The Investigation of Organic Nitrogen Species
and Inorganic Constituents in Particulate
Matter in Polluted Asian Megacities

Stefan James Swift

Doctor of Philosophy

University of York
Chemistry

March 2021



Abstract

Delhi and Beijing are known to experience exceedingly high and often dangerous levels of outdoor

ambient air pollution, ubiquitously spread as to expgessof millions of inhabitantsParticulate

Matter of diameter< 2.5em (PM.s) is one of the most haaful and abundant pollutants, adversely

affecting both human health and the environm€&heinorganic constituents comprise a substantial

(and often dominant) fractioof PM, s which directly affectsth@ ar t i cl eds physi cal and
propertiesin addtion, Organic Nitrogen (ON) species are a highly carcinogenic and mutagenic class

of species known to be present in megacity, Pdhd contribute greatly to the toxic nature of Asian

megacity PMs.

lon Chromatograph(IC) was used offilter samples co#écted during the Air Pollution and Human
Health (APHH) campaignduring Delhi pre (DPEM) and postmonsoon(DPOM) seasonand
Beijing winter(BWIN) and summe{BSUM) seasons. Bubstantially higher fraction of ionic species
were present during the warmeonths of DPEM (78.5 %) and BSUM (62.5 %), compared to the
cooler months of DPOM (33.7 %) and BWIN (35.7 %) which was attributed to higher photooxidation

under higher solar flux, temperatures and differing emission sources.

This thesis also explorése reaction of highly abundant BVOCs and the N@dical in the formation

of OrgNOs species during chamber experiments of the NO3ISOP campaign using a fhawicle
Liquid-Sampler coupled to IC (PILEC). The identification of acid catalysdtdrolysis of thes
species has indicated that the formation of-R€@ within Asian megacities may be a contributing
factor to NQ. A comprehensive Tw®imensional Gas Chromatography Coupled to Nitrogen
Chemiluminescence Detection (GC x GAONCD) technique waslso exploited to assess the
concentration of nitrosamineguring BWIN. It was found that inhabitants in Beijing are at
significantly higher risk of developing cancer from Piompared to London.



Contents

Abstracte é e eéeééeééeéeceéeeceéeecéecéeccecece...

s 7

Contents ..& é é é
Listof Tables é é é é é é é éé éééééééééééééééééécéeé..

s s

Listof Figuresé é e e éeééeééeééceéeceéeeéeeéecée.

D
D~
D~
D~
D~
[N
[N
[N
(O
(O
(O
(O
(O
(O
(O
(O
(O
(O
(O
D~
-
D~
D~
-
-
D~
(e} 0 w N

Acknowledgementst é é € é é e ééeeé . éééeéeééeéeéeeéée. 22

Declarationé é ¢ ¢ ¢ éé e éééeecééeceecééeeeceéeeeeeéeee 24

1 INTRODUCTION

............................................................................................ 25
11 AIMOSPNENIC POIULION ... e e e e 25
1.2 AtMOSPhEriC AErOSOl AN PIVBs......ooiiiiiiiiiiii ittt eee bbbt e eaeebe bbb e e e e e e eeaeeaeeeeeemees 27

1.2.1 Aerosol Effects 0N CHMALE........ooiii it e e 28
1.2.2 Particle Size and Deposition in the Respiratory TIaCl.........c.eeevveiiiemmniiiieeie i eens 28
1.2.3 llinesses and Mechanisms Attributed t0 BNEXPOSUIE.........ccceviiiriiiieeiieeer it e e riiieeeeens 29
1.2.3.1  INduced OXIAAtIVE SIrESS.......cciiiieeitiititieieeess bbb e e e e s eeeetebbb b e e eeeeaeeeeeaeeeeeemees 29
1.2.3.2 Inflammation, Asthma and INfeCtiQn.............coooi e 30
1.2.3.3  CardiovasCular diSEASE.........cceeviiiie ittt ere s eeennane 30
1.2.3.4 Mutagenicity, Genotoxicity and CarCinOgeNICILy............eeeeiieeeeeieeeii e e 31

1.3 Chemical COMPOSItION OF PIVB5......uuiiiiiiiiiiiiiie ettt e 31
1.3.1  INOFQANIC FraCliON. ....ciiiiiiiei ettt e e e et eeeee e e e e s e nnbbneeeeeeans 32
0 0 R 1 ¢ ][ o [~ TSP 32

R 0 N[ (- L= TP PP PPPPPPPPPPPPPPPPPRT: 35
0 TS 1 U1 - = OSSPSR 38
1.3.1.4 NORANA SOR... .ot e e e e e e e et e e e eese st s 42
R 20 T Y o1 4T 10 OO PP PP P 7.
1.4 Overview of inorganic PMzsaerosol in India and China............ccccooviiiiiiiiiien, 45
1.4.1 India SUMMET (PEBAONSOON) ....ciiiiiiiiiiei ittt ettt e e et eere e e s et e e e e nn e e aeeeas 50
1.4.2 India POStMONSO T WINTEI......ooi ittt et eee bbb e e e e e e e e eeereees 51
1.4.3  ChINA WINTEE.....eeieiiiiiiiie et e e e eeeeeas 52
O R @ 1 = TS 1 . = SOOI 53
15 PMzsin Delhi and Beijing (and APHH).......oouiiiiiiiii e 55
1.5.1 APHH DRI @nd BeiJiNG.....cciieeeeiiieieeei st eree e e ettt ennn e e 55
1.5.2 Experimental Methods and Contribution of this Thesisto ARHH...............cooveeriiinnnnn. 55
1.5.2.1 10N Chromatography...........ceeeeiiiuieiei ettt ee e sttt e ettt e e e e s et e e e seamee e e s anees 55
T €1 O €1 01 I N[0 5 RPN 56
T2 T = | P ERRR SRR 57
1.5.3 Aims and Hypotheses 0f PhD TheSIS.......cccciiiiiiiiiiiiee e 58
1.5.3.1 Literature KNOWIEAGE GapS.......uueiieiiiiiiiiieeiaee sttt e ettt e e smee e st e e e e s aebeeeeeeeaae 58
1.5.3.2 Research AIms and ODJECHVES.......cciiiiii it 60
1.5.3.3  ReSearch HYPOtNESES ......oiiiiiiiiiiiie ettt s 61
R 30 A 1= @ 1111 TS 62

2 ION CHROMATOGRAPHY THEORY OF OPERATION AND METHOD

DEVELOPMENT: EXPERIMENTAL TECHNIQUES, METHOD

DEVELOPMENT AND DATA QUALITY ASSURANCE. ..o ceeeeeee, 64



2.1 [y oY [0 T3 1o o T 64

2.2 Experimental and Method Development...........ooooiiiiiiieee e e 65
V222 S Y- Vg1 o] [ @] | 1= ox T o TSSO 65
2.2.2 Comparison Data from APHH ParNeLS........ccccuviriiiiiiiieeeiiiiiienienineereeeeeesssssssnssnesnerereeeeeesd 68
Y B o 11 (=T = (o 1o o F SO PPP PP 68
2.2.4  Calibration StANAAIUS. .........uuuiiiiiiiiiiii et e et e e e e e e e e e e e e e s same e e e e aaaaaeaeaans 69
2.2.5 lon chromatographicraalytiCal PrOCEAUIE........uuuuiiiiiiiiieee et e e e e e e e e e 69
2.2.6  QUAIILY CONLIOL....coiiiiiiiiie it eee e et e e e 71

2.2.6.1 Calibration COITECHION........cceiii ittt e e ee ettt e eeeeae bbb e e e eeeeeeaeeeeeeeeeeeeees 71
AN T = 1= o1 @o 1 (=T (o] o A PRSPPI 72
2.2.6.3  RECOVEIY COITECHON. .. .uuuuuiiiiiiiiiieeeeesieeeiteirerrerereerreeaeeseseasaerrrretaataeaaaaeesessesinnmreaaaaees 74
2.2.6.4  Limit Of DEIECHION......cii ittt e ees sttt ee e e e eeeeseeabeeseeeeeeeeeeeaeeaeseesnseseeeeeeeees d O
2.2.7 Calculation Method DeVEIOPIMENL...........uiiiiiiiiiiieee et 81
2.2.7.1 lteration 1 Initial Atmospheric Concentration Calculation: (Initial Calculation).......... 81
2.2.7.2 lteration 2: Atmospheric Concentration Calculat®d (Improved Calculation................ 82
2.2.7.3 lteration 3: Atmospheric Concentration Calculation.3.............ccccooeviemmiiiieeee i, 83
2.2.7.4 Comparison and Evaluation of Calculation Methads...............cccccvemniiiiciciiinninne, 85
2.2.8  Calculation Of IC EITOrS. .. .. e ittt e e 87
2.2.8.1 IC Sample CoNCENLratiON EITOL.......coiiuuiieiieiiieeeiie ettt ee e e e eienee e 87
2.2.9  BIlank SUBDIBCHON EFTOF.......eiiiiiiiiiiieii e 88
2.2.9.1  RecoVery CorreCiON EITOL.......ccciiiiiieiieiiieiemeeeieee s s e e e e e e e e e e esereeeeseeseeeassrnnn s e e e e enennd 89
2.2.9.2  MasS Of |ONIC SPECIES ENTOL....cccciiiiiiiiiieeiiieeeite ettt r e e e s e e e s nies 89
A e I B AN | G o] 11 o= = (o SR 90
2.2.9.4 Final Atmospheric Concentration ErtQr............ccooviiiiiiiieeerecc e ereens e 90
2.2.10 lonic PMyslon Chromatography Intdraboratory Comparison Study..........ccceeeeeeevivneenasd 91
2.2.10.1 Overview and RESUILS...........ooiiiiiiiiiiiieees ettt e seeeseaeb e eeeeeeeeeeeeeeeeeeeeaeeees 91
2.2.10.2 Specific Contribution of this work to the Intercomparison.............ccccceeeeiviecccccicieeeeenn. 96
2.2.10.3 Critiques Surrounding the IC Int&aboratory Comparison Study.............cccovvvvvvvvieee.. 96
2.2.11  Cement Analysis for Intelnstrument COMPAriSON..........cccouiiiriiiiiieacee et 97
2.2.12  Validity of MeasuringNitrite 0N FilterS.........ooiiiiiiiiiiiieee e 97
2.2.13  Evaluation ad Validity of using a Quadratic fit for Calibrations..............ccccoeevivicecieeeennn. 99
F O @ g 1= gl =S U1 PSSR Q9
2.3 Conclusions and Suggestions for Future 1C USEILS...........cooiicciieiirimeeneeees e eenenens 101

3 ATMOSPHERIC CONCENTRATIONS AND CHARACTERISTICS OF THE
MAJOR IONS FOUND IN PM 25 DURING THE APHH BEIJING AND DELHI

CAMPAIGNS L.t e et e e e e e e e e e e e e e e eemme e e eaan s 104
3.1 1] (oo [F o1 i o] o H PO P PP PPPP 104
3.2 (01T 1 1T ] 7 106
3.3 RESUILS BNA DISCUSSION. .....eeiiiiiiiiiiiiee e eeetee ittt rmeee sttt e et e e e s smmee s s abbeeeeee s 106
3.3.1 Meteorological CONItIONS.......ccoiiiiiiiiie e 106
TR T0 I R 1= IRV To L OO PP PO TPR PP 106
3.3.1.2 Delhi Temperature and Relative HUMIILY...........cccuutiiiiiiiieeiiiiiiiieiee e 107
R 204 e T = 1= 1 To IR o PP PRRT 108
3.3.1.4 Beijing Temperature and Relative HUMIAILY............ccccuiiiiiiimeni e 108
3.3.2 Gas and Particle Phase Composition in Delhi and Beijing...........c.c..uuuveeiimemiiiiiiiiiiiieieeen. 110
3.3.2.1 Time Series of Major Gas mixing ratios and Daily fdoncentrations....................... 110

I B 1= | o PR 110

RS TG R = 11113 o IO PRSP O PP PPPPR 113
3.3.2.4 Comparison of Gas Phase Species and fiVIBeijing and Delhi.............ccccooviviiiinnee. 116
3.3.3 Time series of ioNnic SPeCieS IN BHl.........uuiiiiiiiii e 117
3.3.3.1  Delni PreMONSOO0N. ...ccciiiiiiiiiee ettt e e e e e s eeenr e e e e 117
3.3.3.2  Delhni POSIMONSOON. ......ciiiiiiiiiiiiie s ee ettt e e e e e s see e 120



R 0 e R = 1= 110 T AV ) = PR 122

3.3.3.4  BEIJiNG SUMIMEE......uttiiiiiiiiiiiiii e e eeeetee ettt ettt e et e e e e e e e e e e et e et e et e e e e e e e e e e s s e s s e mnnaaaaaaaaaaaas 125
3.3.4 Average Inorganic Pk Concentrations Comparison in Delhi and Beijing.............cccee... 127
3.3.4.1  BuUilding @ Violin PIOL.........cccuiiiiiiiiiieiisieesiiiistreeee e e e e e s seeersaee e e e e e e e eeaeaeeeaeessmmmreeees 128
3.3.4.2 Delhi and Beijing Day and Night Concentration CoOmpariSOmn............ccveeeeviceeeeennne 129
R B B T @1 1110 o L PP PUPPPEP 132
R B B N1 (= PO PRTT 133
R B BT 1 ) - (X PO PRT 134
TR 0 G I AN o 1 0T o1 U o PP PP RPPTRPPPTP 136

I B By A © ) - 1= | L= PP PRR 137
R I 0 T @ ) o 1Y g [0 1 PSP PRPRPPPPPRRP 138
3.3.5 Composition of PMsin Delhi and Beijing during the APHH Campaigns................ccuvveeee. 138
3.3.6 Inter-Instrumental Comparison of INOrganic SPECIES..........vviieiiiiiiieeeiii e 143
3.3.6.1  Delni PrEMONSOO0N. .....iitiiiiie e ittt ettt e et e e et e e e e s s bbb e e s snamee e e e anees 143
3.3.6.2  DelNi POSIMONSOON......cuuiiiiiiiiiiiiiie ettt e e e e nnne e 146
3.3.6.3  BeIJING WINTEK....cii ittt ettt ettt et seer e e e as 152
3.3.6.4  BEIJiNG SUMIMEL......uuuuiiiiiiiiiiiieieeeceeettetieeeeeereeteeaaeeeesssaatereeaaaaaaaaesaesaassssnnnneaaeeaeessann 156
3.3.6.5 Summary of Intefinstrument COMPATISOLL........uuurirrrrrererieereeerierrrrrerereeeeeeeeeeesinareeees 160
3.3.6.6 Summary of Expectationss Observations between Sampling Methads.................... 160
3.3.6.6.1 Delni PreMONSOO0N. . .. .uuiiiiiiiiiiiiiiiiteieeeiiib ittt e e et e e e e e e e eeers e e e e e et e e e ae e e e e e e e e e e s ammneeeas 161
3.3.6.6.2 Delni POSIMONSOON......cciiiiiiiiiiiiteeee e r e e bbb e e e e e eaesne 161
3.3.6.6.3 BEIJING WINTEI....ceiiiiiiiiiiii ettt et e e e s eeenre e e e e e s ane 162
3.3.6.6.4 BEIJiNG SUMMET......eoiiiiiiiiiiiii e iee ettt e et e et e e e s e ne e eebeeas 162
3.3.7 Further analysis of the AMS and IC COmMPAariSQN..........ccovvvviiiiiimmmreeeiiiires e e e e eeeee s 163
TR T A O AN 1 = = [od £ R 163
R N O = 11 o o TP P PP PPPPPPP 164
TR T 0 R = T |11 o YA/ T = 166
3.3.7.2.2 BEIJiNG SUMMIEK......iiiiiiii ettt s e e eeee s s e e e e e e e e e e e aeaeeensmmmeesenrnnan 168
3.3.7.2.3 DI it e e 169

34 100 T 11 ] T o ISP 171

4 CONCENTRATION AND COMPOSITION OF PM 25 COMPARISON TO

PREVIOUS STUDIES IN DELHI AND BEIJING ..., 175
4.1 1] (o [F Lot i o] o E PSP PP PPR 175
4.2 (01T 1 1T ] = PN 176
4.2.1 Studies Reviewed for Delhi and Beijing...........ceiiiiiiiiiiieeeieie i 176
4.2.2 Heights and Types of SampPling SItES........ccooiiiiiiiiiir e eee e 179
4.2.3 Full ReView COMPIIALION.......cccooe i e e e e eenn e as 181
4.3 RESUILS ANA DISCUSSION. ....ciiiiiiiiiiiiie ettt e ettt e ettt e e st e e ettt e e e e s s aabb et e e e e s abbeeebbbeeeeeesaaes 181
4.3.1 History of Major lonic Species in Delhi and Beijing.........cccouviiiiiiiiiiaceeiiiiieeee e 181
e BN 0 A 0 1= o O S PP PP PPPPPPUPRIPI 182
N A =111 o Vo T PP P P PPPPPRPPPPP 182
4.3.1.3 Historical change in [P in Delhi and Beijing...........c..eoveiiiiiiiiiecnieneee e 182
4.3.1.4 Historical [ion] change in DelRi.............ooooiiiiiiic e 185
4.3.1.5 Historical [ion] change in BeijiNg........cccuuuiiiiiiiiiii e 189
4.3.2 Particle Composition Comparison of BMn Delhi and Beijing (Timelines)............ccccceee.... 191
4.3.2.1  DelNi PreMONSOON.....ccciiiiiiiiiieiiitie ettt et e e s anansnneeee s 191
4.3.2.2  DelNi POSIMONSOON.......cciiiiiiiiiiiiiesieeei et e e e e s e s sne e 194
4.3.2.3  BEIJING WINTEL.....oiiiiiiitiiiie ettt eei et e st e e e e et eennb e e e e e e e anneaes 197
4.3.2.4  BeIJING SUMMEL..ccciiiiiiiiiie ettt et ettt e e e et eseet e e e s s s mbb e e e e e e bbb e e eeameee e e e nnnrneas 200
4.3.3  CompPariSON ChallENQES..........uuuuiiiiiiiiiii ettt ettt e e e e e e e e mnne e e e e e e e 203
4.4 1670] 1 {01 011 To] o F PP PP PP PP PPPPR 205



5 INVESTIGATION AND INTERPRETATION OF THE INORGANIC PM 25
SPECIES CONCENTRATIONS AND COMPQOSITIONS WITHIN DELHI AND
BEIJING: IMPLICATIONS AND COMPARISONS ON THE AMMONIUM

AEROSOL SYSTEM ...ttt e et e e e enenees 207
5.1 1] (o o 11T o o PR PP 207
5.2 EXPEIIMENTAL .....eeiiiiiiiiiii et s st e e s s e e et e e e e e e et e e e e e e e nnees 208
5.3 RESUILS ANA DISCUSSION....cciiiiiieee et ee e e e s e s e st s e e e nennenee 208
LR 0 R O o1 (o To [ T PR PPRPP SR 208
5.3.1.1  NOSea Salt ChlOMde. ......c.oiuiiiiie e eeneeeas 208
5.3.1.2  Major ChIOIdE SOUICES.......ccieiiiiiiiiee et iieeeiitt ittt e e e e e e e et e e e e e s s aineeas 209
LT TN N T I 1= o PP 209
5.3.1.4  Delni PrEMONSOO0N....ccciiiiiiiiiiie ettt teeet et e ettt e e et eret e e e e s s sabbeeee e e s snbbeeeneseeeeeeaan 211
5.3.1.5  Delni POSIMONSOON. ... ..uutiiiiiiiiiiiiiiiie ettt e et e e e e e e e e e s st et et e e e e e e e e e e e s e e e e s anmnneeaee s 212
LR 0 L T = 1111 o o PP EPPUUPRPP 213
LR 70 O A = 1= 111 To AT/ ] (= 214
5.3.1.8  BeIjJiNG SUMIMEL....cciiiiiiiiii ittt ettt ettt e e e e et e e eeeme e e e e e nnbeeas 215
5.3.1.9 Challenges in Ckource identifiCation...............cooiiiiiiiiiemiiiieee e 215
5.3.2  Nitrate and SUIFALE.......cooi i en e e 216
5.3.2.1  [NOZ)/[SOR] RALUO......ceiitieitieitieiteeteeiete et e ette et e steeeteestesassteesteesbessaesasesteesranansreeares 216
5.3.2.2 [NOs]/[SO4*] Ratio Comparison between Delhi and Beijing.............ccccovevveeeeeenneen. 218
5.3.2.3 SOR and NOR in Delhi and Beijing...........ccuueeiiiiiiiiemmiiiieee e eniieee e 221
5.3.2.4  DelNi PrEMONSO0ON......coiiiiiiiiieieee ettt e e 223
5.3.25  Delhi POSIMONSOON........uutiiiiiiiiiiiiiiiiiceeetiieiieeeee et eaae e e e e e e s reaeeeeaaeaaaeeeeeesesaasanmnneeeeees 224
5.3.2.6  BeIJING WINTEN.....ciiiiiiiiiiiii ettt eeei et e e e e beeneb e e e e e e nnnees 224
5.3.2.7  BeIjING SUMIMEEL.......cciiiiiiieiiii e ceee s e e e e e e e e e e et ee et eenr e e e eeea st s e e eeeeeaeanansaeeaaaaaaeees 225
5.3.2.8 NOR and SOR (Inte€ampaign) Average COmMpPariSONS..........ceeeevereerrvrimmmeeeeeeeennnnnns 225
5.3.2.9 NOR and SOR Correlations............ooiiiiiiiiiiiieee e ssieerees s eeeeeen 232
LTS 2 I =T 0] 01T = L | =SSP PUPPPRT 232
5.3.2.11 Relative hUMIAItY........uuuiiiii e ereer e e e e 234
5.3.2.12 Concentrations of precursSor OXIQaNLS. ...........coviiiiiiieenee et 236
5.3.2.13 Particle Size and SUIace ALBa........cccuuuiuiiiiiiieeeiiieiiieie e e e e e e eeeeteeeeeeeeeeeeeeaaaeens 236
5.3.2.14 Uncertainties in [NQJ/[SO4], NOR and SOR........ccccoveeiveeireeemireeeereeeereeseeeeevee e 237
5.3.3  Ammonium and Particle ACIHITY.........oouuriiiiiii e 241
5.3.3.1  BeijiNg WINTEE DAY.....coiiiiiiiiiiieei ittt ettt eret ettt e e e e s b enereeeee e 241
5.3.3.2  Beijing Winter NIight........oooriiiiii e e e e e e e aneee e e e e 244
5.3.3.3  BeijiNg SUMMET DAY.......coeeiiiiiiiiies et e e e e e e e e e e e aneeeaeeeas 245
5.3.3.4  Beijing SUMMEr NIGNL......cooiiiiiiiiiii e 247
5.3.3.5  Delhi PreMONSOO0N DaY......cciiiutiiiiiaiiiiit et e ettt ettt e e nb e 247
5.3.3.6  Delhi PreMonsoon Night.............ouuiiiiiiii e e e e e e e aeees 248
5.3.3.7  Delhi POSIMONSOO0N DAY........uuiiiiiiiiiiiiiiie ettt et 250
5.3.3.8  Delhi POSIMONSO0N NIGNt.......uiiiiiiiiiiiiiii e 252
5.3.3.9  ROIE OFf WEAK ACIUS......coiiiiiiiiiit e e ettt ee e ettt e e e e e e e e e e e eeereeeeeees 253
5.3.3.10 Challenges iN ANAIYSIS........uuuiiiiiie et e e e e e e e e ee e s nnnr e 254

54 [0 oo 11T 254

6 THE QUANTIFICATION OF ORGANO -NITRATE SPECIES USING A PILS-
IC METHOD AT THE SAPHIR SMOG CHAMBER DURING THE NO3ISOP

CAMPAIGN e e ettt e e e et ettt e e e e e e e sbmmmeebe e e eeeenes 256
6.1 1] (o To 11Tt o] o PR PP 256
6.2 EXPEIMENTAL ...ttt e e e bbbttt et et e eaabnb b b et bt be et e e e e e e e eaeaeean 259

6.2.1 Sampling Site and SAPHIR Smog Chamber...........oooiiiiie e 259

6



6.2.2 PILS Denuder Preparation..........ccccuuurrrirriermnsiieienieesieseeeeeeesssssssssssnnssssreersesseesessmssesseees 260

6.2.3 Sample Collection and [C ANAIYSIS.....cccuiiiiiiiiiiii e 260
6.2.4 Sample Evaporation and Reanalysis on thelC...........oooooiiii e 261
6.2.5 IC Analysis and Atmospheric Concentration Calculation.............cccvvvviiiccciiinieeeeeeeneeeennn. 261
6.2.6  Org-NO3z HydrolySiS iN WaEE.........ccuuiiiiiiiiiiei ettt 262
6.3 RESUILS ANA DiSCUSSION. .. ..cii ittt eee sttt e eeaasss e bbebbese et eeeeeeeeeeeeeessbeeseeeeeeens 263
6.3.1  Org-NOs HYArOIYSIS. ...ttt ceeet e e e e e e e ereta e e e e e e e aaaaeaee s e e s s smmnreaaaaaaeaeaeens 263
6.3.1.1 Org-NOs Dissociation in 25 ppm LiE ... e 263
6.3.1.2 Effect of light on OrgNOsz Dissociation in 25 ppm LiF (Pilot Tests).........ccccccveeeinnnnee 269
6.3.1.3 Comparison of OrgdNO; Dissociation in Water and LiF solution (compound3)1........ 271
6.3.1.4 Hydrolysis Reaction Kinetic Orders and possible Mechanisms for compotfds.1...273
6.3.1.5 Compound 4 Hydrolysis MeChaniSm............ccoccuiiiiiieenee e 277
6.3.2 PILS IC results from the SAPHIR Chamber............oooiiiiiiiieee e 281
6.3.2.1  Limit Of DEIECHON ... ..uviiiiiiiiiiiie ettt e st e e s smme e e e eneeas 281
6.3.2.2 Uncertainty of PILIC MEASUIEMENTS........coiiiiiiiiiiiiee ittt e e smme e 281
6.3.2.2.1 Uncertainty of Dilution Factor, R...........ccuuiiiiiiiiiiiieniiceee e 281
6.3.2.2.2 Uncertainty of N@ and SG@* Atmospheric Chamber Concentrations................... 282
6.3.2.2.3 Uncertainty of PILSIC Org-NO3; Atmospheric Chamber Concentrations.............. 284
6.3.2.3 Quantitative Inorganic A Measurement and Uncertainty Evaluation.................... 284
6.3.2.4 NO3ISOP Experimental RESUIS...........uuuiiiiiii e 285
6.3.2.4.1 17" August (BIank ChamMDEE)..........eecueiieeectieeee e st eee e ette e ereeeeete st e sereeeneees 287
6.3.2.4.2 15" August (High Concentration Experiment EXample)...........cccccvevereeemreernennnn. 287
6.3.2.4.3 16" August (Low Concentration Experiment EXample).............cccceveeeeeesreevnennns 291
6.3.2.4.4 18NT 239 AUGUST.....civiiitieiiieiie et cteeiee ettt et s reeme b e e sbe e beetesnreebbesrsnannee e 292
6.3.2.4.5 Ratio of Organic to INOrganic NItrate............cceeiiiiiiiiieeree e 299
6.3.2.5 Comparison of PILSC [Org-NOs] concentrations to Speciated Measurements........ 301
6.3.2.6 Comparison of Techniques and Uncertainties in MeasuringNQ@Ig................ccccvvuenn. 302
6.3.2.7 Improved Future Methodsf [Org-NOs] ANalySiS........ccoovviiiiiiiiiiiis i e e e e, 304
6.3.2.8 Work Intensity to Data Benefit Analysis of PIHE vSAMS Methods...............cocueee. 305

7 TIME -RESOLVED CHARACTERIZATION OF ORGANIC NITROGEN IN
PM2s:. AN | NVESTI GATI ON I NTO BEI JI NG6S AI R

1Y PSP 309
7.1 0T [T o o OO PRPSS 309
7.2 (01T 1 1T ] =P 312
7.2.1 Sampling Site Method and Meteorology...........ouuviuiiiiiiieeeiee e ee e eeer e 312
7.2.2 Formation of GC< GCT NCD MegaMix Standard............ccccoviuiiiiiiieneeniniiiie e 312
7.2.3 Filter Extraction and sample preparation................uuuiiiieccriiiiieie s e e eeeeeeeeeeeseeer e e 314
7.2.3.1 Preparation of ASE Extraction Cells and VialS........cccccooooeeeiiiieeeii e 314
7.2.3.2 Sample Preparation with Accelerated Solvent EXtraction...........c.occvvveeeveeeeenninnen, 314
A € 1O S €O [ N[ 2 1Y =1 o o RSO 315
7.2.5 Data QUAlILY ASSUIANCE.....ciiieeeeeeiiieeetitteemeeeeetet s e e e e e e e eeesaereeaaaaeeteeeaata e s eeaaaaaaaaeaeens 315
7.2.5.1 Method Blank COrrECHION.........coeiie it 316
7.2.5.2 Method RECOVENY COMECHION........iitiiiiiee i iiitiieeetie ettt e et e et e e e e s ebbe e e e e anes 316
7.2.5.3  LimMit Of DEIECHION ... .uuiiiiiiiiiiiiiie ittt ettt e e e e e e e e e e e e e s mnne e e e e e e e 316

7.3 RESUILS. ... ettt e e et bbb et e e et e e et anannsanbrenes 316
RS T R @ 1\ Y/ T=To =1 PP PPRR 316
7.3.2  Kovats ReteNtioN INAICES. .....uuuiiiiiiiiiiieii ettt rmmmr e e e e e e e s e e s e s nnee e e e e e s 322
7.3.3 ON Time Series and CONCENIrAtIQNS........cceoiiiiiiiiiiiee et ee e eeeeaeeees 324
7.3.4 Calculathg Nitrosamine ConCeNtration ErMOK........ccuvveeeeiieiii e ie e seeee e 329
7.3.5 Comparison t0 Other STUAIES..........uiiiiiiiiii e e 332
7.3.6 Coelution of Ntertbutylformamide and NDEA.............oo it 335
7.3.7 Total Nitrosaming CONCENTIALIAN...........uuuuiiiiieiiiiaaaiiiitbeb e e e ee e e e aeeesebeebeseeeeeeeeaaeaaaaaeaas 337
AR S T O T [ =1 gl = {1 Q= Tod (o | 338



7.3.9 Cancer Risk Assessment assuming Iow [NDEA].......ccccocvuriimiiimeeiinieiieeeeeeeeeeeseseerenes 343

7.4 (0] o Tox [1S] o] o N TP PP T PP TP PR 344
8  CONCLUSIONS. ...t e e e e e eat e e e e e enanmmeees 346
8.1 FINdiNGS @Nd CONCIUSIONS........uiiiiiiiiiiiii et rmee e e e et e e s smmee e eenee s 346
8.1.1 Use of lon Chromatogphy for Inorganic PMs Quantification.................cccccccviemnnsieeiienns 346
8.1.2 INter-INStrumMeNnt COMPATISON. .....ccciiiurriiieeaiitierette e e e sttt e e e st e e et e e e e e s sanbrreeeeessnreennes 347
8.1.3 Inorganic Aerosol Formation in Delhi and Beijing..........ccveeiiiiiiiineeiiie e 347
8.2 RECOMMENTALIONS. ...t e e e et e e e e s e e e 351
8.3 FULUIE WOTK .ttt ettt s e s s e s e e e s n e e re e 353

List of Tables

Table 2.1. Table showing the campaign sampling start and end times, the number of filters and the number of

blocked filters recorded for the Delhi prnd posimonsoon campaigns and the Beijimmter and
SUMIMET CAMPAIGNS. ...ttt ttiteatteeesatteaeteeeasteeaesseeesasteeeaameaasseeessseeeasseeaeansseaaaneasseeesanseeessseeesnsen 67

Table 2.2. Blank concentrations for APHH IC analysis for extractions carried out betweer2@02{ppm).

.................................................................................................................................................. 73
Table 2.3. Recovery % correction values for the APHH Delhi (2019) and Beijing (2017) IC analysig5

Table 2.4. LOD and LOQ concentrations (ppm) determined for the Delhi filter analysis in 2019 (with % of

samples for each ion which where over @D and LOQ)........ccoooviiiieiiiiiiiiiieeee e 78

Table 2.5. LOD and LOQ concentrations (ppm) determined for the Beijing winter and summer filter analysis

conductedn 2017 and 2018, respectively (with % of samples for each ion which where over the LOD

= 1 o 1 1 ) T 78
Table 2.6. Table showing the aniLOD (ppm) values before and after replacement of the column and
o100} o1 Tt o PP 81
Table 2.7. Compari son ®o,f SMeD gfiad veltias@Rregessiargaaadysis € ¢
between calculation iteration and the AMS.............eiiiiiiiiiie e 86
Table 2.8. Table of LODs (ppméported from 10 different laboratories for anion and cation species from Xu
oL U 20720 L PSSP UP R 95
Table 2.9. Comparison of LOD (ppm) calculated in this work to the method by Xu et al.,?2020).....95
Table 3.1.TEOMFDMS PMis( UoB) st ati stical parameters for
11 TR RS SPRRTR 116
Table 3.2. Day, Night, Day/Night and Total campaign][Cl me a n9....(.&.0.....Mueevvvrireenrenenn. 132
Table 3.3. Day, Night, Day/Night and Total campaign lJJO me a n9...(..0....0.c.ccvveeerrnn.n. 133
Table 3.4. Day, Night, Day/Night and Total campaign/0 me a n9....(..£.0.....M..ccerreecrnnen.e. 134
Table 3.5. Day, Night, Day/Night and Total campaign flNH me a n9....(.£.0....Mueeevvieeerenne.n. 136
Table 3.6. Day, Night, Day/Night and Total campaiged£] me an9...(.e.0...M.....cooee..... 137
Table 3.7. Comparison of the IC 'other’ fraction to the AMS Biganic fraction.............cccccovviiiirenee. 142

Table 3.8. Rregression coefficients of the IC (UoY) vs the AMS (CEH) and IC (UoB) DPEM datades.

