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ĐẶT VẤN DỀ
INTRODUCTION
With the rapid pace of urbanization and industrialization, air pollution has become one of the most critical environmental challenges worldwide, including in Vietnam. Among various air pollutants, fine particulate matter (PM2.5), defined as airborne particles with an aerodynamic diameter of 2.5 μm or less, has attracted considerable attention from both the scientific community and environmental management agencies because of its significant impacts on human health and the environment. PM2.5 can penetrate deeply into the respiratory system, causing serious health effects such as pneumonia, cardiovascular diseases, asthma, and lung cancer. In addition, PM2.5 serves as a carrier for numerous hazardous pollutants, including heavy metals, semi-volatile organic compounds, inorganic ions, and black carbon. Therefore, the chemical characterization of PM2.5 is of great importance for source identification, toxicity assessment, and the development of effective air pollution control strategies.

In Vietnam, studies on the chemical composition and emission sources of PM2.5 remain limited, fragmented, and insufficient to represent the characteristics of different regions. Under this context, integrating chemical analysis, environmental monitoring, and atmospheric modeling is essential for comprehensively evaluating PM2.5 composition and identifying its emission sources. Accordingly, this dissertation entitled "Experimental and numerical investigation of PM2.5 source contribution in Hanoi" was conducted to investigate the chemical composition of PM2.5 and identify its emission sources using receptor-based and atmospheric modeling approaches.

The dissertation aims to establish an integrated analytical framework for evaluating PM2.5 concentrations, chemical composition, and emission sources at two representative monitoring sites in Hanoi, namely Hoang Quoc Viet (HQV) and Nguyen Trai (NT), through the combination of experimental chemical analyses and advanced atmospheric modeling techniques.

The experimental work was carried out at the Center for Food Safety and Environmental Research, Center for High Technology Research and Development, where modern sampling, analytical, and sample preparation facilities ensured the reliability of the analytical results. The atmospheric modeling component was conducted at the Division of Sustainable Energy and Environmental Engineering, Graduate School of Engineering, Osaka University, Japan, where high-performance computing facilities were available for large-scale numerical simulations.
1. Research Objectives and Scope
The research objects include the chemical constituents of PM2.5, comprising six water-soluble cations, seven water-soluble anions, and thirty-three trace metals. The study focuses on analyzing the chemical composition of PM₂.₅ and identifying its emission sources in Hanoi, Vietnam, during 2022 and 2023. The WRF–CMAQ model coupled with the Integrated Source Apportionment Method (ISAM) was applied for 2023 to compare the modeling results with the experimental data.
Research Contents:
1.1. Validation of analytical procedures for PM2.5  chemical analysis 
1.2.  Evaluation of the Distribution of PM2.5 Components on Filter Sample
1.3. Development and Application of PM2.5 Source Apportionment Methods
2. New Contributions of the Dissertation
2.1. The dissertation established a spatiotemporally resolved dataset on the chemical composition of PM2.5 in Hanoi, simultaneously including major inorganic ions and trace metals. This dataset provides a systematic and reliable source of experimental data, contributing to the national database on fine particulate matter pollution.
2.2. The dissertation integrated and compared two independent approaches for PM2.5 source apportionment, namely the Positive Matrix Factorization (PMF) receptor model based on measured data and the WRF–CMAQ chemical transport model coupled with the Integrated Source Apportionment Method (ISAM). This integrated approach enables cross-validation of source apportionment results and quantitative estimation of the contributions of individual emission sources, thereby improving the reliability of PM2.5 source identification. 
II. DISSERTATION CONTENTS
CHAPTER 1. LITERATURE REVIEW
The literature review summarizes previous studies related to the following topics:

1.1. Overview of PM2.5
1.1.1. Introduction to PM2.5
1.1.2. Sources of PM2.5
1.1.3. Major chemical components of PM2.5
1.1.4. Impacts of PM2.5
1.2. Overview of Analytical Methods for PM2.5
1.2.1. PM2.5 sampling and gravimetric determination 
1.2.2. PM2.5 sample preparation
1.2.3. Analysis of anions and cations in PM2.5
1.2.4. Analysis of trace metals in PM2.5
1.3. Methods for PM2.5 Source Apportionment
1.3.1. Chemical tracer approach
1.3.2. Receptor models for PM2.5 source apportionment
1.3.3. Source apportionment methods integrated into air quality model
1.4. Previous Studies on PM2.5 Source Apportionment
1.4.1. Characteristics of the PM2.5 study area in Hanoi
1.4.2. esearch trends in PM2.5 source apportionment
1.4.3. International studies on PM2.5 concentrations and source apportionment
1.4.4. Previous studies in Vietnam on PM2.5 concentrations and source apportionment
1.5. Summary of Chapter 1 and Research Orientation of the Dissertation
CHAPTER 2. RESEARCH OBJECTS AND METHODS
2.1. Research Objects
The chemical constituents of PM2.5 analyzed in this study include six water-soluble cations, seven water-soluble anions, and thirty-three trace metals..
2.2. Research Methods
2.2.1. Chemicals, Instruments, and Equipment
2.2.2. Sampling and Sample Preservation
2.2.3. Instrumental Operating Conditions
2.2.4. Sample Preparation Procedure
2.2.5. Validation of the Analytical Procedure for the Determination of Chemical Components in PM2.5 Sample
2.2.6. Evaluation of the Distribution of PM2.5 Components on Filter Samples
2.2.7. PM2.5 Source Apportionment Methods
2.3. Data Processing
CHAPTER 3. RESULTS AND DISCUSSION
3.1. Validation of the Analytical Procedure for the Determination of Chemical Components in PM2.5
3.1.1. Calibration Curves for the Determination of Cations and Anions by Ion Chromatograph
The calibration curves for cations and anions over the concentration range of 0.5–50 mg/L are presented in Table 3.1.
Table 3.1. Calibration Curves for Cations and Anions
	No.
	Compound
	Calibration Curve Equation
	R2

