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> HFR>HE; 8 MKIEMHE TR (53.0438.1) ug'm ™, XF PM, s I TTHRIE N 58.2%, £ 511
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Pollution characteristics and source of water-soluble ions in
atmospheric fine particles in Handan City

REN Xiulong NIU Hongya ™ LI Shujiao XUE Fanli WU Zhenxiao FAN Jingsen
(School of Earth Sciences and Engineering, Hebei University of Engineering, Handan, 056038, China)

Abstract In order to explore the characteristics and sources of water-soluble ions in PM, s in
Handan, China, PM, s samples were collected in 2017, combined with meteorological elements
( temperature, relative humidity ) , gaseous pollutants ( SO,, NO,, O;) and water-soluble ions
were analyzed. The results showed that the average concentration of PM,s in Handan was
(88.08+59.08)ug'm™ in 2017, and its seasonal variation was characterized by winter> autumn>
spring> summer. The annual average concentration of 8 water-soluble ions was (53.0+38.1)ug'm,
and the contribution value to PM,s was 58.2%. The order of each ion concentration was
NO;>SO; >NH,>CI>K™>Ca>> Na™>Mg>. SNA ( SO;". NO;. NH;) was the important

component of TWSII. Through the analysis of the pH and correlation , PM, s was acidic in spring,
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summer and autumn, and alkaline in winter. NH; mainly existed in the form of NH,NO;
and(NH,),SO, in spring, summer, autumn. Besides, NH; mainly existed in the form of NH,CI in
winter. Humidity had a certain role in promoting the conversion rate of sulfur and oxygen and the
conversion rate of nitrogen and oxygen. The result of principal component analysis indicated that
secondary transformation, coal combustion, biomass burning and dust were the main sources of the
water-soluble ions in Handan during sampling periods.

Keywords Handan City, PM,s, water-soluble ions, SNA(SO,*. NO; . NH,"), source.
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1 #M¥5 773 (Materials and methods)

1.1 FEfCREE

SRAE b A7 TR b A HRHE T SRy A TR KA T B RS T (36.57°N, 114.50°E ), HE Hb [ =5 £ 24 16 m,
ST RE ST RS AR T, BERAE A 5.8 km AbA KV ) RSN AR T T A2 &) o AR ik
V) Tl G, RE A X h Sz e IS SR T A9y R A 35 YR 0. SRABERS [B] 2 2017 4E 1 4 H L7 H L 10 ALK
12 7, 43 R F A DU 2=, SRAERT B BEN 8:00—19:30( 1K) | 20:00—K H 7:30(7& 0] ), RFf
R 11.5 h, B RCRFEIEECH 88 4.
12 B dEi

PM, 5 BIAE AR 7S 18 38 25 SUB0RL ) R A 2% (Unray ZR—3930D) R4, KA 0 16.7 L-min ™, fifi
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FH R 8B5S (Teflon) 4381 PM, 5 119 J53 2t ¥R 35 1K 85 0 B85 1) VA . SR T 7 22K Teflon IRk 5 78 48 T
FENEAE o GRLEE (25+0.5) °C, {8 B (RH) 4 30%+5% ) fH i 24 h D I, 78 HLF K F- (Fii -+, XS205dualrange,
0.01 mg) HHEATFREE, RAFE AT G 75 ZER A28 FUEME, SRAE IS RE S EE-18 °C LR A VKA.
1.3 HEaa T

fifi F B 1 (1% ( Dionex ICS—600) XA i i A 7K 5 1 88 7 (BHES F: Na', K', Mg?', NH,', Ca*;
FAESF: CI', NO5 . SO ) HEAT 404, FE il 20 ik, B 1/2 Teflon BB T BN 2508, LA 20 mL 4
ik CHL PR 18.2 MQ-cm), A HEH 1 h, &85 FH 0.45 um LK R 9813 9€, BEJS 20 Hril & JCHL B
TRy, BHES FREISR F CS12A iAE, BHESF AR AS22 (o ikl 1), SRABE 1] (4 A0 L AR X
LLJ S48 15 e 90 (SO, NOp., O3, CO) 45X % 8T (JR 1) 3 i o o 5 A ik 6 4 W 0 0 F 3
(https://www.aqistudy.cn) FE1 T 5 HL.
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Fig.1 Time series of meteorological elements (temperature, relative humidity, SO,, NO,, O3, CO) during the sampling period