Table 3.9. Rregression coefficients of the IC (UoY) vs the AMS (CEH) and IC (UoB) for the DPOM

(0 o1 1= 1= £V PP OPPPPRPR 149
Table 3.10. Rregression coefficients of the IC (UoY) vs the AMS (CEH) and IC (UoB) for the BWIN

(0 o= Y= VTP TP PPTURTTR 154
Table 3.11. Rregression coefficients of the IC (UoY) vs AMS (CEH and IAP) and IC (UoB), BSUM

[0 o 1= 1= £V PSPPI PPPPPRP 158
Table 4.1. Sampling sites reported by the reviewed studies in Delhi..............cco v, 177
Table 4.2. Sampling sites reported by the reviewed studies in Beijing............coooooiiicceees 179

t

m

he

Table 4.3. Table showing the sampling site region classification as depicted on google maps, sampling site

height above sea level (S.L) and ground level (G.L) for each publication reviewed, as reported by the

SPECITICSIUAY, FOr DEINIL.... ettt e e e e e e e s eeee e e e e e e e e aaaeeeeas 179

APHH D



Table 4.4. Table showing the sampling site region classification as depicted on google maps, sampling site
height above sea level (S.L) and ground level (G.L) for each publication reviewed, as reported by the

LS oL Tod ) Tod=Y (0T Y (o] == 11 o PSSR 180

Table 5.1. [NQ]/[SO4*] ratios reported by other studies in Beijing from Rivheasurements.............. 219

Table 5.2. Number of data points used to calculate the NOR and SOR values across the APHH campaigns.
................................................................................................................................................ 228

Table 5.3. Review of NOR and SOR across other studies in Delhi...........c.ccccoovvveeniiiii e, 229

Table 5.4. Review of NOR and SOR across other studies in Beijing...........c.oocvvviiieemeeeniniinieeeeenns 230

Table 5.5. Linear Correlation Coefficient values between NOR and SOR against other Key Oxidation
Variables. Values in Red, Amber and Green &# B.5, 0.7 and 0.9, respectively. Within these values,
those underlined demonstrated negative gradients. The number of data points used for correlation
calculation are also given for €ach value (IN)..........cuvriiieiiiimmeee e e 233

Table 5.6. The Role of Weak Acids in hHNeutralization during the day and night of the DPEM, DPOM,
BWIN @nd BSUM CamPaigNS......uuuuuueeieeeireiiieieceeeireeeeereereeseeaaaeassssmansersassassasssssssssssnnssmnsessaees 253

Table 6.1. Evaluation of Chamber conditions during the NO3ISOP campaign as taken from Dewald et al.,
(20208 over the PILS Sampling PEHOG.........cciiiieiiiieieeeee e eie sttt st emeneeesie e ee e e 260

Table 6.2. Hydrolysis reaction kinetics of a range of-Qf@s (compounds #4) synthesised by UEA....264

Table 6.3. Comparison to orders of reaction and hydrolysis rates between tN©Ogdrolysis
experiments withinan LiIF (25dp m) and neutr al wat ef3..(.1.8..272Mq)

Table 6.4. Percentage of samples (out of the sample set) that were beloferl[®Ds] and [SQ?] for each
day, as well as the Correlation Regression Coefficient values for each day between the RilLes

and the time averaged AMS values for [N@Nd [SQZ]. .....ccoeiiieiiiiieieeieeeeie e seeas 286
Table 7.1. Table of contributing mixes to MegaMix standard. N.B. Mix 8 and Mix 10 have been removed
from the table as these compounds were not suitable for GCi NCD analysis............cccc.e.... 313
Table 7.2. Summary of the statistical parameters for nitrosamines species withideh@é&riod sampled fo
the APHH Beijing winter campaign (NG ......cooviiiiiiiie e 328
Table 7.3. Comparison of mean nitrosamine concentrations dgluming theclean and polluted period
within the Zday period sampled (Detween 22287 NOV)........cccocveecrieeerieiceeee e 329
Table 7.4. Summary of the mean and standardations of nitrosamines within atmospheric aerosol (ify m
WIthIN e [EEIatUIE.....c e er e e e e et e e e e e e eeesteeeeeeeeaaaaaaeeeeeeens 332
Table 7.5. Comparison of the mean and standard de
WHO IARC groups between Beijing and LONdQN..........coooiiiiiiiiiicce e 338
Ap Table. A. Specification of Reviewed StudiesdiB).............cooviiiiiiiiicc e 355
Ap Table. B. India PMs and Major Anion concentrations in Reviewed studies.............cccccvvvvvemmenns 358
Ap Table. C. India Minor Anion concentrations in Reviewed Studi€s................ovvvviiveviiiiiiieneennn. 360
Ap Table. D. India Cation concentratioinsSReviewed StUAIES.........cc.vviiieiiiiiiieeeiie e 361
Ap Table. E. Specification of Reviewed Studies (ChiNa)............cooevviiiiicciieiiiicie e eeeee e 363
Ap Table. F. China Pl and Major Anion concentrations in Reviewed studies.............ccoeeevvveeeee.. 368
Ap Table. G. China Minor Anion concentrations in Reviewed studies..............ccccovveeeriiiieee e 370
Ap Table. H. China Cation concentrations in Reviewed Studi€S..............ooeveiiiceiiiiiiieie e 373
Ap Table. I. Specification of Reviewed Studies (Delhi).........cccoeivieiiiiiiieiee e 375
Ap Table. J. Delhi PMsand Anion concentrations in Reviewed studies.............coovvvvvvieeeeeeeevvnnnnnnn. 377
Ap Table. K. Delhi Cation concentrations in Reviewed StUAIeS............c.ueeeeiiiien e 378
Ap Table. L. Specification of Reviewed Studies (Beijing)........cceeieiiieeiiiiieeeee e 379
Ap Table. M. Beijing PMsand Major Anion concentrations in Reviewed studies.................ccoeeveeee. 383
Ap Table. N. Beijing Minor Anion concentrations in Reviewed StUdIes...........c.oocvviiiiiceceeiiiiiiennen, 385
Ap Table. OBeijing Cation concentrations in Reviewed StUIES..........oouveeiieiiiieeniiiiiiiee e, 388

List of Figures

Fig. 1.1. NQ and RQ Cycles for Q production as depicted by Wang et al., (2647).............c..cceevennne. 26

Fig. 1.2. Depictions of the Pidland PM s size ranges compared to a grain of sand a strand of hair taken
fIOM tNE EPAB. ...ttt et et ettt et e et e et e et emene e e et e be e te e teenne s e ennees 27

Fig. 1.3. Possible methylchloride formation mechanism based on the methylhalide formation mechanism
from soil oiigin reported in Keppler (200054 ..........c.ooviiiieie e 34

9


file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484476
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484477
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484477

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1.4. Map of India showing the distribution of ionic Particle composition acrosadia (Summer
Monsoon) from reviewed studies. A key denoting the segment species colours is shown in the top left
corner with the major ions listed in the bottom right corner. Red markers on the map of India show the
different cities. Studies presentedrad text represent studies which solely took place over the summer
period as opposed to sumnrmaonsoon period (black text). Text shown above each study presents the
details Of EACKH STUAY.-.......eeiiiiiiiie e e e e e 46

1.5. Map of India showing the distributief ionic PM s particle composition across India (Post

Monsoon- Winter) from reviewed studies. A key denoting the segment species colours is shown in the
top left corner with the major ions listed in the bottom right corner. Red markers on the mdja of

show the different cities. Text shown above each study presents the details of each.study.....47

1.6. Map of China showing the distribution of ionic Rjyarticle composition across China (Winter)

from reviewed studies. A key deting the segment species colours is shown in the top left corner with
the major ions listed in the bottom right corner. Red markers on the map of China show the different
cities. Text shown above each study presents the details of each.study................cccccee........... 48

1.7. Map of China showing the distribution of ionic B{article composition across China (Summer)
from reviewed studies. A key denoting the segment species colours is shitnenidp left corner with

the major ions listed in the bottom right corner. Red markers on the map of China show the different

cities. Text shown above each study presents the details of each.study..............ccccoceeee. 49
1.8. Orthogonal GC X GC SCREMIAL...........uuviiieiiiiiii ettt eeere e e e e s ee e 56
1.9. NCD SyStem SChEMALIC........ceeeiriiiiiiiis e e e e e e e e e ermr et a s e e e e e eeeeneeasaeeaaaaeeaees 56

1.10. Schematic of the BMI PILS System used during the NO3ISOP Campaign (Chapter.6)...57
2.1 Map of Delhi and the location of the Indira Gandhi Delhi technical University for Women indicated

DY T TEO SEAL.....eii e e et reb e e e e e e it r e e e e e e s ebbeenere s 66
2.2. Map of Beijing and the location of the Institute of Atmospheric Physics (Chinese Academy of
Sciences) indid2d DY the red STaA............oiiiiiiiii e 67
2.3. Flow chart of general filter sample extraction protocol used in these IC analyses.............! 68

2.4. Chromatogram of 50 ppm Salt Mix calibration standard for the Delhi Analysis in Anion Ma@e.
2.5. Chromatogram of 50 ppm Salt Mix calibration standard for the Delhi Analysis in Cation. Mt@le.
26. 50ppm NHCI IC Chromatogram demonstrating the contaminant ions present from the

g E Va1 7= 1o (1 = RPN 71

2.7. Column degradation of IC overtime producing a noisier baseline..............ccccveeevvvvvvvinnnnn. 80

2.8. Change in calibration gradietgpendant on region of calibration concentrations chosen to
demonstrate how the gradient changes at different sections of a calibration curve for IC analgsds.
2.9. Quadratic calibration shapes observed during the APHH IC @nalysSi...........cccceeeeiiiieeeiennnn. 84
2.10. Change and improvement in time series through iteration 1 (pale green), iteration 2 (pale orange),
iteration 3 (black) and comparison of time series to the AMS (bright biie)associated errors for
iteration 3 are shown as black error bars in tiaig. These errors are calculated using the calculation
described in section 2.2.8. The grey vertical lines represent the time of 00:00 for the respective date
LS L1V T o T £ TS D 85
2.11. lonic Atmospheric Concentration Comparison Results from Xu et al., {20Z0g results for

each lab are shown via the key above the time series. The grey vertical lines represent the dates of
sampling (shown on the iom charts and are vertically identical). Red error bars have been added to

the time series of LaB (results from this thesis) to demonstrate the +30% range............cc........ Q3
2.12. Filter sample sent by the University of Birmingham for the &-laboratory comparison study.
.................................................................................................................................................. 96
2.13. IC Chromatogram representing\td NO;™ partitioning in a mixed standard over the course of ca.
O 3T 1 o SRR 100
2.14. NaCl, NaN@and NQSQ; mixed salt solution were ran on IC at 100 ppm (black), 200 ppm (dark
blue), 300 ppm (pink), 400 ppm (brown), 500 ppm (green) and 650 ppm (light blue).............. 100

3.1 Wind Rose Plots showing the overall wind speeds (legend) ansl wind directions across the
APHH DPEM and DPOM CamMPAIGNS. . ...ciiiiiiiiiiitiitieeesaaetitbabbeseeeeeeeeeaaaasssssessseeeeeeeeaaaaeeesann 106

3.2. Time series of Temperature (Orange) and Relative Humidity (Blue) across the APHH DPEM and
DPOM canpaigns. EMTOr CA. < L J.uiiii ittt sttt s 107

3.3. Wind Rose Plots showing the overall wind speeds (legend), and wind directions across the
APHH BWIN and BSUM CamMPAIGNS.....cttttiiiiiiaaiaiiei et e e eeas 108
3.4.Time series of Temperature (Orange) and Relbtumidity (Blue) across the APHH Beijing BWIN
and BSUM campaigns. ErTOr Ca. < L. 0o .ccccuuururirireeeeeierneeteeieeeeeeeeeereeseessessssssnerrereeeseeseeeennes 109

3.5. Time series of the major gases and R Nheasured during the APHH Delhi piand post
monsoon campaigns. The errors for the gas phase are NO (4.58 %¢h.R&¥®0), SQ(3.12 %), Q

10


file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484479
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484479
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484479
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484479
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484479
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484479
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484480
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484480
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484480
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484480
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484481
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484481
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484481
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484481
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484482
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484482
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484482
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484482
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484483
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484484
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484485
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484486
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484486
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484487
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484487
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484488
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484489
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484490
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484491
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484491
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484492
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484493
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484493
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484494
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484495
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484495
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484495
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484495
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484495
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484496
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484496
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484496
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484496
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484497
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484497
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484498
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484498
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484499
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484499
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484500
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484500
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484501
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484501
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484502
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484502
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484503
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484503
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484504
file:///C:/Users/Stefan%20Swift/Desktop/Thesis_Final/Thesis_Corrected/To%20Submit/THESIS_FINAL/FINAL%20THESIS%20CHANGES%20ACCEPTED/Thesis_Final_TOSUBMIT.docx%23_Toc81484504

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

(4.04 %) and CO (9.14 %). TEOMDMS error was unavailable. Species concentrations are shown on
the yaxes with tine on the xaxes. The grey vertical lines represent midnight time points. The red error
bars for [PM g show the time of sampling. Theaxes are identical for each time series and are shown
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3.8. Bar charts showing the mean major gas concentrations of NO (light blugjaxioblue) SO,

(red), G (green), CO (grey) and PM(black) measured during the APHH DPEM, DPOM, BWIN and
BSUM campaigns. The errors for the gas phase are NO (4.58 %)5NQ %), SQ(3.12 %), Q (4.04

%) and CO (9.14 %). The error bars shown for pigMWaluesdemonstrate the SD of the dataset116

3.9. Time series of the major ions measured by offline ion chromatography during the APHH Delhi pre
monsoon campaigthon concentrations are shown on thaxes with time on the-axes. The grey

vertical lines represent midnight time points. The red error bars show the time of sampling and the blue
error bars show the error of each concentration measurement irakti® Yhe xaxes are identical for

each time series and are shown in the bottom chart (oxalate)..............cceeeiieeciiiiiiinieii e, 118
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3.15. Violin Plots demonstrating Day (yellow distribution) and Night (blue distribution) ionig PM
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3.17. Violin Plots demonstrating Day (yellow distribution) and Night (blue distribution) ionigPM
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concentration ions are shown on the left and low concentration ions to the right. The winter campaign is
presented on the top and the summer campaign is shown on the battam.............................. 131

Fig. 3.18 Pie charts representing the averaged composition e Béfosol during the APHH Delhi pre
(top left) and postmonsoon (top right), and Beijing winter (bottom right) and summer (bottom left)
campaigns. The species are presented @okd), CHSOs (orange), Cl(green), NG (dark blue), Br
(medium blue), N@ (light blue), PQ* (yellow), SQ? (red), GO4* (brown), Nd (pink), NHs* (lilac),
K* (purple), Mg* (black), C&"* (grey) and other (amber). Percentage contributions are also labelled
undernath each species in each pie chart. The averagesPldm a TEOMFDMS (UoB) is also
given underneath each pie chart for the respective campaign..............ocovvvieeeieeeeiiniiieeee s 139

Fig. 3.19. Intefinstrument timeseries comparison for the major ions @p left), NOs (top right), SQ*
(bottom left) and NH' (bottom right) during the DPEM campaign. The IC (UoY) is shown as the blue
dot points and the AMS (CEH) is shown as the grey line. Atmospheric concentrations are displayed on
the yaxis and time is displayedomg the xaxis. The grey vertical lines represent midnight time points.
The errors associated with the IC (UoY) are found in Fig. 3.9. Error values for the other instruments
WEIE UNAVAIBDIE......eiieiiiiiie e 144

Fig. 3.20. Bar Charts presenting the wegghaverages between the IC (UoY, blue) and AMS (CEH, grey)
during the DPEM campaign, as well as IC (UoB, yellow) during the same season. The errors of
measurements are shown for the IC (UoY), although the error values for the AMS (CEH) and IC (UoB)
WETIE NAVAIADIE........ueiiiiiiii e 145

Fig. 3.21. Intefinstrument timeseries comparison for the major ions @p left), NG (top right), SQ*
(bottom left) and NH" (bottom right) during the DPOM campaign. The IC (UoY) is shown as the blue
dot points; tle AMS (CEH) is shown as the grey line; and the IC (UoB) is shown as the yellow dot
points. Atmospheric concentrations are displayed on-pds/and time is displayed along thexis.
The grey vertical lines represent midnight time points. The erroosiassd with the IC (UoY) are
found in Fig. 3.10. Error values for the other instruments were unavailable......................... 147

Fig. 3.22. Bar Charts presenting the weighted averages between the IC (UoY, blue), AMS (CEH, grey) and
IC (UoB, yellow) during he DPOM Campaign. The errors of measurements are shown for the IC
(UoY), although the error values for the AMS (CEH) and IC (UoB) were unavailable............. 149

Fig. 3.23. Screen shot of replicate IC ChromatografmgitraTech Cement displaying very high $0O
response (large peak) with the incorporation of much lower concentration ions.akiis time and
theyaxi s i s peak..ar.e.a.. (.85 M0 ), 150

Fig. 3.24. Diurnal profiles of other ions which ynaxist in cement. The blue time series shows the average
diurnal averaged across the available data and the beige lines on each side demonstrate the +SD of these
values. Atmospheric concentration of ionic species is on-tiedsy with time of day on the-axis. The
crosses represent a single measurement for midnight...............ccceee e, 151

Fig. 3.25. Intefinstrument timeseries comparison for the major ions @p left), NQ (top right), SQ*
(bottom left) and NH' (bottom right) during the BWIN camg. The IC (UoY) is shown as the blue
dot points; the AMS (CEH) is shown as the grey line; the IC (UoB) is shown as the yellow dot points;
and the AMS (IAP) is shown as the orange line. Atmospheric concentrations are displayed-arishe y
and time is diglayed along the-axis. The grey vertical lines represent midnight time points. The errors
associated with the IC (UoY) are found in Fig. 3.11. Error values for the other instruments were
8T 7= V1= Lo 153

Fig. 3.26. Bar Charts presentitite weighted averages between the IC (UoY, blue), AMS (IAP, orange),
AMS (CEH, grey) and IC (UoB, yellow) during the BWIN Campaign. The errors of measurements are
shown for the IC (UoY), although the error values for the AMS (IAP and CEH) and IC (UoB) wer
0T 7= V1= Lo 154

Fig. 3.27. Intefinstrument timeseries comparison between the IC (UoY, blue) and IC (UoB, yellow)
measurements (averaged to UoB filtering times, 24 hourly) for the major iofisCleft), NG (top
right), SO (bottom left) and N (bottom right) during the BWIN campaign. The errors shown in the
IC (UoY) time series demonstrate the SD across the concentrations averaged to the UoB filtering times.
Atmospheric concentration is plotted on thaxis, with time plotted on the-axis. The grey vertical
lines represent MidNight tiMe POINES..........oooi i 154

Fig. 3.28. Intefinstrument timeseries comparison for the major ions @p left), NQ (top right), SQ*
(bottom left) and NH' (bottom right) during the BSUM campaign. The IC (UaY) is shown as the blue
dot points; the AMS (CEH) is shown as the grey line; and the IC (UoB) is shown as the yellow dot
points; and the AMS (IAP) is shown as the orange line. Atmospheric concentrationpkagedion
the yaxis and time is displayed along thexis. The grey vertical lines represent midnight time points.
The errors associated with the IC (UoY) are found in Fig. 3.12. Error values for the other instruments
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Fig. 3.29. Bar Charts presenting the weighted averages between the IC (UoY, blue), AMS (IAP, orange),
AMS (CEH, grey) and IC (UoB, yellow) during the BSUM Campaign. The errors of measurements are
shown for the IC (UoY), although the error values fa& &MS (IAP and CEH) and IC (UoB) were
UNAVAITADIE. ...ttt e e e ettt e e eemt e e e s e st et e e e e e e bbbeeeeenameeeenan 158

Fig. 3.30. Intefinstrument timeseries comparison between the IC (UoY, blue) and IC (UoB, yellow)
measurements (averaged to UoB filtering times, 24 hourly) for the major iofisfCleft), NQ (top
right), SQZ (bottom left) and Nk (bottom right) during the BWIN campaign. The errors shown in the
IC (UoY) time series demonstrate the SD acrosstimeentrations averaged to the UoB filtering times.
The grey vertical lines represent midnight time points. Atmospheric concentration is plotted on the y
axis, with time plotted 0N thE@XIS.........uiviiiieeee e 158

Fig. 3.31. Time series of the [RMPM2s] % mass concentration obtained from available data during the
APHH BWIN (A) and BSUM (B) campaigns. The black line shows the JHFM2 5] % (y-axis) as a
function of time (xaxis). The horizontal red error bars show the sampling intervals for eaeh filt
sample; the dashed blue line demonstrates a 90% threshold; and the green cross points highlight the IC
sampling times in which the [PI[PM2.s] mass concentration values were seen to be above 90% (blue
horizontal dashed line). The grey vertical linepresent midnight time points. Errors from the AMS
(IAP) and TEOMFDMS were unavailable............ccueviiiiiiii e 165

Fig. 3.32. Regression analysis of the Estimatedu@ SG* losses from filter samples against the pollutant
metrics [PM.s] and [CO] during the BWIN campaign. The regression of EstimatefiL[@s vs
[PM2] (A) and [CO] (B), as well as estimated [$PLoss vs [PM] (C) and [CO] (D) are shown for
samples whee the average P¥PM. 5> 90 %. The green regressions demonstratosd correlations
and the red regression show thes5@ss correlations. The errors associated witH fid [SQ?*] may
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Fig. 3.33. Regrssion analysis of the Estimated {@loss (A) and [S@] losses (B) from filter samples
against the E [ Monoterpenes] iff[RMg 9D %.tTeerred datamp | e
point in regression A is an anomaly. The errors associated @litrahd [SQ?] may be found in Fig.

Fig. 3.34. Linear regression analysis between the atmospheric concentration of benzene ng tfative
artefacts (black), with the omission of two potential anomalies (red). The essmsiated with [C]
May be FouNd iN Fig. 3.1du . it e et e 167

Fig. 3.35. Regression analysis of the Estimated [©ks (A) and [SGF] losses (B) from filter samples
against the [g] for filter samples where the average [RPM2 5] > 90 %. Theerrors associated with
[CI] and [SQ?] may be found in Fig. 3.12.......c.cciiiiiiieiiieieeeee st esieesee e esae e smense e sne e 168

Fig. 3.36. Regression analysis of the Estimated [©ks (A) and [S®] losses (B) from filter samples
against the [Acrolein] measured during the campaign for filter samples where the average
[PM1])/[PM2 > 90 %. The errors associated with J@nd [SQ?] may be found in Fig. 3.12....... 169

Fig. 3.37. (A) Pdisol time series of [Pig] taken by the UoB during the DPEM campaign where the time of
sampling is shown on theaxis and the Pl concentrations are recorded on thaxys for IIT (green)
and IGDTUW (orange). (B) Linear regression analysis for P&ffdd, 5] demonstrating the lack of
correlation between the IIT {axis) and IGDTUW (yaxis) measurements, for identical sampling times
(R?=0.0008). Partisol instrument error was unavailable................covviveereeiee e 170

Fig. 3.38. Partisol time series of [B¥] taken by the UoB during the DPOM campaign where the time of
sampling is shown on theaxis and the Plk concentrations are recorded on thaxys for IIT (green)
and IGDTUW (orange). Partisol instrument error was unavailable................ccccceevevveviinnnnnnn. 170

Fig. 4.1. Map of Delhi representing the sampling sites of the reviewed studies (Table 4.1)............ 177

Fig. 4.2. Map of Beijing representing the sampling sites of the reviewed studies (Table.4.2)......... 178

Fig. 4.3. Change in [Pb] by time for the Delhi pre(A) and post (B) monsoon periods according to
literature values. The shapes of the data points represent the type of site for which Urban (x), Suburban
( ), and Roadside (+) are included. The colours indicate atmosphericigosditcluding black (non
specific period) and red (Diwali period). The APHH average is shown as a blue data point. Time of
sampling is shown along theaxis. The associated SD for the reviewed studies may be found in the
appendix tables. TEONMFEDMS errorwas unavailable.............ccoooooic e, 183

Fig. 4.4. Change in [Pb4] by time for the Beijing winter (A) and summer (B) periods according to literature
values. The shapes of the data points represent the type of site for which Urban (x), Subyrban (
Rural ( ) and mixed (O) are included. The colours indicate atmospheric conditions including black
(non-specific period), red (haze period), light blue (pollution control period) and green (clean period).
The APHH average is shown as a yellow data point. Timermopbiag is shown along the-axis. The
associated SD for the reviewed studies may be found in the appendix tables:HE@Merror was
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4.5. The change in annual [RJIfrom 2009 to 2019 taken from US Embassy NetwoskteD
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4.6. The change in annual [RJIfrom 2008 to 2013 taken from Network Data. Image is taken from
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4.7 Historical Plots showing the change in [major ions] by time over theapie posimonsoon seasons

in Delhi according to the literature. The shapes of the data points represent the type of site for which
Urban (%), Suburban (), and Roadside (+) are incled. The colours indicate atmospheric conditions
including black (norspecific period) and red (Diwali period). The APHH average is shown as a blue
data point. Time of sampling is shown along thads. The associated SD for the reviewed studies are
foundin the appendix tables and the APHH errors are found in chapter.3...............cccooeeeennn. 186

4.8. Emission Inventory of N@ver India from 1970 2015 using EDGAR data (V58%4% The year

is reported on the-axis with the NQ emissions across the wlkeaf India reported on the gxis.....188

4.9. Historical Plots showing the change in [major ions] by time over the winter and summer seasons in
Beijing according to the literature. The shapes of the data points represent the tigéoofahich

Urban (%), Suburban (), Rural ( ) and mixed (O) are included. The colours indicate atmospheric
conditions including black (nespecific period), red (haze period), light blue (pollution control period)
and green (clean period). The APHH ag# is shown as a yellow data point. Time of sampling is

shown along the-axis. The associated SD for the reviewed studies are found in the appendix tables
and the APHH errors are found in Chapter.3.. ... 190

4.10. Timeline showing the ahge in PM;s particle composition as a function of time within the Delhi
Summer (top) and Monsoon (bottom) seasons. The symbols next to the pie charts represent the type of
site for which Urban (x), Suburban J, and Roadside (+) are included. The syndmburs indicate
atmospheric conditions including black (nspecific period) and red (Diwali period). The APHH

average is highlighted (DPEM). Time of sampling is shown along-tivas< The study code along with

the specific sampling site and time areogtsesented above each pie chart. The species presented are
coloured in the pie charts, as per the key shown in the top.right.............ccooviieennii i, 192

4.11. Timeline showing the change in Particle composition as a function of time within the Delhi
PostMonsoon (top) and Winter (bottom) seasons. The symbols next to the pie charts represent the type
of site for which Urban (x), Suburban ), and Roadside (+) as well as (airplane) are included. The
symbol colours indicate atmospheric conditions inagigdilack (norspecific period) and red (Diwali
period). The APHH average is highlighted (DPOM). Time of sampling is shown alonegttis. X'he

study code along with the specific sampling site and time are also presented above each pie chart. The
species pesented are coloured in the pie charts, as per the key shown in the top.right........... 195

4.12. The change in [NQ%], [SO:* %], [K* %] and [known ions %] in Pl as a function of time

reported by reviewed studies (Delhi posbnsoon seasons). The shapes of the data points represent the
type of site for which Urban (x), Suburban)( and Roadside (+) are included. The colours indicate
atmospheric conditions including black (nspecificperiod) and red (Diwali period). The APHH

average is shown as a blue data point. Time of sampling is shown alongxise Xhe associated SD

for the reviewed studies are found in the appendix tables and the APHH errors are found in chapter 3.

4.13. Timeline showing the change in B)article composition as a function of time within the Beijing
Winter season. The symbols next to the pie charts represent the type of site for which Urban (x),
Suburban (), Rural ( ) and mixed (Qare included. The colours indicate atmospheric conditions
including black (norspecific period), red (haze period), light blue (pollution control period) and green
(clean period). The APHH average is highlighted (BWIN). Time of sampling is shown al®rgiis.

The study code along with the specific sampling site and time are also presented above each pie chart.
The species presented are coloured in the pie charts, as per the key shown in the top.right.198

4.14. The change in G, K* %, and NGQ % by time, as well as Cl vs K % (C) reported by

reviewed studies (Beijing winter seasons). For plots A, B and C, the shapes of the data points represent
the type of site for which Urban (%), Suburban)(Rural ( ) and mixed (O) arancluded. The colours
indicate atmospheric conditions including black (specific period), red (haze period), light blue

(pollution control period) and green (clean period). The APHH average is shown as a yellow data point.
Time of sampling is shown algrthe xaxis. The associated SD for the reviewed studies are found in

the appendix tables and the APHH errors are found in chapter.3.........ccocciiiiccn e 199

4.15. Timeline showing the change in P\article composition as a function of time withiretBeijing
Summer season. The symbols next to the pie charts represent the type of site for which Urban (x),
Suburban (), Rural ( ) and mixed (O) are included. The colours indicate atmospheric conditions
including black (norspecific period), red (haze ped), light blue (pollution control period) and green
(clean period). The APHH average is highlighted (BSUM). Time of sampling is shown alonguite x
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The study code along with the specific sampling site and time are also presented above each pie chart.
The species presented are coloured in the pie charts, as per the key shown in the battam.le?01

4.16. Change in N%, SO %, NHs* % and known ions % by timeported by reviewed studies

(Beijing summer seasons). The shapes of the data points represent the type of site for which Urban (%),
Suburban (), Rural ( ) and mixed (O) are included. The colours indicate atmospheric conditions
including black (norspecfic period), red (haze period), light blue (pollution control period) and green
(clean period). The APHH average is shown as a yellow data point. Time of sampling is shown along
the xaxis. The associated SD for the reviewed studies are found in the apiadaels and the APHH

errors are fouNd N CRAPLEL.3 ... . et eere e e 202

5.1. Contour plots showing the {Jdh association with wind data averaged to the filter sampling times

for the DPEM and DPOM, day and nigfithe periods. The [Qlis preseted via a colouration scale

(FIGNL) 1N TNESE PIOTS ... e e ssmme e s et e e e e e annr e 210

5.2 Map of Delhi showing the key potential @&hitters consisting of Official Industrial Areas (Red);

Waste Incineration Plants (Green); Landfill Sites (Brown); Gas PoweboSsdfrellow); Coal Power

Stations (Large Black); and Brick Kilns (Beige). Grey lines show major roads, light green patches show

green spaces and blue colouration indicates a body of wWater..............ccocciveeeee e 210
5.3. NOAA HYSPLIT output for the DPEM CRUAIGN..........ccoeeiiiiiiiiiiicieeee e ceeeeen 211
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5.7. Contour plots showing the {Idh association with wind data averaged to the filter sampling times
for the BWIN and BSUMgday and nightime periods. The [dlis presented via a colouration scale
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5.8 Map of Beijing showing the key potential &hitters consisting of Waste Incineration Plants
(Green); Landfill Sites (Brown)Gas Power Stations (Yellow); Coal Power Stations (Large Black); and
Composting Sites (Purple). Grey lines show major roads, light green patches show green spaces and
blue colouration indicates a body Of WaLel..............ciiiiiii e e 214

5.9 Time series of the [N€}/[SO4?] ratios during the DPEM, DPOM, BWIN and BSUM campaigns.
The red error bars {axis) show the sampling times and the purple error baagi§) show the

calculated error for the [N£)/[SO4?] values. Time is shown alonbéa xaxis with [NO;/[SO4%]

shown up the yaxis. A blue dashed line is overlayed in each time series to demonstrate #]¢ [NO
[SOs?] = 1.0 threshold. The grey vertical lines represent midnight.............cc.cooovveceeeeeceeen.n. 217
5.10. [NQ]/[SO4?] averageg+ SD) across the DPEM, DPOM, BWIN and BSUM campaigns. The
orange, green and purple bars represent the day, night and total campaign periods, respectively, in
Delhi. The yellow, red and dark blue bars represent the day, night and total campaign periods,
respectively, in Beijing. A blue dashed line is overlayed in each time series to demonstratesthe [NO
IO I I T =] o] o TS SUR 217
5.11. Time series of NOR and SOR over the course of the Deltmgmeoon, postonsoon, Beijing
winter and summer campaigns. The blue error bars show the uncertainty of NOR and SORaixighe y
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5.15. Frequency distribution plots of the NOR (left) and SOR (right) over the DPEM, DPOM, BWIN
and BSUM campaigns. The yellow distributions show the daytime values with the blue distgbutio
representing the nigitiime data. The distribution density displayed is calculated by the kernel
distribution function. The boxplot represents the inter quartile range and the white line within the
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5.18. MolarLinear Regression Correlation of MHvi t h  t TwdNOE] + R[83,2] for the day and

night periods (A and C, respectively) for the BWIN campaign. The red dot point (C) and the circle
points (D) represent an anomaly. Linear regression correlatit @fidividual ions with [NH'] is

also shown for the BWIN campaign day and nitjinte periods (B and D, respectively). The red cross
points represent Nfivs 2[SQ?]; the blue cross points represent NMs NO;; and the green cross

points represent NFivs Ct. The solid lines show the regression analysis for each relationship with the
respective regression equation shown. The 1:1 molar equivalent ratio is also presented as a yellow
dashed line in all charts. Errors associated with these measuremeriie foapd in Chapter 3....243
5.19. Molar Regression Analysis of [bfHvs 2[SQ?], [NO3] and [CI] for the BSUM daytime hours.

The 1:1 molar ratio is shown as a yellow dashed line. This is a sepatdtedrsion of Fig. 5.20B (for
clarity). Errors associated with these measurements may be found in Chapter.3................... 245
5.20. Molar Linear Regression Correlation of ltwi t h  t TwdNOE] + R[83,?] for the day and

night periods (A and C, respectively) for thel®8 campaign. Linear regression correlation of the
individual ions with [NH] is also shown for the BSUM campaign day and night periods (B and

D, respectively). The red cross points represent'NBl 2[SQ?]; the blue cross points represent NH

vs NOs'; and the green cross points represeni™Nid Cl. The solid lines show the regression analysis
for each relationship with the respective regression equation shown. The 1:1 molar equivalent ratio is
also presented as a yellow dashed line in all charters associated with these measurements may be
FOUND TN CRAPLEE 3. et e e e e et e e e e e e e 246
5.21. Molar Linear Regression Correlation of Altdi t h  t JwdNOE] + R[83,%] for the day and

night periods (A and C, respectively) for the DPEM caigipalinear regression correlation of the
individual ions with [NH*] is also shown for the DPEM campaign day and ntghe periods (B and

D, respectively). The red cross points represent'NBl 2[SQ?]; the blue cross points represent NH

vs NG;; andthe green cross points representsN¥s Ct. The solid lines show the regression analysis
for each relationship with the respective regression equation shown. The 1:1 molar equivalent ratio is
also presented as a yellow dashed line in all charts. Essrxiated with these measurements may be
L{0 18 Lo IR T T O g F= o) (= S T RSP 249
5.22. Molar Linear Regression Correlation of Altdi t h  t JwdNOE] + R[83,?] for the day and

night periods (A and C, respectively) for the DPOM campaigredimegression correlation of the
individual ions with [NH*] is also shown for the DPOM campaign day and ntghée periods (B and

D, respectively). The red cross points represent'NBl 2[SQ?]; the blue cross points represent NH

vs NGy'; and the gren cross points represent s Ct. The solid lines show the regression analysis
for each relationship with the respective regression equation shown. The 1:1 molar equivalent ratio is
also presented as a yellow dashed line in all charts. Errors asdowsitti these measurements may be
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6.1 Calculating the concentration of organic nitrate using the AMS and PILS times.series.....258

6.2. Structures of the four ONOs; compounds investigated for hydrolysis rates in this study....262

6.3. [NQ7] (umol) production as a function of time (in 25.4 ppm LiF) from various-8€s compounds
synthesised by UEA. The error associated with these measurements was +1.95 %. The error was
calculated based on the IC instrument reproducibility offN@he concentrationf NOs produced

from Org:NOs hydrolysis (yaxis) is plotted against time of reactioRgXis)..............cccceevvvvvvnnuenns 264

6.4. Possible formation of carbocation via ®iQs hydrolysis (compound 1)...........cccoeovviviereenaae 266

6.5. [NQT (umol) as a function of time (in 25.4 ppm LiF) from compound 4 synthesised by UEA. The
error associated with these measurements was +4.78 %. The error was calculated based on the IC
instrument reproducibility of [N@]. The concentration of NDpresent (yaxis) is plotted against time

OF @XPEIMENT (HAXIS). ..ttt ettt e e e ettt e e e e s rme e e et b e e e e e e neeaes 268

6.6. Nitrite formation from the hydrolysis of Compound 4 through a possible elimination reacf268.

6.7. Pilot tests observing the light and temperatependence on [N (umol) production as a

function of time from compound 1 hydrolysis. The vertical grey lines correspondhow4oeriods.

The black data (1) corresponds to @s hydrolysis directly from the stock; the orange data points
demonstrat¢he progress of OrtlOs hydrolysis after the sample had spent a night in the fridge; the
blue data points (5) show the progress of-Qf@; hydrolysis after the sample solution had spent a
weekend in the fridge. Group 3 (yellow) and Group 4 (grey) reatdtérom a light and dark

experiment, respectively. The error associated with these measurements was +1.95 %. The error was
calculated based on the IC instrument reproducibility of {N@he concentration of NOproduced

from Org-NO;s hydrolysis (yaxis)is plotted against time of reaction-@xis).............ccccceeeeveeviceen. 269

6.8. Reduction in [N€) for cooler temperatures and darker conditions. Tlhekbdata (1) corresponds

to OrgNOs hydrolysis directly from the stock; the orange data points (2) demonstrate the progress of
Org-NOs hydrolysis after the sample had spent a night in the fridge; the yellow data points (3) show the
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progress of OrgdNOs hydrolysis for an OrgNOs sample which had been exposed to a bright light for 1
hour and the grey data points (4) show the progress eNOxghydrolysis from samples which had
bene wrapped in foil and placed into the fridge for an hour (at the same tiheel@ht experiment).
The error associated with these measurements was +1.95 %. The error was calculated based on the IC
instrument reproducibility Of [N@. .......oouiiiiiiiii e e 270
Fig. 6.9. Direct comparison of rates of reactions and kinetic orders be@vgéyiOs hydrolysis in 25.4 ppm
Li F and 18.2 Mq wa The errofassociatecowitiptitesermeasureinents was £1.95
%. The error was calculated based on the IC instrument reproducibility afl[Ni@e % [NQ] molar

yield (y-axis) is plotted @aiNSt tIME (XAXIS).......icurrriiieiiiiiiiii et emne e e e e 272
Fig. 6.10. Possiblen3 substitution mechanism during GNDs hydrolysis (mechanism A).................. 273
Fig. 6.11. Possible & nucleophilic substitution by OHmechanism B).............ccccovveieeeeeervee e s 274
Fig. 6.12. Po s shydiide elimaatia reaction ol OpdéOe lydrdlysis (mechanism C).
................................................................................................................................................ 275

Fig. 6.13. Acid catalysed reaction mechanism for the hydrolysis of compound 1 (mechanism.D)...276
Fig. 6.14. Direct comparison of total % [NDand % [NQ] molar yield between OrjlOs (compound)

hydrolysisin25.4pphi F and 18. 2 Mg water . TiJ)measuremenots asso
was +1.95 % and with the [N measurements was +4.78 %. The error was calculated based on the IC
instrument reproducibility of theSe SPECIES......uuviiiiiiiiiiii e 278
Fig. 6.15. Possilel acid catalysed\Shydrolysis pathway of compound 4 with GHs the nucleophile
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Fig. 6.16. Possible nucleophilic substitution reactiagf)8action of compound 4 producing NO
(MECNANISIM F) ittt ettt e e st bt e e s smmee s st b e e e e s sebbb e e e e s smmne s 279
Fig. 6.17. Possible acid catalysed elimination hydrolysis reacti®ro{Eompound 4 producing NO
(T =T £ 2 ) PSS 280
Fig. 6.18. Pos shydiogen elimiaatian hydralysia leactio@(§roducing NQ
(MECNEISIM H)...eeeeee ettt e e e ettt et e e ettt e et b e et e e e s ssbbneeeeesannbeneaes 280

Fig. 6.19. Time series for [N& (A), [SO4*] (B) and estimated [OriOs] (C) measured by the PILE
(cross points), as well as the AMS data (green time series) ont#ugjast. The injection of species
into the chamber is shown as vertical lines across-isdsxwhich are summarised in the legend on the
right. The error associated with the PHGS measurements are shown as error bars in-thasy.....286
Fig. 6.2. Time series for [N€)] (A), [SO+*] (B) and estimated [OriOs] (C) measured by the PILE
(cross points), as well as the AMS data (green time series) ontugbist. The injection of species
into the chamber is shown as vertical lines across-isdsxwhich are summarised in the legend on the
right. The error associated with the PGS measurements are shown as error bars in-thasy......288
Fig. 6.21. Time series for [N& (A), [SO4*] (B) and estimated [OrijOs] (C) measured bthe PILSIC
(cross points), as well as the AMS data (green time series) ontugiist. The injection of species
into the chamber is shown as vertical lines across-tsésxwhich are summarised in the legend on the
right. The error associated withet PILSIC measurements are shown as error bars in-thasy......288
Fig. 6.22. The PILSC Org-NOstime series plotted against AMS Gz and MPI NQ concentrations for
the 13" Aug. The injection of species into the chamber is shown @igadines across the-axis
which are summarised in the legend on the right. The uncertainty in thd ®IlIC8g-NOs] can be
FOUND 1N FiQ. B.20C... . e iiiiiiiiieeee ettt ettt e e sttt e e e s s me e s abb et e e e s annabnee e s 289
Fig. 6.23. The PILSC Org-NO;s plotted against isoprene, RH and thegM&xical concentrations for the 15
Aug. The injection of species into the chamber is shown as vertical lines acrosaxibexkich are
summarised in the legend on the right. The uncertainty in the-RI[Org-NOs] can be found in Fig.

Fig. 6.24. The PILSC Org-NO; plotted against isoprene, RH and theN@lical and NMOs concentrations
for the 18" Aug. The injection of species into the chamber is shown as vertical lines acresaxike
which are summarised in the legend on the right. The uncertainty in the®ICBg-NOs] can be
{18 To I8 T 0 T = o R T o PR PRPP 291

Fig. 6.25. The PILSC Org-NO; plotted against AMS Or§lO; and MPI NQ concentrations for the 16
Aug. The injection of species into the chamber is shown as vertical lines acrossxigwhich are
summarised in the legend on the right. The uncertainty in the-RIL[Srg-NOs] can be found in Fig.

Fig. 6.26. Time series for [N (A), [SO?] (B) and estimated [OriOs] (C) measured by the PILE
(cross points), as well as the AMS data (green time series) ontug@st. The injection of species
into the chamber is shown as vertical lines across-isdscwhich are summarised the legend on the
right. The error associated with the PG measurements are shown as error bars in-todsy.....293
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6.27. Time series for [NQ (A), [SOs*] (B) and estimated [OrilOs] (C) measured by the PILE

(cross points)as well as the AMS data (green time series) on tHeALgust. The injection of species
into the chamber is shown as vertical lines across-isdscwhich are summarised in the legend on the
right. The error associated with the PG measurements agfiown as error bars in theaxis......293
6.28. Time series for [NQ (A), [SOs*] (B) and estimated [OrtOs] (C) measured by the PILE

(cross points), as well as the AMS data (green time series) onthuB0st.The injection of species
into the chamber is shown as vertical lines across-isdscwhich are summarised in the legend on the
right. The error associated with the PIS measurements are shown as error bars in-thasy.....294
6.2. Time series for [N@] (A), [SOs*] (B) and estimated [OrtOs] (C) measured by the PILE

(cross points), as well as the AMS data (green time series) onstiiaugist. The injection of species
into the chamber is shown as vertical lines across-isdscwhich are summarised in the legend on the
right. The error associated with the PIS measurements are shown as error bars in-thasy.....294
6.30. Time series for [NQ (A), [SOs*] (B) and estimated [OrtOs] (C) measured bthe PILSIC

(cross points), as well as the AMS data (green time series) on"th&w2pist. The injection of species
into the chamber is shown as vertical lines across-isdsxwhich are summarised in the legend on the
right. The error associated withe PILSIC measurements are shown as error bars in-thasy.....295
6.31. Time series for [NQ (A), [SOs*] (B) and estimated [Ori{Os] (C) measured by the PILE

(cross points), as well as the AMS data (green time series) on"tugBst. The injection of species
into the chamber is shown as vertical lines across-isdsxwhich are summarised in the legend on the
right. The error associated with the PHGE measurements are shown as error bars in-thasy.....295
6.32. The PILSC Org-NO; plotted against isoprene and the \N@dical concentrations for the .8

Aug. The injection of species into the chamber is shown as vertical lines acrossxikenkich are
summarised in the legend on the right. The wadgty in the PILSIC [Org-NOs] can be found in Fig.

6.33. The PILSC Org-NOs plotted against isoprene, RH and the@dical concentrations for the 21
Aug. The injection of species into the chamber is shown as Jditiea across the-gxis which are
summarised in the legend on the right. The uncertainty in the-FRJLSrg-NOs] can be found in Fig.

