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NHHSO, S5 AFAE s HEMINO; K SO; P 5 BRI SRy Tl HE S R Wy n A 25 ks PR T AR R
WIS ORL Y SR, SRBE W OB 2 B . ZBUKIE S & B BRI S T H RS,
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The pollution pattern and source analysis of water-soluble ions of
PM, ;5 in Baoding City

WU Zhihong SUN Shuang WU Gaofeng JIANG Jianfang
LIU Shuang ZHAO Wenji ™

(College of Resource Environment and Tourism, Capital Normal University, Beijing, 100048, China)

Abstract A total of 40 samples of PM, 5 in Baoding city spanning from October 2017 to December
2017 were collected by using the flow sampler(TH-150C, Wuhan-Tianhong, Wuhan). Water-soluble
ion groups of the PM, 5 samples were measured to study the pollution pattern and sources of water-
soluble ions in PM, 5 in Baoding City. Combining with the meteorological data and air quality data
obtained in the same period, the possible cause of the air pollutants were discussed. The correlations
between various ions were calculated and analyzed, and the atmospheric acidity or alkalinity were
estimated by using ionic equilibrium method. The pollution pattern of water-soluble ions in PM, 5

during the daytime and the night time were analyzed further in detail. The sources of water-soluble
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ions in PM, s were analyzed by principal component analysis (PCA), and the source of secondary ion
and corresponding meteorological influences were also analyzed. The results showed that: based on
correlation analysis, it was suggested that (1) K* and NO3, Cl” in Baoding City were mainly from the
same source: biomass combustion; (2) NH; mainly existed in the air in the form of NH,NO;.
(NH,),SO, and NH,HSO,; (3) the main sources of NO; and SO; ions were chemical transformation
of the industrial pollutants; (4) the atmospheric particulate matter in Baoding City was acidic in the
non-heating season and alkaline in the heating season. The water-soluble ion contents of most
samples were higher at night than during the day, which may be related to various factors including
meteorological conditions and environmental impacts. In both polluted and clean days, the secondary
ions in PM, s mainly come from mobile sources. The mass concentration of secondary ions showed a
positive correlation with humidity. Meanwhile, SO; had a negative correlation with temperature. The
concentration of water-soluble ions was in order of NO;>Na™S0; >CI >NH;>NO,>Ca*>K">F >
Mg**. The content of most water-soluble ions in PM, 5 from October to December were higher at
night; the SOR and NOR in the heating season were lower than those in the non-heating season, and
the conversion efficiency of secondary pollutants was low, which may be related to the release of pollu-
tants from coal combustion during the heating season. The main sources of water-soluble ions of PM,
in Baoding were biomass combustion, fossil fuel combustion, dust sources and secondary sources.

Keywords PM,s, water-soluble ions, PCA, SNA, meteorological factors.
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HEE A A G, REORSIEE R B A B 1 TTER AR, KB SNA(SO; . NOSFINHY) 2 5 75 44 1] 1] g
DLEEAR A 2 S RO, HA ARSI R G RO IE R G845 A i R G A ™ B 3, ™ F S M AT B A
JE, BT LABIFSE KA PM, 5 H KM B B9 A O 28 WA TR PM, 5 1975 Y Rp ik S PR 85 5 e 2L A 8 22 1)
e -9'8

H A 9 Mg 222 B A O X KR U5 YRR IR AT T IR AT B4 E o 17 22T L &
FHTT R PMy s KIS B 115 YL R fiE SOR IR AT 0, 285 3 B AR AR S B FRAR 257 o LU, 7KW
BRI R Z 5 A REE . A R e Fdz 42 B BAH G AT IR X 3 A [R) 5 G B B 7K ¥ 1 5
TARACAFAESEAT T 430707 9, 25 R F W] 25 35 R 22 Pk 8 1 B8 —F Ve J J2 T i R B8UA, R 43R iz 28 B AR
SR W 25 1 V5 Y R I i KA T K Vs M B Vs YA e

SURFLAE N R s S5 Y A 5 1 X 22—, KA YR — 8 2 0, 2017 4 4 A, pt:
W [ 55 g P BE ST AU BT IX, P MR T L L I AR 3 B R R A IX I, O
V5 YeIG FRER H 25 18 Y1), A SCH 3 6 O 5 17 40 0B HEA TR AR S04, A8 B0 B 9 A T KRR
VISR PM, 5 AK A JEHLES 715 Y iE K I U8, I X6 e R BEA T IR S A R, AT LA R 5 T b2 06 g 4R
P AR ST BB AR

1 MRS (Materials and methods)

1.1 RFEAIE

PR T T AL A vl e W Ty O it 2 e, DU 23 B, 52 KA LU s il i 4 325 U] Ky PG
P KL, Uk T KU oA AR G AR G R, AR b b DX A T AR AT, R XU DXl A R i & A2 B0k AL
B RO 5 128 10 52 1, AR RGH 1.8 mes™. JET 1, SRAE A TR a2 T AR K X — b - 5 AR T, B
BT = 2 4 m.
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Fig.1 Sampling point schematic diagram

