 𝐾𝑃−𝐸𝐶 

(2.5) 

 

where Kp-EC is the adsorption term and estimated by the following equation 

𝐾𝑃−𝐸𝐶 =  10−12𝑓𝐸𝐶𝐾𝑆𝐴 (2.6) 

where fEC represents the fraction of elemental carbon in particular matter (unitless), and KSA is the 

soot-air partition coefficient (L/Kg).  

Abraham (1993) studied the gas-particle partitioning of SVOCs at molecular level and developed 

poly-parameter linear free energy relationship (pp-LFER) model (47), which was then modified 

by Goss (2005) as follows (48): 

𝑙𝑜𝑔𝐾𝑃−𝐿 = 𝑠𝑆 + 𝑎𝐴 + 𝑏𝐵 + 𝑣𝑉 + 𝑙𝐿 + 𝑐  (2.7) 

where the uppercase letters represent SVOC descriptors that correspond to different types of phase-

related interactions. S denotes the dipolarity/polarizability of the substance. The lowercase letters 

represent the complementary phase descriptors, and they are obtained through a multiple linear 

regression analysis. A and B describe hydrogen-bond acidity and hydrogen-bond basicity, 

respectively. V is the molar volume (McGowan volume), L is the logarithmic of hexadecane–air 

partition constant at 25 ◦C. These two descriptors are utilized to describe non-specific interactions, 

such as the energy associated with cavity formation and the energy arising from dispersive van der 

Waals interactions (49).  
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In a subsequent study, Gotz et al. introduced the pp-LFER model, describing both absorption and 

adsorption to aerosol particles, by which Kp can be calculated (50). This model was specifically 

designed to account for the complex, multi-phase nature of particulate matter. Subsequently, 

Shahpoury et al. considered carbon, (NH4)2SO4, and NH4Cl as components of the adsorbent in the 

adsorption process, and organic matter and organic polymers as the absorbent in the absorption 

process (51). The G/P partitioning quotient (considering the multiphase of particles), KP−mL, 

expressed in units of μg/m³, can be calculated using the following equation: 

𝐾𝑃−𝑚𝐿 = [(𝐾𝐸𝐶  × 𝑎𝐸𝐶 × 𝑓𝐸𝐶 + 𝐾(𝑁𝐻4)2𝑆𝑂4
× 𝑎(𝑁𝐻4)2𝑆𝑂4

× 𝑓(𝑁𝐻4)2𝑆𝑂4

+ 𝐾𝑁𝐻4𝐶𝑙 × 𝑎𝑁𝐻4𝐶𝑙 × 𝑓𝑁𝐻4𝐶𝑙)

+ (
𝐾𝐷𝑀𝑆𝑂

𝜌𝐷𝑀𝑆𝑂

× 𝑓𝑂𝑀,𝐴 + 𝐾𝑃𝑈  × 𝑓𝑂𝑀,𝐵)]  × 10−6 

(2.8) 

 

where 𝐾𝐸𝐶, 𝐾(𝑁𝐻4)2𝑆𝑂4
,𝐾𝑁𝐻4𝐶𝑙 represent the target substance partitioning (adsorption) coefficients 

(mol m-2 surface/mol m-3 air) for elemental carbon/diesel soot, ammonium sulfate, and ammonium 

chloride, respectively. 𝑎𝐸𝐶, 𝑎(𝑁𝐻4)2𝑆𝑂4
, 𝑎𝑁𝐻4𝐶𝑙 denote the specific surface areas of the adsorbents 

(m2 surface/g adsorbent), and 𝑓𝐸𝐶 , 𝑓(𝑁𝐻4)2𝑆𝑂4
, 𝑓𝑁𝐻4𝐶𝑙 represent the mass fractions of these respective 

adsorbents within particulate matter (gadsorbent/g PM). 𝐾𝐷𝑀𝑆𝑂 (m3 air/m 3 DMSO) and 𝐾𝑃𝑈 (m3 air/m 3 

PU) represent the substance partitioning (absorption) coefficients for the dimethyl sulfoxide-air and 

polyurethane-air systems, respectively. 𝜌𝐷𝑀𝑆𝑂  is the density of dimethyl sulfoxide. 𝑓𝑂𝑀,𝐴  and 

𝑓𝑂𝑀,𝐵 are the mass fractions of absorbing phases (gabsorbent/g PM). Here A corresponds to low to high 

molecular mass absorbent, including both water-soluble (WS) and organic-soluble (OS), organic 

matter (OM), and B corresponds to high molecular mass organic polymers absorbent (OP). 
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2.1.4 Steady-state models describing partitioning 

Li et al. found that some equilibrium-based models cannot predict satisfactorily the results from 

the monitoring data in most cases for polybrominated diphenyl ethers (PBDEs) (26). They 

suggested that the GPP behavior of PBDEs follow a steady-state model. By considering dry and 

wet depositions of particles, they developed a model (L-M-Y model), and added a non-equilibrium 

term (logα), which is a function of octanol–air partition coefficient and temperature,   model 

(Equation 2.4). In the L-M-Y model (Equation 2.9), equilibrium is a special case where logα equals 

to zero. The equilibrium and non-equilibrium states were distinguished by three zones: equilibrium 

domain (EQ domain), non-equilibrium domain (NE domain), and maximum partition domain (MP 

domain) based on values of KOA.  

𝑙𝑜𝑔𝐾𝑃−𝐿𝑀𝑌 =  𝑙𝑜𝑔𝐾𝑃−𝐻𝐵 +  𝑙𝑜𝑔𝛼 (2.9) 

and logα is: 

𝑙𝑜𝑔𝛼 =  −𝑙𝑜𝑔(1 + 4.18 × 10−11𝑓𝑂𝑀𝐾𝑂𝐴) (2.10) 

 

2.2 Factors that affect GPP 

Primary particles released from geogenic, anthropogenic, and biogenic origins have different 

characters. The characteristics of secondary particles are largely influenced by the way they are 

created and the specific compounds that contribute to their formation. Primary inorganic particles 

play an important role in shaping secondary inorganic-rich particles by regulating condensation, 

coagulation and nucleation processes (52,53). Secondary organic aerosol (SOA or secondary 

organic-rich particles) generates from a series of complex oxidation reactions of VOCs/SVOCs 

(54,55). Secondary particles from different origins have different properties such as composition, 
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morphology, and particle size. These properties can influence the GPP (56). In the following, the 

impact of these properties on GPP will be discussed. 

2.2.1 Impact of composition 

Particle composition is an important factor in regulating the interaction of particle and SVOCs, 

and equilibrium state of partitioning of SVOCs on the surface of particles (57).  In fact, it is a key 

factor in partitioning behavior (absorption and adsorption processes) of a SVOC (17). Andersen et 

al. compared PCB-particle phase concentrations in a PCB contaminated room for particulate 

matter generated by burning candles and cigarettes (58)). They showed that an increase in cigarette 

particle concentration resulted in an increase in indoor air particle concentration of PCBs. On the 

other hand, increase in candle burning particles did not result in such an increase. This indicates 

that different types of organic sources composing particles can influence the amount of PCBs being 

absorbed to the particle. Bi et al. assembled a chamber in which two types of dust, Arizona dust, 

which is almost composed of inorganic matters, and a dust sample from a vacuum cleaner bag 

containing 32% organic carbon, were in direct contact with two sources of DEHP and DnBP (a 

vinyl floor) (59). The concentrations of both DEHP and DnBP in house dust were almost three 

times greater than Arizona test dust after 20 days contact to the vinyl floor, indicating carbonaceous 

dust had a better interaction with these two types of phthalates.    

Kondo et al. developed a setup in which three different particles; one Japanese test aerosol called 

Kanto Loam (KL, a mix of inorganic compounds), and two atomizer generated particles (carbon 

black (CB) and silica), were exposed to DEHP gaseous in a 60 L aging chamber (60). For 

collecting samples, stream was divided into two passes with a valve. Gas-phase DEHP was 

collected on a Tenax-TA tube and particle-phase DEHP was collected on a quartz filter which the 

gaseous DEHP was removed before by a diffusion tube. They reported that the adsorption of DEHP 
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on silica is higher than KL and CB particles and suggested that the difference was due to an 

assumption that these particles are spherical, and the surface area concentration of each particle 

was calculated based on spherical morphology.  

Wu et al. used a stainless chamber to study gas-particle partitioning of DEHP to one inorganic 

(ammonium sulfate) and two organic (oleic and squalene) airborne particles (61). They measured 

the partition coefficient of DEHP (Kp) for these particles, and they showed that the value of Kp for 

organic particles are much higher than ammonium sulfate particle (Table 2.2), suggesting that 

gaseous DEHP can interact with organic particles in an absorption mechanism. 

2.2.2 Impact of morphology 

The morphology of particles plays an important role in regulating the dynamic of gas-particle 

interaction by determining the gas-particle equilibrium timescale. In fact, it has a direct effect on 

the mass transfer from air to the surface (external mass transfer process) and diffusion into and out 

of the particle (internal mass transfer process). Liu et al. considered the structures of airborne 

particles into four spherical nonporous and porous morphologies covered by a homogenous liquid-

like organic layer to compare the external mass transfer and the internal mass transfer processes 

(62). They developed a dimensionless mass transfer model which is a function of two 

dimensionless factors, Bim/Kpart and fv where the former is an overall coefficient comprising mass 

transfer coefficient around particles, intraparticle diffusion coefficient, gas-particle partition 

coefficient and particle size, and Bim is the Biot number (𝐵𝑖𝑚 =
𝑣𝑡 𝑅2

𝐷𝑠𝑝
  where vt (m/s) is the 

gas/particle mass transfer coefficient, R2 (m) is the radial distance of permeable outer layer of 

particle, and Dsp (m
2/s) is the internal diffusion coefficient). The latter (fv) is the volumetric fraction 

of permeable part of particles. By setting critical values based on Bim/Kpart and fv graph, they 

calculated that internal resistance (diffusion in and out of particles) is insignificant. Their finding 
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was in contrast with the Strommen and Kamens’s (1997) findings (63)  in which they showed that 

for soot particles from wood and diesel combustion sources the adsorption and/or tortuosity in the 

inner layer are more significant than the outer layer.  