6.34. Ratios of Organic to Inorganic Nitrate in each NO3ISOP Experiment as determined #¢ RILS
each experiment. The errors associated with these data can be found in sections 6633224414299
6.35. Average Isoprene, RH and NR®adical in each NO3ISOP campaign Experiment.............. 300
6.36. Time series comparison of the RICJNO3] and [OrgNQOs] as well as the AMS [N€) results
from the experiment which was conducted on th&ABgust(see legend). The time during the
experiment is given on theaxis with the aerosol concentrations being displayed on the priraxisy
and the gaphase concentrations displayed on the secondarysy The injection of species into the
smog chamber ishown as vertical lines along theaxis which are summarised in the legend on the
right. The error associated with the PHGS [NOs] and [OrgNOgs] can be found in Fig. 6.20A and Fig.
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7.1 Schematic of NDMA formation taken from Choi et al., (2620).........ccccceeviviiiiiiecnieiiene 310
7.2. Structures of the Nitrosamine species analysed in Beijing...........ccccoovviimeniiieie e, 312

7.3. GC x GG NCD plot of the ON MegaMix Standard showing the distributddifferent ON

compounds classes. The 1D retention time)(Rtgiven on the saxis and the 2D retention time gRis

given on the yaxis. A key showing the ON chemical classifications for each species colour is shown in
the legend on the right. Thedroxes outline arbitrary slices (numbered) of the chromatogram for

discussion later iN thiS SECHIAN. ..........veiiii it e e eeer e e e 317
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7.7. Time series of NDMA, NMEA, Xert-butylformamide + NDEA, Npyr, Nmor and Npip duringa 7

day period during the Beijing APHH winter campaign. The black cross datapoints show the
atmospheric nitrosamine concentrations in,BMvith the uncedinty represented by the blue error bars
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vertical lines show the time at 00:00...........uuuiiiiiiiiii et 326

7.8. Time series of NDPA, NDBA, NDPhA, NNNAY and NAB during a tlay period during the

Beijing APHH winter campaign. The black cross datapoints show the atmospheric nitrosamine
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Fig. 7.9. Time series of NNK during aday period during the Beijing APHH winter campaign. The black
cross datapoints show the aspberic nitrosamine concentrations in RMwith the uncertainty
represented by the blue error bars in tkexig (section 7.3.4). The red horizontal error bars demonstrate
the time of sampling. The grey vertical lines show the time at 00:00...............cccccvieeeeeeeenen, 328

Fig. 7.10. [Ntert-butylformamide + NDEA] contour plot for theday period analysed. The concentration of
[N-tert-butylformamide + NDEA] (ng ni) is given by the colour scale shown on the right......... 334

Fig. 7.11. Cancer Risk factor Assessment of Beijing and London imposed by the nitrosamines within PM
as a function of the Exposure Time (ET) for diffearage groups. The blue, orange and grey lines show
the cancer risk imposed on the 0 to < 2, 2 to < 16 and 16 =< age brackets, against the amount of time ar
individual is exposed to (A) Beijing and (B) London [R§I(worst case scenarios). The verticaberr
bars demonstrate the uncertainty as calculated in SeCtion.7.3.8.......cccccccevveiiivcciiviieeeeeeeeeee, 341

Fig. 7.12. Cancer Risk factor Assessment of Beijing imposed by the nitrosamines withiaBdMiming no
NDEA is present) as a function of the Exposure Time (ETYiiderent age groups. The blue, orange
and grey lines show the cancer risk imposed on the 0 to < 2, 2 to < 16 and 16 =< age brackets, against
the amount of time an i ndi(assamninghoNDEA isgpregem)sThel t o
vertical erro bars demonstrate the uncertainty as calculated as described in sectian.7.3.8...344

Ap Fig. A.Map of India showing the distribution of ionic BMparticle composition across India (Annual)
from reviewed studies. A key denoting the segment species colours is shown in the top left corner. Red
markers on the map of India show the different citiest eown above each study presents the details
of each study. The species are presented @®HK), CHSGOs (orange), Cl(green), NQ (dark blue),

Br- (medium blue), N@ (light blue), PG* (yellow), SO? (red), GO4* (brown), N& (pink), NHs*
(lilac), K* (purple), Mg* (black), C&* (grey) and other (amber) in the pie charts.............c........ 391

Ap Fig. B. Map of China showing the distribution of ionic Piarticle composition across China (Spring)
from reviewed studies. A key denoting the segirspecies colours is shown in the top left corner. Red
markers on the map of India show the different cities. Text shown above each study presents the details
of each study. The species are presented @), CHSOs (orange), Cl(green), N@ (dak blue),

Br- (medium blue), N@ (light blue), PG* (yellow), SO? (red), GO4* (brown), N& (pink), NH;*
(lilac), K* (purple), Mg* (black), C&* (grey) and other (amber) in the pie charts...................... 392

Ap Fig. C. Map of China showing the tliution of ionic PM s particle composition across China
(Autumn) from reviewed studies. A key denoting the segment species colours is shown in the top left
corner. Red markers on the map of India show the different cities. Text shown above each study
presents the details of each study. The species are presentédadd)FCHSO; (orange), Cl(green),

NO; (dark blue), Br(medium blue), N@ (light blue), PG* (yellow), SQ? (red), GO+ (brown), N&
(pink), NHs* (lilac), K* (purple), Mg* (black), C&* (grey) and other (amber) in the pie charts...393

Ap Fig. D. Map of China showing the distribution of ionic P\particle composition across China (Annual)
from reviewed studies. A key denoting the segment species colours is shitwrtop left corner. Red
markers on the map of India show the different cities. Text shown above each study presents the details
of each study. The species are presented @oHk), CHSOs (orange), Cl(green), NGQ (dark blue),

Br (medium blue)NOs (light blue), PG* (yellow), SQ? (red), GO4> (brown), N& (pink), NH,*
(lilac), K* (purple), Mg* (black), C&* (grey) and other (amber) in the pie charts...................... 394

Ap Fig. E. Time series of Methanesulfonic acid measured by offimehromatography during the APHH
Delhi premonsoon, Delhi Podtlonsoon, Beijing Winter and Beijing Summer campaigns. lon
concentrations are shown on thaxes with time on the-axes. The grey vertical lines represent
midnight time points. The red errbars show the time of sampling and the blue error bars show the
error of each concentration measurement in tARIF...........cccooeviiiiiiiiii 395

Ap Fig. F.Time series of Nitrite measured by offline ion chromatography during the APHH Dethi pre
monsoon, Delhi Podtlonsoon, Beijing Winter and Beijing Summer campaigns. lon concentrations are
shown on the yaxes with time on the-gxes. The grey vertical linespr@sent midnight time points.

The red error bars show the time of sampling and the blue error bars show the error of each
concentration measurement in thaxis. LOD for NQ is 2.6 x 1& ppm (BWIN), 9.2 x 16 ppm
(BSUM) and 2.7 x 18 ppm for the Delncampaigns...........cccceeiiiiiiiiiceeie e eeee 396

Ap Fig. G. Time series of Bromide measured by offline ion chromatography during the APHH Delhi pre
monsoon, Delhi Podtlonsoon, Beijing Winter and Beijing Summer campaigns. lon concentrations are
shown on the yaxes withtime on the xaxes. The grey vertical lines represent midnight time points.
The red error bars show the time of sampling and the blue error bars show the error of each
concentration measurement in thaxis. LOD for NQ is 2.6 x 16 ppm (BWIN), 9.2 x 16 ppm
(BSUM) and 2.7 x 16 ppm for the Delhi CAmMPaignS............c.covveiiiriieeniie e sie e eeneene s 397
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Ap Fig. H. Time series of Phosphate measured by offline ion chromatography during the APHH Delhi pre
monsoon, Delhi Podtlonsoon, Beijing Winter and Beijing Summer campaidos.concentrations are
shown on the yaxes with time on the-axes. The grey vertical lines represent midnight time points.
The red error bars show the time of sampling and the blue error bars show the error of each
concentration measuremMent iN TRANIS. .........oouiiiiii e 398

Ap Fig. I. Time series of Sodium measured by offline ion chromatography during the APHH Delhi pre
monsoon, Delhi Podtlonsoon, Beijing Winter and Beijing Summer campaigns. lon concentrations are
shown on the yaxes with time on the-axes. The grey vertical lines represent midnight time points.
The red error bars show the time of sampling and the blue error bars show the error of each
concentration MeasuremMent iN thaXIS..........cuuvieii e 399

Ap Fig. J.Time series of Potassium measured by offline ion chromatography during the APHH Delhi pre
monsoon, Delhi Pogtlonsoon, Beijing Winter and Beijing Summer campaigns. lon concentrations are
shown on the yaxes with time on the-axes. The grey vertical linespresent midnight time points.

The red error bars show the time of sampling and the blue error bars show the error of each
concentration measuremMent iN TRANIS. .........oouiiiii e 400

Ap Fig. K. Time series of Magnesium measured by offline ion chromagby during the APHH Delhi pre
monsoon, Delhi Podtlonsoon, Beijing Winter and Beijing Summer campaigns. lon concentrations are
shown on the yaxes with time on the-axes. The grey vertical lines represent midnight time points.
The red error bars showehime of sampling and the blue error bars show the error of each
concentration MeasuremMeNt iN tHANIS..........iii e rree e e e e e e e e e 401

Ap Fig. L. Time series of Calcium measured by offline ion chromatography during the APHH Delhi pre
monsoon, Delhi Podtlonsoon,Beijing Winter and Beijing Summer campaigns. lon concentrations are
shown on the yaxes with time on the-axes. The grey vertical lines represent midnight time points.
The red error bars show the time of sampling and the blue error bars show the ear of
concentration measuremMeNt iN TRANIS . .........ooiiii e 402

Ap Fig. M. Time series of Fluoridmeasured by offline ion chromatography during the APHH Delhi pre
monsoon, Delhi Pogtlonsoon, Beijing Winter and Beijing Summer campaigns. lon concentrations are
shown on the yaxes with time on the-axes. The grey vertical lines represent midnight fioiats.

The red error bars show the time of sampling and the blue error bars show the error of each

concentration measuremMeNt iN TRANIS . .........ooiiii e 403

Ap Fig. N. Satellite image of the National Physical Laboratory of India (NPL) used for sgrsjit
Classification iIN CRAPLET .........ooiiiiii ettt e e s 403

Ap Fig. O.Satellite image of the Indian Institute of Tropical Meteorology (IITM) used for sampling site
Classification iN CHAPLET 4.........uueii i e e e e e e e et ennr e e e eereeranaans 404

Ap Fig. P. Satellite image of the School of Environmental Sciences, Jawaharlal Nehru University (JNU)
used forsampling site classification in chapterd..........cccccooiiiiiicencniccceeeeeeennn 404

Ap Fig. Q. Satellite image of the Mathura Rd. (Mat Rd.) used for sampling site classification in chapter 4.
................................................................................................................................................ 404

Ap Fig. R. Satellite image of the Indira Gandhi Internatigigbort (IGIA) used for sampling site
Classification IN CRAPLET 4.........ooii ittt 405

Ap Fig. S. Satellite image of the linad Gandhi Delhi Technical University for Women (IGDTUW) used for
sampling site classification iN Chapter.d..........cooi i 405

Ap Fig. T. Satellite image of the Beijing Normal University (BNU) used for sampling site classification in
(o =T 0] =] g SRS 405

Ap Fig. U. Satellite image of the Beihang University (BEI) used for sampling site classification in chapter 4.
................................................................................................................................................ 406

Ap Fg. V. Satellite image of the Hei Shan Zhai (HSZ) used for sampling site classification in chag@ér 4.

Ap Fig. W. Satellite image of the Chinese Ecosystem Research Network (CERN) used for sampling site
Classification IN CRAPLET d.........oiiiiii et eame e ee e s 406

Ap Fig. X. Satellite image of the Chegongzhuang (CGZ) used for sampling site classification in chapter 4.
................................................................................................................................................ 407

Ap Fig. Y. Satellite image of the Tsinghua University (THU) used for sampling site classification in chapter

Ap Fig. Z. Satellite image of the Urban Site (US) used for sampling site classification in chapter.407

Ap Fig. AA. Satellite image of the Capital Normal University (CNU) used for sampling site classification in

(o] 0 =T o] (=] PP PPR PRSP 407
Ap Fig. BB.Satellite image of the Capital Steel Company (CSC) used for sampling site classification in
(ol g =T o) (= S TP TP PP TP PP OUSSPPPPPPRY 407

Ap Fig. CC. Satellite image of the Yihai Garden (YG) used for sampling site classification in chap@t 4.
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Ap Fig. DD. Satellite image of the Miyun (MY) used for sampling site classification in chapter.4..407

Ap Fig. EE. Satellite image of the Pinggu (PG) used for sampling site classification in chapter.4.407

Ap Fig. FF. Satdite image of the Institute of Atmospheric Physics (IAP) used for sampling site
classification iN ChAPLET A......oooiiiiiii e 407

Ap Fig. GG.Satellite image of the Peking University (PKU) used for sampling site classification in chapter

Ap Fig. HH. Satellite image of the Olympic Park (OLP) used for sampling site classification in chapter 4.
................................................................................................................................................ 407

Ap Fig. Il. Satellite image of the Ming Tombs (MT) used for sampling site classification in chapted@7

Ap Fig. JJ. Satellite image of the Tongzhou (TZ) used for sampling site classification in chapter.407

Ap Fig. KK. Satellite image of the Fangshan (FG) used for sampling site classification in chapter@7

Ap Fig. LL. Satellite image of China Meteorological Administration (CMA) used for sampling site

Classification iN CRAPLET 4........oooi it e et e s se e et eeeeeaae 407

Ap Fig. MM. Satellite image of Institute of Geographic Sciences and Natural Resources Research
(IGSNRR) used for sampling site classification in chapter.4d...........ccooooviiiiceeiei i, 407

Ap Fig. NN. Satellite image of the Chinese Research Académayaronmental Sciences (CRAES) used
for sampling site classification iN ChAPLEL 4. ...uuviiieiiiiiiie e 407

Ap Fig. OO. Satellite image of the Yuquan Campus, University of Chinese Academy of Sciences (YU CAS)
used for sampling site classification iN ChaEEEL............coooiiiii e 407

Ap Fig. PP. Timeline showing the change inRMarticle composition as a function of time (Delhi Annual
Averages). The symbols next to the pie chegpsesent the type of site for which Urban (x) and
Suburban () are included. The symbol colours indicate atmospheric conditions including blaek (non
specific period). Time of sampling is shown along theeds. The study code along with the specific
samping site and time are also presented above each pie chart. The species presented are coloured in
the pie charts, as per the key shown in the top Fight...........ccovviiiiic e 407

Ap Fig. QQ. Timeline showing the change in Particle composition as a funeti of time within the
Beijing Spring (top) and Autumn (bottom) seasons. The symbols next to the pie charts represent the
type of site for which Urban (x), Suburban)( Rural ( ) and mixed (O) are included. The colours
indicate atmospheric conditions inding black (norspecific period), red (haze period), light blue
(pollution control period) and green (clean period). Time of sampling is shown alongitie Xhe
study code along with the specific sampling site and time are also presented above a=zaf. dibe
species presented are coloured in the pie charts, as per the key shown in the bottom.right.. 407

Ap Fig. RR. Timeline showing the change in Particle composition as a function of time within Beijing
(Annual Averages). Theymbols next to the pie charts represent the type of site for which Urban (x),
Suburban (), Rural ( ) and mixed (O) are included. The colours indicate atmospheric conditions
including black (norspecific period), red (haze period), light blue (polluttamtrol period) and green
(clean period). Time of sampling is shown along thexbs. The study code along with the specific
sampling site and time are also presented above each pie chart. The species presented are coloured in
the pie charts, as per theykghown in the top left..........oooii e 407
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1 Introduction

1.1 Atmospheric Pollution
The chemistry of the atmosphere is an essential field of study, primarily for assessing the impact of

species on radiative forcing and air quality. It is well known that most atthesphere is composed

of O and N (ca. 99 %) although just over 1 % of the atmosphere (by mass) is comprised of thousands
of different species (depending on region and timi)is this smadlfraction of material which
controls the vast majority of atmospheric chemistryherefore, the accurate identity and
concentration of these trace species is fundamental to understandihgrttistry of the atmosphere

and furthermore, the potential i mplications

This very small fraction of the atmosphere is also the key driver for air pollution. Air pollution is
known to be one the leading worldwide causgsrefentable death and it has been estimated by the
World Health Organisation (WHO) that 4.2 and 3.8 million deaths are caused by ambient outdoor
and indoor air pollution per yearFurthermore, the WHO estimates ticat 91 % of the world
population inhabit areas where air pollution levels exceed WHO #in@®, SQ, NO;, Os and
Particulate Matter (PM) are known to be the dominant pollutants of concern with major health
implications for humans when exposed to high levels. It has been suggested that for many ai
pollutants, no safe exposum®ncentrations exist CO has been reported to induce dizziness,
headahes and naus&aSQ, has been shown to cause headaches among humans and stimulate
anxiety, as well as invoke cardiovascular disease and induce breathing pfpblgrasuréo NO,

has been noted to affect the respiratory system by encouraging infections and shortness of breath,
well as impacting the blood, spleen and liver and being irritat®ehas been reported to cause

irritation and breathing problems as well as adversely affect the cardiovasculaf.system

Finally, PM has been shown to affect the reproductive and central nervous systems inf;humans
adversely affect the respiratory systém decreases lung functiband aggravates asthtparitate

the throat, nose and eyeand cause harmful effects on the cardiovascular s§tentluding non

fatal heart attacks and irregular heart bedtsaddition, the USAnvironmental Protection Agency
(EPA) suggest that PM causpsemature death in humans who suffer from cardapiratory
diseases PM also induce strokes as well as other severe condifibris addition to these health
effects, it has been nat¢hat vulnerable groups (the elderly, those wittierlying cardierespiratory

conditions and children) are most susceptible to the effects &f PM

The WHO recommendiat human exposure to [g3@hould not exceed 5@@ nt® over 10 minutes

or 20eg n13 over 24 hours NO; should not exceed 206y nT3 hour? or 40eg m® per yeaf;, Os
should not exeed 10Gg m® per 8 hour mednand the National Institute for Occupational Safety
and Health Recommended Exposure Limit for CO is 35 ppm over an 8 hour time weightge avera

with a maximum exposure of 200 ppm
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CO is known to be emitted anthropogenically by the incomplete combustion df fuls as from

biomass burning and vehicular exhausts SG is known to be dominantly emitted from power

plarts and industrial sources burning sulfurous fuel and is also be emitted form volégraed

NOx is predominantly released by the burning of fossil fdé@teluding vehicular exhaust emissions

and power plants Oz is an essential secondary material required at stratospheric levels protecting
iffeat the earthos sur ¥ althaghfisrdetrimentabto hofan lhealth When a y s

formed inthe troposphere secondatfiy”.

peroxides 03 ovoc

HO/RO,

| H()
O,
NOy
hv Cycle F?Qy Cycle
()! l - RO

hv hv L-IO?T N/OC

O; HONO HNO, Org ROOHQOVOC
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NO,

N O X hv
Cycle

NO

Fig. 1.1. NOcandROx Cycles for Q production as depicted by Wang et al., (2647)

Qs is alsosignificant in the troposphere as on photodissociation, tHe)®ddical reacts with water
vapour to produce OH, a dominant oxidising species in the atmosphere controlling the lifetime of
many other speciés O; may also oxidise gaseous species on its own ¥heritthe troposphere,O

is formed secondarily via the photolysis of N&hd Volatile Organic Compounds (VOCs), through

the NQ cycle as demonstrated fiig. 1.1 by Wang et al., (20173 PM is emitted naturally (e.g. sea

salt and dust) or anthropogenically (e.g. vehicular emis8iawal and biomass burnittg®). It may

also be secondarily formed in the atmosphere through coagulation and condensation of gaseous

specie§?52627.282930 |n gddition, aerosol species serve as a surface for other atmospheric r&actions

PM is one of the major pollutant§ @oncern for which the WHO estimated 7 million attributable

deaths annually( equi val ent to over 10 % é&fPMislwiglelyUKds popul
acknowledged to be the most important pollutant regarding health effects in kuandrsas been

suggested to cause > 90 % of total ailytimn related adverse health impacts (M In addition

to the severe health effects outlined, ambient PM @ lal®wn to caussignificant environmental

damag#é’ including acid min®* contribution and decreasing the pH of water bodies; changing the

diversity of ecosystemadversely affecting agriculture and forests as well as causing acidification

of soil bodies. The knockon effect of these human health and envirortaleémpacts has caused

significant impacts on economf€s®, In addition and of much more recent sigrifice PM may
26



aid in the transport of infectious diseases including the Gar<2 virus (COVID 19)?7383940414243
Considering the combination of impacts of PMn society’, it is evident why research into PM is

vital and therefore this thesis focuses on the Pddllutant.

1.2 Atmospheric Aerosol and PM:s
Atmospheric aerosols are defined as suspended particles of solid, liquid or a mixture of both which

are known to vary as a function of size and chemical compdsittéh The variability in PM
composition and size segregation is down to the complexity of contributing sources and secondary
chemistry formation pathways which may change overtime as particles evolve and continue to uptake
materiaf®. They are also described as continuously exchanging molecules with the gas phase whict
further constitutes to the complexity of compositfoand physical characteristics such as density,
hygroscopicity and optical propertf@sAerosols exhibit varying lifetimes in the atmosphere ranging
from a few day§PMo) to weeks (M»5)%. Loss of PM from the atmosphere may occur through the
processes of dry or wet deposititfi. Futhermore, as an aerosol particle evolves and alters in size

and chemical composition, the relative lifetime of a specific particle will also ckange

PM is known to be made up of organic andrganic constituents?® and may be segregated into
different size fractions. P PMps, PMiandPM:d enot es PM si ze famactOi o
2.5em, €n Jan d enOin dlamédter, respectivéffo55152 A depiction of the Pivh and PMbs

size ranges is shown ffig. 1.2 (from the EPA®) to aid the reade Particles also vary in shape
although it is thought that most aerosols are spherical and sthddie WHO recommends that
exposure limits to PM should not exceed 5y n13 (24 hour mean) or 26g m® (annual mean).

PM,s however has been suggested not to exceezh25® (24 hour mean) or 18g m® (annual
mean). The Indian National Ambient Air Quality Standard (NAAQS) is howeveegiO?
(annudly) >4,

€PM25s
Combustion particles, organic
HUMAN HAIR compounds, metals, etc.
50-70um <2.5um (microns)in diameter

(microns) in diameter

© PMyo
Dust, pollen, mold, etc.
<10um (microns)in diameter

90 M (microns) in diameter

FINE BEACH SAND

Fig. 1.2. Depictions of the PM and PM: s size ranges compared to a gra
of sand a strand of hataken from the EPA
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1.2.1 Aerosol Effects on Climate
Briefly, atmospheric aerosols are known to affect radiative fofeihgnd overall demonstrate a

cooling effect on climaf@ Depending on particle composition, aerosols may either absorb or scatter
solar radiation through thdirect effect>®%. Aerosols may also att the characteristics of clouds
(such as precipitation patterns and radiation reflectance) through the indirect>.effectain
aerosols are described @oud Mndensation Nuclei (CCR)and ice nucléf and are essential in

cloud formation mechanisms which contribute to the albedo effect of the planet. The extent of this is
affected by the relate concentration and particle size of aerosol as a larger number opartiales

will increase cloud droplet number for a specific air mass humidity and therefore clouc?&thedo
SQZ is a particular constituent whighknown to encourage nucleation. In addition, a larger number

of small cloud droplets increases the lifetime of a cloud as water molecule coagulation and particle
growth takes longer for smaller particle, before they are large enough to be precigitated (

lifetime effectf®. This enhances the albedo effect of cldtkis

Some constituents of aerosol such as Black Carbon (BC), some mineral dust and organic carbon
species absorb solar radiation and induce a positive radiative fSrcifigs is because these
constituents may alter cloud characteristics as to reduce the reflectance capability and albedo effect
on the planét. As species absorb radiation, the surrounding air mass temperature increases resulting
in evaporation of surrounding clouds. In addition, fewer solar rays mely tiea surface of the earth,
reducing surfacesmperatures and therefore convection currents which further reduces the potential

for cloud formation (semilirect effectj®>’.

1.2.2 Particle Size and Deposition in the Respiratory Tract
The respiratory tract observes the second largest suafaa to external materials (after the digestive

system) with an estimated 153 mternal surface ar&sand 480 million alveott. The region of the
respiratory tract in which PM deposits and comes into coniiett has strong dependence on particle
Size18595%0 | arger particles (PM) may reach the bronct the PM s fraction is small enough to
penetrate deep into the lung and reach the alveoli in which it can bioaccumulate and induce oxidative
stress and damage the lun§-6263646051 Stryctural damage may lead to reduced lung function due

to thi®. PMzs may even pass through into the blood stream and therefore around tRe&35btty

effect other orgart& It has been suggested that Monstitutesca. 96 % of particles which enter

the respiratory tract and are retaiftéé®>. PM,s are herefore one of the most damaging size
fractions of PM to human heat$® for which even vey low exposure concentrations have been
suggested to cause hazard to human Heéalfhis has further been attributed to the fact that the

toxicity of PM is inversely proportional to thegticle siz&°,

Depending on underlying health conditions, such as asthma, the flow and depositiops@hit8M

the lurgs may be altered, in which a higher RMeposition may occur due to the deformed airway
tracf3’. Deposition may also be altered as a function of breathrfate in which previous studies

have suggested that a smaller particle in conjunction with a faster breath flow rate may reduce the

deposition pantial of particles in the airwé&y/2. Some inhaled Pb may however be cleared by
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the body in a variety of wayiscluding through the mucociliary clearance mechanism (by mucus
gel). These mechanisms and the biochemistry surrounding these pathways are fully explained by We
and Tang., (2018,

1.2.3 Il nesses and Mechanisms Attributed to Pk Exposure
The cardierespiratory illnesses which surround Pi\have been well documentéef-6253 and have

been associated with longrm PM s exposuré*>65%9 |n the worst cases, exposure to 2ZMas

been associated with preature morbidity and mortality’#55%°, Furthermore, Pik exposure has

also been linked to adverse effects on the human reproductive 8ysiencentral nervous systéin

as well as cancér (notably respiratory cancef8j>6°5955 Other illnesses associated with PM
exposure include pneumonia, reduction in lung function, asthma, emphysema, bro@bhatiis
Obstructive Pulmonary Disease (COPD), provoking of birth defects, thrombosis, stroke, heart
disease, adverse effects on the endocrine system, insulin resistance and*tf&l5etgs2657645,
Several epidemiological studies have also been conducted and comprise significantly to the evidenc
of PMysassociation with these adverse health effects as well as morbidity and n{éreafitgs> 766

and an increased rate of short term effects such as hospitalisatomatess with respiratory
illnesse&*%>73, It has been suggested that RNhduces health effegtvia toxicological mechanisms

such as  oxidative  stréég+>2 alteed  immunity, inflammatiof$°%6461  and
mutagenicity/genotoxicit$t.

1.2.3.1 Induced Oxidative Stress

Oxidative stress is a form of toxigiinduced to the body in several manners prompting alterations
in normal cell functions and cell death of those exposed WM. It is essentially the imbalance
between antioxidants and oxidising species (in ex@e&®idative stress is also understood to cause
constriction of airways (vasoconstitm) from endothelial cell malfuncti6h Numerous types of
animal cell have been suggested to undeegoatje as a result of oxidative stress from exposure to

PM2_578'61’79'8O.

Oxidative stress is known to contribute to diséageiVk s may induce oxidative stress through the
release of Ractive Oxygen Species (ROS)ROS produced at the surface of particles, or may be
produced from the particlas TransitionMetals (TM), free radicals, organic and inorganic
specie®®27476. TM species have also been suggested to produce ROS at the particle surface via the
Fenton reaction pathwef§#’. In addition, metabolically activated organic constituents from M
surfaces may go on to induce intracellular ROS form&ittrhas also been suggested that ROS may
be formed from macrophages releasing ROS due to lung inflamifaffonthermore, ROS species
produced from PMs may directly react with antioxidant enzymes and cause DNA and RNA
damag®. It is also thought that the production of ROS from.ERktay oxidise lung cells to cause
significant injury®. Some ROS produced by hydrophilic particle shave been repontedduce the

OH radical in the body which is pganularly damaging to DNA and may induce mutagenesis,

teratogenesis and carcinogenesis if the damaged DNA is not repaired in go&d @ther
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biochemical mechanisms induce ROS production and therefore oxidativefgirassxposure to
PM:s, which are described by Li et al., (20%8)

1.2.3.2 Inflammation, Asthma and Infection
Inflammation of tissue by PM has been extensively studi€®s* and has beesuggested to

participate in the majority of adverse health effects in humans exposed .t$*.PREspiratory
inflammation may be caused by acute shemnn exposure or long term BMexposure may induce
prolonged inflammation which results in the infection of dis®aseaddition to observed nasal and
lung inflammation by PMs exposuré®18 PM, s has also been reported to cause inflammation in
the kidneys, heart, spleen and IRfelExacerbation of chronic conditions which are specifically
associated with flammatory symptoms include autoimmuneedise, cardiovascular disease and
pulmonary hypertension, from BM®. Further studies link the induction of inflammation with
diabetes anthsulin resistance, as well as heart dis€asgcreased inflammation induces morbidity
and mortality through the induction of chronic respiratory illn€§sead may also induce
cardiovascular stre¥s

On exposure to P, it has been suggested that muscles may contract to stimulate inflammation,
encouraging disease and infecBi® Previous studies have shown that inflammation is provoked
by the release gbro-inflammatory species in the body whiéncrease with increasing time and
concentration of PWs exposuré-®, Furthermore, Pk may also increase intracellular a
concentrations. An imbalancef C&* may also induce inflammation through imbalanced
intracellular homeostasis of calcium, for which*Qa too high concentrations within the cells may
induce inflammation as well as cell impairm@ntA further description of the toxicological
mechanisms of Phinduced inflammation has been described previdtfsly

Specifically, asthma is a common illness which is due to the inflammation of the lungs which causes

respiratory tract walls to thicken, causing difficulties in breathing and asthmatjotay§8895364

and is exacerbated by increase:RNEbncentratiorfS. Furthermore, acidic PM may lower the pH

value in the deposited area which reduces the ability of haemoglobin taieupxygep?.

Exacerbation of asthma is also related to oxidative stress (secoB.)®%. Finally, PMs

composition and concentration adirectly related to respiratory inflammation and asthma

pathogenest4 Finally, PMbsef f ect s the |l ungsd i mmune system whicl
more vulnerable to infectiéh PM; s may also reduce the possibjlifor bacterial removal from the

bronchi (with bronchi mucus) and may also inhibit the normal function of the alveoli macrophages

(used to destroy bacteria and other patho§en®ther studies also discuss the epidengjicial

relationship between PMexposure and bacterial infection in the Lg%

1.2.3.3 Cardiovascular disease
PM: sis known to reduce cardiovascular function, induce cardiovascular di€asawell as cause

death by cardiovascular illnesses caused and exacerbatedg}t.PMis may occuthrough the
reduced effectiveness of the cardiac autonomic nergystem caused by exposure of humans to

PMo2™2  This in turn reduces the variabil ulary of a per
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mortality and morbidit§*>2. A paential mechanism to cardiovascular disease induction is by the

destruction to the vascular endothelial cells by.EMhich may cause dedthz

Exposure to PMs has also been perted to affect the properties and flow of blood around the
body?®%L, PM,s exposure may also increase the oxidation ofdmnsity lipids in the blod stream

which may contribute to plaque builg in the blood vesséi’. Inflammation of the lungs (as
described in sectioh.2.3.2 may also increase the thickness of bféeiths well as release cytokine
specie®. Production of blood clots frolRM. s in the blood stream as well as the increased blood
pressure produced via these different mechanisms may influence heartfaildrink PM sto the
incidence of stroké$ It has also been suggested that.PMduced health effects are exacerbated

by a highfat dief®.

1.2.3.4 Mutagenicity, Genotoxicity and Carcinogenicity

The presence of heavy metal compounds and organic compounds withjhdMilso demonstrated
genotoxicity, mutagenicity and carcinogenicity to huni&is Absorption of PMs into cells has
demonstrated to leach organic species which may stimulate the aryl hydrocarbon receptor anc
therefore increasing the metalzolg cytochrome P450 enzyniésThis in turn allows for the
leached organic species to be metabolised by these enzymes producing reactive electrophili
metabolites which induce toxicity in the bédyin addition, PMs has demonstrated mutagenicity
through the Ames test and is known to damage DNA as well as slow down DNA repair and replicate
damaged DNA inducing carcinogené&i& PM: s has been strongly related to lung cancer and the
mortality and morbidity there®tf Furthermore, Pl exposure to humans suffering from lung
cancer may increase rate of deatccording to epidemiological studi®$°*. In some cases a higher
concentration of PWe does not increase health risks in a linear relationship (at higheg PM
concentrationg§®®. This is thought to be down to humans with underlying health conditions dying
at lower PM s concentrationS. Further description of the mutagenic, genotoxic and carcinogenic
mechanims of PM s to the body may be found in the work of Li et al., (2638)i et al., (2018%

and Feqg et al., (2016}.

In addition, as PMsis smaller compared to other aerosol ggMlthough observes a larger surface
area to mass rafit’'®%*. This therefore enables BMto absorb a greater proportion of toxic gaseous
components compared to larger aertf$dl Therefore, PMsenables a higher concentration of toxic

species to be carried deeper into the respiratorytract

1.3 Chemical Composition of PM.s
PM, s consists of both organic and inorganic constituents, as well as free f&diodlgliness caused

by PM:s is dependent on the particle composition in addition te Sddncentration, size, surface
area, solubility and oright®2’%, Some key species of anthropogenic ;BNhclude Polycyclic

Aromatic Hydrocarbons (PAHs), metals, black carbod i@ns such as nitrate and sulfate
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1.3.1 Inorganic Fraction
Inorganic constituents comprise a significant fraction of urban P®#%, often presenting the

majority of the particle. Inorganic species within PMire known to affect climate as they are

constituents which scatter ineidt solar radiatiolf; act as tracers for source apportionment

purpose¥®® and al so change %%, foawhich acldrgersfrétiontofyianic oscopi ci ty
species encouragéise absorption and retainment of watédue to the hydrophilicity of inorganic

specie¥™.

The change in a particleb6s inorganic content and t|
particularly significant. This is because the inorganic fraction and amount of water retained by a
particle will affect the growth of a parti¢f, influences the heterogenous reactiotsuoring within

the particl&®; affects particle acidity*; affects the radiativéorcing potential of a particle as well as
degrades visibilit§?°. The toxicity of a particle may also be affected, as a higheobkggpicity
encourages more water to be present within the particle which ienaourages the dissolution of
toxic gases from the gas into the particle pH3¥8 The acidity of a particle may also affect the
dissolution of metals within the aerosol and therefore actsmather means to toxic behavittir
Furthermore, the inorganic fraction also affects the lifetime of an a&fofResearch into the
inorganic fraction of PMs and their potential sources is therefore vital. Of these inorganic species,
Cl, NOs, SO% and NH* (as well as Nain coastal areashave been suggested to the most

dominant ions within fine aero$é#s105,

1.3.1.1 Chloride
The presence of anthropogenic chloride in,RM often through the exchange of primarily emitted

hydrochloric acié’®. HCI is known to be emitted from waariety of sources including coal
combustiof??108109110111 - hiomass  burnin@®!1911225 (including torrefied biomad¥), waste
incineration!3'** (domestic and industriafy, industrial emissiort¥’, flue gas from industrial
municipal waste incineratidt® (factoried®”) , steel work industrié®!%, the combustion of
polyvinyl chloridg®®115 | landfill sites!6, metal processing factories, brick kilns, cookiignd
tobacco smoke. Fabric bleaching and firewdfiare alsdknown sources of anthropogenic chiheri
Emissionsof chlorinated organic compounds such as polychlorinated biphenyls, dipatiagins
and dibenzofurans may also come from waste combustion emid&iansl other organic chlorine

compounds may be emitted from use as pesticides.

Industrial emissions are also thought to be a major contributor to chloride presencs; eelekbl.

A more specific industrial anthropogenic source for chlorine may include steel works, which has
been previously mentioned in the literafd?eOther indusial activities that release chlog may

include chemical industries that use methyl chloride as either a solvent or a chemical feedstock in
synthesi¥*!'4 (McCulloch et al., 1999)* suggest that chloromethane may be used to produce
resins, elastomers and silicone fluids, as well as antkagentgor vehicles'® Chlorine may also

be of domestic origin from cooking emissidfi®r the use of cleaning produtfs A study by (Lee

et al., 2001%2 suggested the detection of chloroform and methylene chloride from Chinese cuisine.
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Chl ori ne i odiafet with eehicularlengissians ar oil refining processes, although Li et
al., (2018¥%* suggests that organochloride compounds as well as inorganic saltserfound in

crude oil, and that i€hinese refineries specifically, crude oil that has been desalted may have up to
3 mg L! of salt. It has also been reported that organochloride compounds may be added to crude o
artificially during refining and transportation processes, which mayurin produce HCI
emission&4 A range of organochloride compounds includingdi¢ghloropropane,2hloropropene

and methylene chloride have been detected in Chinese naphtha $&niplegjanic chlorides in

crude oil may also form HChtough hydrolysis during the refining procedses

It has been suggested in the literature thidrine may also be associated with tobacco smoke. The
presence of chlorine in tobacco leaves and smoke have been previously reported in severe
studied?812"128 (Hasanen et al., 1998) conducted a study in which they analysed the chemical
composition of nine different brands of cigie and found that, on average, the tobacco emitted 68
ug of chloride in the particle phase as well as 90 ug of gaseturineh per cigarette. A dominant
organochloride compound emitted from cigarettes is thought to be methyl chforidéher
organocloride compounds may include vinyl chloride, tetrachloroethylene, methylene chloride and
chloroformt?é, The chlorheis thought to enter into the tobacco via the use of pesticides and (Fuqua
et al., 1976% reported that the concentrations of chienwithin the cured tobacco plant, increased
proportionally to the concentration of chloride that was detected in the soil. Examples of such
pesticides may include Dildrodiphenyltrichloroethane (DDT) and Hexachlorocyclohexane (HCH)
which are known to be Persistent Organic Pollutants (POPs) and despite their phasing out in 1983
may still be present in the Beijing subuf3sKCl and NHCI arealso known fertilizers® and
therefore Clmay enter into the tobacco leaf in this manner also. The population of Beijing in 2017
wasca. 22 million, and it has been estimated that 40 % of global cigarettes are smoked #China
Therefore, thecontribution of chloride to P from cigarette smoking may be significant in this

thesis.

Non-combustion release of chlorine may include the evaporation of fertilizers and pesticides (see
previous), however a much larger number ofistituents of measured species may be associated
with biogenic emissions from plants and séf%2 A possible explanatio for this may be the
production of organochloride compounds which a plant may produce biosynthé&tié&yhe

source obiogenic chloride from soil may be explained by Keppler et al., (28@0)d the possible
mechanism they deduced for methyl halide formation from soil is shown fulligirl.3. Keppler

et al., (2000%* suggest that Féfound in soil may oxidise organic matter to allow for halide ions in

the soil to bind with alkyl groups and break down organic compounds, releasing organochloride
substances, such as methylchlroide. Thelragism shown ifrig. 1.3, is the expanded version from
Keppler et al., (20063
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Fig. 1.3. Possiblemethylchloride formation mechanism based on the methylHalidetion mechanism from soil origin
reported in Keppler (200054

Other norcombustion processes which have been suggested to resulfann@tion include the
emissions of HCI from landfill sites and plant matter decay. Previous studies have also mentioned
the release of organochlorides from plant matter decompdsgiihhChlorinated compounds known

to be given off by landfill sites include chloroform, dichloromethane, vinyl chloride and
trichloroethen&'.

Naturally ocairring Ct may also be present in the form of NaCl in sea spray aerosol in the vicinity
of coastal site¢/€®. Thepresence chlorine in coal and biomass burning is likely from the accumulation

of chlorine in plants and biological matters, for which défarlevels of chlorine are found as a
function of geographical location (i.e. more chlorine may be found over land masses closer to coastal

sites}.

HA + NaCcCl Y HCI + NaA

Eq.1.1. Chloride displacement from aerosol by atmospheric acids reacting with NaCl.

