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AN ABSTRACT OF THE THESIS OF 

 

 

 

 

Malek Mohammad Jaafar     for Master of Science 

Major: Chemistry 

 

 

 

Title: Oxidative Capacity of Coarse and Fine Particles in Different 

Environments 

 

Numerous epidemiological evidence indicates significant associations between 

exposure to particulate matter (PM) and increased risk of adverse health outcomes. 

Although the components of and the mechanism by which PM causes these health 

effects, is still unclear, and the majority of these studies state that they are due to 

cellular oxidative stress, caused by reactive oxygen species. Additionally, because the 

redox potential of PM is dependent on its composition, it is expected that variations in 

the sources affecting PM composition could cause a change in redox potential. 

 

This study focuses on determining the chemical and oxidative properties of 

size-segregated PM in different environments; urban background, roadside and dusty. 

Gravimetric analysis, high-resolution magnetic sector Inductively Coupled Plasma Mass 

Spectrometry (HR-ICP-MS), ion chromatography, NIOSH Thermal Optical 

Transmission method, Scanning Electron Microscope, Total Organic Carbon Analyzer, 

macrophage-based ROS (m-ROS) assay and Dithiothreitol (DTT) assay were used to 

assess the mass concentration, ionic, elemental and organic composition of coarse and 

fine PM and obtain the chemical mass closure and oxidative potential. Additionally, 

results will be used to deduce relationships and correlations between different PM 

components and the oxidative capacity.  

 

Considering the roadside site, particle mass levels were 1.3-2.6 times greater at 

than the urban background. A chemical mass closure showed that coarse PM was mostly 

composed of crustal material, contributing to 12-23% of its mass across sites. In fine 

(PM2.5-0.25) and quasi-ultrafine (PM0.25), organic matter was dominant (46-56%) at the 

roadside location, while secondary ions (SI, 54-68%) were more abundant at the 

background site. Measured ROS-activity, on a per m3 of air volume basis, was 1.4-2.6 

times greater at the roadside than background location, indicating that exposure to 

redox-active PM species may be greatest near the freeway. Conversely, size-resolved 

PM intrinsic redox activity was generally comparable at both sites, possibly suggesting 

a similarity in the sources of ROS-active species.  
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For the dust episodes, the average PM mass concentrations of coarse and fine 

fractions increased over non-dusty by 48.5 and 14.6 %, respectively. Consequently, 

crustal materials, which are often associated with dust transport sources, were 

significantly enhanced for coarse and fine PM by 47 and 107%, respectively. Elemental 

carbon and trace element only differed in the coarse fraction while that of organic 

matter did not change in both the coarse and fine PM. The oxidative potential of PM 

showed an increase in the dust to non-dust percent difference for the coarse mode, and a 

decrease for the fine mode. Since crustal material, in the form of mineral oxides, is the 

dominant class during these episodes, the redox potential of some was tested on the 

DTT assay. Of these oxides, CuO showed the highest redox activity while Cr2O3 

showed none. 

 

Results of this work provide much needed information on the levels, variability, 

chemical composition and oxidative capacity of PM for Beirut and the region. In 

addition to the understanding of the correlation between different chemical components, 

deducing their sources and the mode of actions, of some of these components, on the 

redox assays. 
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CHAPTER I 

INTRODUCTION 

 
A. Particulate Matter 

Concerns over air pollution have been well documented and can be traced 

back many centuries. Air pollutants can be classified into two main categories; the 

gaseous pollutants and the particulate matter (PM). This study will focus on PM, their 

composition and oxidative potential. Particulate matter is a mixture of solid or liquid 

particles, of different sizes and shapes, suspended in a gas. The components of PM 

include organics, inorganics, metals, trace elements and crustal material. PM can be 

directly emitted by biogenic (Volcanic eruption, dust, sea spray) and anthropogenic 

(vehicular emissions, fossil fuel burning) sources (also known as Primary PM) or 

formed in the atmosphere (Secondary PM) 1. As started above, PM vary in sizes, they 

can range from a few nanometers to several micrometers. Those with a diameter less 

than 10 μm are of concern because they can enter our airways 2. These PM can be 

classified into two general modes; coarse and these are PM with a diameter between 2.5 

and 10 μm and fine with a diameter less than 2.5 μm. The fine mode can be further 

divided into accumulation (diameter between 2.5 and 0.25 μm) and quasi-ultrafine or 

ultrafine (diameter less than 0.25 μm). Each PM mode has its own sources, chemical 

composition, respiratory penetration and atmospheric lifetime.  Due to their large size, 

coarse PM usually deposit within hours 3 and don’t reach further than the upper 
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respiratory track. Fine PM can have an atmospheric lifetime in the order of days 4 and 

can penetrate deep into the pulmonary interstitial sites 5,6.  

A number of epidemiological evidence indicates significant associations 

between exposure to PM and increased risk of adverse health outcomes 7,8. With many 

studies linking increase in respiratory and cardiovascular diseases as well mortality after 

exposure to atmospheric PM 9. Although the mechanism by which PM affects biological 

systems is still unclear, many studies link the pro-oxidative and pro-inflammatory 

effects of PM exposure to the increased PM- catalyzed formation of reactive oxygen 

species (ROS) within the cells 10-12. ROS is a collective term comprising chemically 

reactive oxygen radicals or oxygen-derived species (e.g. hydroxyl radical and hydrogen 

peroxide) 13. They are formed normally in cells and are used for cellular activities 14, but 

at high levels they are associated with inflammation and apoptosis 15. Additionally, 

because the redox potential of PM is dependent on its composition, it is expected that 

variations in the sources affecting PM composition could cause a change in redox 

potential. 

 

B. Thesis Layout 

Chapter 2 outlines the analysis of size-resolved ambient PM (PM10-2.5, PM2.5-

0.25, PM0.25) in the Greater Beirut area, Lebanon. Sampling was concurrently conducted 

at near-freeway and urban background sites, with size-fractionated samples analyzed for 

their detailed chemical composition. The dependency of PM chemistry on particle-size 

and location is explored. Results are also evaluated in the context of metropolitans and 
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roadways worldwide. Findings provide insight on commuter exposure in the Beirut 

area. 

Chapter 3 addresses the role of PM size and chemistry in inducing redox 

activity, for samples collected in Beirut-Lebanon (Chapter 2). The oxidative potential of 

PM10-2.5, PM2.5-0.25 and PM0.25 samples, collected at near-freeway and urban background 

sites in the Greater Beirut area, was quantified using a macrophage-based ROS assay 

(m-ROS) and compared among PM modes to worldwide urban settings. The role of 

water-soluble metals and trace elements in PM-induced ROS-activity is also particularly 

investigated.  

Chapter 4 outlines the analysis of coarse and fine for samples collected during 

dust episodes in an urban background site in Beirut. The redox potential of these PM 

samples is also analyzed using a cellular assay (m-ROS) and an acelullar assay 

(Dithiothreitol (DTT) assay). The change in the redox potential is analyzed in light of 

the changes in the chemical components during dust episodes. The redox potential is 

compared to that of non-dust episodes sampled at the same location.  

Chapter 5, in light of the changes in the chemical composition during dust 

episodes, specifically the increase in crustal material, the redox potential of some of 

these crustal material is analyzed on the DTT assay. The physicochemical 

characteristics, which include the surface area, size and morphology, are analyzed to 

check whether they are a key factor in controlling the redox potential. 

Chapter 6 details the major findings of this thesis and highlights on its 

contribution to the scientific knowledge about urban air quality and its health 
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implications. The chapter concludes with recommendations for future atmospheric 

research directions 
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CHAPTER II 

CHEMICAL COMPOSITION OF SIZE-RESOLVED 

PARTICULATE MATTER AT NEAR-FREEWAY AND 

URBAN BACKGROUND SITES IN THE GREATER BEIRUT 

AREA 
 

The following Chapter is based on the following study:  

Daher, N., N. A. Saliba, A. L. Shihadeh, M. Jaafar, R. Baalbaki and C. Sioutas (2013). 

"Chemical composition of size-resolved particulate matter at near-freeway and urban 

background sites in the Greater Beirut Area." Atmospheric Environment 80: 96-106. 

 

A. Introduction 

In urban areas, motor vehicles are the primary source of PM 16,17, with 

populations in close proximity to trafficked-roadways being most susceptible to 

particle-induced health effects 18. Accordingly, chemical characterization of PM in 

urban and roadways settings has been the focus of many research fronts, especially for 

areas in the U.S. 19-21. PM vehicular emissions, derived from both exhaust and abrasion 

16, are composed of potentially toxic air pollutants, such as organic carbon (OC), 

polycyclic aromatic hydrocarbons (PAHs) and transition metals 10,22,23. Some of these 

components (OC, PAHs) also dominate the ultrafine particle-mode (aerodynamic 

diameter, dp < 0.1-0.2 µm) because of its increased number and surface area relative to 

larger coarse (PM10-2.5, 10 µm < dp< 2.5 µm) and fine (PM2.5, dp < 2.5 µm) PM 24,25. 

Lebanon, a developing country in the eastern Mediterranean basin, is afflicted 

with high PM levels, often exceeding the World Health Organization (WHO) guidelines 

26. Its elevated particle levels, particularly in urban areas, can be largely related to road-

traffic emissions given the absence of an efficient mass transportation system 27. The 
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rate of car ownership is estimated as 3 persons/car and is expected to further increase 27. 

Accurate characterization of traffic-associated PM emissions in Lebanon is thus 

essential.  

Investigation of PM in Lebanon has been generally restricted to urban areas 

and focused on determining the ionic and elemental content of coarse or fine PM 26,28,29. 

Very few studies examined PM-organic matter 30, smaller particle-size modes or PM 

composition at roadways. To determine chemically-speciated and size-resolved 

properties of traffic-related particle emissions in Lebanon, coarse, accumulation 

(PM2.5-0.25, 2.5 µm < dp< 0.25 µm) and quasi-ultrafine (PM0.25, dp< 0.25 µm) PM 

samples were collected at two contrasting locations in the summer of 2012. Sampling 

sites included near-freeway and background locations in the greater Beirut area. Results 

are also evaluated in the context of metropolitans and roadways worldwide. Findings of 

this work provide the much-needed information on road-traffic emissions in Lebanon 

and could ultimately aid in establishing air pollution control strategies, currently very 

limited, in this region.   

 

B. Methodology 

 Sampling Sites 

The sampling campaign was conducted in the greater Beirut area at two 

contrasting sites, including urban background and near-freeway locations, as shown in 

Figure 2.1.  
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Figure 2.1 Map of the urban background (A) and near-freeway sites (B). 

 

The background site was situated at the American University of Beirut (AUB), 

in a location overlooking AUB campus from the east and the Mediterranean coast from 

the west. It is surrounded by dense vegetation covers and mostly pedestrian roads, with 

the nearest street located about 150 m west of the site 28. This coastal roadway separates 

the site from the Mediterranean Sea and experiences fairly high traffic activity 

throughout the day, particularly during rush hours (7-9 a.m. and 4-7 p.m.). The 

sampling site is also within 1.5 and 2.5 km of a leisure yacht club and the commercial 

port of Beirut, respectively. Particle levels at this coastal site are commonly 

 

  Sample Collection 

Sampling was conducted from 7:00 a.m. to. 5 p.m. on weekdays during July-

August 2012, with samples concurrently collected at the two sites on a weekly basis. 

Three parallel Sioutas Personal Cascade Impactor Samplers (Sioutas PCIS, SKC Inc., 
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Eighty Four, PA, USA, 31), preceded by PM10 inlets (Chemcomb 3500 speciation 

sampling cartridge, Rupprecht & Patashnick CO, Inc, Albany, USA) and operating at 9 

lpm, were deployed at each site to collect size-fractionated particles in the size ranges: 

10-2.5 µm (coarse PM), 2.5-0.25 µm (accumulation PM) and <0.25 µm (quasi-ultrafine 

PM). For the purpose of chemical speciation, one PCIS was loaded with quartz 

microfiber filters (Whatman International Ltd, Maidstone, England) while the other two 

PCISs were loaded with Teflon filters (Pall Life Sciences, Ann Arbor, MI). 25 mm 

filters were used as impaction substrates for PM10-2.5 and PM2.5-0.25 while 37 mm filters 

were used as collection media for PM0.25. The collected particle mass was determined 

by pre- and post-weighing the Teflon filters using a UMX2 microbalance (Mettler 

Toledo GmbH, CH-8606 Greifensee, Switzerland), following equilibration under 

controlled temperature and relative humidity conditions (22–24ºC and 40–50%, 

respectively). 

 

 Sample Analysis 

To conduct chemical analyses of the samples, the collected Teflon and quartz 

filters were sectioned into portions. Quantification of carbonaceous species and organic 

compounds was conducted on the quartz substrates, while all other measurements were 

performed on the Teflon filters. Elemental and organic carbon (EC and OC, respectively) 

measurements were determined using the NIOSH Thermal Optical Transmission 

method 32. The ionic and water-soluble organic carbon (WSOC) contents of the filters 

were respectively quantified by ion chromatography and a Sievers 900 Total Organic 

Carbon Analyzer, following water-extraction and filtration of the samples 33. The total 
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elemental mass of the filter substrates was measured using a high resolution magnetic 

sector Inductively Coupled Plasma Mass Spectrometry (Thermo-Finnigan Element 2). 

A microwave-aided Teflon bomb digestion protocol using a mixture of 1 mL of 16 M 

nitric acid, 0.25 mL of 12 M hydrochloric acid, and 0.10 mL of hydrofluoric acid was 

used for extraction of total metals and elements 34. Organic speciation was conducted 

using gas chromatography mass spectrometry (GC-6980, quadrupole MS-5973, Agilent 

Technologies). The filter substrates were spiked with isotopically-labeled standard 

solutions prior to extraction. Samples were then extracted in a 50/50 

dichloromethane/acetone solution using Soxhlets, followed by rotary evaporation and 

volume reduction under high-purity nitrogen. Extracts were analyzed twice by GC/MS 

after derivitization of carboxylic acids with diazomethane and after silylation of 

hydroxyl groups. Additional details can be found in Sheesley et al. 35. 

 

C. Results and Discussion 

 Size-Resolved Particle Mass Concentrations 

Size-resolved PM mass concentrations (average ±standard error) are presented 

in Table 2.1 for each location.  

 

Table 2.1. Average (±standard error) size-fractionated particle mass levels at the near-

freeway and background sites. 

Size range (µm) 
Concentration (µg/m3) 

Near-freeway Background 

10-2.5 34.0±1.5 15.8±0.9 

2.5-0.25 13.8±0.9 8.6±1.0 

<0.25 36.1±0.9 14.0±0.4 
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Overall PM (PM10) mass composition was relatively consistent across the two sites, 

with PM0.25 and PM10-2.5 prevailing (36-43% of PM10). However, despite this 

comparability, PM concentrations were significantly higher (1.6-2.6 times) at the near-

freeway than background site for all particle-size ranges. At the roadside location, PM 

mass levels varied from a low of 13.8 µg/m3 in PM2.5-0.25 to a high of 34.0 and 36.1 

µg/m3 in PM10-2.5 and PM0.25, respectively. Particle concentrations at the background site 

ranged from 8.6 µg/m3 in the accumulation mode to 15.8 and 14.03 µg/m3 in the coarse 

and quasi-ultrafine fractions, respectively. The persistently higher levels at the roadside 

suggest substantial contributions from vehicular emissions as well as traffic-induced re-

suspension to PM levels at the freeway. Compared to other Mediterranean areas, while 

coarse particle levels at the background site are lower (0.55-0.60 times) than those 

reported at urban background locations in Athens-Greece (June-July) and Barcelona-

Spain (March-May), PM2.5 concentrations are comparable (0.90-1.13 times) 36. 