	1
	K+
	Y= (0,281 ± 0,001) *X + (0,015 ± 0,001)
	0,9989

	2
	Li+
	Y= (0,154 ± 0,001) *X + (0,012 ± 0,001)
	0,9995

	3
	Ca2+
	Y= (0,340 ± 0,002) *X + (0,027 ± 0,003)
	0,9999

	4
	Na+
	Y= (0,542 ± 0,004) *X – (0,003 ± 0,001)
	0,9998

	5
	Mg2+
	Y= (0,016 ± 0,0007) *X – (0,001 ± 0,0001)
	0,9979

	6
	NH4+
	Y= (0,168 ± 0,002) *X + (0,010 ± 0,002)
	0,9995

	7
	F-
	Y= (0,455 ± 0,006) *X – (0,002 ± 0,001)
	0,9990

	8
	Cl-
	Y= (0,261 ± 0,001) *X + (0,002 ± 0,0004)
	0,9991

	9
	Br-
	Y= (0,016 ± 0,0007) *X – (0,0005 ± 0,0001)
	0,9992

	10
	NO3-
	Y= (0,542 ± 0,004) *X – (0,003 ± 0,0008)
	0,9993

	11
	NO2-
	Y= (0,340 ± 0,001) *X – (0,001 ± 0,0003)
	0,9996

	12
	SO42-
	Y= (0,420 ± 0,004) *X – (0,004 ± 0,0006)
	0,9997

	13
	PO43-
	Y= (0,623 ± 0,006) *X – (0,021 ± 0,0010)
	0,9991


The calibration curves for the cations and anions exhibited correlation coefficients (R2) ranging from 0.9979 to 0.9999. The results of the F-test showed that all calculated F values were lower than the tabulated value (F = 4.3874). 
3.1.2. Calibration Curves for the Determination of Trace Metals by ICP–-MS
 The calibration curves for the nine trace metals with significant concentrations in PM2.5 samples and the eight internal standards over the concentration range of 10–500 μg/L are presented in Table 3.2.
Table.2. Calibration Curves for Trace Metals and Internal Standards
	No.
	Compound
	Calibration Curve Equation
	R2

