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Abstract 

Ulaanbaatar (UB), the capital of Mongolia, has been suffered from severe air pollution because 

of large consumption of coal as power plant and household fuel. In addition to anthropogenic emission, 

topography and meteorological conditions of the city have brought worse air pollution particularly 

during the cold season. There have been a number of studies on air pollution sources and the adverse 

effect on mortality. However, very limited measurements on chemical characteristics of particulate 

matter have been carried out till now. For last several years, both the national and UB city governments 

routinely measure ambient concentrations of particulate matter and various gaseous pollutants at 

monitoring sites across the city. This study aims to conduct intensive monitoring of PM2.5 at the selected 

sites in UB and chemical characteristics of PM2.5 is clarified. This information is necessary to identify 

PM2.5 emission sources as well as routine ambient monitoring in UB.  

PM2.5 particles were sampled with filters in the middle of Oct 2015 for 2 weeks at 2 sites in 

UB. Ionic components, metallic and metalloid components and carbonaceous components of PM2.5 were 

analyzed. Arithmetic means of PM2.5 at the UB03 and NAMEM sites were 152 and 68 μg/m3, 

respectively. Carbonaceous components were most dominant contribution of PM2.5 and accounted for 

approximately 40%. Contributions of metallic and metalloid components and ionic components were 

approximately 10% for both. Se, Cd, Sb at the both UB03 and NAMEM sites and Zn, As, Hg at the 

UB03 sites were highly enriched. These elements would be highly contaminated by local emission 

sources such as coal combustion, tire wear and brake wear dusts. 
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1. Introduction

Ulaanbaatar (UB) is the capital of Mongolia, with over 1.0 million people, approximately 35% 

of the total population in Mongolia. The city is located in a valley of the Tuul River, and surrounded by 

the Khentei Mountain area, with elevation ranging from 1,652 m to 1,949 m above sea level. Its location 

causes UB to experience frequent temperature inversions, particularly during the cold season. It was 

reported that the thickness and intensity of the inversion layer of air temperature over Ulaanbaatar during 
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the winter season were 629 m to 809 m, and 4.7 C to 6.9 C, respectively (Baasankhuu and 

Gomboluudev, 1996). The highest PM concentrations are often reported during stable meteorological 

conditions, such as inversion with low wind speeds (Pohjola et al., 2004). A stationary anticyclone, 

named a Mongolian/Siberian or Asian anticyclone, forms over north-western Mongolia and the territory 

of Tuva, Russia, in the cold season, from October to April of the following year (Chung and Dulam, 

2004). An Asian stationary anticyclone, placed over Mongolia, plays an important role, not only for the 

climate of Mongolia, but also for the level of air pollution. Meteorological condition is a noticeable 

determining factor for particular matter concentration level in UB (Batmunkh et al., 2012). The winter 

season climate of UB is characterized by stable cold weather with low wind speed, which makes it the 

coldest capital in the world, with a winter mean air temperature of -23.5 C. Coal is the main fossil fuel, 

and is a highly-utilized source of energy in UB. There are three large power plants in UB, which consume 

about 5 million tons of coal per year. About half of the total inhabitants of UB live in Gers, the traditional 

Mongolian dwellings, which use wood and coal for cooking and heating, without any pollution control 

devices. Coal consumption of Ger areas is 13 % of the total, and a large amount of lignite coal is used 

as household fuel in UB (ADB. 2006). There are approximately 0.35 million vehicles, approximately 

61 % of the total number of vehicles in Mongolia, and most of these vehicles are second-hand. About 

80 % of them do not meet emission standards, and about 54 % of the vehicle fleet is 11 years or older 

(ADB. 2006). Pollutant emissions, topography, and meteorological conditions of the city have brought 

severe air pollution problems in UB. There have been a number of studies conducted on air pollution 

and its sources, and on their adverse effect on mortality (Jung et al., 2010, 2011) (Davy et al., 2011) 

Allen et al., 2011) (Batmunkh et al., 2012). However, very limited measurements on chemical 

characteristics of particulate matter have been carried out. An air pollution episode can be defined as a 

situation during which air pollutant concentrations exceed a specified threshold value. The fine particles 

are the most significant factor that impacts visual air quality in many urban atmospheres.  

For last several years, both the Mongolian national and the UB city governments routinely 

measure ambient concentrations of particulate matter and various gaseous pollutants at monitoring sites 

across the city.  However, these measurements do not include the composition of ambient particles and 

this information is needed to apportion ambient particulate matter emissions to its sources. Even with 

the speciation data the apportionment is challenging due to meteorological variability. Therefore, 

objectives of this study are to determine chemical characteristics of filter-based PM2.5 particles at 2 

different sites in Ulaanbaatar during field study and provide useful dataset of PM2.5 mass concentration 

and their chemical components (“speciation”) in order to investigate ambient fine particulate source 

apportionment study. 



Figure 1. Map of measurement sites in Ulaanbaatar (The black dots indicate location of 

sampling sites). 

2. Methodology

Chemical characterization of suspended particles is necessary, along with the application of 

source apportionment models, to attribute ambient concentrations to their sources for the development 

of emissions reduction strategies and to establish associations between particles and health. Particle 

sampling on filters is the most practical method currently available to characterize the sizes and chemical 

compositions of and PM2.5. Ambient aerosol sampling systems consist of a combination of monitoring 

hardware, filter media, laboratory methods, and operating procedures which are specifically tailored to 

different monitoring objectives. No single sampling system can meet all needs, and it is often necessary 

to adapt existing sampling components to the specific situation being studied. Chemical analysis of filter 

deposits cannot be separated from the methods used to obtain the sample. Sampling for chemical analysis 

requires stringent attention to choice of filter media, sample handling, sample storage, and to the sampler 

used to obtain the filter deposits. Detailed descriptions of PM2.5 sampling sites, system are given for 

following sub-chapters. 

