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S A32154 pg/m®,  UHEFEPM, sHIPM, o 4E-F- 15
WERE S 4380178 pg/m?, IXELHE X PM, s FIPM, o 4E
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KIPIRARTEAL . 2B AR AR SOl i A R
TUREPREA T A A SRS P LI DR AR oK R 4
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IR ALk, Bl R P A, UL
WK SR TIG I, B ARXTR RS A REAIR, ORI R K 73 2%
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1.2 KA R BUR AL A 8 e 2 FE 5B

MALZE o B, KA IR T L4 R G
ML A HLALSY, AdEKIEMEE RS R e .
IKARIEL Sy . AHUATE R,

IRUEPETCHLES (W STIs) & KA K ok ¥ 1 3
BICHLLLSY, e IRk ) B Tk E P, e 4Rk
IR ARG EEAEH]. WSIs EZAFES0,> .
NO,™. NH, . CI", Na", Mg*". Ca®", K", Hrh,
PISO2 . NOs~. NH A E. BT ik T8 1
T JEBE, REMSESL S . M BE iR I
FHE T 55000k, 1ICH 52T
WP, AT R . L, HAERIE R 24y,
BE AT AL R B, %R 2 O R W 4
B A2 AE H A Wajima B ORI 55 5 T 2K 109 W,
K ILWSIIs B B 47.9343.93 pg/m*, & TSPJFE Ay
11.4%~93.9%. SO, EWSIsH & REEmME T, &
WSIIs it T f 118.0%~79.8%, NO; HINH, 4351 4 &
WSIIsfi6.3%F17.4%, Na FICI K 5245 2 (5 XU i i
BRI, K EERETAYRREE, 1201k
Bk, Cal MRS T, BRI R, Mg
TR 2500k A0 ) A,

FRUE 4 J8 J0 R AR KA K ok b o5 A BR,
HE T EEWSRNE Y. ENAMUTIES RS
M E Y BRI B, IR STE NRINE AR, 51 &40
JRlL Hoh, ed, Cs. RbAEF 4RI MESCH. #F5E
P, e R B A SRR EE N R, 522
PR ERT IR GE BN . FiliEE . O R EL 32 3500 XU AH
FEI61 A 1 4 R T B S S U K R 1Y) R
JREEF. G, 5T E (ANAL, Ca. Si. KFlFe)F %k
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— P EEM T TF B OT E AR, SRR
R A BT T (6 1) 3 LA 35 i BRI & A5 S AR i
Z:(ICP-MS) . HLBGHE G 55 2 1 & 5P { (ICP-OES) |
FL B A5 45 8 TR L R 6 I (ICP-AES) LA <,
Vo B ST T AL (AMIS) 45, 33X 6 5 T RERT KAl K ok 4
SRE R 4 R TR B B T RE . TCP-MSHI
H RO A 45 B TR B TR, S5 A FOERIIEAR, &
R TCHLZ TC R M B OL BRI R TR
FEw . TR ShASLRMEILET . RIRRAE . SRR
KAE N bR, 8 TS5 HAbEAE ), w37 R 25
M. BICERMEZICR M, LAY 48T E
BB HT5. ICP-OESHE: T 55 B TR L B 1, il
AT R G AR BTG, PR . RS
B RUEVELE, IR T &R R ICP-AES R
WO . WERRE . ShASRMENE T . T
G BRAK, TRl 2 Fpoc R, HIRERE, HAR
RS TE, 8 TG A e v e b,

W PR SR R ) () AR, A
AARYIZE . BERRERZS . MRIRERIS . BRRERZSAE. HOR
IRFZRVE | BB . R TR kb
SRR WO, AHUTE S L 08T R

T 1 BREESWHEM I

2, KON R s B ] B U RO R, XA
S:(XRDYH TR0 YL, B0 WA e
S EI TR ORI A Gy, o DU RER
ROk R H W22 WangZE N\ BIFSE T AL PR U
RUP 2R FRBT KA BRI AL, R IR ROk i % it
I3 0985.3%H195.4%, Hrh R LWy i d e, i
50%, HGeA 9, KA FRRER R, A BT A BAL
555 5 PR IR ERIE MR OCHEVE ), B PR ol U
&R B TSRS O B AL, B st AR