	1
	Al
	Y= (1032 ± 1,36) *X – (1,02 ± 0,01)
	0,9991

	2
	Ti
	Y= (2356 ± 2,06) *X – (2,01 ± 0,02)
	0,9993

	3
	Mn
	Y= (1401 ± 1,36) *X – (1,02 ± 0,01)
	0,9995

	4
	Fe
	Y= (13201 ± 17,36) *X – (16,2 ± 1,03)
	0,9950

	5
	Cu
	Y= (8123 ± 5,23) *X + (10,4 ± 2,57)
	0,9970

	6
	Zn
	Y= (4823 ± 2,22) *X + (5,10 ± 0,81)
	0,9992

	7
	Cd
	Y= (3653 ± 1,06) *X + (2,01 ± 0,42)
	0,9993

	8
	Ni
	Y= (4013 ± 2,01) *X – (4,12 ± 0,33)
	0,9991

	9
	Pb
	Y= (3046 ± 3,21) *X + (2,78 ± 0,83)
	0,9990

	10
	Bi
	Y= (1027 ± 2,11) *X – (0,84 ± 0,10)
	0,9991

	11
	Ho
	Y= (7523 ± 2,01) *X + (0,70 ± 0,20)
	0,9993

	12
	In
	Y= (5014 ± 4,11) *X – (0,83 ± 0,33)
	0,9994

	13
	6Li
	Y= (4014 ± 1,88) *X + (0,72 ± 0,11)
	0,9995

	14
	Lu
	Y= (9035 ± 10,0) *X – (1,77 ± 0,01)
	0,9996

	15
	Rh
	Y= (7213 ± 7,01) *X + (2,00 ± 0,06)
	0,9994

	16
	Sc
	Y= (1036 ± 3,11) *X + (1,12 ± 0,04)
	0,9993

	17
	Tb
	Y= (4254 ± 2,77) *X + (0,59 ± 0,01)
	0,9992


Based on Table 3.2, the calibration curves for the 17 metallic elements exhibited excellent linearity, with correlation coefficients (R²) ranging from 0.9950 to 0.9996. The F-test results for the calibration curves showed that all calculated F values were lower than the tabulated value (F = 4.3874).
3.2. Validation of the Sample Preparation Procedures Using Blank Samples
3.2.1.  Determination of the Method Detection Limit (MDL) and Method Quantification Limit (MQL) for the Analysis of Anions and Cations
The method detection limit (MDL) and method quantification limit (MQL) were determined by analyzing seven replicate blank samples spiked with a standard solution at a concentration of 1 mg/L in a final extract volume of 50 mL. The R value was used to evaluate the suitability of the spiking concentration for the determination of the MDL and MQL. The results are presented in Table 3.3
Table 3.3. MDL and MQL Values for the Analysis of Anions and Cations
	Compound
	Mean (µg/m3)
	Standard Deviation (µg/m3)
	MDL

(µg/m3)
	MQL

(µg/m3)
	R

	K+
	0,39
	0,01
	0,04
	0,14
	9,3

	Li+
	0,35
	0,02
	0,06
	0,20
	5,9

	Ca2+
	0,38
	0,02
	0,07
	0,23
	5,4

	Na+
	0,37
	0,01
	0,04
	0,14
	8,7

	Mg2+
	0,39
	0,02
	0,07
	0,24
	5,5

	NH4+
	0,38
	0,02
	0,07
	0,25
	5,1

	F-
	0,36
	0,03
	0,08
	0,25
	4,8

	Cl-
	0,37
	0,03
	0,08
	0,27
	4,6

	Br-
	0,36
	0,02
	0,05
	0,18
	6,8

	NO3-
	0,37
	0,02
	0,07
	0,22
	5,7

	NO2-
	0,39
	0,02
	0,07
	0,25
	5,2

	SO42-
	0,37
	0,02
	0,07
	0,24
	5,3

	PO43-
	0,37
	0,03
	0,09
	0,31
	4,0


The method detection limits (MDLs) ranged from 0.04 to 0.09 μg/m3, while the corresponding method quantification limits (MQLs) ranged from 0.14 to 0.31 μg/m3, indicating that the analytical procedure is suitable for the determination of low-concentration pollutants in PM2.5. The R values were all within the range of 4 < R < 10.
3.2.2. Precision and Accuracy of the Analytical Procedure for the Determination of Anions and Cations 

The results obtained from the analysis of seven replicate spiked blank samples containing mixed cation and anion standards are presented in Table 3.4.
Table 3.4. Evaluation of the Analytical Procedure for the Determination of Anions and Cations Using Spiked Blank Samples
	Compound
	Mean (mg/L)
	Min
(mg/L)
	Max
(mg/L)
	Median
(mg/L)
	Standard Deviation (mg/L)
	Relative Standard Deviation (%)

	K+
	9,35
	9,06
	9,73
	9,33
	0,21
	2,20

	Ca2+
	9,18
	8,83
	9,52
	9,15
	0,26
	2,84

	Na+
	9,27
	8,90
	9,57
	9,39
	0,27
	2,86

	Mg2+
	9,04
	8,73
	9,29
	9,07
	0,18
	2,03

	Li+
	9,28
	8,59
	9,79
	9,31
	0,47
	5,01

	NH4+
	9,28
	8,66
	9,72
	9,49
	0,41
	4,42

	SO42-
	9,12
	8,95
	9,44
	8,98
	0,22
	2,37

	NO3-
	9,21
	8,92
	9,56
	9,10
	0,25
	2,77

	NO2-
	9,27
	8,72
	9,80
	9,31
	0,37
	3,95

	Cl-
	8,96
	8,60
	9,40
	8,90
	0,34
	3,76

	F-
	9,22
	8,41
	9,73
	9,38
	0,51
	5,48

	PO43-
	9,09
	8,44
	9,65
	9,18
	0,39
	4,25


The results presented in Table 3.4 show that the recoveries (H%) and relative standard deviations (RSD%) for the cations ranged from 85.9% to 97.9% and 2.03% to 5.01%, respectively. For the anions, the recoveries (H%) and relative standard deviations (RSD%) ranged from 84.1% to 98.0% and 2.37% to 5.48%, respectively, meeting the AOAC performance requirements.
3.2.3. Determination of the MDL and MQL for the Analysis of Trace Metals Using Blank
The MDL and MQL were determined by analyzing seven replicate spiked blank samples at a concentration of 1 ppm, corresponding to a final extract volume of 50 mL and an equivalent air concentration of 4.2 ng/m3. The results are presented in Table 3.5.
Table 3.5. MDL and MQL Values for the Analysis of Trace Metals
	Compound
	Mean
(ng/m3)
	Standard Deviation (ng/m3)
	MDL