2 75 5318 (Results and discussion )

2.1 PM, s BRI AIARfLERAE

FELI S 18], HEEE T 2017 4F PM, 5 MoK MBS 710 H AR L an & 2 fiir s, PM, s W B2 1) B AR AR5
7 9.4—338.64 ug-m>, Hih HFEEIKZEA PM, 5 H AL B4 2%, 4 A8 i sl ek, A8k
JEFE A 58.5—338.6 pg-m>.PM, 5 [ 4F - YR i Ok (88.08+59.08) pg-m >, A ik Bl (I 855 25 S0 12 b
(GB 3095—2012) 4F 34 bR fEE (35 pg-m™) , BAREECH 2.3 £, & TR AY 81.3 pgrm>(2016—
2017 4F)™0 A HTAY 77.1 pgm®(2017—2018 45 )M 22 FHTTAY 85.81 pug'm=(2018—2019 4F ) ¥ A iE
Y 57.6 pg-m > (2016 4F) 1, A FHRHE T 49 131.2 pg-m>(2013 4)14, 95.01 pg-m (2016 4F )1, BAKFE
BLANFR 1 ANZET A, HRHE T4 28 PM, 5 MR BE 48 T LRIk T, & KA TR, 9B A R
HIBER, 5 Tl R R e kAL, 530 PM, 5 WRIETH ;.
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Fig.2 Change characteristics of PM, 5 and water-soluble ions
R 1 AFBETE PM, s X (ugm™)
Table 1 Comparison of PM, 5 concentration in different cities
IRl City KA H i Sampling date #£Z%Spring  HZSummer  FkFEAutumn A ZFEWinter  £4FAnnua
Jbgtn 2017.12—2018.12 102.9 54.7 75.4 75.8 77.1
JE LR 2016 70.3 64.5 74.8 89.1 74.6
Vap diel 2016 65.1 60.5 111.8 140.2 94.6
ZEHU 2018.04—2019.01 75.9 46.9 90.5 104.8 85.8
IR 2016.01—2016.10 42.6 40.9 58.5 88.2 57.6
s fa-tel 2013.01—2013.102016.04—2016.12 66.299.8 84.277.6 128.184.4 230.8122.5 131.295.0
EN 1S 2017.04—2017.12 64.9 41.1 93.4 153.9 88.0

PM, s B9 Z 5 25 Ak 45 o B ., 26 B M & 2 [(153.9469.5) pug-m*[>Fk & [(93.4440.0) pgm [>H %
[(65.0£35.0) pg'm>]>H = [(41.1£14.6) pgm™]. S HEE F M, BT E 20174 10 A 15 H—
17 H (AQI 4354 205, 214, 200) . 2017 4F 10 H 21 H (AQI 24 189) . 2017 4F 12 H 23 H (AQI Jy 188)
PR 2017 4E 12 H 27 H—30 H (AQI 4351}y 234, 223, 314, 260) i} ¥H /™ 5 A4 55 75 Y fi o, T S E0GX
PN ZE 1 10 PM, 5 (VR ™ B2 bR, AR 2016 AR HRHE T 19 PM, s Wk BEAH LA Ir T B, (2 5 (5=

JE bR (GB 3095—2012) H 3 " HARME (75 ng-m>) M L, #ARRST 518 38.5%(F ) . 6.3%(H) .
565%(@() 88.2% (4 ), B Sty T4 Mol FH R I RE IR, AT HIE 5 A 2 114 A 4 R <A i A
Yr; H25 PMy s MR BN 52 0 IRE &, K2, IF HORFRR ST K, 2= h s ¥ 2 T it
G, MR, XFZRRBEMEMRE, B KNHERNG Y 8, L FEERNK, A/ T
NH,NO; [a] A BB A & 2P0 A M 2017 4F 12 H 43 S8t 1 Bl =0 i 77 2222, 2018 AR HRHE T PM, 5 Hk
FES 67 pg-m, [ HE TR 18.29%, {H PIRMACK R, 15 YL b5 TAFIR & Mk & /IR Pk k.
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22 PM, s A ZKIENE B F 19 215 AR LR AE

TE LI 31 18], A5 8 K IEPEES T (Na', K', Mg®, NH,', Ca*, CI', NOy . SO) [k i, H
NO;>SO,*>NH,>CI>K"™>Ca*>Na">Mg*.