Particulate matters possess different morphologies (Figure 2.1), and their structure can highly 

affect the interaction dynamic of SVOCs (64). The specific ways in which particle morphology 

affects these interactions can vary based on factors such as particle surface area, porosity, and 

shape. For example, porous particles can absorb SVOCs into their internal structure influencing 

the overall capacity of the particles to retain these compounds. The porous nature of certain particle 

morphologies can enhance the absorption of SVOCs.  

For having a comparable result in counting non-spherical particles, the concept of an equivalent 

diameter has been defined. Although this concept is valuable in particle filtration and health 

assessment filed, it can be a source of bias in understanding the gas-particle partitioning processes, 

for instance the effect of particle’s porosity is neglected. Therefore, it is vitally important to study 

the equilibrium timescale of non-spherical particles, particularly for quasi-fractal particles for 

which the gyration diameter and the fractal dimension of aggregates or agglomerates have been 

introduced to describe their equivalent diameter and their compactness (65).  

 

 

  

Sphere (internal 

voids) 

Cubic or plate  Elongated minerals   
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Figure 2.1.Different particle morphology adopted from DeCarlo et al. and Li et al. (58,59). 

2.2.3 Impact of particle size 

Particle size distribution is an important factor that can have an impact on the gas particle 

partitioning and consequently have a direct effect on the partitioning coefficient. Besides, particle 

size can provide information how long the sorbed SVOC is airborne.  

Many studies (66–68) have indicated that low molecular weight PAHs (LMW) emitted from 

combustion sources  are mainly bounded with fine and coarse particles, whereas high molecular 

weight (HMW) PAHs are mainly sorbed to fine particles. One explanation provided by these 

studies is the co-emission of specific PAHs and fine particles. Allen et al. proposed two 

hypothesises to explain why HMW PAHs are more dominantly associated with fine particles (69): 

1) low molecular weigh PAHs tend to partition to the coarse mode through volatilization from fine 

particles and condensation onto coarse particles while high molecular weight PAHs exhibit lower 

fluxes through volatilization and condensation. Consequently, they tend to persist on the fine 

particles with which they were originally emitted. 2) Variations in chemical affinities exist among 

individual PAHs and particles of different sizes.   

As to non-combustion-related sources, Mandalakis et al. reported the same trend for PBDEs (70). 

Low molecular weight compounds, such as BDE 17, were associated with coarse particles, 

whereas heavier compounds were mainly adsorbed/absorbed to the finer particle. Hu et al. divided 
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particles into 11 stages according to their size by using size-segregated samples (MOUDI). 

Although they did not consider sampling bias (71), this method is a proper approach to calculate 

gas-particle partitioning coefficient over a range of particle size distribution. An interesting 

outcome was that the fraction of organic matter was higher in finer particles. Moreover, for most 

of the BDEs the size-segregated particles graph showed a unimodal distribution with a peak 

concentration in 0.56-1 µm. Later, Wang et al. used the same method and reported that Log Kp has 

a peak value in the size fraction of 0.1-0.32 µm for high molecular weight PAHs (14). As to the 

behaviour of indoor OPEs and PAEs, they revealed that size-resolved particle partitioning 

exhibited a bimodal distribution, and these groups were dominant in extremely fine particles (<100 

nm) and coarse particles (>1 µm). They argued that the variations in Kp values of a compound for 

different particle size fraction stem from different dominant partition mechanisms (absorption, 

adsorption, or both) associated with various particle sizes; moreover, it was noted that extremely 

fine particles due to their large specific area have higher tendency to absorb/adsorb volatilized 

OPEs and PAEs on their surface, while those released through mechanical wearing and weathering 

are initially distributed in coarse particles. 

2.2.4 Impact of humidity and temperature 

Increased temperature promotes emissions of SVOC from building materials resulting in higher 

gas-phase concentrations. For example, increasing temperature leads to an increase in gas-phase 

PAEs in indoor spaces (72–74). Clausen et al. conducted an experiment test on one type of 

polyvinyl chloride (PVC) flooring (source of phthalates) using a Field and Laboratory Emission 

Cell (FLEC) chamber to study the effect of temperature on PAEs emission (72). They illustrated 

that by increasing temperature from 23 °C to 61°C, DEHP concentration increases almost 200-

fold from 0.9 µg.m-3 to 198 µg.m-3 due to the higher DEHP emission rate at higher temperature. 
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Analyzing the available experimental data in the literature, Wei et al. showed a strong correlation 

between temperature and Kp values (16). This study needs further validation as the correlation 

assumed that the interaction is governed by absorption process and that the absorbent (particle 

matter) has a porous structure.  

Chen et al. generated three different concentrations of gaseous phthalates using a porous media 

under both uncontrolled and controlled temperature conditions, respectively (75). They showed 

that controlling temperature condition performed better in generating phthalates with respect to 

stability and quick response. Zhou et al. investigated the impact of both temperature and humidity 

on the gas-particle partitioning (76). They showed that although an increase in temperature resulted 

in an increase in phthalate concentration in both gas and particle phases, temperature had inverse 

relationship with Kp. Results suggested that humidity had negligible effect on the gas-particle 

partition phthalate and no effect on the phthalate concentrations in gas-phase, albeit it increased 

the particle-phase concentration. They concluded that the effect of humidity on gas-particle 

partitioning did not follow any specific pattern. 

Bi et al. suggested that relative humidity can affect phthalate partitioning of inorganic due to an 

adsorption process which dominates the air/dust partitioning (59). Moreover, they found that 

relative humidity has an inverse relationship with DnBP partitioning on Arizona test dust (ISO 

12103-1, A3 medium test dust, Powder Technology Inc), but not with DEHP. The inconsistent 

findings reported by different group suggests that the effect of humidity on SVOCs sorption to 

particulate matter and dust is still not clear. 
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Table 2.3. Studies on implementing models (both equilibrium and steady state) on measured data 

available in the state-of-the-art. 

Compounds Equations Advantage and Remarks Limitation Reference 

PAHs 

Eq (2.3) 

Eq (2.4) 

Eq (2.5) 

-Soot-air models tend to predict 

partitioning better. 

-The fraction of soot has a 

significant impact on middle 

molecular weights PAHs 

partitioning. 

Particle characterises such as 

fraction of elemental carbon and 

organic matter, particle size, and 

phase of particle, were not 

documented. Sampling bias is not 

considered.  

(18) 

PAHs Eq (2.8)  Consider the effect of 

breakthrough. First study to 

classifying particle composition. 

Results showed LMW PAHs 

tended to partition on particle in 

both absorption and adsorption, 

while heavier compounds 

partition mostly in absorption 

process. 

Effect of particle size on 

partitioning model was not 

considered.  

An enhanced understanding of 

organic matter composition is 

essential. 

Functionalizing organic matter 

phase-state in model is needed. 

ADR was set by a region of ±1 log 

unit deviation. 

(51) 

PAHs Eq (2.3) 

Eq (2.4) 

Eq (2.5) 

Adsorption and absorption 

models tended to underestimate 

the particle-bound fraction for 

most PAHs. The dual aerosol-

air/soot-air model provided a 

more accurate. 

Breakthrough and adsorption on 

particle filter was not involved. 

Particle size was formulated in 

models. Effect of temperature on 

partitioning was not documented. 

(77) 

PAEs Eq (2.7) The pp-LFER model predicted 

the partitioning reliably.  

Data was provided by literature. 

Particles assumed to be 

homogenous. Particle properties 

(20) 
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was not considered. Sampling bias 

was not involved. 

PAHs 

Eq (2.4) 

Eq (2.5) 

Eq (2.8) 

The H-B and D-E models 

showed a better prediction in 

compare with the L-M-Y models 

for 5-rings PAHs. 

Particle properties were not 

documented.  

Sampling bias was not considered.  

(78) 

PBDEs Eq (2.3) 

Eq (2.4) 

Eq (2.5) 

Eq (2.7) 

Eq (2.8) 

Eq (2.9) 

In EQ domain (Log KOA<11.4) 

all models tended to predict 

well. When Log KOA>12.5 (MP 

domain) the L-M-Y model 

performed well in predicting the 

partitioning coefficient. 

The sampling bias and effect of 

temperature on partitioning were 

not considered. ADR was set to a 

deviation of ±1 log unit. 

Particle properties was not 

documented.  

(79) 

PAHs 

Eq (2.3) 

Eq (2.4) 

Eq (2.5) 

Three sources of PAHs, 

involving condensate, diesel, 

and heavy oil, were studied. 

Sampling bias was considered 

by installing three PUF in series.  

Although three different sources 

were selected, particle properties 

were not characterized. The effect 

of particle age should have been 

involved.  

(80) 

PCBs 

Eq (2.3) 

Eq (2.4) 

Eq (2.5) 

Eq (2.7) 

Eq (2.8) 

Eq (2.9) 

The effect of particle size was 

considered in predicting Log Kp. 

The performance of L-M-Y 

model was much better in MP 

domain. However, the ratio of 

predicted values to measured 

one was 1.25 ± 1.44. 

The sampling bias and effect of 

temperature on partitioning were 

not considered. ADR was set to a 

deviation of ±1 log unit. Particle 

composition was not documented.  

(81) 

PBDEs, 

PAEs, 

PAHs, 

OPEs, 

Eq (2.4)  

Eq (2.9)  

72.0% of mean data of steady 

model were within the 

acceptable data range (ADR) 

while 56.0% were within the 

For calculating GPP from 

literatures, temperature and TSP 

values were set based on 

assumption. The percentage of 

(82) 
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FRs, 

OCPs, 

PCBs, 

parabens, 

and phenols 

ADR of equilibrium model. 

Notably, in the MP domain, 

83.3% aligned with the ADR of 

steady model, contrasting 

sharply with only 16.7% within 

the ADR of log KP-HB. 

organic matter on particle assumed 

to be 0.4. ADR was set by a region 

of ±1 log unit deviation. Models 

tended to underestimate the 

partitioning for compounds with 

lower KOA. 

2.3 Discussion 

Table 2.3 provides a summery of studies on implementing gas-particle SVOCs partitioning models 

(section 2.1). As to PAHs, Wang et al.  and Pratt et al. found that the adsorption/absorption models 

(octanol-air/soot-air model Equation 2.5) performed better in predicting Kp values in comparison 

with single factor sorption models (either adsorption or absorption models, Equation 2.3 or 

Equation 2.4) (18,77). As to PCBs, Qiao et al. reveled that the pp-LFER underestimated the log 

Kp (only 7% of data points in acceptable data range (ADR)) when log KOA<9.5. They came to 

almost the same conclusion that in MP domain (when log KOA > 11.4) L-M-Y model performed 

better than equilibrium models (H-B and D-E models) (81). These studies defined ADR as: − 1 ≤ 

Δlog KP ≤1 while there is no valid standard for setting these criteria. Further studies are needed to 

set a criterion for ADR. Although the percentage of organic matter on particles is used as  a 

determining factor in absorption process, non of the studies documented it.  