HCI may also be produced secondarily in the atmosphere from the reaction of acidisgases,
HNOs and HSQ,, with particulate phase salts such as NaCl, to produce EtCL(1)**’. (Laskin et

al., 2012)*® however also report the ability of wea organic acids, such as methane sulfonic acid,
to be able to displace chloride to produce gaseous H{L(1), where A is the anionic constituent
of the acid and HA is the acid.

Furthermore, a study conducted by (Chang et al., 288@6iggest that chloride may t@med when
Cl; released into the atmosphere is photolyzed producing chlorine radicals which can abstract

hydrogens from hydrocarbons producing HCI.
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1.3.1.2 Nitrate
NOs contributes substantially to urban RP§#%14%141and work by Xie et al., (2028f suggested that

(in Beijing) particles which were high in NQunder Relative Humidity (RH) 20 %50 % would

absorb twice the quantity of water compared to aerosol which was highn SO

The conversion of Nexo NO; directly influences atmospheric ozone and concentrations as well as
NO*3 NQ is predominantly primarily emitted anthropogenically as NO from the result ahtl

O interacting at very high temperatut&$*®. NO is short lived(lifetime ca. < 1 day) in the
atmosphere and may baidised to NG'*3,. NO may be oxidised by oxidigy species such as;0O
HO,, RO; and RCQand shown irEq. 1.2 - Eq.1.5139145146145 Reaction€q. 1.2 - Eq.1.5 have been
reportedto be considerably faster compared to NO oxidation B§°O

NO+ QY NO+ O,

Eq.1.2. NO oxidation to N@by Qs.

NO + HG: Y NO,+ OH

Eqg.1.3. NO oxidation to N@by HO.

NO +RQY NO;+ RO

Eqg.1.4. NO oxidation to N@by RQ.

RCOG+ N ORCO, + NO,

Eq.1.5. NO oxidation to N@by RCQ.

NO, may be oxidised further in the atmosphere by species such as QHDHE,0, forming
HNO;'43140,  Major anthropogenic sources of NQnclude biomass burnidgf4®, biofuel
combustiof’*’ vehicle exhaust fumé&14 coal combustio¥{®!4’, power plants and industrié&4’,

fossil fuel combustioli®149147 wasté3314%and agricultural soiland activitie$*%14814°  Natural NQ
emissions include wildfires, lightning and soil emissiéhdn addition to contributing to particle

NOsz, NO, emissions also induce adverse effects on human health directly, eutrophication, acid rain,

tropospheric @productiort*®143,

NO, + OHY HNO;

Eqg.1.6. Major daytime NQ@oxidation pathway forming HNO

Three major pathway® are involved irHNOs production from N@. These include N@oxidation

by OH!39146145 (Eq. 1.6); NO; production by NQ@reaction with Q (Eq. 1.7)*3%1% followed by the
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NO; radical abstracting an H from a V&€ (Eqg. 1.8); and NOs formation followed by
hydrolysig*313%, The dominant daytime pathway is the oxidation of. M@ OH radicals, as shown

in Eq. 1.6 This pathway however decreases as solar flux dectéases
NO:+ OsY NOz+ O,

Eqg.1.7. NOs production via the reaction of NQvith Os.

NOs; + VOCY HNO;

Eq.1.8. H abstraction from a VOC by the N@dical to produce HN@

During nighttime hours, OHoncentrations decrease although H¥OmM NO; and NOs chemistry
increase¥®. N.Os chemistry also increases later in the afternoon due to an increase aniv@g
already high @in association with a decrease in solar flux and therefg®g photolysig®’. A build-
up of NG may occur byEg. 1.7 and a reduction in Ngphotolysi$®*. NO; may subsequently react
with a VOC by abstracting an H to produce gaseous RO

NOs; + NGO, 2z N2Os

Eq.1.9. Equilibrium of NOs from NG and NQ.

N2Os + H,O Y 2HNOs

Eq.1.10. Reaction of N20O5 with water (homogeneously or heterogeneously).

N>Os 2 NO>" + NOs

Eqg.1.11. N2Os hydrolysis in aqueous aerosol.

NO;* + H:Oz H" + HNG;

Eqg.1.12. N&:* hydration forming HN®@in aqueous aerosol.

N->Osz NOsz + HbLONOG*

Eq.1.13. N2Os hydrolysis in aqueous aerosol forming Nénd HONG:*.
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H,ONGt + H,Oz H:O' + HNOs

Eq.1.14. Hydrolysis of HONG:* forming NG.

During nighttime hours, N@may also react with N£Xo produce MOs as shown irEq. 1.9139146

151 'N2Os in particular may either rdissociate back into NCand NQ; depositon surfaces (with
uptake coefficients of 0.060.05)°% or undergdydrolysis on aerosol surfaces heterogeneously (or
in the gas pase homogeneously) to produce HNO©On N.Os adsorption ato the aerosol surface,
N2Os may hydrolyse to produce HN@s shown irEq. 1.10139146145152141153 5 process which may
increase with increasing aerosol water conférilore detail into he NOs hydrolysis mechanism

is given in the work of Chang et al., (20%twho suggesEq.1.11- Eq.1.14.

N>Os + NH3 Y HNOs + HoNNO,

Eqg.1.15. Ammonolysis of MDs as suggested by Sarker et al., (2020)

The OH oxidation pathway is also dominant during the summer ntétdhs to higher temperatures

and solar flux, whereas due to the thermal instability g®s\Nmay make this pathway more

prevalent®®. The OH pathway may however be present during winter from HONO dissotfation
Other possible HN&formation pathways includgq. 1.16 andEq. 1.17*6,

CINO;+HO Y HNO

Eq.1.16. HNGs formation from CING.

2NO,+HO0 Y HNO

Eqg.1.17. HNGs formation from NQinteraction with water.

For gaseous HN{Xo convert into aerosol N it may either partition into thaerosol phase if
enough water is preséfitor may also be neutralised by either %6153 (the most abundant
alkaline gas) or alkaline mineral aerosol spééieBepending on whether the atmosphere iss NH
rich or poor may also affect the N@ormation pathway, which may favour® hydrolysis under

NH3 poor condition®® or HNO; uptake onto crustal spectés Furthermore, aerosol acidity may
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also affectwhich pathway is preferential for NCformation®®, In an ammonium rich atmosphere

however, HNQis neutralised by Nkthrough the reversible equilibrium shownEq. 1.18.

NHz + HNGs; 2 NH4NOs

Eqg.1.18 HNGs neutralisation by Nkl

The ability for HNQ and NHNOs to be able to partition into the aerosol phase is also down to
meteorological conditions (lower temperatures and higher RH favour higher deposition into the

aer050|)53152'157’143.

Pathways which do not require an alkakipecies for N@ formation within aerosol are those which
occur heterogeneously on or within the aerosol. TN&eoxidation pathways within the aqueou

phase may be catalysed by Transition Metal lons (TKA&om mineral dust? It has also been

suggested that NfQq may also be formed from s abstraction of Clfrom the particle phase to

produce CIN@and NQ in theaqueous aerosol phads( 1.19)*%.

N2Os(q) + Clag Y C | 20)® NOs'ag)

Eq.1.19. Reaction of bDs with particle Ct to produce CIN@and particle phase N

1.3.1.3 Sulfate
Primary S@* may be emitted naturally from sources such as sea spray aerosol and from volcanic

emission®®. Dimenthyl sulfide has also been establishedconvert into sulfat€®. Secondary
production of SG from SQ is however much mordominant in urban megacities. 58 known

to be emitted from combustion of coal and oil with a high sulfur cofifefither sources of SO
include emissions from volcanoes, vehicular exhaust fumes, smelting activities, power plants,
industrial activities, metal extraction from ore and the general burning of fuel with a high sulfur

contentt0161147

SQ in PMgsis primarily formed though the oxidation of S{¥ia various mechanisi$, through

both homogenous (in the gas phase and in aerosol water) and heterogenous (oxidati@ thfeSO
particle surface, ith water) reaction pathways although there is some disagreement between
resarchers as to the exact mechani$ii&*1%4 Specific SQ oxidants in SG¥ production include

OH, H0,, Os, NG, HONO, R,ONGCR &CH:COLNO,, NOs, HO,, as well as criegee
intermediate'$3165166167.163168169164 |+ has however been identified that Sfasphase oxidation by

Oz, HO,, N2Os, NOs, CHsCOQO:NO;,, H-O, and Q may be insignificartt®'4 Some of these species
(such as ®@and HONO) may however facilitate OH production and therefore indirectly oxidise SO
to SO21%3 |t has been suggested that on a global scale, the oxidation by SIH (gas phase), as

well as the oxidation of S(and the derived species in aqueous aerosolHz30, HSQ and SG*
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) by O, H.O. and Q (over TM catalysts in clouds) are the dominantS@ormation
pathway$’0171172153 |t is also acknowledged that the rate of.8&dation in the aqueous phase may

be faster with and without a mineral oxide catafjst

The major homogenous $@asphase oxidation pathways is through the reaction of \B@
QH!66173171172170184 A nossible mechanism in the S@xidation by OH has been laid out by Gaiv
and Stockwell., (1983} in Eq.1.20- Eq.1.24.

S+ OH Ys; HSO

Eq.1.20. Initiation of SQ oxidation by OH

HSO:+ O Y S@®HO;

Eqg.1.21. Propagation reaction of HSQvith O;.

HSG:+HO0 Y HGH

Eqg.1.22. Propagation reaction of HSQvith Hz0.

HSO:;.OH: + O Y 8Oy + HO;

Eg.1.23. Propagation reaction of HSH20 with & forming HSQ..

SG:+ HO Y .S&

Eq.1.24. Termination reaction of S&and HO forming HSQO..

In addition to SQ@ oxidation by OH, OP), criegee intermediates {® alkene reaction) and the
methyldioxy radical may also a gas phase &ddant. Another reaction scheme laid out by Calvert
and Stockwell., (1983} for these reaction pathways are showBkdn1.25- Eq.1.29. Reaction€q.
1.28 and Eq. 1.29 were however reported to be not as significant 8@ production in the

troposphere (based on qualitative rate d&ta)

S&+0CP) + M+M SO

Eqg.1.25. Initiation of SQ oxidation by the GP) radical.

SO+RCHOY RCHO 3+ SO

Eq.1.26. Initiation reaction of S@oxidation by a criegee intermediate.
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SO;+ H,O Y .SE,

Eq.1.27. Termination reaction of S&and HO forming HSQ..

SO+ CHOz 2 CH30,S0G:

Eqg.1.28. Reversible initiatiomeaction of S@oxidation with the methyldioxy radical.

0, ]

NO )
CH;0.S0O, + 1 r SOy Y H
H.O

| RO |

Eq.1.29. Possible HSO, production from CHO2SG: oxidation.

Calvert and Stockwell., (1983 noted that the Sfbxidation rate with thee oxidising agents was
significantly lower during nightime hours (0.1% B which was put down to their diminished
concentrations by lack of solar activity. They also mention that the presence efimighpecies,

such as N@ may produce a very smamount of OH’®. O; may ako increase at night and in the
presence of unsaturated organics may produce criegee bira@ligalk26 and Eq. 1.27)!4 This
pathway is however thought to be even less significant than OH oxidation at night due to the
inhibition of this pathway by water vapdéft Some studies have however suggested that stabilised

criegee intermediates are an importafr oxidant®617417s,

Gas phase oxidation of 33 however less prominent compaute the other pathways and aqueous
phase S@oxidation dominates in the troposphéteSQ? is thought to be predominantly formed in

the atmosphere through cloud droplets via the aqueddatmn of SQ with dissolved oxidants
(such as @and HO,) over metal catalysts (such as Fe or N¥e. It must however be highlighted

that the generallyolw levels of HO within aerosol make aqueous phase &@dation significantly

less likely within aerosol compared to cloud dropfétaVith high RH, SQ oxidation to SG has

been mentioned to occur predominantly via agueous phase homogenous'féétidaterogenous
reactions at thearticle surface (mineral dust and soot) are also significant, especially during haze

event3®3166,

The heterogenous pathways are however strongly dependant on other factors such as liquid water

content of a particle, inorganic ionrezentrations as well as pH which all directly affect the rate of

SO, oxidatiort>3. The heterogenous oxidation pathway of, @ aerosol surfaces has been shown

to be strongly dependant on TM preséfiteé\ study by Shao et al., (202%reported that in their

study which focused on aerosol in Beijing, the heterogenous pathway was mostly governed by the
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O, oxidising SQ over a TM catalyst for whitthe study observed 69 % and 6 0#the heterogenous
oxidation during heavy polluted periods and clean periods, respectively. Shao et all’¥20:®)
reported 19 % of heterogeneous oxidation occurring over a TM catalyst wéth tBe oxidant (for

both theheavy polluted and clean periods). In addition, the composition and hygroscopicity of the
aerosol affects the total water found at the aerosol surface. As hygroscopicity increase, this allows

for a more efficient Seheterogeneous reaction conversionS0.

TM species enter aerogirough both anthropogenically (such as from construction activities) and
form mineral dusf3’, Mineral dust iknown to be alkaline anthé¢ chemical composition of these
aerosols affect S{reactiveity’®. For example, laboratory studies coatdal have shown that SO
oxidationon the mineral dust surface may be slow (except if comprised of MgO a0g) kethe
absence of an oxidising agent such a®IONO!"". Another example of this specificity is the sole
capabilty of SG to oxidise on a surface of CaO in the presencetf.0

On absorption of SPonto aerosol, sulfite (or bisulfite) is irreversiBproduced on the mineral
surface (except SKP®which can be oxidised (by N@nd Q at significant concentration§§:62168

in the aqueous phase in the presence of TM leached into the aerosol aqueous phase from mineral du
and anthropogenic matté¥'’8176169168 High NH; concentrations also encourage sulfite oxidation to
sulfate by N@'2 This leaching increases with lower pH in which TM species are more easily
dissolved’®7*17%, Solubility of SQ is also affected by pH in which $€olubility reduces with lower
aerosol pH'.. A study by Donget al., (2020%3reported higher percentage fractions ofyS®ithin

aerosol, higher sulfur oxidation ratios (sectinB.1.4 and higher atmospheric $Oconcentration

on sandy haze days. The authattributed this to the catalytic properties and higher concentrations
of TM within mineral dust with high ©concentrations and RH at 30980 %3, A series of other

studies have also attributed higher 8Oformation and faster SO oxidation to

™ 177,176171,162163176167

NOx has also been reported to act as a catalyst in attignnvith mineral oxides, to oxidise S@
SQZ in the presence of JEq.1.30andEq. 1.31)1"". Therefore it has also been suggested that NO
may enhance Sxidation is specific situations, such as in power plant plumes and sand'étorms
Furthermore, it has been reported that aqueousadXidation of SQ occurs preferentially on fine
aerosol at high RH values (RH > 70 %), as welata. pH 73

SO+2NG+ M Y M +2NGO0

Eqg. 1.30. Oxidation of S@by NQ on the mineral oxide surface.

2NO+OQ+ M Y 2 2NO

Eq.1.31. N catalyst regeneration.

41



It is also known that TM solubility is affected by the aerosol evolution and changing pH as acidic
species coagulate into the aerosol (such as gase8@s &hd HNO3)1’®. Changes iparticle acidity

also change the preferential oxidation pathway of $0ver the lifetime of an aerosol. For example,
oxidation by Q is only substantial at higher pH levels, and therefore a8 8©reases within a

particle, this pathway is less favourafte

Finally, lab studie$®® have observed the direct reaction between &@ CaC@to produce S©
(which oxidises to S@), as shown irEq. 1.32. Depending on particle pH, the CaS@ay dissolve
into C&* and S@*, which could further oxidise in the aqueous phase to produge SO

CaCQ+SQY CasS 00

Eq.1.32. The direct reaction of gaseous 8@th solid CaCQin the particle phase producing solid calcium sulfite.

The presence of dust may also photatalyse atmospheric OH formatt®twhich contributeto the
homogenous S formation pathway. This occurs from N©onversion to HONO over a TiO
catalyst, which dissociates to @82 This process has however been reported to be dependent on
RH!83165 TiO, is also known to be a more efficient absorber of B@ the particle compared to
other metal oxide<®,

1.3.1.4 NOR and SOR
The secondary oxidation of N@nd SQto form NQ and SQ* processes may be used to assess

the extent of secondary formation of N@nd $,> 184185186 by ysing theNitrogen Oxidation Ratio
(NOR) and Sulfur Oxidation Ratios (SOR) in equatiois). 1.33 and Eq. 1.34, respectively
(concentrations in moles).

" YO o 00
YO 'Y O TTEE————— uu'yY T T
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Eq.1.33. Sulfur Oxidation Ratio (SOR) Eq.1.34. Nitrogen Oxidation Ratio (NOR).

Numerous studies have applied the SOR and NOR to their datasets (Zhou et al®’(ZTH&) et

al., (2015%8 Wang et al., (20163% Xu et al., (20199% Zheng(2015)}°%; Zhang et al., (2016%;

Ram (20123 Wang (2006%% Chi et al., (2018%% Shaoet al., (2019Y*;, Wang et al., (2016%;

Sun et al., (200635 Zhang (2016¥% Wang (2019%% and Xu ¢ al., (2017)%. Other studies such

as Khoder et al., (2002); Hassan et al., (2018} and Saxena et al., (201P)calculate their SOR

and NOR in terms afg n1° as opposed moles, which is a much less common technigue. Furthermore,
Hu et al., (2014}%, used a different calculation for NOR in their studigg. (.35).

42



(VI

Eq.1.35. Alternative NOR Equation as
used by Hu et al., (20145.

Finally, Hu et al., (2014y° also suggest an ammonia conversion ratio, simil&ctd.33 andEq.
1.34 (replacing the gas witiNHs] and the ionic species with [NF). Higher valies of NOR and
SOR suggest a higher extent of oxidation of-M@d SQ and therefore a larger proportion of the
SQZ and NQ present would be suggested to originate from secondary oxidation prée85e3

In this study, the SOR and NOR were calculated uBipd..33 andEq. 1.34, respectively in terms

of moles as this was the most common technique used in studies.

It has been widely acknowledged that an SOR ratio of below 0.1 suggests the dominance of primarily
emitted S@ (i.e. vehicle exhaust¥) whereas the SOR values larger than 0.1 indicate that
secondary transformation of $@ produce S¢¥ in aensol occur§?203185200192204195 gn( js the
main sourc&? Chatterjee et al., (2019, Sun et al., (206)!%5, Zhang et al., (2018¥, Chatterjee et

al., (20125%, Wang et al., (2016¥ and Wang et al., (200%Y specifically suggest that SOR values
abowe 0.1 indicate the photochemical oxidation of,$®produce S@. The analogous case for
NOR in which values below 0.1 implyrimary sources and above 0.1 suggest the dominance of
secondary formation of NOfrom NOx has also been mentioned in the literadi#€°. Different
threshold values are however given in the work of Li et al., (2&li6)which workers suggest that
NOR and SOR values above 0.1 an25) respectively, indicate the formation N@nd S@* via

the secondary pathways. Furthermore, Sun et al., (986)gest that the larger the SOR and NOR
values, the more secondary oxidation oL,&@d NQ is occurring.

Numerous other studies however report positive correlations between temperatures and oxidatiol
ratiog03204194200 gyn et al., (2006%, Wang et al., (2016% and Wang et al., (2008§ for example
observe positive correlations between SORI aemperaturd” (NH,SQu is less volatile than
NH4NO3) and suggest that (in these events) this is down to increased OH oxidation. Specifically,
Zhou et al., (2012§ report an Rvalue of 0.76 for Temps SOR in Beijing in 2006. Wang et al.,
(2016)°° however report no correlation between N@RTemp for any season in Beijing between

Aug 2012i Jul 2013.

Dependence of NOR and SOR as a function of RH has also been widely mentioned in the
literature91208192186190185202188194187 Eqr example, Xu et al., (20279 reported in heir study that

the NOR observed a strong positive correlation with RH at RH < 60% but stabilised at RH >60%.
They also reported that the SORswaeakly affected by RH below 35 % RH with an average SOR

of <0.1 at RH < 25 %. It was also noted that an irsge# 1% in SOR was observed between RH
25%- 35%. A dramatic increase was however reported in SOR for RHi 880% (SOR of 0.49).

Wang et al., (20193 also reported a greater change in NOR and SOR (as well a3 iNO [SQ*
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]) from an RH of 40% 60% to 60%- 80%. Other examples include the works of Zhang et al.,
(2018¥°2who obseved a dramatic rise in SOR levels for RH > 60% with a maximum SOR of 0.88
for RH 80% and saw an increase in NOR levels from 0.18 + 0.06 for RH < 60 % to 0.21 + 0.08 at
RH > 60 %; and Zheng et al2q15)° who reported in their study that NOR and SOR levelsewe
relatively unchanging for RH < 50%, although rose at RH > 50% r@ached 0.28 and 0.34,
respectively, for RH 70%80%. It has also been reported that the RH has a larger influence on the
extent of SOR compared to N&& Finally, RH is another reason why during haze and fog
episodes the NOR and SOR also incr&ds€he presence of hafeg period is often accompanied

by much higher RH (RH > 90%) and therefore may also help explain the increases in NOR a
SOR in the time series during hapg polluted periods, as described by Chen et al., (2&18hd
suggestshe dominance of the heterogenous aqueous reaction pathway

1.3.1.5 Ammonium
It is widely acknowledged tha\Hs is the most abundant atmospheric alkaline§48262!* and

comprises a sistantial fraction of total reactive nitrogéh NHs transition to NH* in the aerosol
phase occurs via the neutralisation reaction of With a range of acidic gasé€sand NH* is known
to compromise a substantial fraction of Secondaordanic Aerosol (SIA) in PM?2 NH; and
NH4* (NHy) is also known to idectly affect particle acidii!> A review by Behera et al., (20#%)
as well as studies bghephard et al., (2028}, Van Damme et al., (2018} and Clarisseet al.,

(2019¥% indicated considerably high&Hs from India and China compared to other regions.

Agricultural emissions sourcemmn livestock and fertilizét® use in particular is the main source of

NH; emissions into the atmosph&r@82%°, Animal husbandry produces ur@aammals)*uric acid

(birds) as well as undigested proteins. The decomposition of urearigndcid as described by

Behera et al., (2013Y is shown inEq. 1.36 andEq. 1.37, respectivelyBehera et al., (2013¥ also

describe how organic nitrogen specied &lH; are also present in animal feces. Undigested proteins

may therefore be present and these may decompose via bacterial decomposition, uricase and urease

enzymes as stated by Behera et al., (Z613)

CO(NH)2 + H:O Y 2@ ONHs

Eqg. 1.36. Decomposition of urea to produce gaseousi\¥H

CsHsOsNs+1.5Q +4H0 Y 5+4A0H:

Eg. 1.37. Decomposition of uric acid to form gaseoussRif

Other NH; emissions sources include combustion of fossil fielsiomass burnirg282%, human
excretd!? soil emissiond%218 crop residue compdst, oceanic emissiods2%, sewagé?, waste

disposal'® vehicular exhaust emissidi&'® industrial emissiort$*?'8 nitrogen fixing plants®.
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NHx may also be transported from other regions by widdis addition, NH emissionsmay be
effected by season. For example, fertilizer applicatfamd crop burning are seasonal activffies
Different seasons also change in &nb temperaturaffecting the quantity of NiHwhich may

evaporaté® as well as soil condéns (e.g. pH'™.

1.4 Overview of inorganic PMzs aerosol in India and China
A literature review has been conducted presenting thesBdMnposition from a selection of studies

in India and China. A total of 27 studies were reviewed across India fas BMnposition
comparison (in the form of pie cohig). These studies includél) Gautam et al., (2018}, (12)
Kulshrestha et al., (2009}, (13) Rengarajan et al. (20#43 (14) Rengarajan et al. (20%43 (I5)
Chatterjee et al., (20195, (16) Deshmukh et al., (2018}, (17) Saxena et al., (20175, (18) Kumar
et al., (2018%5, (19) Pant et al., (2015f, (110) Deshmukh et al., (202285, (111) Gawhane et al.,
(2017)%2% (112) Behera et al., (2018%, (113) Khare and Baruah., (2028) (114) Behera et al.,
(2010%3% (115) Khare et al., (20133 (116) Kumar et al., (2026%; (117) Kumar et al., (2016%,
(118) Gawhane et al., (20787 (119) Pipal et b, (2019¥%°%; (120) Bisht et al., (20153% (121) Ghosh
et al., (201457, (122) Singh et al., (200&% (123) Begam et al., (201}, (124) Deshmukh et al.,
(2013¥*% (125) Verma et al., (2018%; (126) Sharma et al., (2014); and (127) Ram et al(201174

Similarly, a comprehensive selection of 17 studies were also reviewed across China. These studie
include (C1) He et al.2017¥5, (C2) Wang et al., (2008%, (C3) Pathak et al., (2008}, (C4) Zhu

et al., (2015¥5 (C5) Wang et al., (201635 (C6) Xu et al., (2017}, (C7) Zhou et al., (2018%,

(C8) Hao et al., (2028%; (C9) Ding et al., (2018)° (C10) Chen et al., (2013}, (C11) Li et al.,
(2009¥%% (C12 Chang et al., (2013, (C13)Lai et al., (2007% (C14) Zhang et al., (2018,

(C15) Dai et al., (2013 (C16) Niu et al., (2016)"; and (C17) Zhang et al., (20%%)

These data were produced into pie charts anddah®osition comparison and distribution of M
aerosol in India and China across the different seasons in shawig. ih4 - Fig. 1.7. The ions
presented are Fgold), CHSOs (orange), Cl(green), N@ (dark blue), Br(medium blue), N@

(light blue), PQ* (yellow), SQ? (red), GO4* (brown), Nd (pink), NHs* (lilac), K* (purple), Mg*
(black), C&* (grey) and other (amber). Selected studies reviewed report multiple values for aerosol
compositions under different atmospheric or sampling conditions. TDnerekach particle
composition pie chart ifrig. 1.4 - Fig. 1.7 is associated with a code. The first letter of the code
denotes the countifvhere | = India and C = Chijiathe number is an arbitrary number given to a
specific publication (mentioned in tipeevious two paragraphs); and the following letter denotes the
specific set of conditions stated by the study. For example, study C1A is a study which was conductec
in China by (C1) He et al., (20P7and took place over the summer season (A). A full set of details
of each study and stgiudy (with codes) is given in the appendix, whEable A and E present the
study specifications for the reviewed studies from other cities in India and China, ikedpetable

B, C and D show the PM and major anion concentrations, minor anion concentrations, and cation

concentrations for the reviewed studies in India, respectively. For the cities in China, Tables F, G
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and H present the PMand major anion concentrations, the minor anion condenisa as well as

the cation concentrations, respectively.

In this thesis, a focus is given on the-pad postmonsoon seasons in Delhi as well as the winter
and summer seasons in Beijing. Therefore, the following sections will discuss these particular
seasons in India and China, respectivBlyB. A substantiaproportion of the studies reviewed for

the summer prenonsoon seasons in India reported values which overlapped the summer and
monsoon seasons. Therefdfgg. 1.4 highlights the studies in red which were solely sampled over
the summer seasowerosol distribution reviews for India (Annual) as well as China (Spring,
Autumn and Annual) are found in the appen(filg. A1 Fig. D).

1.4.1 India Summer (Pre-Monsoon)
Fig. 1.4 shows the distribution of PM compositions from the reviewed studies during the pre

monsooni monsoon periods. Most studies shoav two thirds of unknown material argh. one
third as known ionic %. A particularly high known ionic % was found in Raipur in study 124D by
Deshmukh et al., (2013f who sampled between AjprJun 2009 and suggestedbaic % of 79.7

%. The lowest summer ionic % was observed in Solan by Sharma et al.,2{2ah4é) reported a
ionic % fraction of 30.86 between 127 22'¥ March 2013 Fig. 1.4 shows that the major ions in
PM s (generally)during the premonsoon period in India are ONOs", SO, NH,*, Na" and C&".

Relatively large fractions of Cere shown in numerous studies across India during the summer
seasons. Cities that showed @bntributions > 10 % included Palampur (12.3 %) in study 126A,
Kullu (15.8 %) in 126B and Shimla (15.8 %) in the work by Sharma et al., (Z81%his is
significant as each of these cities is locatetthe far north of India and are in close proximity to each
other. Other relatively large fractions of Ct 5 %) have been observed in Delhi (8.27 %, D7A) by
Saxena et al., (201%?§who sampled Apt Jun (2013 2014); Pune (7.67 %, D11B) by Gawhane et
al., (20175 who sampled between FeélMay in 2016; Raipur (6.63 %, D24D) by Deshmukh et al.,
(20137**who sampled teveen Apri Jun 2009; Solan (6.60 %, D26D) and Nahan (9.03 %, D26E)
by Sharma et al (2014%** who sampled in these cities betweeff 122" Mar 2013. Particularly
low fractions of Cl were observed in Kanpur in which the overall daght average Cl% as
indicated by Behera et al., (2038)was 0.91 % (Apr Jun 2009. Based on the studies revieidye

generally, higher Cfractions in PMswere generally seen in the north of India.

The distribution of N@ was very variable across India with an average Bidraction contribution

of 5.31 % with standard deviation (SD) * 3.46 %. For the summer seasons, an especially 4arge NO
fraction was observed by Behera et al., (2&2&) Kanpur during the nigktime hours of Apii Jun

2009 observing 12.% (D12C). Another particularly large NCfraction wasobserved in Raipur
between Apii Jun 2009 by Deshmukh et al., (20%8)Particularlylow % contributions were found

in the very north of India in the study by Sharma et al., (Z&14)orkersmeasured N@ in
Palampur, Kullu, Shimla, Solan and Naham observing an averag@dN@action of 2.69 % (SD +

0.69 %).
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The maximum S@ % contribution observed between the reviewed studies was by Deshmukh et al.,
(20137**who suggested a $O% 23.7% in Raipur (Apfi Jun 2009). Other cities to observe > 10

% SQ? include Delhi (10.0 %, 17A) by Saxena et al., (26%7)Pune (118 %, 111B) by Gawhane

et al., (20177" and KanpuK13.81 %, 112A) by Behera et al., (203%8)

All of the NH4* contributions between the summer studies were < 11 %, with an average across the
reviewed studies of 7.41 % (SD + 2.84 %). In the very northern cities, which observed generally
much lower contributions of NDand SG?, the NH* is vaiable. The maximum N contribution

in the work by Sharma et al., (203%)was 10.4% (126A) in Palampuand the minimum was 3.73

% in Kullu (126B). This variability is likely down to differing agricultural and natural (dust) aerosol
emissions between these cities. Out of all studies, the lowest%ldontribution was 2.57 % in

Pune between FébMay 2016 (L1B) as indicated by Gawhane et al., (264 %hich is most likely
because Pune is a coastal city with a lesser amount of agricultural industry.

1.4.2 India PostMonsooni Winter
The PM.s composition distribution across India for the Piktnsooni Winter period from the

reviewed studies is shown ktig. 1.5. Most of the studiesomductedn other cities in India for this
time of year combined averages for poginsoori winter and therefore for the sake of this review

and for ease of analysis, the pasinsoori winter period has been treated as one season.

Similar to the summer PM compositions, the poshonsoori winter PM s aerosol compositions
also demonstratea. one third known ionic %. The average ionic % contribution was 31.2 % (SD %
11.49 %) across the reviewed studies. Some citiegiri.5 show a particularly low measurezhic
fraction, such as Agra (24%, I12F) measured by Kulshrestha et al., (2889yho analysed the
major anions and cations. The maximionic % fraction out of the studies was 5246(124C) as
observed by Deshmukh et al., (20%3)n Raipur (Feli Mar 2009).Fig. 1.5 shows that the major
ions in PM s (generally) during the poshonsoon period in India are ONOs,, SQZ, NH,*, as well

as C&'in southern regions.

Generally, across the reviewed studies, %Iwere lower during the cooler months kig. 1.5
(average of 3.27 % (SD % 2.90 %)), compared to the warmer months sh&vwgn it (average of

7.71 %, SD £ 5.44 %), by a factor of 2.36. In some cities however, such as Pune%ireh&trved

during the cooler months (7.04 %, 111D) was relatively similar to the warmer seasons (7.67 %, 111B)
in the work of Gawhane et al., (203%) The maximum CPB6 within PM.sduring the cooler seasons

was seen in the work Byant et al., (2015Y who observed a Ct of 10.0% (I19B) in Delhi. The
minimum Ci % was seen in the work by Ram et €20115*>who observed 0.04 % (127A) in Kanpur
during the day between ®1930" Oct 2008 Other cities which observed particularly high @lwere

Agra (7.78 %, 12C) by Kulshrestha et al., (208¥9)Delhi (6.61 %, 17C) by Saxena et al., (204%)

and Raipur (5.52, 124C) by Deshmukh et al., (2&%23)

The SQ* average across the cooler monthig(1.5), was seen to be 10%8 (SD + 4.66 %) which
was very similar to the warmer monthsFiy. 1.4 (average S@& % of 9.78 %, SD * 6.40 %). The
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largest percentage contributionsS0,% to PM; s in the reviewed studies was found in Raipur by
Deshmukh et al., (2013fwho reported 17.% for study 124B between Oct 2008 an 2009. Other
cities to observe particularlyidh SO % fraction contributions (< 15 %) include Ahmedabad (17.4
%, 13 + I14) by Rengarajan et al. (20#2andRengarajan et al. (2074, Amristar (15.0%, I18A) by
Kumar et al., (20185, Pune (16.3%6, 111D) by Gawhane et al., (203%¥) Dadanagar (15%, 114E)

by Behera et al., (2018Y; Raipur by Deshmukh et al., (20#3)who observed 17.% (124B, Oct
20087 Jan 2009) and 16.8 % (124C, FeMar 2009).The minimum proportion of S® was found

in Agra by Kulshretha et al., (20093 who reported a percentage contribatof 1.27 % (I12E).
Other particularly low S& % values (< 2 %) were observed in Agra by the roadside between Oct
20077 Mar 2008 (2.20 %, I2F) by Kulshrestha et al., (2683nd Johat city (4.00 %, 115B) by
Khare et al., (2015~

The NH,* fractions were found to be relatively variable across the different cities in the reviewed
studies observing an average of 4.15 % (SD + 3.20 %). The minimum outdedyoN¥hs observed

in Agra between Oct 2007 Mar 2008 by Kulshrestha et al., (2089)Wwho reported an average of
0.29 % NH* (12B). The maximum Nkt % out of the reviewed studies was observedéthDat 12.4

% by Pant et al., (2018f between 18 Dec 2013i 15" Jan 2014. Thaverage Nk % fraction
across India during the cooler seasdfig.(1.5) was 4.15 % (SD * 3.20 %) which compares to the
warmer seasond-ig. 1.4) average of 7.4% (SD = 2.84 %). This produces a factor difference

between the seasons of 1.78.

1.4.3 China Winter
The winter season i€hina Fig. 1.6) showsa substantial ionic % in most P\Mcompositions. The

average knowionic % across the studies is 45.0 % (SD * 13.2 %). The maximum known ionic %
was reported byang et al., (2016j°who showed a value of 3% (C5E) in Nanjing between Dec
20131 Feb 2014. The smallest ionic % was evaluated by Zhang et al., 203) demonstrated
aionic % fraction of 19.26 (C17E) in Beijing in Jan 2010. Substantial portions of measured ionic
species were also found 8hanghai (C7D, 62.9 %) by Zhou et al., (264%Hangzhou (C6P, 5%.

%) by Xu et al., (2017}"; Hong Kong Hok Tsui (C13C, 5P%) and Zhuhai (C13H, 65.6 %) by Lai

et al., (2007 Fig. 1.6 shows that the major ions in BM(generally) during the winter period in

China are C) NOs, SQ%, NH4*, as well as Nain southern coastal regions.

Generally, a larger CW is seen in the northern cities of Taiyuan (C1C), Beijing (C17E) and Tianjin

(C11) which average to 4.09 % (SD + 0.98 %). A similar average % fraction contribution is observed

for the eastern cities of Shanghai (C2D, C2E, C7D), Nanjing (C5E), Ningbo, (C6& 6 F ) , Lindan

(C6K) and Hangzhou (C6P) which average at 4.13 % (SD * 1.60 %). A lower aver&gé3Z1

%, SD + 0.89 %) was observed in the southern cities between Shenzhen (C13G Xtrgehou

Zhuhai (C13H), Hong Kong (C13A, C13B, C13C) aBGdiangzhou (C13D, C13E, C13F). The

average Cl% observed in eastern cities between Nanjing (CSBanghai (C7D, C2D, C2E),

Hangzhou (C6P), Ningbo (C6A, C6F) and Lindan (C6K)

Cl" % contribution in the western citiesf Wei nan (C16S), Xi 6éan (C16N, Cl16I
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and Boaji (C16X) was 2.81 % (SD * 0.93 %). The maximum contribution” o6 €M, s was found

to be 6.48 % (C7D) in Shanghai observed@hypu et al., (201638 during the winter months of 2011.

The minimum Clcontri buti on across the reviewed stu
between 18 Novi 239 Dec 2016, reported by Zhang et al., (2658)

The maximumNOs % seen across the studies showfign 1.6 was 26.7%6 (C5E) in Nanjing by

Wang et al., (20163° who sampled between Dec 20i&eb 2014. A minimum of 4.52 % (C13E)

in Guangzhou (Huangpu District) was recorded by Lai et al., (28®&tween Jain Feb 2002. The
average N®@ % from the northern cities was 6.54 % (SD * 1.36 %); the average eastern value was
15.9% (SD * 6.28 %); the arage western value was 14.1 % (SD + 2.31 %); and the average
southern value was 9.00 % (SD * 2.78%). The majority of the southern values for this average were
however from Lai et al., (2007 from a campaign in 2002 and therefore this makes comparison
challenging.

The maximum S@ % contribution to PMs out of the reviewedtudies Fig. 1.6) was seen in
Nanjing (359 %, C5E) by Wang et al., (208} The minimum SG % was 6.12 % observed in
Beijing (C17E) byZhang et al., (2013¥ who sampled in Jan 2010. The average’3® between

the northern cities was 169 (SD + 6.10 %); eastern cities was 17.0 % (SD = 8.05 %); southern
cities 19.4 % (SD + 6.04 %); and western cities 15.3 % (SD = 2.5TTé)efore, generally the
southern cities saw a higher fraction of S@ithin aerosol of the reviewed studies. Particularly
large fractions of S& were observed in the south of China in studi&8k (28.8 %, Zhuhai) and
C13C (28.6 %, Hong Kong Hok Tsui) lyi et al., (20074

NH4* fractions in PM s out of the reviewed studies showed a maximum of 21 Btanjing (C5E)

by Wang et al., (2018% and a minimum of 1.83 % in the Huangpu district of Guangzhou (C13E) as
reported by Lai et al., (2007} producing a range of 19% across studie$ig. 1.6). The average

NH4* contribution between the northern cities reviewed here was 5.17 % (SD % 1.42 %); between
southern cities was 4.99 % (SD % 2.41 %); eastern cities 10.5 % (SD + 5.16 %)estachveities

8.38 % (SD + 2.09%). Therefore, despite study C13 by Lai et al., 208@&mpling in 2002 in

southern cities, the most variable Nidontributions to Plsaerosol were seen in the eastern region.

1.4.4 China Summer
The studies that observed the largest fractions of known ionic % were C4A in Jinan (9028%a) by

et al., (2015¥°who sampled between ®.7 26" Jul 2010; study C5C in Nanjing (864) by Wang

et al., (2016¥°who sampled Juh Aug 2014; and study C7B in Shanghai @7%) by Zhou et al.,
(2016¥*® between Juii Aug 2011. Relatively large contributions of knovamic species (> 50 %o
were also seen in study C3A (58.7 %) in Hei Shan Zhai (Beijing) by Pathak et al. 226203y
C6R (51.86 %) in Hangzhou by Xu et al., (20%7)study C13P (51.94 %) in Xiangzhou Zhuhai by
Lai et al., (2007%* and study C16V (52.06) in Boaji by Niu et al., (2016). The minimum
contribution of known ionicds to a study was found to be 224 in study C2B by Wang et al.,
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(2006¥*in Shanghai from sampling betweeri"Illi 16" Aug 2004 Fig. 1.7 shows that the major
ions in PM s (generally) during the summer period in China are N&Q?Z, and NH*.