MY KM B (TWSID 4E 23 0 (53.0438.1) pgrm >, X PM, 5 51 MR1EL N 58.2%, Hir Z= 5 A
TN BT (74.3%)>H Z2(60.1%) >4 7% (50.9%) >F Z(46.7%) , 25T 50 L DL JE i Hop bk v, andb
5 (44.1%) M FBIN (36%) 1, KHE(57%) 24, fy b ml LLid B, TWSIL X HB 5 117 9 75 Y A5 1R K9 BT ik
TWSII 5 PM, s 14 2= 35 43 4 A1 [R], F o (8 B0 7E & 25 [(81.6£43.6) pg-m™], T (K b & = [(25.1
11.2)pg-m], BkZERIFEZ5500 [(70.3+31.7)ug-m ], [(33.7+25.8) ug-m ], FHIME K [(53.0+£38.1)ug-m™],
B B G 2 25 SRR

SNA Jf& PM, s "1 EZFIK MR F HE 3 PM, s BHREEKOE, o SNA BV 5 SUK M s+
9 FEAE 3 5 o B 2= 82.5% . B2 94.7% . FkZE 95.15% M ZE 81.3%, i PM, s B L1431 0 39%. 57%.
T1% F1 42%.3% 3 FP e F AR R R T AR A2 L #. NH,'. NOy ™. SO, Z %2 i NH;.
NO, 1 SO, TAHIMAY) 238 — RN KW AL AR Y, — 7 PR FRE R R 75 ek -0 29,
Hidh NOy (13- 34 9 B8 B v, foe e RAEAK 2 (31,1 ug'm ), A 0 AE B 75 (5.5 pg-m ), HOF 39k i
JE SO 1Y 1.5 4%, NH, 1Y 1.7 i, NOy - XMk BE 55 T SO, BT HEES i A8 3 I XF PM, 5 Y STk &2 K T
5 RSO FEAZ=(19.1 pg-m ™) e i, H22(9.6 pg-m ™) 5K, SO, (I W 3= B4 WP, 705 A e ik
SRR AR AR R I 1 RSB, B 2SR AU B, O BB R ) KA A,
A FIT SO BYA I, 15 SO I Mk B 7 5 R4 s A2 FE LRIy 3, RBORE WSS HTRY) (n
SO, %) A B, KA HER B 22 3rh, Iz — AR E B R, 15 SO vk B 2 &
7% SO, 1Y Mk BE AR E: X R R W2 145 0, SO, I HECTE T K, 5230 SO MV BE A BT e Ik NH, i 2 5
NO; Fl SO LA AL 241 73 AEABIFFE T, NH, B e i Ve FE (B BRAE A 22 (19.1 pgem ™), HIRORRKEE
(15.7 pgm™), HEMEFRZHAR. R ERHRFAM T, NHNO; 5 7 ff A8 RS IR f e, T30
NH, 78 2 ik A ; X B, B 1 RS2 S50 & NO, 1 HEL 3 22 3145 F]F NH,NO; 19 48 A,
D] b NHL 18 e o o A% 2 e e 2,

K CLU3E 5 8 40k A 40 o Rk o8 1) T LR B 0200, WA LA A R 22 AR AR AIE, 2 R B &
Z5 [(1.7£0.6) pg-m >, (9.9+3.5)ug-m>] Fe i, B 2= [(0.5£0.2)pg'm>, (0.4+0.2) pg-m>] F KA, i
X s T i LA AR A V5 Ll . M@> Fl Ca® & TIE MV R R iy, B HE S, EES a4
fiE, HRERGEK . BEAC. FEKA, SEEIEMVD A PLETE, KRS SR BERKE, XT3
bk F AT T BRAEH, 43 Mg fl Ca® 7E 5 2= 10 Tk B Fe 1K
2.3 [HBH BT AR DG o

SRS ) P T A 2 P A AR N I RS, 1 B R b, 25 L iy -7 D) T LA 2 IR0, 4 1) T ik
P, BB F 24 4 AE(anion equivalent) 5 BH 2 24 & CE(cation equivalent) i¢ FL1EL, 2 U KT 1, M3
EES N4 O | S 7 o= R/ (1

AE = ¢(C17)/35.5+¢(NO;)/62 + ¢(SO;7)/48 (D
CE = ¢(Na*)/23 + c¢(K*)/39 +c(Ca**)/20 + c(Mg**) /12 + c(NH})/ 18 2)
K, e AR FUREE (pg'm™), AE Fl CE 73 5ICR BT PR S 24 5 B9 ¥ B2 (pmol m ™).