Conversely, coarse and fine PM levels are 2.4-2.9 times greater than those measured at 

I-710; a major freeway with the highest ratio (up to 25%) of heavy-duty diesel vehicles 

(HDDVs) in Los Angeles (LA)-California highway network 37. 

 

 Size-Resolved Particle Mass Composition 

To determine the bulk composition of the PM samples, a chemical mass 

reconstruction was conducted for each particle mode and sampling site, as displayed in 

Figure 2.2a-b. 
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Figure 2.2a-b. Chemical composition and gravimetric mass concentration of PM10-2.5, 

PM2.5-0.25 and PM0.25  at the a) near-freeway and b) background sites. Error bars 

correspond to one standard error. 

 

PM chemical species were classified into organic matter (OM), EC, sea-salt (SS), 

secondary ions (SI), crustal material (CM) and trace elements (TE). To account for the 

contributions of non-carbon atoms (e.g. oxygen, hydrogen) to the total mass of OM, a 

factor of 1.6±0.2 and 2.1±0.2 is recommended for urban and non-urban aerosols, 

respectively 38. A factor of 1.6 is used to convert OC to OM in this study. SS 

contribution was estimated as the sum of Na+ concentration and sea-salt fractions of Cl−, 

Mg2+, K+, Ca2+, and SO4
2− concentrations, assuming standard sea-water composition 39 

and using soluble Na+ as a tracer for sea-salt. SI includes ammonium, nitrate and non-

sea-salt sulfate (nss-sulfate), where nss-sulfate is obtained by subtracting the sea-salt 

fraction of sulfate from total measured sulfate. The proportion of CM in the PM samples 

a) b) 
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was determined by summing the oxides of crustal metals, Al, K, Fe, Ca, Mg, Ti and Si, 

using the following equation 40-42: 

CM = 1.89Al + 1.21K + 1.43Fe + 1.4Ca + 1.66Mg + 1.7Ti +2.14Si   (2.1) 

Ca and Mg correspond to their non-sea-salt portions and Si concentration, which was 

not measured in this study, was estimated as 3.41x Al 41. 

We should note that multiplying Ca and Mg by their respective factors could lead to an 

overestimation of their oxides, if Ca and Mg were associated with nitrate or sulfate ions, 

which are directly measured and included in the mass closure. However, a sensitivity 

analysis showed that using this approach would only result in a 2±0.38% (arithmetic 

mean ± standard error) overestimation in the reconstructed mass across sites and 

particle-size fractions. Its impact on the overall mass balance is thus minimal.  Lastly, 

TE consists of the remaining measured elements such as Cu, Zn and Cr.  

In the coarse fraction, CM was the predominant component at the background site 

(22.9±8.1%), while the second most abundant compound (12.2±3%), closely following 

OM (19.4±3.4%), at the freeway site. These rather low CM fractions will be discussed 

in a subsequent section. On the other hand, accumulation and quasi-ultrafine PM modes 

were dominated by OM (46-56%) at the near-freeway site while SI (54-68%) at the 

background location. This variability in particle composition between sites, mainly for  

PM0.25 and PM2.5-0.25, confirms that these modes are strongly dependent on sources in 

their microenvironment. 
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a. Carbonaceous Species 

 In PM2.5-0.25 and PM0.25, OM was the most prevalent component at the near-

freeway location (45.7-55.8% ) while the next most prominent species at the 

background site (15.2-29.3%). Its contribution to the coarse fraction was moderate at 

both locations, averaging less than 19.4% and 6.5 µg/m3.  

To evaluate the extent of primary and secondary contributions to the organic mass, the 

variation in size-resolved OC, WSOC and EC concentrations is shown in Figure 2.2 for 

each site. 
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Figure 2.3 a-b. Average concentration of water-soluble organic carbon (WSOC), 

organic carbon (OC) and elemental carbon (EC) in PM10-2.5, PM2.5-0.25 and PM0.25 at the 

a) near-freeway and b) background sites. Error bars correspond to one standard error.  

 

As can be inferred, the majority of these carbonaceous species (55-88%) is confined in 

the quasi-ultrafine mode. OC in the fine fraction can be directly emitted from primary 

sources, such as fossil fuel combustion, or produced via secondary organic aerosol 

(SOA) formation processes; whereas OC in the coarse fraction may also include 

biological debris 43,44. OC was mostly water-insoluble at the freeway site, corroborating 

a) b) 
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its predominantly primary origin. Its concentration ranged from a low of 4 µg/m3 in 

PM10-2.5 to a high of 10.1 µg/m3 in PM0.25 and was 4-7—fold greater than levels at the 

background site. This trend indicates substantial contributions from vehicular sources at 

the highly trafficked-freeway site. Although OC concentration significantly varied 

between locations, mass levels of PM2.5-0.25- and PM0.25-WSOC, indicators of SOA 

formation processes 45, were comparable (p>0.05) across the two sites, likely suggesting 

their regional secondary nature. Moreover, OC was largely water-soluble at the 

background site, particularly in the quasi-ultrafine (71.7±0.1%) and accumulation 

(79.2±0.1%) size ranges, indicating its mainly secondary origin.  Its water-soluble 

fraction varied from 0.69 µg/m3 in PM2.5-0.25 to 1.79 µg/m3 in PM0.25. Lastly, it is 

noteworthy that OC levels are 2-4 times levels at I-710 in Los Angeles, CA 46, as can be 

inferred from Figure 2.4a. I-710 is characterized by a HDDV composition of 11-25% 

and a total vehicular traffic flow of 4247 vehicles/hour 37,46, roughly half of that 

estimated for the freeway in this study. In contrast, levels at the background site are 

comparable to those measured at an urban background location in LA 46, Figure 2.4a.  

EC, a key tracer for diesel exhaust 47, minimally contributed to coarse PM at both sites, 

accounting for less than 0.7% and 0.24 µg/m3 of its mass. Its contribution to fine PM 

was more significant, with EC dominating the quasi-ultrafine mode and comprising 

25.3±0.9 and 8.9±0.9% of PM0.25 at the near-freeway and background sites, 

respectively. Its PM0.25-levels varied from 9.0 µg/m3 at the roadside location to 1.2 

µg/m3 at the background site, spanning a 7.4-fold increase, which indicates a 

considerable impact from HDDVs on particle levels at the freeway. At the coastal 

background site, EC could partly originate from non-road sources such as diesel 
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generators, largely used due to regular power outages, or also fuel oil combustion given 

the site’s proximity to nearby ports (1.5-2.5 km). Finally, it is worth noting that PM0.25-

EC levels at the freeway site greatly exceed (5-fold) those measured at the I-710 in LA, 

which is characterized by a high truck flow of 470/hour 46, Figure 2.4b. This is likely 

due to lack of diesel particulate filters and higher prevalence of smoking vehicles 

(vehicles emitting atypically large amounts of lubricating oil) in Lebanon than LA. 

Mobile sources in Lebanon are characterized by a large, old (average age exceeds 13 

years) and poorly maintained vehicular fleet 27,48.   

 

Figure 2.4a-b. Comparison of size-resolved a) organic carbon (OC) and b) elemental 

carbon (EC) concentrations (current study) with data from I-710 freeway and an urban 

background site in the Los Angeles (LA) area (Kam et al., 2012). 

 

 

 

b. Secondary Ions 

a) b) 
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Coarse mode-SI contributed only marginally to PM10-2.5 (< 14% and 2.25 

µg/m3), with nitrate dominating its mass (77-93%), followed by nss-sulfate (7-23%), as 

shown in Figure 2.5a-b. Ammonium was undetected in this mode, consistent with 

several studies which documented that ammonium particles mostly exist in the fine 

mode 49,50. Coarse nitrate and nss-sulfate are likely formed from the respective reactions 

of nitric and sulfuric acids with soil dust 51,52, promoted by the calcium-carbonate-rich 

soil in Lebanon, as demonstrated by a previous study conducted in the Beirut area 53. A 

significant fraction of these anions could also  originate from the reaction of nitric and 

sulfuric acids with sea salt 51, given the proximity of the sites to the Mediterranean Sea 

(150-380 m). 
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Figure 2.5a-b. Average concentration of nitrate, non-sea-salt sulfate and ammonium in 

PM10-2.5, PM2.5-0.25 and PM0.25 at the a) near-freeway and b) background sites. Error bars 

correspond to one standard error.  

 

a) b) 
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These observations are further supported by a charge balance, estimated as the ratio of 

(Na+ + NH4
+ + ssCa2+ + ssMg2+) to (Cl- + NO3

-  + SO4
2+) in equivalent units. This 

balance revealed a non-neutralized aerosol in the coarse fraction, indicating that the 

excess nitrate and sulfate are possibly in the form of soil-associated calcium nitrate and 

sulfate (Figure 2.6).  

In the quasi-ultrafine and accumulation PM, SI was the major component at the 

background location while the next most abundant species at the freeway site, with 

average mass fractions of 54-68% and 29-31%, respectively. Nss-sulfate was mostly 

prevalent among secondary ions, accounting for 2.09-5.92 µg/m3 and 42–65% of their 

collective mass. Ammonium and nitrate were less abundant, with ammonium 

contributing to 0.14/4.4 and 1.8/2.7 µg/m
3 

in PM2.5- 0.25/PM0.25 at the near-freeway 

and background sites, respectively. Nitrate, averaging 1.01 and 2.8 µg/m
3 

in PM2.5-

0.25 and PM0.25 , respectively, at the background location, is potentially in the form of 

ammonium nitrate formed from the photochemical reaction of nitric acid with 

ammonia 54. Nss-sulfate, on the other hand, is likely present as ammonium sulfate, 

formed from photochemical reactions of ammonia with sulfuric acid 54, as suggested by 

its strong correlation with ammonium at both sites (R=0.74-0.95 and p<0.05). This 

observation is in agreement with a previous study conducted in this region 53. 

Additionally, it is noteworthy that sulfate and ammonium display fairly uniform 

concentrations in PM2.5 across the two sites (p>0.05), suggesting their predominantly 

regional secondary nature due to the long-range transport of their precursor gases. SO2 

levels in the eastern Mediterranean basin and Lebanon, in particular, are highly 
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influenced by air masses originating from Eastern and Central Europe 55,56. This was 

further confirmed by a backward air mass trajectory analysis, using HYSPLIT model 57, 

which showed predominantly N-NW winds during the sampling campaign (Figure 2.7). 

Local primary sources such as diesel-operating buses and ship emissions may also 

contribute to SO2 emissions and sulfate formation, to some extent. PM0.25-sulfate could 

originate from bunker fuel combustion from marine vessels 58, particularly at the 

background site given its close proximity (ca. 2.5 km) to the commercial port of Beirut. 

 

 
Figure 2.6. Average charge balance rations of (Na+ + NH4

+ + ssCa2+ + ssMg2+) to (Cl- + 

NO3
-  + SO4

2+). Error bars represent one standard error. 
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Figure 2.7. Backward air mass trajectories for the entire sampling campaign (July-

August 2012), simulated using HYSPLIT model from NOAA. For each sampling day, 

four 48-hour trajectories were modeled every six hours at 500 m-agl using vertical wind 

velocity field from the meteorological data. 

 

c. Sea Salts 

Sea-salt mass concentration was considerably higher in PM10-2.5 relative to the 

other two size fractions, with about 75% of sea-spray accounted for in the coarse mode 

at both sampling locations, consistent with expectations. Furthermore, although PM10-

2.5-SS existed in similar amounts at both sites (2.37±0.91 and 2.31±0.46 µg/m3, on 

average), sea-salt was a more significant component of coarse PM at the coastal 

background site than the traffic-impacted freeway location, accounting for 14.7±3.1 and 

7.3±2.8% of its mass, respectively.  
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d. Crustal Material and Trace Elements 

At both sites, CM was more prevalent in the coarse mode than accumulation 

and ultrafine particle-size fractions. It accounted for 12.2±3.0 and 22.9±8.1% of PM10-2.5 

at the near-freeway and background locations, respectively. These proportions are, 

however, low compared to other Mediterranean areas, where 36% (Barcelona) to 65% 

(Athens) CM mass fractions were reported during spring and summer 50. CM may be 

under-represented using the sum of oxides method since this technique does not include 

all components known to contribute to dust. Moreover, soil in Lebanon is rich in calcite 

and limestone rocks 53,59. Its mineral content may therefore be underestimated using a 

factor of 1.4 to account for Ca oxides. Andrews et al. 60 reported that, depending on the 

soil composition, the crustal mass may be underestimated by as much as 50% using the 

sum of oxides approach. Furthermore, although vehicular-induced resuspension is 

expected to promote CM concentration at the freeway site, PM10-2.5-CM levels were 

comparable at the background and near-freeway locations, averaging 3.84±1.6 and 

4.08±0.95 µg/m3, respectively. Soil dust re-suspension at the background site may be 

enhanced by local sea breeze or also construction activities and vehicular traffic nearby 

the site. The site is about 150 m away from a coastal road, where the driving mode 

involves intermittent acceleration and deceleration of vehicles at intersections and street 

shops, which could increase dust re-suspension.  

Trace metals’ contribution was consistently low at 0.5-1.8% for all size fractions and 

sites.  
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e. Chemical Mass Closure 

Chemical mass balance results show an overall good agreement between the 

reconstructed and gravimetric PM mass. Percent mass apportioned varied between 45-

123% across size fractions and sites, with lesser agreement observed for the coarse 

mode. The fraction of unknown mass for PM10-2.5 is nonetheless consistent with other 

studies, which reported a 28-50% range of unaccounted coarse PM mass 41,43. The 

unidentified mass could be related to uncertainties in the gravimetric and chemical 

measurements as well as multiplication factors used to convert OC to OM. Unmeasured 

crustal components and uncertainties in the correction factors used to account for oxides 

of metals could also lead to some inconsistency, particularly for the coarse fraction.  

 

 Organic Compound Characterization 

To further investigate PM-organic composition, size-resolved mass 

concentrations (arithmetic mean ± standard error) of PAHs, hopanes, steranes and n-

alkanes were determined at each sampling site as summarized in Table 2.2 and Figures 

2.8a-c. Undetected compounds or compounds with a concentration below the limit of 

detection (LOD) are reported as bdl. These values were also treated as zero in the 

reported sums. LOD for a given species is estimated as two times its uncertainty 

measurement in the limit as the concentration of the compound approaches zero. The 

LODs for speciated organics are listed in Table 2.2.  
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a. Polycyclic Aromatic Hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs), many of which have been 

identified as potent human carcinogens 61, are common products of incomplete 

combustion 62. Because of their semi-volatile nature, these species can partition between 

the gaseous and particulate phase, depending on ambient temperature and atmospheric 

dilution conditions 63,64. Levels at the background site were below detection limit for all 

size-fractionated PAHs, as shown in Table 2.2. This site is surrounded by mostly 

pedestrian roads and dense vegetation covers, with the nearest street located at about 

150 m away. PAH emissions from this adjacent road are likely shifted to the gaseous 

phase during their advection from the roadway to the sampling site. The high 

summertime temperatures coupled with frequent daytime on-shore winds and increased 

atmospheric dilution at this non-enclosed coastal site likely favor the volatilization, 

photodegradation and dispersion of PAHs. In contrast, levels of PAHs reached a 

cumulative concentration of 11.5±0.6 ng/m3 at the near-freeway site, with the majority 

distributed in the quasi-ultrafine size range. Most of the measured compounds displayed 

concentrations that are about an order of magnitude higher in PM0.25 than PM2.5-0.25. 