T TS IR RSN K IORL ) v () — > 22 2
gy, ATRIIR R =R, AAEABLER(OC) . JLRB(EC)H
BRIRER(CC, & REAR, 385 A% ). ECRIOCH A ™
MAURLAIX Sy, HEA AR i e U, ECR I
TR S SR B A e 2 A be, SRRy
REY, Esin)ass, DS ERE . EHER WA
ML, TEghty . 6 Raar s ERsii oo R ek w
ML, OCH ZAEHLA WAL, SIFEANT A 2.
OCHE R BB AU T~ RALE IR B 42 HE T W) — A LK (pri-
mary organic carbon, POC), A fEARIE T KA
I BLH) — K A HLIk (secondary organic carbon,
SOC)*. X%toC., ECHKHN, FZRMMAL MBI
125, R A A R 45 AN [8) 78 2 23 A
E; POGERAIEGA I E th B GE A G
SR TOC/ECH 1Y

Table 1 Comparison of atmospheric particulate bulk sample analysis methods
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HHVRE L (OA) R 2 BRI AOR R A
i AETE Y A 4y, e BEOHOR R B 53— A AL
S (primary organic aerosol, POA)HI KA PR
Jii(secondary organic aerosol, SOA). POA %K H 44
FURKE . B gE . IRER M E B, SOARE
RHEAPII(VOCS) KB =Y, HASTAYI
TKFALTE R, B, IRAEIVIRIRZ R T RER
1Bz Kk, KA SOAMIE iR FEA M H
—, VOCsifi i bz RO A MR R A LA, 28
J& e 45 R SR AR A MR R L, O SO
SOA; H. ™, VOCs. SO,. NO55i5 Y s i 21 WA
(m/50H . SR KA BHEEAR AR N, K 5r75
KIRTE UK AISOAS ) HHfst M, Ak ik
SR, XTSOAAE BTk Y, 5 F A K SOARY
T TE BT VOCSIE U SOAH Y BTk 15 L 1k94%, 1H
SIS FEIE BLSOARIIE Ty iz 15284k, FKZ= Uik =,
HBEAMEY. Bah, SR . TSRy
(NO,. SO,. NH;). HI{RMUR R . PREI0 R %)
XTSOAHE BIAA R, A 3 R E NS A
PURGE LI, T ) FURE AR 3 Ak S A B B T
HRTESOAVKREE, NH; SIS JEHLE S e il A= i
TR I T EAR — F R SOARYIOE D, v Ah,
S4B AE R SOARTR], A=W SOA LUK MUK/
TE, MR AT 35 09 - 5 A AR K IR 5E, vl fg
5| & A Ak S AL R 7 T i SOA R,

AR 32 2%, B EERAL
EWA R, HAr T 2R A 0 - B e H
(GC-MS)., R (3% % B L (HPLC-MS) K J
TR N SR (PTR-MS) S Hi A, GC-MS5HPLC-
MSiE 538 5, FTSE A S, )
LTI NI, PTR-MSAE AFELAG I TF-BE,
o B AR e R AR, TR VOCs A2 i 43
*ﬁ[M].

1.3 K50k Ak

HrRL A4 il (new particle formation, NPF) 2375
Yy i) R AR A R DGR AR, R RS A R )
O & N S o i e AN A Daaa sl SR
UFP, Tk 1 AR IOR ) BB B iy —2 LA 187,