(ng/m3)
	MQL

(ng/m3)
	R

	Al
	3,76
	0,25
	0,75
	2,49
	5,0

	Ti
	3,75
	0,26
	0,78
	2,59
	4,8

	Mn
	3,81
	0,24
	0,71
	2,36
	5,4

	Fe
	3,89
	0,18
	0,54
	1,79
	7,3

	Cu
	3,83
	0,20
	0,61
	2,05
	6,2

	Zn
	3,84
	0,28
	0,84
	2,79
	4,6

	Cd
	3,70
	0,27
	0,80
	2,68
	4,6

	Ni
	3,74
	0,18
	0,53
	1,78
	7,0

	Pb
	3,74
	0,23
	0,70
	2,32
	5,4

	Bi
	3,78
	0,18
	0,55
	1,82
	6,9

	Ho
	3,78
	0,16
	0,49
	1,63
	7,7

	In
	3,85
	0,21
	0,63
	2,12
	6,0

	6Li
	3,75
	0,28
	0,85
	2,84
	4,4

	Lu
	3,80
	0,22
	0,67
	2,24
	5,6

	Rh
	3,80
	0,22
	0,66
	2,19
	5,8

	Sc
	3,89
	0,15
	0,45
	1,50
	8,6

	Tb
	3,85
	0,18
	0,55
	1,82
	7,1

	Y
	3,73
	0,25
	0,75
	2,49
	5,0


The MDLs of the analyzed elements ranged from 0.45 to 0.86 ng/m3, while the corresponding MQLs ranged from 1.50 to 2.87 ng/m3. In this study, all R values ranged from 4.35 to 8.64, indicating that the spiking concentration used for the determination of the MDL was appropriate and reliable.
3.2.4. Precision and Accuracy of the Sample Preparation Procedure for the Analysis of Trace Metals Using Spiked Blank Samples
The blank filter was divided into 12 equal sections, and each section was spiked with a mixed standard solution of trace metals and internal standards. The results of the concentration measurements are presented in Table 3.6.
Table 3.6. Evaluation of the Sample Preparation Procedure for the Analysis of Trace Metals Using Spiked Blank Samples
	Compound
	Mean (µg/L)
	Min
(µg/L)
	Max
(µg/L)
	Median
(µg/L)
	Standard Deviation (µg/L)
	Relative Standard Deviation (%)

	Al
	48,1
	40,6
	54,0
	48,6
	4,90
	10,18

	Ti
	47,0
	42,7
	50,8
	47,3
	3,01
	6,39

	Mn
	48,5
	40,9
	53,0
	49,7
	4,40
	9,07

	Fe
	47,8
	40,6
	54,5
	48,6
	4,70
	9,83

	Cu
	46,6
	41,8
	51,5
	46,8
	3,94
	8,46

	Zn
	51,3
	47,8
	54,7
	51,3
	2,86
	5,56

	Cd
	48,6
	43,6
	54,5
	48,4
	3,19
	6,55

	Ni
	46,6
	43,0
	53,3
	44,3
	3,98
	8,53

	Pb
	43,1
	41,0
	46,8
	42,1
	2,12
	4,91

	Bi
	45,4
	40,9
	53,1
	44,6
	3,86
	8,50

	Ho
	44,1
	40,4
	48,3
	43,4
	2,76
	6,26

	In
	48,7
	41,6
	52,1
	50,1
	3,85
	7,92

	6Li
	47,5
	40,7
	53,7
	46,9
	5,34
	11,25

	Lu
	45,7
	41,4
	53,1
	45,1
	3,90
	8,53

	Rh
	45,5
	41,0
	52,4
	43,6
	4,40
	9,66

	Sc
	45,9
	40,6
	52,1
	44,3
	4,32
	9,41

	Tb
	47,0
	42,6
	53,0
	46,0
	4,06
	8,62

	Y
	48,1
	41,3
	53,3
	48,4
	4,26
	8,85


The evaluation of the recovery of the trace metal elements showed that the mean concentrations ranged from 43.1 to 51.3 μg/L, with standard deviations (SDs) ranging from 2.12 to 5.34 μg/L and relative standard deviations (RSDs) ranging from 4.91% to 11.25%. All RSD values were below the 15% threshold, demonstrating that the analytical procedure achieved satisfactory repeatability and accuracy, meeting the quality control criteria for trace element analysis.
3.3. Evaluation of the Distribution of PM2.5 Components on Filter Samples
3.3.1. Evaluation of the Mass Distribution of Blank Filter Samples
The mass measurements of three PM2.5 filter samples after sample collection are presented in Table 3.7.
Table 3.7. Mass Distribution of Blank Filter Samples
	
	Blank Filter No.01 (mg)
	Blank Filter No.02 (mg)
	Blank Filter No.03 (mg)

	Section 1
	197,33
	197,32
	192,31

	Section 2
	195,11
	193,12
	193,11

	Section 3
	195,84
	191,85
	192,85

	Section 4
	191,00
	191,00
	195,99

	Section 5
	193,38
	192,38
	192,38

	Section 6
	195,86
	195,84
	195,84

	Section 7
	195,90
	195,85
	195,84

	Section 8
	193,64
	193,60
	193,60

	Section 9
	192,18
	192,16
	195,16

	Section 10
	192,81
	192,80
	192,79

	Section 11
	194,71
	194,69
	194,69

	Section 12
	195,66
	199,64
	195,65

	Mean (mg)
	194,45
	194,19
	194,18

	Total Mass (mg)
	2333,4
	2330,3
	2330,2

	Standard Deviation (mg)
	1,86
	2,55
	1,48

	Relative Standard Deviation (%)
	0,95
	1,32
	0,76

	Mean Mass (mg)
	2331,3


The blank filter was divided into 12 equal sections with good uniformity and high repeatability, as demonstrated by the mass measurements of the three blank filters (No. 01, No. 02, and No. 03). The mean mass of each section ranged from 191.00 to 197.33 mg, while the overall mean masses of the three blank filters showed only slight differences, with values of 2333.4, 2330.3, and 2330.2 mg, respectively.