2.1 Sampling site and period 

2.1.1 Sampling site 

Locations of purposed sampling sites are shown in Figure 1 and brief descriptions are 

summarized in Table 1.  Sampling sites located in downtown area and Ger area where people use much 

raw coal for heating. When we select the sampling sites we considered no local emission sources around 

the sites, the lowest distance between sampling sites and meteorological stations, and continuous and 

sufficient power supply in the stations. 

UB03



Table 1. The description of the purposed measurement sites. 
Name of 
sampling site 

Site 1 (UB03) Site 2 (NAMEM) 

Location UB03 national air quality monitoring 
station in Songinokhairkhan district 

National Agency for Meteorology and 
Environment Monitoring (NAMEM) 
building in Chingeltei district 

Geographical 
location and 
feature 

(Latitude and Longitude) 
47° 55' 07.2" N, 106° 50' 52.8" E 

UB03 is one of the air quality 
monitoring station in UB (sampler head 
at 2 m from ground level). The site is 
surrounded by Ger area where people 
use a raw coal for heating and land 
surface is degraded and contaminated by 
coal ash. The nearest meteorological 
station is located just behind the 
sampling site. 

(Latitude and Longitude) 
47° 55' 12.9" N, 106° 54' 42.0" E 

The site locate at roof top of NAMEM 
building (sampler head at around 15 m 
from ground level). It is down town area 
surrounded by many roads. By previous 
studies, it was learned that this site 
could be good representative for air 
quality study in city down town area. 
There is one of the EANET site is have 
been operating since 1998. The nearest 
meteorological station is located just 
behind the sampling site. 

Point sources  Combined heat-and-power plants are 
located approximately 6 km to the 
Southwest of the site. 

Combined heat-and-power plants are 
located approximately 4 km to the 
Southeast of the site. 

Traffic 
source 

Closest main road is located 
approximately 0.5 km to the south of the 
site. 

NAMEM building is located just behind 
the city busiest road junction.  

2.1.2 Sampling period 

Ambient PM2.5 particles were collected every day during field survey including a field blanks. 

Sampling duration usually was dependent on PM level i.e. 24 hours or 12 hours because of the sampling 

flow rate could be decreased due to aerosol loading on filter. We had been conducted the sampling for 

2 weeks through middle of October 2015, and during that period, the PM level was not so high, so our 

proposed sampling time was noon to noon for 24 hours. 

2.2 PM2.5 sampling protocol 

2.2.1 Sampling system 

Particle filtration samplers consist of combinations of size-selective inlets, filter media, filter 

holders, and flow movers/controllers. Additionally, Denuder systems and absorbing materials that 

capture gases associated with volatile species such as ammonium nitrate and some organic compounds 

can be installed ahead the size-selective inlet and behind the particle collection filter. The dimensions, 

materials, and construction of these components affect the particles that are measured (Chow et al., 

1998). 

As shown in Figure 2 and Figure 3, two different samplers are used for sampling. PatisolTM 

2000 FRM sampler (Thermo Fisher scientific USA, Sampling flow rate is 16.7 L/min) used at the UB03 

site and sampler has only one sampling line, therefore, quartz filter were used for PM2.5 sampling. In 

case of another site, new Slit jet MCAS-SJ sampler (Murata Keisokuki Service Co.,Ltd, Japan, Sampling 

flow rate is 30 L/min for each line) was used for sampling. This sampler has a two sampling lines and 

each lines have a two stage filter holder. The “A” line that was used to collect samples for mass, ionic 

and elemental analysis while “B” line was used to collect samples for organic and elemental carbon 

analysis. Filter holder designated to collect PM2.5 and PM2.5-10 at same time. Coarser particles impacted 

on the first stage and fine particles collected on the second stage. 



Figure 2. Left) PatisolTM 2000 FRM sampler; Right) 47 mm filter holder. 

Figure 3. Left) Slit jet MCAS-SJ sampler; Right) 47 mm multi stage filter holders. 

2.2.2 Filter media  

A particle sampling filter consists of a tightly woven fibrous mat or of a plastic membrane 

that has been penetrated by microscopic pores. Several air sampling filter types are available. However, 

no single filter medium is appropriate for all desired chemical analyses, and it is often necessary to 

sample on multiple substrates when chemical characterization is desired. Several characteristics are 

important to the selection of filter media for compliance measurements 1) Particle sampling efficiency, 

2) Mechanical stability, 3) Chemical stability, 4) Temperature stability, 5) Blank concentrations, and 6)

Flow resistance and loading capacity, 7) Cost and availability (Chow and Watson, 1998). The filter

medium for this study was ring supported membrane filter and quartz filters at the NAMEM site and



only quartz filter at the UB03 site due to samplers design.  Summary of the purposed filter medium is 

shown in Table 2.  

Table 2. Summary of the filter medium. 
Filter Type Filter 

Size 
Physical Characteristics Chemical Characteristics Compatible 

Analysis 
Method 

Ring supported 
membrane filter 
for  
fine particles at 
the NAMEM site 
(PALL PTFE) 

47 mm 

- White opaque surface
diffuses transmitted light.
- High particle collection
efficiencies.
- Melts at ~60EC.
-High flow resistance.
- 2 µm pore sizes.
- Retains static charge.

- Usually low blank levels.
-Inert to adsorption of
gases.
- Low hygroscopicity.

Gravimetry, 
IC, ICP/MS,
ICP/OES 

Quartz filter for 
OCEC  analysis at 
the NAMEM and 
the UB3 sites 
(PALL 2500QAT-
UP ) 

47 mm 

- Mat of pure quartz fibers.
- White opaque surface,
diffuses transmitted light.
- High particle collection
efficiencies. 
- Melts at > 900C.
- Moderate flow resistance.

- Contains large and
variable quantities of Al
and Si. Some batches
contain other metals.

- Passively adsorbs organic
vapors.
Adsorbs little HNO3,
NO2, and SO2.

- Low hygroscopicity

TOT, OA 
ICP/MS, IC 

2.2.3 Flow measurement, control, and movement 

Size-selective inlets require flow rates to be maintained within close tolerances to maintain 

the desired cut-point. There is several of the flow measurement and control devices in common use for 

particle sampling, for instance, Pitot tube, Bios defender, Dry Gas Meter, Critical Orifice or Device, 

Calibrated Rotameter, Calibrated Orifice, and Wet Test Meter.  Bios Defender Dry cal used as primary 

standard in many laboratories and used to calibrate samplers.  