NPF ] L3R A% A AP Be, Wit B B 1o
SRR FARTE B n K/ NRRE 431, BB
A345 M 1~3 nm PRI (M 7873 68 . AEBAE

4

), VISGHE I Rl RS EEIE B K0k 1) 5 2
R38R R S A B R, R ik #)
(B AT fih e A%, (AR B BETS 50T, ORi ) 2= DRI
SERNRE 1 A HINPFE AR89 5 & R 2
ZREHEERN AR RZERGSSEORE A R
(OH)EETHR, SO, FNOHMK B iy IRl B T i & 5 BB iR
W T T, (R R ok TR AR A F]50 nm
PL_EBsE, AT A AN B >0.6% 10 S5 T i Ak h it
Z54%, iK5170~80 nmt U BEFE H HLIE R BREE T IEALH0).
AR T 100 nmHTRL T T8 RGO A, B
S S R GRS RO WSRO, NPEA A AEA:
MR R, R, SRR R, 1 H SR
PM,s. PMjo. COMINO,MKERIK, O3FISOMKEH
DO RARINPE A R HLA AR B 2= T AR L
AE, in, AEAE R DO R 1 1.5 nmAi )8 pi %
VLR RE RNPFE R YA B Sy 2= AR Ak, 42 4 B
Flrm, HEmRD, XU R = e R 2L
il S R R,
L4 RAGEAURBR A BRI FFAE
141 BFHRELFEA

BAURE 43 BT B AR Ry AR BUSRAS JURE ) TR B L R
. W SRR L T AR B, AR R ISR,
B AT X5 G5 AP I i [N b TR /S b S YA R i
F I FROR IR e, TR o3 b (A B 2, R
CL 20 TAROR ARG I3 . Rids Bk
AR AR TR AR ). SR AT B AR A B LR A2k
2. HUBURL AT B B T A A A T A (scan-
ning electron microscopy, SEM). #EH} T B {5%
(transmission electron microscopy, TEM). % [ajH&iHf7
S U (surface-enhanced Raman scattering, SERS), Ji
F 71 B4 (atomic force microscope, AFM), K47t [A]
TR FE{ (time of flight secondary ion mass
spectrometry, TOF-SIMS)%%. IAb, B XG4k &
8% (scanning transmission X-ray microscopy, STXM)%4
A I XL BORE 44544 )i (near-edge  X-ray ab-
sorption fine structure, NEXAFS)A] SZEL R 47) 3 i 1k
SRR E PR ST, FEG BRI 43 B 7 v 2 A TR B
Wkl SR I B (single particle aerosol mass spectro-
metry, SPAMS). SR CATHYE]FiiE{Y (aerosol time-
of-flight mass spectrometry, ATOFMS). SPAMSH] £ 5L
ik T rp AR SOR b A2 L2 5 ), ATOFMS
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W38 3o 25 S8l ) 08 5 IR AR HE R I 45 B WO LI AR &R
45, LR R AR A B R 2E R (2 2).

SEMEA E43 #1320 nm), 1& H TR T 100 nmity
URE.  SEM/EDXA] LASRASHURL Y — 4 JE AR AR
T AICRAIR, RERATIOR R 5 B, T4k,
AL S 4 o F 5 3308% (computer-controlled SEM,
CCSEM) i RiZ i % e, CCSEMZ54SEM, EDX it
BHIEGRSE, @A), ST T i At
AL, R THESENTEAE, CCSEMEEGR T AH
TR B M, T ER R TEMA
A HE A L I U B R A 3 BER(0.1 nm),  figiE 4
M F/NF2 pmf k. TEM-EDX A LIFRTSA S0k AY
PR BUSA IGIE TEM A A 305 ke 0 4 o 1 A 46
&, RetE Pk i ORI BT S A 1, kit e F - SR IR X
RIS A s ). SR FHTEMIY B sh il
AT AT R A TR R )01,

B AR 2 TS Y (micro-RS)TEIE F 38 414 F i
L5501 R B RE AR XTI A G150, mT LA g
R 7 5 R AR RN o AR T AR S AR 2R o A
R, SERSENFLSE WAEE ) vk i RAFAh e, ity
BT G AR B i ) o FIR S G sl 5 2., RRE A
SO I A T R A RS R £, R JC VA B G ROk AR 5K