3.3.2. Evaluation of the Distribution of PM2.5 Particles Based on the Mass of PM2.5 Samples
The mass measurements of the 12 filter sections after sample collection were evaluated using the relative standard deviation (RSD). The results are presented in Table 3.8.
Table 3.8. Evaluation of the Mass Distribution of PM2.5 Samples
	
	PM2.5-01 (mg)
	PM2.5-02 (mg)
	PM2.5-03 (mg)

	Section 1
	200,44
	208,12
	201,70

	Section 2
	200, 97
	205,65
	201,23

	Section 3
	201,52
	208,21
	202,82

	Section 4
	204,70
	208,36
	204,95

	Section 5
	203,55
	207,24
	203,84

	Section 6
	199,97
	205,66
	203,25

	Section 7
	199,80
	209,48
	200,09

	Section 8
	209,43
	210,11
	209,71

	Section 9
	199,95
	212,65
	212,26

	Section 10
	201,12
	205,81
	205,39

	Section 11
	202,37
	208,06
	202,66

	Section 12
	201,88
	212,56
	202,15

	Mean (mg)
	202,14
	208,49
	204,17

	Total Mass (mg)
	2425,69
	2501,90
	2450,04

	Standard Deviation (mg)
	2,74
	2,39
	3,55

	Relative Standard Deviation (%)
	1,35
	1,15
	1,74

	Mean Mass (mg)
	94,39
	170,60
	118,74

	PM2.5 Concentration (µg/m3)
	65,55
	118,47
	82,46


The evaluation of the mass distribution using three PM2.5 filters representing three independent samples showed that the average mass of each filter section ranged from 199.80 to 212.65 mg. This variation corresponded to standard deviations ranging from 2.39 to 3.55 mg and relative standard deviations (RSDs) of 1.15–1.74%, indicating that the variation in mass distribution across the filter surface was within the acceptable limit for trace-level analyses.
3.3.3. Evaluation of the Distribution of PM2.5 Particles Based on Cation and Anion Concentrations
The concentrations of cations and anions in the 12 sections of the PM2.5 filter sample are presented in Table 3.9. 

able 3.9. Evaluation of the Distribution of Cation and Anion Concentrations in PM2.5 Filter Samples
	Compound
	Mean (µg/m3)
	Min
(µg/m3)
	Max
(µg/m3)
	Median
(µg/m3)
	Standard Deviation (µg/m3)
	Relative Standard Deviation (%)

	K+
	0,79
	0,72
	0,90
	0,80
	0,06
	7,25

	Ca2+
	1,94
	1,70
	2,13
	1,95
	0,12
	6,26

	Na+
	0,78
	0,67
	0,86
	0,80
	0,07
	8,66

	Mg2+
	0,051
	0,045
	0,057
	0,052
	0,004
	8,18

	NH4+
	10,36
	9,83
	11,19
	10,34
	0,39
	3,79

	SO42-
	10,4
	9,82
	11,1
	10,3
	0,46
	4,41

	NO3-
	10,8
	9,51
	11,8
	10,7
	0,63
	5,83

	Cl-
	0,79
	0,69
	0,90
	0,79
	0,06
	7,97


The distribution of ions among the 12 sections of the PM2.5 filter sample showed distinct differences between secondary ions and primary ions, reflecting the characteristics of emission sources and the formation mechanisms of fine particulate matter. The dominant secondary ions, including SO42- (RSD = 4.41%), NO3- (RSD = 5.83%), and NH4+ (RSD = 3.79%), exhibited relatively low variability among the filter sections, indicating a relatively uniform distribution over the filter surface.
3.3.4. valuation of the Distribution Based on Trace Metal Concentrations 

Similarly, another PM2.5 filter sample was divided into 12 sections and analyzed according to the sample preparation procedure for trace metal analysis. Trace metals with concentrations below the method detection limit (MDL) were not reported or evaluated in this study. The distribution of trace metals was evaluated using the relative standard deviation (RSD%) of seven replicate measurements, and the results are presented in Table 3.10 

Table 3.10. Distribution of Trace Metals in PM2.5 Samples
	Compound
	Mean (µg/m3)
	Min

(µg/m3)
	Max

(µg/m3)
	Median

(µg/m3)
	Standard Deviation (µg/m3)
	Relative Standard Deviation (%)