Moreover, while high and medium molecular weight (MW) (MW>=276 amu and 

MW=252 amu, respectively) benzo(ghi)perylene, coronene, benzo(e)pyrene and 

benzo(b)fluoranthene were the predominant PAHs in PM0.25 and PM2.5-0.25, low MW 

PAHs (<=228 amu) were also detected in the quasi-ultrafine mode. These results 

indicate significant contributions from LDVs as well as HDVs to PAH levels at the 

roadway. Previous works showed that both gasoline- and diesel-powered motor vehicles 

contribute to high MW PAHs, whereas HDVs are the major source of low MW PAHs 
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65,66. Benzo(a)pyrene, commonly used as an index for PAH carcinogenicity 67, exhibited 

a cumulative concentration of 0.69 ng/m3, exceeding that reported at I-710-freeway in 

LA by about 7 times 68. Size-segregated overall PAH concentrations were also 1.3-3.9 

fold greater relative to those measured at I-710 68, indicating substantial vehicular 

combustion emissions at the near-freeway site.  
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Table 2.2. Average (±standard error) concentration of PAHs, hopanes and steranes in PM10-2.5, PM2.5-0.25 and PM0.25 at the near-freeway and 

background sites. bdl indicates an undetected compound or a concentration below detection limit. *Error corresponds to analytical error. 

  
PM10-2.5 

 
PM2.5-0.25 

 
PM0.25 

  
JED AUB 

 
JED* AUB 

 
JED AUB 

PAHs (ng/m3) 

Pyrene bdl bdl 
 

bdl bdl 
 

0.4±0.01 bdl 

Benzo(ghi)fluoranthene bdl bdl 
 

bdl bdl 
 

0.8±0.39 bdl 

Benz(a)anthracene bdl bdl 
 

bdl bdl 
 

0.4±0.02 bdl 

Chrysene bdl bdl 
 

bdl bdl 
 

0.7±0.03 bdl 

Benzo(b)fluoranthene bdl bdl 
 

0.11±0.04 bdl 
 

1.3±0.04 bdl 

Benzo(k)fluoranthene bdl bdl 
 

0.05±0.01 bdl 
 

0.64±0.04 bdl 

Benzo(e)pyrene bdl bdl 
 

0.1±0.03 bdl 
 

1.4±0.02 bdl 

Benzo(a)pyrene bdl bdl 
 

0.06±0.02 bdl 
 

0.63±0.03 bdl 

Indeno(1,2,3-cd)pyrene bdl bdl 
 

0.1±0.03 bdl 
 

1.1±0.06 bdl 

Benzo(ghi)perylene bdl bdl 
 

0.17±0.02 bdl 
 

2.6±0.12 bdl 

Coronene bdl bdl 
 

0.1±0.03 bdl 
 

1.6±0.03 bdl 

Total - - 
 

0.7±0.07 - 
 

11.5±0.59 - 

Hopanes and steranes (ng/m3) 

17α(H)-22,29,30-Trisnorhopane bdl bdl 
 

0.22±0.02 bdl 
 

0.32±0.05 bdl 

17α(H)-21β(H)-30-Norhopane 0.2±0.02 bdl 
 

0.78±0.08 bdl 
 

2.4±0.13 0±0.05 

17α(H)-21β(H)-Hopane 0.15±0.03 bdl 
 

0.62±0.12 bdl 
 

3.3±0.12 0.1±0.09 

22S-Homohopane 0.15±0.02 bdl 
 

0.54±0.04 bdl 
 

4.1±0.25 0.1±0.09 

22R-Homohopane 0.09±0.02 bdl 
 

0.4±0.03 bdl 
 

3.3±0.14 0.1±0.07 

22S-Bishomohopane 0.13±0.02 bdl 
 

0.32±0.02 bdl 
 

2.9±0.22 bdl 

22R-Bishomohopane 0.1±0.0000804 bdl 
 

0.2±0.02 bdl 
 

2.2±0.15 bdl 

22S-Trishomohopane bdl bdl 
 

0.2±0.02 bdl 
 

2.3±0.08 bdl 

22R-Trishomohopane bdl bdl 
 

0.14±0.01 bdl 
 

1.3±0.06 bdl 

ααα-20S-C27-Cholestane bdl bdl 
 

0.13±0.02 bdl 
 

0.38±0.06 bdl 

αββ-20R-C27-Cholestane bdl bdl 
 

0.13±0.01 bdl 
 

0.24±0.01 bdl 

ααα-20R-C27-Cholestane bdl bdl 
 

0.14±0.02 bdl 
 

0.37±0.04 bdl 

Total 0.82±0.09 - 
 

3.8±0.16 - 
 

23.1±0.89 0.29±0.28 
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b. Hopanes and Steranes 

Hopanes and steranes, which are derived from fuel oil and automotive 

lubricating oil 65,69, were several folds greater at the near-freeway site than background 

location, confirming a strong impact from vehicular exhaust on PM levels at the 

roadway (Table 2.2). Similarly to PAHs, hopanes and steranes were mostly confined in 

the quasi-ultrafine mode, with 17α(H)-21β(H)-hopane, 22S-homohopane and 22R-

homohopane prevailing at both sites. In proximity of the freeway, hopanes and steranes 

displayed a collective concentration ranging from a low of 0.82 ng m−3 in PM10-2.5 to a 

high of 23.1 ng m−3 in PM0.25. These levels were 2.1-17.4 times those measured at 

diesel-impacted I-710 freeway in California 68. Additionally, these organic compounds 

exhibited high hopanes plus steranes to total carbon (TC=OC+EC) ratios (0.16-1.1 

ng/µg) compared to those recorded at I-710 (0.20-0.35 ng/µg) 68, which is likely related 

to different engine operating conditions and configurations (e.g. after-treatment control 

technologies) or also lubricating oil formulation. The Lebanese vehicular fleet is 

characterized by a high percentage of non-catalyst equipped vehicles 70. At the coastal 

background site, unlike PAHs which were below detection limit, PM0.25-hopanes 

exhibited a cumulative mean concentration of 0.29±0.28 ng/m3. Because of their lower 

vapor pressure, hopanes are more atmospherically stable than PAHs 71, and may thus be 

less sensitive to meteorological conditions at this site. The large error associated with 

the measured levels suggests a change in source strength or an impact from multiple 

sources, such as vehicular emissions and nearby harbor activities. Marine vessels may 

contribute to urban concentrations of hopanes 72. 
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c. N-Alkanes 

To assess the influence of anthropogenic and biogenic emissions at the 

sampling sites, size-resolved particle-phase n-alkanes (C19-C34) were quantified, as 

illustrated in Figure 2.8a-c. The origin of the selected n-alkanes was investigated by 

estimating their carbon preference index (CPI), defined as the concentration ratio of 

their odd-to-even numbered homologues 73. A CPI about 1 indicates a dominance of 

anthropogenic sources, whereas a CPI greater than 2 suggests a prevalence of biogenic 

sources 73,74 . In both coarse and accumulation modes, overall levels of n-alkanes were 

several folds greater (4.5-16.6 times) at the near-freeway compared to the background 

site. While PM2.5-0.25-bound n-alkanes at the roadside displayed notable peaks at C29 and 

C31, a signature of biogenic sources 75, these compounds were characterized by a 

predominance of homologues <C25 and a CPI approaching 1 (1.31). Coarse mode n-

alkanes showed a similar distribution, with a CPI close to 1 (0.70±0.03) and maxima at 

C22 and C23. These profiles confirm a strong impact from vehicular combustion 

emissions at the freeway site. Rogge et al. 69 found that fine particulate n-alkanes 

emitted from diesel and gasoline exhaust emissions show no carbon number preference 

but rather high levels of n-alkanes in C19-C25. In PM0.25, C19-C34 at the near-freeway 

site, which accounted for most of total n-alkanes mass (86%), averaged 74.6±3.4 ng/m3, 

with n-alkanes enriched across the entire range of carbon numbers and a CPI of 

1.03±0.08. This distribution indicates both road dust and vehicular exhaust emissions as 

major sources of n-alkanes in proximity of the freeway. N-alkanes derived from fine 

particulate road dust exhibit no carbon number preference, but greater concentrations 

for high MW homologues 76. At the background site, PM0.25-n-alkanes were consistently 

lower than those at the freeway location, reaching a total concentration of 18.7±4.3 
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ng/m3 with a CPI of 1.2±0.06. These compounds were also dominated by high MW 

congeners, spanning homologues up to C34, which suggests road dust as a dominant 

source of n-alkanes at this site.  
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Figure 2.8a-c. Average n-alkanes concentration (C19-C34) in a) PM10-2.5, b) PM2.5-0.25 and 

c) PM0.25 at the near-freeway and background sites. Error bars correspond to one 

analytical or standard error. 

 

D. Summary and Conclusion 

To investigate road-traffic emissions in the greater Beirut area, PM10-2.5, PM2.5-

0.25 and PM0.25 samples were concurrently collected at near-freeway and background 

sites. Particle mass levels at the background location were significantly lower than those 

at the roadway for all size modes. PM at the background site was mainly influenced by 

secondary sources as evidenced by SI contribution to the overall particle mass (~50%). 

The prevalence of secondary emissions was further confirmed by OM, which accounted 

for 17% of PM10 and was mostly water-soluble (70.4%) at this location. Contrarily, 

particle levels at the near-freeway location were dominated by vehicular emissions from 

both road dust and tailpipe. OM, which accounted for 46-56% of PM2.5-0.25 and PM0.25, 

was mainly water-insoluble at this location, indicating its predominantly primary origin. 

Moreover, PM0.25-EC varied from 1.21 µg/m3 at the background site to 8.97 µg/m3 in 

proximity of the freeway, highlighting a strong impact from HDDVs on roadway 

emissions. The influence of HDDVs in addition to LDVs was further supported by 

c) 
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PAHs molecular composition. Both high and low MW PAHs were detected in 

significant levels near the freeway. Moreover, relatively to other roadways, speciated 

organics exhibited high hopanes plus steranes-to-total carbon ratios (0.16-1.1 ng/µg), 

indicating dissimilar engine configurations or also lubricating oil formulation. Lastly, 

CM, indicative of soil dust resuspension, was a significant component of coarse 

particles at both sites. Road-dust contribution to PM at both locations was also 

corroborated by PM0.25-bound n-alkanes which were enriched in high MW congeners 

and showed no carbon number preference. The redox potential of these sites is 

discussed in Chapter 3. 
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CHAPTER III 

OXIDATIVE POTENTIAL AND CHEMICAL SPECIATION 

OF SIZE-RESOLVED PARTICULATE MATTER (PM) AT 

NEAR-FREEWAY AND URBAN BACKGROUND SITES IN 

THE GREATER BEIRUT AREA 
 

The following chapter is based on the following study:  

Daher, N., N. A. Saliba, A. L. Shihadeh, M. Jaafar, R. Baalbaki, M. M. Shafer, J. J. 

Schauer and C. Sioutas (2014). "Oxidative potential and chemical speciation of size-

resolved particulate matter (PM) at near-freeway and urban background sites in the 

greater Beirut area." Sci Total Environ 470-471: 417-426. 

 

A. Introduction 

An increasing body of epidemiological and toxicological evidence indicates 

robust associations between adverse health effects and exposure to particulate matter 

(PM)7,8. Many of the observed health endpoints may result, at least in part, from 

oxidative stress initiated by the formation of reactive oxygen species (ROS) upon the 

interaction of PM with epithelial cells and macrophages11,77. ROS is a collective term 

comprising chemically reactive oxygen radicals or oxygen-derived species (e.g. 

hydroxyl radical and hydrogen peroxide)13. However, while particle mass has been 

proven useful in demonstrating the associations between PM exposure and acute health 

responses, aerosol mass is probably only a surrogate for causal particle components78. 

Specific PM species contributing to aerosol toxicity remain to be identified. Particle 

compounds implicated in ROS formation include organic carbon, polycyclic aromatic 

hydrocarbons and quinones10,79,80. PM oxidative potential may also be largely related to 

the PM content of soluble species, particularly transition metals81,82. Metals such as 

iron, copper and vanadium, can initiate ROS formation both directly and indirectly 

through redox-mediated mechanisms83,84. Particle-size could also be critical in 
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mediating PM toxicity. Because of their increased number, large surface area and high 

pulmonary deposition efficiency85-87, ultrafine particles (aerodynamic diameter, dp< 0.1-

0.2 µm) may be more potent than larger coarse (PM10-2.5, 10 µm < dp< 2.5 µm) or fine 

(PM2.5, dp< 2.5 µm) particles10,88. 

Lebanon, with a growing population and limited air pollution controls, is afflicted with 

elevated PM levels, particularly in its urban areas26. Lacking an efficient public 

transportation system89, its high particle levels can be mainly related to vehicular 

emissions. Regional sources could also contribute to its PM concentrations. Being 

located in the eastern Mediterranean basin, aerosol emissions from industrialized areas 

of northern and north-eastern Europe are significant particle sources in Lebanon26,90. 

Accurate characterization of PM-associated redox activity at urban and roadside settings 

in Lebanon is thus vital.  

The chemical composition of PM in Lebanon has been previously investigated (Chapter 

II)26,28,90, but its oxidative potential is yet to be explored. To date, there is a significant 

dearth of information on particle toxicity in this region. To determine PM redox activity 

in Lebanon, coarse, accumulation (PM2.5-0.25, 2.5 µm < dp< 0.25 µm) and quasi-ultrafine 

(PM0.25, dp< 0.25 µm) particle samples were collected at near-freeway and urban 

background sites in the greater Beirut area. Samples were analyzed for their ability to 

induce oxidative stress on rat alveolar macrophages based on their reactive oxygen 

species (ROS) content. Their chemical composition was also determined, with 

particular focus on the effect of metals and trace elements. To the best of the authors’ 

knowledge, this is the first study to evaluate particle-induced toxicity in Lebanon. The 

intrinsic redox activity of PM in Beirut —representative of developing areas lacking air 
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quality regulations— is also compared to that of aerosols from other worldwide urban 

settings for which similar ROS data, using the same assay, are available.  

 

B. Methodology 

 Sampling Site 

The sampling campaign was conducted in the greater Beirut area at urban 

background and near-freeway sites, as shown in Figure 2.1. The background site was 

situated at the American University of Beirut (AUB). This monitoring site, which 

overlooks the Mediterranean coast from the north/west and AUB campus from the 

south/east, is mostly surrounded by dense vegetation covers and pedestrian roads. The 

nearest street is located about 150 m west of the site. This coastal roadway, which 

separates the site from the Mediterranean Sea, experiences relatively high traffic 

activity throughout the day, especially during peak hours (7-9 a.m. and 4-7 p.m.). 

Moreover, the sampling site is about 1.5 and 2.5 km away from a leisure yacht club and 

the commercial port of Beirut, respectively. The second sampling site consisted of 5-

lane Jal El Dib freeway, along its southbound segment. The sampling point was directly 

adjacent to the freeway at about 1 m from its edge and 1.5 m above ground level. The 

site is therefore heavily influenced by vehicular emissions from the roadway. This 

freeway, which serves as a main conduit for vehicles traveling from Mount/North 

Lebanon to the capital Beirut, experiences heavy traffic throughout the day, with 

increased congestion during rush hours (7-11 a.m. and 4-7 p.m.). Additionally, the site 

is within 0.4 and 3.3 km of the Mediterranean coast and a yacht port/club, respectively.  
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 Sample Collection 

Sampling was conducted on weekdays during July-August 2012 from 7:00 

a.m. to 5 p.m. Samples were concurrently collected at both sites on a weekly basis. 