F2 BLBFRSWHIEX

Table 2 Comparison of individual particle analysis methods

P t4S AR k2R ar AP B [ AL i R S8 (O-PTIR+
Raman) "] fEIRBE S5 1F T [ REZS Rl i HAR/ N F
400 nm ¥ BLISORE ) 2L AR SO G IS FRL 2, BE ] 46
SEAMATISHE]L, SCRTARAS AN 2R B AR
35 5 WAOR /AT h XS BAE M5 18 175 STXM-NEXAFS
JE T 25 5 X R AR 5 X 2R AT 1 W AR 40 45 44
TEMEEGHAR, ZE AR AR PR [ PR
kG, RERETF I E AR R R IS5 H 51k 22T
AP STXMZS [0 $ER 30 nm, & TR T
100 nm i BRI TE S A E BEA LY. AFMJE—Fh & i
O HERUG A, LR B B AR GRS PR X
AT, A RE S Y B2 (5 S5Ok SE B R AR
AFMELAG YK B 25 (8] 43 HE%,  nl DARAS R0k Y —
IS, W T/NT2 pm AR, EAh, AFMA] RIAFFFE
Wik RS . B AR Mg SR e, (H
A HE AT 56 1 e R Ak 24 4 AR 19 15 P2 Nano-
SIMSiEH TR T50 nmAg ks, AT HF A58 s~ kL
(RIS AR, (EE 8 T RAF R AR, T
HIEAHY . BRREE AR ER TR AHRIEN. Ak,
FNano-SIMST EF- I/ EMSE T, HAGERIAK &,
B LA TE T8 #rt. TOF-SIMSHE Tk F
100 nm P 450k7, 7T LASRAS S0 I RURE ) 2 T A2 B 43

ik L R WO AR IR
. ot FUA R4 HE(20 nm), TR AR AT AT R NS, DU R
£ BT AT 100 nm R LI WOk T 1 1 1%
TEn - R RAERO nm), TSR AR RS IR S, (A A L
2 BT/ N2 R AR TIONMEL A TRAE, 5500 ROR R i
SERS A ST 10 ok PR RSO UK
STXM.NEXAFS 48 EHTATI0 ik WSO HEIHE T CREETATE R,
APV sop SUERATEEQ M) BT ATHMEARRE S BRI R, (el
¢ INF2 T AT b2
AT LU e B, (117
Nano-SIMS ek SE AT S0 nm ik TR AR A LR A TR, SR
HRAAE
TOF-SIMS Bk s Eﬁbﬁﬁj B R o e et oy Al %%ﬁ%jjgiﬁ?f%ﬂ Az
X SR 100 nm, 38 HIT AT AT DA IR f 2 S AR 72,
SPAMS TELk 100 nmii) ik TCTE SASAE
ATOFMSIE I FKF100 nmf N -
ATOFMS . . . ] LAWFGE TCAILFNA HUSOR HRe o Y B
UF-ATOFMS g L UF;%nggﬁf TRT R L ARG BLAF, (TS
Micro-RS sk SEFIT A2 umi R g R R R TR

P
He
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2B TR BE 43 Al . i Al —ZE MG, (H28 8] 43 HF
RAIRHEEARDY, SPAMS i FH v BE K oG 1 Ay i B I,
Al AL B L Fr A Fh 2 98T, SPAMSHE KT
100 nmAyRokz, FERAEERIH0.2~2.5 pm. SPAMSH]
PAARASIORL 1k 2 o ki AR (5 8, (B0 X s
R R Y. ATOFMS/UF-ATOFMSIf i3 AU O %
G5 K P AT ) S5 S S RO 1) S b 2 oy
KiA2 M. ATOFMS AT LAAGI £10.1~3 nmr B 55 il
SRR Yy, WAV . BRE: . MR . &
JEFB ). UF-ATOFMSAYL AR & — 23R 8h 1245
Be, T el NR AR 40 UR ) L . UF-
ATOFMS A DL f4E50~300 nm 40k ki 4250 Fl, (BTG
SRS BAANTOR () SR SR A 20

142 $HR KA

5 BT FH 1 A0 3BT 73k LA B4 R 1 AU
T BiE £, S TEM-EDXHMISEM-EDX. AR#E
TEM-EDXHISEM-EDX 4455, % KA Wk
AT RGRIZRARN 5y, ARRIZEAVER YA 3 1) E 20
£ B FORFRAE W3, HARIET Bk . &
NaCUikr A4 5 ok DL R S8 ks 261 SIL & s k)
TCkL(1#11).