The process of sampling indoor air can introduce artifacts that may affect the partitioning behavior 

of SVOCs between gas and particle phases. These artifacts can lead to discrepancies between 

predicted and observed partitioning behavior. Bias occurs depending on several parameters such 

as physiochemical properties of compounds, the concentration of particles, the distribution of 

particle sizes, sampling velocity, and sampling time (83) (84). Therefore, the effect of the 

temperature on sampling and sample integrity should be considered when it comes to comparing 



51 

 

data. Another important factor is degradation of the compounds on the sampler due to presence of 

reactive gases (85,86). For instance, Pehnec et al. found a notable negative correlation between 

concentrations of PAHs and ozone concentrations (87). It was reported that the influence of ozone 

is more prominent in PAHs with higher molecular weights. Hence, to avoid bias in sampling and 

having credential data to compare, it is of utmost importance to set and report the sampling 

condition. 

As mentioned, all models (with exception of pp-LFER model) used either PL or KOA as a 

correlating parameter for KP. One of the problems of using PL is finding a correct and accurate 

value of PL; however, none of the studies measured PL in field. It should be noted that PL is a 

function of temperature. As for KOA, although this factor is useful for understanding the 

partitioning of compounds between air and lipids, it may not correspond to the partitioning 

behavior of SVOCs between gas and particle phases. For example, DEHP and BaP possess almost 

the same value of log KOA (Table 2.1), albeit they have different values of Kp (Table 2.2). This 

means that the activity of compounds in octanol phase may not be analogous to their activity in 

organic material phase. Partitioning of (SVOCs) in indoor environment can be affected by a range 

of factors including particle size, composition, and surface characteristics, aspects that are not fully 

accounted for by octanol. Therefore, the difference in Kp values predicted by models and 

experiments calls for more diligence in both refining models (by considering different particle 

range sizes, particle compositions, etc.) and improving experiment designs. Potential bias in 

experimental settings and especially in sampling must be dealt with. 

2.4 Summary 

In this study, models describing gas-particle partition (both equilibrium models, containing 

adsorption, absorption, and adsorption/absorption models and steady state models) and important 



52 

 

factors that affect SVOCs gas-particle partitioning in indoor environments were reviewed. Due to 

variety of exhibited by particles and   diverse behaviour of SVOCs even within the same group 

(e.g., DnBP and DEHP from phthalates), the gas-particle partitioning of SVOCs needs a 

characterization of both particles and SVOCs properties. Particle properties can influence the 

partitioning process and the time to reach equilibrium; it is vitally important to report particle size 

distribution and particle composition during SVOCs samples. Particle composition, for example, 

can provide information on what process will take place. Although previous studies showed that 

SVOCs tended to partition on finer particle, more studies are needed to distinguish the effect of 

composition as the particle possesses different composition in different size (88). Moreover, for 

having a realistic knowledge of equilibrium timescale, it is vitally important to study and consider 

the effect of particle morphology on Kp values, particularly aggregated particles for which the 

gyration diameter and the fractal dimension have been introduced.  

 Furthermore, Kp values calculated from the literature were compared for selected compounds. 

This comparison is challenging and may introduce bias. One of the reasons is that particles were 

collected from different sources, leading to variations in selected SVOC behavior mechanisms 

toward particles. Another challenge arises from different sampling conditions, which can introduce 

bias in particle-phase SVOCs concentration and in the calculation of Kp. Future research should 

focus on developing a standardized method to better characterize the influential parameters, 

harmonize sampling and analytical methods. For example, particles should be in monodisperse 

mode from which one can analyze the effect of particles size and formulate it in models; a long 

Differential Mobility Analyzer (DMA) may be used in this case as an option.  
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3 Methodology 

3.1 Chemicals 

Four phthalates including Diethyl phthalate (DEP), di-n-butyl phthalate (DnBP), benzybutyl 

phthalate (BzBP), and di-2-ethylhexyl phthalate (DEHP), covering wide range of vapor pressures, 

were selected. All chemicals were analytical grade and standards and were purchased from Sigma-

Aldrich. Methanol was HPLC-grade and was acquired from Fisher Scientific. Physicochemical 

properties of selected phthalates are presented in Table 3.1. 

Table 3.1. Physiochemical properties of targeted phthalates. 

Phthalate 

MW 

(g/mol) 

Vapor pressure 

(Po, Pa) 

Structure 
Ref 

DEP (Diethyl 

phthalate) 

222.24 1.8E-01  

 

(22,89) 

DnBP (Di-n-butyl 

phthalates 

278.34 4.6E-02 

 

(22,25) 

BzBP (Benzyl butyl 

phthalate) 

312.36 4.9E-03  

 

(22,25) 

DEHP (Di-2-

ethylhexyl phthalate) 

390.55 2.3E-04  

 

(22,25) 
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3.2 Generation system  

The generation system consists of three different dynamic generators: particle generation, light 

and medium phthalate generation (DEP and DnBP), and heavy phthalate generation (BzBP and 

DEHP).  

3.2.1 Particle generation 

Particulate matter is generated by using a collision-type atomizer, model 3076 Constant Output 

Atomizer (TSI) (Figure 3.1), that can atomize most solutions or suspensions. The solute 

concentration dictates the particle size of the aerosol. For the first objective, sodium chloride 

(NaCl) particles were generated from a 300 mg/L NaCl solution in distilled water using the 

atomizer. As to the second objective, NaCl particles in the range of 300-375 nm, 579-721 nm and 

897-1117 nm were generated by nebulizing (2.5 L/min) the aqueous NaCl solution of 350 mg/L, 

500 mg/L and 600 mg/L, respectively. Generated particles with an airflow of 2.5 L/min, were then 

passed through a drying system with a pack of anhydrous silica gel to remove humidity from the 

airborne NaCl particles. For the third objective, the solution of 350 mg/L was selected for 

comparison purposes. As the preliminary results showed that the outlet mass concentration (TSP) 

of particles with mean diameter of 337 nm (about 450 µg/m3) and 650 nm (about 567 µg/m3) were 

higher than that of 1007 nm particles, the outlet for these particles were extracted by flow of 0.4 

L/min and 1 L/min, respectively, and then diluted with clean air at the same airflow rate to achieve 

the desired TSP between 313 to 375 µg/m3 after the mixing chamber. 



55 

 

 

 

3.2.2 Phthalates generation 

The generator system for phthalate concentration had three different setups: 1) light phthalate 

generator for DEP (Figure 3.2 a), 2) moderate weight phthalate generator for DnBP (Figure 3.2 b), 

and 3) heavy weight phthalate generator for DEHP and BzBP (Figure 3.2 c). The generation system 

for all setups used an embedded glass fiber method. Briefly, 15 ml of selected compound was 

carefully poured onto a fibrous glass, and 24 hours was set to let the compound fully disperse in 

the media. Then the embedded media was inserted to a stainless-steel tube (for heavy phthalates) 

or a glass tube (for light/moderate phthalates). Compressed air flow was regulated to 500 ml/min 

for all cases using a mass flow controller (MFC). For the DEP generator (Figure 3.2 a), due to the 

high concentrations generated, the flow at outlet was diluted by extracting 20 ml/min from the 

generator, using a rotameter to adjust the flow, and mixing with 480 ml/min of clean air. For heavy 

phthalate, a hot plate was used to heat the stainless-steel tube to accelerate the emission rate to 

achieve desirable concentrations at the outlet (Figure 3.2 c). To attain a similar concentration as 

DEP and DnBP, the temperature on the hot plate was set to 33 ºC and 57 ºC for BzBP and DEHP, 

Figure 3.1. Model 3076 Atomizer in the Recirculation Mode 



56 

 

respectively. The temperature and humidity at the outlet of the chamber were monitored, using a 

sensor (Rotronic- HP32 HygroPalm Digital), and kept at 20 ± 1.5 ºC, and at 15 ± 7 %, respectively. 

 

 

3.2.2.1 Generation of phthalate mixture 

For assessing the effect of phthalates’ competition towards adsorbing to the particle, a mixture of 

phthalates consisting of DnBP and BzBP were introduced to the mixing chamber. In this 

Figure 3.2. Schematic of all types of gaseous phthalates generators along with their collection 

system; a) embedded light phthalate (DEP) with a dilution system, b) moderate phthalate 

(DnBP) generator, and c) heavy compounds with a hot plate. 
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Tenax-TA or 
particle 
collection 

Tenax-TA  

experiment, gas phase DnBP and BzBP were generated separately following the same generation 

setup as the previous section; however, the airflow for each phthalate concentration generator was 

set to 250 ml/min, to a total of 500 ml/min for mixed phthalates. Particles were generated from 

600 mg/L of NaCl in water as described earlier. Then after, particles and two phthalates were co-

introduced to the mixing chamber.  

3.3 Mixing chamber 

After generation, the particles and selected phthalate were co-injected (co-introduced) into a 

rectangular mixing chamber (Figure 3.3) with a volume of about 51 liters (42.5 cm × 40 cm × 30 

cm) and having of 5 walls of stainless-steel and one wall of glass (90,91). The temperature at the 

outlet of the chamber was monitored and kept at 20 ± 1.5 ºC. Losses of particles and phthalates for 

each configuration were measured by taking samples from upstream and downstream of the mixing 

chamber and found to be minimal (Table 3.2). 

 

 

 

MFC Compressed 
air 

Collision 
nebulizer  

Diffusion 
Dryer 

Phthalate 

2.5 ml/min 
Rotameter Pump Pump 

Filter Holder 

Exhaust  

at 0.5 
ml/min 

Mixing 
Chamber 
(51 L)  

Figure 3.3. Schematic of the Kp measurement setup consisting of the particulate generator system, 

and the mixing chamber with the collection pathway for total phthalate concentration and gas-

phase concentration. 
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Table 3.2. Phthalate and particle losses in each configuration. 