Out of the reviewed studies, @ were averaged in the northern cities Beijing (C3A, C17C), Taiyuan
(C1A) and Jinan (C4A), giving an average of 0.60 % (SD * 0.40 %); southern cities of Hong Kong
(C13l, C13J, C13K), Guangzhou (C13L, C13M, C13N), Xiangzhou Zhuhai (C13P), as well as
Shenzlen (C130, C15B) giving an average of 2.22 % (SD = 1.2%®8&sfern cities of Nanjing (C5C),

Shanghai (C28B, C38B, c7B) , Ni ngbo (C6C, C6H) , Hangz

averageo2 . 06 % (SD N 2.02 %); and weGléBeQleG, @lbLt i es of
C16AA), Lanzhou (C3C) and Boaji (C16V) giving an average of 1.95 % (SD + 2.88 %). The
maximum Ci % fraction from the reviewed studieshig. 1.7 was reported to be 8.46 % (C3C) in

Lanzhou sampled between™.8un- 17" Jul 2006 byPathak et al., (2009 and the minimum CI

% fraction was observed in the work by Zhang et al., (Zfi8ho calculated an average Cl
contribution of 0.22 % (C17C) in Beijing (July 2009) by Zhang et al., (Z26fL3he range was

therefore 8.24 % across these studirsaddition, the average Gl within PMpsacross China in the

studies inFig. 1.7 was lower duringhe summer (average of 1.88 %, SD + 1.92 %) compared to the

winter (average of 3.62 %, SD * 1.20 %) by a factor of 1.93.

The maximum N@®@ contribution across the reviewed studies in China (summer) was 19.3 % seen in
Jinan (C4A) byzZhu et al., (2015¥° who sampled between ®3ul - 26" Jul 2010. The minimum

was observed to be 3.61 % in Shanghai (C2B) by Wang et al., {2006 samptd between 15

Jul- 16" Aug, 2004. This therefore gave a range of 25.@cross the China studiesFiy. 1.7. The

average N® % in the northern cities was 128 (SD * 5.82 %); southern cities was 4.85 % (SD %

0.76 %); eastern cities was 10.07 % (SD * 5.54 %); and western cities was 8.96 % (SD4at.2.1
Therefore, a larger contribution of N@ithin PM, s was observed in the northern and eastern cities

out of the reviewed studie¥he average N®across China for the summer campaign was 8.43 %
(SD + 4.49 %) compared to the winter season which demonstrated an average of 11.6 % (SD +5.21
%).

The northern average $Ocontribution was 29.4 % (SD * 13.3 %); southern average was 21.2 %
(SD + 6.69 %)eastern average was 23.2 % (SD + 6.77 %); and western average was 24.1 % (SD +
4.85 %). The average $across the reviewed studies was 23.7 % (SD + 7.54 %) during the summer

which is larger compared to the winter season (17.2 %, SD * 6.00 %).

The maxinum NH;* % out of the studies reviewed for the summer season in China was 29.9 %
(C5C) in Nanjing reported byang et al., (2016} sampling in Juii Aug 2014. The minimum seen
between the studies is 0.32 % (C1BJHong Kong reported by Lai et al., (208) The average

NH4" % across all studies reviewedrohg the summer was 7.31 % (SD + 6.56 %) across China and
was therefore very variable. This variability is also observed within specific cities, such as in
Shanghai (average of 8.48 @D + 6.58 %). Some cities however showed a relatively constant

contribion by NH/*wi t h | ower SD, such as Xi b6an (average of
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included both urban areas I|ike the Xidan Hig
Mountains site (C16AA). The average N3 between northern cities was 10.9 % (SD + 8.21 %);
southern cities was 2.21 % (SD £ 1.59 %); eastern cities was 12.1 % (SD + 8.12 %); and westerr
cities 6.40 % (SD + 0.91 %).

1.5 PMzsin Delhi and Beijing (and APHH)
According to World Population Revié®, the estimated combined population of India and China

comprisesca. 36 % of the waogpblldtorsis kmawp tolbe $evere nn. thede M
developing countries for which éhmegacities of Beijing and Delhi are the capitals. The current
populations of Delhi and Beijing are 31,181,376 and 20,896,820 (in March?20ZTherefore, a
significant nunberof inhabitants are ubiquitously exposed to seriously high levels of 8posure.

The understanding of particle composition and formation within these two megacities is therefore
vital and has been explored in this thesis.

1.5.1 APHH Delhi and Beijing
TheAir Pollution and Human Health (APHH) in Developing Megacities Programme was conducted

in Delhi and Beijing over two seasons at in each city. The APHH Delhi project focused on emission
flux although filter samples were also tak€nThe aim of the project was to enhance thessioins
inventory dataset ana tsuggest lowcost strategies which may be implemented to improve air
quality?®®. This was a partnership between several UK and Indian research irfétitlites APHH

Beijing campaigrhad the overarching objective to develop understanding of the source emissions,
at mospheric chemistry and adver sé. Aefillfig oft s o
participantsand summary of this project cae found in Shi et al., (2019)

1.5.2 Experimental Methods and Contribution of this Thesis to APHH
The work presented in this thesis focuses on the ionistitoants as well as some of the most

carcinogenic organic compounds found in 2MDrganic Nitrogen (ON) species. Filter collection
was conducted during the Delhi prionsoon (DPEM), Delhi poshonsoon (DPOM), Beijing
winter (BWIN) and Beijing summer @JM) campaigns using a HigWtolume Sampler (HiVol) in

the collection of ambient PM filter samples. Collected filter samples were sent back to the
University of York in which they were analysed for their inorganic fraction and ON components,
using lon Chomatography (IC) and comprehensive TRinensional Gagfhromatography
coupled to Nitrogen Chemiluminescence Detection (GC x-(MCD). Simulation experiments
surrounding Organic Nitrate (OfgOs) formation, a key constituent to BMin an Asian urban
megaacity were also carried out using a Particle Into Liquid Sampler (PILS) at the Jilich
Forschungszentrum. PILS is also a technique which has been used previously in ambient ggban PM
collection, although was not used for ambient aerosol collection intlibss. A very brief

description of the theory of operation of these species is outlined below.

1.5.2.1 lon Chromatography
lon chromatography is a form of liquid chromatography based on the principle of ion exchange. The

mobile phase is in the form of a salt g@a (eluent) and the stationary phase is a column of fixed
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ions which are of the opposite charge to the analytes of interest. Different species being analysed

observe different charge densities and therefore separation occurs based on electrostatic forces

attraction between the analytes and the column, which is specific to a particular species. Once

separated by the column, analytes pass through to the suppressor. The suppressor acts to lower the

background signal noise and increases the signal streftjtle analyte of interest. This therefore

allows lower Limit of Detection (LOD) levels of analytes. Finally, detectivity of sample analytes

occurs based on conductivity. A
Practical Guideda | on Chr omatography
SeQuartfL

1522 GCxGCi NCD

further

| An I ntroduct.

Separation in GC x GC NCD is an orthogonal separation technique in which ON compounds are

separated in the*dimension (separation by boiling point), followed by cryogenic modulation using

liguid N, of species onto the"2dimension column (separation by polarity). Diagrams of the

Orthogonal GC x GC system and NCD schematic are showig.ic.8 andFig. 1.9, respectively.

R-N+2%+H;Y NO + CQ + H0
Eq.1.38. Burning of ON species to form NO.

NO + 03Y NO* + O,
Eqg.1.39. Reaction of N@with Gz producing excited state
NO2*.

NO* Y » Ni@ (> 800 nm)

Eq.1.40. Relaxation of excited state Qo NOz, emitting red light.
Primary Column Secondary Column
R

Fig. 1.8. Orthogonal GC x GC Schematic.

Injector

H, Carrier Gas

GCXGC

..............

== ---. Oxidant

Fig. 1.9. NCD System Schematic.

When ON compounds resolve off the end of the secimeénsion column, they are burned at 900

°C forming NO Eq. 1.38)%%2253 NO aubsequently flows through to the reaction celt i®

continuously produced by a corona discharge and flows through to the reaction é&ll laltbe
reaction cell, NO reacts withs@o produce excited state MO(Eq. 1.39)%°2253 NO;* relaxes back
to NO,, releasing red light. The red light passes through a light filter (specific o fd@xation)

before hitting the photomultiplier tub&gq. 1.40)?%3. Photons hitting the photomultiplier tube causes
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a cascade of electrons through the tube which hits an anode at the end & treutiithg an electric

pulseto occur which is detectal3fé?54,

15.2.3 PILS
Another method which could be used for ambient Pdample collection and which was used during

smog chamber experiments as part of the NO3ISOP campaign (Chapter 6) is PILS. A schematic o
the BMI PILS system (taken from the BMI PILS manef&lis shown inFig. 1.10.

Exit Air Flow

3-way Acid & Base
Impactor valve Gas Denuders P Exhaust
» [ e ump Exhaus

Y Organic Cuplper
) Va por Cooling . )
Filtered air Denuder g,cal\/ Liguid Drain
Inlet bypass for RH,T %
Manifold zero check < f A
Air sample
Vﬂow (13 Ipm)
A
PILS head Syringe Pumps
Steam Tip Temperature (") Droplet ¥ (:’2) J P
Indicator _ _ _ __ __ _ " —>—| _ o TC Impactor
l Poly
| immm e ;| steam Flow M DEW'” Bottle:
I e e e - = e
I | !Steam Tc‘ PILS waste MilliQ
[ Syringe Pumps
o 1Generator Steam Liquid Yy Debubbler | 1);ndg2 . water w
: | :Control Generator Drain Flows \Vent Flow LiF (0.5L)
1 (| (heater) Y
| : | - <
b MilliQ Liquid Flow to Steam OO
o Generator o
Lo Peristaltic 8 Sample Vial
b Pump 0] Carousel of
b O|  Autosampler
Y
Computer with A
AtoD Card and Poly Waste
Control Software Bc.itt.le: Reservoin Syringe Liquid Sample
MilliQ (1.5L) Pumps Flow to Needle &
Water (1L) 3and4 Vials Filled by
Autosampler

Fig. 1.10. Schematic of the BMI PILS System used duhiaflO3ISOP Campaign (Chapter 6).

In Brief, aerosol enters the PILS system through the PILS inlet for which aerosol is then size
segregated depending on the impactor specification, N s etc.). Aerosols pass through acid and
base denuders to remove any potentially interfering contaminant gaseous species. Aerosol then ent
the PILS head. Si mul t an e erwisih the PILE &.p@mpdd ¢hrough t e
tubing to the steam generator, for which steam also flows through to the PILS head. In the PILS head
super saturation of water occurs when the steam is presented with cooler air from the ambient aeros
air mass whicltauses fast adiabatic cooling of the steam. A supersaturated water environment in the
PILS head allows for efficient coagulation of water onto the aerosol, causing the aerosol droplets to
grow into a particle with a diameter of >efin. At this size, aero$onay be effectively collected at

the droplet impactor. A flow of LiF (added as an internal standard for the calculation of the dilution
factor) solution is passed over the droplet impactor and washed the aerosol species into sample vial:
A continuous flow of this system allows for offline collection of aerosol samples in water for a

specific sampling perigé2e.
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1.5.3 Aims and Hypotheses of PhD Thesis
The knowledge gaps within the literature, resulting aims and objectives of this PhD research as well

as the hypotheses for this work are presented.

1.5.3.1 Literature Knowled ge Gaps

To date, although lon Chromatography is comsptate in evaluating the ionic composition of M
aerosol in urban atmospheres, the critical analysis of the application of IC in this way (including
sampling and extraction method as well as impgictstrument health and efficiency of IC analysis)

has not to date been extensively evaluated and in conjunction the use of high frequency filter
sampling for this technique (to avoid potential sampling artefacts) in an Asian megacity is also not
currentlyavailable in the literature (to best knowledge). Furthermore, anl@iteratory comparison

for the use of IC had not yet been conducted until Xu et al., (Z02@y which work in this thesis
contributes towards), which is gitfor quality assurance of IC for ionic analysis within urban Asian

megacity PMs from filter samples.

Currently, despite Delhi being one of the most polluted megacities globally, there is relatively little

literature surrounding ionic aerosol analysis PMs filter samples in Delhi and the literature

available is very vague regarding exact sampling times, inclusion of error analysis, and reporting of

exact sampling sites and conditions. A greater library of publications is available reportingdhe ioni

PM; s fraction in Beijing, although no direct comparison has yet been conducted between Delhi and
Beijing (two of the worldds most polluted megacit.i
which gives an overview of the major formation pathways of,PM urban atmospheres.

Furthermore, to date (and to best knowledge), no comparison has been conducted in the literature

between IC and AMS techniques in conjunction with particle size data to investigate which size

fractions ionic species may reside in,hmtPMpsi n Del hi and Beijingds atmosph
there is no mention in the literature (to best knowledge) regarding an evaluation of the key sources

of error when comparing these two different analytical techniques for the major SIA.

Along with a lack of ionic PMs concentration measurements conducted in Delhi, no historical
reviews of ionic species concentrations or relative particle composition fractions of aerosol has yet
been conducted in the literature to suggest which sources are miti@@sing or decreasing in M
contribution. Some historical work has been conducted in the work of Lang et al.,2017)
Beijing, although this is only includes data up to 2015. Furthermore, no comparison exists to date
betweenthe histaical trends oftwo separate highly polluted Asian megacities. This information
would be useful in identifying the general trends of species over the pag&0lgears in Delhi and
Beijing, respectively, to identify which key species (and therefore piheaursor gases) are pivotal

in governing PMs concentrations.

The specific formation of SIA from the most dominant pathway of acidic gas apdé\ittalisation
in the atmosphere has been well documented in the literature. Up to now (to best knowledge),

however, there is little discussi@n direct comparison between Beijing and Delhi with regard to the

58



ammonium aerosol system and the dominant neutralisation reactions contributing tpifRNese
extremely polluted megacities. There is also very hittiek conducted as yet investigating the role

of weak acids in the possible formation of Nl the aerosol phase.

NOs; and S@* are major SIA which comprise a considerable fraction ot £y mass and are
widely acknowledged to form from the neutralisation reaction between acidic gases (i.ealNO
H.SQy) with alkaline NH. The formation of inorganic aerosol via an organic pathway (such as via
the formation of organic nitrates) is howewaso a potentially significant formation route due to the
abundance of BVOCs and precursor gases, (@@ SQ) in urban atmospheres, yet is a not much
explored pathwayTotal organic nitrate measurements (as well as hydrolysis measurements) are
importantas t hey are known to affect a particl ec¢
substantial fraction of organic aerc®8t’% give an indication to a different formation pathway of
NOs in the aerosol phase; affect clin’dté’% as well as form a NGsink and reservaif32’2 (which
inherently affects [€])?"3?7% in an Asian megacity, for exampl€o date, there is no mention or
evaluation in the literature of the usePILSIC to measuré [ -@®@s]gwhich is a much simpler
technique compared to conventional AMS. Relatively little work on the hydrolysis of primary Org
NO; species is also available from the literature (which predominantly focuses on tertia’Org
species)®?’4 There is also no mentigito best knowledge) within the literature thus far of the use

of IC to measure the kinetics of organic nittayerolysis, which is a much less expensive (and much
simpler) technique to run compared to conventional NMR (which is generally used in thesd sor

studiesj’427s,

Despite the inorganic fraction composing the majority ot Py mass and being an indicator of the
major PM s formation sources, the particle toxicity is predominantly governed by the organic
fraction, for which organic nitrogen species such as nitrosamines are known to be some of the mos
carcinogenic and mutagenic compounds found in#2¥ Prior to this thesis, an estimation of the
cancer risk from exposure to thasighly toxic speies in PMs had been conducted in Londéh
although no such study had yet be®nducted in a highlyglluted Asian megacity, such as Beijing

(to best knowledge). In addition, this calculation has not yet been conducted with the use of high
frequency filter sampling which avoids the production of filter artefacts and source appuit

has not yet beeroaducted of nitrosamines within Beijing which is essential to target a reduction in
these species through policy initiatives resulting in a reduced burden on human health and stat
economies. Furthermore, nitrosamines are a single chemical group of hoxity aerosol
components, in which several other chemical classes of organic nitrogen species are known to induc
acute toxicity in humanr&. Thee is currently no mention in the literature of a library of suitable
compounds for analysis on GGSCi NCD which is a highly sensitive and selective technique vital

in the accurate measurement and analysis of these compound classes within ugvaméhvivould

be very useful for future research projects.
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1.5.3.2 Research Aims and Objectives
To address theurrent gaps in knowledge within the literature outlined in sedtisr8.1 the aims

of this thesis are outlined as follows:

1. To develop a suitable I@ethod and data manipulation procedure (with critical evaluation)
for the analysis of ionic constituents within Asian megacity, PMith high precision and
accuracy using high frequency filter sampling.

2. To take part in an intdaboratory comparison gy to investigate the discrepancy in IC
measurements across multiple laboratories worldwide for the same set of filter samples.

3. Touse the IC method developed to conduct ionic species characterisation and quantification
of PM: sfilter samples collected as part of the APHH Delhi and Beijing campaigns including
the reporting of exact sampling times, inclusion of error analysis, and reporting of exact
sampling sites and conditions. A direct comparison of f#dmposition betweemi of the
worl dés most polluted megacities (Delhi and Bei ]
prominent primary and secondary sources of PiMthese cities.

4. To complete an intercomparison between the IC and AMS measurements in conjunction with
particle size data for quality control purposes and to use this comparison to investigate under
which conditions in an Asian megacity positive and negative ionic filter artefacts may arise
from (using HiVol filter sampling). A critical assessment of th®ies associated with each
technique will also be evaluated.

5. To conduct an historical review of SIA mass and percentage fraction withipt®kvaluate
the most likely sources and species that contribute tasRM a function of time over the
past 20 yars (Beijing) andta. 10 years (Delhi).

6. To assess the extent of secondary, Pidrmation, the SIA correlations between Ntand
the acidic gas conjugate bases,(80s, and SG) will be evaluated and compared in Delhi
and Beijing. The role of weakcids in NH neutralisation to form NKH will also be
investigated.

7. To investigate the formation of inorganic species via alternative pathways (such as via
organic nitrates) from simulation chamber experiments (at atmospherically relevant
concentrationsyvhich focus on the reaction between isoprene and rid@cal (which are
dominant species in highly polluted Asian megacities such as Delhi and Beijing). This will
be done by developing a PILE method which is much simpler compared to other AMS
and GCtebni ques, t o -N@rjespesias Ifr@an s@nfipl@s cgllected as part of the
NO3ISOP campaign at the Julich Forschungszentrum. This method will also be evaluated to
give suggestions to future users who aim to quantify organic nitrate species usingian offli
technique.

8. To quantify the reaction kinetics of a selection of primary-R@ species to determine the
extent of OrgNOsz hydrolysis within aerosol to form NQ by developing a much simpler

and less expensive IC hydrolysis reaction kinetics experiment
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9.

To obtain as many ON species commercially available as possible and test as to see whethe

these are suitable for GOCGCT NCD analysis and to produce a mixed standard from them.

10. To successfully characterise and quantify the nitrosamine concentraiibing PM, s in

Beijing and to use this to estimate the cancer risk to human health imposed by these specie

from exposure to Phk.

1.5.3.3 Research Hypotheses
Based on the aims and objectives outlined in sedti®:3.2 the relative research hypotheses for the

research aims and objectives are given.

What were you trying to find out and wat were you expecting to find out?

A.

Due to the reliability and frequensage of IC in offline filter analysis of ionic species within
PM:sin urban areas, it is hypothesised that good reproducibility will be observed between
different labs worldwide.

It is hypothesised that Delhi and Beijing will obseifferences in their overall P
composition across the four different APHH campaigns due to large differences in
temperatures, meteorology, cultures (and therefore emission sdueagscooking styles

and festivals), population density and land usee b much higher temperatures seen in
Delhi, it is suspected that measurements in Delhi will show a significantly larger fraction of
secondary inorganic aerosol species compared to the organic fraction, in relation to Beijing.
Itis also expected that Delwill detect much greater ionic material concentrations compared
to Beijing due to higher pollution levél§Z®,

As IC and AMS are two very contrasting methods of measuring SIA in PM, it is hypothesised
that these two measurements are unlikely to agree with one another in the first instance.

In the historical anakis of SIA species as a function of time, it is expected that [SIA] will
generally increase in Delhi although decrease in Beijing. This is becausastviown to

have generally increased and decreased in Delhi and Beijing, respectively (in recent
years§®, and SIA is known to often be the most dominant fraction of ikl urban
megacities.

It is expected that as in most other urban environments, the production of SIA from the
release of NBEland acidic gases will be dominant and that the strongest correlations (and
gradients) of NH" will be found with S@ > NOs > CI due to the NH + H,SO,
neutralisation reaction being a nmversible process and MEl being more volatile than
NH4NO3?%. It is also suspected that very high concentrations of acidic gases, particularly in
Delhi, will result in a small influence of NHheutralisation by weak acids.

Despite atmospheric relevant concentrationsdpeised for the measurement of INQs
species in PMaerosol from chamber experiments;rhfute sampling is expected to be
sufficient for the measurement of NMOSQ? and F above detection limit of the PILEC
system and a substantial fraction of Qs is suspected to be detected on the reaction of

the NQ radical with BVOCs in the chamber.
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G. ltis also hypothesised that the hydrolysis of primary organic nitrates will be on the time scale
of IC measurements (every 20 minutes) and that IC will be lettatl to be an alternative
and less expensive technique for these kinetic studies compared to NMR.

H. It is expected that a considerable concentration of carcinogenic organic nitrogen species
(specifically nitrosamines) are present in BeijingRBue to gjnificantly high [NQ] which
is one of the major precursors. It is also expected that due to highgeaR§INQ pollution
in Beijing compared to London that a greater concentration of nitrosamines will be detected
in Beijing compared to previous studiesnducted in Londd. It is therefore also
hypothesised thatgreater cancer risk is imposed on the population of Beijing compared to
London from PMs exposure from these highly carcinogenic and mutagenic species.

I. Itis expected that the major sources of nitrosamine pollution in Beijing is from the Huaneng
power plaat (which has been recorded to have taken part in previous carbon capture
initiativesy®, as well as form the south of the IAP site where a substantial proportion of
Beijingoés indus#rial areas are | ocated

1.5.4 Thesis Outline
The work preented in this thesis has been conducted to investigate and caimparerall bulk

particle composition of Pl within Asian megacities (such as Beijing and Delhi). The knowledge
gained from this thesis enhances the understanding of the most prevatespéries in urban Asian
megacity PMs as well as the potential key BMormation pathways. It also gives an indication to
the potential precursor sources which produce inorganic aesithih an Asian megacity, using
Delhi and Beijing as casstudies. The inorganic particle compositibas a direct influence on the
particles physical and chemical properties, which may affect potential particle toxicity by controlling

particle hygroscopicity.

Chapter 2: Experimental techniques used in ttiearacterisation and quantification of major and
minor ions within PMs sampled during the APHH campaigns in Beijing and Delhi are presented
along with method development. A critical evaluation is also given along with suggestions for future

IC users tormprove quality of data in within data manipulation steps.

Chapter 3: A comparison is conducted between the major ionic constituents measured in Delhi and
Beijing regarding particle composition. Species concentrations are also compared between day and
night-time hours in each city. Furthermore, an instrument comparison was conducted to critically
assess the sampling and sample processing methods conducted between different institutions a part

of the same campaign, to ensure accuracy in the quantified mremtrations.

Chapter 4. A comprehensive review of Pidinorganic data from peer reviewed publications was
collected to produce history plots to show the change in ionic species concentrations and contribution
to PMxssince 2012 in Delhi and 1999 in Beg. The ionic results calculated from this thesis (chapter

3) have been added to the trends of species in each city and are also compared to other studies that

sampled over an identical sampling season.
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Chapter 5. The major inorganic aerosol constitugare analysed for their most likely sources in
each city. This was done using polar contour plots for HCI and due to the abundanceantilED

in these megacities, the [NJ[SO+?] is used to evaluate emissions from mobile and stationary
sources. Thievel of SO and NQ oxidation within each city has also been assessed. An investigation

was conducted into the neutralisation of these acidic gas species with gaseous NH

Chapter 6: Experiments are presented which investigate the hydrolysis of primgapio nitrate
constituents to compliment work conducted as part of the NO3ISOP campaign based at the SAPHIF
chamber (Jilich Forschungszentrum, Germany). A RC.$nethod was used to as part of this
campaign to sample and estimate the concentrations eNOggroduced from the reaction of a
variety of VOCs (predominantly isoprene) with the N@ical. This gives insight into the formation

of the inorganic N@ constituents in the particle phase via an organic formation pathway.

Chapter 7: The inorganicraction of PM sdirectly affects the particles hygroscopicity and therefore

the ability for a particle to absorb acidic gases. In this chapter, the concentration of some of the mos
harmful compounds (nitrosamines) have been characterised and quaniifiedPRi, s samples

during a polluted period during the APHH Beijing winter campaign. This data has been used to

esti mate the excess number of cancer scases d

Chapter 8 Summary of conclusions and future work.
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2 lon Chromatography Theory of Operation and
Method Development: Experimental Techniques,
Method Development and Data Quality
Assurance.

2.1 Introduction
The water soluble ionic contribution within BMmay make up to 77 % of this size fracfithi®

and therefore comprises a substantial contribution. AmbRiits concentrations from field
campaigns such as the Air Pollution and Human Health (APHH) Delhi and Beijing campaigns are
critical in understanding the atmospheric chemistry occurring within polluted Asian megacities
where PM;s concentrations are known be exceptionally high. Inorganic PMs concentrations

are required during large scale field campaigns for numerous purposes. Measurements allow for the
indication of tracer species from known sources (such*dsrkiomass burning) which is required

for understanding potential primary contribution to aero&dtitionally, secondary aerosol species
such as N®@ and S@* give an indication to the oxidation capacity of the atmosphereaatite

relative contribution of mobile and stationary source of pollution through the/NS? ratio?®
Furthermore, correlating tracer species vather gagphase measurements from other instrusent

as part of the same campaign may give greater insight into the atmospheric chemistry occurring in
these megacities.

In addition, PMs measurements are required for atmospheric transport and forecasting models.
Furthermore, the ions measured in this thesis in Delhi and Beijing may be used for the aerosol acidity
(ISOROPPIA II) model which is critical in the accurate estimation of aepidoAerosol pH has

great influence on the other chemistry occurring within aerosol and will give greater insight to others
associated with the APHH campaigns into the relative chemistry occurring in the atmospheres of
Beijing and Delhi. Moreover, this urtstanding may influence the successful discovery of future
chemical mechanisms in aerosol (in conjunction with other model studies) which may contribute to
the Master Chemical Mechanigth

Numerousnstrumental methods are available for online and offline inorganic aerosol measurements
within PM, 5. Online measurements constitute techniques such as Aerosol Mass Spectrometry (AMS)
which has been commonly used in field campaigns investigating majorSenondary Inorganic

Aerosol (SIA). AMS is however a very complicated-spt measures PMand has been known to

observe issues regarding organic nitrate and sulfate measurements such as the degradation of these
organic species at the AMS ionisation amagborization stages, as well as the ambiguity which arises

from using the NO'NO;" ratio for organic nitrate quantficatiéfi?®’. Offline techniques involving

filter sampling are also commonly used and include Inductively Coupled Pldassadectrometry

(ICP-MS) and lon Chromatography. lon Chromatography has been widely used in the

characterisation and quantification of inorganic Particulate Matter (PM) in bottFB&R%110and
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Beijing?9185292293 |t is also a much simpler and robust technique compared to other more complex
instrumerts (such as AMS). In addition, lon Chromatogradt®) {nstrumentation has been observed

to measure inorganic ions reproducibly across 10 different laboratories across th&,wdikteas

no such comprehensive study for AMS haslyeen conducted to date. Due tordggroducibility of

IC measurements from filter samples confirmed in the work of Xu et al., ZQ20%rganic PMs
measured from IC allows for a reliable indication of trendsnefasured ions during a campaign.
Furthermore, the application of higlolume filter sampling (a novelty of this work) produces a
comprehensive set of data for other more complex instruments to be able to compare their data t
and IC may therefore also béeghnique used for quality control purposes within other instruments.

Therefore, the accurate identification and quantification of ionic species withipd@vbsol is vital.

In this chapter, the experimental protocols surrounding the characterisatiqoantification of the
inorganic fraction within Plyls with Delhi and Beijing (chapters-3) has been described in detail.

The experimental protocols for chapters 6 and 7 are described in the experimental sections of the
respective chapters. The aim fhistchapter is to define and evaluate the experimental protocol used
in this thesis as well as explore and assess different quality control practices. The method
development for ion atmospheric quantification has also been presented. Furthermoreytitiseval

has been used to outline possible suggestions for improvement in the protocol for the benefit of future
IC users investigating inorganic BMfrom filter samples. Finally, the contribution of the
experimental protocol developed in this thesis impared to 9 other laboratories who took part in a

major IC interlaboratory comparison stutfy.

2.2 Experimental and Method Development

2.2.1 Sample Collection
Quartz fibre filters (QMA, Whatman, UK) of size 203 mm254 mmwere precondtioned in a

furnace for 5 hours at 55C. These were then wrapped in aluminium foil until sampling. The HiVol
sampl er had been calibrated and thoroughdy ¢
Q (MQ) Deionised (DI) water before shipmewot Beijing and Delhi for the start of the APHH
campaignsOn a clean work surface in an-aonditioned lab, a clean pair of tweezers (while using
gloves) were used to carefully remove thegqoaditioned QMA filters from their foil packaging and
place theninto the HiVol cassette. Travel blanks were however not condustettan plastic bag

was the used to transport the filter cassette from the lab to the HiVol sampler on thepdof

avoid contact of the filter with the ambient air. This veapecially necessary, for example, during
high pollution events and during the Delhi postnsoon period in which workmen were soldering
the observation tower together for flux instrumentation on the path to the HiVVol sampler. The sample
filter pre-conditioning method, HiVol sampler specifications and collection methods were kept

constant for both the Beijing and Delhi APHH campaigns.

For APHH Delhi, sampling was carried cait the Indira Gandhi Delhi Technical University for

Women (IGDTUW) in Kashmere GatBlew Delhi, India (28°39'55.1"N 77°13'56.6"Hg. 2.1) as

part of the Air Pollution and Human Health (APHDtlhi) campaign. The site was located in a
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predominantly residential and market district in close proximity to the Mahatma Gandhi Marg (route
44 highway) as well as the Yamuna river towards the north east of the city. The HiVol sampler which

was located in a cage on the raop of the IGDTUW at aheight of 8 m.

LY

Fig. 2.1. Map of Delhi and the location of the Indira Gandhi Delhi technical University for Wc
indicated by the red star.

For APHH Beijing, PMs samples were collected at the Institute of Atmospheric Physics (IAP) in
Beijing, China Fig. 2.2) as part of the Sources and Emissions of Air PollstanBeijing project
(AIR-POLL). The sampling site was located in a mainly residential area betweefi ¢th@03km
north) and # (400 km east) ring roach. 9 km from Beijing city centre to the north in the Huayuan

road residential district.

A High-Volume air sampler (HiVol) (Ecotech 3000, Australia) at a flow rate of 8@'was used

to collect PMs. Day and nightime sampling hours werea 0.8:007 18:00 and 18:0@8:00,

respectively in both Delhi and Beijing. Intensive sampling was carried out during the day at a filter

change frequency of every 3 hours or 1 hour (as well as up to every half hour in Beijing) depending

on predicted atmospheric BMatmospheric mass loadings (obtained from the USA embassy
websitebds Air Qual ity | nde xembassyd). One filtértchmngt / aqi cn. or
occurred for nightime hours. During sample collection, the filter cassette was carried back in plastic

wrapping to an aiconditioned workstation where the filter was wrapped in aluminium foil, placed

in a bag and into a freezed 8 °C). The filter samples were then shipped back to the University of
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York (UoY) in dry ice where they were analysed for tledrganic content. A summary of the start

and end times of each sampling period, as well as the number of samples acquired, and the humb
of blocked filters reported are shown Trable 2.1. The quartz micrdibre filter pieces (QMA,
Whatman) had an area of 203 mn254 mm and were placed in a furnace at 85@or five hours

prior to shipment, to decompose and volatilise angrapecies. These were then wrapped in tin foil

and sent to Delhi and Beijing for sampling.

?\

Fig. 2.2. Map of Beijing and the location of the Institute of Atmospheric Physics (Chinese Ac
of Sciences) indicated by the red star.

Table2.1. Table showing the campaign sampling start and end times, the number of filters and the number of blocked
filters recorded for the Delhi preand postmonsoon campaigns and the Beijing winter and summer campaigns.

Campaign Start End No. filters No. Blocked
PreMonsoon 28" May 2018; 5N Jun 2018; 35 1
< 08:30 17:30
A PostMonsoon 9" Oct 2018; 6" Nov 2018; 107 6
14:54 10:35
> Winter 9" Nov 2016; 9" Dec 2016; 127 3
£ 17:30 17:30
g Summer 18h May 2017; 250 Jun 2017; 201 5
13:00 08:38

The HiVol sampler blocks when too much mass loading has built upon the QMA filter which restricts

the air flow. If the air flow igestricted too much automatically switches off. Blocked filters were

therefore generally overight filters with prolonged sampling times and produced gaps in the data

time series (chapter 3). As the HiVol sampler was located on the roof top of thetdaies at both

IGDTUW and IAP, frequent filter changes were only carried out during daytime hours due to safety
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issues. Data was acquired from four field campaigns as part of the APHH project, over two seasons
within the megacities of Beijing and Delfiihese campaigns have been referred to as Delhi pre
monsoon (DPEM), Delhi poshonsoon (DPOM), Beijing winter (BWIN) and Beijing summer
(BSUM) in this study.

2.2.2 Comparison Data from APHH partners
The gas phase data of NO, NGO SQ and Q, in chapter 3 wasiken by the University of YofR,

The PM sdata was measured using a gravimetric method and a Tapered Element Oscillating Monitor
- Filter Dynamics Masurement Syste(TEOM-FDMS) by the University of Birmingham (UoB) in

the Delhi and Beijing campaigns, respectively-f@tir and 1zhour sampling was carried out,
respectively). AMS measurements used for comparison purposes were measured by the fnstitute o
Atmospheric physics (Beijing) and the Centre for Ecology and Hydrology (Beijing and Delhi).
Further information on the gghase measurements may be foun8hinet al., (2019} and Squires

et al., (2020%2 for Beijing. Single Particle Soot Photomet&PR) measurements referred to in
chapter 5 were conducted by the University of Manchester (UoM) during the APHH Deprdigam

2.2.3 Filter Extraction
A flow chart presenting the experimental conducted for filter extraction for the Delhi and Beijing

filter samples is presentedHiy). 2.3. For the Delhi and Beijing samples a 6.Zamd 5.7 crastencil
was used, respectively. The only other difference is that GreniemieidGermany) conical vials

and Sarstedt (Germany)plastic vials were used for Beijing and Delhi samples, respectively.

Stencil used to Vials were labsealed and Solutions were passed

cut out portion sonicated for 30 minutes through Millex Syringe
of filter samples in an ultrasonic bath (FB Driven filter unitsof

15051 sonicator, Fisher diameter 33mm and
v Scientific) at room poresize 0.2Zm

_ ) temperature (Millipore, UK) into a

Filter pieces were 7y 7y new plastic sample vial,
chopped up into smal

squares using scissor
For Beijng: If
For Delhi [PM2] at time of
— Y 5ml was sampling was < 0.5 ml aliquots of the
Filter pieces were used 50 ug m?, then 2 extracted solutions
mse_rted intdl5 r_nl 7y ml used, if > 50 were pipetted into IC
plastic sample vial pg 3 then 5ml PolyVials (Thermo)
used. andwere run in both
anion and cation mode
using the IC instrumen
A specified amount of 1 method described in
sample vial using a 10Q4 pipette(Eppendorf, UK) section2.2.5

Fig. 2.3. Flow chart of general filter sample extraction protocol used in these IC analyses.
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2.2.4 Calibration Standards
For anionic analysis (FCHSOs, CI, NO2, Br, NOs, PO?, SQ* and GO4?), salt standard stock

solutions of lithium fluoride (Fluorochem) (sonicated for 1 hour), methane sulfonic@cidX 9 . 0 %,
Sigmg, sodium chloride @ 9 9 . 5 %, sodfum gnitnite ) (gnalytical reagent grade, Fisher
Scientific), potassium bromide (99.5%, Fisons), sodium nitratalyécal reagent grade, Fisher
Scientific), sodium phosphate monobagit (9 9 . 0 % sodiim sultate Zinhydrous (99%, Alfa
Aesar), and oxalic acidY 9 9 . 0 9%, Lithisim broméde (>99%, Acros Organics) was used for

the Beijing anion winter analysis.

For cationic analysis (Lj Na, NHs*, K*, Mg?", and C&"), salt standards of lithium fluoride
(Fluorochem), sodium chlorid®( 9 9 . 5 % ,amnSonigmchlride (Laboratory Reagent Grade,
Fisher Scientific), potassium bromide (99.5%, Fisons) were indilidoade up inca. 50 ml of
18. 2 M ddbniset water (ELGA LabWater purification system). Calcium carbonate (>99%,
Acros Organics) was dissolved in 0.1 M HNi@ water (0.1N), eluent concentrate for IC (Sigma,
UK). A bought standard of Mg for IC (1000 ppm Md*, Supelco) was also used. For the Beijing
data, the NaN@and KNG were used for Naand K respectively.

Separate mixed anion and cation standards were produced from these stocks and serial dilutions we
carried out to produce a set of cadition mixed salt standards at 100 (Delhi), 50, 25, 10, 5, 2.5, 1,
0.5, 0.25, 0.1, 0.05, 0.01 ppm. Individual stock solutions were produaad360 ppm of each of

the inorganic salts (for Beijing), and 10,000 ppm (for New Delhi). This was conducteddhinge

out the salts and the amount of 18.2 Mg MQ
density of 1 g mt for the density of water. These stocks were used to create the mixed standards for
the IC calibrations.

2.2.5 lon chromatographic analytical procedure
A Dionex ICS1100 ion chromatography system was used coupled with a DioneRVAS

autosampler. For anion analysis, an eluent of 8 mhC®aand 1 MM NaHC®i n 18 . 2- Mq

Q deionised water was produced as the mobile phase, with an isocratic flow of 1.00 mAmin
Dionex lonPat" RFIC™ AG14A Guard column (4 x 50 mm) (Thermo) and Dionex lodPac
RFIC™ AS14A Analytical column (4 x 250 mm) (Thermo) weredsA Dionex AERS 500 4mm
RFIC™ (Thermo) electrolytically Regenerated Suppressor was used and set to a current of 45 mA.
The cell temperature and the column oven temperature were sef@ Bbe data collection rate

was 5 Hz over a run time of 18 minste

For cation analysis, a 20mM solution of methane sulfonic &id @ 9 . 5%, iSni gmm&. 2
deionised water was produced as the mobile phase. The guard and analytical columns used were t|
Dionex lonPat" RFIC™™ CG12A Guard (4 x 50 mm) (Thermo) and DignenPaé¢" RFIC™

CS12A Analytical (4 x 250 mm) (Thermo), respectively. A Dionex CDRS 600 4mm 'RFIC
(Thermo) dynamically regenerated suppressor was used and set to a current of 59 mA. The cell an

column oven temperature were set tdGPwith a data cdégction rate of 5 Hz over a 20 minute run.
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500¢l of sample (for both modes) were loaded into Poly Vials (Thermo) and the delivery speed of
the samples was set to 4.0 ml rhiwith a delay volume of 78 and a flush factor of 2. The loading
mode was seto Loop Mode. The software used for peak identification and concentration

quantification was Chromeleon 7.1 (Thermo).
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Fig. 2.4. Chromatogram of 50 ppm Salt Mix calibration standard for the Delhi AnalygisionMode.
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Fig. 2.5. Chromatogram of 50 ppm Salt Mix calibration standard for the Delhi Analysis in Cation Mode.