B R A0SR AR BRI ELAE ol
FARE R E. B EORL AT AR AR, ] DR AR
TR, FEOR AESFUKAD . EHIKABATE K. KE
By R R T2 pm, SRV T Vb B R A K
BHS LASGE R AR R B O
FEICELN, WSi. Al. Ca. Fef&, H W W2 AI4%
Kaw., ity . wRho Y. msiky . 4

3 RRRIBRBGIKEIRL 52

Table 3 Classification of individual micro- and nano- aerosol particulates
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BBRUR AR FECE AR, AR RIS R 5
P, WE B AR 4. Sk, 2%
WETELER, FERI T WAL . FiRREL . MR
ERRHADTCHLER,  HRERER IR RS B R LY & A
SR i R U X B B (4T LA PR A .

B ML A5 — YA HLIBR AN — kA PR, —
WA PR S BRI ST BRI, TR N IRw e, JF
HAEHFRAEE T 28005, BE4£30~500 nm; KA
MURL AR R TR, 5 H2 % 5 R R 5k ok
RA, R TFRT A REREME. 25, AYLUERE
EAS LT REE i e st A HLBRIY) £ E R T
LA BRI A Y ik be, FEEMCMOLM, HH &H
/RIS, Na, Mg, KAILAbs T 5800,

G JE TR R IR T 5 Tl . Rk b A 42 4 s 45,
FEICE EFe. ZnfIPb, B LA LB 4 E A
eI RATAE, TR T R L. Bbed e
A G SR ORI TR S BRIE, i B A G 4 e ok
A ELbe A e o,

MRk, FEHCAM, F8MO0. SifIK, &
L E AR A 10~100 nm B BRIE B 5T ks, 78 = 40 PR
EEELE ARG K. b U0k 7 TR R R AR L
fasE, fegteal i, JRAURnT LLEEIR AR BUFEIR,
HA LIV WEURIRGER. ok, T R I 1 A% 7E 4
. 2R O 32 R R T A A RRHIR B RN A ) TR
%[18,62]_

TR ITURE O ERE, Bl AR R AL, fH/R
S/ EECa, Ti. Mn. Fe. BRI KR E0R: 25
S SRR AT UE A0k, 1R BASAEAE. SR

LR by B S| FEILE TSR FERIE
R/ b A Si. Al, Ca. Mg. K#¥/lFe ANFLMIE SR kA R Hhirid
B S, /0 HNa, K. Ca AHMIE SR, HA %-7e 250 TS ZEHERR Y SO 4 kA

— A LR CHIO BRIY ST ERIE T R gk B AL W Bt be

A PLFERL C. OIS AFHLNIE SR —RANLRL I — Rk
SRR CHIO LRYRAR . BRIRFURELINR SRR A XU P 8 it
&)@ kL Zn, Fe, Pb, Mn, D& Cr ERIE AU FLTE 35 JRR T B, 48
2 A C. 0, B/ HSi, K R, PR BoEek AR B PB4 HEiL
TR0k Si. Al, Fe, 0 4&Na, K B TR
NaClik: Na. CIFIS SEJTRRIRTESI RES AN Sy A JEF S UK =
A C. 0, PHIK AL 5 P2 (R A B/ 1Y
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() M2 (1) EPTORL (a~DAIG~)EGR P & SR T B (FE-SEM)YE B IRFRBE DR 1048, FERCRAET20204F 4 Zvb A KA M)
(2, WEIERAITEMAEA R B AL, H: il R4 T2023484 Z= 52 5 KU )

