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Abstract The concentrations of 23 inorganic elements in PM, ; were determined directly and simultaneously by
inductively coupled plasma mass spectrometry ( ICP-MS) combined with microwave digestion. The working
parameters and conditions of the digestion and ICP-MS were optimized and selected. The detection limits ranged
from 0.01 to 10. 00 ng/mL and the quantitative detection limits were at the range of 0. 04-40. 00 ng/mL. PM,
membrane filter samples, collected in three monitoring sites of Tangshan City from October of 2017 to January of
2018, were measured by the method. and the results of the analytical data were shown as follows. The
concentration of Si was 2. 30 pg/m’, which was the highest value among the measured crustal elements. Most
elements had higher concentrations during the before-heating period than during the heating period. The
concentration of Zn was 0.48 pg/m’, which was the highest value among the heavy metals, and the concentrations

of these heavy metals were mostly higher in November and December during this observation campaign. The
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measured elemental concentrations were mostly comparable to other literature data, which showed that this method

was suitable for inorganic multi-element analysis of ambient atmospheric PM, ;.
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Table 2 Operating parameters of ICP-MS

S CREE #BR FAh EEGE $RHGE Omega  Omega  Flfffw  fffEh ) il 12 il
TAE s . . Defect Plate Bias i
" Ui, WEEL W WEE BEHE BRAE R BEH O ADH DHE/ He i &t/
B _ RN HUEV ,
A\ mm  (L/min) C 1/V 2/V R /V JE/V JE/V \Y (mL/min)
He #5, 1550 10.0 0. 80 2 0 -190.0 -90 10.0 -40 -60 0 -55 4.3
TR 1550 10.0 0. 80 2 0 -190.0 -90 10.0 -30 -50 11.0 -35 0
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Table 3  Standard curves of the elements to be measured

FrifE R BN RE/ (ng/mL)

TLR FEIE 2% R
1 2 3 4 5 6 7
Na 0 50.0 100. 0 200.0 500.0 1 000.0 2 000.0 y=0.003 3x +0.026 9 0.999 2
Mg 0 50.0 100.0 200.0 500.0 1 000.0  2000.0 y =0.001 5x +0.000 7 0.999 8
Al 0 50.0 100. 0 200.0 500.0 1 000.0  2000.0 y =0.000 5x +0.000 4 0.999 8
Si 0 50.0 100.0 200.0 500.0 1000.0 2 000.0 y =0.000 3x +0.037 0 0.999 7
K 0 50.0 100.0 200.0 500.0 1 000.0  2000.0 y=0.001 2x +0.018 0 0.999 0
Ca 0 50.0 100.0 200.0 500.0 1 000.0 2 000.0 y=6.6x10 Sx+5.1x10~* 0.998 4
Ti 0 2.0 5.0 10.0 20.0 50.0 100. 0 y=3.2x10"*x+7.2x107¢ 1.000 0
v 0 0.5 1.0 2.0 5.0 10.0 20.0 y=0.006 7x +0. 000 1 0.999 5
Cr 0 0.5 1.0 2.0 5.0 10.0 20.0 y =0.008 5x +0.000 2 1.000 0
Mn 0 0.5 1.0 2.0 5.0 10.0 20.0 y =0.003 1x +0.000 2 0.999 9
Fe 0 50.0 100. 0 200.0 500.0 1 000.0 2 000.0 y =0.005 Ox +0. 004 0 0.999 9

Co 0 0.5 1.0 2.0 5.0 10.0 20.0 y =0.009 6x +0.000 3 0.999 7
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1 2 3 4 5 6 7

Ni 0 0.5 1.0 2.0 5.0 10.0 20.0 y=0.002 6x+6.0 x10° 0.999 8
Cu 0 0.5 1.0 2.0 5.0 10.0 20.0 y =0. 006 6x +0. 003 4 0.999 6
Zn 0 0.5 1.0 2.0 5.0 10.0 20.0 y =0. 000 6x +0. 000 8 0.999 5
As 0 0.5 1.0 2.0 5.0 10.0 20.0 y=0.000 2x +4.6 x10~° 0.999 9
Se 0 0.5 1.0 2.0 5.0 10.0 20.0 y=1.5x10 P x+1.1x10"° 0.999 2
Rb 0 0.5 1.0 2.0 5.0 10.0 20.0 y=7.4x10 *x+5.3x10°° 0.999 9
Cd 0 0.5 1.0 2.0 5.0 10.0 20.0 y=6.0x10"4x+6.7 x10 7 0.999 9
Sn 0 0.5 1.0 2.0 5.0 10.0 20.0 y=0.001 4x +0.001 5 0.999 4
Sh 0 0.5 1.0 2.0 5.0 10.0 20.0 y=0.001 4x +3.3 x10°° 0.999 9
Ba 0 2.0 5.0 10.0 20.0 50.0 100. 0 y=3.9%x10 *x+1.7x107° 1..000 0
Pb 0 2.0 5.0 10.0 20.0 50.0 100. 0 y=0.007 6x +3.8 x10~* 0.999 7
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SE AR SR T W B, 85 R R S, MRS
AL UL T ] e 45 2R Y 84, SR I 100 ng/mL 1R
A bR s W R AT R 400 P b A R I T SR T 45 2R
AR,
2.3 ICP-MS x5 ICP-AES &3ttt
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1.0 wg/mL, TH5 2 T 7 46 D0 235 5 2 1] 79 A X5 D
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Table 4  Detection limit, lower limit and precision