Configuration DEP DnBP BzBP DEHP Particles 

DEP/Particle 1-2.7 % - - - 1.5-4.8% 

DnBP/Particle - 1.4-3.9 % - - 1.4-5.1% 

BzBP/Particle - - 5.1-7.9 % - 2.3-5.8% 

DEHP/Particle - - - 11.2-15.4% 2.9-6.9% 

Mixture/Particle  2.5-6.3% 5.3-8.1%  2.7-6.7% 

3.4 Limitation of the Experimental system  

The mixing chamber and the experimental system provide a highly controlled environment and 

enables isolation of key parameters; however, several limitations should be acknowledged. First, 

wall sorption and re-emission may lead to misestimate in measuring phthalate gas-phase and 

particle-phase concentrations, particularly for lower-volatility phthalates. Second, temperature and 

humidity were maintained near indoor conditions but not varied (for isolating the effect of other 

factors such as particle size); therefore, the effect of indoor air conditions (temperature and 

humidity) is not fully addressed. Third, the indoor air contains of a complex mixture of particle 

composition (e.g. organic particles, biogenic particles, suspended dust) which the simplified 

particle system (pure NaCl aerosols) and single-pass configuration cannot represent such 

complexity. These limitations do not affect the internal validity of the mechanistic findings 

because NaCl was chosen for the purpose of isolating adsorption from absorption partitioning, but 

they indicate that future work should incorporate dynamic indoor factors and more realistic 

particulate matrices. 
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3.5 Collection method  

3.5.1 Phthalate collection 

Sample was collected at two stages: 1) generator’s outlet concentration validation (Figure 3.2), 2) 

Kp value measurement (Figure 3.3). For the first stage, samples were collected at the outlet of the 

generators. For the second stage, all samples were collected after mixing chamber. For calculating 

Kp values, the collection pathway was separated into two passes by installing a PTFE membrane 

(1.0 µm pore size, diameter 25 mm, Fluoropore): one for collecting gas-phase phthalate 

(downstream of filter) and the other for collecting total airborne phthalate (upstream of filter). In 

each sample, preconditioned Tenax-TA tube was used to collect air samples from either 

downstream of phthalate generator or downstream of mixing chamber. To minimize the sorption 

area along the sampling path, the sorbent was attached as close as possible to the outlets. A gas 

sampling pump was used to collect generated pollutants at rate of 50 mL/min. The sampling period 

was 10 min, and 60 min for the first stage, and the second stage, respectively.  

3.5.2 Particle collection  

Particle matter counted through an Optical Particle Sizer (OPS) Spectrometers (Model 3330, TSI). 

The Model 3330 OPS spectrometer, depicted in Figure 3.4, is a high-performance particle 

Figure 3.4. Model 3330 Optical Particle Sizer Spectrometer. 
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spectrometer designed to measure aerosol optical diameter. It delivers precise count size 

distributions for particles with optical diameters ranging from 0.3 to 10 micrometers. The OPS 

3330 operates based on the principle of optical scattering from individual particles. Particles are 

illuminated using a laser beam shaped into a thin sheath and focused below the inlet nozzle. As 

particles traverse through this light sheath, they scatter light in the form of pulses, which are then 

counted and sized simultaneously. The concentration measured by the OPS is highly sensitive to 

the flow rate, thus the flow is rigorously controlled to 1.0 L/min with an accuracy of ± 5%. 

3.6 Phthalate analysis  

The collected gaseous phthalates on the Tenax-TA tubes were released from the sorbent bed using 

an automated thermal desorption system (TurboMatrix 650 TD, PerkinElmer). Thereafter, gaseous 

phthalates were introduced to the gas chromatograph/mass spectrometer (Agilent 6890/5975b 

GC/MS). The calibration of the GC/MS was conducted using test samples that covered the 

expected concentration range for all phthalates.  The resulting calibration curve spanned from 5 to 

200 ng/tube using reference points at 5, 20, 50, 100, and 200 ng/tube. Serial dilution in methanol 

produced calibration solutions that were then injected into the sorbent tubes in liquid form. A blank 

sorbent tube was used to check for background contamination before each experiment. For heavy 

compounds like DEHP, after each run a cleaning method was used to flush out any residual 

chemical. The GC column used was an HP-5MS UI (30 m long, 0.25 mm I.D., and 0.25 μm film 

thickness). The GC oven temperature program was set with an initial temperature of 40 °C, held 

for 5 minutes, followed by a ramp at 10 °C/min up to 300 °C, which was then held for 8.5 minutes. 

The transfer line connecting the GC to the MS was maintained at 280 °C (536 °F). The mass 

spectrometer was operated in positive electron ionization mode and set to full scan mode with a 

mass range of 30-400 amu. 
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3.7 Uncertainty and Repeatability 

To avoid uncertainty in measured particle-gas partitioning coefficients (Kp), all experiments were 

performed three times under identical operating conditions (such as same sampling flow and time, 

same temperature etc.). This allows quantification of experimental variability due to sampling, 

analytical detection, and flow control stability. The relative standard deviations (RSD) of gas-

phase and particle-phase concentrations remained within acceptable ranges (< 5%), indicating 

reliability of the reported Kp values and supporting their use for model validation. 

3.8 Equations to describe particle-gas partitioning coefficients 

By measuring particle-phase concentration Cp (µg/m3), gas-phase concentration Cg (µg/m3) of a 

compound, and total suspended particle (TSP) mass concentration (µg/m3), the particle-gas 

partitioning coefficient (Kp, m
3/µg) was experimentally calculated using Equation 2.1. For model 

comparison purposes and to be consistent with previous studies we assumed CJ = 17.2 Pa.cm (the 

constant value).  
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4 Influence of Residence Time on the Particle-Gas Partitioning of 

Phthalates onto Airborne Inorganic Particle 

 

Given the critical role of indoor air quality in human health due to prolonged occupancy time in 

enclosed environments, understanding the behavior of air pollutants is of paramount importance. 

Numerous compounds have been introduced into daily life through modern consumer products, 

many of which contain SVOCs to enhance their functionality (92–94). Some of these compounds 

can have negative health effects (95–97). Phthalate esters (PAEs), for example, have been widely 

used in products such as cosmetics, plastics, and medical devices (98,99). Since these compounds 

are typically not chemically bound to the materials, they can gradually emit into air, contributing 

to their ubiquitous presence in indoor environments (100). Due to their low vapor pressure, SVOCs 

readily partition onto various surfaces, allowing them to persist in indoor environments long after 

their primary sources have been removed (101,102).  

Interactions between SVOCs and airborne particulate matter (PM) are referred to as particle-gas 

partitioning in indoor air quality studies (8,103–105).  This results in increased bioavailability of 

SVOCs due to the omnipresence of PM and resultant inhalation exposure routes. In addition, 

previous modeling and experimental studies showed that the presence of PM in indoor air leads to 

an increase in total concentration of airborne SVOCs (sum of gas-phase and particle-phase 

concentrations) (106,107). Therefore, examining particle/gas partitioning is key to understanding 

SVOCs behaviour in indoor air, including their fate, transport, and health impacts (108).  

The particle/gas partition coefficient (Kp), which determines the relative concentration of SVOCs 

in the particle phase, can be estimated using various models (26,51,109,110). To validate these 

results, many researchers have conducted studies comparing models with measured  data mostly 
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from atmospheric studies (111–113). However, many of these studies are subject to bias such as 

artifacts and breakthrough due to the challenges posed by low vapor pressure of SVOCs as well 

as variations in data collection methods and environmental conditions (22, 23). Many factors can 

affect the partitioning processes, including particle properties, physicochemical properties of the 

targeted SVOC, and environmental conditions (7). In measuring Kp values for phthalates, as an 

example, Huang et al. (36) mentioned Kp exhibits varying values according to seasons. Wang et 

al. (14) revealed Kp values are particle size dependent. Another issue in estimating Kp is that most 

models have assumed an equilibrium state in SVOCs particle/gas interaction. However, Weschler 

and Nazaroff showed that depending on the particle size and octanol-air partition coefficient of the 

targeted SVOC, equilibration time scale can be prolonged for more than 10 h (far more than the 

residence time of pollutants indoors) (25). The AER can also affect SVOCs mass transfer from 

their sources (115,116). Clausen et al. showed that an increase in AER led to a decrease in indoor 

bis(2-ethylhexyl)phthalate (DEHP) concentrations, albeit along with an increase in emission rate 

from building materials (117).  

Despite advancements in modeling, very little experimental research in this area has been 

conducted. Benning et al. (118) were the pioneers in measuring Kp value for DEHP toward 

ammonium sulfate particles, although their main objective was to characterize the effect of 

airborne particles on DEHP emission from a real source. Later, Wu et al. (61) measured Kp for  

DEHP and reported it is an order of magnitude higher value for organic particles in comparison 

with inorganic particles. These were the first study to examine the behaviour of SVOCs under 

different particle properties; however, the effect of type of particle on Kp values cannot be 

thoroughly distinguished as the size of different particles were not comparable and isolated. Zhou 
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et al. (76) investigated the effect of temperature and humidity on Kp values for PAEs. They showed 

that temperature has a strong negative correlation with Kp, but humidity has no obvious effect.   

Given the significant role of ventilation rate (or AER) in regulating indoor SVOC behavior, this 

study aims to investigate the effect of AER (residence time) on particle/gas partitioning through a 

novel experimental approach. By utilizing a rapid gaseous phthalate generator and a mixing 

chamber to introduce generated particulate matter (NaCl) with the target phthalate, airflow rates 

can be adjusted to simulate real indoor air conditions. DnBP and diethyl phthalate DEP were 

selected because they had been detected at highest concentrations in Canadian nail salons (119), 

and had the highest mean concentrations in settled dust and in the air in both European residential 

and educational buildings (120). 