234, HRHE T 4 4F 9 AE/CE=1.09, R>=0.989, )i ] PM, s S Rt 5K F1 L™, 4800, JRH B0
PM, s I R B P A [7], {2 558N 7 R [H]. B B AKA U2 1Y AE/CE B AE B B XA (9 R? 4351 R 1.13(R’=
0.99) . 1.11(R*=0.99) , 1.24(R*=0.99) . 0.95(R?=0.99), [ It W] A1, A G R 47, S0 554 nf ¢ AR 9 i o
SPE R B, 2 PM, s HITAA B TSI Ok, 84 AE/CE [MIH B LRI RPRI N 1, HEHEEK =0
AR T 1, UiBH PM, s iatt, BB 6, BHES 58 29 Al 428 AE /CE WY ELE/N T 1, BERR
A I PRARE . PR TS T A 2 AT Y By i vh AT AR S T A IR B R e R A IR T R

BN BT 22 B A A AN AT LA W RS I 45 6 T 5K, ] LU Bir Hs ek .36 2 M AN
B2 ) AR M. AR 2 T DAL, NH, 5 NO;y™. SO,> . CIHIAH I 2R 043914 0.909., 0.916. 0.695, FL.
AW A9 R 6 M, ot W, NH,S NO,y. SO, CIAY 45 4 77 =X ] E v NH,NO;. (NH,),SO,.
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NH,4HSO, il NH,CLH: th K'5 CIhn 52 B 5o i1 I 2 M, A 56 R B 0.86; Mg Fll Ca® #H 56 R BN
0.841, 1 i BH B AT A U AT fig— 2.
2 PMys H4 B T[] AR 6 R B

Table 2 Correlation coefficient matrix between ions in PM, 5

B Flons Na' NH, K’ Mg* Ca* Cl SO, NO;”

Na’ 1

NH, 0.402%* 1
K 0.618%* 0.652%* 1

Mg** 0.388%* -0.012 0.394%* 1

Ca* 0.241%* -0.114 0.228* 0.841%* 1
cr 0.576%* 0.695%* 0.860%* 0.213% 0.142 1

80, 0.401%* 0.916%* 0.555% -0.024 —0.149 0.534* 1

NO; 0.292%%* 0.909** 0.518%* 0.010 —0.088 0.520%* 0.725%* 1

T *FORMSMEAE0.05 R R B35 (U , **FRHHIRTEAE0.0 17K 35 (UY) .
Note: * indicates that the correlation is significant at 0.05 level (bilateral), and ** indicates that the correlation is significant at 0.01 level
(bilateral).

2.4 PM, s PEEER AR T X

1RSI H, NH, F % DL (NH,) ,S0,. NH,NO; il NH,Cl BIE R AF 1L, NH, 1 5E 5 SO 454
A= B (NH,) ,S0, 5% NH,HSO,, 285 T4 i NH, BRIk 45 & NO5 8 CI, JE i NH,NO; 8¢ NH,CI™. 2 T
i — 25 W 5T ER W A7 AE O 3, 8 R PR 7 I EA T 105 A5 NH 52 28 b Ml SO, BRI B 221U
NH,NO; F1(NHy),SO, BB XAFTE, WA R 3 1153 NH, BY(E; AR A 22 F o SO,7, # ik i
1675 24 NH,NO; Hl NH,HSO,, FHZA R 4 118 NH, (.20 [NH, T, [SO.2 T, [NOy ] 23 34t 26 3 Fh g
T TR