x Kt R i
(ng/mlL) (ng/mlL)
Na 2.00 8.00 5.8
Mg 0.30 1.20 4.3
Al 0.70 2. 80 3.8
Si 10. 00 40. 00 6.5
K 0.70 2. 80 6.4
Ca 4.50 18. 00 4.9
Ti 0.70 2.80 2.5
\% 0.02 0.08 1.0
Cr 0.01 0.04 1.2
Mn 0.07 0.30 0.9
Fe 0. 40 1.20 2.1
Co 0.01 0.04 1.8
Ni 0.01 0.04 1.4
Cu 0. 05 0.20 2.1
Zn 0.40 1. 60 3.4
As 0.50 2.00 5.0
Se 0.20 0. 80 3.9
Rb 0.02 0. 08 2.5
Cd 0.01 0.04 0.6
Sn 0.05 0.20 3.9
Sh 0.01 0.04 2.8
Ba 0.09 0. 40 1.1
Pb 0.01 0.04 0.8
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Table 5 Average recovery rate of elements to be measured by internal standard correction %
Na Mg Al Si K Ca Ti v Cr Mn Fe Co
103.0 95.2 96. 4 105. 8 93.5 94.6 102. 3 99.7 98.6 102.3 104. 5 101.2
Ni Cu Zn As Se Rb Cd Sn Sh Ba Pb
100. 4 97.8 96.5 98.7 98.0 97.4 100. 3 98.6 97.5 102. 4 98.5
% 6 ICP-MS ;%5 ICP-AES A S #TilliK 45 R 3 bk
Table 6  Comparison between ICP-MS and ICP-AES
a<5% 5% <o <10% 10% <0 <20%
JLH
TN i bt/% IENF A i tb/% BN R i bt/%
Al 248 82.7 48 16.0 4 1.3
Si 256 85.3 41 13.7 3 1.0
K 241 80.3 54 18.0 5 1.7
Ca 249 83.0 45 15.0 6 2.0

H & 6 WTLIE X T ALSi K Ca 4 FioTE K
U, R 2 BT AT A AT, 80% DL BRI o
INT 5% ,98% L ERERIY o /NT 10% , AT LA 2
PRI 5 32 8 A b 28 Pk 22 5%, W] LA T ICP-MS 3k
TEINE T 4 w8 W B 00 ) I, b b 5 T K Wk R AT
e
2.4 PM, HlliXEER

AT A2 T 2017-10-17—2018-01-31 FE (1177 3
AW A5 A7 PM, SRR SR Y 23 R EHLOCRIRIE, I
5 HAWSCERZS TR MR B AT LU S5 R LR 7

T AR A PM, R ZBOTRIKIER
DB 5 SCER A W i i 25 57, 5 2014—2015 4F4
FAL R R o Y . e LR, Si e R
FESRIR AT T v] A2 #R 4344 K T 52 i ) XA 1
BE, BT DL SCER TR AR ST py vk B A TR . A IR e
PM, st Si e i 45 2 BT ) LA 4 1 T L 5 AL
VR (0.88 wg/m’) 5 T 2013—2014 4E & %
(0.65 pg/m®) ™ JLHHT 2014—2015 4422 (0. 81
peg/m’) O I LT 2016 4E 1 H (0,82 pg/m’)
() B2 7K AR I 5 oAt BE AP AR R i T K, A
Ca K Fe Na Mg Fll Mn 5§, 3% 5 SCHR Zo4 4 0 A
T, S AR Y el e O R
W R oy — 3, RS L E P, AR Zn
W (0. 48 pg/m’) H#1LT(0.46 pg/m*) 0 FLIH
H7(0.50 wg/m’) > FIEGHIHT (0. 43 pg/m®) P A
— 2 Ph R TR A ST ER A B Ak, Al g Ph ik
(0. 11 pg/m®) W& &5 T UL BT (0. 09 pg/m’) ™ Figg
FT(0.09 pg/m®) AR H AR 5 e K P A
TR AT Z, W Cr.Sn \Ni Sbh Rb.Se .Cd il Co 5