4.1 Methodology  

The following steps were taken for experimentally calculating the Kp values. Gaseous DEP and 

DnBP were generated from the embedded compound in fibrous glass media by driving 500 ml/min 

compressed air. Due to high concentration of DEP, its outlet concentration was diluted. In parallel, 

generated particles were co-injected with single phthalate into the mixing chamber. The combined 

airstream flow was set at 3 L/min, 2 L/min, and 1.5 L/min corresponding to a residence time of 17 

min, 25 min, and 34 min, respectively. Experimental measurements were used to correct particle 

losses and phthalates losses caused by deposition and coagulation within the chamber. For airflows 

of 3 L/min, 2 L/min, and 1.5 L/min, the measured TSP, DnBP, and DEP mass losses (after 240th 

hour) ranged from 1% to 5%, 1% to 3.4%, and 1% to 2.7%, respectively. Moreover, the DnBP and 

DEP sorption to filter holder and the filter were at range of 4.1% to 7.6% and 2.2 % to 6.3%, 

respectively. 
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4.2 Results 

4.2.1 Generating gaseous phthalates 

Figure 4.1 illustrates the stability of the DnBP and DEP generation system in a 10-day period. The 

results show the generation system possesses three distinct phases: an initial burst, a fluctuating 

transition period, and the steady state period. The final concentration depicts that the system 

reached a dynamic equilibrium after the120th hour with an outlet concentration of 157.6 ± 5.7 

µg/m3. The initial outlet concentration of DEP system starts at high level (about 8000 µg/m3), 

likely due to rapid volatilization from the media. After five hours, there are oscillations in the 

system, a more pronounced fluctuation in comparison with DnBP. Possible causes might be due 

to its higher vapor pressure, temporary adsorption/desorption within the system, and non-uniform 

release of DEP from the fibrous media. However, the DEP concentration stabilizes faster after the 

50th hour and at a higher level of concentration (3578.2 ± 52.2 µg/m3) than DnBP. 

   

Figure 4.1. Measured DnBP (left) and DEP (rights) concentration from the outlet of the generator 

system. 

4.2.2 Determining Kp values  

The high outlet concentration of DEP was diluted 25 times with clean air before mixing in order 

to achieve a similar concentration to DnBP.  

The Kp values were obtain using Equation 2.1 by integrating measured DEP and DnBP (Cg) 

concentration. The Kp values for these compounds were in agreement with those values reported 

in the literature (14,76). The results illustrate a clear increasing trend in the Kp values for both 
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DnBP and DEP as residence time increases from 17 to 34 minutes (Figure 4.2). This suggests that 

ventilation rate (residence time) significantly affects the equilibrium distribution of SVOCs 

between the gas and particle phases. For DnBP, Kp values rise from 0.0027 to 0.019 m3/µg at 17 

and 34 minutes, respectively, indicating a nearly seven-fold increase. Similarly, for DEP, Kp values 

experienced an increasing trend from 0.00068 to 0.0071 m3/µg over the same residence time range.  

Values of parameters used in the adsorption model are tabulated in table 4.1.  

Table 4.1. Adsorption model parameter. 

Parameter  Value Notes 

Particle median diameter (nm) 337 measured  

Particle number concentration (TSP) (#/cm3) 1 × 106 measured 

Total particle surface area (Θ) (cm2/cm3) 6.82 × 10-3 calculated 

Total suspended particle (TSP) (µg/m3) 395 measured 

DnBP vapor pressure (Pa) 2.5 × 10-2 estimated from mean value (22) 

DEP vapor pressure (Pa) 1.8 × 10-1 estimated from mean value (22) 

Constant value for DnBP (Pa.cm) 18.57 measured from (121)  

Constant value for DEP (Pa.cm) 37.86 measured from (121) 

 

4.2.3 Effect of AER 

Figure 4.2 shows that longer residence times (lower AER) result in higher SVOC partitioning onto 

particles. This phenomenon can be applied to the dynamics of SVOC partitioning. At longer 

residence times, there is more time for gaseous SVOCs to interact with and adsorb onto PMs, 

  

Figure 4.2. Kp values of DnBP (left) and DEP (right) for NaCl particles at different residence 

time and their predicted values from Pankow adsorption model. 
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resulting in higher Kp values. In contrast, at shorter residence times, the system is likely 

experiencing enhanced ventilation or turbulence, reducing the time available for equilibrium 

partitioning, leading to higher gas-phase concentration of SVOCs. As can be seen from Figure 4.2. 

the model prediction tends to ignore the effect of time residence. These results suggested that 

besides particles and SVOCs’ properties (as introduced in adsorption models), the residence time 

has a strong influence on Kp values.  

4.3 Discussion 

While Equation 2.3 defines Kp as an equilibrium parameter, the experimental Kp values can change 

over time due to non-equilibrium partitioning. Pankow suggested that at equilibrium the rates of 

sorption and evaporation of SVOC molecules to/from particulate matter are balanced Kp 

representing the equilibrium ratio. Nevertheless, when the contact time between gaseous SVOC 

molecules and available sites on particles is limited, the interaction may not reach equilibrium (in 

this case residence time of 17 and 25 min). In our experimental condition, where inorganic NaCl 

particles were used, interaction between particles and SVOC molecules occurs at the particles 

surface through physical adsorption processes. Consequently, the equilibration between gas phase 

and particle phase depends on the contact time which in this case is a function of residence time 

(or air exchange rate). The change in Kp values in Figure 4.2 suggests that particle residence time 

is shorter than the equilibration time, which leads to non-equilibrium condition. Therefore, 

measured Kp can evolve over time in a dynamic experiment with residence time as the sorption-

desorption kinetics are time dependent. 

From Figure 4.2, shorter residence time (17 and 25 min) did not reach the model prediction, 

meaning that the partitioning was not reached to equilibrium. However, for the longest residence 
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time (34 min), measured Kp values surpassed model predictions. This discrepancy might be due to 

two main factors. Firstly, in calculating particle surface area, an assumption was made that the 

particle is cubic, and sorption occurs only on the external surface. In reality, these particles might 

have different morphological shape and might have different surface characteristics, such as 

porosity. Irregular morphology can lead to higher surface area for SVOC to partition on the particle 

surface and pores can bring about more SVOC to penetrate inside the wall of pores. Consequently, 

the actual surface area and the sorption capacity of NaCl particles might be more than predicted 

by the idealized cubic geometry, which can lead to higher measured Kp. Secondly, in Pankow’s 

model another assumption was set by which SVOC partition on the particle by monolayer 

adsorption process. Nevertheless, at longer residence time, SVOCs might have enough time to 

adsorb in multimolecular layers which can lead to shaping a thin organic layer covering the particle 

surface and can bring about creating a mixed adsorption–absorption regime. This film can cause 

enhanced partitioning beyond monolayer capacity and can increase measured Kp. 

The partitioning ratio is thermodynamically linked to vapor pressure through a nonlinear Clausius-

Clapeyron relationship (122). This relationship reflects not only the vapor pressure of the 

compound but also the enthalpy of the desorption (Q1) from the available site on the particle 

surface (reflecting how strong the interaction is). Consequently, this can affect the ratio of enthalpy 

of desorption to enthalpy of vaporization which in turn it can affect the constant in Equation 2.3. 

Zhou et al. experimentally confirmed that temperature has a strong negative relationship with Kp 

(76). As in this study the temperature was kept constant, the effect of temperature on the 

partitioning ratio was investigated. 

Hygroscopic inorganic particles, such as NaCl, tend to absorb moisture from air at high relative 

humidity. This sorption only happens above a certain level of humidity, called deliquescence 
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relative humidity (DRH). Above this point, humidity can alter the properties of inorganic particles 

such as NaCl by forming a liquid film surrounding the particle surface and by dissolving itself in 

the volume of the sorbed water. This can affect the size of particle and its tendency to adsorb 

organic molecules such as SVOCs. However, humidity in this study was kept constant at 15 %, 

which is significantly lower than NaCl molecules’ DRH point (at 20 ºC this value is 75.5%), 

indicating adsorption occurred on crystalline NaCl surfaces. Zhou et al. also reported that humidity 

has lower effects on Kp values than temperature. Therefore, with low humidity conducted in this 

study, it is safe to say that humidity has minor effect on partitioning process.  

Another factor that can affect the partitioning process is by particle properties including particle 

surface area, size distribution and composition. For inorganic particles, surface area is a 

cornerstone factor which is reflected in Pankow’s model (Θ). Smaller particles with higher surface 

area provide more available surface for SVOCs’ adsorption (121). Particle composition can affect 

the partitioning process by shifting from adsorption to absorption (61) which has been shown that 

organic particles (absorption) lead to higher Kp values in compare with inorganic particles 

(adsorption). In this study, the properties of particles were nearly identical which led to isolating 

these factors to see the influence of AER.  

4.4 Conclusion 

This study examines the particle-gas partitioning behaviour of two phthalates (DnBP and DEP) 

with an inorganic particle (NaCl) in a mixing chamber. Experimental data illustrated that DnBP 

has higher Kp value than DEP, due to its lower vapor pressure and its greater affinity for particle 

phase. The results suggested that AER can affect Kp values for inorganic particles, which 

challenged the previous assumptions that AER can only influence organic particles due to diffusion 
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limitation of SVOCs across organic film around the particle. Moreover, these results indicated that 

the effect of AER on Kp is more highlighted for lower vapor pressure compounds (DnBP). The 

experimental findings aligned with theoretical predictions only for shorter period.  
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5 Phthalate Particle-gas Partitioning of Inorganic Particles: Effect 

of Particle Size and Phthalate Adsorption Competition 

 

In modern life, people spend most of their time in indoor environments. This makes indoor air 

quality a pivotal factor for safeguarding public health. Therefore, understanding the behavior of 

air pollutants is vital for ensuring healthy indoor air. Phthalates, a subgroup of semi-volatile 

organic compounds (SVOCs), are widely used as plasticizers in numerous consumer products, 

including personal care products and medical devices (98,99). Because of their potential negative 

health effects including respiratory diseases (123,124) and developmental disruption (125,126), 

understanding their behavior in indoor environments is critical for public health risk assessments 

(127). As these compounds are not chemically bonded to consumer products (128), they gradually 

escape from products leading to their omnipresence in the environment including indoors. One of 

the influential factors of indoor phthalate contamination is the interaction between the gas-phase 

phthalate and particulate matter (PM) in the air (129), through which their transport dynamics (13), 

deposition behavior, and human inhalation exposure can be assessed (130).  