2.3 Laboratory analysis 

The most commonly applied aerosol analyses methods can be divided into the categories of 

mass, elements, ions, and carbon. The following subsections define filter preparation, handling, storage, 

and describe chemical analysis methods. Figure 4 illustrates a PM sampling and mass concentration 

analysis.  After finish mass concentration analysis at Central Laboratory of Environment and Metrology 

(CLEM) in UB, all of samples had analyzed at Asian Center for Air Pollution Research under fellowship 

program.   

2.3.1 Filter preparation, handling and storage 

Teflon-membrane and quartz-fiber filters require pre-treatment prior to sampling, including: 

- Conditioning filters: Gravimetric measures the net mass on a filter by weighing the filter before

and after sampling with a balance in a temperature- and relative humidity-controlled

environment. According to PM2.5 reference methods to minimize particle volatilization and

aerosol liquid water bias, filters must be conditioned for 24 hours at a constant relative humidity

(30% - 40%) ± 5% and at a constant temperature between (20 C - 23 C) ± 2 C in a

temperature and humidity controlled chamber (Figure 5). These filter equilibrium conditions

are intended to minimize the liquid water associated with soluble compounds and to minimize

the loss of volatile species. New, clean unexposed filters placed in the chamber/conditioning



environment immediately upon arrival and stored there until the pre-sampling weighing. Filters 

conditioned for 24 hours to allow their weights to stabilize before being weighed. Within the 

filter conditioning environment, filters placed in a Petri-dish that allows air circulation over the 

filters while reducing the chance for airborne materials to settle on the filters. Lab blanks used 

to check for potential cross-contamination from airborne particulates. After sample receipt and 

filter inspection, the analyst stored filters/filter containers, exposed side up, in the lab 

refrigerator (< 4C) until ready for filter post sampling equilibration. Prior to post sampling 

filter conditioning, the exposed filters were removed from the lab refrigerator and transferred 

to the chamber. Each filter/filter container kept for minutes to warm to room temperature before 

opening the filter Petri-dishes to preclude water condensation on a cold filter. After filters have 

warmed to room temperature, the filter Petri-dishes were opened and the filter equilibration 

process were began. During filter conditioning, lid was partially covered the open container. 

Figure 4. Flow chart for PM sampling and mass concentration analysis. 

Figure 5. Orion PAP03B-KJ (temperature/RH controlled chamber). 
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- Pre-baking of quartz filters: Quartz-fiber filters adsorb organic vapors overtime. Blank quartz-fiber

filters baked for at least four hours at 550 C in CLEM. All pre-baked filters will be sealed with

Teflon tape and aluminum foil and stored in a freezer prior to preparation for field sampling.

- After post-weighing, the filters kept in freezer until they were delivered to ACAP laboratory.

2.3.2 Mass measurement 

Particulate mass concentration is the most commonly made measurement on aerosol samples. 

Gravimetric analysis is used almost exclusively to obtain mass measurements of filters in a laboratory 

environment. Accurate gravimetric analyses require the use of filters with low dielectric constants, high 

filter integrity, and inertness with respect to absorbing water vapor and other gases. Equilibration at low 

temperatures and relative humidity effectively removes liquid water associated with the particle deposit. 

Gravimetric analysis of the filters needs to be performed with a microbalance (Feeney et. al., 1984). 

Mettler Toledo Model XP6 whose readability is 1 µg used for mass measurement (Figure 6). Due to its 

sensitive, microbalances require isolation from vibration and air currents. Balances placed at in laminar 

flow hoods with filtered air minimize contamination of filters from particles and gases in laboratory air. 

The main interference in gravimetric analysis of filters results from electrostatic effects. Electrostatic 

charge eliminator (Product of HAUG GmbH & CO.KG) used to remove electrostatic charge. Balance 

calibration was done before and after each weighing session.  

Figure 6. Orion PAP03B-KJ (temperature/RH controlled chamber). 

Pre- and post-sampling filter weightings were performed on the same micro-balance. Though 

tolerances on re-weights of membrane filters are typically ±0.010 mg, these sensitive balances require 

isolation from vibration and air currents. Electrostatic effects contribute another main interference in 

gravimetric analysis of filters. It is established that residual charge on a filter could produce an 

electrostatic discharge between the filter on the pan and the metal casing of the electro balance, which 

induces non-gravimetric forces.  

Electrostatic charge within the balance minimized by placing a static eliminator in the 

balance’s weighing chamber. The balance operated according to the manufacturer’s directions. Between 

each filter weighing, re-zeroed the balance. Remove the filter from the Petri dish by gently slipping the 

filter forceps under the outer. Each filter passed near a static eliminator for 30 - 60 seconds immediately 

before weighing and transferred to the microbalance’s pan and closed the weighing chamber door.  

2.3.3 Calculation of mass concentrations 

The equation to calculate the mass of fine particulate matter collected on a filter is as below:  



∆M = Mf – Mi 

Where,  

∆M = total mass of particulate matter collected during sampling period (mg) 

Mf = final mass of the conditioned filter after sample collection (mg)  

Mi = initial mass of the conditioned filter before sample collection (mg)  

Field records of PM2.5 sampler are required to provide measurements of the total volume of 

ambient air passing through the sampler in cubic meters at the actual temperatures and pressures 

measured during sampling.  

2.3.4 Chemical analysis 

The samples collected on the membrane filter at the NAMEM sites and quartz filter at  the 

UB3 sites used for the determination of the PM mass and water-soluble ions such as CH3COO-, F-, Cl-, 

NO2
-, Br-, SO4

2-, NO3
-, F-, HCOO-, PO4

-, Na+, NH4
+, K+, Mg2+, and Ca2+ as well as following elements: 

Li, Be, Na, Mg, Al, K, V, Ca, Fe, Zn, Ba, Ni, Cu, Cr, Mn, Ga, As, Sr, Co, Se, Rb, Ag, Cd, In, Sb, Cs, 

V, Hg, Tl, Th, Mo, Pb, and U. The particles collected on the quartz filters at two sites used for the 

determination of the carbonaceous aerosol i.e., concentration of organic carbon (OC) and elemental 

carbon (EC). 