	Al
	0,35
	0,31
	0,40
	0,34
	0,03
	8,49

	Ti
	0,04
	0,03
	0,05
	0,04
	0,003
	9,18

	Mn
	0,45
	0,40
	0,50
	0,45
	0,03
	7,36

	Fe
	2,57
	2,00
	2,92
	2,64
	0,30
	11,7

	Cu
	0,55
	0,50
	0,59
	0,55
	0,03
	5,98

	Zn
	0,54
	0,51
	0,59
	0,53
	0,03
	4,73

	Cd
	0,04
	0,03
	0,04
	0,04
	0,003
	7,53

	Ni
	0,05
	0,05
	0,06
	0,05
	0,002
	4,59

	Pb
	0,03
	0,03
	0,04
	0,03
	0,002
	7,23


Elements such as Al, Fe, Mn, and Ti exhibited low variability, with RSDs ranging from 7.36% to 11.66%. In addition, metals such as Cu, Zn, Pb, and Ni are commonly regarded as characteristic tracers of traffic and industrial emissions. The relatively uniform distribution of these elements (RSDs ranging from 4.59% to 7.23%) indicates that anthropogenic emission sources, particularly urban traffic and industrial activities, contributed continuously and consistently to the PM2.5 mass loading throughout the sampling period.
3.3.5. Results of the Analysis of the Certified Reference Material (CRM)
The results of the analysis of the CRM (ERM-CZ110) for cations and anions showed that the analytical method achieved high accuracy and good repeatability, making it suitable for the determination of ionic components in PM2.5 samples. The average measured concentrations of the major ions (K⁺, Ca²⁺, Na⁺, Mg²⁺, Cl⁻, NO₃⁻, and SO₄²⁻) were in good agreement with the certified values, with recoveries ranging from 98.5% to 102.3%, indicating negligible systematic error and high analytical accuracy. The relative standard deviations (RSDs) ranged from 2.2% to 7.6%, demonstrating good repeatability of the analytical method.
3.4. Analysis of PM2.5 Samples
3.4.1. Concentrations of the Major Components in PM2.5 Samples
A summary and comparison of the concentrations of major ions and the total trace metal concentrations in PM2.5 samples collected during the two sampling years are presented in Figure 3.1.

[image: image1]
Figure 3.1. Comparison of the Concentrations of Major Ions and Total Trace Metals in PM2.5 Samples Collected During the Two Sampling Years
The mean PM2.5 concentration decreased from 59.83 µg/m3 in 2022 to 49.20 µg/m3 in 2023, corresponding to a reduction of approximately 17.8%. Among the secondary inorganic ions, the concentration of SO42- decreased slightly from 8.32 μg/m to 7.84 µg/m3, whereas NO3- increased from 6.84 µg/m3 to 7.90 µg/m3 and NH4+ increased from 4.64 µg/m3 to 5.49 µg/m3. For the trace metals, the concentrations of Fe, Cu, and Zn decreased from 1.93 to 1.72 µg/m3, 0.59 to 0.34 µg/m3, and 0.54 to 0.35 µg/m3, respectively, whereas Mn increased from 0.34 to 0.59 µg/m3 and K+ increased slightly from 0.96 to 1.00 µg/m3.
3.4.2. Evaluation of Ion Balance in PM2.5 Samples
To further clarify the chemical mechanisms involved in the formation of secondary inorganic aerosols (SIA), the ion balance was evaluated, as shown in Figure 3.5.
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Figure 3.2. Evaluation of Ion Balance in PM2.5 Samples
The plot shows a strong linear relationship between NH4+ and 2.SO42-, with a regression slope (K) of 1.54. The slope greater than 1 indicates that NH₄⁺ was present in excess in the aerosol phase.
3.5. PM2.5 Source Apportionment at the Sampling Site Using the PMF Model
3.5.1. Identification of PM2.5 Source Profiles Using PMF