Particle-gas partitioning is an essential criterion to evaluate such interaction (7,131), which can be 

quantified by its particle-gas partition coefficient Kp (m
3/µg) (132). This coefficient has a direct 

application in indoor fate-transport models studies (82,133) and in human SVOCs exposure 

estimates studies (134). Particle-gas partitioning is a physical process governed by intermolecular 

forces between particles and SVOC molecules (135). One of the important factors influencing this 

process is the size of particles (136). Not only does particle size influence the Kp values (110), but 

also it affects airborne residence time and deposition dynamics of SVOCs (137) as larger particles 

fallout faster while the finer ones remain suspended longer in the air.  
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In atmospheric studies, research has been conducting experiments to observe the size-dependent 

sorption behavior of different classes of SVOCs (30,37,42). For instance, low molecular weight 

(LMW) polycyclic aromatic hydrocarbons (PAHs) adsorb/absorb more onto/into larger particles 

(67), while high molecular weight (HMW) PAHs onto/into particles with finer size ranges such as 

nanoparticles (66). Allen et al. (69) suggested that it is driven by the higher volatility of lighter 

compounds and size-specific chemical affinities of SVOCs. Mandalakis et al. (70) reported the 

same trend for brominated flame retardants (BFRs) like polybrominated diphenyl ethers (PBDEs). 

Hu et al. (71) used a size-segregating samplers, Micro-Orifice Uniform Deposit Impactor 

(MOUDI), to separate airborne particles based on their sizes. By doing so, they showed that 

phthalates and organophosphate esters (OPEs) had bimodal particle size distributions. Notably, Kp 

values for these compounds were greatest in the submicron range of 0.1 – 0.32 µm. Conversely, 

coarse particles may exhibit greater uptake of SVOCs when the source of emission involves 

mechanical abrasion or direct resuspension. This indicates a dual mechanism of partitioning—

adsorption and absorption—that vary with particle size. 

Although prior studies have provided an overview of the behavior of SVOCs towards different 

particle sizes, several unknowns remain. Because most previous studies collected samples from 

ambient air, with a mixed composition of particles, the size effect on partitioning has been difficult 

to isolate from other factors. In fact, particle composition, which has a direct effect on particle-gas 

partitioning (61), can change with particle size (138), leading to change in the affinity of the 

selected compounds towards particles of different sizes, and subsequently introducing biases when 

determining size effects on particle-gas partitioning. Moreover, SVOCs collections in most studies 

were conducted under different sampling conditions including fluctuation in temperature which 

can also influence the partitioning of SVOCs. As a result, a seemingly ambiguous relationship 
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between SVOC partitioning and particle size can be observed in the literature. For example, Su et 

al. (139) measured Kp values of atmospheric polybrominated diphenyl ether (PBDE) and found 

that light congeners dominated in fine particles in clear conditions, but all PBDE congeners were 

found uniformly present in coarse particles during hazy episodes, indicating that the particle size 

in the latter situation had a diminished influence on partitioning. 

The aim of this study is to investigate the effects of particle size on SVOC partitioning by selecting 

pure inorganic particles (sodium chloride) and constant environmental conditions (temperature and 

relative humidity) to control possible confounding factors. Furthermore, this study aims to assess 

competition among phthalates during adsorption to the particle. Understanding these dynamics is 

key to improving models to predict indoor air quality and refining human exposure assessments. 

5.1 Equations to describe particle-gas partitioning coefficients 

The particle-gas partitioning coefficient was experimentally driven by Equation 2.1. By 

substituting the Equation 2.1 in Equation 2.2 the following formula can be derived (22) for 

comparing the results with previous adsorption model studies : 

log(𝐾𝑝) = 𝑙𝑜𝑔
𝐶𝐽. 𝛩

𝑇𝑆𝑃
− log (𝑃0) (5.1) 

 

Aerosol particles generated by nebulization of aqueous NaCl solutions and subsequent drying are 

usually of cubic shape (140). With an assumption that NaCl particles are cubic, the surface area of 

a single particle (Ap) with a dimension of dp (cm) can be calculated as: 
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𝐴𝑝 = 6 𝑑𝑝
2 (5.2) 

Therefore, the total surface area (Θ, cm2/cm3) of a given particle size can be calculated by the sum 

of products of As and number of particles (Ntsp, #/cm3) in each particle bin.  

𝛩 =  ∑𝑁𝑡𝑠𝑝,𝑖. 𝐴𝑝,𝑖 (5.3) 

 

5.2 Adsorption model parameters 

The model Kp values were obtained using Equation 5.1, by integrating the vapor pressure (P0) of 

phthalate (Table 3.1) and properties of particles (Table 5.1). To be consistent with earlier studies 

(141) a  value of 17.2 Pa.cm was used for CJ in evaluation of model Kp . 

Table 5.1. Parameters used in the adsorption model. 

Parameter Particle mean diameter (nm) Notes 

 337 650 1007  

Total particle 

surface area 

(𝛩) (m2/m3) 

(9.46 ± 0.63) × 

10-2 

(4.05 ± 0.13) × 

10-2 

(4.24 ± 0.41) × 10-

1 

Calculated (Eq. 

5.2 and Eq. 5.3) 

Total 

suspended 

particle (TSP) 

(µg/m3) 

415 ± 3.5 373.5 ± 10.4 396.3 ± 15.5 Measured  
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5.3 Methodology 

For achieving proposed objectives, the following steps was undertaken. Gaseous phthalates were 

generated separately using the porous media method described in chapter 3 for DEP, DnBP, BzBP, 

and DEHP. After primary evaluation of constant concentration, the generated selected phthalate 

was introduced to the mixing chamber with selected size range of particle. NaCl was selected as a 

model inorganic particle for the following reasons: 1) NaCl particles are relatively easy to generate 

in different size ranges to meet the objective of the study, 2) Its particle density is well known; this 

allows better control of particles’ surface area at constant mass concentrations, 3) Marine aerosols 

have been found as a dominant compound in various regions (142,143). Although NaCl is 

generated naturally from sea spray, it represents a simplified inorganic particle without organic 

coating, and 4) Isolating particle composition to inorganic particles leads to observing changes in 

Kp values over particle size ranges. NaCl particle in the range of 300-375 nm, 579-721 nm and 

897-1117 nm were generated by using different the aqueous NaCl solution concentration (see 

chapter 3). Figure 5.1 depicts the size distribution of particles from each solution.  

Then after by measuring the total and gas-phase concentration of selected phthalate the 

experimental Kp value was calculated. The constant value using in the model (CJ) also was 

calculated by measuring the total surface area of particle, knowing the TSP concentration, the 

vapor pressure of the compound, and Kp value of the selected particle size. Although indoor 

humidity mostly ranges from 40-60%, in this study a low humidity level was maintained to avoid 

potential growth of NaCl particle size in the mixing chamber. Previous studies also indicated that 

humidity has minimal effect on the partitioning (144). 
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Figure 5.1. Distribution of generated particle mass concentration in each bin. from 350 mg/L (a), 

500 mg/L (b), 600 mg/L (c) of NaCl in water. 

5.4 Results 

5.4.1 Generating gaseous phthalates 

The stability of the phthalates generator system was evaluated by running and monitoring phthalate 

levels over a 10-day period. The generated phthalate concentrations at the outlet of the generator 

system at 20 °C were 3626.3 ± 291 µg/m3, 149 ± 8.3 µg/m3, 28 ± 1.7 µg/m3, and 1.4 ± 0.5 µg/m3 

for DEP, DnBP, BzBP and DEHP, respectively (Figure 5.2, left side y-axis). To minimize the 

impact of phthalate concentration on the partitioning, more consistent levels of phthalates, similar 

to those of DnBP were generated. For DEP, this was achieved by diluting generated DEP 25 times 

with the clean air to achieve a concentration of 145.04 ± 11.64 µg/m3 (Figure 5.2a, right side y-

a)  b)  

c)  
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axis). For BzBP and DEHP, a hot plate was used to heat the generator to 33 ºC and 57 ºC for BzBP 

and DEHP, respectively, to generate BzBP and DEHP concentration of 153 ± 9.6 µg/m3, and 148 

± 11.3 µg/m3, respectively (y-scale at right side in Figure 5.2c and 5.2d). Concentrations of the 

stable range (100 to 200 hours) were used for studying particle-gas partitioning. 

 

a)  

b)  
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d)  

c)  

Figure 5.2. Gaseous phthalates concentrations from the outlet of generators system for DEP (a), 

DnBP (b), BzBP at 20 ºC and 33 ºC (c), and for DEHP at 20 ºC and 57 ºC (d). Arrows indicate 

the stable range of generated concentrations (100 to 200 hours). 
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 Table 5.2. Experimentally determined Kp values (Equation 2.1) and Const. Values (Equation 

2.3) for four selected phthalates at three particle sizes. 

 Kp (m
3/µg) CJ (Pa.cm)  

Particle 

size  

337 nm 650 nm 1007 nm 

337 

nm 

650 

nm 

1007 

nm 

DEP 

(0.594 ± 0.023) 

×10-3 

(0.487 ± 0.019) ×10-3 

(0.417 ± 

0.028) ×10-3 

37.86 33.67 30.58 

DnBP 

(1.29 ± 0.13) 

×10-3 

(0.954 ± 0.018) ×10-3 

(0.787 ± 

0.038) ×10-3 

18.57 19.38 19.21 

BzBP 

(6.91 ± 0.19) 

×10-3 

(5.48 ± 0.26) ×10-3 

(4.78 ± 0.15) 

×10-3 

15.13 17.35 20.04 

DEHP 

(9.05 ± 0.15) 

×10-2 

(8.27 ± 0.11) ×10-2 

(7.25 ± 0.16) 

×10-2 

17.93 18.83 18.91 

5.4.2 Determining Kp values  

Calculated Kp values from measured Cp, Cg and TSP values (Equation 2.1) for phthalates in three 

particle size range are presented in Table 5.2. The observed Kp values were in the trend of DEHP 

> BzBP > DnBP > DEP. The results showed that less volatile compounds such as DEHP had higher 

Kp values indicating their stronger affinity towards inorganic particles. Particle size influences the 

partition coefficient value; for all four tested phthalates, log (Kp) decreased with increasing 

particles size from 337 nm to 1007 nm. This is because larger particles (at fixed mass 

concentration) provide less surface area for adsorption (145). For instance, DEP (with highest 

vapor pressure among the four test phthalates) had mean log (Kp) of -3.2 at 337 nm declining to -
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3.4 at 1007 nm while DEHP (with lowest vapor pressure) had mean log (Kp) of -1.04 at 337 nm 

falling to -1.14 at 1007 nm.  