2.3.4.1 Elemental analysis 

The most common interest in elemental composition derives from concerns about health 

effects and the utility of these elements to trace the sources of suspended particles. Instrumental neutron 

activation analysis (INAA), atomic absorption spectrophotometer (AAS), inductively coupled plasma 

with atomic emission spectroscopy (ICP-AES) or with mass spectroscopy (ICP-MS), photon-induced 

X-ray fluorescence (XRF), and proton induced X-ray emission (PIXE) have all been applied to elemental

measurements of aerosol samples for atomic numbers ranging from 11 (sodium) to 92 (uranium).

XSeries2 ICP-MS (Thermo Fisher Scientific Inc.) was used to analyze elements. The ICP-MS can

measure trace elements as low as one part per trillion (ppt) or quickly scan more than 70 elements to

determine the composition of an unknown sample. ICP-MS was achieved by ionizing the sample with

inductively coupled plasma and then using a mass spectrometer to separate and quantify those ions.

External calibration using multi-element standard was performed at beginning and end of analysis.

Sample concentrations were calculated using the slope of the calibration curve.

When other analyses are to be performed on the same filter, the filter is sectioned first using 

a precision positioning jig attached to a ceramic cutter to avoid metal contamination. The half of 

membrane filter and quarter of quartz filter were used for these analyses, so the results need to be 

multiplied by two and four, respectively to obtain the deposit on the entire filter. The cutting blade was 

cleaned between each filter cutting. To analyze the trace elements, procedure of filter extraction 

followed by the improved ACAP method illustrated in a simple flow chart of Figure 7 and described the 

procedure as follows. 



Figure 7. Simplified flow chart of elemental analysis. 

1. Filter sectioning: Ceramic scissors were used to cut filters

2. Extraction:  3 ml of hydrofluoric acid (50 %), 6 ml of nitric acid (60 %) and 1 ml of hydrogen

peroxide (30 %) were added to to the sectioned filter. Then, the samples were put into

microwave digestion instrument (ETHOS 900, Milestone Inc.). The power of microwave was

250 Watt for 2 min., 0 Watt for 3 min., 250 Watt for 5 min., 400 Watt for 5 min., 500 Watt for

10 min. and 400 Watt for 20 min.

3. Acid evaporation: Hot plate was used for acid evaporation. The digested samples were heated

at 200 C until those were is reduced to about 0.1 ml.

4. Dilution: Diluted nitric acid (1 mol/l) was added to make 20 ml samples.

2.3.4.2 Water-soluble ion analysis  

There are many different ways of determining ions qualitatively and quantitatively. One such 

technique that is widely used is ion chromatography. Ion chromatography is one member of the large 

family of chromatographic methods. Chromatography is a method for separating mixtures of substances 

using two phases, one of which is stationary and the other mobile moving in a particular direction. Ion 

chromatography includes all rapid liquid chromatography separations of ions in columns coupled online 

with detection and quantification in a flow-through detector. The sample is introduced onto the system 

via a sample loop on the injector. When in the inject position the sample is pumped onto the column by 

the eluent and the sample ions are then attracted to the charged stationary phase of the column. The 

charge diluent elute the retained ions which then go through the detector (which is most commonly 

conductivity) and are depicted as peaks on a chromatogram. Purposed instruments to ion analysis were 

DOINEX ICS 2100 for anions and DOINEX ICS 1100 for cations. External calibration had performed 

beginning of analysis. Sample concentration had calculated using the slope of the calibration curve and 

peaks of each ion from chromatography. Figure 8 illustrates flow chart of ionic species analysis. The 

brief procedure is shown as follows. Totally 44 samples including blanks have been analyzed using IC 

system. 

- Filter sectioning: Ceramic scissors and other ceramic tools were used to cut filters. And then

quarter of quartz filters and half of PTFE filters were used for ionic species analysis due to

limited number of samples

- Sample extraction:  Sample extraction was conducted by two steps according to the EANET

manual (EANET. 2013).  Each filter part was extracted with totally 40 mL Millipore water

solution.

- Anions (F-, CH3COO-, HCOO-, Cl-, NO2
-, Br -, SO4

2-, NO3
-, COOH-, PO4

3-) and cations (Na+,

NH4
+, K+, Mg2+, Ca2+) were analyzed by ion chromatography (ICS-2100 for anion and ICS-

1100 for cation, Thermo Fisher Scientific Inc.).
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Figure 8. Simplified flow chart of ionic species analysis. 

2.3.4.3 Thermal optical transmission method for carbon 

Filter based particulate carbonaceous aerosol will be analyzed for elemental carbon (EC) and 

organic carbon (OC), with the thermal-optical transmittance (TOT) method used for pyrolysis correction 

(Birch and Cary, 1996). A 0.505 cm2 filter punched from the sampled filter for OC and EC in PM 

analysis by the TOT method, based on NIOSH (National Institute for Occupational Safety and Health) 

5040 temperature protocol (NIOSH. 1996). The analysis was conducted in a pure Helium atmosphere, 

and purged for 10 s, followed by two temperature steps at 600 C and 840 C, for 80 s and 90 s, 

respectively. The oven was briefly cooled for 35 s, before the gas valve was switched to a mixture of a 

2 % O2 and 98 % He atmosphere, followed by three steps of heating at 550 C, 650 C, 850 C, for 30, 

45 and 90 s, respectively. We identified organic carbon and elemental carbon as follows. 

 Organic Carbon (OC) - Optically transparent carbon removed (through thermal desorption or pyrolysis) 

and char deposited when heating a filter sample to a preset maximum (840 оC) in a non-oxidizing 

(helium) carrier gas. 