The names and characteristics of the factors representing PM2.5 emission sources are summarized and presented in Figure 3.3, reflecting the source structure governing air quality in the study area.
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Figure 3.3. PM2.5 Source Profiles Identified by the PMF Model
The Soil source was characterized by the predominance of typical crustal elements, including Ca (62.8%), Al (49.3%), Na (48.1%), Mg (38.8%), and K (22.2%). The Biomass Burning source was characterized by the dominant contribution of K (55.9%), together with Cl (21.4%) and Na (16.1%), reflecting the typical chemical signature of biomass ash derived from vegetation burning. The Traffic source exhibited characteristic signatures of vehicular activities through the high contributions of trace metals, including Ti (54.5%), Fe (49.4%), Mn (45.4%), Zn (40.3%), Cu (38.3%), and Pb (28.6%). The Secondary Sulfate source was characterized by the predominance of SO42- (58.2%), accompanied by substantial contributions of NH4+ (40.3%) and NO3- (12.2%). The Industrial source was identified by the substantial contributions of trace metals and inorganic ions associated with industrial production and fuel combustion. Specifically, this factor showed high contributions of Zn (43.9%), Pb (53.1%), Fe (26.0%), and Mn (15.6%), together with appreciable contributions of NO3- (14.4%) and NH4+ (17.9%). The Secondary Nitrate source was characterized by the dominant contribution of NO3- (57.4%), accompanied by a substantial contribution of NH4⁺ (27.9%), together with the presence of Cl, Na, and Zn at lower levels.
3.5.2. Evaluation of the Performance of the PMF Model
The correlation between the PM2.5 concentrations predicted by the PMF model and the measured concentrations is presented in Figure 3.4
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Figure 3.4. Correlation Between the PM2.5 Concentrations Predicted by the PMF Model and the Measured Concentrations
The regression slope between the measured PM2.5 concentrations and those predicted by the PMF model was 0.96, indicating that the model reproduced the total PM2.5 mass from the identified source factors with a very high degree of agreement.
3.5.3. PM2.5 Source Apportionment Using the PMF
The PM₂.₅ source apportionment for 2022 was determined using 244 PM₂.₅ samples collected at the HQV and NT sampling sites over four sampling campaigns, as shown in Figure 3.5a. The PM₂.₅ source apportionment for 2023 was determined using 112 PM₂.₅ samples collected at the HQV sampling site, as shown in Figure 3.5b.
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Figure 3.5. PM2.5 Source Apportionment Results Obtained Using the PMF Model (a) 2022; (b) 2023 
The PMF analysis showed that the PM2.5 source structure in 2022 and 2023 was similar in terms of the major source categories. However, significant differences were observed in their source contributions, reflecting changes in emission conditions and the socio-economic context between the two study years.
3.5.4. PM2.5 Source Apportionment by Season and Geographic Location 

Based on the PM2.5 source contributions at the HQV and NT monitoring sites in 2022, the source structure exhibited distinct spatial and seasonal variations, reflecting both local emission characteristics and the influence of meteorological and atmospheric chemical conditions.
3.6. PM2.5 Source Apportionment Using the WRF–CMAQ–ISAM Modeling System
3.6.1. Model Domain Configuration
The WRF–CMAQ modeling system was configured with two nested domains to simultaneously simulate meteorological and atmospheric chemical processes at both the regional and local scales. The outer domain (D1) provided the meteorological and chemical boundary conditions for the inner domain (D2), while the inner domain was designed to simulate air pollution in greater detail over the study area.
3.6.2. Simulation of PM₂.₅ Concentrations
The simulated annual mean PM2.5 concentration for 2023 indicated that Vietnam, particularly the northern region, was significantly affected by fine particulate matter pollution. The simulated PM2.5 concentrations over the Red River Delta, including Hanoi and the surrounding provinces, ranged from 30 to 50 µg/m3.
3.7. Comparison Between Model Simulations and Experimental Results
3.7.1. Comparison of Meteorological Parameters and PM2.5 Concentrations
The WRF–CMAQ model showed satisfactory performance in simulating the meteorological conditions, thereby providing reliable input data for air quality modeling under the specific emission characteristics of Hanoi.
3.7.2. Comparison of Ion Concentrations
The simulated ion concentrations were compared with the measured concentrations to evaluate the differences between the two PM2.5 source apportionment approaches.
[image: image7.png]2.

o)
173
o
=
G
(X
=
=)
o
©

N w
(4] o
L

N

(4]

N

o
L
N
o

Thuc nghiém (ug/m?3)
&

Thuc nghiém (pg/ms3)
=
[3,]

10 - 10
5 5
0 T T 0 T T
0 10 20 30 0 10 20 30
CMAQ(ug/m®) CMAQ(pg/m?)
(c) NH,* (d) PM,5
30 160 -
tﬂE25 ;.,é‘ O
W 5120 4
5 E g
o
EE,.ls 5. 80 | O .
= = O
10 ) .
° i
_‘—é" 5 § 40
= =
0 ; . 0 ! ; .
0 10 20 30 0 50 100 150

CMAQ(pg/m?3) CMAQ(pg/m?)





Figure 3.6. Correlation Between Simulated and Measured Ion Concentrations and PM2.5 Concentrations
The combination of high correlation coefficients (R = 0.73–0.84) and indices of agreement (IA) ranging from 0.76 to 0.91 indicates that the CMAQ model reasonably reproduced the temporal variations in PM2.5 and the major ion concentrations. However, systematic deviations were still observed, particularly for nitrate (NO3-) and ammonium (NH4+). 

3.7.3. Comparison of PM2.5 Source Apportionment Results
The PM2.5 source apportionment results obtained from the PMF analysis and the CMAQ–ISAM simulation is presented in Figure 3.7.
[image: image8.png]B} PM, -PMF