Three parallel Sioutas Personal Cascade Impactor Samplers (Sioutas PCIS, SKC Inc., 

Eighty Four, PA, USA31), operating at 9 lpm and fitted with PM10 inlets (Chemcomb 

3500 speciation sampling cartridge, Thermoelectron Corp., Ohio, USA) were deployed 

at each location to collect size-resolved particles in the following size ranges: 10-2.5 µm 

(coarse PM), 2.5-0.25 µm (accumulation PM) and <0.25 µm (quasi-ultrafine PM). For 

chemical analyses purposes, two PCISs were loaded with Teflon filters (Pall Life 

Sciences, Ann Arbor, MI) while one PCIS was loaded with quartz microfiber filters 

(Whatman International Ltd, Maidstone, England). 25 mm filters were used as 

impaction substrates for PM10-2.5 and PM2.5-0.25 while 37 mm filters were used as 

collection media for PM0.25. The collected particle mass was determined by pre- and 

post-weighing the Teflon filters using a UMX2 microbalance (Mettler Toledo GmbH, 

CH-8606 Greifensee, Switzerland), following equilibration under controlled 

temperature and relative humidity conditions (22–24ºC and 40–50%, respectively). 

 

 Sample Analysis 

To perform chemical and oxidative analyses of the samples, each of the 

collected Teflon and quartz filters was sectioned into two equal portions. Measurements 

of carbonaceous species and organic compounds were conducted on the quartz 

substrates, while all other analyses were performed on the Teflon filters. Depending on 

the analytical mass requirements, measurements were conducted on either individual 
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weekly samples (carbonaceous species, ions, ROS-activity, metals and elements) or 

composites of the weekly samples (water-soluble organic carbon).  

Elemental and organic carbon (EC and OC, respectively) contents of the filters were 

determined using the NIOSH Thermal Optical Transmission method32. The total 

elemental composition of the filter substrates was measured using a high resolution 

(magnetic sector) Inductively Coupled Plasma Mass Spectrometry (HR-ICP-MS 

Thermo-Finnigan Element 2). A mixed acid (1 mL of 16 M nitric acid, 0.25 mL of 12 

M hydrochloric acid and 0.1 mL of hydrofluoric acid) microwave-assisted digestion 

was applied for extraction of total metals and elements34. The water-soluble elemental 

content of the filters was also quantified using HR-ICP-MS, but following water-

extraction and filtration of the samples. Ions and water-soluble organic carbon (WSOC) 

were respectively determined by ion chromatography and a Sievers 900 Total Organic 

Carbon Analyzer, after extraction of the samples with high purity water91,92.  

The redox activity of the samples was measured using a macrophage-based 

reactive oxygen species (ROS) assay. This assay is a fluorogenic cell-based method that 

uses 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) as the fluorescent probe, 

Figure 3.1. 

 

Figure 3.1. DCFH-DA Structure 
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Prior to the assay, substrates were extracted with high purity water and 

filtered. The aqueous PM suspensions were then mixed with DCFH-DA and added to 

rat alveolar macrophage cells (cell line NR8383, American Type Culture Collection). 

DCFH-DA, a membrane permeable compound, is de-acetylated upon entering a cell, 

yielding 2′,7′-dichlorodihydrofluorescein (DCFH). Non-fluorescent DCFH is then 

converted by ROS species produced within the cell cytoplasm into the highly 

fluorescent 2,7-dichlorofluorescein (DCH), which is monitored using a microplate 

reader. Further details can be found in Landreman et al.93. 

 

C. Results and Discussion 

To investigate PM chemical composition, size-resolved particle mass 

concentrations and mass fractions of bulk PM components (average ±standard error) 

were determined, as presented in Table 3.1 for each site and particle mode. PM samples 

were classified into water-insoluble organic matter (WIOM), water-soluble organic 

matter (WSOM), EC, secondary ions (SI), sea-salt (SS), crustal material (CM) and trace 

elements (TE).  

 

Table 3.1. Average (±standard error) mass concentration and chemical composition of 

PM10-2.5, PM2.5-0.25 and PM0.25 at the near-freeway and urban background sites. 

 

Particle 

size (µm) 

Mass 

(µg/m3) 

WIOM 

(%) 

WSOM 

(%) 

EC  

(%) 

SI  

(%) 

SS  

(%) 

CM  

(%) 

TE  

(%) 

Near-

freewa

y 

10-2.5 34.0±1.5 17.5±3.6 1.6±0.3 0.7±0.1 6.0±1.8 7.3±2.8 12.2±3.0 0.5±0.2 

2.5-0.25 13.8±0.9 41.7±8.9 8.8±0.7 7.7±1.0 31.3±7.2 4.1±2.9 18.6±2.7 1.8±0.5 

< 0.25 36.1±0.9 36.7±1.2 8.4±0.9 25.3±0.9 28.7±2.3 1.1±0.8 4.7±0.6 0.4±0.05 

Backgr

ound 

10-2.5 15.8±0.9 2.6±0.7 3.2±0.7 0.2±0.1 14.0±1.9 14.7±3.1 22.9±8.1 0.6±0.3 

2.5-0.25 8.6±1.0 2.8±1.3 12.2±3.0 7.5±1.2 67.5±6.2 7.3±5.2 9.9±3.6 1.6±0.4 

< 0.25 14.0±0.4 8.4±2.6 21±1.9 8.9±0.9 53.5±11.8 0±0 2.8±0.6 0.7±0.2 
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WSOM and OM (WSOM+WIOM) were determined by multiplying measured 

WSOC and OC by a factor of 1.6, resepctively38. WIOM was then estimated as the 

difference between OM and WSOM. SS contribution was determined as the sum of 

Na+ concentration and sea-salt fractions of chloride, magnesium, potassium, calcium 

and sulfate concentrations, assuming standard sea-water composition39 and using Na+ as 

a tracer for sea-salt. SI comprises ammonium, nitrate and non-sea-salt sulfate (nss-

sulfate), with nss-sulfate estimated by subtracting the sea-salt fraction of sulfate from 

measured sulfate. The fraction of CM in the PM samples was determined by summing 

the oxides of crustal metals, Al, K, Fe, Ca, Mg, Ti and Si40-42, with Ca and Mg 

representing their non-sea-salt portions. TE includes other measured elements such as 

Cu, Zn and Ba.  

Total PM (PM10) mass composition was predominated by PM0.25 and PM10-2.5 

(36-43% of PM10) at both sampling locations. However, particle concentrations were 

1.6-2.6 times greater at the near-freeway than background site for all particle-size 

modes. PM mass levels ranged from 13.8-36.1 and 8.6-15.8 µg/m3 at the roadside and 

background locations, respectively. The consistently lower concentrations at the 

background site illustrate the significant contributions from vehicular emissions and 

traffic-induced re-suspension to PM levels at the freeway location. Size-resolved PM 

composition also varied between sites. In PM0.25 and PM2.5-0.25, WIOM was the most 

dominant component at the near-freeway site (37-42%), with primary vehicular 

emissions as the most likely sources. On the other hand, SI prevailed at the background 

site in both the accumulation and quasi-ultrafine modes, contributing to 54-68% of their 

mass. PM2.5-0.25- and PM0.25-WSOM, mainly derived from secondary organic aerosol 

(SOA) formation processes45, were the next most abundant components at the 
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background site (12-21%), indicating considerable contributions from secondary 

sources at this urban site. In PM10-2.5, CM was the major PM constituent at the 

background site (22.9±8.1%), while the next most prominent component at the near-

freeway location (12.2±3%). WIOM, with a comparable mass fraction to CM 

(17.5±3.6%), was predominant in the coarse mode at the roadside location. EC, a key 

tracer for diesel exhaust47, significantly contributed to PM0.25, particularly at the near-

freeway site. It accounted for 25±0.9% of the quasi-ultrafine mass at the roadside site, 

suggesting an influence from diesel vehicles on road-traffic emissions. Its contribution 

to the larger particle-size fractions was less substantial, averaging less than 9%. SS 

mostly contributed to PM10-2.5, consistent with expectations, accounting for 7-15% of its 

mass across sites. TE were the least abundant species, contributing to less than 2% of 

PM mass across sites and particle-modes. Nonetheless, several of these trace metals 

(e.g. Co, Mn, Ni) are toxicologically-relevant84, with only few of them listed by the U.S. 

Environmental Protection Agency (EPA) as air toxics94. 

 

D. Metals and Trace Elements 

 Size-Resolved Concentrations and Crustal Enrichment Factors 

The toxicological relevance of several transition metals (e.g. Cu, Cr, Fe) 

warranted a thorough examination of metals and elements in the PM samples. Average 

(±standard error) mass concentration and crustal enrichment factor (CEF) of select total 

metals and elements were determined for each particle-mode and sampling site, as 

displayed in Figures 3.2 a-b and 3.3 a-b. CEFs were estimated in order to assess the 

relative contributions of anthropogenic and natural sources to the elemental 

components. For a given element, CEF was estimated as the ratio of its abundance in a 
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PM sample to its average abundance in the upper continental crust (UCC) after 

normalization to Al. Al was selected as a reference element and UCC composition was 

obtained from Taylor and McLennan95. Typically, elements with a CEF approaching 1 

are of crustal origin whereas elements with a CEF exceeding 10 are considered 

anthropogenic96. We should note that the selection of Al as a reference element could 

lead to an underestimation of the CEFs if Al was enriched in the samples. To minimize 

this potential bias, PM2.5-0.25 and PM0.25 elemental data was combined into PM2.5 data in 

this analysis.  
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Figure 3.2 a-b. Average total concentration of metals and elements in PM10-2.5, PM2.5-0.25 

and PM0.25 at the a) near-freeway and b) urban background sites. Error bars represent 

one standard error.  

 

Size-resolved Ca, Mg, Fe, Al and Ti generally displayed comparable levels 

and CEFs < 10 at both locations, confirming their soil dust origin. These PM 

components also showed a gradual increase in concentration with particle-size, reaching 

a peak in the coarse mode, in accordance with their geochemical origin. Ca was mostly 

abundant among these elements at both sampling sites and in all three particle-size 

fractions, peaking at 1084.2±319.3 and 1455.9±330.5 ng/m3 in PM10-2.5 at the 

background and near-freeway locations, respectively. A modest enrichment was also 

notable for Ca (CEF=15-22) at the roadway site. However, while lube oil emissions 

contribute to Ca levels20 to some extent, the increased enrichment observed for Ca at the 

roadside could be mainly related to the abundance of calcite and limestone rocks in 

Lebanon53,59. Ca crustal fraction may not be adequately represented using the UCC 

composition from Taylor and McLennan95. Furthermore, the strong correlations of Ca 

with Mg and Ti at the near-freeway site further corroborate its origin in soil dust 

(R2=0.82-0.90). In contrast, an indication of anthropogenic contamination was generally 

noted for transition and trace metals. Sb and Ba were overall mostly confined to the 

coarse fraction and displayed CEFs exceeding 10, which suggests that their sources are 

anthropogenic, likely brake and tire wear97.  
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Figure 3.3a-b. Average crustal enrichment factors (CEF) in PM10-2.5 and PM2.5 at the a) 

near-freeway and b) urban background sites. Error bars represent one standard error. 

 

These elements also presented greater concentrations (4-11.6 times) and a markedly 

stronger enrichment at the roadside location, further supporting their traffic-related 

sources. While both Cu and Zn exhibited a strong enrichment (CEF > 90), indicative of 

their anthropogenic origin, these elements displayed different partitioning at the 

sampling sites, suggesting distinct or mixed sources, each producing PM in different 

size ranges. At the near-freeway location, Cu and Zn were mostly distributed in PM2.5-

0.25 (47-56% by mass), similarly to the findings of Lin et al.98 near a heavily-trafficked 

a) 

b) 
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road. Lin et al.98 reported that Zn and Cu have respective mass median diameters of 

1.21 and 1.56 µm, with Zn possibly derived from tire friction or also brake wear in fine 

PM. In the accumulation mode, Zn strongly correlated with Cu (R2=0.92), but 

moderately with brake-wear tracer Sb (R2=0.61), implying that Zn and Cu originate 

from tire wear and brake wear to a lesser extent99. On the other hand, at the background 

location, Cu and Zn were mostly distributed in PM0.25 and PM10-2.5, accounting for 38-

43% of their respective mass, with brake wear as a potential source. While the majority 

of particles produced by abrasion are in the coarse mode, brake attrition could also 

contribute to ultrafine particles100. Cu and Zn have been associated with brake wear in 

both the coarse and ultrafine PM modes98,101. We should, however, note that the rather 

even distribution of Cu and Zn between the coarse and quasi-ultrafine size ranges could 

also indicate a multiplicity of sources. Combustion sources, possibly exhaust emissions, 

may contribute to these elements in PM0.25. Ultrafine mode-Zn and PM0.1-Cu have been 

associated with diesel and gasoline emissions, respectively98. Similarly to Cu and Zn, 

Mn showed a dissimilar particle-size distribution at the sampling sites. In proximity of 

the freeway, Mn presented a CEF approaching 10 (9±1.1), with most of its mass (45%) 

associated with PM0.25, thereby suggesting road dust enriched with exhaust combustion 

emissions, as a possible source for this metal98. At the background location, Mn was less 

enriched (CEF < 5) and displayed lower levels (0.13-0.61 times) with 82% of its mass 

distributed relatively evenly between PM2.5-0.25 and PM10-2.5, which indicates that Mn 

mainly originates from soil and/or road dust102. V and Ni were generally more enriched 

in the fine fraction (CEF = 24-105), with greater partitioning in the quasi-ultrafine 

mode. These elements, which presented similar PM0.25 concentrations at both sampling 

sites (p>0.05), likely originate from fuel oil combustion103,104, given the location of the 
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sites nearby ports (2.5-3.3 km). PM2.5- and PM10-2.5-bound Mo displayed a CEF 

exceeding 10 at both locations. This element, which was mostly confined to the quasi-

ultrafine mode (40-63%), exhibited a stronger enrichment and higher concentrations in 

proximity of the freeway, confirming its traffic-related source, possibly lube oil 

combustion20. Cr peaked in the coarse mode and was more enriched at the roadway than 

background location. This element also displayed a CEF approaching 10 in PM10-2.5 at 

the near-freeway location, suggesting its road dust source102. Co existed in similar 

amounts at both sites, ranging from a low in PM2.5-0.25 (0.06-0.08 ng/m3) to a high in 

PM0.25 (0.22-0.23 ng/m3). A similar trend was also reported by Song et al.105. Despite its 

trace levels, this element is particularly toxic84 with road dust re-suspension and fuel 

combustion as possible sources in the coarse and ultrafine modes, respectively106,107. 