Example chromatograms of the calibration standards produced in s&@tibare shown irig. 2.4

(50 ppm salts solution run in anion mode) &igl 2.5 (50 ppm solution of sakolution run in cation
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mode). These chromatograms demonstrate that the ion chromatographic analytical method reporte
induces a good degree of separation. Althougtetlseroom for improvement, this was not needed

for the scope of this work and was sufficient for Rldlerosol IC analysis. Method development was
however conducted in which quality control measures were introduced as to ensure an even highe
degree of auracy on the ion species quantification results reported in this thesis. These are describec
in section2.2.6

2.2.6 Quality Control

2.2.6.1 Calibration Correction
The salts boughh from the supplier are not 100% pure, and during the synthesis of these salts in

the manufacturing process, other ions may have leached into the final salt product (e.g. the calciun
carbonate standard salt used for this thesis was?®%ure from Sigma Aldrich). Therefore, to
correct for cross contamination, dilutions of 50 ppm of the individual salt standards were created anc
these were run separately to identify the instrument response contribution to the mixed anion anc
cation standals. To quantify the contaminant contribution to a particular peak, solutions which were
a part of the mix were run three times consecutively on theFig. 2.6 shows an example
chromatogram of Nkt in which a noticeable conductivity within the NEl salt contributes to the

signals of the other cation peaks.
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Fig. 2.6. 50ppm NHCI IC Chromatogram demonstrating the contaminant ions present from the manufactur

The calibration peaks used in these analyses corresponded to 10028QF6 (CHSGs), 99.5 %

(CI", 96.8 % (NG@), 97.8 %(Br’), 97.4 % (NQ), 100 % (PG*), 100 % (S@) and 100 % (&4

). For the Beijing winter (BWIN) campaign a different salt mix calibration standard protocol was
used with LiBr instead of KBr (LiBr was found to be challenging to weigh out due to yiakdity

to absorb water very quickly). For the BWIN anion mode, this correction step had not been developec

and so calibration corrections were assumed at 100 %.
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The cation mix standards salts for the Beijing analyses did not include LiF, howeveillhmiRe

did. Observing the LiF chromatograms, the cation suppressor has a much better Limit of Detection
(LOD) associated with the cation mode analyses and therefore cross contamination from the LiF salt
to the cation mode calibration was detected. Fojifggithe cation percentage contributions were
99.8 % (N4&), 99.7 % (NH"), 99.9 % (K), 99.8 % (Md@*) and 99.6 % (C4), for cation analyses.

For Delhi, the ion percentage contribution to actual peaks were 100'%09Qi4 % (N&), 97.8 %

(NH4"), 99.5 % (K), 99.8 % (Md*) and 99.6 % (C#4), for cation analyses. The measured peaks
within calibrationswere divided bythese percentage values to gain the actual peak area for a

corresponding ion.

A visual quality check of each calibration was conddigieor to concentration calculation using the
Chromeleon 7.1 software. A new calibration was produced daily and was split into a low and high
calibration using a quadratic fit with offset. The Chromeleon 7.1 software was used-tusemate

the calculabn of sample solution concentrations.

2.2.6.2 Blank Correction
Blank analysis was conducted by completing the extraction protocol described in 2e2tBmnm

blank preconditioned filter (6.2 crhand 5.7 crifor Delhi and Beijing analyses, respectively). Three
blank repeats were conducted for the Delhi analyses. The blank concentpatidrrésults are

presented iTable2.2.

Four repeats of both the 2 ml and 5 ml extracts were conducted for the winter anion data. Two repeats
were conducted for the winter cationic data set (year 2017). The filter extractiche rmmer
campaign were conducted a year later and the blank extractions were therefore repeated as to correct
for the laboratory environment in which the filters were extracted in (year 2018). Three repeats were
conducted in bot h 2Dlwaler. Thesa thrée repdats wefe rub 8n. bath avign

and cation mode and the concentration values were used to correct the filter extracts from the summer
campaign. For the Delhi analysis, 6 repeats were conducted for both anion and cation mode (year
2019.

In some cases, negative concentration values occurred due to blank concentration values exhibiting
a larger concentration compared to the sample concentration calculated from the response of the
instrument. This is problematic as it loses data poirtis dccurs because the blank concentrations

are averaged across repeats (and therefore have an error associated with them) which means that if a
response is calculated from an instrument and is close to the concentration of the blank filter response
for that particular ion and filter, then the error margin overlaps and will result in the blank
concentration being larger and therefore negative concentration being recorded. The blank
concentrations required, were done with a maximum of 6 repeats whiclgaibated from a single

filter piece using a single calibration on IC analysis.

This may be due to a different proportion of ionic material in that specific filter piece in comparison
to the 6 replicatblank extractions. The standard deviation (SD) of the replicate blanks is very good
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Table2.2. Blank concentrations for APHH IC analysis for extractions carried out between-2019 (ppm).

Beijing 2017 Beijing 2018 Delhi 2019
2ml 5ml 2ml 5ml 5ml
Avg. %RSD | Avg. %RSD | Avg. %RSD | Avg. %RSD | Avg. %RSD

F - - - - - - - - <LOD -

CHsSOs | 0.0632 115 | <LOD - <LOD - <LOD - <LOD -

Cl 0.209 105 |0.0797 106 | 0.116 27.6 |0.0306 19.0 | 0.0363 -

NO; |0.0369 116 | <LOD - <LOD - <LOD - <LOD -

Br- <LOD - <LOD - <LOD - <LOD - <LOD -
NOs 0.109 134 |0.0608 38.0 | 0.265 33.0 |0.0522 20.6 | 0.0488 65.8
PO# 6.00 23.7 2.40 32.3 3.26 5.11 1.74 2.74 2.32 5.38
SOZ 0.286 9.72 | 0.107 5.64 | 0.327 129 | 0.145 315 | 0.0916 18.3

C.04# |0.0298 123 |0.0111 200 |0.0761 173 | <LOD - <LOD -
Li* - - - - - - - - 0.00223 63.0
Na* 3.57 5.27 1.40 1.64 4.69 1.76 1.93 4.50 1.73 5.49
NHs* | 0.0850 6.49 |0.0242 2.64 | 0.125 11.1 |0.0523 6.81 0.123 38.0
K* 0.113 399 |0.0370 11.1 | 0.162 3.03 | 0.163 112 0.0536 155
Mg? 0.106 26.3 |0.0399 17.7 |0.0807 14.8 |0.0311 20.1 | 0.0701 6.13
Ca* 0329 173 | 0.192 224 | 0.147 8.61 | 0.104 234 0.215 18.0
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(Table2.2), however these replicate extractions were all taken from a singt®pditioned blank

filter. It could be that (depending on the manufacturing process) the concentrations of specific ions
are consistent in a section of a single piece of filter paper, but that the variance of filter ionic
concentration changes throughout a pack of 25 sheets of Whatman QMA filter papers. Although
testing this would be very expensive and wasteful, it may beldaito reassess the filter paper type
before the next field campaign involving the HiVol sampler for filter samples which will end up
being analysed using ion chromatography (as well as the other instruments that plan on using the
filters). A Teflon filter may be an appropriate alternative. Other studies to have encountered
contamination from commercial filters include Xu et al., (2620Who report Na and PG>
contamination from filters and suggest that filter washing might be an appropriate course of action
to overcome contaminatidRegarding the major ions CINOs, SO and NH', the LOD
concentrations are sufficiently low for analysis of 2damples irDelhi and Beijing. Although the
%RSD is very high for CI[CI] values are in ambient samples are up to two orders of magnitude
above this. Regarding the minor ions which are of lower concentration in atmospheric ambient
aerosol (such as NaMg?*, PQ* and C&"), Na" and PG® ions are of particular concern. If the focus

of a study is on these ions, the QMA filters should be exchanged for another material (such as Teflon).

2.2.6.3 Recovery Correction
For the analysis of Delhi samples, the recoveries of individual ions from theiiteesdetermined

by cutting 6 pieces of Quartz Microfibre Filters QMA (Whatman, UK) using a circular biscuit cutter

with an area of 6.2 ctnThese were preonditioned at 55€C for ca. 5 hours in a furnace. For anion
analysis, 10@| of the 500 ppm starald mix was ubiquitously pipetted onto the blank filter pieces

using a 20Cel Research Plus pipette (Eppendorf, UK). For cation analysisgll®0 250 ppm

standard mix was used. The filter piece was allowed to evaporate with gentle agitation untiédry. Th
filter pieces were choppeadb into small squares using scissors and were transferred to a plastic
sample vials (Sarstedt, -Gwatem&LGR))was pipettedlintoche 18 . 2 Mq
vials. The vials were labealed and sonicated in an ultrasobath for 30 minutes at room
temperature. The peak areas obtained for the anions were directly compared to a 10 ppm salt mix
standard and the cation peak areas were compared to a 2.5 ppm salt mixed standard (responses
averaged over three mixed standardsjuio assess the recovery of this extraction procedure. Six

recovery tests were completed for both the anion and cation mixes.

A similar method was used for Beijing Recovery Analysis in which a hole punch with an area of 5.7
cn? was used. For anion analy, aca. 1000 ppm (of anions) mixed stock solution of each of NaCl,
NaNQ, NaNG, NaHPQ:;, NaSQ, CGOsH and CHSOsH were produced. Recoveries were
conducted in either 2 ml or 5 ml water to mimic sample extraction. For recoveries extracted in 2ml,
3 pieces of 5.7cm blank preconditioned filter had 2@iL of the 1000 ppm mixture pipetted onto
them. Three recoveries were also extracted in 5 ml DI water for whiph 50 the anion mix was
pipetted onto the filters. Samples were extracted in water for 60 minutes. Complete recovery for both

these sets of rewerieswould produce a final concentration value of 10 ppm anion mix which was
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compared to a 10 ppm anion standard mix for direct comparison, for recovery analysis. For cation
analysis, a similar protocol was taken although a mix of NaN®l,Cl, KNOs, CaCO; and Mg

(IC solution) was used. 40 and 10l of a 500 ppm cation mix was pipetted onto three filter pieces

for the 2 ml and 5 ml recovery analyses, respectively. These were therefore also compared directl

to a 10 ppm cation mixed standard forqeertage recovery calculation.

Table2.3. Recovery % correction values for the APHH Delhi (2019) and Beiiad7) IC analysis.

Beijing (2 ml) Beijing (5 ml) Delhi (5 ml)
lon Average %RSD Average %RSD Average %RSD
F - - - - 93.9 1.33
CH3SOs 99.2 1.86 99.4 0.829 95.2 2.63
Cr 97.7 1.93 98.8 0.868 96.0 2.15
NO2 11.1 24.7 9.24 5.74 4.07 48.8
Br- - - - - 89.3 1.21
NO3s 91.1 2.27 93.7 1.09 92.5 1.66
PO& 85.7 4.60 95.2 1.00 89.0 4.80
SO 98.7 1.98 98.5 0.933 94.1 2.99
C.04* 98.8 1.56 99.3 0.962 92.5 4.16
Li* - - - - 97.8 0.374
Na* 96.7 2.78 96.1 0.818 96.5 1.37
NH4* 91.2 0.573 90.5 0.953 93.9 0.472
K* 94.9 1.39 94.6 0.398 95.2 0.633
Mg?* 94.3 0.766 97.6 1.74 96.6 0.469
ca?* 63.1 5.73 76.9 2.09 56.4 7.79

Table2.3 demonstrates that recovery results conducted in 2017 (Beijing 2 ml and 5 ml) as well as
the recovery results conducted in 2019 (Delhi) present very good recovery for most ions as well as
very good reproducibility. Very good reproducibility was also demonstrated for recoveries of most
ions represented by low %RSD valuesTiable 2.3 for each st of analyses. Recovery analysis
conducted in 2017 (Beijing 2ml and 5rhipwever observed higher percentage recoveries generally.
This was because a lower volume and higher concentration of ionic salt solution was pipetted ontc
the filter piece compared the Delhi analysis (Delhi 5 ml). In using a lower volume, less solution

make leak through the filter paper onto the foil wetétion.

A relatively low recovery was however observed foft'Cidall and Whitehead., (1978)suggested

that C&" may absorb ontplastic material from studies investigating calcium content in blood left in
plastic autoanalyzer sample cups. Plastic is used througleol@ timalysis including for calibration
standards. This may have an impact on the**|Gaithin the plastic recovery sample vial, and
although the calibration standards were also produced in plastic sample vials, calibration standard
were present at mudhigher [C&*] concentrations. A much more likely reason for the lowet Ca
recovery response is down to the use of quartz microfibre filters. Previous studies have suggested

much greater affinity of Catowards quartz material compared to other metallic cafi®iis Work
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by Wang et al., (2018%¥ conducted a theoreticalvestigation into the interaction of aqueoug'Ca

and the oxygen atom on quartz (8i@r the purposes of quartz activation with regards to mineral
flotation and separation. Workers concluded th&t ahe medium of agua ligands (Ca(®), and
Ca(OH)(HO)s) may effectively adsorb into an Si®tructure. This occurs via the electron donation

of the agua ligands surrounding®Ct the oxygen of Si© Workers go onto mention that this occurs
through a C&3'Y  OP hybridised bond which induced an adsmmptstrength was closely related

to CaO covalent bond formation. HydratedCig very likely to be the dominant form of €avithin

the aqueous cation mixed recovery solution and therefore may effectively adsorb into the porous
QMA filter producing Ca0 interactions with the filter paper. This would in turn reduce the recovery
concentration achieved of €aMoreover, it may bargued that the method of recovery test used in
this thesis may be inappropriate for’CaAerosol samples collected from Beijing and Delhi were
often dark brown and black from black carbon. If black carbon had covered the filter sufficiently
enough, a lever surface area of the quartz filter piece would be presented to the aqueous solution
and therefore less €awould be adsorbed into the filter piece during extraction. This is not
representative of a pi@nditioned filter piece with almost pure ionidioa solution pipetted on.

Br recovery values were not calculated for the Beijing analysis, but were calculated for the Delhi
extractions. These were then used for the APHH Beijing correction. Furthermore, the repeat of blank
analyses between the samphkgdines was also necessary, as the conditions of the lab may have
changed over the course of APHH sample analysis. The recovery test fowdkOcompleted
separately using the identical extraction method as with the anion standard mix. Three repeats of the
NO; recovery were completed, which was compared to a 10ppm Nethit@lard. The original result

when conducting this recovery as part of the standard mix produced a recovery value o 4lil&% (

2.3). When running the NOstandard separately a recovery of 88.0% (4.2% %RSD) was obtained.

It is suspected that the aciaethane sulfonic acid and oxalic acid in the standard mix interact with
the NQ on the filter paper, producing HONO which volatilizes off during the water evaporation
stage, dramatically reducing the amount of,NTherefore, care should be taken when incorporating

NO; into mixed standards and for ambient sample mixtures.

2.2.6.4 Limit of Detection
The limit of detection (LOD) is defined as the lowest concentration at which a measurement (here a

gaussian IC conductivity signal) may be reliably detected by a specific analytical method and is
statistically different in comparison tbe blank (with a confidence level of 99%%%. The purpose

of this parameter in analytical chemistry is to try and minintsegresence of false positive and
false negative values in data $&ts The Limit of Quantification (LOQ) is defined as the lowest
detection response possible before the reading should be treated as qualitative, with unknown
uncertainty in the quantiiae valug®. The quantification level is specified as the standard tiemia

of signals from consecutive replicates multiplied by ten, and is method depéhdEmdre are
several possible methods to calculate the LOD and £8® and no definite decision has been

reached to date as to which method is best?f/s&tl
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The method of LOD and LOQ calculations used far Delhi and Beijing IC analyses constituted
running a calibration of mixed salt standards, followed by 10 replicates of a low concentration
standaré’. The exact concerdttions of the ions in the replicates was calculatédg the calibration,

and the standard deviation of these 10 replicate concentrations was calculated and multiplied by thre
(to obtain LODin Eq. 2.1) or 10 (to obtain LOQ irkEq. 2.2). The noise of the instrument can be
measured over this sampling period and is reflected in the standard deviation of signal response ove
these replicates for each individual ion. Multiplyitids standard deviation by three thus gives a

signal response above which a signal can be identified as a peak.

O000"YOOQUE Qf & Q&6 Qi

Eq.2.1. Calculation used to conduct LOD analysis tioe APHH IC analysis.

D00 "YOOQUI QR & Qu@dt'Qi

Eq.2.2. Calculation used to conduct LOQ analysis for the APHH IC analysis.

The concentration of standard was chosen based on adequate response of the instrument for «
species in the mixed standard at the time of LOD analysis and were different for anion and cation
analyses. A fresh LOD calculation was conducted before the simalff each campaign set of

samples, as the state of the instrument and the relative response given may fluctuate over time.

In this work a 0.25 ppm salt mix was used for the 10 replicates in the anion LOD and LOQ analysis
for the Beijing winter and summeampaigns. For the cation LOD and LOQ analyses for the Beijing
campaign, detection limits were much lower and a 0.05 ppm salt standard was used as the replical
standard here. The Beijing winter cation LOD values were also taken for the summer dballgsis.
analysis occurred a year after the Beijing work. LOD and LOQ samples were significantly higher for
the Delhi analysis and a salt standard of 2.5 ppm was used for the replicates. The LOD and LOC
values established for the APHH Delhi and Beijing IClgs®s are shown ifflable2.4 and Table

2.5, respectively. The percentage of samples taken for which ions were observed to be above LOL

and LOQ are also presented.

The analysis of the Beijing winter filters, sorar filters and Delhi filters were conducted in 2017,
2018 and 2019, respectively. Observifaple 2.4 and Table2.5, generally for each ion, the LOD

and LOQ values increase from BWIN < BSUM < DPEM + DPOM analyses. In some instances, LOD
and LOQ values were very high (especially for Delhi). In somenoeg LOD and LOQ are

exceptionally high, such as for NGn Table2.4 which demonstrates concentrations of 0.56 ppm
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Table2.4. LOD and LOQ concentrations (ppm) determined for the Delhi filter analysis in 2019%wof samples for each ion which where over the LOD and LOQ).

F CHsSOs Cl NO; Br NOs PO& SO# C04 Li* Na* NH 4" K* Mg?* ca**
LOD 0.17 0.19 015 0.27 029 056 031 0.23 0.30 89E04 2.1E03 35E03 26E03 6.3E03 5.3E03
E % > DL 100 29 100 88 29 100 100 100 100 61.8 100 100 100 100 100
CDL LOQ 0.58 0.62 050 091 096 1.86 11 0.75 1.0 3.0E03 6.9503 1.2E02 8.7E03 2.1E02 1.8E02
% > QL 17.7 0 100 0 0 100 100 100 26.5 8.8 100 100 100 100 100
LOD 0.17 0.19 0.15 027 029 056 031 0.23 0.30 89E04 2.1E03 35E03 26E03 6.3E03 5.3E03
(E) % > DL 17.8 23.8 100 27.7 7.9 100 100 100 70.3 100 100 93.1 100 100 100
% LOQ 0.58 0.62 050 091 096 1.86 1.05 0.75 1.00 3.0E03 6.9E03 1.2E02 8.7E03 2.1E02 1.8E02
% > QL 1.0 15.8 86.1 168 2.0 80.2 96.0 100 23.8 20.8 100 93.1 100 100 100

Table2.5. LOD and LOQ concentrations (ppm) determined for the Beijing winter and summer filter anafydigted in 2017 and 2018, respectively (with % of samples for each ion which where over the
LOD and LOQ).

F CHng{ Cl NOs Br- NO3' PO43_ SO42' C2042' Li* Na* NH4+ K* MgZ+ C&2+
LOD - 0.054 0.056 0.026 0.056 0.044 0.081 0.047 0.066 - 5103 29E03 4.2E03 1.6E03 1.5E02
P % > DL - 50.8 99.2 43.6 105 100 100 99.2 76.6 - 100 91.9 100 100 100
% LOQ - 0.18 0.19 0.087 0.19 0.15 0.27 0.16 0.22 - 17602 9.8E03 1.4E02 5.5E03 5.1E02
%>QL | - 20.2 96.8 21.8 0 98.4 100 99.2 25.8 - 100 91.9 100 100 100
LOD - 0.10 0.062 0.092 0.055 0.048 0.20 0.12 0.13 - 51E03 29E03 4.2E03 1.6E03 1.5E02
% % > DL - 47.5 99.5 14.3 8.2 100 100 100 93.4 - 99.5 96.9 100 100 99.5
g LOQ - 0.34 0.21 0.31 0.18 0.16 0.65 0.40 0.43 - 17602 9.8E03 1.4E02 5.5E03 5.1E02
% > QL - 10.2 93.9 0 0 100 100 100 37.8 - 99.5 96.4 99.5 10 99.5
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and 1.86 ppm, respectively. These are exceptionally high LOD and LOQ values and are problematic
as they have tpotential to lose detail within timgeries calculations. Furthermore, on occasion very
clear peaks were observed within samples which were officially < LOD and therefore improvements
to the method of LOD and LOQ calculation must be applied in future e&dusLOD/2 value for

each ion was used to replace readings <LOD. This considered the fact thagjtaltheample

concentration as not detected, it is likely that the species may still have been present in aerosol.

In evaluation of using this calculation thed, a fundamental issue arises regarding relative peak
response between ions in mixed standards. The LOD and LOQ calculations presented here rely o
the lowest possible concentration of ion to be used. The mixed standards however observed varyin
responss for different ions (as seenhiny. 2.4 andFig. 2.5). For ions which demonstrated larger
responses, the StDev values are inherently larger and therefore the LOD and LOQ values may b
overestimated. In future salt mixes should be produced waitulated concentrations as to acquire

a similar signal response for each peak, followed by dilution.

o Yr . o
- LU U
Ya € nQ

Eqg.2.3. LOD calculation using standard error of the calibration slope.

In addition, quality of data would be proved if the LOD and LOQ calculations were conducted more
frequently. Conducting the method carried out here would be costly to conduct more frequently.

Other methods however exist which include using a calibratiorecand the standard error of the
slope®2% as shown irEq. 2.3. Where $y is they-estimate standard error for a linear fit and the
slope is thegradient. This method is however most suited to ions which demonstrate a linear fit

calibration and most ioremnalysed on IC give a slight quadratic curve.

Very high LOD and LOQ values may also be down to column degradation. As the system is used
and the column ages, the LOD values increase. This is most likely due to the wear of the instrument
particularly thedegradation of the anion column. In addition to the 328 loaded Beijing PM samples
and 142 Delhi filter samples, extensive use of the instrument was required for the NO3ISOP
campaign at the SAPHIR smog chamber in Jilich (chapter 6). Even though the 1@ bgste
undergone the recommended cleaning procedure (Thermo Scientific IC Column Nabealyeen

the Beijing and Delhi extractiondy¢ PM samples from Beijing and Delhi are particularly heavily
loaded with PM and it is therefore likely that column degteon of the IC system led to the

decreased quality in LOD over time for this particular colt#n

This degradation can also be witnessed in an MQ water blank baséjn27). The black baseline

is the response from the 1 C instrument of 18
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MQ water baseline from 2019, around the time of the analysis of the Delhi samples. The blue baseline

is much noisier and therefore delig¢ a reduced quality baseline than the originakwom-out

column before all the PM samples were put down it. The background is set to zero using the
0AutoZerod6 function on Chromel eon. The anion col umi
for future work on the instrument. In evaluation of the work conducted during the NO3ISOP

campaign which encountered huge difficulties with LOD values, replacement of the column (and

perhaps suppresganay have been useful for that particular campaign afteo#ttket Beijing filters

had been run on the system.

MQ baseline run on 02/05/2017

N7 R A e a  an e A

MQ baseline run on 30/07/2019

Fig. 2.7. Column degradation of IC overtime producing a noisier baseline.

The cation LOD values however remained consistently very low throughahle2.4 andTable2.5

shows that almost all of the cation data is above both LOD and LOQ across the campaigns. For the
major anions (C] NOs, PQ?, SQ?) that are generally at much higher concentration in these
polluted megacities, the majority of samples are also above the LOD and LOQ. For the minor ions
(F, CHsSOs, NO7, Br, and GO4%) however these higher LOD and LOQ results pose more issues
and potentially mask interesting activity of these specie<itirtie series. For example, the DPOM

data demonstrated 17.8 %)(&nd 7.9% (Bj of readings above the LOD which is very low.

In addition, some ions demonstrate 100% of measured values > LOD, although a very low proportion
of values > LOQ. For example, the DPEM data, HDPEM) demonstrates an obvious diurnal
pattern (Chapter 3) with peaks found during daytime hours and troughs at night which is consistent
with an expected anthropogenic industrial source. Only 17.7% of these values however are above
LOQ, despite the obvious trend seen. Despite the large LOQ for some ions, obvious diurnal patterns
may still be observed and if all values below LOQ are not considered, significant loss of detail is lost

in time series.

Another critique of the LOD and LOQ cailations in this study is that according to the
Environmental Protection Agency (EPA), measuring the standard deviation across replicates of a
calibration set standard officially gives the Instrument Detection Limit (IDL), and the actual
detection limit &ould ideally involve the sonicated blank filter to account for matrix affects for the
method detection limit. Therefore, to improve the LOD measurement in future;cangioned

blank filter portion could be sonicated and filtered to produce a dilsbhdion which is consistent
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(applying the matrix artefact) and used to produce the mixed standard. Although, as discussed i
sections2.2.6.2and 2.2.6.3 the blank Whatman QMA filter may potentially demonstrate large
variance in ionic loading #between filters which would render this method praypriatefor the

filters used in this study.

After allwork was completed the anion column and suppressor were changed for the benefit of future
users. Another set of LOD runs (using the same calculation method) was completed for the anior
mode.Table2.6 shows the LOD values using the old column and suppressor compared to the LOD

values after these parts of the instrument were replaced. The improvement factor is also displayed.

Table2.6. Table showing the anion LOD (ppm) values before and after replacement of the column and suppressor.

F CH3SOs Cl NO, Br- NOy PO SO& C,04
LOD Before | 0.17 0.19 015 0.27 029 056 031 023 0.30
LOD After | 0.015 0.078 0.026 0.020 0.033 0.071 0.11 0.064 0.066

Factor 11.99 2.38 585 1332 8.68 7.85 283 352 453

As shown inTable2.6, on changing the anion suppressor, the LODs had vastly improved, changing
by an order of magnitude for &nd NQ-, and changing by a factor of 5.85, 7.85, and 3.52 for Cl
NOs, and S@, respectively.

2.2.7 Calculation Method Development

The method development of calculating the atmospheric concentrations of ionic species within PM

is outlined in this section. Protocol schematics as to how the atmospheric ionic concentrations were
calculated(in addition to quality control measures) are outlined for which an improvement and
evaluation is discussed for the consecutive schemes. This section develops on previous methoc

which have been completed by workers at the Universityook.Y

2.2.7.1 lteration 1: Initial Atmospheric Concentration Calculation: (Initial Calculation)
Once calibration standards had been produced and run on the IC, the peaks were integrated using t

Chromeleon 7 software. The peak areas were recorded and a simple linear regresttedviar

the calibration. The calibration was also forced through the origin in the assumption that no analyte
would give no signal. In addition, some calibrations only involved three points (and one calibration
for the Beijing winter cation datasetlgimvolved two points in this calculation). The averaged blank
peak areal(S*min) was calculated and this was deducted from the sample peak area.. The blank
corrected peak area was passed through the calibration producing a solution concentration (ppm
This solution concentration was multiplied by the volume of water which had been used to extract
the filter sample in, in order to calculate the mass of ionic specigg {as ppm sug mi?). This

therefore gave the mass of ionic species which was presehe filter piecel(g).

The volume of air sampled was calculated by dividing the area of the filter piece segment by the are

of the HiVol sampling cassette (the area of filter paper that was exposed to the air flow) and
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multiplying this by 80 rfh! (the flow rate of the HiVol) ad the time of sampling in hours. The mass
of ionic species was then divided by the volume of air which had passed through the filter segment,

to obtain the atmospheric concentration.

Recovery correction was completed as described in s&20h13 The instrument response average

peak area(S*min) from these recoveries (three replicates) were averaged. The blank averages were
then deducted frortine recovery average. This peak area was then compared to the reference standard
(average over three replicates) to calculate the percentage of material lost through the process (and
therefore the recovery). The atmospheric concentration calculated waditied by the recovery
percentage to get the final atmospheric concentration of ionic species.in PM

2.2.7.2 lteration 2: Atmospheric Concentration Calculation 2 (Improved Calculation)
On evaluation of calculation 1, there were several fundamental improtethah could be made.

Firstly, it is incorrect to force the calibration equation through zero. This is to do with the LOD, and
the fact that zero peak area may be present for situations in which an analyte may be present but
simply at a lower concentratichan the LOD. Therefore, this was rectified in calculation 2 and a

constant was added to the linear regression.

The calibration used in iteration 1 was further inspected and it was noticed that the calibration
gradient may change throughout the calibratange. To increase the accuracy of the procedure,
each calibration was split at a pivot concentration. The pivot concentration was decided from visually
inspecting the calibration linear squared regression coefficient results for the high and lasv range
The original norsplit calibration run on IC on théMay 2017 as shown iig. 2.8A had a gradient

of 0.202&. The gradient of théigh and low rages were 0.2054(Fig. 2.8B) and 0.163% (Fig.

2.8C), respectively. Therefore, a relatively large percentage difference is observed in gradients which
is directly applied to sample concentrations when these are calculated from the peasparesere

of the IC instrument.
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Fig. 2.8. Change in calibration gradient dependant on region of calibration concentratiwrsen to demonstrate ho
the gradient changes at different sections of a calibration curve for IC analysis
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In calculation 1, there were also some calibrations which had only used three concentration points
These calibrations were spot check calibrations throughout a run to make sure that the calibratior
had not shifted but were used as calibration resultsriation 1 as they were closer to later samples.

It was however decided that a thyg@int calibration for IC was inappropriate, as any anomaly within

the calibration would skew the calibration greatly for numerous samples. Therefore, arpothtee

calibrations were discarded.

Another difference within iteration 2 compared to 1 is that the percentage recoveries of each specie
values were applied to the sampleds bl ank co
concentration. This was implemted as the recovery is directly associated with the solution of
sample analyte as opposed to the final value. Moreover, the calculation of recovery analysis change
also. In iteration 2, each individual recovery repeat had the average blank peaktaaetesui hese

were then divided by the average peak area of the 3 repeats of the reference solution to give thre
recovery percentage values. These were then averaged for each ion. In addition, the cross
contamination correction as discussed in secBdh6.1 was also applied to the calibration

concentrations.

In between producing calculation 2 and 3, an intercomparison was conducted between UoB and

to try and decipher the source of in poor comparability. UoY and UoB exchanged filter samples run
oneanot herdés samples on each otherds 1 C instr.
of using a quadratic function in the calibrationwas g hl i ght ed al ong wi th
samples through the means of a weighted average. After thedmgrarison and discussion with

UoB, the final calculation procedure was produced for atmospherigs R concentration

determination (iteratio 3).

2.2.7.3 lteration 3: Atmospheric Concentration Calculation 3
It was determined that the calibrations used in calculations 1 and 2 could be improved by applying &

quadratic fit (with offset) to the calibrations, as opposed to using a linear regressionfisdgth o

This is because the nature of IC analyses (for anion analyses) causes IC calibrations to observe
nontlinear trend®. The basis of this nelinearity occurs from the suppressor. Suppression of
solutions during analysis causes the anions witiérsolution to convert to thhespective acids (i.e.

CI' converts to HCI). The anion is detected by the conductivity detector in the IC, whereas the acid
is not. The mobile phase (IC eluent) is basic during anion analysis. At lower amounts of anion, less
acid is produced from suppréms, and therefore a larger proportion of the anion is detected within
lower concentrated solutions. When anion species increase in concentrations, more acid is produce
from suppression, and therefore the pH of the solution decreases. As this ocac#l preduced

is less susceptible to dissociation back into the anion (conjugate base anion), and therefore a lowe
percentage of anion is detected for higher concentration solutions. Therefore, this produces ar

expected calibration trend as showriig. 2.9A for which a quadratic function should be fitted
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Many of the calibrations observed during the analysis of the Delhi and Beijing filter samples followed
the expected calibration shape as seeRign 2.9A. Some other calibrations however showed a
positive quadratic Kig. 2.9B). Observing the APHH IC calibrations at a closer level however,
demonstratethat some calibrations show low coefficientsXéof quadratic regressions for which
positive quadratics may be due to the uncertainty within the instrumental technique. In addition,
although quadratic calibrations were implemented, many of the cadisatonducted were
ultimately linear. Therefore, foiteration 3, the contamination correction, split calibration (after

visual inspection and omission of any anomalies) and quadratic regression were all implemented.
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Fig. 2.9. Quadratic calibration shapes observed during the APHH IC analysis.

Another alteration in the calculation was the method of blank and recovery application. In
calculations 1 and 2, the peak areas wereagesl for blank analyses and this was subtracted from

the peak areas of the sample for blank correction. The calculation of the recovery was also conducted
by obtaining a peak area response from the instrument, subtracting the blank resprons® and
comparing this response to the response of a reference solution. This was an inaccurate method, as
the flux of the instrument may change over the course of weeks during data collection. This method
was substituted by a much more accurate approach in widdiank runs and recoveries of species

were calculated in terms of the concentrations of control solutions. The concentrations of species
within the blanks, recovery run samples and reference samples were first calculated from an identical
calibration. Tle average concentrations of the blanks were calculated and were deducted from the
sample concentration for blank correction (in ppm). The recovery protocol involved averaging the
concentrations of species within recovery runs, subtracting the averagatcatime of species from

the blank analyses, and then comparing this value to the concentration of the reference standard

(which was also put through the calibration).

The LOD was also calculated and implemented to further improve the data from itetediot<.
After blank and recovery correction, the sample concentration was compared to the LOD. If the
concentration was below the LOD value, then a pseudo value of LOD/2 was used as the sample

solution concentration for a species for a specific sample.
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2.2.7.4 Comparison and Evaluation of Calculation Methods
The work presented in this section was done in order to try and improve and develop the IC method:

which had already been established at the UoY. The results from each iteration are shigwn in
2.10for CI, NOs,, SO and NH* for the BWIN campaign (as an example). The time series shown

in Fig. 2.10 are represented by calculation 1 (Pale Green), Calc 2 (Pale Orange), Calc 3 (Black) and
the AMS (Blue). Calc 3 incorporates the best data practice and was the calculation used for the IC
analysis between the Beijing and Delhi APHH Campaigns. The gragaldimes shown in each

time series also shows the times of midnight.
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Fig. 2.10. Changeand improvemerih time series throughieration 1 (pale green),iteration 2 (pale orange),iteration 3
(black) andcomparison of time series the AMS lpright blue). The associated errors for iteration 3 are shown as b
error bars in the yaxis. These errors are calculated using the calculation described in s@ct@Thegrey vertical

lines represent the time of 00:00 for the respective date shown orattie x

Observing the time series of each specidsign2.10, generally very little change is demonstrated
between the three calculation iterations overall. The major differences between the IC and AMS time
series occur during pollution episodes, aneréfore the size, chemical composition and particle
morphology is likely a cause of the difference, as the IC and AMS have different advantages and

disadvantages in their measurement techniques. This is further explained in chapter 3.
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A tablecomparing the Rlinear regression correlation coefficients between each calculation and the
AMS results, as well as showing the comparative average and SD values for each species is shown
in Table2.7. The three calculations were completed for the identical peak areas given by the IC
instrumentTable2.7 shows very good Hor this dataset between all three calculations and the AMS
dataset. Very little improvement is seen across the three calculation iterations regardidg the R
correlation coefficients in GINOs and NH*. For Ci, and NQ, the R correlation improvesyp1

unit of R from calc 1 to calc 2, and calc 2 to calc 3. The?Se¥ does not change between calc 1

calc 2 and decreases by 1 unit for the calc 3 iteration. The largest improvement for the linear
regression correlation coefficients between the ICA& is seen for Nkf, which improves from

calc 1 (R=0.80) to calc 2 (R=0.87) to calc 3 (R= 0.93). Therefore, by implementing the good
practices of data analysis explained in this chapter, very little change occurs to the correlation
between the I@nd AMS for CI, NO; and SG@?, although an improved change is noted between the
calculations of the [NH].

Table2.7. Comparison of Weighted Averagesd °)\m St D &)as well & Bregmession analysis between
calculation iteration and the AMS.

Calculation 1 | Calculation 2 | Calculation 3 | AMS

Average 3.71 4.07 4.04 5.12

) StDev 3.07 3.83 3.64 5.44
R? 0.91 0.92 0.93 1.00

, Average 11.05 12.59 11.98 14.66
g StDev 11.19 13.59 14.92 15.85
R? 0.90 0.91 0.92 1.00

N Average 9.08 9.54 9.23 11.82
o StDev 9.85 10.60 10.62 15.03
n R? 0.89 0.89 0.88 1.00
. | Average 7.62 7.71 6.01 7.39
T StDev 13.44 10.50 9.44 7.82
= R? 0.80 0.87 0.93 1.00

OQANQI@ 61 i 6¢¢& OQE 08 W6 Waie
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Eq.2.4. Weighted Average Calculation for lonic Species.

Averages have also been showTable2.7 between the different calculation improvements. AMS
values were averaged to the filter times and the averages shown are wéligdderefore corrects

for the gaps in time in which the HiVol was not sampling (i.e during a filter change, when a filter
blocked and the HiVol switched off automatically, or where data is missing etc.). The calculation

used to establish the mean filtene - weighted averages is shownkq. 2.4.
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For CI, NOs and S@, averages of calculation 2 were the closest to the AMS and fgrifekhtion

1 was closest. This is unexpected although it is difficult to compare the improvements in averages
with the AMS, predominantly because the AMS measureg(EiMpter 3) and because the difference

in averages between calculations is so small. &fbe, calculation 3 which incorporates the best
analytical practice out of the 3 iterations was used to calculate the ionic species concentrations withit

PMsin Delhi and Beijing in this thesis.

Therefore, it may be concluded that althoimgbrovement is seen with respect to tes&ues, this
is minimal through the calculations. Therefore, the basic method (iteration 1) is therefore a good
indication of the quantity of ionic PM species.

Finally, the contamination contribution calcutatimethod as described in secti.6.1should be
improved in future. Using peak area as a basis to calculating percentage contamination cantributio
has significant relative error associated with instrument response flux. Thiowergsponses for
ions (especially in anion mode) are far below detection limit and the overall contribution is very

negligeable. Moreover, whether this step is necessayydstionable.

2.2.8 Calculation of IC Errors
An appropriate calculation of errors was conducted for iteration 3 of the atmospheric concentration

calculation of ionic species within RPMfrom filter samples in an Asian megacity.

2.2.8.1 IC Sample Concentration Error
The error given by the IC instrument was measured by recording the %RSD of the calibration curve

(calculated by the IC Chromeleon 7 software). It is known that the %RSD is equnadtotS L) ( 0 A
divided by the mean (concentration value, A), multiplied by 100%, as shd#q &b6. This may be
re-arranged to find the SD errorassoeiat wi t h a speci fic conckEgntr a
2.6.

oy | 0
DYYOT pTT

Eq.25. Cal cul ati on o f{isthelsE errtsRSdZiatedwhiheaispecifid I& solution concentration and [A]
is the IC solution concentration.

PY"YO
pTT

Eq.2.6. Calculation of the Absolute Error of the lon Concentration given by the IC using the %RSD value from the
calibration curve as reported by the Chromeleon 7 S
concentration calculation of a specific IC spley %RSD is the Relative SD associated with a specific sample; and [A] is
the IC concentration ipg mf! of a specific sample.