Sulfate thit cép
30,68%

Nitrate thit
cdp
< cinn kb 23,07%
(DGt sinn kni
9,67%

b) PM,g-CMAQ-ISAM - Coneriéo
TuNhién

Hoatdéng 043%

Dtnhien ligu
177%
thong

3.26%

Van chuyéntir
23,06%





Figure 3.7. Comparison of PM2.5 Source Apportionment Results Between CMAQ–ISAM and PMF
Although differences were observed in the percentage contributions of individual sources, both approaches consistently identified secondary aerosol formation and anthropogenic sources, particularly traffic and industrial emissions, as the dominant contributors to PM2.5 in the study area. This agreement strengthens the reliability of the source apportionment results and demonstrates that the integration of the statistical receptor model based on measured data (PMF) with the dynamic atmospheric chemistry model (CMAQ–ISAM) provides a comprehensive approach with high scientific value for PM2.5 source apportionment.
3.7.4. Comparison of PM2.5 Concentration Ranges Between the PMF Analysis and the CMAQ–ISAM Simulation
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Figure 3.8. Source Contributions Across Different PM2.5 Concentration Ranges Obtained from PMF (a) and CMAQ–ISAM (b)
The comparison across different PM2.5 concentration ranges showed that the PMF model emphasizes the role of chemical composition and secondary formation processes in source apportionment, whereas CMAQ–ISAM provides a clearer characterization of the spatial distribution of emission sources, including contributions from urban emissions and long-range transport. Despite their different approaches, both models consistently indicate that, as PM2.5 concentrations increase, the contributions of anthropogenic emission sources, particularly traffic, industrial activities, and fuel combustion, become increasingly dominant, whereas at lower PM2.5 concentrations, secondary aerosols and regional background sources play the dominant role.
3.7.5. Comparison of Ion Sources Between the PMF Analysis and the CMAQ–ISAM Simulation
The CMAQ–ISAM modeling system also provided the mean concentrations of major ions associated with each emission source. Based on the 2023 simulation results, the sources of individual ions were identified and compared with the corresponding ion sources determined by the PMF model. The results are presented in Figure 3.9.
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Figure 3.9. Comparison of Ion Sources Between the PMF Model and the CMAQ–ISAM Simulation
The overall results showed that the PMF model tends to attribute ions according to their chemical characteristics and co-variation in sample composition, thereby emphasizing the role of secondary aerosols (sulfate, nitrate, and ammonium) in the composition of PM2.5. In contrast, CMAQ–ISAM apportions contributions according to the physical and spatial characteristics of emission sources, thereby clarifying the roles of anthropogenic emissions, long-range transport, and urban emissions in the formation of secondary ions.
CONCLUSIONS
1. The dissertation comprehensively evaluated the concentrations, chemical composition, emission sources, and formation mechanisms of PM2.5 in the study area during 2022–2023 through the integration of field measurements, detailed chemical analyses, the WRF–CMAQ modeling system, and the PMF source apportionment method. The results showed that the mean PM2.5 concentration was 59.83 μg/m3 in 2022, which was higher than 49.20 μg m⁻³ in 2023, reflecting a declining trend in air pollution as socio-economic activities gradually recovered following the COVID-19 pandemic. Although the PM2.5 concentration showed a decreasing trend, the annual mean concentration still exceeded the World Health Organization (WHO) guideline value, indicating that fine particulate matter pollution remains an important environmental issue.
2. The dissertation analyzed the chemical composition of PM2.5 and identified secondary aerosols as the dominant components, with SO42-, NO₃⁻, and NH₄⁺ contributing substantially to the total PM2.5 mass. A comparison between the two study years showed that SO42- decreased slightly, whereas NO3- and NH4+ increased, reflecting changes in atmospheric transformation processes and the emission patterns of precursor pollutants. Trace metals such as Fe, Zn, Mn, Cu, and Pb served as indicators of traffic, industrial, and crustal emission sources, while chemical tracers such as K⁺ and Cl⁻ confirmed the significant contribution of biomass burning during certain periods. The results of quality control and the evaluation of component distribution on filter samples confirmed the reliability of the dataset used for source apportionment. 

3. The dissertation applied and compared the PMF and CMAQ–ISAM approaches, demonstrating a high degree of consistency in identifying the major PM2.5 emission sources, including soil, traffic, industrial, biomass burning, secondary sulfate, and secondary nitrate, while also highlighting the dominant role of secondary aerosol formation in PM2.5 pollution. Whereas PMF provides source apportionment based on measured chemical signatures and clearly reflects local emission characteristics, CMAQ–ISAM enables the simulation of atmospheric processes, regional transport, and the spatiotemporal contributions of emission sources. The similarities and differences between the two approaches not only provide cross-validation of the source apportionment results but also demonstrate that PM2.5 pollution in the study area results from the combined effects of primary emissions, secondary formation processes, and regional transport, thereby providing an important scientific basis for future air pollution control strategies.
RECOMMENDATIONS
1. The dissertation recommends expanding the PM2.5 monitoring network in both spatial and temporal dimensions, including increasing the number of sampling sites representing different types of areas and extending the monitoring period over multiple years to improve the reliability of assessments of pollution trends and source variations.
2. Future studies should expand the range of chemical components analyzed, particularly organic compounds and secondary aerosols, while further integrating receptor-model approaches based on measured data (PMF) with regional air quality models (CMAQ–ISAM) to improve the accuracy of source apportionment and support the development of effective air pollution control strategies. 

3. Finally, the dissertation recommends strengthening data sharing and interdisciplinary collaboration among research institutions and environmental management agencies in order to establish an integrated database for air quality forecasting, air quality management, and the formulation of effective PM2.5 mitigation policies.
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