[NH;] = 0.29 x [NO;]+0.38 X [SO;] (3

[NH;]=0.29x [NO;]+0.19x [SO; ] (4

AR 3 7R, NHy SEPRE S TR E A A SRR R (R>0.9) . A7 B RLA A E HA 12 1 1Y
NI, BT SE B A 5 B R A e B L, S S S PR AR ) 5

= NH,NOy+NH,),S0, © NH,NO;NH,HSO, — I:1line

S
9%
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Fig.3 Scatter plot of calculated and measured values of NH,"
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FEFE 4 AT LIE L, B 5E R0 SO MY B RGBT 12 1 MR, TR Z K = F 1 i
FE L NHNO; F1(NH,) ,S0, PR 277 & 2Rk 7 XA B S 278 B T 07, SRR 07 A
S VAL IR LRI QA A, e UHARIR U7, th T4 R CURYMRBE Ry, 2 A =19 19 4 4%,
PRI I 1) 8 577 D7 3R] BE S NHLCL

L0~ o NOR = SOR
---NORZM:MA  —— SORLGMEHIA

NOR Linear fitting SOR Linear fitting
08}  SOR:R*-0.63
NOR: R?=0.37 "

SOR & NOR
I
[=}

o
~

02

Relative humidity/%
Bl 4 SOR.NOR SR ¥%H
Fig.4 Relationship between SOR, NOR and humidity
2.5 SO 5 NOy M HAERIMAY 1544k
2.5.1 SOR ‘5 NOR fJZTi45HE
SO,” . NO; # A2 A IE PR RS 7 b F 2 B 7, B 8% 16 R (SOR) AN AU % 1L 3 (NOR) 1] DL ISk AL
SO, 1 NO, [f] SO4*, NO; # AL iR B T HR A AN

SOR = [SO; 1/([SO; 1+[S0,]) (5
NOR = [NO;]/(INO;]+[NO,]) (6)
A H [SO,2 T, [NO;y | 43 MR FR SO . NOy I M (ug-m ™), [SO,]. [NO,] 43514t 3% SO,. NO, ¥

e (ngm™).

SOR 1 NOR [ HCAELEE &7, — UG Ak (A R B st i = B2, 83 159045, SOR &4F-(E I 7E 0.1 L) I, 4Ry
B4 0.39, BLHALETE SO, 1] SO #54k i1 2 .SOR 7ERk i i1 (0.61), Hyk A H Z2(0.54), 472(0.26),
FZERAK(0.19), EAEE = 1Y SOR H 2 B & i =i . 5 AL M 1) K S0H R F SO,2 1A Ak, NOR 4F-
fH 0 0.25, 1% T SOR MY 4E¥I{E, NOR BRI AT i, £ TR Z, FH BN F T RE, 5H73CH
NO; ¥ B 1 717 A48 b — 3. AR SC ) SOR I NOR #BHL# =7, A& SO, Al NO, HEAT T 4858 1Y) IR L AL i 45
T BB T A< ZRA15 9K LU BEHEE 0y 3, BL3h 42 I HEAICK & 19 NO, Fil SO,, {#45 SNA HVk BT, e 1
XPEREE 75 G, S BUBT H IR AR Y K 5 K<

A T T 075 i S LU M E A, (A SOR ., NOR 23 i 5 G A% A A8 AL i Hh I ek 2 . 2 % 3%
] ) (45 25 A0 0 o 8 B0 e AR B ) v (9 b o, R RS IR 58 B B o S 3 AN BB A, T T [p(PMys) <
75 ng-m>], BTG YL [75 pgrm P <p(PM, 5) <150 ug-m], HEET5 YL [p(PM,5)>150 ug-m], Hid 3 %5
) REE N 24 d. 16 d. 4 d, VLI K AL 54.5%. 36.3%. 9.2%. 7 1k . b 5 YL M E B V5 44 K SOR 1Y
SEHIME A 037, 0.43, 0.45, NOR AY-FHI{E 451 4 0.25, 0.25, 0.28.4 SR 5% 1 i 15 Yo FI 5 & ¥ YL st )
SOR fH /5 T i K 1Y SOR {H, M H 15 L K bhis v B2 15 Yy B 0 e A 32 Ty, 3 AT e o B g L 40 1)
FRVRE R B A G, ARG B 35 A R T SO, A AR EIAH UM BRI 45 1 R A2 b B35 4 K 1 NOR ~F- 2 AH
I, IR FEHEE TS Y4 A9 NOR {H, 1568 5 B 15 e B T i R A h 5 Yo KA 210 NO, 1] NO; 141k
2.52 SOR, NOR SHHX R 1) 5 &