 

 Water Solubility 

The water solubility of PM is an important physico-chemical property 

governing its toxicological behavior 108. Soluble species exhibit enhanced 

bioavailability, and may thus be more toxicologically-relevant. Water-soluble metals, in 

particular, have been implicated as potent initiators of particle-mediated oxidative 

stress81,109. Figure 3.4 shows size-resolved percent water-solubility of select metals and 

elements, averaged across sites. The solubility of a given PM species was determined as 

the ratio of its water-soluble to total elemental concentration. Few elements exhibited 

fractions exceeding 1, which can be attributed to the analytical uncertainties associated 

with the chemical measurements. Water-solubility of measured metals and trace 

elements varied considerably with particle-size and element. It is overall highest in 

PM0.25 and PM2.5-0.25 while lowest in PM10-2.5. A stronger size-dependency was also 



 43 

observed for Cu, Pb and Cr, with water-solubility peaking in the quasi-ultrafine fraction 

then decreasing with increasing particle-size. Soil- or road dust-related elements, Al, Ti, 

Fe and Cr, displayed low water-solubility (≤31%), consistent with their geochemical 

origin. Unlike other crustal elements, Ca was highly water-soluble (>70%) despite its 

mainly soil origin. Ca, which was mostly confined to the coarse mode, is likely present 

as calcium-carbonate with a significant fraction in the form of calcium nitrate and 

sulfate, as demonstrated by a previous study conducted in the Beirut area53. Calcium 

carbonate is moderately water-soluble while calcium nitrate and sulfate, formed from 

the reactions of nitric and sulfuric acids with sea-salt or mineral dust110, are both highly 

water-soluble111. Sea-salt component, Na, displayed a high solubility in all three size 

fractions, exceeding 78%. S, mainly in the form of soil-associated sulfate in PM10-2.5 and 

ammonium sulfate in PM0.25 and PM2.5-0.25, was highly water-soluble in all three size 

fractions (>81%). Anthropogenic-related elements, such as Zn, Cd, Co, Mn, V, Cu, Ni, 

Mo, Pb and Sb, displayed peak solubility in the accumulation or quasi-ultrafine modes 

and were moderately-to-strongly water-soluble in these fractions (>43%). These 

elements are mainly associated with high-temperature combustion processes, such as 

vehicular exhaust emissions and fuel oil combustion98,103. The water-solubility of these 

metals was lowest in the coarse mode, ranging between 2 and 59%, which can be 

attributed to a difference in their geochemical origin and sources across modes. In PM10-

2.5, these elements are mostly associated with vehicular abrasion or re-suspended road 

dust102,52. These results generally agree with those reported for size-fractionated PM in 

urban areas in the Los Angeles (LA) basin112.  
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Figure 3.4. Water-solubility of metals and elements in PM10-2.5, PM2.5-0.25 and PM0.25, 

averaged across the sampling sites. Error bars represent one standard error.  

 

 

 Water-Soluble Elemental Composition 

The water-soluble elemental composition (µg/g PM) of the size-resolved PM 

samples is shown in Figure 3.5, with mass fractions averaged across sites. The overall 

species’ distribution in either PM fractions is generally consistent with expectations. 

Soil-related elements, such as Ti, Ca, Mg, Sr and Al, were least abundant in PM0.25, 

while mostly prevalent in PM10-2.5 or PM2.5-0.25. On the other hand, anthropogenic-

related elements, including Cu, Zn, Mn, V, Ni, Sb, Cr, Mo, As, Co and Cd, were 

generally largely enriched in the accumulation or quasi-ultrafine modes. These elements 

are mostly derived from high-temperature combustion processes, which emit a large 

fraction of water-soluble components96. Moreover, potentially toxic or ROS-active 

species generally rank high among the considered array of elements. In the 

accumulation mode, water-soluble Zn and Cu were mostly dominant among the 

anthropogenic-elements, accounting for 0.19-0.25% of PM2.5-0.25. Their mass fractions 
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also approached those of bulk particle components, Ca, K and Mg, which indicates a 

significant PM anthropogenic contamination. Additionally, despite their very low mass 

fractions (0.01-0.028%), soluble PM10-2.5-Mn as well as PM0.25-V and -Ni are significant 

contributors to particle mass relative to other trace elements. 
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Figure 3.5. Water-soluble elemental composition of PM10-2.5, PM2.5-0.25 and PM0.25, 

averaged across the sampling sites. Error bars represent one standard error. 

 

E. Size-Resolved Oxidative Potential 

 Reactive Oxygen Species (ROS)-activity 

Measured ROS-activity of the size-resolved PM samples is shown in Figure 

3.6 a-b on both per air volume (μg Zymosan equivalents m-3 air) and per PM mass (μg 

Zymosan equivalents mg-1 PM) bases. The air volume-based ROS-activity reflects the 

redox activity associated with PM exposure, while the PM mass-based ROS-activity is a 

measure of the intrinsic potency of PM. 

The air volume-based ROS-activity was greater (1.5-2.8—fold) at the near-

freeway site than background location for all particle-size ranges. This trend, which 

coincides with higher PM concentrations at the near-freeway site, suggests that 
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exposure to redox-active PM species is greatest at the roadway. The measured ROS-

activity also exhibited a particle-size dependency, with lowest activity associated with 

coarse mode particles at both sampling sites. At the background location, although PM 

levels reached a minimum in the accumulation mode, the redox activity varied from a 

low of 11.7 µg Zymosan/m3 in PM10-2.5 to a high of 440.0 µg Zymosan/m3 in PM2.5-0.25. 

This peak occurrence in the accumulation mode likely reflects the influence of specific 

and highly redox active PM components. At the roadway site, ROS-activity ranged 

from a minimum in PM10-2.5 (17.4µg Zymosan/m3) to relatively comparable magnitudes 

in PM2.5-0.25 and PM0.25 (645.6 and 654.9 µg Zymosan/m3, respectively).  
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Figure 3.6 a-b. Average a) air volume-based (μg Zymosan/m3) and b) PM mass-based 

(intrinsic) (μg Zymosan/mg PM) reactive oxygen species (ROS)-activity of PM10-2.5, 

PM2.5-0.25 and PM0.25 at the near-freeway and urban background sites. Error bars 

represent one standard error. 

 

On a per PM mass basis, the ROS-activity also exhibited a size-dependent relationship 

at both sites, ranging from a maximum (49229.6 and 47975.6 µg Zymosan/mg PM) in 

the accumulation mode to a minimum (528.9 and 698 µg Zymosan/mg PM) in the 

coarse fraction. This rather large variability (a 69- and 93-fold range) in size-resolved 

redox activity suggests that ROS-active species have a distinct size-specific distribution, 

b) a) 
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with greater potency associated with PM2.5-0.25 and PM0.25 than the larger PM10-2.5 mode. 

A strong dependence of ROS on particle size was also documented by Hu et al. for PM 

in Long Beach/LA112. However, contrary to the volume-based ROS-activity, the size-

resolved intrinsic activity (i.e. normalized to PM mass) was generally comparable at 

both sampling locations, possibly suggesting a similarity in the sources of presumed PM 

ROS-active species. 

 

 Association of ROS-activity with PM Components 

To identify PM chemical species (or source tracers) associated with ROS 

formation in the ambient air of the greater Beirut area, Spearman correlation 

coefficients (R) were determined between ROS-activity (µg Zymosan/mg PM) and 

select PM species (water-soluble metals, EC and OC in µg/g PM), as summarized in 

Table 3.2 for each particle mode. To increase statistical significance, data points from 

all sites were pooled in this analysis. This was possible given the comparable mass-

based ROS activity between sampling locations. 

In PM10-2.5, ROS-activity strongly correlated with Mn (R=0.79, p < 0.05), a component 

of road dust102 with moderate water-solubility (52%, one of the highest among all 

species in coarse PM). A relatively high association was also found between PM10-2.5-

based ROS-activity and Co (R=0.76, p < 0.05), in agreement with previous findings. 

Shafer et al.113 documented a strong association between water-soluble Mn/Co and 

ROS-activity in both PM10 and PM2.5. In PM2.5-0.25, ROS-activity was strongly 

correlated with vehicular-abrasion element Cu (R=0.76, p <0.05), which was more 

enriched in the accumulation mode (Figure 3.4) and almost entirely water-soluble 

(Figure 3.3). Cu can act directly to catalyze the formation of ROS via Fenton 
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chemistry84 and has been implicated in ROS formation in PM2.5 in Milan, Italy56,114. A 

moderate correlation (R= 0.66-0.70, p<0.05) was also noted between PM2.5-0.25 ROS-

activity and combustion elements, Ni and Co, consistent with other studies112,113. Both 

of these metals are associated with redox-cycling or -mediated mechanisms84. In the 

quasi-ultrafine mode, ROS-activity was robustly associated with V and Ni (R=0.79 and 

0.73), both elements of residual oil combustion103 with greater abundance in PM0.25 and 

high water-solubility (>60%) (Figures 3.4 and 3.5). We should note that these findings 

are in agreement with several other studies112,115,116, which highlight the impact of heavy 

fuel oil combustion on particle redox activity. Furthermore, ROS-activity was not 

correlated with EC in any PM size fraction —a finding that is not unexpected— as EC 

in isolation does not mechanistically participate in ROS formation. This result is also 

consistent with earlier investigations114,117.  

Lastly, we should emphasize that the lack of an association between ROS-

activity and OC does not necessarily imply that OC is not a redox-active agent or does 

not participate in ROS induction. Studies conducted in the LA basin, Denver and Milan 

documented a moderate association between ROS-activity and WSOC (R=0.69 and 

0.75)112,114,118. The relationship between ROS-activity and OC in this study, where data 

from all sites was combined in the regression analysis, could be obscured by the distinct 

OC chemical composition between the sampling locations. As can be inferred from 

Table 3.1, OC was mostly water-insoluble at the near-freeway site, while it was 

predominately water-soluble at the background location. An investigation of size-

resolved associations between ROS-activity and WSOC in this study was precluded by 

the limited number of data points for WSOC (N<6). However, a combination of data 

points for all PM size fractions and sites revealed a significant correlation between 



 49 

ROS-activity and WSOC (R=0.77), which implies a potential role for secondary organic 

compounds in ROS generation. 

 

Table 3.2. Spearman correlation coefficients (R) between ROS-activity (µg 

Zymosan/mg PM) and select species (ng/µg PM) in PM10-2.5, PM2.5-0.25 and PM0.25. Bold 

indicates R ≥ 0.70 and significant at a 0.05 level. 
  PM10-2.5 PM2.5-0.25 PM0.25 

Carbonaceous species 
OC -0.52 -0.52 -0.41 

EC 0.05 -0.12 -0.65 

Water-soluble metals and 

elements 

V 0.02 0.58 0.79 

Cr -0.24 0.33 -0.17 

Mn 0.79 0.59 0.13 

Fe 0.50 0.60 0.17 

Co 0.76 0.70 0.08 

Ni 0.29 0.66 0.73 

Cu 0.29 0.76 -0.20 

Zn -0.04 0.50 -0.30 

As -0.33 0.59 0.10 

Rb -0.31 0.50 0.22 

Mo -0.26 0.49 0.23 

Rh 0.29 0.08 -0.02 

Pd 0.66 -0.28 0.06 

Sb -0.05 0.29 0.04 

Ba 0.05 0.57 -0.04 

Pb -0.21 -0.22 0.05 

Cd - 0.60 0.11 

     

 

 ROS Comparison to Other Urban Areas 

To put the intrinsic toxicity of ambient PM in Beirut in perspective, the mass-

normalized ROS-activity of PM at the urban background site was compared to that of 

PM collected from a variety of worldwide urban settings, as shown in Figure 3.7. This 

comparison was possible because the same macrophage-ROS bioassay was applied to 

PM samples collected in these studies111,113,114,117. For consistency with the current 

work, the comparison was based on average intrinsic ROS-activity of samples (i.e. PM 

mass-normalized) collected during the same sampling period (July-August). The mass-

based ROS-activity measured in ambient PM10-2.5 in Beirut is comparable (0.7 times) to 
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the activity of coarse particles in the LA basin111. On the other hand, the intrinsic 

PM0.25-associated ROS-activity at the background location in Beirut is 2.3-fold greater 

than that measured at an urban site in LA. While organic matter could play a key role in 

ROS generation/regulation119, the observed contrast in ROS-activity is generally 

consistent with the differences in concentrations and mix of transition metals and trace 

elements among the two sites62. The very strong correlation of ROS-activity with Ni in 

this study was not evident at the urban background site in LA. The greater average 

levels and mass fraction of water-soluble Ni (2.4- and 1.4-fold, respectively) in urban 

Beirut likely contribute to the observed correlation. In PM2.5, the intrinsic ROS-activity 

measured for ambient particles in Beirut is comparable to that reported for PM in Milan, 

Italy (1.2 times) and, impressively, 3.6-fold greater than the activity of PM in Lahore, 

Pakistan, one of the most heavily polluted cities globally113. The difference in ROS 

values with Lahore is likely due to the dissimilarity in PM sources. PM2.5-induced ROS-

activity was related to tracers of re-suspended soil (Ce, Mn) and industrial metallurgical 

processes (Cd) in Lahore120.  
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Figure 3.7. Comparison of average intrinsic reactive oxygen species (ROS)-activity (μg 

Zymosan/mg PM) of PM10-2.5, PM2.5 and PM0.25 in Beirut (current study) with data from 
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Los Angeles (LA), Milan and Lahore during July-August. Error bars represent one 

standard error. *ROS-activity of ambient PM2.5 in LA corresponds to that of samples 

collected in October-November 2007 during and after wildfires.  
 

 

F. Summary and Conclusion 

To determine the oxidative potential of ambient PM in the greater Beirut area, 

size-resolved PM10-2.5, PM2.5-0.25 and PM0.25 samples were collected at near-freeway and 

urban background sites. At both locations, crustal elements, Ca, Mg, Fe, Al and Ti, 

generally displayed CEFs < 10, indicating their mainly soil dust origin. Conversely, 

transition metals and trace elements, comprising Mn, Cr, Cu, Zn, Ba, Mo, V, Ni and Sb, 

exhibited a stronger enrichment, particularly at the roadway, confirming their 

anthropogenic sources, such as combustion emissions and vehicular abrasion. These 

elements as well as Co, many of which are air toxics, were overall largely partitioned in 

PM2.5-0.25 and PM0.25, with moderate-to-high water-solubility in these modes (> 30%). 

These physico-chemical characteristics may lead to increased adverse biological effects. 

Notably, road dust tracers, Mn and Co, were highly associated with PM10-2.5-based 

ROS-activity. On the other hand, in PM2.5-0.25, vehicular-abrasion element Cu and road 

dust tracer Co were potential ROS-active species. In PM0.25, fuel combustion elements, 

V and Ni, had the highest correlation with ROS generation. At both sampling sites, 

ROS-activity reached a minimum in the coarse mode. While size-resolved PM intrinsic 

ROS-activity was overall comparable at both locations, volume-based ROS-activity was 

1.4-2.6 fold greater at the roadway than background location. This trend indicates that 

exposure to redox-active PM species is greatest near the freeway. In comparison to 

other worldwide settings, although the intrinsic redox activity of PM10-2.5 in Beirut is 

comparable to that measured at an urban site in LA, its PM0.25-induced ROS-activity is 



 52 

roughly 2.5-times greater. In addition, the intrinsic ROS-activity of PM2.5 in Beirut is 

fairly comparable to that in Milan, but 3.6-fold greater than that in the heavily polluted 

city of Lahore.  
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CHAPTER IV 

DUST EPISODES AND THEIR EFFECT ON THE REDOX 

ACTIVITY OF COARSE AND FINE PARTICLES IN AN 

EAST MEDITERRANEAN CITY 
 

The following chapter is based on the following study:  

Malek Jaafar, Rima Baalbaki, Nancy Daher, Alan Shihadeh, Constantinos Sioutas, 

Najat A. Saliba, 2014. Dust Episodes in Beirut and their effect on the chemical 

composition of size-resolved particulate matter. Under Review. 

 

Introduction 

Several studies have been published over the years concerning the adverse 

health effects of airborne particulate matter (PM) 9,121-123. Although the mechanism by 

which PM affects biological systems is not completely understood, many studies link 

the pro-oxidative and pro-inflammatory effects of PM exposure to the increased PM-

catalyzed formation of reactive oxygen species (ROS) within affected cells 10-12,124. 

Reactive oxygen species are a collective term that includes oxygen radicals and some 

non-radical oxidizing agents such as hydrogen peroxide 125. They are formed normally 

in cells and are used for cellular activities 14, but at high levels they are associated with 

inflammation and apoptosis 15. 

Various cell-based and cell-free methods are used to quantify the oxidative potential of 

PM. The macrophage-based ROS (m-ROS) assay is one of the cell-based method while  

Dithiothreitol (DTT) is the commonly used cell-free method (i.e. 10,126,127) mainly 

because DTT shares a similar structure to glutathione, an anti-oxidant present in cells 128 

and can therefore mimic cell-like activity towards certain ROS 129. Additionally, 
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because the redox potential of PM is dependent on its composition, it is expected that 

variations in the sources affecting PM composition could cause a change in redox 

potential. Dusty days are events where PM composition changes 130 and therefore are 

prime candidate to study the effect of this change on the PM oxidative capacity. Many 

epidemiological and biological studies have associated morbidity to dust exposure (i.e. 