Elemental Carbon (EC) - Carbon (e.g., in soot particle cores) that can only be removed from the filter 

under an oxidizing carrier gas (He/O2).  Optically absorbing carbon removed at high temperatures (e.g. 

850 C) in a non-oxidizing carrier gas when internal (sample matrix) oxidants are present. 

IMPROVE thermal-optical reflectance (TOR) and TOT analyses are implemented on DRI Model 

2001 thermal/optical carbon analyzers (Atmoslytic, Inc., Calabasas, CA, USA). Prior to analysis, a 0.5 

cm2 punch is removed from each quartz-fiber filter, using a calibrated punch, and placed into the quartz 

sample boat. This boat has a 4.56-mm diameter hole to minimize interference with the optical signal 

and to allow carbon from both sides to be entrained in the carrier gas. As temperatures are ramped from 

ambient (25 °C) to a preset plateau (140 °C to 840 °C), carbonaceous material in the sample is volatilized, 

and pyrolyzed to gas-phase compounds that are converted to CO2 as they pass through a manganese 

oxide (MnO2) oxidizer at 912 °C. The CO2 is reduced to CH4 as it passes through a granulated firebrick 

impregnated with a nickel catalyst at 420 °C, and the CH4 is then quantified by a FID. A 5-mW He-Ne 

laser (λ = 632.8 nm, red light) is directed perpendicular to the deposit side of the sample punch. 

Reflectance (R) and transmittance (T) are monitored at angles of 180° and 0°, respectively. The laser 

signal is modulated with a chopper to separate R and T signals from stray light sources. The 

thermocouple extends under the sample boat so that it is as close to the filter as possible. Even so, 

calibration is required for the thermocouple reading to equal the filter temperature. A negative sign is 

assigned to pyrolyzed OC (i.e., optical pyrolysis (OP)) if the laser split occurs in the He atmosphere 

prior to the introduction of O2. This rarely occurs for the IMPROVE temperature protocols, but it is 

common for other temperature protocols due to the incorrect presumption that carbonate carbon evolves 

at 850°C in an inert analysis atmosphere, as real-world carbonate mixtures evolve across a wide range 
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of temperatures. Carbonate carbon typically accounts for < 5% of mass in PM2.5 samples, and its analysis 

is only required for special studies. The procedure of EC/OC analysis is shown in Figure 9. To evaluate 

the potential for carbonate interference, an injection port on the Model 2001 analyzer allows 20 μL of 

0.4 M hydrochloric acid (HCl) solution injected with a micro-syringe onto the filter to react with 

carbonates; the CO2 evolving from this reaction can measured separately from other carbon fractions. 

Figure 9. Simplified flow chart of EC/OC analysis. 

3. Results and discussion

3.1 Time variations of PM2.5 Mass concentration 

The October is end of warm season of year in Mongolia. In this month, a house heating very 

depends on meteorological condition of days. During the field study period, ambient temperature was 

decreasing to below zero degrees Celsius at night time and some days it was windy. PM2.5 mass 

concentration at the UB03 site was almost two times higher than that was at the NAMEM site for all the 

time of sampling period (Figure 10).  PM2.5 concentration at NAMEM site was highly correlated to 

automatic monitoring station measurement data of UB02 and UB04 while concentration at UB03 was 

much higher than other places.  

Figure 10. PM2.5 concentration at air quality monitoring stations and selected sites. 

3.2 Summarized data of metallic and metalloid components in PM2.5 

Table 3 shows the concentrations in ng/m3 of the elements evaluated. A wide range of 

concentration can be observed with Ag (0.01 ng/m3) being the element that exhibits the lowest 

concentration and Fe (12.8 µg/m3) the highest. The guideline values recommended by the World Health 

Organization (WHO) for air pollutants of special environmental and health concern are also shown in 

Table 3. These pollutants include those substances with effects other than cancer, namely, Cd, Mn, Pb, 
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and V, and those with guideline values based on carcinogenic effects, As and Ni. Average Ni and As 

concentrations were above the reported concentration associated with an excess lifetime cancer risk of 

1:10-6. Total PM2.5 mass concentration was found to vary from 44 to 87 µg/m3, with an average value of 

68 µg/m3
 at the NAMEM site while it was vary from 105 to 189 µg/m3, with an average value of 152 

µg/m3
 at the UB03 site. They were much higher than 50 µg/m3, the present national air quality standard 

for PM2.5. 

Table 3. Descriptive statistics of measured concentrations of PM2.5 at two sites. 

UB03 site NAMEM site WHO guideline 

Elem
ent 

Min Geo-
mean 

Arith
metic 
mean 

Max Min Geo-
mean

Arith
metic 
mean

Max Time-
weighted 
average 

Averaging 
time 

PM2.

5
105 151 152 189 44 67 68 87

–

23Na 278 2704 3916 10659 190 550 596 963 –
24Mg 242 904 1083 3210 127 389 419 745 –
27Al 1623 4643 5328 12785 766 2356 2543 4295 –
39K 755 1564 1720 3812 301 707 771 1216 –

44Ca 698 2244 2606 6749 338 1195 1331 2381 –
54Fe 364 1770 2144 4945 391 1302 1447 2329 –
56Fe 499 2165 2565 5847 516 1390 1511 2408 –
66Zn 92.6 304.9 326.7 554.7 33.2 96.1 104.4 151.1 –
137Ba 11.4 65.4 127.4 300.2 8.5 22.6 24.3 38.7 –
60Ni 7.9 17.5 20.4 40.4 0.0 0.5 4.5 23.5  2.5 Lifetimea 
65Cu 3.0 10.1 11.6 24.4 5.2 9.8 10.0 13.6 –
52Cr 0.1 6.7 12.5 36.1 1.0 5.2 7.3 12.8 –

55Mn 11.6 47.7 56.3 124.1 12.2 36.4 41.8 67.6  150 Annual   
69Ga 2.6 23.7 30.2 70.4 1.2 2.4 2.6 3.8 –
75As 9.6 11.9 12.0 16.2 2.7 5.1 5.3 7.6  0.66 Lifetimea  
88Sr 4.2 19.2 22.9 52.2 3.9 10.5 11.6 19.5 –