R AT, SOR #&4K I T NOR AY{HE, AT RE SRR A 3¢, LX) SOR, NOR 5AH X i B i1 7
T#E— 5T, SOR. NOR 5 AHXS M B (I Ze M40 G iy 45 SR an 8] 4 ez, W] 41 SOR., NOR 558 X Wi i
HBEEE A G, 9 B AH 5 REC(R) 435K 063 0.37, 8 B AR R B X T SO,. NO, [ iR £h A A ik £h
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Z 1) B B A 6 08 E B0 A T, R o B B, S B Ak 53 Ah SOR A AH 5C 22 4 T NOR, 5 H]
SOR R AR B2 A B, ] BE 5 25 U R K e S5 BI04 &, i fe i — AL AR iU R £
%
2.6 JKEEVERS TR IR

AR T J2 SPSS19 HAF X PM, 5 Hh /K I P B 7 FE AT R 5L AT, 5 SR 1 2 o0 0 A 12
(PCA), &R 3 firzs . FEa s o0 b ik 35 2R AR UK B 19 241 70 B0 BRI 204, AR R 7RI 1 8 1 ok
WA AT 7 A T2 W9 R AE BT A R R B BCRAIE M R T 1R 3 AN ARy R T, AR T
80.657% 19 B AZ 5N 1 TP K A AL 53 O NH,', SO4™ . NOs, BTHRER Y 49.096%, FFE(H Jy 5.401,
FHT SRR £ 202 NHy' SO,” . NOy B HI AR R FALIE . BT 2 STRRE Ny 18.547%, RitJr
ZETTHR R 67.643%, FRAEE A 2.040, Horft Mg Fll Ca® i 28 far 1 50K, 36 PR A 85 3 # 4 I i #2019
AN BRI T 3 SRR 13.014%, R T7 22 SRR N 80.657%, Rk 1.432, KA CIadfi i 40K,
K CL 3 o 2 W) SRR b PR B 1) 7 B, 12 P8 7 vl AAR SRR BE IR TRt , HISSR T 140 975 G e T LA
N EAL AR IR BRI

®3 FIMOTHER T A AR
Table 3 Principal Factor Rotation Factor Load Matrix

B 20 43 Tonic components [A+1Factor 1 [X+2Factor 2 [X¥3Factor 3
Na* 0.726 0.529 0.001
NH,* 0.974 0.051 0.081
K* 0.693 0.609 0.138
Mg* 0.070 0.882 —0.236
Ca* 0.019 0.944 0.045
Cr 0.743 0.494 0.142
804" 0.910 —0.052 0.020
NOs5” 0.857 0.029 —-0.001
77 2 Bk Variance contribution rate 49.096% 18.547% 13.014%
FiT5 2 5k Cumulative variance contribution rate 49.096% 67.643% 80.657%
HHE{EEigenvalues 5.401 2.040 1.432
KU Source TR AR £ AW 5T SRR

T BT Z A T T S SR R 4L 3 4

Note: The boldface is the load of the component with larger load in this factor.

3 458 (Conclusion)

(1) HBHE T Y PM, 5 8 4F - 9 B 4 (88.08+59.08) pg-m™, Z= i A AL AR E e BN & Foshk o> 2
>HZE KM T AR R (53.0438.1) pg-m™>, X PM, s I BTHRAE A 58.2%, 8 7K ¥ 14 5 ¥~ R vk
JE =R S NO;>S0,>>NH, >Cl>K">Ca**>Na>Mg>".

(2)SNA Z/KE M B 7 EZA 5. HBEE T 24 AE/CE=1.09, R*=0.989, PM, s 2 a4, &k
7= PM, 5 SR, & F S md . ARG TR T A1 NH, 5 NOs -, SO,> . ClZ fa] HAT g & i A St

(3)F . B . *ZE 5 EL £ DL NH,NO; Fl (NH,) ,S0, M Fl & 277 78, & 25 S 3h 77 76 77 =
NH,CL

(4)HEHE T SOR, NOR 1E Rk 25 hy fix e s 742 B TS YL R e V5 YL i1 00 T SO, MY AL R T &, 1fi
NO, 7 5 15 Y A5 0 T 58 25 5 Ak TRl As, AR L AEXT SO,. NO, HOHEAb 7= A fie A .

(5) ISR 1T (85 Yok IR 32 B R G Ab AR B 45242 DA AR ) Sk e R R 8.
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