The %RSD was recorded for the High and Low calibration curves for each batch of samples (sectior
2.2.7). Depending on each individual IC solution centration (associated with either the High or

Low calibration %RSD error), the associated %RSD was selected and was multiplied by the
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i ndividual sample solution t o aforralspeadfiosampieal i br at i on
given inug mr. Thisis summarised iEq. 2.6 where %RSD is the error of the calibration curve for

a specific ion as reported by the Chromeleon 7 IC software; [A] is the concentration of a specific ion

within the aqueous IC samplessatuti cal cul at ed by the | Gistbdr omel eon 7

absolute SD error (ipg ntt) of the calculated ion concentration value from the IC.

The reproducibility of the IC instrument across a batch of samples under a specific calibration was

measuredby recording the concentration response of a mixed standard solution of lowest

concentration possible (separately for both anion and cation solution mixes) across 10 consecutive

repeats. The SD (ing mi*) was calculated for each ion across these teratesd was taken as

the esti mated absolute error of the ionstrument rep!l

To propagate the calibration error (which also incorporatedom error in pipetting of standard

solutions) and the instrument reproihility error (from the fluctuation of the IC instrument), the

two sets of absolute errors (as SD) were added together, to give the total instrument (and therefore

IC liquid sample concentration) error. This is summarise&dn2.7 wh e r eis theAabsolute
calibratios éheormabsoOAute instrument al flux error;

concentration error.
10 10 10

Eq.27. Summati on of t h)e acnad irberpartao doudo glwe theitotalgndeAtratiamerror 6f 0 A
ionic species from a calibratioftiA).

2.2.9 Blank Subtraction Error
After calculating the sample concentration in iteration 3, blank correction is applied by subtraction

of the blank concentration from the IC sampduson concentration as shownkig. 2.8, where B
is the blank corrected value, A is the initial IC concentration and BLNK is the average of the blank

under a specific volume of water.

6 0 600V

Eq.2.8. Blank subtraction step in which teencentration of ionic species from the blank extrafiteet (BLNK) is
subtracted from the ion concentratiq), to produce the blank corrected concentration (B).

The error of the blank subtraction was calculated by calculating the concentratios fsbia blank
filter pieces (as described gection2.2.6.9 andfinding the SD across these repeats to give the
absolute error of the blankjigmit. Thi s SD is referred to as UBLNK a

ml, depending on the volume of watesecific sample had been sonicated in.

The UBLNK was propagated onto the initial I C sampl
propagated error for these two stepsqd9B) by wusing
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10 176 10000

Eq.2.9. Propagated error of the | C concentration error (00
error of the blank corrected concentrat

2.2.9.1 Recovery Correction Error
The blank corrected value calcddtis then divided by the percentage recovery to obtain the blank

and recovery corrected value of the IC sample solution, as summarse@.it0, where C is the
blank and recovery corrected concentration of IC sample solution, B is the blank corrected

concentration and R is the percentage recovery (in the form of a decimal).

, O
0 T
Y

Eq.2.10. Recovery arrection stage of analysis where B is they blank corrected IC concentration, R is the recovery value
(given as a decimaland C is theecovery correctetlC concentration

The error associated with the percentage recovery application was calculatkiddytte SD across

the percentage recovery results (as decimal values, s@c@@3dand i s r ef Astheed t
blank corrected IC concentration is divided by the recougqy2.11is used to propagate the error

of the recovery application to the blank corrected solution concentrationwenene C is the blank

and recovery corrected v afbrdahe blamkahd réicQery correttdd e
value, of the IC sample solutioBg.2.11may al so be rear E@alged t o ¢

Eq.211 Propagated error of the bl ank corr e oivdtiemotalemor or (
of blank and recovery correction (0C), where C is the
corrected concentration and R is the recovery value.

Eq.2.12. Rearrangement dfq.2.11

2.2.9.2 Mass of lonic Species Error
On calculating the blank and recovery corrected concentration (C), the value is multiplied by the

volume of water (Valae) Used to sonicate the filter piece in, to calculate the mass of ionic species
present on the filter piece. For Beijing this was 2 ml or 5 ml, and for Delhi this was 5 ml. This is
summarised irfEq.2.13.
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O wéa 0

Eq.2.13. Calculation of the mass of ionic species (D) from the multiplication of the volume of watat{\Maed for
filter extraction for a specific sample and the corrected IC concentration value (C).

The uncertainty associated with the M@l was determined to be negligeable. Therefore, to
propagate the error at this step, the propagated blank and recovery correctedie@gr i s mul t i pl i ec
by the volume of water (Vakes @ constant) to produce the absolute error associated with the

calculated mass of ionic Eg.BBlci es (UD). This is suml

1 0O wéa 10

Eq.2.14. Calculation of the absolute error of the mass of ionic species which was extracted from the filter piece by
multiplying the volume of water (Make) by the error associated withtkeor r ect ed |1 C concentration val

2.2.9.3 Air Volume Error
The error associated with the air volume which passed through the filter piece in the HiVol sampler

was calculated by recording the flow rate (given by the HiVol) and finding the SD across the

meased fl ow rates (UFl owRate) from the available Hi)\
HiVol in m® h'X. The error is required to be corrected for the time of sampling associated with a

specific filter, as well as the area of the filter piece samfgedC analysis. Therefore, the overall

error in the volume sampled which passed through t
Eq.2.15, where Hrs is the number of hours sampled and % Area is the percentage surface area of the

whole filter cassette surface area tgki®n which the uncertainties were comparatively negligible.

As the number of hours of sampling as well as the percentage of filter taken are constants, the rule

for propagation of errors is taken for which QOFI ow

shown inEq. 2.15.

1 0 QEOWIELYD QP! OAA

Eq.215 Cal cul ation of the absol ut enulgplyimgthe absofute erforeassetiatédo | f 1 ow r at e
with the Hi Vol flow rat e ifloér$ (Hre)ddpereehtagwffiltetareataken (hhdread f sampl i ng
from the master filter pie¢evhich are constants.

2.2.9.4 Final Atmospheric Concentration Error
Thefinal atmospheric concentration value is calculated by dividing the mass of ionic species from

the filter paper (D), by the volume of air sampled (AirVol), which produces the final atmospheric

concentration of ionic species in Rbor a specific sampléE). This is summarised i&q. 2.16.

To propagate the errors, the multiplication and division rule is used and applied to the calculation of

atmospheric ionic concentration calculation as showkdgn2.17. iD is the propagated
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calculating the mass of ionic species; U0AiTrV
sampled and OE is the total propagated error
an imic species.

]

0l wé a

Eq.2.16. Calculation of the atmospheric concentration of ionic species withinsRMere D is the mass of ionic species
determined from the filter, AirVol is the volume of air which passed through the filter piece, and E is the calculated
atmospheric concentration of the ionic species.

1 0O 1 0Qi we a

10 0 —
(@] 00l we a
Eq.2.17. Calculation of error associated withei oni ¢ concentration (UE), where (
mass of i oni c s p e criasseciatadwith thieAdlumead samples. t he err o

In this thesis, these concentration errors associated with atmospheric concentrations are shown «

error bars in thg-axis of associated charts.

2.2.10 lonic PM2slon Chromatography Inter -Laboratory Comparison Study
Developing on from the collaborative work conducted with UoB regarding theimnsteament

analysis of ionic constituents on the IC from offline filter sampling, an-lateratory IC study was

condut¢ e d |l ed by the University of Birmingham.
interlaboratory comparison of aerosol inorganic ion measurements by ion chromatography:
i mplications for aerosol pH esti mat Bwet abn Af
(2020%5".

2.2.10.1 Overview and Results
Despite the very wide use of IC analysis for ambient aerosol measurements in the literature, this i

the first time that a blind intdaboratory comparison study has been conductedhiertéchnigue.

The study included 10 laboratories from the UK, China and Serbia including the University of York,
Institute of Atmospheric Physics at the Chinese Academy of Sciences (CAS), Institute of Chemistry
(CAS), Chongging Institute of Green and Ihitgent Technology (CAS), Beijing Normal University,

the Ocean University of China, Nankai University, Zhejiang University, the University of Belgrade
and the University of Birmingham. The purpose of this study was to observe whether different
laboratoriesand instruments using varying extracttenhniques would produce differing instrument
responses (and therefore different ionic concentrations) for an identical set of ambient filter samples
This study also aimed to measure the uncertainty and reprdiiyeitross the methods. An Aerosol
Chemical Speciation Monitor (ACSM) was sampling on the same rooftop at IAP and was also used

in the comparison.

The calculated concentrations from each instrument were then usedess the impact of this

variability between the labs and instruments on aerosol acidity estimagiog the ion balance
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approach and the ISORRORIBRthermodynamic acidity moddh this study, the UoY is represented

by Lab-9. The other laboratories are unknown. The study further providegduation and suggests
recommendations on ways in which IC analyses may be improved in future for the characterization
and quantification of ionic species within ambient aerosaol £Whe ions analysed in this study were

F, CI, NOs, SQ%, NH4*, Na', K*, Mg, C&".

Anion and cation reference standard solutions, as well as 5 blank samples and 8 ambient aerosol filter
samples were sent to each lab. The anion and cation reference standards (Sigma, UK) had been
bought by the UoB and were diluted befdoeing distributed (20 ml) to the individual laboratories.
These were directly run on the IC instrument. These were also used by the UoB to conduct the
recovery analysis of species from each institution. They calculated these by dividing the reported
corcentrations for each species given from each institution and dividing this by the concentration
reported by the manufacturer.

Ambient PM s filter samples were collected by UoB at IAP betweefi 1@39 Jan 2019 using a
HiVol sampler Tisch Environ, USARt a flow rate of 1.13 #min™. Five field blank filter samples
were also sent by UoB. These had been collected by placirappditioned filter samples into the
HiVol sampler at IAP with the flow rate turned off on the instrum@ihese filter sample&nd
blanks) were chopped up into 6€and 5 cr pieces and sent to the 10 different laboratores.
further description of the ambient B¥and blank filter collection is found in the work of Xu et al.,
(20207¥°".

The method of filter extraction (presented in secidh3 was used for lal (this study, UoY) and
extraction of a 6 cAfilter piece sent fromUoBvas compl eted into 10 ml
minute sonication). The use of a shorter version of calculation 3 was also used, in which the quadratic
calibration pivot was set at 2.5 ppm (salt concentration). Each of the anion and cation reference
solutions (used for recovery correction) were run three times directly, and each of the blanks and
ambient samples were run once. The blank correction and recovery correction stages of calculation
were completed by the UoB. This was a blind analysis for whielcdimcentrations for each ionic

species were calculated and sent back to the UoB for collation and comparison.

The ionic atmospheric concentration results from each lab are shdwg. 211, in which lab 9

(UoY) is represented by a grey circle and liRig. 2.11 shows that C] NOs, SO, NH;" and K’ in

general show good agreement across all institutions. The study does however show more variability
across the minor ions of, Mg?* and C&". The York (Lak9, this thesis) results are largely in between

the IC responses of the other laboratories

To inspecthe agreement between values more closely, error bars (red) have been displayed for the
Lab-9 values (UoY, this thesis) which show * 30 Bcan be seen that for CNH.*, NOs, K" and
SQ# that almost all values (apart from 4B for NG and K') reside within + 30 % of the La®
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Fig. 2.11. lonic Atmospheric Concentration Comparison Results fkonet al., (2026F". The results for each lab ar

shown via the key above the time series. The grey verticatéipessent the dates of sampling (shown on the boti

charts and are vertically identical). Red error bars have beduhed to the time series of L-8(results from this thesis
to demonstrate th£30% range.



values (from this thesis), with greater agreement between species found at lower concentration
responses. For FNa’, Mg* and C&" however, there is significant disagreement between the
institutions for which the majority of institutions do not fall within the {Salues + 30 %. This is

due to F, Na', Mg®* and C&* exhibiting very low concentrations in which the absolute errars fo
each separate institution are likely much greater at these low levels. Therefore, for the major ions
which make up the predominant fraction of RMthe reproducibility between the instruments is
good. For the minor ions, this intercomparison coulddmepteted again in future although with the
absolute errors reported by each institution incorporated as well as to give a greater insight into the

reproducibility between institutions.

Xu et al., (2020%" concluded that most ions shownFRig. 2.11 had good reproducibility between

the 10 laboratories. Moreover, for the most important ions influencing@esoidity (Cl, NOs,

SO, and NH*) good consistency was observed between labs using a variety of instrument models
and data analysis technigues. There was however greater variability between instruments
demonstrated on the more polluted ddstgthermore, the minor ions (especially Mg®* and C&")
observed very large variability which was attributed to very low concentrations of these species
within the PMs filter samples. Xu et al., (20208} also demonstrated thahe anion/cation
equivalence ratio as well as the ion balance were very poor estimation methods for acidity as very
large variance was measured between the institutions. This was attributed to the variance in error
between institutions and the inclusiofithe minor ions such as €aof which concentrations were

very inconsistent between the laboratories. Acidity estimation using ISORROPIA 1l however
demonstrated good agreement across all institutions. It was however suggested that the acidity
estimationwould be more greatly influenced by the variability in ionic measurements whes [NH

was low.

An issue arose during data analysis in which not all laboratories used the identical LOD calculation
method. To rectify this, the LODs were calculated by Xu.e{2020¥% taking the SD of the blank

filter solution responses and multiplying these by 3. Xu et al., (2826ported LOD values in ng

m3 defining the lowest concentration of ionic species thatccbel present over a 24 hour filtering
periodat a flow rate of 1.13 #min™. For comparison purposes, the relative instrument LOD has
been calculated back from ng3tfrom the values reported in table 3 in Xu et al., (28200 the
equivalent ppm concentration in a 10 ml solution. The LODs calculated by Xu et al.,2202@)

each lab are reportedTrable2.8 in which Lab 9 (UoY) is shown in bold. Lab 9 shows no values for
the F and Ci LOD values, as the quantities of these ions were too low in the blank sample and no
SD could be calculated. Asic be seen froriable2.8, the results across the laboratories are very
variable in which the UoY presents results which are in between the highest and lowest readings

across all ions.

94



Observing the other LOD values Trable 2.8, most values are < 0.1 ppm. Particularly high LOD
values were however seen by Ekalfor the major ions, Cand NQ' in Lab-5, as well as N@in
Lab-10.

Table2.8. Table of LODs (ppm) reported from 10 different laboratories for anion and cation species from Xu et al.,
(202075

Lab F Cl- SOZ  NOs3 Na*  NH4' K* Mg?*  Ca?*
Lab-1 0.01 0.07 0.03 0.02 0.07 0.04 0.05 0.01 0.04
Lab2 | 8.9E04 0.03 0.01 0.03 0.02 0.01 2.8E03 0.02 0.13
Lab3 | 4.6E03 0.01 0.03 0.02 0.01 0.01 0* o* 0.04
Lab-4 0.45 0.53 0.06 0.37 0.07 0.28 0.06 44E03 0.21
Lab-5 0.01 0.23 0.09 0.27 0.13 0.13 0.02 0.02 0.11

Lab-6 NA 0.02 0.12 0* 0.08 0.11 NA NA NA
Lab-7 0.01 0.03 0.08 0.09 0* 0* 0.03 0.01 0.04
Lab-8 NA 0.08 0.06 NA 0.05 NA NA NA 0.06
Lab-9 NA NA 0.08 0.05 0.03 0.02 0.01 5.4E04 0.07
Lab-10 | 29E03 0.05 0.05 0.24 0.12 0.08 0.19 o* 0.03

N.B. LODs which show 0* afeom laboratories which reported a 0 LOD value.

A comparison was completed between the LOD values calculated in this thesis to the LODs
calculated by Xu et al., (2026Jwhich is presented ifiable 2.9 For SQ* and NQ;, significantly

lower LOD values were seen for UoB, whereas generally for the cations the UoY showed far lower
detection limits. The much larger N@nd SG* seen by UoY is most likely down the degradation

of the column (sectio.2.6.4. In addition, the much lower concentrations of solutions used by UoB
(blank solution) compared to UoY generated much lower SD values for UoB. This therefore
generates much lower LOD values. The disagreement s@abi@2.9 also highlights the need for

an official universal LOD calculation method.

Furthermore, an LOD could only be reported if a peak response was observed within the blank filter
solution . I n some instances where no peak was pr
(2020¥”. A possible reason for the 6NAOG values f
down to the variability of ions withirhe blank filter and filter pack from the manufacturing stage

(as discussed in secti@®.6.9.

Table2.9. Comparison of LOD (ppm) calculated in this work to the method by Xu et al.,{£020)

LOD/ F Cl" SO NOg Na* NH4" K* Mg?* Cca**
ppm
This Study| 0.17 0.15 0.23 0.56 2.1E03 3.5E03 26E03 6.3E03 5.3E03
Xu et al., - - 0.08 0.05 0.03 0.02 0.01 5.4E04 0.07
Factor - - 0.33 0.09 13.39 5.38 4.79 0.09 14.09
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2.2.10.2 Specific Contribution of this work to the Intercomparison
The specific contribution of the work presented

comparison of aerosol inorganic ion measurements by ion chromatogiraphgations for aersol
pH estimat eo b¥% is¥e exteattional samplessgnd fPoth the lead of this work

(University of Birmingham) and the reporting of concentration results back to the project lead.

The project lead had sent ondgamreference solution, one cation reference solution, in addition to

5 blank filter pieces and 8 ambient Pilter pieces, separately wrapped in foil. The blank and
ambient PMssamples taken by the University of Birmingham were collected as desiergsction
2.2.10.1The filter pieces were extracted into 10 ml water (using the method described in chapter 2)
and represented the method used by the laboratory at the University of York.

The calibration standards were selfde at the University of York as described in @8a2 and

had not been sent from the project lead. Full calibrations were run on the IC instrument, followed by
the reference solutions, extracted samples, as well as the filter blank pieces, for both anion and cation
modes. The L ab 6 svaterWas alsa ested for cah@mrimants. Ehe rdference solutions
were ran 3 times, followed by each sample and blank, once. Quantitative solution concentration
analysis of the separate sample reference solutions and blanks was conducted using calculation 3
(section2.2.7.3.

The results of the concentration analysis of the reference solutions, ambient samples and blank filters,
aswellasthe ab 6s ul tr apGlrBr, N@3 8@ NOf, @@>, LF, Na', NH,*, K*,

Mg?* and C&" were finalised and sent back to the project lead. The project lead coagulated all the
data from the separate institutions who conducted the same work thutheir own separate
instruments and methods. The lead then conducted further analysis in calculating the LODs of the
instruments from each lab, by using the concentrations from the reported blank filter solutions. The
results from this thesis are presshtn Xu et al., (2026%" as Lab 9.

2.2.10.3 Critiques Surrounding the IC Inter -Laboratory Comparison Study
Although the work conducted by Xu et al., (2020js very informative and novel with respect to

the worldwide intedlaboratory comparison of IC methods which was necessary, some areas of
improvement for future analyses of this type are needed specifically in the area of quality control.
Firstly, the sample sent by the University of Birmingham lead was dam&ige@.(12) and as only

a fraction of the entire filter piece was sent, it is unknosvtoavhether particulates were completely

homogenous over thentire filter sample.

Fig. 2.12. Filter sample sent by the University of Birmingham for the IC il#leoratory comparison study.



Further critiques are that different institutes were given different afddi®r paper to be extracted
(either 5 cm or 6 cnf) which is inconsistent. In future, each lab should be given the same surface
area of filter sample. Furthermore, by close a@wijon ofFig. 2.12, the filter pieces were not cleanly

cut.

Moreover, the LOD concentration calculations from each lab were all conductedprpjé lead

at the University of Birmingham. The LOD was calculated by taking the standard deviation of the
blank concentration of each ion across the blank filter extractions and multiplying this by 3. For some
instruments in the intesomparison, someons displayed no signal response as the concentration
within the blank sample was below detection limit. Therefore, for some laboratories not all ions
investigated have a reported LOD associated with them. This was the case for the LOD in this study
for which no LOD was reported for Br CI for Lab 9 (the work from this thesis) in the work of Xu

et al., (2020¥". A way to overcome this in future would be to send out a calibration standard of a
very low concentration for each ¢gat ion, although a high enough concentration that all instruments
give a signal response for all ions investigated. Furthermore, thedndmecovery correction stage

was also conducted by the project lead which alters the full methods that woulddbéyuse

participating laboratories in species concentration quantification.

2.2.11 Cement Analysis for Inter-Instrument Comparison
This experiment is specifically associated with the cement discussion and analysis presented ir

chapter 3. 0.05565g of UltraTech Cem@viumbai, India), was weighed out into a plastic sample
vial (Sarstedt). 13.65559 gof 8 ( 18. 2 Mq) was added -tealedtarddi s
sonicated for 30 minutes. The resulting solution was shaken and passed through a Millex syringe
drivenfilter unit of diameter 33mm and pesize 0.2Z2m (Millipore). Three 0.5 ml aliquots of this
solution were pipetted into IC Polyvials (Thermo), and the solution was run on the IC in anion mode,

with a distilled water blank between each injection to presag carry over of material.

2.2.12 Validity of Measuring Nitrite on Filters
NO; in the aerosol phase is known to be a reservoir for HONG® although little work

investigating N@ within particles las been done to date as Ni® highly chemically unstable and

is typically in very low concentration in the atmospB&ré8*. There has however recently beenkvor

by Wang et al., (2012%, Wang et al., (2013% and Gao et al., (201%Y which has indicated
increased levels of NOwithin aerosol and therefore the accurate identification and quantification
of NO, within aerosol matricessiof atmospheric importan®& Furthermore, HONO is known to
dissociate to NO and OH in the presence of #§hthich are both key constituents in governing
atmospheric chemistry. Therefy the accurate measurement of ,N@ithin aerosol using filter

samples would produce valuable datasets.

Very little is mentioned in the literature surrounding the validity of measuring nitrite on filters. There
is however information in the literature remunding NQ formation and depletion as well as
equilibrium with HONG®, for which processes could be occurring on or within particéésgb

sampled by HiVol onto filters. Specifically, Wang et al., (2695kport that the particle NOand
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gas phase HONO equilibrium maye kzontrolled by various conditions such as RH, ambient
temperature, acidity of particle surfaces and species concentrations pdtticies. These factors

are all variables when filter sampling in a polluted Asian megacity for which an increased RH would
favour the dissolution of HONO into the aerosol phase producing & wet surface heterogenous
reactions of HONO are known to increase Nfoductiord®®3093%1 producing positive N@artefacts;

lower temperatures would encourage the condensation of HONO into theia@ézosol phase as
well as trap N@ within the particle; the relate concentrations of gas phase HONO and particulate
NO; evidently affect the equilibrium; and the higher the acidity of particles, the greater the
interaction between NOand H which goes on to produce HONO and depletes NNOm the
particle phas®&! causing negative NOfilter artefacts. Another possible source pafsitive NQ-
artefact formation during filter sampling may be downthe gas phase NOreduction by
hydrocarbons on sampled particle surf4®é¥3!1 as well as N@gas phase reaction with dust
particles®?%13 These multiple variables are all present during filter sampling and therefore the
atmospheric conditions likely affect the proportion of positive and negatiefiN€r artefacts.

Although very little in the literature talks about the specific positive and negative &tt@facts
surrounding filter sampling, the production of positive N&@tefacts from the use of Particle into
Liquid Sampler (PILS) sampling (chapter 6), has been mentipredously'4%%6, Orsini et al.,
(2003¥% howeveralso suggest that even in the presence of acid and base gas denuders,gasy NO
that may still pass through the denuders would contribute to the piadwdt HONO which

consequently dissolves within aqueous samples and fornas Wich is detected b\C266,

In particular, a possible significant source of negative, Nfttefacts may likely be dut® the
interaction of sampled NOwith gas phase £passing through the filter sampler. Poruthoor et al.,
(1995%* mention in their work that the interaction between particulate &l@ gaseous {passing
through the their sampler is significant in N@egradation over prolonged filter sampling times. It
is reported that N©may degrade in the presence of gaseaiishtbugh the reaction shown Ey.
2.18%¢,

NO;y + Oz Y NG O,

Eq.2.18. Reaction between filter based N@nd G producing N@ and Q.

Furthermore, work by Koutrakis et al., (1998measured gaseous by filter sampling, in which

they utilised nitrite coatedl|fers to calculate the amount @hich had passed through their filters.
They measured the atmospheric concentratiors ty@uantifying the formation of NO As the Q
concentrations across the APHH campaigns was significant, reaching maximums of 194 ppbv, 352
ppbv, 36 ppbv and 182 pp for the DPEM, DPOM, BWIN and BSUM campaigns, respectively. It

is therefore very likely that NOwould have degraded somewhat during filter sampling across the

APHH campaigns and that N@ossibly obtained positive artefacts from this.
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2.2.13 Evaluation and Validity of using a Quadratic fit for Calibrations
There are however some negative implications surrounding the use of quadratic fits for calibrations.

These include the need for a greater number of data poigigater error associated with the
quadatic fit; considerably larger errors associated with outliers for which the calibration curve needs
to be extrapolated; and that there is rarely a theoretical justification in having a quadratic
curvaturé!’31831% Dye to the role of the suppressor and the formation of acid from conjugate base
species (as discussed previously in sei@n7.3 there is however a theoretical justification in this
instance as to a negative quadratic fit due to the use of suppressor. There were however sorr
calibrations which observed a positive quadratic curvatige 2.9B) for which it is suggested that

the slight positive coefficient is most likely down to error in this technique. On reflection, it may
have been more accurate to have used a linear calibration function. This is because conductivit
should be a linear response and if needing to use a quadratic fit, thiksuggkest that the dynamic
range used for the calibration is too large. Furthermore, in applying a quadratic fit to the calibration
responses the calibration is forced into a polynomial model producing an artificially better fit for the
calibration, despé the level of uncertainty in the calibration curve.

The use of a quadratic curvature may have also affected the data presented in this thesis by th
reporting of a smaller error than is actually present. Furthermore, it is expected that for negative
curvatures, the calibration for the IC will overestimate the actual concentration within the
intermediate part of the curve, for which the adverse is true in the case of a positive quadratic
curvature. To avoid the use of a quadratic calibration curve irefutus recommended that samples

are diluted to fit within the segment of the calibration which is linear at lower concentrations. The
number of calibration points at these lower concentrations should also be increased to improve

accuracy of calibrationral solution concentration calculation.

2.2.14 Other Issues
Before the separate mixes (for anion and cation) were produced, the stock solutions were taken ot

of the fridge and left to warm up to room temperatwae 80 minutes). For solution preparation,
1000¢l pipettes were used to make up the mixed standards. Therefore, allowing all solutions to warm
up to room temperature avoided any errors in the measured quantities of ionic solutions and kep
pipetted volumes consistent. This is because the volume of exqiends with temperature as stock

solutions are taken out of the fridge.

The mixed anion standard which included Nahd NQ only had a shelf life ofa. 3-4 days. This

is because the NOand NQ" within solution partition with on@nother in which N@ converts to

NO; to a point of equilibrium as demonstratedrig. 2.13. In Fig. 2.13, the black chromatogram is

a fresh mixed standard solution created and ran"bM&y 2017 and the red line was the same
standard ran on 80May 2017. As can be seen the ration of peaks substantially changes over the
course ofca. 1 month. Therefore, it is recommended for future users that a separateelNOX

calibration standards is ran in conjunction with the main mixed anion standar8apatating N@
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will also benefit the user with regards to needing to complete the l€bvery separately (as
discussed in sectich2.6.3.
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Fig. 2.13. IC Chromatogram representing N@ NO; partitioning in a mixed standard over the course of ca. 1 moi
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Fig. 2.14. NaCl, NaN@and NQSQO: mixed salt solution were ran on IC at 100 ppm (black), 200 ppm (dark blue)
ppm (pink), 400 ppm (brown), 500 ppm (green) and 650 ppm (light blue).

Finally, tests were completed to observe the maximum concentration of the major anions which
would beexpected to be seen in an Asian megacity. NaCl, NaM@® NQSQ: mixed salt solution

were ran on IC at 100 ppm (black), 200 ppm (dark blue), 300 ppm (pink), 400 ppm (brown), 500
ppm (green) and 650 ppm (light blue), as showfign2.14. Visually inspecting the chromatograms,

the peaks start to skew to one side aftei200 ppm. Therefore, it is recommended that future users
do not go abovea 200 ppm of NaCl, NaN&@and NaSQ; for an IC run.
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2.3 Conclusions and Suggestions for Future IC Users
The experimental protocol for measuring ionic species inddm filter samples collected during

the APHH Delhi and Beijing campaigns has been descrilwad)alith the developed methods for
quantification. Separate quality control procedures have also been outlined and evaluated for thei
addition to accuracy in atmospheric measurements. For the benefit of future IC users measuring ioni
species within P from filter samples, suggestions and improvements to the methods used in this

work are outlined.

Forming a mixed calibration standard from ionic stock solutions is essential for efficient calibration
and quantification of IC solution concentration. lrée&commended that ionic stock solutions are
removed from the fridge and allowed to warm updar 30 minutes before being pipetted for the
purposes of producing fresh salt mix solutions. This is due to the volume of water being temperature
dependant. Spéially, for anion mixed standards involving both M@nd NQ standards should

either produce a fresh set of mixed standaalsvery 3 days or preferentially remove N@nd
produce a separate single salt calibration involving MObe run in conjuction with the main salt

mixed standard. This is due to the partitioning betweep At NQ" in solution. In addition, it is

also recommended that salt solutions do not excee®00 ppm for NaCl, NaN£and NaSQ: to

avoid skewing of the chromatographpeaks. Furthermore, running samples at too high ionic
concentrations is likely destructive to the instrument. Further work needs to be conducted for other
salt species to observe the maximum concentration suitable for the instrument. Finally, close
inspetion of separate 50 ppm salt solutions were inspected for the potential cross contamination of
other ions within the salt stocks from the manufacturing process. In combining stock solutions for
mixed standards production, the addition of minor conductivitsn other ions should ideally be
taken into account, although it was concluded that this step observed very little influence on the

overall improvement or change in the dataset for the major ions.

When conducting blank comparison for filtanalysis for ionic species within aerosol, it was
concluded that Whatman QMA quartz filters are likely sufficient for the major ionic species, (NH

Cl, NOs and S@) although are not suitable for minor species such ag.PIhis is due to
contaminatn of these ionic species found within the QMA filters and the ions leaching
inconsistently during the sonication procedure. It was found that the concentrations of some ionic
species such as Fand N4 are not evenly distributed throughout a filter or a pack of 25 filters. In
the quantification of ionic species presented in this thesis, this resulted in negative concentration
values which was down to the concentration of species (such &saR® N4d) observing a large
concentration within the sampled blank filter, compared to the filter piece used for sample analysis.
This resulted in negative values being obtai
suspected that Whatman QMA filterseasufficient for Cl, NOs, SO and NH* analysis, more

work is required for contamination variability across filters to be ruled out completely. An alternative

Teflon filter has been suggested to solve the contamination problem for future IC analyses.
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Recovery analysis for the experimental protocol described in this chapter for IC correction
demonstrated very good recovery results for most ions which observed Recovery values of > 90 %.
PQ? recovery values were > 85 %. MOvalues demonstrated verywaecovery values. This was
attributed to the protocol involving the pipetting of a small volume of high concentration mixed anion
(with NOy) solution onto filter paper. It has been suspected thatiN@he presence of other acids
within the anion mix ppduced HONO which may volatilise off during the drying period of the filter
piece. When the NOrecovery was completed separately, a recovery of 88.0% (4.2% %RSD) was
established. Carecovery values were also particularly low. This was attributecettiytration of

Ca* in agqueous solution forming the complexes (G&(}d and Ca(OH)(HO)s). These complexes

bind to the O in SO of the quartz micro fibre filters used in this study. This results in a significantly
lower recovery of C4 within the filtersamples. For accurate concentration calculation &f, @as

again suggested to future IC users that an alternative filter is used for sampling. Finally, slight
improvement of recovery was observed when using higher concentrations of solutions dimgj pipet
smaller volumes onto filters during the protocol. This is down to ion loss through the absorption of
filter paper through the foil used underneath. It is therefore recommended that future users aim for
ca 1000 ppm anion and 500 ppm cation solutionsla Og¢l dip@tted onto a filter piece.

LOD calculation was conducted by running 10 replicates of a mixed standard salt solution 10 times
and taking the standard deviation of the responses across the peak areas. It must however be
emphasised that the l@st concentration possible should be used as described by the EPA which
may require remaking of solution concentrations especially for the LOD and LOQ analyses. It was
found in this work that if selected solution concentrations are too high, the LODGRdecome
unrealistically high. Therefore, it is recommended for future users to prepare a special anion mix for
the purposes of LOD analysis in which each ion is at the lowest possible for IC analysis. Another
possibility may be to use a similar methodhat of Xu et al., (20269’, although the risk here lies

in the uneven distribution of ions when analysing extracted filters and the investigator may risk not

observing all ions.

Furthermore, the column and suppressor raio increase LOD values as they have been
demonstrated in this work to degrade over time when presented with exceptionally higfilteiM
samples. A total of 473 ambient Rbilters from Beijing and Delhi were extracted and ran on the
IC from the sart of this study. When replacing the anion and column suppressor at the end of this
work, the LOD and LOQ values were-calculated using the new instrument parts which provided
exceptional improvement across the anions investigated. Cation LODs demeogtngerally much
lower concentrations which is likely due to no acid being formed at the suppression stage. Anion
improvements were by a factor of over an order of magnitude for speeaied RQ". CI, NOs, and
SO observed factor improvements 085, 7.85 and 3.52, respectively. Owing the relatively rapid
column and suppressor degradation for anion mode IC and to potential instrument flux, it is
recommended that the LOD and LOQ measurements are much more frequently calculated compared
to in this wak. This may be completed either from the calibration curve of standardsEcsiBg,
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or preferentially by using the EPA method on a more frequerd.bEtse disadvantage of doing this
however is that IC PolyVials (Thermo) used for the Dionex system are expensive. Futuneadsk
to be conducted to observe whether one EPA LOD and LOQ calculation per week is sufficient for

sample analysis. Finally, thigork has highlighted the need for an official universal LOD calculation.

The calculation for ionic species concentration within,RWas also developed to try and improve

the accuracy of datasets. However, after implementing a number of work inteost/@rgctices

(i.e. the salt cross contamination step; splitting up the calibration into high and low; not passing the
calibration equation through zero; more calibration points used; applying blanks and recoveries in
terms of their concentrations as oppddo the instrument peak area; using a quadratic function;
application of LOD/2 for samples <LOD etc.) the overall improvement to the dataset was negligible.
Finally, the IC method outlined in this protocol was used in an intercomparison study with IC
instrumentation in 10 different laboratories around the world which was shown to generally be in
good agreement with other laboratories. This may be found in the work of Xu et al.,?{2020)

which the contribution from thigork is presented as Lab 9.
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3 Atmospheric concentrations and characteristics
of the major ions found in PM.s during the
APHH Beljing and Delhi campaigns

3.1 Introduction
It has been widely reported that Delhi and Beijing have exceptionatyéwgls of outdoor particle

pollution in recent yeat&198320321 experiencing levels way beyond the World Health Organisation
recommendations of 10g nt® and 25ug n for the annual and 2Mourly means, respectivély
Numerous studies have suggested that thesRisiction of aerosol induces adverse health effects in
humans, particularly targeting the lungs and cardiovascular si$t&##*3%. PM.s is dominated

by organic material (usually of secondary nature) or inorganic sgeciebich tracers may be used
in solving the potential source apportionment of this size fraction. lonic species withip PM
predominant makeup the bulk of the aerosol.

With a growing population in both Delhi and Beijing (currently at 30.26 and 20.46 million,
respectively as of 2020, according to the world population review websitbgir rapid
industrialisation and the ubiquitous exposure of the inhabitants to these toxic particles, means the
characterisation and quantification of the inorganic fraction in these two megacities is vital. In
addition, inorganic material within PAdmakes the aerosol have higher hydrophilicity and therefore
enables the coagulation of water molecules and also enhances the accumulation of other gaseous
toxins within the partici&® This therefore increases the risk of those exposed ta.PM

In addtion to health effects, the composition and amount ob PMay affect radiative forcing of
aerosol, and therefore clim&té Understanding the composition of the inorganic fraction within
PM:5s is also crucial in atmospheric models, for example in understanding the pH of aerosol using
ISORROPIA?832° The pH of aerosol also has a direct link to other environmental catastrophes,

including acid rain, which inherently effects economies.

The presencef ions such as NQ SQ?*, C;O,* and the proportion of organic fraction may also give

an indication of the amount of oxidation and secondary chemistry occurring in the atmosphere.
Furthermore, the physical state of PdMnay also influence the fate of atmospheric gases such as
NO. and SQ which may oxidise to HN@and BSQ;, respectively, and accumulate within aerosol

(as to provide a sink for these gaseous spéti¢s) The rate at which processes like this occur

depend on the availability of oxidants in the atmospHere

As part of the Air Pollution and Human Health (APHH) campaigns, ion chromatography analysis
was completed to examine the inorganic fraction o Péiring fourof the most comprehensive air
quality measurement campaigns ever conducted within Delhi and Beijing using highly time resolved
filter sampling. These campaigns took place during the DelhM@resoon (DPEM), Delhi Post
Monsoon (DPOM), Beijing Winter (BWIN and Beijing Summer (BSUM) seasons. Methane
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Sulfonic Acid (CHSGs), chloride (Ci), nitrite (NGy), bromide (BY), nitrate (NQ), phosphate
(PO?), sulfate (SG), oxalate (@04*), sodium (N&), ammonium (NH'), potassium (K),
magnesium (M§) and calcium (C#) were the ionic species measured in this study. Fluorijle (F
was also included during the analysis of the Delhi samples. A brief analysis of the mgjbagas
constituents NO, Ng SG and Q has also been completed to compare to #spbase chemistry

and identify polluted periods.

An in-depth analysis has been constructed specifically for the most dominant ions of anthropogenic
origin, including Ci, NOs, SO2, NHs" and GO4?. In addition, this study for the first time provides

a highly timeresolved inorganic time series for ions within 2Vusing oftline filter sampling
coupled with ion chromatography, in Delhi as part of a much wider range of measurements. This
study also provides an update to the very comprehensive setdasSt3322°2 which have been
conducted on the composition of inorganic £2Mvithin Beijing, using up to 3@ninute filter
sampling which allows for more detailed analysis and additional compositional information
compared tdAerosol Mass Spectrometry (AMS). Minor ionshuas N@, CH;SO; and Br are also
included in this study which are not often reported in lon Chromatography (IC) atmospheric analysis

due to their low abundance.

An interinstrument comparison has also been conducted assessing the responses of tsieyUnive
of York (UoY, this study) and the University of Birmingham IC (UoB) IC instruments; as well as
the Institute of Atmospheric Physics (IAP) and Centre for Ecology and Hydrology (CEH) AMS
instruments. This was conducted to identify the possible kegasswf error which arise between
instruments. IC analysis is also on occasion more dependable compared to AMS measurements su
as in the separation and quantification of Hydroxymethanesulfonate (HMS) afidd&®to the
potential interferences from othesulfur containing compounds using A®S In addition,
vaporization andonization AMS methods have been reported to breakdown organic nitrate and
organic sulfate species leading to underestimation in these concentfationaddition, the AMS

does not normally measure noefractory** species (e.g. mineral dust and sea salt) and therefore
may potential} lead to an underestimation of ions within PM compared to IC methuoaiganic

PM s concentrations from IC were therefore critical for the benefit of other researchers who took

part during the same campaign.

In this study, the major and minor atmospbéoins have been characterized and quantified to assess
and compare the inorganic fraction of PNh Delhi andBeijing (sectiorn3.3.3. These specidsave

been segregated into day and nitjime atmospheric concentrations to help identify the different
secondarychemical processes which may be occurring due to the presérightoin these
atmospheres (sectid13.4. A comparisorof the weighted mean averages of each ionic species to
the estimated daily concentration asaerements of PM (measured byJoB) produced an overall
picture of PM.scomposition in each campaign and indicates whether the aerosol is of a more primary

or secondary nature, depending on the type and proportion of eguiesemt (sectio.3.5.
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3.2 Experimental
A full description of the IC experimental techniques carried out in Delhi and Beijing is described in

Chapter 2.