95Mo 1.9 8.8 12.8 38.0 0.3 0.5 0.5 1.1 –
206Pb 19.2 26.9 27.8 40.8 8.0 14.0 14.7 24.3 –
207Pb 21.2 29.5 30.4 44.6 8.9 15.3 16.2 26.5  500  Annual 
208Pb 18.7 25.9 26.7 39.2 7.7 13.5 14.3 23.6 –

7Li 0.4 2.0 2.5 5.9 0.4 1.2 1.3 2.2 –
9Be 0.1 0.2 0.2 0.4 0.0 0.1 0.1 0.2 –
45Sc 0.3 0.7 0.8 1.8 0.0 – 0.2 0.5 –
51V 0.9 4.6 5.6 13.0 0.9 2.6 2.8 4.5  1000 24h 

59Co 0.3 0.9 1.1 2.4 0.2 0.6 0.7 3.0 –
82Se 0.5 1.0 1.0 1.6 0.3 0.4 0.4 0.6 –
85Rb 1.4 4.9 5.6 12.3 1.0 2.5 2.8 4.5 –
107Ag 0.0 0.1 0.1 0.3 0.1 0.1 0.1 0.3 –
111Cd 0.6 1.0 1.0 1.6 0.3 0.6 0.7 1.1  5 Annual   
121Sb 1.9 3.8 4.0 8.0 1.8 3.9 4.5 11.2 –
133Cs 0.1 0.4 0.4 0.8 0.0 0.1 0.1 0.2 –
202Hg 0.1 0.5 0.8 2.1 0.1 0.2 0.2 0.9 –
205Tl 0.1 0.2 0.2 0.3 0.1 0.1 0.1 0.1 –
209Bi 0.2 0.4 0.4 0.7 0.1 0.2 0.2 0.4 –



232Th 0.1 0.5 0.6 1.2 0.1 0.2 0.2 0.4   – 
238U 0.0 0.3 0.5 1.4 0.0 0.1 0.1 0.3   – 

All element concentrations are in ng/m3. PM2.5 mass concentration is expressed in µg/m3. Guidelines 
of the WHO for air pollutants of special environmental and health significance are informed as a 
reference. 
a -Concentration of carcinogenic air pollutant associated with an excess lifetime cancer risk of 1 per 
1,000,000. 

Figure 11. Ambient concentration of elements in fine particles at two sites in UB.  

Error bar shows the range of maximum and minimum values. 
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The element concentrations can be grouped in 3 ranges. The first group is composed by the 

geological elements, namely, Al and Fe that show the highest concentrations. Aluminum concentration 

ranges between 766 and 12,785 ng/m3 and that of Fe ranges between 364 and 5,847 ng/m3. The second 

group, Mn, Pb, As and Sr, exhibits relatively higher concentrations being As, the element that varies 

within the widest range, from 2.7 to 16.2 ng/m3. The other trace elements in the order of V > Rb > Sb > 

Li > Hg conform the third group (Figure 11). 

3.3 Summarized data ionic species in PM2.5 

Totally 44 samples including blanks have been analyzed using IC system. SO4 2− was the most 

abundant ion followed by NH4
+, Ca2+, NO3

-, Cl-, CH3COO-, Na+, K+, Mg2+ and others at both two sites. 

Similarly to the mass concentration, most of ions concentration was higher at the UB03 site than the 

NAMEM site (Figure 12). Particularly, some organic ion concentration was much higher at the UB03 

site. 

Figure 12. Ambient concentration of water soluble ions in fine particles at two sites in 

UB. Error bar shows the range of maximum and minimum values. 

3.4 Summarized data of carbonaceous components in PM2.5 

The mean concentrations of the carbon fractions analyzed for each site are given in Table 4. 

The distribution of the OC and EC daily data is shown in Figure 13. According to these results, during 

the field sampling PM2.5 mass mean concentrations were the highest in the UB03 site (152.4 µg/m3) and 

the NAMEM site (68.4 µg/m3). Total carbon contribution was 39.8 ± 9.4 % during field sampling. 
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Table 4. Carbonaceous species in PM2.5 particles (All fraction concentrations are in 

µg/m3). 

 Carbonaceous 
species 

UB03 site NAMEM site 

Min Geo- 
mean 

Average Max Min Geo- 
mean 

Average Max 

PM2.5 
Concentration 

105.5 150.6 152.4 189.0 44.2 67.0 68.4 87.1 

VOC 6.8 13.0 14.2 26.4 1.8 4.6 4.9   8.1 

OC high T 27.3 36.0 36.8 50.5 6.8 11.6 11.9 17.4 

EC 9.8 13.5 13.8 19.7 3.0 6.5 6.8 10.2 

EC high T 0.4   0.5   0.5   0.8 0.3 0.6 0.6   1.0 

TC 46.5 63.9 65.7 96.8 12.8 23.9 24.8 37.4 

Figure 13. Carbonaceous species concentration. a) UB03 site; b) NAMEM site. 

To eliminate carbonate interference 20 μl of 0.48 M hydrochloric acid (HCl) were deposited 

onto the filter punch just before analysis. But it was not considerable because high temperature EC 

contribution was too small it is around 1 % of total carbon in PM2.5 samples.   

3.5 Characteristics of PM2.5 components in UB 
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The mass contributions of analyzed components to PM2.5 were determined for each 

measurements in the UB03 and NAMEM sites. Table 5 shows mass contributions of respective 

components to PM2.5 in UB. Carbonaceous components were most dominant contribution to PM2.5 and 

accounted for approximately 40 % of PM2.5 mass concentration. The contributions of metallic and 

metalloid components and ionic components were approximately 10% for both. It should be noted that 

the unknown contributions accounted for 39.1 ± 8.6% because it includes oxygen atom which were 

existed as hydrocarbons in carbonaceous components or oxides of metallic and metalloid components 

in PM2.5. If constructed masses using finger print components of specific emission sources of PM2.5 are 

considered (e.g. Frank, 2006), the percentage of “Unknown” must be decreased. We compared the mass 

contributions to PM2.5 in UB with those in Japan as shown in Figure 14 (Ministry of the Environment in 

Japan. 2016). The contribution of OC in UB are remarkably higher than those at ambient and roadside 

stations in Japan. This implies higher emission originated from combustion process in coal power plant 

and domestic use in Gers. 