131-136. Of the PM components that vary substantially during dust episodes are organics, 

transition metals and mineral oxides 137,138, all of which have been shown to play a role 

in increasing PM redox activity 10,139-143. Yet, in a recent study conducted by Reche et 

al. (2012), it was shown that the redox activity of PM was not only associated to 

specific transition metals but rather it is linked to bioavailability and oxidation state 144 

of the chemical components. The findings also indicated that the particle size is the 

main controlling factor of the aerosols toxicity in the city of Barcelona with urban 

sources being responsible for PM health effect variations. 

In this study, the mass concentrations, chemical composition and particle toxicity are 

determined for coarse and fine PM collected during both dust and non-dust episodes in 

Beirut, Lebanon. Beirut is an east Mediterranean city, periodically subjected to dust 

storms originating from North Africa and the Arabian Peninsula 137,138,145. It provides an 

opportunity to observe the effects of compositional differences on PM oxidative 

capacity. The redox potential for PM was quantified using a cell-based assay (m-ROS) 

and a cell-free assay (DTT assay). The differences between the two episodes are 

analyzed. 
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G. Methodology 

 Sample Collection 

Size-segregated PM samples were collected at the rooftop of the Chemistry 

department at the American University of Beirut (AUB), an urban background site 

located 33°90'N, 35°50'E at an elevation of 20 m above ground and 50 m above sea 

level. From the south this site is surrounded by a green area with the nearest street 

located about 150 m away 137. From the north, it overlooks the Mediterranean Sea, 

separated by a two-lane road which is congested during morning and afternoon rush 

hours. From the Eastern side resides the Beirut harbor within a distance of 2.5 km away. 

Particle levels at the site are commonly influenced by sea and land breeze circulation 

26,146. 

The sampling campaign was conducted on dust and non-dust episodes during summer 

and fall of 2012. Dust episodes were identified based on forecasting air mass 

trajectories using daily forecast-trajectories calculated by the HYSPLIT model 147 and 

relying on visual visibility limits and sky color. Those episodes were further confirmed 

using BSC-/DREAM dust maps (http://www.bsc.es/projects/earthscience/DREAM/). 

However, the residence time of transported dust particles is dependent upon the removal 

mechanism, with residence times varying from few hours to 10 days 130,148,149. 

Moreover, if dust air masses are transported at high altitudes, they may affect ground 

level PM concentrations up to 2 days after an episode ends 150. Therefore, in this study, 

dust episodes include days during which air mass trajectories were coming from the 

desert, and subsequent days where transported dust remnants possibly remain. During 

the campaign, four dust episodes were identified, for which six samples were collected 

(Table 4.1). 

http://www.bsc.es/projects/earthscience/DREAM/
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Table 4.1.Dust-rich sampling episodes dates 

Dust episodes 1 2 3 4 

Sampling dates Oct 3 - 4 Oct 22 - 24 Oct 31 - Nov 2 Nov 2 – 4 Nov 19 - 21 Nov 21 - 23 

Episode Type 

Arabian 

Remnant 

Saharan - 

Arabian 

Arabian + Saharan 

Remnant 

Saharan - Arabian 

 

 

Coarse (PM10-2.5), accumulation (PM2.5-0.25) and quasi-Ultrafine (PM0.25) size-

fractionated particles were collected using three parallel Sioutas Personal Cascade 

Impactor Samplers (Sioutas PCIS, SKC Inc., Eighty Four, PA, USA, 31 preceded 

by PM10 inlets (Chemcomb Model 3500 Speciation Sampling Cartridge) and operating 

at a flow rate of 9 L.min-1. For the chemical analysis, two PCISs were loaded with 

Teflon filters (Pall Life Sciences, Ann Arbor, MI) and the third PCIS was loaded with 

quartz microfiber filters (Whatman International Ltd, Maidstone, England).  

 

 Sample Analysis 

To determine PM mass concentration, Teflon filters were pre and post-

weighed using a UMX2 microbalance (Mettler Toledo GmbH, CH-8606 Greifensee, 

Switzerland), following 24 h equilibration under controlled temperature and relative 

humidity conditions (22–24°C and 40–50%, respectively). The first set of Teflon filters 

was cut into 3 equal sections. The first section was analyzed for total elemental mass by 

means of a high resolution magnetic sector Inductively Coupled Plasma Mass 

Spectrometry (HR-ICP-MS Thermo-Finnigan Element 2) 151. The second section was 

extracted with high purity water and used to quantify PM concentrations of water 

soluble inorganic ions using ion chromatography (Model 2020i, Dionex Corp.). The 
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third section was also extracted with high purity water and analyzed for PM oxidative 

potential via the cell-based macrophage-ROS assay. The other set of Teflon filters was 

used to evaluate PM oxidative potential via the cell-free DTT assay.  

Quartz filters, analyzed for Elemental Carbon, Organic Carbon and Water-

Soluble Organic Carbon (EC, OC and WSOC, respectively), were prebaked at 550 °C 

for 12 h and stored in baked aluminum foil prior to sampling. Elemental and organic 

carbon contents of the filters were determined using the NIOSH Thermal Optical 

Transmission method 152. Water-soluble organic carbon content was quantified using a 

Sievers 900 Total Organic Carbon Analyzer, following water-extraction and filtration of 

the samples 153. 

 

 DTT and m-ROS Assays 

The DTT assay adopted in this study is the optimized procedure reported by Li 

et al. (2009). Yet, reports showed that methanol has a higher extraction efficiency than 

water 154,155 and therefore was used as the solvent of extraction. Details about this 

assay’s mode of action can be found in Kumagai et al. 156. Samples were extracted by 

sonication for 30 minutes, using 5-10 ml of methanol, depending on the mass loadings. 

Subsequently, a 200 µl aliquot of the solution was mixed with 1 ml phosphate buffer. 

Then 50 µl of 0.5 mM DTT was added, and the samples were incubated at 37°C. At the 

optimized designated times (0, 8, 12, 16 minutes) 50 µl of 1 mM 5,5'-dithiobis-(2-

nitrobenzoic acid) (DTNB) was added to each vial. The yellow 2-nitro-5-thiobenzoate 

(TNB) solution was then measured, within 1 hour of the experiment completion, using a 

UV/VIS spectrophotometer (JASCO V-570 UV/VIS/NIR Spectrophotometer). 
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For the m-ROS assay, filters were extracted in 900 µL of water by agitation 

for 16 h. The extract was centrifuged at 6600 RPM for approximately 1 min; the 

supernatant was then passed through 0.22 µm polypropylene filters. The PM suspension 

was mixed with 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) and added to 

rat alveolar macrophage cells. DCFH-DA, produces the non-fluorescent 2′,7′-

dichlorodihydrofluorescein (DCFH) upon entering the cells. DCFH is then converted by 

ROS into the fluorescent 2,7-dichlorofluorescein. 93. 

 

 Chemical Mass Closure 

For the purpose of chemical speciation, chemical components were classified 

into six categories: organic matter (OM), elemental carbon (EC), sea salt (SS), crustal 

material (CM), trace elements (TE) and secondary ions (SI). Organic matter was 

calculated by multiplying organic carbon (OC) by a factor of 2.1 in order to account for 

aged particles as recommended by several earlier studies 157-160. Sea salt was estimated 

as the sum of Na+ concentration and sea-salt fractions of Cl−, Mg2+, K+, Ca2+, and 

SO4
2− concentrations, assuming standard sea-water composition 161. Crustal material 

includes typical crustal material elements (Al, K, Fe, Ca, Mg, Ti and Si) and was 

determined by summing the oxides of these metals using equation (4.1) with Ca and Mg 

representing their non-sea-salt fractions.40-42. Calcium was multiplied by a factor of 1.95 

to account for both CaO and CaCO3 
162. Silicon, which was not measured in this study, 

it was calculated by multiplying Al by a factor of 3.41 41. Trace Elements containing 

other measured elements such as Cu, Zn, V, Mn, Cr, Sb...were determined by 

multiplying the concentrations of these elements by  appropriate  factors to convert 

them to their mineral oxides. 



 59 

CM = 1.89Al + 1.4K + 1.43Fe + 1.95Ca + 1.66Mg + 1.67Ti +2.14Si  (4.1) 

 

 Particle Size Distribution  

Particle number concentrations were measured using the Grimm EDM 365 

system (GRIMM Aerosol Technik GmbH & Co. KG) deployed at the same site but at 

ground level. The system operates based on laser light scattering in 31 size channels 

ranging between 0.265 and 34 μm. Measurements are made every 6 s at a diode laser 

wavelength of 655 nm and particle count data were logged every 1 min. 

 

H. Results and Discussion 

Concerning the dust samples coarse and fine (accumulation and quasi-ultrafine 

filters) size fractions were considered for analysis. Results were compared to those of 

non-dust episodes sampled during July and August, 2012 143,163. Because the fine 

fraction consisted of the sum of the accumulation and quasi-ultrafine filters, only the 

non-dust days that were not composited during analysis were considered. 

 

 Particle Size Distribution 

PM mass concentrations for the dust episodes ranged between 10 and 53 μg.m-³ for the 

coarse mode and between 21 and 39 μg.m-³ for the fine fraction. In comparison to the 

non-dust episodes, the coarse PM mass concentration increased by 48.5% while that of 

the fine increased only by 14.6%, on average (Figure 4.1). This is in agreement with 

other studies showing that desert dust intrusion has a larger effect on the increase of the 

mass concentration of the coarse mode 137,164-166.   
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Particle number and volume distributions for both dust and non-dust days are shown in 

Figure 4.1. Similar particle number distribution patterns were observed during both dust 

and non-dust days. Nevertheless, particle number concentrations for dust days display 

an increase over non-dust days for all particle size bins averaging at a 146% increase in 

particle total counts. It is important to note that the particle volume distribution showed 

an increase in all particle size bins between dust and non-dust episodes. This increase 

was mostly noticed for particles ranging in sizes between 2.25 and 5 μm. 
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Figure 4.1. Size-fractionated particle mass concentration during dust episodes (upper 

left). Associated error bars represent the standard deviation of the gravimetric analysis 

of the two parallel Teflon filters. Average particle mass concentration during dust 

episodes compared to non-dust episodes (upper right) 

Number (a) and volume size distribution (b) of particles with mean geometric diameter 

ranging between 0.265 and 15 μm during dust and non-dust episodes (bottom). 
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 Chemical Mass Closure 

Almost full chemical mass closure is attained for fine PM of both dust (94%) 

and non-dust episodes (102%) whereas identified coarse aerosol components accounted 

for 70 and 72 % of the mass during dust and non-dust episodes, respectively. 

Unidentified PM mass is usually attributed to PM water content, where water is 

reported to constitute up to 35 % of PM10 mass 167-169 and/or to an underestimation in the 

factor used for the calculation of CM or OM (Figure 4.2). Relative to mass contribution, 

CM dominated the dust and non-dust coarse PM fraction with 47 % increase in PM 

composition of CM during dust events (39 ± 15 % and 26 ± 16 % contribution to the 

total mass, respectively). Coarse CM measured at six European cities contributed 

between 28 and 65 % of PM mass 50. Sea salt and secondary ions were the second most 

abundant elements. 
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Figure 4.2. Average chemical composition of coarse and fine PM in comparison to the 

total gravimetric mass represented by * (upper graph), and % contribution of the 

different chemical components to the total mass of coarse and fine PM (lower graph) 

during dust and non-dust events. Please note that Oct 22-24 dust coarse PM filter was 

not included in the chemical analysis because it was overloaded. 

Sea Salt accounted for 11 ± 10 % of the dust coarse fraction and 15 ± 6 % of 

the non-dust coarse fraction, while SI accounted for 11 ± 7 % and 14 ± 4 % of the dust 

and non-dust coarse fractions, respectively. This calculates almost a 20% decrease in 

both SS and SI. The coarse PM percent composition of OM was similar during both 

dust (8 ± 1 %) and non-dust (8 ± 1 %) episodes. Notably and despite the small 

contribution of TE to the total mass of the coarse fraction, the difference between dust 

and non-dust episodes was substantial with 1 ± 1 % in coarse dust versus 10 ± 18 % in 

the non-dust samples. Finally, EC was the least abundant element in both dust and non-
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dust coarse samples accounting for 0.3 ± 0.2 and 0.2 ± 0.1 %, respectively. Elemental 

carbon contribution to coarse PM in this study is substantially lower than that measured 

in European cities where EC accounts between 0.96 and 5.5% of the PM mass 50  

In the fine fraction, SI contribution to the total mass was substantially higher 

during non-dust episodes (53 ± 14 %) when compared to the dust episodes (36 ± 14 %) 

accounting for a 33 % decrease in SI contribution to fine PM mass. Nevertheless, SI 

was the most abundant PM constituent during both episodes. The second most abundant 

species is OM contributing 33 ± 7 % and 31 ± 12 % in the dust and non-dust fine mode, 

respectively. These results are in good agreement with other studies showing SI and 

OM as the main components of fine PM 50,162. Crustal material constituted 13 ± 2% and 

6 ± 4 % of fine PM mass during dust and non-dust episodes, respectively, implying a 

107 % increase in CM contribution to fine PM mass during dust episodes. Elemental 

carbon had similar percentages during both episodes (7 ± 2). TE constituted around 1% 

of the fine PM mass during both events, while SS constituted 5 and 4 % of the dust and 

non-dust fine PM, respectively%. 

 

 Dust Versus Non-Dust Chemical Composition 

As shown in Figure 4.2, dust episodes were accompanied by 60% and 107 % 

increase in CM concentrations in coarse and fine fractions, respectively. Enrichment of 

fine particles with crustal materials is highly characteristic of dust episodes and has 

been the subject of several studies170,171. The water soluble nitrates were more abundant 

in non-dust coarse and fine PMs indicating the predominance of sodium and potassium 

nitrates due to the reaction of sea salt with nitric acid. Furthermore, higher soluble 
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fractions of sulfur in non-dust episodes reflected by the Sulfate/Sulfur ratios (SO4/ total 

S = 2.5 in dust and 3.1 in non-dust coarse and 2.8 and 3.5 in dust and non-dust fine, 

respectively) eluted to the association of sulfate with soluble cations in coarse and 

ammonium in fine particles. As for the variation in trace elements (Figure 4.3), the 

increase of Mn and P in the coarse fraction has been related to the chemical composition 

of African mineral dust 172-174. Elements like Ni, Zn, Pb and Cu, which are mainly of 

anthropogenic sources, show higher concentrations in coarse mode during non-dust 

events than those observed for dust events. On the other hand, Cr and V are due to 

mixed biogenic and anthropogenic origins. Therefore, their enhancement in the coarse 

fraction is attributed to crustal material whereas, in the fine mode, it is due to dust 

transport episodes 174.   

 
Figure 4.3. Size-segregated dust to non-dust percent difference of different elements. 
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 DTT and m-ROS assays 

DTT and m-ROS assays, both display a higher redox activity in the fine mode, 

when compared to the coarse mode during non-dust episodes (Fig. 4.4a-b) 10,11,175,176. 

 

 
Figure 4.4a-b. Size-segregated dust-rich to normal ROS activity using: a) m-ROS and b) 

DTT assays. Error bars correspond to one standard error. 
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When considering dust episodes, the m-ROS assay shows lower activity in the 

coarse mode compared to the fine mode, while the DTT assay shows higher activity. 