3.3 Results and Discussion

3.3.1 Meteorological Conditions
Delhi experiences four main seasons throughout the year and are referred-imasgmen/smmer

(Mar - May), monsoon (Juih Sep), postnonsoon (Oct Nov) and winter (Dee Feb), whereas in
Beijing, the seasons are designated as winter {[F&b), spring (Mai May), summer (Juih Aug)

and Autumn (Sep Nov). The meteorological conditions assted with each of these sampling sites

for the DPEM, DPOM, BWIN and BSUM campaigns are shown in sec8dhs.1- 3.3.1.94. The
temperature, Relative HumidifiRH) %, wind direction and wind speed data were measured by the
UK Centre for Ecology and Hydrology (CEH) using high time resolution. dataing the DPEM
campaign, the tower that was used for the flux measurements had not been constructed until the
autumn of 2018 during the DPOM campaign. Therefore, the DPEM wind speed and wind direction
vectors had been taken from the Indira Gandhi lat@nal Airport (IGIA). Workers at CEH also
reported an error of 3@vith regard to the poshonsoon wind direction vectors. Fig. 3.1 (Delhi)

andFig. 3.3 (Beijing), arbitrary colours are associated with the wind speedsnshiothe top right

hand of each wind rose plot. The scales on the right of each wind rose plots demonstrates the

percentage frequency of winds associated with each wind vector.

3.3.1.1 Delhi Winds
During the DPEM period, wind data was used froi &y 2018 08:8 until 53" Jun 2018 17:30 in

hour increments (202 readings). Prevailing winds were observed from-$te direction and a
maximum windspeed of 8.23 rsvas recorded from the vector of 51°§BIE-E). For the DPOM
period, measurements were taken every haifr from 11 Oct 2018 14:30 until 5Nov 2018 at
10:30. The prevailing winds during this campaign originated from tidWVand the maximum

wind speed measured was 6.26'méich coincided with a direction vector of ANE-E).
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Fig. 3.1. Wind Rose Plots showing the overall wind spékedend, m$) and wind directions across the APHH DPE
and DPOM campaigns.
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3.3.1.2 Delhi Temperature and Relative Humidity
The data shown ifrig. 3.2 shows the time series for the temperature and RH% during the DPEM

and DPOM campaigns. Meteorologicata within the DPEM campaign was taken every half hour
from 28" May 2018 at 17:00 until'sJun 2018 at 11:00 (371 readings) and during themposisoon
campaign was taken from 1. Oct 2018 at 14:30 until®®6Nov 2018 at 10:30 (every half hour with
1041readings), to match the timings of filter sampling. Data acquisition was every 1 minute in both
Delhi campaigns.

The average temperature reading during the DPEM period wa334nith a maximum reading of
43.4°C and a minimum of 26.Z. The daytime average temperature was 365D + 3.3C, and
the nighttime average was 32°6 (SD * 3.4°C). During the DPOM campaign cooler temperatures
were generally seen. An average temperature measurement &€ 2dagrecorded over the course
of the campaign, with a range of 171 34.1°C. The maximum value recorded for the daytime
was 34.1°C which occurred on #7Oct 2018 at 14:00, and the maximum nitjhte temperature
was 30.9C which occurred on #7Oct 2018at 17:30.
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Fig. 3.2. Time series of Temperature (Orange) and Relative Humidity (Blue) across the APHH DPEM and D
campaignsError ca. < 1 %.

For the DPEM and DPOM campaigns, the RH ranged from 119.5%, and 17.9 86.0 %
respectively. RH% is generally lower during the day and higher at night. RH peaked in the early
hours of the morning betweara. 06:007 08:00 and a diurnal cycle isa® During DPEM, the
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daytime average was 35.8 % (SD % 10.3 %) and the-tilgetaverage was 44.8 % (SD * 10.5 %).
The DPOM day and nigtitme averages were 39.2 % (SD % 9.8 %) and 61.4 % (SD * 6.6 %),
respectively. Therefore, the cooler temperatures dutie autumn months generally allowed for a

higher RH % during the night la. 20 %. The daytime values remain fairly similar.

3.3.1.3 Beijing Winds
Measurements were taken every 15 minutes during both BWIN and BSUM campaigns. During the

winter period, measuremesrhave been taken frorft Blov 2016 at 17:30 9" Dec 2016 17:30 (2851
readings) and during the summer period frorft May 2017 13:00° 25" Jun 2017 08:30 (3564
readings) to coincide with filter sampling times. The prevailing winds in the Beijing campaign were
seen to originate from the north of the city, whereas during the summer campaign prevailing winds
were observed from the SW regionsThe maximum wind speeds measured in winter and summer
were 9.80 m$ and 12.89 m§ respectively. These corresponded to directional vectors of 302.19
(W-NW) and 69.38(NE-E), respectively.
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Fig. 3.3. WindRose Plots showing the overall wind spegegend, m-$) and wind directions across the APHH BW
and BSUM campaigns.

3.3.1.4 Beijing Temperature and Relative Humidity
Temperature and RH% readings were tadkegry 15 minutes in Beijing fromi"&Nov 2016 at 17:30

i 9" Dec 2016 at 17:30 (2875 readings) during the winter campaign and betwekiay 2017 at
13:00 until 2%' Jun 2017 at 08:30 (3565 readings) as showFign3.4.

The average temperature recorded during BWIN wa&Guith a maximum of 16.7C (19" Nov
2016 at 13:45) and a minimum -&.8°C (22 Nov 2016 at 07:15). Day and nigtitne temperature
averages were 6°€ (SD = 3.8C) and 4.6C (SD + 3.6°C).

During the summer campaign, an average temperature of@6vé@s recorded with a maximum of
39.8°C and a minimum of 16.8C. The daytime masmum value was 39.8C and the minimum
night-time value was 16.8C. The average day and night temperatures for the BSUM campaign were
29.0°C (SD £ 5.3°C) and 25.2C (SD * 4.5°C), respectively. Beijing was found to be generally
cooler than Delhi, anthe difference between the minimum Beijing winter campaigr8C) and
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maximum Delhi pranonsoon campaign (43%) was 49.2°C, allowing for a broad range of

atmospheric conditions to be studied.

During the BWIN campaign, the RH% ranged from i7 $8.0%. The BSUM range was 13.6 % to

100 %. Similar to the Delhi campaigns, the BWIN and BSUM data show a clear diurnal profile with
higher nighttime RH% values. The BWIN day and night averages were 41.4 % (SD + 21.0 %) and
54.9 % (SD + 21.6 %), respectiveljhe minimum RH% was 7.5 % which is the lowest out of all
campaigns. A significant drop t@a. 10 % is detected on #®ov at around midday. This coincides

with a significant rise in temperatures. From th# l®v, temperatures gradually decrease uhél t

22" Nov, for which a decrease is also observed in the RH%, although follows the decrease on the
21%'to generally lower values. Particularly low values of RH% were observed ontrend41%'

Nov ofca 8 % ancca. 12 %, respectively.
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Fig. 3.4.Time series of Temperature (Orange) and Relative Humidity (Blue) across the Bétjittg BWIN andBSUM
campaignsError ca. < 1 %.

During the BSUM campaign, the day and niglhrages were 43.9 % (SD = 22.7 %) and 55.2 %
(SD + 20.4 %), respectively. Traverage RH % measured across the entire BSUM campaign was
51.0 % (SD £ 22.0 %) which was similar to BWIN with RH 49.8 % (SD % 22.3 ¥hle BSUM
campaign observed an oscillation pattern in RH% ftanG" Jun 2017 until the end of the campaign
(ca 18 dys). On some days instrument recorded a RH capped at 100 % RM?:22'1 May; and

22047 239 Jun), likely due to a precipitation event.
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3.3.2 Gas and Particle Phase Composition in Delhi and Beijing

3.3.2.1 Time Series of Major Gas mixing ratios and Daily PM s concentrations
The mixing ratio time series for NO, NOCO, SQ and Q, as well as the Pp atmospheric

concentrations during the APHH Delhi and Beijing campaigns are shotig.iB.5 andFig. 3.7,
respectively. These plots have been used to determine the general air quality conditions throughout
the four campaigns. The gas phase mixing ratios were measured by the TheYPM;s
measurements were recorded by the UoB using an online Tapered Element Oscillating Monitor
Filter Dynamics Measurement Syst€ffEOM-FDMS). The BWIN and BSUM mixing ratios are
discussed in more detail by Squires et al., (26520)

Gasphase measurements in Delhi were taken exgnute and have been selected from th& 28

May 2018 at 08:30 5" June 2018 at 17:30 (DPEM) and frofhi®ct 2018 at 14:54 6" Nov 2018

at 10:35 (DPOM). In the Beijing, measurements were recorded every 15 minutes and were selected
from 9" Nov 2016 at 17:30 9" Dec 2016 at 17:30 and from"&ay 2017 13:00 25" Jun 2017

08:30, for the BWIN and BSUM campaigns, respetyivEhe grey vertical lines in each time series
denotes the time of 00:00 on each day and the horizontal red lines in thdifAMseries display

the UoB sampling times.

3.3.2.2 Delhi
During the DPEM period, very high levels of pollution were recorded towhedbeginning of the

campaign, especially in NO and CO. A maximum level of [NO] of 510 ppbv was reached on 29
May 2018 at 03:15. After this maximum, [NO] was much lower throughout the rest of the campaign.
From the 3t May 2018 at 00:00 until the end cdmpaign, an average [NO] of 3 ppbv (SD + 7
ppbv) was recorded. The [Nf@enerally rises in concentration later in the evening. The average day
and nighttime [NO;] were 23 ppbv (SD + 12 ppbv) and 36 ppbv (SD £ 20 ppbv), respectively.
Similarly, [CO] usally peaks during the late evening and decreases towardsighid The
maximum [CO] recorded was 5853 ppbv o' Ray 2018 at 22:42. Similar to [NO] and [CO], the
highest values of [Sf) were observed at the beginning of the campaign. In general, the
concentrations of S{are very low, with a median concentration across the campaign of 3 ppbv. Two
very large spikes in [S{are however observed oft dun 2018 at 13:25 (1008 ppbv) and 8nlGn

2018 at 17:29 (995 ppbv). These spikes are likely eitherto an interference with the instrument

or a sudden change in wind direction as a crematorium was located very near to the sampling site
(corpse burning has been shown to emit)$® O; showed a rise in concentrations during the day
(average of 7ppbv, SD + 26 ppbv), followed by a fall at night (average of 34 ppbv, SD + 22 ppbv),
in a diurnal cycle. The gases therefore indicate that the atmosphere was generally mong oxidis

during daytime periods compared to nigiihte hours.

In addition, 12hourly PMvsdata shows an overall decrease from the start of the campaigg (54
% at a midpoint of 29 May 2018 at 03:00) until midway through the campaign {paiht of &' Jun

2018 at 14:50) which also represents the campaign minimum of 1§.@6. A significant increase
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was seen in Piton 39 Jun 2018 to 18d4g mi®, although this is followed by a very gradual decrease
in PMz.s from 4" Jun 03:00 (47.0Qg n®) until the 3" Jun 15:00 (41.0Qg nTs).

The DPOM period had much higher pollution levels compared to DPEM in all gejes and P)4.

NO concentrations peaked during nidgime hours with much lower concentrations observed during
daylight hours, in very clear diurnal cycles. The day and #igte averages were 18 ppbv (SD = 51
ppbv) and 268 ppbv (SD £ 235 ppbv), respaty. A gradual increase in NO was also observed on
the leadup to Diwali (TNov 2018). Opposite to NO, the N@verage was higher during the daytime
(44 ppbv, SD £ 28 ppbv), compared to nigihte hours (40 ppbv, SD £ 21 ppbv). The overall average
NO. concentration was 42 ppbv which wee 35 % higher than in the DPEM (31 ppbv).

Similar to the DPEM period, CO mixing ratios rise in the very late hours of the day towards midnight
and then drop significantly during morning hours. On top of this diurrgthdual increase in peak
overnight CO concentrations is seen on the lead up to Diwali (as with N@EoBCentrations are
commonly higher at night and a particularly high peak occurs at a maximum of 77 ppbv in the
evening on 18 Oct 2018 at 21:43. For4a very clear diurnal is seen with the average day and
night-time concentrations as 48 ppbv (SD + 30 ppbv) and 7 ppbv (SD + 17 ppbv), respectively. For
NO, CO and @ very clear diurnal cycles are observed althougtieinonstrates the opposite diurnal
trend seen for NO and CO. This therefore indicates that oxidising species dropped during the DPOM
night-time hours. This may be explained by a substantial drop in the boundary layer height during
DPOM nighttime hours FEig. 3.6) causing very large increases in [NJ@uring nighttime hours

which starve the atmosphere of oxidising species resulting in higher [CO] and [NO], with
significantly lower [Q].
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Fig. 3.6. Time series of thmodelledboundary layer heignECMWF 36 during the Delhi posmonsoon campaign.

Fig. 3.6 demonstrates the change in boundary layer height (m) as a function of time during the DPOM
campaign.The data shown was modelled and taken fromEilmpean Centre for MediufRange
Weather Forecasts (ECMWF) database (using Lat 28.625, Lon 77.25 at 1 hour time re¥8lution)
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The contraction from day to giit-time periods which very likely concentrated NQuring the
DPOM nighttime hours was particularly strong. Boundary layer height is however known to contract
generally under cooler temperatures, which accounts for the increase in the primary ottatgollu

during cooler periods across all campaigns.

PM..sconcentrations showed very large variation (SD + 108x46). The highest peak in this time
series was found towards the end of the campaigne@nt®). Finally, in the Qand SQtime series

a spike is seen on the evening of th& M8t. These spikes were however suggested to be a potential
interference with the instrument according to the UoY.

Therefore to summarise, the DPOM gas and particle phase concentrations indicate¢alloted
atmosphere compared to the DPEM campaign. Substantially higher concentrationgscdr®M
observed during the DPOM campaign compared to DPEM demonstrating much higher levels of
combustion emissions during DPOM compared to DPEM. Furthermoid) hgher levels of NO,

NO,, CO and S@are also observed during the DPOM campaign, which are also associated with
combustion emissions, likely down to the campaign taking place on the lead up to Diwali, increased

regional agricultural burning and a decean boundary layer height at lower temperatures.

3.3.2.3 Beijing
During the BWIN campaign, the average NO mixing ratios were generally higher at night averaging

51 ppbv (SD + 53 ppbv) compared to daytime hours 28 ppbv (SD £ 33 ppbv). The maximum NO
concentratio during the campaign was 264 ppbv sampled on'fHeet 2016 at 08:30. There was
however a short period @b 2 days in the middle of the BWIN campaign$2ihd 22 Nov) in

which values drop to near zero on two consecutive days. Obsétigng.7, NO, concentrations
generally rise throughout the day and peak at night. From the start of the campaign uritiNbe, 20
NO; values vary significantly, ith a mean ota. 40 ppbv. NQ concentrations are also generally
higher after the 25Nov 2016, although frequently very low values are seen BiN2Y, 15Dec, 5"

Dec and 8 Dec, for which values tend towards < 10 ppbv. The maximum value of 89 ppbv was
recorded on'8Dec 2016 at 21:30 and the minimum value was 5 ppbv recordetiDedsat 12:30.

CO showed a relatively similar trend to ®@ith mean mixing ratios of 967 ppl{SD + 695 ppbv)

for daytime hours and 2970 ppbv (SD + 2086 ppbv) for Highe hours, respectively.

These findings demonstrate that generally during the -tiigiet hours, fewer oxidising species and

a greater proportion of primary emissions were presBm¢ maximum daytime [SPmeasured
during the BWIN campaign was 21 ppbv and the minimum values obtained was Ocpptwo(
orders of magnitude smaller). The maximum and minimum observations during the BWIN night
time hours was 20 ppbv and 0 ppbv..$@ows a very similar trend to NO, N@nd CO, showing
multiple phases of relatively high $@oncentrations. Particularly high $@alues were measured

on the 1%, 18", 25", 26" and 29" Nov which were > 25 ppbv.

The time series (CO, NO, NOSQ and RM) indicate multiple large scale pollution episodes
occurred over the course of the winter campaign. During the relatively clean pegoidesO
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significantly and is observed to have the inverse trend compared to the other major gases. This i
expected due to NO titration of;@nder polluted conditions. In addition, BWIN winteg @ixing

ratios (9 ppbv) are on average much lower than in the fithecampaigns and the BWIN campaign

is also the only campaign in which a clear diurnal profile in theddcentrations is not observed.

This is due to the lack of ozone production under low solar intensity conditions and the high levels

of NO and primaryemissions indicated by high CO.

Six major peaks are seen in the TEGTWMS UoB BWIN PMs data, which occur on ¥3Nov
(116.58ug nt3), 18" Nov (200.58ug n73), 26" Nov (222.04ug ni®), 29" Nov (118.79ug n1), 3¢
Dec (328.67ug n3, the maximum), and™ Dec (129.87ug n13). Troughs in the time series are
observed on INov (12.12ug nv3), 215 Nov (8.13ug n13), 27" Nov (25.50ug n3), 15t Dec (49.50
ug n3), 5" Dec (23.08.g n7®) and &' Dec (28.20ug n3). PM.s generally follows the pattern of the
pollution cycles in both campaigns with enhanced {JgMnder more polluted conditions (similar

to the gases).

During the BSUM campaign, NO has a very clear diurnal profile with high mixing ratios towards
the beginmg of the campaign on $4May 2017 at 03:45 (94 ppbv). Further periods of elevated NO
were observed on"@un 2017 04:00 (88 ppbv) and™lun 2017 at 05:00 (where the maximum of
104 ppbv was reached). Furthermore, very clear diurnal patterns areiggenhe NO time series
during periods of higher [NO]. NQalso demonstrates a very clear diurnal pattern with peaks
occurring at night. The average day and nighe levels of NQwere 15 ppbv (SD + 8 ppbv) and

25 ppbv (SD % 13 ppbv), respectively. Ttempaign maximum was 95 ppbv and the minimum was
3 ppbv.

Increased daytime {35 down to greater solar activity and a substantial decline in NO. In addition, a
mean [CO] of 527 ppbv (SD £ 262 ppbv) was observed across the BSUM period reflecting the lower
contribution of primary emitted species. Very clear diurnals were observegdsimo@ing peaks in
concentrations during the daytime and troughs in concentrations ovetinightours. The daytime
maximum was 182 ppbv (measured of R&y at 17:15) and thminimum was 8 ppbv (measured

on 229 May at 08:45). The nighime maximum value was 178 ppbv (measured dhM8ay at

17:30) and minimum was below the detection limit measured BMay at 04:15.

An SG mean of 2 ppbv (SD % 3 ppbv) was observed tivercourse of the campaign. A particularly
high SQ peak was also seen on"2®lay 2017 06:00 (15 ppbv) but does not correspond with an
increase in any of the other major gases. Examining the; Bide series in the BSUM period, five
major pollution episdes are observed. In the PMtlata, these peak on"2May (85.71ug ne), 30"

May (47.50ug n73), 5" Jun (56.29ug n®), 13" Jun (41.13ug n7°), and 17" Jun (78.13ug n°). Very
clear pollution cycles are mapped out in the;BNme series, which is very clearly reflected in the

time series of S@and Q also (at close inspection).
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3.3.2.4 Comparison of Gas Phase Species and Bdin Beijing and Delhi
A summary table presenting Bpstatistics is shown iable3.1. These could not be split into day

and nighttime analyses as an average was measarez’ery 24 hours.

Table3.1. TEOM-FDMS PM:.s (UoB) statisical parameters for the APHH Delhi and Beijing campaigng(-3)m

Campaign € a Med Max Min Range P Poo N
PreMonsoon | 59.18 41.26 48.00 184.00 13.00 171.00 23.00 99.50 16
PostMonsoon| 164.86 103.46 161.50 670.00 20.00 650.00 72.70 286.80 70
Winter 97.28 7549 87.21 328.67 8.13 320.54 16.32 204.38 29
Summer 37.01 17.06 3290 85.71 13.67 72.04 1892 56.27 32

A summary of the mean gas and PMoncentrations is shown [ig. 3.8, for data in which the
TEOM-FDMS (UoB) PM s concentration sampling times overlapped with the HiVol (UoY) times.

Fig. 3.8 shows the mean day, night and total NO (light blue), (d@rk blue), S@(red), Q (green),

CO (grey) as well as average daily PMblack) concentratioss measured over tleurse of the

APHH Delhi and Beijing campaigns as bars. The concentrations of CO have been displayed on the

secondary axes.
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Fig. 3.8 shows that the [NO] during the DPOM campaign was substantially higher compared the
other APHH periods. This indicates considerably high B@issions during the DPOM period. In
each city, [NOJjwas higher during the cooler months (DPOM and BWIN) compareket warmer
months (DPEM and BSUM). This is reflective of the increased Bl@issions from combustion
during the Diwali periods (DPOM) and heating periods (BWIN). The DPEM and BWIN [NO] were
very similar demonstrating 3 ppbv and 5 ppbv, respectivelysimiar manner, the [N were also
slightly higher during cooler seasons in each season, reflective ptdifibustion sources. The
highest [NQ] was seen during the DPOM period (42 ppbv) and the lowes][W@s observed for

the BSUM period (21 ppbv). TH&O;] was very similar between the DPEM, DPOM and BWIN
campaigns demonstrating 6 ppbv, 5 ppbv and 5 ppbv, respectively. The BSUMEEhowever

ca. half of these values (2 ppbv)z: ®@as higher during the warmer campaigns in each city, as would
be expeted from heightened solar flux. The DPEM and BSUM][@ere very similar, both
demonstrating campaign means of 53 ppbv. The BWIY J@&s howeverca. 3 times smaller
compared to the DPOM campaign which may be explained by the substantially higreerd\DC
emissions during DPEM as well as much reduced BWIN temperatures. Finally, [CO] means were
substantially higher compared to the other gaseous species. The DPOM campaign showed the highe
[CO] at 2034 ppbv. The BWIN [CO] was also significant demonstadicampaign mean of 1326
ppbv €a 65 % of the DPOM value). Like NO[CO] showed lower values during the warmer
seasons in each city. The DPEM and BSUM [CO] were very similar at 540 ppbv and 527 ppbv,
respectively. Similar to NQthis is representativa higher primary combustion emissions observed
during the DPOM and BWIN campaigns. For similar reasons,sR&lues were higher in the cooler

months in both cities, although were considerably higher in Delhi than Beijing.

3.3.3 Time series of ionic species iRM2 s
The time series of the major ions within PMneasured during DPEM, DPOM, BWIN and BSUM

campaigns are shown kig. 3.9 - Fig. 3.12. The ionic species data was produced by the author of
this thesis whereas dhgasphase data from sectid3.2had been provided by colleagues at the
UoY. The black line in each plot demonstrates the time series of each ion; the red error bar on the
axis demonstrates the HiVol filter sampling time for each data point; and the grey vertical lines show
00:00 hours for each date indicated onxaxis. Gap in the time series are down to blocked filters

or when no samples were collected. The other ions includi(@efhi), CH:SOs, CI, NOy, PQ?,

Na", NHs*, K*, Mg?*, and C&" are shown at the end of this chapter.

3.3.3.1 Delhi Pre-Monsoon
Fig. 3.9 shows the time series of the major ions measured by IC over the course of DPEAM. &1

maximum value of 5.54g n® during the late afternoon (midpoint of 16:02) ori'81ay 2018 and
a minimum value of 0.6dg T during overnight sampling (midpoint of 01:03) dhJun 2018. The
gap in all of the time series overnight betweeH 229" May is due to a blocked filtewhich

corresponds with an intense polluted period. Troughs in ther@ series generally occur at night

117



Chloride Delhi Pre-Monsoon

Atmos Conc /eg nv3
w
®
®
ﬁf
j&-
®
3

Nitrate Delhi Pre-Monsoon

12 A He

10 A %% i %%% %HE %% %%%

Atmos Conc /eg nv3

O T T T T T T T T 1

Sulfate Delhi PreMonsoon

20 - &
pd
Heise i i ¥ EE iy
B e/ T —%—| — %

£3)
Lt SH

Atmos Conc /eg
=
o (61 o (€]

Ammonium Delhi Pre-Monsoon

Ed

;—x—m—ﬂl—{

1 xX
bed

Atmos Conc /eg nr3

Oxalate Delhi PreMonsoon

# 1 f
I e aniagEETIR S

N
(63}
)

N
o
%

=
(63}
1

Atmos Conc /eg nr3
[E=Y
o

o
(63}
1

0.0 . . | !
B o et g m® et et et et get® qelt®

Fig. 3.9. Time series of the major ions measureaffljne ion chromatography during the APHH Delhi pronsoon
campaignlon concentrations are shown on thayes with time on theaxes. The grey vertical lines represent midn
time points. The red error bars show the time of sampling and the bluebans show the error of each concentratic
measurement in theaxis. The xaxes are identical for each time series and are shown in the bottom chart (oxal



with higher concentrations observed during daytime hours. Generally, lowsnCentratioa are
observed towards the end of the campaignsz dows a very consistent diurnal pattern of rising
concentrations during the day and decreases at night. The minimus ii€erved at night was
4.71gg n13 and the maximum daytime concentration was 1t &1, Like CI and the gas phase
speciesFig. 3.5), NOs; follows the general pattern of higher concentrations during daylight hours.
There are 2 days in the time series that deviate slightly frongethisral diurnal pattern on 28ay

2018 and on'3Jun 2018, with a small reduction in Bl@oncentrations in the midday sample. The
deviation on the 29May could be down to temperature. The maximum temperature observed during
the DPEM campaign (andetrefore all APHH campaigns) was 43Ctat 16:00 on 29May.

The midpoint time for this filter was 12:56, for which the temperature at 13:00 was@2The RH

was also particularly low at this time (15.1 %). One of the major produptthways of particle

phase N@ is through the NEland HNQ neutralisation reaction forming NNOs (in equilibrium).
NH4NOs is known to be volatile under increased temperatures and therefore the trough observed or
the 29" May is likely down to a signifiant loss of NENOs due to significantly high temperatures.

This is further discussed in chapter 5. The reason for the midday trough ¢hlihne 8 unclear.

The maximum [SG¥] was 26.3&g nm® observed at the beginning of the campaign and is likely the
result of very high [S€) on the 28 May. A very large drop in NO, with substantial concentrations

of Oz reachingca. 130 ppbv Fig. 3.5) were also seeon this date. This shows that on thé",29

higher concentration of oxidising species was likely present along with higiB©time series for

SO was shown to be relatively unchanging during the first half of the campaign. The consistency
in SO concentration is similar to the relatively stable time series observed,i(F803.5), for

which not much deviation is observed untilRine 2018 at 00:56. The SD for 8@cross this stable
period (30" May 2018 00:53 2" June 2018 0:58) was 1.28 n1 (range of 5.0&g n7®), compared

to an oveall SD of 3.38eg nm® (range of 14.92g n®) across the campaign. A drop in S©
observed after this stable period at aroutiduhe 2018 at 01:00, which is also reflected in a drop in
SQ? between T June 2018 at 15:59 (17.84 n®) i 3 June 2018 at 00:56 (11.43) nTo).
Therefore, the S£ concentration reduction follows the drop inSfilxing ratios with a time lag of

ca. > half a day. The two S® peaks observed towards the very end of thepedgn on 3 June

2018 at 10:00 and™June 2018 at 15:56 may be associated with the two very large peaks observed
in SQ; earlier in the day on these two dates and would be consistent with a time lagtof STy
conversion. The relationship between,®@d SQ* therefore demonstrates the dependefi@O;

for SO production.

Furthermore, the S® trend follows that of Nkt very closely and therefore gives further evidence
to the oxidation of S@¥ollowed by NH; neutralisation. Finally, S& forms a substantial fraction of
PM, s in this study, and on 9May 2018 at 09:56, S® concentrations were 26.3% me, thus
SQ concentrations alone were higher than the World Health Organisation (WHO) limitegf 25

m-3 for PM..s.
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Similarly, to SQ%, NHs* shows a large drop on the2Blay when exiting the particularly polluted
period as shown ifig. 3.5 (especially NO, CO and SPfor which acidic acids are likely present.

A drop is seen on 29n all anions which are conjugate bases to atmospheric acid gases. A diurnal
profile is observed ith generally higher concentrations during the day.™Niso shows a stable
concentration period between"3Blay 2018 at 00:53 and'®June 2018 at 00:58. Over this period
the SD is 0.6@g nT> which compared to an SD of 1.8§ n13 across the whole datet.

C.0O4 demonstrates the lowest concentrations between these major ions. The maximum and
minimum values of @.> were found to be 1.96g n® and 0.57%g n1 respectively (range of 1.37

eg n°). There are however obvious troughs followed by peaksglaiaytime hours orlJune and

34 June, both ata. 13:00. These features are also reflected in the time series0f StB> and

NO;s (for 15t June) and N® (3™ June) which indicates that oxalic acid may have been formed and
neutralised with Ni&I during the DPEM period.

Overall, all ions observe a decrease freanmidday on 29 May until early evening representing a

change from a particularly polluted periaddeaner atmospheric conditions.

3.3.3.2 Delhi PostMonsoon
The DPOM campaign was conducted during theupio Diwali during the autumn of 2018 and the

major ion time series are shownrfiiy. 3.10. A particularly high Clepisode occurred on the16ct,

with the campaign maximum of 29.24 n13. Directly after, concentrations drop rapidly to 928
m=on 16" Oct at 12:08. Another Qlise occurred to 20.7€y nt on 16" Oct at 13:09 and therefore
demonstrates rapidly switching ©h this day. This may have been due to a sudden change in wind
direction or a very localised HCI source. A minimum value of @g@1® was observed on Oct

at 10:48. Generally, the time series seems to demonstrate aipwfdCt during the day followed

by a gradual decline towards nigfithe hours.

The NG trend is opposite to that observed in the DPEM dataset as peaksyame often during
daytime hours compared to night. The maximum daytimesJN@as 47.95g ni® on 30" Oct at
10:36. The minimum [N@)] was 3.11eg nt® observed during the late afternoon at 16:51 ¢hQdt.

This produced a large range of 44&n1®. Some similarities are also seen in the overall trends of
NOs with NHs* and further investigation into possible Hi@®eutralisation with Nkl during the
DPOM campaign is described in chapter 5.

Unlike in the premonsoon which exhibited clear examples oframease in S& concentrations in
the particle phase following a rise in gas phasg 83 is less obvious in the pasbnsoon dataset.
The maximum and minimum daytime concentrations observed were &6m5 and 6.98g n3,
respectively. For the nighime period these means were 2284m° and 5.8&g 3, respectively.
Furthermoreunlike the DPEM campaign, no significant similarity is observed between thé NH
and S@*.
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The maximum daytime NF concentration was measured or"&0ct at 10:36 (24.3%g n®) and
the minimum was observed on $2ct at 16:55 (0.28g n1). Visually inspectingrig. 3.10, [NH4"]
generally increases on the leag to Diwali. NH is known to be emitted by numerous sources
including biomass burning, fossil fuel combusti@nd agriculture, fertilizer usajé vehicle
emissions as well as industrial emissiBfd2 These are all activities which are likely to increase on
the lead up to Diwali, increasing Nknd therefore neutralisation to WHIn addition, Gradual
increases are also seen in the;RiRhd CO during this periodrig. 3.5). In addition, the lead up to
Diwali is likely to increase the concentrations of acidic gases, which increasaseNtralisation
and therefore NIt production in the particle phase. Another possible reason for NHd up may

be due to the relatively low windspeeds during the DPOM campaign as shieign3i. This would
allow for the buildup of both NH and NH".

For GO4?, the maximum day and night concentrations were 2¢81% and 1.85eg nm® and
minimum were 0.52g n13 and 0.34cg n3, respectively. [@04%] were generally higher during the
day compared to the nigtitne hours. Deviations from this general trend do however occur. For
example, a trough (0.58) n7®) is seen at 13:59 (Y0Oct) and on 28 Oct at 14:11 (1.1kg ).

The tough on 18 Oct seems substantial although this is due to much low&iTcompared to

the other ions (which also observe a decrease here). The trough ofi ¢ié28is considerable and

in agreement with large decreases in all other major ionsrsitoFig. 3.10. This is however in
disagreement with the PMtrend which only observes a slight decrease fromet@r® (28" Oct
12:00) to 12Zg m (28" Oct 18:00). Therefore, this trough may not be explained by a decrease in
PM: s alone. Another three consecutive days that show troughs in daylight hours ant show

this general pattern are also seen o Q6t at 15:56 (0.92g n1°), 315 Oct at 10:08 (0.92g )

and F'Nov 10:01(1.1&g n73).

Comparing the major ions cumulatively, the large peak infMtected at the end of the campaign

(5" Nov at04:40, 67Cg n®) is not reflected in a larger concentration on tHé\bv in any of the

major ions. Diwali was celebrated on th&Nov in 2018 and therefore this large Pibeak was
detected two days prior. As Secondary Inorganic Aerosol (SIA) epéaim a substantial fraction

of inorganic PM s this may indicate that PM present in the days close to Diwali is predominantly
organic based. In addition, a much stronger overall increase in major or minor ion concentrations
over the course of the caign is not seen, despite the lead up to Diwali. This suggests that inorganic

ions do not play a key role in the very high Rj\évels seen in Delhi during the start of November.

3.3.3.3 Beijing Winter
From the PMsand the major gases time serieig(3.7), six major pollution periods were observed

and are reflected in the time series on the major ions. Théa@ime maximum and minimum
readings were 15.86g n1® and 0.07eg n respectively The nighttime maximum and minimum
values were found to be 11.26 m® and 0.23g n13. Peaks were detected during day (e.§.N8v
at 15:05, 12.24g n1®) and night periods (e.g$1 2" Dec, 4.3%&g m® and 297 3rd Dec, 6.7%g
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m?). A low concentration and stable period was seen between theng122¢ Nov averaging at

0.48gg N2 (SD + 0.14eg n3). Dissimilar to the Delhi Pk readings, the CHuring BWIN follow

the PMs pollution cycles Fig. 3.7) well. This is due to suspected high HCI emissions from
combustion sources such as biomass and coal during the cooler winter heating season. In addition,

the very cool temperatures promote portioning ofr@b the particle phase.

The daytime maximum and minimum [NDwere 54.7Z2g n and 0.06eg ni3, respetively. For
the nighttime hours, these were 30.6¢ n® and 0.8%kg nT3, respectively. Most peaks in NOvere
observed during the day. The maximum fN@as 54.7Zg nt® on 4" Dec at 08:58, which occurred
consecutively after a blocked Hivol filter spha (indicated by the break in time seriesig. 3.11)
indicating high SIA PMs. The [NQ] at this time wa over twice the WHO PM 25 eg n12 limit
(24 hour). An ovenight filter between the'8and 4" Dec was also blocked due to very high M
(on inspection of the gas and Pidata inFig. 3.7 shows a particularly polluted period here).
Between 19 Nov 15:05 and 17:05, a large increase is observed i fiidn 2.05eg n1 to 47.83
eg 2. Increases between these two samples are also seen in the other major ions, altleygghtthe

increase is by far associated with NO

Inspecting the gas dat&ig. 3.7), shows that the large increase in N@tcurs at around the same
time at which a dramatic decrease ind@curs (after a large spike irg)Qvith a rise in concentration
of NO, and CO. NO is also shown to be at a minimum on this day. Therefore, on"tino 9t
seems as though a burst of oxidising species was createdgdithh@s quickly titrated away. The
large spike in N@ is likely due to a rapid NQoxidation on this day producing HNOThis is
accompanied by a significant increase inJNihich may indicate the formation of particle phase
NH4NOs. Another possibility for the drastic change in [N®n this day may be a wind direction

change.

Rapidly changing concentrations are observed in all the major ions'IN@§ although the
variability in NOg3 is greatest with a SD of 10.63 n13, compared to S© (SD + 9.11eg nm), CI
(SD # 3.14eg n®) NH4" (SD + 8.81eg n1°) and GO+ (SD * 0.14eg ni3). This period is therefore
likely due to rapid changes in wind directions. Similar to Os follows a very close pattern to the
BWIN PM; stime seriesKig. 3.7) which indicates that N©and similar formation processes to NO
has a substantial influence on [P§iduring the BWIN campaign. This is further explored in chapter
5.

A general diurnal pattern of $©build-up during nighttime hours followed by lossuring the day
is seerin Fig. 3.11 The S@* trend approximately followed the trend of 5@ig. 3.7) as with the
DPEM campaign. In the S@me series a large peak is observed dhiR6v, on the same day that
the maximum S@ concentration of 45.02g m® appears. The maximum and minimu®d?]
were 45.02ug nt® and 2.00ug n® for the daytime as well as 29.26 n1® and 1.68ug n12 for the

nighttime, respectively. Similarly to Clthe campaign maximum concentration of,S@ccurs
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during the second pollution period (45.£2 n°), although the maximum [PM] was observed on
3 Dec at 20:02 (328.63g n13).

The maximum [NH'] was recorded on &8Nov at 09:07 (38.08g nT®) and the minimum was 0.01
eg n3 (225 Nov 10:00). Considing NH,* is known to be closely related toQNOs; and SG?, on

the 229 Nov a rise in NH" to 9.89¢g n3 at 01:03 occurs and is not mimicked in either 8Os or
SQs2. The rise in NH' could therefore be from a transported air mass oy idtralsation from an
acidic gas which has not been measureds"Ndenerally follows a similar pattern to the other major
ions Fig. 3.11) and PM s (Fig. 3.7) showing the six main pollution periods. The campaign daytime
maximun and minimum [NH'] were 38.0Jug nt® and 0.0Jug nmi3, respectively. For the nighitme
period, these values were 124 n7® and 0.59ug 3, respectively.

Despite the low [@4%], the major periods of pollution throughout the campaign can be séem in

time series. The general diurnal pattern consists of a rising during the day and a decrease during tf
night. There are some exceptions here, such as peaks during the night observed Bétaé&ed
(although a gradual increase in concentratisrmgeinerally seen here). In addition to the variability
seen on 26Nov in GO (as with the other ions), two other periods of great variability not seen in
the other major ions but in,Os* were observed on the 1@nd 2% Nov. The %RSD for the 19

25", and 26 for C;O,* during daytime hours was 52.94 %, 53.85 % and 21.21 %, respectively. The
daytime maximum and minimum §O.%] were 0.75ug n® and 0.0fug nv3, respectively. For the
night-time hours, these values were O&BnT3 and 0.03ug nT3, respectively.

3.3.3.4 Beijing Summer
Fig. 3.12shows the time series of the major ions during the BSUM campaign. Analogous to all other

campaigns, Cltends to increase during the early hours and decreases towardgyhtidn the
BSUM canpaign, an exception is found on"2day at 01:06 in which a rise is seen at night to 1.52
eg nT (the second highest value for BSUM). The peak shown"®du2 at 10:00 (1.58g n®) is
also particularly high, within a region of relatively low concetdrat The average wind direction
from the 26' May at 01:06 was 175.28nd on the ? Jun 10:00 was 104.97With respect to IAP,
these winds had come directly from a composting siie30 km away) on 26May 01:06 and a
landfill siteca. 15 km away o 2"* Jun 10:00 (map shown in chapter 5). In addition, the trend of Cl
tends to rise towards the latter half of the campaign (ftari0" June). Concentrations are also
much more variable after this point until the end of the campaign with a SD afgria6 (mean of
0.46¢g n3), in comparison to before this point with a SD of G893 (mean of 0.4kg n°). The

very fluctuating trend on the 2@nd 23 Jun is indicative of rapidly changing wind directions.

Similarly, [NO;] tends to be higher during the day, although exceptions with peaks during night
periods are seen, such as on th&May 01:10 and 28May at 00:57. N@measurements had not
causedhis rise on the Z1IMay. On 28 May, no significant increases are observed in eitheorCl
SQ and therefore it is unlikely that an increase insdbld occurred (N was not recorded at this

specific time). There were also no obvious deviationkergas time series which were able to
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