Table 5. Mass contributions of respective components to PM2.5 in UB. 

PM2.5 components Contribution to PM2.5, % (ave. ± stdev.) 

Metals and metalloids 10.6 ± 4.3 

Anions 7.0 ± 2.2 

Cations 3.9 ± 0.8 

EC 10.3 ± 2.3 

OC  29.1 ± 8.4 

Unknown 39.1 ± 8.6 

Note: Arithmetic means of PM2.5 at the UB03 and NAMEM sites are 152 and 68 μg/m3, respectively. 

Figure 14. National averages of mass contributions of respective components to PM2.5 

in Japan.(Fiscal year of 2014) a) Average of 102 ambient stations (PM2.5 = 14.3 

μg/m3); b) Average of 34 roadside stations (PM2.5 = 15.0 μg/m3). 



Ambient concentrations of particulate matter and its chemical components depend strongly on 

wind dynamics in the research field. While average concentrations provide little information on the 

contributions of different emission sources and possible routes of transportation, concentrations 

measured during prevailing wind directions might be more useful. Calm conditions (wind velocity < 2 

m/s) were observed around 90 % of sampling days. The highest PM2.5 concentrations at two sites were 

associated with calm conditions suggesting influence of local sources rather than transport in relation to 

possible occurrence of temperature inversion and reduction of vertical diffusion. 

The influence of wind speed on the elemental content of airborne particles varies among the sites 

as well as among different elements (Figure 15). High concentrations of geological elements 

concentration were observed at UB03 site when daily average wind speed was higher than 2 m/s. The 

strong wind generated soil dust at the UB03 site but at the NAMEM site there is no influence of soil 

generated dust in downtown area and PM mass concentration was decreased. The organic carbon 

exhibited higher concentrations during calm conditions suggesting emissions from local sources. 

Figure 15. Relation between wind speed and PM2.5 mass concentration its components  

a) UB03 site; b) NAMEM site.

Correlations between PM2.5 components and PM2.5 mass concentration, wind speed or relative 

humidity were investigated (Table 6). At the UB03 site, PM2.5 mass concentration correlated with OC, 
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EC and other toxic elements of As, Se, Pb. This implies specific sources of organic aerosols, black 

carbon and toxic elements near the monitoring site. On the other hand, more ionic components, metals 

and metalloids were correlated with PM2.5 mass concentration at NAMEM site. Because the NAMEM 

site is located in office area and there is no specific local sources around 1 km of the site, these 

correlations imply that PM2.5 is composed of the mixture of various emission sources. Although 

correlations between meteorological parameters of wind speed or relative humidity and some PM2.5 

components were observed, the reasons of these correlations are not clear. It is necessary to collect 

additional observation data in various meteorological conditions. 

Table 6. Site specific correlations between the PM2.5 components and PM2.5 mass 

concentration, wind speed or relative humidity. 
UB03 site NAMEM site 

PM2.5 mass concentration positivity correlated to follow parameters (R2 > 0.6) 

OC, EC, F-, Cl-, NO2
-, Cu, As, Se, Pb  OC, EC, F-, HCOO-, NO2

-, NO3
-, Mg2+, Ca2+, Li, 

Be, Na, Al, K, V, Fe, Ga, As, Se, Rb, Sr, Ag, Cd, 
Cs, Ba, Hg, Tl, Pb, U  

Wind speed 
Positive (R2 > 0.6)  Negative (R2 < -0.6)  Positive (R2 > 0.6)  Negative (R2 < -0.6) 

PO4
-, Ca, Li, Be, Al, Sc, V, 

Cr, Fe, Mn, Co, Rb, Sr, 
Mo, Hg, Th  

VOCs, OC, EC, SO4
2-, 

NH4
+, As, Se, Ti  

None   VOCs, OC, EC, F-, 
HCOO-, NO2

-, NO3
-, 

As, Se, Cd, Ti  

Relative humidity 
Positive (R2 > 0.6)  Negative (R2 < -0.6)  Positive (R2 > 0.6)  Negative (R2 < -0.6) 

CH3COO-, Br-, SO4
2-, NH4

+ Ca, Li, Be, Al, K, Sc, 
V, Fe, Mn, Co, Cu, Sr, 

Cs  

Br-, SO4
2-, NH4

+ Ca2+, Li, Be, Na, Mg, 
Al, K, V, Fe, Mn, Ga, 

Rb, Sr, Ag, Ba, Ti  

Enrichment factor (EF) is often used to compare compositions of chemical elements in aerosol 

particles with those in reference materials on order to qualitatively identify their potential natural and/or 

anthropogenic sources (Taylor and McLennan, 1995). The EFs of PM2.5 particles can be calculated as 

follows: 

EF = [M(PM2.5) / Al(PM2.5)] / [M(Crust) / Al(Crust)] 

where M(PM2.5) is a concentration of element M in PM2.5, and M(Crust) is a concentration of element M 

in earth crust (Wedepohl, 1995). When the enrichment factor of an element is close to 1, it is likely that 

this element originates from natural sources, and when the enrichment factor is larger than 1, it is likely 

that the element was enriched by artificial or human sources. Table 7 shows averages of the EFs of 

metallic and metalloid elements in PM2.5 at the UB03 and NAMEM sites. These elements are classified 

into 3 groups, namely, low enriched (1 < EF < 10), moderate enriched (10 ≤ EF < 100) and high enriched 

(100 ≤ EF). Ca, Fe, Ba, Cr, Mn, Sr, Li, V, Co, Cs, Tl and U at the UB03 and NAMEM sites are classified 

to low enriched elements. There elements were similar to earth crustal composition and were not 

significantly originated from anthropogenic emission sources. On the other hand, Se, Cd, Sb at the both 

UB03 and NAMEM sites and Zn, As, Hg at the UB03 sites are classified to high enriched elements. 