This discrepancy could be attributed to the extraction solvent, considering that water 

was used for the m-ROS assay whereas methanol was used for the DTT assay. Reports 

state that methanol-extracted samples show generally higher redox activity, mainly 

because methanol extracts more effectively both water-soluble and water-insoluble 

species 155 143. Another reason could be the increase in the coarse mass loadings in the 

dust samples since the sensitivity of DTT assay may be mass–dependent 129. 

Nonetheless, both methods show an increase in the dust to non-dust percent difference 

for the coarse mode, and a decrease for the fine PM mode. Despite this, the overall 

PM10 redox potential between dust and non-dust episodes decreased by 64.4 and 35.6% 

for the m-ROS and DTT assays respectively. This indicates that local pollutants during 

non-dust episodes are of more significance to ROS generation than long range 

transported particles. This is in line with the finding of Reche et al 177 showing that local 

pollutant sources are the main contributor to PM health effects. 

 

 Correlation of Redox activity with PM chemical components 

In order to correlate the chemical components to both assays, statistical 

analysis between the ROS assays and different chemical components was conducted 

(Table 4.2). In the coarse fraction, the high correlations between m-ROS-activity and 

OC (R=0.88, p < 0.05) on one hand and m-ROS and different trace elements (Table 4.2) 

on the other are in agreement with the reported studies 115,175,178,179. Elements like V, Co, 

and Ni are known to participate in the Fenton chemistry and are able to produce ROS 

when in contacts with biological cells 180. In the Fine fraction, the correlation of the m-
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ROS assay with OC (R=0.72, p < 0.05) can be attributed to the high correlation of these 

components with WSOC 10. WSOC which are shown to have a good correlation with 

the m-ROS assay 181, are thought to contribute to OH radical formation through 

secondary organic compound 115. 

Similarly, DTT rate loss was found to correlate with WSOC in the coarse fraction 

(R=0.65, p < 0.05) in conformity with other studies 115,175,179,182. It is suggested that the 

solubility of organic compounds is directly related to free radical generation 115. 

Furthermore, high correlation between DTT assay and trace elements in both size 

fractions is also observed 115,139. In particular, the correlation with some rare earth 

metals like (Eu, Dy, Ho…) could be ascribed to the presence of monazites which can be 

found in Sarahan sand 183. The fine fraction, CM also correlates (R=0.82, p < 0.05). Up 

to the authors' knowledge, there are no recent studies about the redox activity of 

biogenic mineral oxides which warrants further investigation. 
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Table 4.2. Spearman correlation coefficient (R) for different components with 
redox activity from both assays (p <0.05) 

  m-ROS DTT 

  Coarse Fine Coarse Fine 
Mass 0.97 -0.08 0.22 0.89 

OC  0.88 0.72 -0.36 -0.92 

EC  0.86 0.04 -0.28 -0.62 

WSOC  0.31 0.58 0.65 -0.98 

Cl- -0.10 -0.07 0.94 0.10 

Nitrate -0.34 0.09 0.69 -0.65 

Phosphate - 0.77 - -0.30 

Sulfate -0.07 -0.38 0.82 0.05 

Na+ -0.43 0.24 0.76 -0.04 

K+ -0.59 0.68 0.98 -0.75 

NH4
+ -0.75 0.54 -0.58 -0.74 

Sea Salt -0.43 -0.21 0.76 0.05 

nss sulfate 0.12 -0.41 0.58 0.05 

SI -0.26 -0.09 0.67 -0.37 

Li 0.18 0.03 0.88 0.52 

B -0.57 0.68 0.23 -0.89 

Mg -0.13 -0.34 0.58 0.70 

Al 0.54 -0.22 0.83 0.68 

P 0.63 0.34 -0.52 -0.79 

K -0.10 0.71 0.70 -0.30 

Sc 0.47 -0.43 0.73 0.82 

Ti 0.07 0.10 0.55 0.41 

V 0.77 0.37 -0.48 -0.93 

Mn -0.03 0.37 0.53 -0.08 

Fe 0.28 0.14 0.45 0.39 

Co 0.56 -0.11 -0.66 -0.50 

Ni 0.51 0.31 -0.53 -0.91 

Zn 0.99 0.37 0.01 -0.91 

Cd -0.34 0.66 -0.86 -0.90 

Cs -0.07 0.49 0.66 -0.03 

Nd 0.28 -0.19 0.83 0.57 

Eu 0.10 -0.41 0.52 0.97 

Dy 0.39 -0.41 0.71 0.80 

Ho -0.09 -0.59 0.64 0.81 

W 0.77 -0.03 -0.44 -0.49 

Crustal Material 0.03 -0.50 0.56 0.82 
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I. Summary and Conclusions 

The mass closure of PMs during dust and non-dust episodes were successfully 

constructed with an unidentified percentage averaged at 0 and 30 % for fine and coarse 

fractions, respectively. The major aerosol speciation considered in this study included 

OM, EC, SS, SI, CM and TE. During dust episodes, both coarse and fine PM number 

and mass concentration increased with respect to non-dust episodes. Crustal material 

PM composition increased in both coarse (47 %) and fine (107 %) fractions while the 

secondary ions and sea salt contribution to PM mass decreased. Elemental carbon and 

trace element PM mass concentrations only change in the coarse PM. The 

corresponding ROS activity of size-segregated dust and non-dust PM samples, which 

was measured using the DTT and m-ROS assays, showed an increase in the activity for 

the coarse PM fraction and a decrease for the fine fraction during dust episodes. The 

relative variation in the redox activity in both fractions can be the result of changes in 

chemical composition, particularly in trace elements, crustal materials and organic 

matter. Correlation factors show that both assays are affected by different trace 

elements. However, when assessing the overall redox activity of PM10 in dust and non-

dust episodes, it is shown that PM10 redox activity in Beirut mainly depends on the local 

sources with higher activities observed during non-dust episodes. 
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CHAPTER V 

THE EFFECT OF METAL OXIDE NANOPARTICLES ON 

THE DTT ASSAY 
 

 

A. Introduction 

Nanoparticles are generally defined as particles with a diameter ranging 

between 100 nm and 1 nm 184.  Their unique properties make them highly desired in 

different sectors 185 and therefore they are being engineered to the required size in large 

scales, with the nanotechnology industry expected to be a one trillion dollar enterprise 

by 2015 186,187. Many nanoparticles are used in countless products including toothpastes, 

cosmetics, electronics, food products and even used for drug delivery 188,189. Therefore, 

the common routes that one can be exposed to these nanoparticles are: oral, dermal, 

inhalation and injection 190. In many recent studies, the safety of nanoparticle exposure 

is being questioned 186,191-199. Depending on their nature, these nanoparticles can either 

cause oxidative stress on the cells, which can lead to unique inflammations, or have no 

effect 186,191,194,197,200-205. Cho et al. 194 show that CeO2, NiO, ZnO and CuO 

nanoparticles can induce different inflammatory footprints both acutely and chronically. 

Hull et al. 206 and Sano et al. 207 show that chronic nanoparticle exposure can even cause 

pneumoconiosis. Other than the engineered nanoparticles, there are nanoparticles found 

in atmosphere from both anthropogenic (air pollutants) and biogenic (mineral dust), 

which one can be exposed to. Studies show that particulate matter (PM) of different 

sizes, coarse (2.5 μm – 10 μm in diameter), fine (0.25 μm – 2.5 μm) and quasi-ultrafine 

(0.25 μm and below), can induce oxidative stress, with quasi-ultrafine PM having the 

greatest effect 10,11,175,176,208  
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Since the amount of nanoparticles in general is huge, Nel et al. 186 suggest that 

it is important to establish a toxicity screening method. For such purpose, Oberdorster et 

al. 190 propose three key elements: Physicochemical characterization, in vivo assays and 

cellular and acellular in vitro assays. Concerning the physicochemical characterization, 

what little information is available suggest that there is a relationship between the 

toxicity of the nanoparticle and their physicochemical parameters (size distribution, 

surface area, porosity, shape, agglomeration state, chemical composition…). In vivo 

assays, on the other hand, can provide a complete characterization of the nanoparticles 

tested, and a complete risk assessment. While In virto assays, whether cellular or 

acellular, allow the isolation of specific pathways to be tested under controlled 

conditions, they do have some drawbacks, like dosimetry mismatch and non-

involvement of the complete inflammatory response 190. When assessing the toxicity of 

nanoparticles and their biological activities, many agree that the parameter to rely on is 

the ability of these particles to generate oxidative stress, whether directly or indirectly 

202,209-211. Many methods have been suggested for assessing the redox ability of different 

nanoparticles (ambient particulate matter and engineered nanoparticles). While some of 

these methods are cellular assays like MTT method, LDH leakage, respiratory burst 

191,195,201,212, others are predictive and need to be accompanied with a cytotoxic assay to 

validate the results. The analysis of the conduction band energy levels of the 

nanoparticles in relation to the cellular redox potential is one of these methods, if the 

conduction band overlaps with the cellular redox potential, then this nanoparticle can 

induce oxidative stress. Yet this method failed when it comes to some nanoparticle 

metal oxides like CuO and ZnO, where although their conduction bands don’t overlap 

with the cellular redox potential, they can still induce oxidative stress 192,193,199. Another 
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type is the acellular assays, like the electron spin resonance 213,214or the more common 

assays dithiothreitol (DTT) and dichlorofluorescin (DCFH) 

10,11,15,113,115,127,129,134,139,154,177,179,208,215. This study will focus on the DTT assay, a 

colorimetric assay that relies on the depletion of DTT. DTT shares a similar structure to 

glutathione, an anti-oxidant present in the cells 128 and can thus mimic cell-like activity 

towards certain ROS 216. This assay depends on the oxidation of DTT to its disulfide 

form by the redox-active material present in the PM sample. These redox-active species 

can then donate an electron to the dissolved molecular oxygen, to form superoxide 156 

which can later form other reactive oxygen species. The rate of electron transfer is 

proportional to the concentration of the catalytically redox-active species in the PM 

samples and can be monitored by the rate at which DTT is consumed. The rate loss of 

DTT is, therefore, an indication of the amount of ROS present in a sample (the greater 

the loss, the higher the ROS levels).  In this study the redox activity of different metal 

oxide nanoparticles is measured using the DTT assay. The DTT rate loss obtained are 

normalized to the size and surface area of the individual nanoparticles, in order to assess 

the effect of different physicochemical parameters on the redox activity. The size of the 

particles was obtained by using the dynamic light scattering (DLS), and the required 

calculations were done to obtain the surface area. Additionally, Scanning Electron 

Microscope (SEM) was used to assess whether the morphology of the particles was 

playing a role on the redox activity.  

 

B. Methodology 

 Solution Preparation 

For this study, six metal oxide nanoparticles (MO) are chosen, Chromium 
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Oxide (Cr2O3), Copper II Oxide (CuO), Manganese Dioxide (MnO2), Lead Oxide 

Yellow (PbO), Lead Oxide Red (Pb2O3) and Zinc Oxide (ZnO). The MO solutions were 

prepared by dissolving the required mass in 20 mL methanol. In addition a 25 μM 

Copper II Chloride (CuCl2) methanolic solution was prepared as a positive control for 

the DTT assay. 

For size assessment and SEM imaging, three of the oxides mentioned above; 

CuO, Cr2O3 and MnO2 were prepared by weighing 0.1 g of each MO and suspending 

them in 25 mL methanol.  

 

 DTT Assay 

The DTT assay used in this study is the procedure optimized by Li et al. 126 , 

with a few adjustments. The original assay dictates taking a small aliquot of the samples 

or MO suspended solutions to run the assay on. Since the MO are insoluble, the aliquots 

taken were not homogenous and the results were not reproducible. For this reason the 

experiment had to be done on the original solution without the need to take out aliquots. 

Therefore, the volumes and concentrations of the DTT, 5,5'-dithiobis-(2-nitrobenzoic 

acid) (DTNB) and phosphate buffer had to be increased to account for the large volume 

samples. For optimization purposes, the new DTT assay method was run in parallel 

against the original method. CuCl2, which is known to have DTT activity 139, was run 

on both assays in triplicates. Figure 5.1 shows that both assays showed similar results, 

with the old method giving 53.73 ± 4.88 nmol DTT/min and the new method giving 

64.05 ± 2.23 nmol DTT/min.  
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Figure 5.1. Controlled experiment, DTT rate loss for CuCl2 on the New and Old DTT 

assay 

 

Mineral Oxide suspended solutions were sonicated for 30 minutes, prior to the 

experiment. The solution was then mixed with 100 ml 0.1 M phosphate buffer, followed 

by the addition of 5 ml of 1 mM DTT. The mixture was placed in a water bath 

incubator/shaker (37°C, 180 rpm) throughout the experiment to insure homogeneity. At 

the optimized designated times, 1 ml of the mixture was taken out and added to 1 ml, 

1.5 mM DTNB. The yellow 2-nitro-5-thiobenzoate (TNB) solution was measured 

within 1 hour of the experiment’s completion using a UV/Vis spectrophotometer. All 

MO samples were run in triplicates.  

 

 DLS Experiment 

The DLS (90Plus/BI-MAS) was used to assess the size of the MO. As with the 

DTT assay, the solutions were sonicated for 30 minutes before the experiment. 3 mL of 

each suspension was then placed in a glass cuvette and run on the machine. Each run 

lasted for 6 minutes and was repeated in triplicates.  
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 SEM Imaging 

The SEM (Tescan Model 51-XMX0010) was used for particle imaging. 10 μL 

of the MO solutions were placed on a carbon coated Aluminum stub, and placed in a 

vacuum oven overnight. Voltage set at 20-30 KeV with 60 µA beam current allowed the 

detection of good quality images without damaging the sample. 

 

C. Results and Discussion 

 DTT Response for Metal Oxide Nanoparticles 

In addition to the mineral oxides chosen, CuCl2 was chosen as a positive 

control, since it was shown to have an effect on the DTT assay 139(Charrier et al. 2012). 

For the MO, as shown in Figure 5.2.  

 

 

Figure 5.2. DTT rate loss for metal oxide nanoparticles (normalized to mass). 

CuO showed the highest redox activity (0.818 nmol DTT/ min x μg ± 0.196) 

followed by MnO2 and ZnO (0.352 ± 0.208 and 0.305 ± 0.130 nmol DTT/ min x μg, 

respectively). PbO, Pb2O3 also showed DTT activity (0.110 ± 0.007 and 0.012 ± 0.007 
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nmol DTT/ min x μg, respectively). On the other hand both Cr2O3 showed no reactivity 

(-0.013 ± 0.013 nmol DTT/ min x μg). 

Up to the author’s knowledge, apart from lead oxide217, there are no literature 

values for the reactivity of DTT and MO chosen. Yet there are studies about MO and 

their abilities to form ROS. In these studies the ability of these MO to produce ROS is 

tested on different cellular assays (MTT assay, LDH Leakage…) 191,195,201,212. Although 

the DTT assay and other cellular assays have different mode of actions 115, many studies 

have shown that DTT can mimic cell-like response when it comes to redox 

activity11,129,154,179. This comes from the structural similarities between DTT and 

glutathione, an antioxidant found in the cells 128.  