SCERES I 40 o AR Cu VR As 3 FOTER Y
VR L SCHRBE I AT 1 A 20 47, X AT RE 5 I 48 R JA
BT I BR AR HOR S E A

RINA TCR WS AR , X A I 18] 24T 1 8
#EEEIF AR B 30 min ZEF) 50 min, % B Si 45
Hb7ETC R W FE I A PR 2 T B0 ok B e A1
M7 VAT As WS A BTH 85, V W3 0,002 2 pg/m’
FEEF0.005 7 pg/m’, As #FEH 0. 004 3 pwg/m’ 12
3 0.010 0 pg/m®, 53 7 o SCHREE AT 547
AT L o AR Ty o i 5 A — 20 ik I o 25 A
$E i Cu YR RYMER

FEITT PM, TR BER IR Si > K > Ca >
Fe>Al >Mg >Na >Zn >Pb >Mn >Ti > Cu > Ba >
Cr>Sn>Ni>Shb>Rb>As>Se >V >Cd>Co; TS
JEH)E /NS Rk 15] (Zn > Pb > Mn > Cu > As >
Cr>Ni>V>Cd) ZHAR—F, KU Fe #e & (0.90
pe/m’) FEEIITT (0. 98 pg/m®) AT HAF 1 T H
TR (0. 81 pg/m®) ™ R 1L T RS
PM, s/ Fe ¥ J3 32 40k Tl HE B ) 3 5 Fe ¥R
FE10 J 55 (0. 98 pg/m®) , B 5 2 BERRAR , X
5 R T BB ol 8 98 R R A 6, O HAZ
2018 4F 1 HECR NN, 75> 48T R (R4
Zn Pb Mn Se As fil Cd) fy¥ BEAE 11 H A1 12 A #8¢
e, KOV A AR M, BB ST R R FE 2 T
i RGN 2 2= IR ARE IR 52 e 4 Ry ™, Cr YR BEEAE
10 A, 1 H AR, 5 Fe iR H— 2 (K
1), AT g F 22 55 1L ek Tk g, 25 I,
FEIITT RS PM, s EZE 4 8 OT R 1R IE kG
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Fig. 1 Monthly mean concentrations elements
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3 Hig

(1) FEST T IO T A | P JBR 5 55 B TR T i
(ICP-MS) i FL U 5E PM, 5 v 23 Fh & BT R A7
o X R T e ICP-MS TAES B &3 45 T
AR #E

(2)PM, 1Bk As (Cu F1V 3 o2k B (140
B RS AK T SCHREE A, RZBOTR W E MRS
SCHREERE A I W 22 5

(3) EILTRKAZE PM, s, Hi7e o R Si
B, 42.30 pe/m’ s WA BICE T Zn WIERE, N
0.48 pg/m’, FFiHIFEICE W E K LR BT T
KRS ;743 LXK (4 Zn .Pb Mn Se, As K Fl Cd)

W EAE 11 AR 12 A, B8R Tl BRI AT R
FHIR IR ER Rz 1 52 0

S 3Lk

[1] POSCHL U. Formation and decomposition of nonhazardous
chemical components contained in atmospheric aerosol particles
[J]. Journal Aerosol Medicine,2002,15:203-212.

[2] HEK B,YANG F M, MA Y L, et al. The characteristics of
PM, 5 in Beijing, China [ J ]. Atmospheric Environment,2001, 35
(29) :4959-4970.

[3] CHANC K, YAO X H. Air pollution in mega cities in China
[J]. Atmospheric Environment,2008,42(1) :1-42.

[4] MAENHAUT W.New directions: future needs for global
monitoring and research of aerosol chemical composition [ J].
Atmospheric Environment,2008,42(5) :1070-1072.

[5] PUTAUD J P, RAES F, DINGENEN R V, et al. A European
aerosol phenomenology: 2. chemical characteristics of particulate
matter at kerbside, urban, rural and background sites in Europe
[J]. Atmospheric Environment,2004,38(16) :2579-2595.

[6] MAENHAUT W,RAES N,CHI X G, et al. Chemical composition
and mass closure for PM, 5 and PM,; aerosols at K-puszta,
Hungary, in summer 2006 [ J ]. X-Ray Spectrometry, 2008, 37
(2):193-197.