These elements are highly contaminated from local emission sources. 

Higher EFs of Hg, Se, Ag would be originated from coal combustion sources in coal power plant 

and domestic heating or cooking. Trace element analysis of Carboniferous–Permian coal in inner 

Mongolia demonstrated that concentrations of V, Cu, Zn, Ga, Se, Sr, Ag, Cd, In, Ba and U were higher 



than those of world hard coal and that Se, Ag, Pb and Bi were enriched in the coal (Duan, et al., 2015). 

Mercury emission from coal seam fire in Inner Mongolia of China will impact on the global mercury 

inventory and mercury concentrations in the urban areas of northern China (Liang et al., 2014). Zn is 

prominently originated from tire wear dusts (Councell et al., 2004), and Sb is from break wear dusts 

(Iijima et al., 2008). Therefore, high EFs of Zn and Sb in Ub would be originated from automobiles. 

Heavy traffic in Ulaanbaatar is one of causes of air pollution and may affect mortality in Ulaanbaatar 

(Allen, 2013). 

When the EFs are compared with those in Tokyo from 1995 to 2004 (Furuta et al., 2005), the EFs 

of V and Ni, fingerprint elements of oil combustion sources, for fine particles (< 2 μm) in Tokyo were 

473 and 64.6, respectively. On the other hand, the EFs of V and Ni in UB were so very low that those 

are classified in low enriched elements. There are a number of oil combustion sources such as chemical 

industry and diesel ships in Tokyo bay area, whereas the oil combustion sources would be lower 

contribution in UB considering from the EFs. These unique characteristics are important to further 

clarification of source contribution of PM2.5 in UB. 

Table 7. Averages and standard deviations of enrichment factors of metallic and 

metalloid elements in PM2.5 at the UB03 and NAMEM sites 

UB03 site NAMEM site 

Element EF Element EF Element EF Element EF 

Na 2.15 ± 2.47 Pb 28.7 ± 14.5 Na 0.65 ± 
0.04 

Pb 28.5 ± 12.2 

Mg 1.27 ± 0.71 Li 1.61 ± 0.51 Mg 0.94 ± 
0.05 

Li 1.77 ± 0.17 

Ca 1.32 ± 0.36 Sc 1.73 ± 0.20 Ca 1.39 ± 
0.49 

Sc 1.20 ± 1.48 

Fe 1.18 ± 0.17 V 1.49 ± 0.28 Fe 1.39 ± 
0.19 

V 1.64 ± 0.24 

Zn 117.5 ± 
79.5 

Co 1.31 ± 0.15 Zn 72.4 ± 
51.7 

Co 2.02 ± 2.21 

Ba 1.44 ± 3.31 Se 241.7 ± 167.2 Ba 1.12 ± 
0.17 

Se 187.3 ± 114.0

Ni 13.5 ± 19.6 Ag 29.3 ± 18.6 Ni 4.5 ± 12.7 Ag 81.1 ± 23.7 

Cu 12.4 ± 4.6 Cd 182.6 ± 115.5 Cu 25.1 ± 
16.3 

Cd 219.7 ± 117.6

Cr 5.63 ± 6.84 Sb 216.2 ± 79.6 Cr 8.58 ± 
9.26 

Sb 550.1 ± 424.3

Mn 1.53 ± 0.28 Cs 1.11 ± 0.35 Mn 2.37 ± 
0.81 

Cs 1.13 ± 0.07 

Ga 32.5 ± 27.1 Hg 205.8 ± 143.2 Ga 5.79 ± 
0.95 

Hg 72.5 ± 94.3 

As 118.4 ± 
76.8 

Tl 5.98 ± 3.10 As 93.2 ± 
55.1 

Tl 4.30 ± 2.20 

Sr 1.04 ± 0.27 Bi 64.1 ± 45.7 Sr 1.10 ± 
0.17 

Bi 72.5 ± 79.3 

Mo 90.2 ± 
132.0 

U 3.14 ± 3.81 Mo 12.5 ± 6.2 U 1.62 ± 0.58 



4. Conclusions

For the effective management of air quality, great importance is attached to the identification of 

the sources of ambient particulate matter, and to the quantification of the mass concentration of each 

source. The objective of this study was to provide useful data set of PM2.5 mass concentration and their 

chemical components to investigate ambient fine particulate source apportionment study in Ulaanbaatar 

where the PM2.5 source composition profiles were not available till now. In the future work we will 

analyze the monitoring data sampled in January 2016 and conduct Positive Matrix Factorization (PMF) 

analysis for source apportionment of PM2.5 after complete our second batch of sample analysis which 

were collected in January, 2017. So far, we have found out some findings as follows in our data set;  

- Carbonaceous components were most dominant contribution (approx. 40 %) to PM2.5 in UB

followed by metallic and metalloid components and ionic components (approx. 10 %). The

contribution of OC in UB are remarkably higher than those at ambient and roadside stations in

Japan. This implies higher emission originated from combustion process in coal power plant

and domestic use in Gers.

- Local meteorology is an important to determine characteristics of PM2.5 in UB. For example,

high concentrations of geological elements concentration were observed at the UB03 site when

daily average wind speed was higher than 2 m/s. The strong wind generated soil dust at the

UB03 site, but at the NAMEM site, there is no influence of soil generated dust in downtown

area and PM mass concentration was decreased. The organic carbon exhibited higher

concentrations during calm conditions suggesting emissions from local sources

- At the UB03 site, PM2.5 mass concentration correlated with OC, EC, As, Se, Pb. This implies

specific emission sources the monitoring site. PM2.5 concentration was correlated to most of

analyzed components at the NAMEM site, which may be originated from mixture of various

emission sources.

- The enrichment factors at the UB03 and NAMEM sites demonstrated that Se, Cd, Sb at the both

UB03 and NAMEM sites and Zn, As, Hg at the UB03 sites were highly enriched. These

elements would be highly contaminated by local emission sources such as coal combustion, tire

wear and brake wear dusts.
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