Comparisons of experimentally determined Kp values (Equation 2.1) and model predictions 

(Equation 5.1) for each phthalate in three particle sizes are illustrated in Figure 5.3. The value of 

constant in the prediction model was obtained from Equation. 5.1. Good agreement between model 

predicted and experimentally determined Kp values was achieved, except for DEP where the model 

underestimated the Kp values for DEP by 0.4 Log units. This underestimation of DEP’s Kp (0.4 

Log units), however, is in the acceptable range suggested by previous model studies where the 

acceptable deviation range was set to be ±1 Log unit (82,146).   

 

a)  
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b)  

c)  
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Figure 5.3. Comparisons of experimental Kp values with adsorption model for DEP (a), DnBP 

(b), BzBP (c), and DEHP (d). For model prediction, a Const. value of 17.2 cited from (39) is 

used in the model prediction. 

5.4.3 Correlation of Log (Kp) and Log (P0) 

Figure 5.4 depicts that for all three particle sizes (337 nm, 650 nm, and 1007 nm), the linear fits of 

Log (Kp) versus Log (P0) possessed slopes close to -1 (-0.871, -0.882, and -0.886, respectively) 

with coefficients of determination (R2) greater than 0.975. A slope value of -1 in this case indicates 

the particle-gas partitioning process of phthalates is dominated by adsorption (37). Pankow 

suggested that such slope is consistent with both adsorption and absorption; however, depending 

on an increase in Const. value or an increase in fraction of organic matters on particles, one can 

say that which mechanism is dominant (adsorption or absorption). For particles with low organic 

matters, they concluded that an intercept value range of -8.9 to -7.3 indicates an absorption 

dominated portioning process (47). In this case, as the fraction of organic matter is zero, the value 

of slope shows that adsorption is the main mechanism. It was also observed that the intercept value 

decreased from -4.08 to -4.26 with increased particle size from 337 nm to 1007 nm. 

d)  
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5.4.4 Phthalate competition for adsorption 

DnBP was generated at a steady concentration of 73 ± 5.1 µg/m3, and the BzBP generation rate 

was 80 ± 4.2 µg/m3 which was generated at 33 °C (Figure 5.5). Although the concentration of 

individual phthalate was reduced due to lower airflow passing through the generators (250 ml/min) 

the sum of the two (153 µg/m3) was similar to the levels of the experiments for individual 

phthalates. The Kp values for the binary mix of selected phthalates were calculated from Equation 

2.1. The collection system followed the same procedure as the previous section with the exception 

that collection time was increased to 25 min. After mixing DnBP and BzBP with particles having 

diameter of 1007 nm the particle-gas partitioning coefficients of DnBP and BzBP were 0.000677 

± 0.000023 and 0.00442 ± 0.00013 m3/µg, respectively. Compared to single phthalate, there was 

Figure 5.4. Log (Kp) versus Log (P0) for four tested phthalates in three NaCl particle sizes 

centered at; 337 nm (red), 650 nm (blue), and 1007 nm (grey). 
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a drop in Kp value in the mixture situation by the factor of 0.86 and 0.93 for DnBP and BzBP, 

respectively. 

 

 

Figure 5.5. Generated gaseous DnBP at 20 ºC (a) and BzBP at 33 ºC (b) with a flow of 250 ml/min 

for each generator. Arrows indicate the stable range of concentrations (100 to 200 hours) where 

data were used to determine Kp values. 

 

5.5 Discussion 

Kp values of phthalates have been reported in previous atmospheric studies (36,147,148). Although 

our results in general agree with previous reported values, there are some differences. For example, 

a)  

b)  

 

b)  
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Kp values for DnBP were in the range of 8.2310-4 to 1.1510-3 m3/µg as opposed to the range 

of 1.010-4 to 6.610-3 m3/µg provided by Wang et al. (14). DEHP possessed higher Kp values in 

this study (0.082 ± 0.0075 m3/µg) in comparison to the one Wu et al. (61) calculated for the 

compound towards inorganic ammonium sulfate particles (0.011 ± 0.004 m3/µg). This difference 

could be attributed to the different types of the particles in the two studies; it was reported that the 

affinity of the SVOCs adsorption differs depending of the type of soot particle (141). Another 

reason might be because a mixing chamber was used in this study and a tube chamber coated with 

DEHP was used by Wu et al. Using a mixing chamber in this enhances the interaction between 

phthalates and inorganic particles resulting in higher Kp values. 

For the same mass concentration of TSP, the particle number concentration depends on the particle 

size as more surface area is available in smaller size particles on per mass basis. This has a direct 

effect on the particle-gas partitioning processes. For indoor behaviour of phthalates, Wang et al. 

(14) showed that phthalates with log (P0) less than -2.5 (in our case DEHP) tended to enrich in 

both extremely fine (100 nm to 320 nm) and in coarse particles (10 µm to 18 µm) (a bimodal 

distribution). Particle-gas partitioning is a complex process and is influenced by multiple factors 

like the properties of the chemicals as well as those of the particles, such as composition and 

surface morphology. By setting other factors constant and focusing on different particle sizes, the 

current study has shown clearly an inverse relationship between particle size and partition 

coefficient of all four test phthalates. This inverse relationship can be largely attributed to the 

higher surface area per mass of particles associated with smaller size. Comparing experimentally 

determined Kp values and model predicted ones (Figure 5.3), it is observed that the model predicted 

more decrease in Kp values against increased particle size. For example, for BzBP the Log (Kp) 

values determined experimentally were -2.16, -2.26 and -2.33 (a decrease of 0.17 Log units) for 
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particle size 337 nm, 650 nm and 1007 nm, respectively, while the Log (Kp) values were predicted 

to be -2.16, -2.35 and -2.57 (a decrease of 0.41 Log units) for the corresponding sizes. The slower 

than model predicted decline of Kp values in the experiments might be contributed by the deviation 

of experimental conditions from the assumptions for the establishment of the adsorption model 

(section 2), and from the deviation from the assumption of cubic NaCl particles. In fact, multilayer 

adsorption could become significant for smaller particles invalidating the monolayer hypothesis.  

Apart from different particle surface area per unit particle mass, another possible reason for the 

higher Kp values associated with smaller size particles might be due to more efficient diffusion of 

smaller particles in the airflow, which have higher chance of collusion (interaction) with 

phthalates. Larger particles due to their inertia follow the streamline of the flow whereas smaller 

particles due to their light weight can diffuse in the streamline and this can bring about higher 

potential of interactions. This consideration may be useful in bioavailability and bioaccessibility 

studies as smaller particles can penetrate occupants’ cardiovascular system and can have 

deleterious effect. Particles with diameter of about 300 nm are recognized as the most penetrating 

particle size (MPPS) in particle filtration studies and can act as carriers for chemicals to the body.  

In this study, a near -1 slope value was observed for Log (Kp) to Log (P0) for all three sizes of 

particles (Figure 5.4). The intercept in this case is -4.08, -4.19 and -4.26 for particle size 337 nm, 

650 nm and 1007 nm, respectively. These intercept values were comparable but slightly smaller 

than PAHs in indoor air which is in the range of -4.70 to -4.90 (149). The current study suggests 

that the intercept is size dependent and the value increases with increasing particle size. This 

phenomenon is important for indoor air quality as PM amplifies human exposure to SVOCs by 

partitioning to particles. The size dependent intercept is a key to improve models of indoor air 
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quality and refining human exposure which can contribute to a better understanding of indoor 

exposure pathways. 

The reduction of Kp values for both DnBP and BzBP originates from the competitive sorption of 

phthalates for finite surface area (particle sorption capacity). This shows that the selected 

phthalates do not compete in the same way. As mentioned in the previous section, when mixing 

single phthalates with particles the Kp value for BzBP was higher than DnBP, meaning that BzBP 

has higher affinity towards particles due to its lower vapor pressure. In the binary mixture, the 

compound with higher affinity adsorbs proportionally more to the surface of particles. In fact, the 

stronger sorbate (BzBP) suppresses the weaker one (DnBP) for occupying the available sites. This 

was shown by Liang and Pankow for PAHs where Kp values for the mixture of compounds dropped 

by factor of 0.7 to 1 (150).  

In the atmospheric and indoor air studies SVOCs never occur in a single-compound matrix, rather 

as a complex mixture of SVOCs. While most particle-gas partitioning models still use the single-

compound Kp values (23,46,48,49), here, we have demonstrated the importance of considering 

mixture activity of SVOCs, which can help inform and improve future studies and model 

development. This will help researchers to improve their estimation of human SVOCs intake, and 

their fate and transport in both outdoor and indoor environments. The numerical value of Const. 

in this study was calculated for the four phthalates at three particle sizes. The results show that the 

Const. is a function of both particle size and SVOCs type. Compound specific Const. values were 

also observed by others. For example, Lammel et al. reported Const. values in range of 1.3 to 1740 

Pa.cm for 10 PAHs (151); those with vapor pressures similar to this study selected phthalates 

ranged from 4.1 to 102 Pa.cm. Shahpoury et al. reported mean Const. value from 4.49 to 9.5 Pa.cm 

for the four PAHs, namely phenanthrene, fluoranthene, pyrene and benzo(a)anthracene, that have 
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similar vapor pressure as the four phthalates in  this study in ambient air (141). In this study the 

Const. values for the phthalates in NaCl (15 to 20 Pa.cm, except in the case of DEP) were higher 

than those for PAHs in ambient air, but very similar to the 17.2 Pa.cm proposed by Shahpoury et 

al. for non-specific sorbent (141). The calculated Const. reflects not only the physical interactions 

between phthalates and particles, but it also shows these interactions are size-dependent. This 

suggests that Const. is a compound and condition dependent parameter. Our findings support the 

notion that there is a need to use chemical-specific Const. for more accurate prediction in future 

studies. 

While controlled experiment condition allowed for the clear demonstration of size and 

composition effects, this study is subject to certain limitations. Firstly, the generated NaCl particles 

do not reflect the complexity of indoor particles, which are a mix of complex particle compositions 

(e.g. road dust particles, organics, bioaerosols). Secondly, the two-chemical binary system used 

for the competitive nature in adsorption is far from the real-world situation in indoor environment 

where a far more complex mixture of SVOCs from other groups (e.g. PAHs) along with other 

pollutants is presented. Thirdly, the temperature and humidity were held constant in the 

experiments although SVOCs partitioning in indoor air is taking place in a more fluctuated 

temperature and humidity environment.  