Figure 1 Microscopic morphological characteristics of different types of single atmospheric particles. (a—d) Mineral particles; (e) fly ash; (f) metal
particles; (g, h) Sulfate particles; (i) organic particles; (j) plastic micro-particles; (k) soot; (1) biological particle. (a—f) and (i-1) were captured using field
emission scanning electron microscopy (FE-SEM) on polycarbonate filters, with samples collected during a dust storm event in the winter of 2020.
(g, h) were obtained using transmission electron microscopy (TEM) on copper grids, with samples collected during a haze episode in the winter of 2023
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Atmospheric particulate matter (PM), composed of suspended solid and liquid particles, is a complex mixture that varies in size,
morphology, and chemical composition. With growing recognition of their environmental and health impacts, research has increasingly
focused on micro- and nano- particles such as fine particles (PM,s), and ultrafine particles (<100 nm). Since 2013, China has
implemented a series of clean air actions, leading to notable improvements in air quality. However, as PM, s mass concentrations decline,
the relative contribution of ultrafine and newly formed particles has gained attention due to their higher number concentrations, larger
specific surface areas, and stronger bioavailability. These properties enable them to penetrate deep into the respiratory system and interact
with biological tissues, posing potentially greater health risks.

Atmospheric micro- and nano- particles exhibit diverse physical and chemical characteristics, such as size distribution, morphology,
and mixing state. Their chemical components are complex, encompassing secondary inorganic ions, secondary organic aerosols,
carbonaceous matter, heavy metals, and emerging pollutants such as microplastics and engineered nanomaterials. Formation processes
involve gas-to-particle conversion, nucleation, condensation, and heterogeneous reactions. New particle formation events contribute
significantly to particle number concentrations and typically occur under low pre-existing surface area conditions with high precursor gas
availability. After formation, particles undergo aging, coating, and mixing, which modify their physicochemical properties and
atmospheric behaviors.

Given their heterogeneity, individual particle analysis has become a powerful approach for characterizing detailed particle properties.
High-resolution microscopy and spectroscopy, such as scanning electron microscopy (SEM), transmission electron microscopy (TEM),
atomic force microscopy (AFM), energy-dispersive X-ray spectroscopy (EDS), and Raman spectroscopy, allow for the determination of
morphology, size, internal structure, and elemental composition of individual particles. Based on these features, particles can be classified
into sub-types such as soot aggregates, mineral dust, fly ash, metal particles, and carbonaceous matter, providing insights into their
sources and atmospheric processing pathways.

Atmospheric micro- and nano- particles also participate in global biogeochemical cycles through long-range transport and deposition
processes. They can act as carriers of carbon, nitrogen, sulfur, and trace metals, influencing nutrient deposition in remote ecosystems such
as oceans and polar regions. Interactions with clouds and precipitation contribute to the redistribution of reactive species, thereby
affecting atmospheric chemistry and climate regulation.

The health effects of these particles are strongly linked to their size, surface properties, and chemical composition. Smaller particles
have greater potential to deposit in the alveolar regions of the lungs, translocate into the bloodstream, and reach extrapulmonary organs.
Their large surface areas enhance the capacity to adsorb and transport toxic substances such as heavy metals and persistent organic
pollutants. Inhalation exposure can induce oxidative stress, inflammation, and other adverse biological responses. The presence of
emerging contaminants, including microplastics and engineered nanomaterials, further complicates risk assessment due to their diverse
physicochemical behaviors and potential for combined effects with conventional pollutants.

Despite recent advances, major challenges remain in detecting nanoscale particles, integrating number-based monitoring into
regulatory frameworks, and linking physicochemical properties with environmental and biological effects. Future research should be
focused on improving analytical sensitivity, refining source apportionment techniques, and evaluating the combined impacts of emerging
pollutants such as microplastics with traditional atmospheric particles. A comprehensive understanding of these aspects is essential for
developing effective air quality management strategies and mitigating the impacts of micro- and nano- particles on both the environment
and human health.

atmospheric micro- and nano- particles, physical and chemical characteristics, source analysis, microplastics,
geochemical cycles, health effects
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