(7] FRECKIER, FEAT, & i PM, 5 ok AT 05 35 25 38
[T dentRs 24 ( A 4RFA M) ,2014,50(6) - 1141-1154.
ZHENG M,ZHANG Y J,YAN C Q,et al. Review of PM, 5 source

apportionment methods in China [ J ]. Acta Scientiarum

Naturalium Universitatis Pekinensis,2014,50(6) :1141-1154.

[8] WANG W, MAENHAUT W, YANG W, et al. One-year aerosol
characterization study for PM, s and PM,;, in Beijing [ J].
Atmospheric Pollution Research,2014,5(3) :554-562.

[9] DUAN]JC,TAN J H, WANG S L, et al. Size distributions and
sources of elements in particulate matter at curbside, urban and
rural sites in Beijing [ J ]. Journal of Environmental Sciences,
2012,24(1) .87-94.

[10] TAN J H,DUAN J C,ZHEN N, et al. Chemical characteristics
and source of size-fractionated atmospheric particle in haze
episode in Beijing[ J]. Atmospheric Research,2015,6.167.

[11] 5 GG, b B RASUBOR A v 3 Jm T 3R IR MR A 27 AT
[J]. A E2441,2010,19(4) :979-984.

FANG F M. Research on environmental geochemistry of metal
elements in atmospheric particles in China [ J ]. Ecology and
Environmental Science,2010,19(4) :979-984.

[12] TR, 257500, 9K =2, 45 JERUEE PM, 5 & m o R I 15 Y e

e BRSNS EA [ ] BRBERE,2019(6) 1-15.
XU J,LI X R,ZHANG L, et al. Concentration and ecological risk
assessment of heavy metals in PM, 5 collected in urban and
suburban areas of Beijing[ J]. Environmental Science,2019(6) .
1-15.

[13] skA=fd, EBIE, Bk, 45 SR B2 1A A0 R 1 7L 50 KUk
W B SE 1] P E R BT ST AR BE a4, 2002 (1)
75-81.



£ 638 -

B TR

5510 &

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

ZHANG R J,WANG M X,HU F,et al. Elemental concentrations
and distributions of atmospheric particles before and in heating
period in Beijing[ J]. Journal of University of Chinese Academy of
Sciences,2002(1) ;75-81.

XA AR sh  HORBE , F. JU T T R SUBURL Y 43 R 1Y
BRTRA R B L i S5Ok PRWF ST ()], Bk A= 4, 2011, 32
(3):151-158.

LIU X D, ZHU X K, DONG S P, et al Lead

measurements and source study for size-selective aerosol samples

isotopic

in Beijing [ J ]. Journal of Chinese Mass Spectrometry Society,
2011,32(3) .151-158.

DUAN J C, TAN J H, HAO J M, et al Size distribution,
characteristics and sources of heavy metals in haze episode in
Beijing[ J . Journal of Environmental Sciences,2014,26 (1) :
189-196.

RSV, AR LR A R PM o TR (Y e BE AR AL
WARFHMENTFEL ] BREARE 540K ,2006,29(7) 149-51.

JIY Q,ZHU T,FENG Y C,et al. Concentration and enrichment
characteristics of elements in PM,, of Tianjin[ J]. Environmental
Science & Technology,2006,29(7) :49-51.

P B TP IR A AN B BRI T A SR fh 2 2
IPRHIERTFE[ )], U1 R4 ,2009,28(5) :19-21.

JIANG C T, ZHANG D, ZHENG J J, et al. Research on the
characteristics of the chemical components of the inhalable
particles in highway tunnels[ J ]. Sichuan Environment,2009,28
(5):19-21.

FMGG, HoksE, E e, 45 Ui &R PM,, s oK M 4
JE TS RAFAEL )] T E PSR ,2014,34(9) :2204-2210.
WANG Q Q,MA Y L, TAN J H, et al. Characterization of water-
soluble heavy metals of PM, 5 during winter in Beijing[ J]. China
Environmentol Science,2014,34(9) :2204-2210.

PRI, 2% 05, Th # W, 45 R B 58 B8 TR v Al MOk )
PM, s T4 i ST R KT [ T]. o [ R, 2016, 22
(2) :104-107.

CHEN J,FEI Y,MA X Y, et al. Risk assessment on heavy metal
elements of fine particulate matter PM, 5in fly ash origin from coal
incineration [ J ]. China Powder Science and
Technology,2016,22(2) :104-107.

Tkt S T8 B 5. LSS P, o o i 70 2R B A
MEFIAIESHTL )] HRBERL2,2017,38(3) :876-883.

QIAO B W,LIU Z R, HU B, et al. Concentration characteristics
and sources of trace metals in PM, 5 during wintertime in Beijing
[J]. Environmental Science,2017,38(3) :876-883.