As for the ability of MO to produce ROS, each oxide is thought to have its own mode of 

action 194. Concerning CuO and ZnO198, it is stated that their ability to generate ROS is 

due to their slight solubility. Both CuO and ZnO are able to release Cu and Zn ions 

respectively through particle dissolution, which could increase their redox activity 

194,198,199,217. ICP-MS data done by Zhang et al. 199 show that both ions dissolved by 

around 10%. Both ions are known to have an effect on the DTT assay 139. In a separate 

study by Zhao et al. 218, they propose a mechanism by which H2O2 can adsorb on MO 

surfaces and release free radicals when in solution. These free radicals can also play a 

role in the DTT assay 10,11,126,139,154,156. Additionally Studies 217,219, show that DTT can 

complex with oxides through its sulfur bonds, which would make the DTT unavailable 

to complete the assay (reaction with DTNB), which would lead to more DTT 

consumption. Uzu et al. 217 show that DTT can also complex with solubilized ions 

released from the oxide when in solution (Figure 5.3). In their study they show that PbO 

can also dissolute to give Pb ions, which explains their activity in the DTT assay.  
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Figure 5.3.Potential mechanisms of DTT stabilization through complexation with 

solubilized lead (A) or PM surfaces (B) (Uzu et al. 2011) 

 

As for MnO2, Lison et al. 220, show that MnO2 does have a redox activity and 

is able to induce oxidative stress when tested on LDH leakage test. Additionally, 

Burello and Worth 192,193 showed that its band gap overlaps with the band gap of the 

cell. This study states that if the band gap of the MO overlaps with the band gap of the 

cell, then this MO is able to induce oxidative stress in the cells. This was further 

confirmed by Zhang et al 221, where they tested the redox potential of different MO that 

have a band gap overlapping with that of the cell using different cellular and cytotoxic 

assays. The theory of the band gap was proven to be good at predicting whether an MO 

can induce oxidative stress or not. Finally, concerning Cr2O3, Burello and Worth 192,193 

and Zhang et al. 221 show that it has a band gap that overlaps with that of the cell and 

has the ability to cause oxidative stress in the cells, when tested using cytotoxic in vitro 

studies. Yet, it did not show any activity in the DTT assay. This discrepancy between 

the non-oxidative properties of Cr2O3 with the DTT assay and the in vitro cytotoxic 

assay could be due to cellular interactions with Cr2O3 and not its intrinsic oxidative 

properties. 
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D. Physicochemical Characteristics and Redox Activity 

Since the MO are not soluble in methanol, any interaction between these MO 

and DTT should be to be heterogeneous. For this reason, the physicochemical properties 

of the MO might be a factor affecting their DTT redox reactivity. The physicochemical 

properties investigated in this study are the size (diameter), surface area and 

morphology. For the size and surface area, the DLS was used, whereas the SEM was 

used for morphology imaging.  Three MOs of different DTT redox reactivity values 

were chosen for this test: CuO (high redox activity), MnO2 (moderate redox activity) 

and Cr2O3 (no redox activity). The DTT rate loss values were normalized against 

particle diameter and particle surface area. The morphologies of the particles were 

studied to check whether there are any similarities between the morphologies of the 

particles that have similar DTT rate loss values.  

 

a. Metal Oxide DTT Redox Activity with Respect to Particle Size 

In order to assess whether, particle size is a controlling factor in the redox 

reactivity of the MO, the DTT rate loss values were normalized against the particle size 

obtained from the DLS.  Table 5.1 shows the particle size in nm for the MO.  

Table 5.1. MO Particle Size (nm) 

MO Particle Diameter (nm) 

CuO 218.47 

MnO2 369.63 

Cr2O3 376.89 
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Additionally, a strong negative correlation is observed between size and DTT 

redox activity (R = -0.88), CuO, which has the highest DTT redox activity, has the 

smallest size. 

b. Metal Oxide DTT Redox Activity with Respect to Surface Area 

When it comes to surface area and redox activity, many studies agree that the 

larger the surface area the higher the redox activity 190,222-224. Lison et al 220 demonstrate 

that for MnO2, particles with a 62 m2/g surface area had a higher response on the LDH 

leakage test that hose with 17 m2/g. For surface area assessment, there are a number of 

analytical techniques that can be used. In this study, he DLS is used to calculate the 

surface areas of the mineral oxides based on particle mean diameter. A moderate 

correlation was observed between surface area and DTT redox activity (R = 0.51). This 

somewhat of a contradicting result could be due to a number of assumptions done when 

using the DLS, one being the assumption that the particles are solid spheres with no 

pores. Nonetheless, it is still good to show that there is some dependence of the DTT 

redox reactivity on the surface area. 

i. Sample Calculation 

The following is a sample for the calculations for the surface area for the different 

mineral oxides. In this example CuO is used. 

 

Step One: 

Density of CuO: 6.31 g/cm3 (Literature Value) 

Mass: 0.001 g (Weighed) 

Volume of Solution: 25 ml, Methanol 
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When this solution was run on the DLS, the average count rate was above the calibrated 

range (100 kcps), for this reason a fraction of the stock solution was taken. 

Volume Taken: 0.25 ml 

Assuming the sample is homogenous, the mass of the particles taken in the fraction was 

calculated: 

0.001 𝑔 → 25 𝑚𝑙 

𝑥 → 2 𝑚𝑙 

𝑥 =  
(0.001)(2)(1000)

25
= 0.01 𝑚𝑔 

Then the volume of the mineral oxides was calculated: 

𝑑 =
𝑚

𝑣
 → 𝑣 =

𝑚

𝑑
=

0.01 ×  10−3

6.31
= 1.58 ×  10−6 𝑐𝑚3 𝑜𝑟 1.58 ×  10−6 𝑚𝑙 

Step Two: 

The DLS report gives the cumulative percentage for the size bins, from the cumulative 

percentage find the percentage of each size bin: 

𝐶𝑢𝑚𝑖𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑆𝑖𝑧𝑒 𝐵𝑖𝑛 1 + 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑆𝑖𝑧𝑒 𝐵𝑖𝑛 2 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑆𝑖𝑧𝑒 𝐵𝑖𝑛 2 = 𝐶𝑢𝑚𝑖𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 − 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑆𝑖𝑧𝑒 𝐵𝑖𝑛 1 

Example: The percentage of the size bin 308.1 nm would be the cumulative percentage 

minus the percentage of the size bin before it, which in this case is 278.3 nm. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 308.1 = 𝐶𝑢𝑚𝑖𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 − 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 278.3 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 308.1 = 37 − 13 = 24 

The weighted volume of each size bin was then calculated from the diameter and the 

percentage. The particles are assumed to be spherical. 

Example: The weighted volume of the size bin of diameter 308.1 nm is calculated as 

follows: 
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The radius was calculated in cm as a first step: 

𝑟𝑎𝑑𝑖𝑢𝑠 (𝑐𝑚) =
𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑛𝑚)

2
×  10−7 

𝑣 = (
4

3
𝜋𝑟3)  ×  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 

𝑣 =  (
4

3
𝜋 (

308.1

2
 ×  10−7)

3

)  ×  (
24

100
) = 3.68 ×  10−15 𝑚𝑙 

The weighted volume for the remaining size bins was calculated similarly and then 

added to get the total volume of the particles in solution: 

𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒

= ∑ 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑜𝑟 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑖𝑧𝑒 𝐵𝑖𝑛𝑠

= 2.17 ×  10−14 𝑚𝑙 

To get the total particle count, the volume of the oxide was divided by the weighted 

volume: 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑢𝑛𝑡 =
𝑂𝑥𝑖𝑑𝑒 𝑉𝑜𝑙𝑢𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒
=

1.58 ×  10−6

2.17 ×  10−14
= 7.30 ×  107 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 

The particle count for each size bin was calculated from the total particle count and the 

percentage of each corresponding size bin 

Example: To calculate the number the of particles with a diameter of 308.1 nm, the 

percentage of this size bin is multiplied by the total count 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑤𝑖𝑡ℎ 𝑎 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 308.1 𝑛𝑚 = 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 ×  𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑢𝑛𝑡

=
24

100
 ×  7.30 ×  107 = 1.75 ×  107  

Step Three: 

The surface area for each size bin was calculated as follows: 

The radius was calculated in cm: 



 83 

𝑟𝑎𝑑𝑖𝑢𝑠 (𝑐𝑚) =
𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑛𝑚)

2
×  10−7 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 = 4𝜋𝑟2 

Examples: The surface area of particles with a diameter of 308.1 nm was calculated 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 = 4𝜋 (
308.1

2
 ×  10−7)

2

= 2.98 ×  10−9 𝑐𝑚2 

The weighted surface area was then calculated by multiplying the surface area for each 

size bin by the number of particles for this size bin. 

Example: The weighted surface area for particles with a diameter 308.1 nm was 

calculated by multiplying the surface area of this size bin with its number of particles: 

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎308.1  ×  𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐶𝑜𝑢𝑛𝑡308.1

= 2.98 ×  10−9  ×  1.75 ×  107 = 0.052 𝑐𝑚2 

Finally the Total Weighted Surface Area is calculated by adding the Weighted Surface 

Areas for all size bins 

𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 = ∑ 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎𝑠 = 0.27 𝑐𝑚2 

The Total Weighted Surface Area was then divided by the mass of the fraction taken to 

normalize against the mass: 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝑐𝑚2

𝑚𝑔⁄ ) =
𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛
=

0.27

0.01

= 27.07 𝑐𝑚2

𝑚𝑔⁄   

 

c. Metal Oxide DTT redox activity with respect to surface morphology: 

For surface area imaging, the SEM was used. Figure 5.4 shows the different 

morphologies of the following oxides: CuO, MnO2, ZnO and Cr2O3. Cr2O3 appears to 

have a smooth surface, while CuO appears to be extremely porous and sponge-like. 
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MnO2 on the other hand seems to be needle shaped with a rough surface. Finally ZnO 

appears to be plate-like with rough edges forming clusters. The different reactivates of 

the MO cannot be explained by the morphology. MnO2 and ZnO, which have similar 

redox reactivities, have different morphologies.  

 
Figure 5.4. SEM images of different MO (Left to Right) Cr2O3, CuO, MnO2, ZnO 

 

E. Conclusion 

Nanoparticles have countless uses, yet their toxicity has yet to be understood 

completely. For this reason, a screening method has to be adopted to test for their 

toxicity, this includes, their physicochemical properties, cytotoxicity and their ability to 

induce oxidative stress. In this study the redox activity with respect to DTT is tested for 

the six metal oxide nanoparticles, CuO, MnO2, ZnO, PbO, Pb2O3 and Cr2O3. The order 

of their redox activities in decreasing order is: CuO > MnO2 ~ ZnO > PbO > Pb2O3 

>Cr2O3. In order to understand this difference in the redox reactivity, the 

physicochemical properties of some of these oxides are tested. The DLS was used to 

acquire the size and surface area, correlation between DTT redox activity and size was 

negative, indicating that the smaller the size, the higher the reactivity. While a moderate 
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correlation was observed between the redox reactivity and surface area, even though 

studies show a high dependence of surface area on the redox activity. This discrepancy 

could be explained by the assumptions that are taken when calculating the surface area 

using DLS. SEM imaging did show different morphologies but no relation was found 

between the morphology and redox activity; ZnO and MnO2, which had similar 

reactivities, had different morphologies. When looking at the redox activity of the 

different nanoparticles, it is important to look at their chemical itself in addition to 

surface area and size. The key controlling factor in assessing the redox potential of the 

nanoparticles is the elemental composition of the nanoparticle itself, with a minor role 

for physicochemical characteristics. Future work of this study include using the BET for 

surface area calculations 
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CHAPTER VI 

CONCLUSION 

 

Particulate matter (PM) in Beirut have been assessed in terms of their 1) 

variation in PM-chemical composition and -redox activity with location, season 

and particle-size, 2) association between their toxico-chemical properties and 

identification of source tracers implicated in the induction of PM oxidative 

potential, 3) intrinsic ROS-activity and its variation across urban environments. 

Additionally, the effect of Metal oxide nanoparticles and their physicochemical 

characteristics on one of the redox potential assays; DTT assay, were studied.  

Comparing, roadside to AUB, an urban background, size-resolved particle 

mass levels were 1.3-2.6 times greater, with enrichment in markers of traffic 

emissions like Sb, and certain PAHs (Chrysene and Benzo(ghi)perylene). The 

chemical mass closure showed that PM10-2.5 was mostly composed of crustal 

material, contributing to 12-23% of its mass across sites. On the other hand, in 

PM2.5-0.25 and PM0.25, organic matter (46-56%) was dominant at the roadside 

location, while secondary ions (54-68%) were more abundant at the background 

site. 

In both locations, Mn, Cu, Co, V, Ni and Zn were overall mostly distributed 

in PM2.5-0.25 and PM0.25, with high water-solubility in these modes (> 60%). 

The increased water-solubility and presence of these metals, many of which are air 

toxics, in small size ranges constitute an added health risk. Of particular concern 

are water-soluble elements with strong correlations (R ≥0.70) with ROS-activity. In 
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PM2.5-10, Mn and Co, which are road dust components, were highly associated with 

ROS-activity. In PM2.5-0.25, Cu (a tracer of vehicular abrasion) and Co (a road 

dust element) were highly correlated with ROS generation. In PM0.25, V and Ni, 

originating from fuel oil combustion, had the highest correlations with ROS 

formation. 

Additionally, size-segregated ROS-activity, expressed per m
3 

of air volume, 

was 1.5-2.8 times greater at the roadside than background location, indicating that 

exposure to redox-active PM species may be greatest near the freeway. 

Furthermore, ROS-activity (on per unit of PM mass) displayed a particle-size 

dependency, with lowest activity associated with PM10-2.5.  

Concerning dust episodes, both coarse and fine PM number and mass 

concentration increased with respect to non-dust episodes. Crustal material PM 

composition increased in both coarse (47 %) and fine (107 %) fractions while the 

secondary ions and sea salt contribution to PM mass decreased. The corresponding ROS 

activity of size-segregated dust and non-dust PM samples, which was measured using 

the DTT and m-ROS assays, showed an increase in the activity for the coarse PM 

fraction and a decrease for the fine fraction during dust episodes. The relative variation 

in the redox activity in both fractions can be the result of changes in chemical 

composition, particularly in trace elements, crustal material (CM) and organic matter. 

For this reason, the effect of CM on the DTT assay was assessed. The redox activity 

with respect to DTT was tested for the six metal oxide nanoparticles, CuO, MnO2, ZnO, 

PbO, Pb2O3 and Cr2O3, with CuO having the highest DTT redox reactivity and Cr2O3 

having no activity. The physicochemical characteristics, which include the surface area, 

size and morphology, were analyzed to check whether they are a key factor in 
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controlling the redox potential. Using the DLS to acquire the size and surface area, a 

negative correlation was obtained between DTT redox activity and diameter, indicating 

that the smaller the size, the higher the reactivity. While a moderate correlation was 

observed between the redox reactivity and surface area, even though studies show a 

high dependence of surface area on the redox activity. Taking SEM images in 

consideration, the different surface morphologies call for a more accurate method like 

the BET to calculate surface areas. 

Despite this, when assessing the overall redox activity of PM10 in dust and 

non-dust episodes, it is shown that PM10 redox activity in Beirut mainly depends on the 

local sources with higher activities observed during non-dust episodes.  

These results provide insight on commuter exposure to traffic-related PM 

in the Beirut area and push for policies to address air quality. The levels of toxic 

vehicular tracers, in Beirut are higher than a heavy-duty diesel-impacted freeway in 

southern California. This can be attributed to different fuel composition as well as the 

predominance of old vehicles. Additionally, during dust episodes, although a change in 

the redox potential is observed, the overall, PM redox potential is still higher during 

non-dust episodes. These findings call for pressing and stricter regulations on motor 

vehicles. 

While this thesis contributes to the current state of scientific knowledge on 

size- segregated particle properties (chemical and oxidative), variability and sources, 

further steps are needed to advance our knowledge on PM characteristics and related 

health effects. Taking into account the PM complexity and variability, continuous air 

monitoring is needed since it could provide greater insight on the formation 

mechanisms, source strength, emissions and oxidative profile. Moreover, specifying 
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chemical markers, would help in source apportionment and tracking long range 

transported PM. Finally, understanding the mode of action of PM components on the 

redox assays, for better toxicity assessments.  
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