Findings of this work can have several applications for indoor air management strategies and 

exposure assessments. The finding showed a decrease in Kp values as particle diameter increased 

optimized cleaning strategies can be used to remove these pollutants in the airstream as the 

filtration is a function of particle size. Therefore, knowing the indoor behavior of SVOCs will help 

us to design and optimize the building air cleaning systems to reduce the indoor SVOCs 

concentration. As the particle deposition and infiltration into our body is dependent on particle 
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size, exposure risk assessments can be enhanced by considering this impact. Furthermore, current 

models for predicting SVOCs partitioning are based on single-compound partitioning. However, 

partitioning of SVOCs in real-world will not occur in isolation of each other. Our competitive 

adsorption results showed the competitive sorption must be considered to improve the current 

prediction models to better reflect the real indoor air situation.  

5.6 Summary 

In this study, the particle-gas partitioning coefficients of four phthalates (DEP, DnBP, BzBP, 

DEHP) in size-resolved NaCl particles were experimentally determined in a mixing chamber under 

controlled conditions. Results showed that the adsorption process dominates the partitioning and 

Kp depends on both phthalate volatility (vapor pressure) and particle size. Overall, higher 

molecular-weight compounds (lower vapor pressure, e.g., DEHP) had higher affinity for 

adsorption to NaCl particles. Besides, the partitioning of all phthalates decreased systematically as 

the particle diameter shifted from 337 nm to 1007 nm.  

This work also provides experimental evidence that competitive interactions between two 

phthalates can alter partitioning coefficients. This highlights the importance of mixture effects in 

real-world SVOC partitioning, where current modeling frameworks are predominantly based on 

single-compound behavior. Considering size-resolved particles and mixture effect of SVOCs into 

indoor air quality models will strengthen the accuracy of human exposure assessments. Future 

research can extend these methods to complex particle matrices (including both inorganic and 

organic particles) to further refine models for describing indoor SVOC fate and transport in indoor 

air.   
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6 Conclusions and Recommendations 

6.1 Conclusions 

The omnipresence of PM in indoor environments facilitates the SVOC emissions from their 

sources; besides, through particle-gas partitioning processes these two pollutants have interaction 

by which the exposure of SVOCs can be increased. Both pollutants pose human-health concerns 

and have particularly deleterious effects on the cardiovascular, pulmonary, and reproductive 

systems. Although many experimental works have been conducted to quantify the partitioning 

(mostly in atmospheric conditions), our understanding of how gas-phase SVOCs interact with PM 

in indoor environments remains limited. Particle properties have been suggested to have an 

immense effect on the partitioning; however, no studies have investigated this effect under 

controlled laboratory conditions. For human exposure assessment and indoor air quality 

management, this is vital. In fact, accurate determination of partitioning (through particle-gas 

partitioning coefficient) allows for more precise indoor SVOCs fate and transport prediction, 

which enables the design of more effective exposure mitigation strategies. 

This dissertation has been carried out to study how these two pollutants interact in indoor 

environments. Through three experimental frameworks and model development, this work 

introduces new quantitative insight and information into how ventilation dynamics, particle size, 

and binary mixture of phthalates govern the distribution of the gas-phase and particle-phase of 

SVOCs. These findings can advance not only fundamental understanding but also practical 

prediction of SVOC behavior in indoor air, which can be considered as a critical step toward more 

accurate exposure assessment and effective control strategies. 

The first objective was to systematically investigate the effect of air exchange rate on partitioning 

coefficient (Kp) (Chapter 4). It was demonstrated that residence time has a profound effect on the 
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Kp of diethyl phthalate (DEP) and di‑n‑butyl phthalate (DnBP). When the ventilation rate 

increased, results showed that neither compound reached equilibrium and traditional adsorption 

model overestimated the particulate uptake while increasing residence time to 34 minutes led to 

underestimation of Kp values. This result highlights the inadequacy of equilibrium assumptions in 

ventilated indoor environments and suggests an adjustment for existing model frameworks. 

The second objective was to determine the role of particle size by conducting partitioning 

experiments on inorganic generated NaCl particles with three size ranges of 337 nm, 650 nm, and 

1000 nm (Chapter 5), and four phthalates—DEP, DnBP, benzyl butyl phthalate (BzBP), and 

di-2-ethylhexyl phthalate (DEHP) by setting other parameters as constants. Kp values were found 

to be size dependent and experienced a drop by 20 to 50 percent as particle diameter increased 

from 337 nm to 1 µm. The inverse relationship reflects the reduction in surface-area-to-volume 

ratio on larger particles, which can highly affect the effective adsorption sites per unit mass. 

Moreover, fitting the experimental Kp values, TSP, and vapor pressure of compound revealed that 

the constant used in adsorption model is compound and size dependent which is aligned with 

ambient polycyclic aromatic hydrocarbon studies. By knowing the TSP concentration and the 

number concentration of particles, the constant that was used in traditional models was improved 

for each target phthalates and particle size. The observed size dependence suggests that coarse 

particles have different interaction with SVOCs compared with fine particle. This finding is pivotal 

for both bioavailability and bioaccessibility studies as smaller particles can penetrate our 

cardiovascular system. Fine particles with a diameter of 300 nm can also penetrate the filtration 

system due to their light weight and their diffusion in streamline of air. Therefore, our findings are 

useful for future remediation strategies in indoor air quality domain.  
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The last objective was to determine the effect of binary mixture of DnBP and BzBP on a particle. 

This research revealed the competitive adsorption effects whereas the individual partitioning 

coefficients dropped by up to 30 percent (Chapter 5). When both compounds were introduced into 

the mixing chamber the higher-vapor pressure compound tended to suppress the partitioning of 

lower-vapour pressure compound. Competitive adsorption likely arises from differences in 

molecular polarity, vapor pressure, and surface affinity, where lower-volatility compounds (in this 

case BzBP) exhibit stronger binding to inorganic surfaces and may block sorption sites for the 

lighter one (in this case DnBP). Similar competitive behaviors have been reported in atmospheric 

aerosol and mineral-surface interaction studies, where limited adsorption sites and heterogeneous 

surface energies promote preferential uptake of more surface-active species. These results suggest 

that multilayer adsorption and surface-site competition may play a role in SVOC mixtures, 

particularly for inorganic particle systems. This has been done for the first time in partitioning 

studies while earlier studies carried out on a single-compound condition. In real indoor 

environments, a complex mixture of SVOCs (species like PCBs and PAHs) is presented, while 

models were developed for a single-compound interaction and neglected this effect.  

Beyond improving Kp prediction, this work developed the practical methodologies that can be used 

for other SVOCs that exist as liquids at room temperature. The use of mixing chamber with control 

airflow can mimic the indoor spaces where SVOCs and particles have plenty time of interaction. 

The SVOCs generation system provides high reproducibility and stability over the course of 

experiments. Using the sorbent tube sampling minimized positive and negative artifacts, 

improving confidence in measured both gas and particle-phase concentration of SVOCs. 

Therefore, the methodological approach can be applied to other SVOCs and both inorganic and 

organic particles with isolated parameters by which the effect of targeted parameter can be likely 
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investigated. Each factor contributes uniquely to model accuracy and their combined 

implementation bridges the gap between controlled laboratory measurements and the dynamic 

complexity of real indoor air. With continued refinement and expansion, this work will enable 

researchers and engineers to better understand and control the behavior of SVOCs pollutants in 

the environment. 

6.2 Recommendations for future work 

Despite abovementioned advances, several limitations still exist that need to be addressed in future 

work. We specifically propose the following future research to refine predictive capabilities of the 

models and expand their applicability: 

1) Mixed inorganic-organic aerosols are present in the real indoor environment. Studying these 

complex particles can help distinguish the relative contributions of absorption (into the bulk phase) 

versus adsorption (onto the surface) in the partitioning behavior of SVOCs. Future studies can be 

extended to not only a mixture of inorganic and organic particles but also a more realistic scenario 

by adding dust. In fact, dust is a pivotal exposure route for children by ingestion pathways which 

makes its partitioning with SVOCs vital to consider. Besides, it can become airborne by human 

activity (e.g. vacuum cleaner) and can contribute more to particle-phase SVOCs in indoor spaces. 

In such system, SVOCs may interact via gas-phase sorption as well as through direct contact or 

abrasion from their sources. Therefore, future studies can consider variety of dust types (e.g. 

collected from bag of vacuum cleaner, standard dust like Arizona one) from different temperature 

zones. Choosing the collection location is also important (e.g. school, hospital, office etc.) to have 

better exposure assessment in such places.  



94 

 

2) As particles possess different morphology based on their size and their composition, it is 

important to study this effect on SVOCs particle-gas partitioning behavior. In the current study, 

the morphology of generated particles was assumed to be cubic while particles often possess 

irregular shapes, porosity and complex internal surfaces structure. These features can impact both 

the available adsorption surface area, which can directly have impact on sorption and evaporation 

rate of SVOCs from the surface of particle, and the diffusion pathways within the porous structure 

of particles. For achieving this goal, future studies can be expanded on using different particle 

generation methods, such as using combustion-generated soot or diesel exhaust particle, which 

will generate irregular, fractal-like, highly porous particles. Experimental studies using advanced 

imaging techniques (e.g., SEM, AFM) and BET surface area analysis will help quantify these 

effects on gas-particle partitioning.  

3) Investigation of the effects of particle’s properties on other SVOC classes (e.g., flame retardants, 

PAHs) with wider spectrum of vapor pressures is another aspect to study. As some groups present 

in solid form under room conditions, the future work should be expanded on generating solid based 

compound by sublimation techniques using a permeation chamber (housing the compound) which 

is immersed in a thermostatic water bath to control outlet concentration. By developing a reliable 

method to generate gaseous SVOCs from their solid form, the current approach (liquid form) can 

be combined with the new method to study the particle-gas partitioning of other groups. The 

tentative experiments can be expanded on adsorption (or absorption) mixture dependencies.  

4) The measured Kp values from this study can be incorporated into whole-building indoor air 

quality modeling frameworks, such as multi-zone mass-balance models or computational fluid 

dynamics (CFD) simulations. Kp values can be used to evaluate how HVAC system, occupant 

behavior, and building conditions interact to influence the concentration and distribution of 
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SVOCs in both gas and particle phases. This will provide a more realistic understanding of 

occupational exposure pathways and will enable engineers to choose optimized strategies for 

different building types and scenarios (e.g. ventilation rates, filter selection, and material choices 

in building) to ensure healthier indoor environments.  
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