TREE T, 2B, A5 BRI R R IR SRATE T B PM, 5
TR M BB [T o E 8 AL A2, 2018, 38 (12)
4426-4431.

ZHANG L,JI Y Q,LI Y Y, et al. A comparative study on the
elements of PM, 5 in two sampling methods of steel dust[J].
China Environmental Science,2018,38(12) :4426-4431.
MAENHAUT W, CAFMEYER J. Long-term atmospheric aerosol

study at urban and rural sites in Belgium using multi-elemental

and waste

analysis by particle-induced X-ray emission spectrometry and
short-irradiation instrumental neutron activation analysis [ J].
X-Ray Spectrometry, 1998 ,27(4) :236-246.

WANG W, LIU X D,ZHAO L W, et al. Effectiveness of leaded

petrol phase-out in Tianjin, China based on the aerosol lead

[24]

[25]

[26]

[27]

[28]

[32]

[33]

concentration and isotope abundance ratio [ J]. Science of the
Total Environment,2006,364(1/2/3) .175-187.

Iz, WA, BUE R, S RAUBRLY KA P B R e R
WFEak )] . #Efka7,2014 ,33(12) :2109-2116.

ZHENG N J, TAN J H, DUAN J C, et al. Research progress on
water-soluble heavy metal in atmospheric particulate matters[ J ].
Environmental Chemistry,2014,33(12) :2109-2116.

Gl AT, NG A5 HE T Kl B A - R S A S A S
EMEBON T IR PM, s Ay 47 FoT R [J]. PR T
H KB 27,2017 ,27 (17) :2436-2440.

JIN Q,REN R, XUE M, et al. Determination of 47 elements in
PM, 5 in main urban area of Hangzhou using ultrasonic-assisted
extraction-inductively coupled plasma mass spectrometry [ J ].
Chinese Journal of Health Laboratory Technology,2017 ,27(17) :
2436-2440.

HO , AR R, R, 2. SRR PM,, 5 EHLIC R M4
BB IR g B [ ] B85 W DA B 5 R, 2019,31 (1)
14-18.

DONG X,ZOU H F,LIANG L C, et al. Composition and source
apportionment of inorganic element in PM, 5 in Guiyang[ J]. The
Administration and Technique of Environmental Monitoring,
2019,31(1) ;14-18.

FRY, i, SR R U A 2 R P A PM, 5 PO
FIBERILFAFAELT] . s BRFL =35 2017 ,32(8) :850-858.
WANG D, FENG H Y, JING H M. Elements’
characteristics of PM,; and PM, 5 in Beijing during winter and
spring[ J]. Advances in Earth Science,2017,32(8) :850-858.
T, W, kA, 45 Bl & KRR PM, s e R T 4
FHIE SOk WA A [ )], R385 AT 45 22 & i, 2017,42 (2)
160-164.

WANG S B,JI Y Q,ZHANG W, et al. Pollution characteristics
and sources of elements in PM, 5 during winter in Anshan City
[J]. Environment and Sustainable Development,2017,42(2)
160-164.

ORI R bR w2 SRR SR P S S TR TR
RN 5 HL SRR S 4 B T A BT VR < HY 657—2013 [ S]. JEae:
rhE B R H kE 2013,

UK. PLFHTT RS P, 5 35 P MU B2 AL 2 21 43 3 A R ALE A
FE[D]. B 10T KA%,2017.

JAT R 55 , 25 0E4r, %, 2011—2012 L5t K PM, s R
SRR SR BT[] BREERL AR, 2017,38(10) ¢
4054-4060.

ZHOU X M,ZHENG N J,LI Y H,et al. Chemical characteristics
and sources of heavy metals in fine particles in Beijing in 2011-
2012[ J]. Environmental Science,2017,38(10) :4054-4060.
TR, BT, 5 5, A M TR P, s th & BT T
PLRFIE[J]. AR AIRIE A4 ,2016,25(5) :829-834.

WANG Y Y,LU X Y,GAO Y, et al. Pollution characteristics
of metal elements in PM, 5 in the atmosphere of Zhengzhou
[J]. Ecology and Environmental Sciences, 2016,25 (5)
829-834.

FEFF, 5K T 2HE. ICP-MS 32 I i R 5t T B 25 X PM, s th 2 Fh
JCE 1] AE IS E A ,2017,29(2) :45-49.

DU Q,ZHANG Y Y. Elements in PM, 5 in Nanjing by ICP-MS
determination [ J ]. The Administration

Environmental Monitoring,2017,29(2) :4549. >

geochemical

and Technique of