12 FEECREE

WFFE AR E T PMy s FPOK 1 B 15 YRR AE ROk IR, R A iR T TH-150C B i i f R R, 1%
FE i 100 Lomin™, X AR E T 2017 4R 4 Z2 RS PM, s #EAT RAFWCAE . BT FH 108 A Ay 9 i
(B4 47 mm), W47 5508 R T2 P 24 b 5 HFFTRR R, 2 IR BRI i 2 5 R KT 0.04 mg, 7
YRR (A IO YA, AT Je U I, fOMURS s b, BT RAERS L. H RIEE R AR A 7 08:00 FF 47,
2 - 08:00 455, M H) 54 [F] 38, DA 1 8:00 SRAE 255 — KR F I 8:00, R IR LR A 12 h, R[]
2017 4 10 H—12 A #2340 (AQD i Bl /0 R I YRR BE: 0—50 Wi R, =8 i
Jfk, 51—100 J R, 101—150 R EI5 YK, 151—200 J 5K, 201—300 HEJE 5, KT
300 My G YR AQI A3 AT S % (bR R (R EE 28 BT E AR ifE ) (GB3095—2012). SR T X,
RN R(AD, BRI, BEGRER(T, PEBR K4, EEFHRKG D BT 404
PM, 5 B .
1.3 KT

VIHL 1/4 Y8 B E T 3R A, A 40 mL 8 267K (18.2 MQ-cm) , ## 75 % Hi& %% 30 min J5 $2HUK S
PM, 5 H B ALK P F R4y, B S H 0.45 um JE ARG U8, FE RS E A F A [ shlbREdR EA T 43
Hr (Dionex, ICS-1100; Dionex, DX-80) , 43 4| XJ $& HU#E th () F-. NO*. SO; . NO;. Cl', NHj. Ca*", Na',
Mg K3 10 Fok it B 7 14 5 B v B JEA 7 0 il o2

HRAEITE 1/4 P8 REAE b 45 Fh 88 7 MR MR B2, A0 223 A SOHR R 4 s i SRk B, 3
/N W

a2 X4 %40
p(PM,5) = PEZT2TE (1
\

K, p(PMy5): KA PM, s B TR, pg-m™; pORAA) : $R B PM, 5 B F AU, pg-mL™'; V(K
) SRR, m®; 40: PEME AT, mLU.
1.4 R

S IR 3 A 5 SR TR R AH W] 9 25 FLREAS K T 5 PM 5 SRAEFEAS AH ] 9 &b 23 )7 v 42
KBTI RTINS, R IZS B R YA 10 AR ES T HOR 2, BCAIEL S MORE SRS I b B,
FH DA TE DR RRAS B 5 A 152 ).

2 ZEE 54508 (Results and discussion)

2.1 PRETH RS PM, 5 KB M B 15 P RRIE AT

R AR E T AQI B XA R T A K5 YL B FE UEAT 409, 430 S Ay Ye R . 35 0% K, i ik
B d5 i ) A SO2, 15 G K AR A NO;. B 15 Ye e ™ B2 S02 . NO; . KK IE T, HAg Mg & TR
REGE ).
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K1 RETKENEE T HREWRE (ugm™)

Table 1 Water-soluble ions mass concentration in Baoding City(pg-m™)

F cr NO; NO3 Nojw Na* NH} K Mg Ca*

T 0.075 0.452 0.282 0.641 0.668 — — 0.160 0.114 0.106
BEGRK 0.118 1.387 0.311 2.550 1.910 1.143 1.130 0.331 0.025 0.594
PTG R 0.111 0.983 0.299 5.136 3.157 — 2.403 0.267 0.004 0.203
EEGREXR 0.122 2.350 0.346 4.355 4221 3.107 2.003 0.619 0.001 0.470
JrETTYRR 0.121 2.646 0.337 7772 7.314 2.980 3.261 0.784 0.001 0.211

Sy it — 2 i R S TR AR AR R, ARG S T T A S HEA TR, K 1 B 2 DA DG R AE
THAE RSP AEEIER R (£ 2). K5 CIH RS 0.813, 5NOH &Mk #] 0.854, ¥ 7F
0.05 ZK OB ) | 58 24056, BERH, HEMME 2 T KFINO; . CUEA R, 325 T A= ) R BR e NHIAE
KA EEUIGLEREE . fSBR AL K £k W £h 1 A7 7R, 3 FP i T NO;, SO M NH;Z [RI M &M i 3, NH 5
NO3, SO HYAHSEE /514 0.964 55 0.957, BI7E 0.05 7K (XU ) | i 2 4 56, 11 NH; 5 NOSHH 56 2 BCH
K, BE A AR T NH, 78 KA P E 2 2L NHNO; B A7 7E, kA (NH,),S0, K& NH,HSO, %5, NO; K&
SO M & HAT I 2 I AH e, FRIINO; M SO 1M e Ak ask A8 32 AH [R] (%) A58 I & iy s ), m g 3=
BRI Ry Tl HE RS e ity fh2f 5 k.

&2 PRETKIE B AR R

Table 2 Water-soluble ions correlation Matrix in Baoding City

F cr NO3 Nejn Na* NH} K* Mg* Ca™
F 1
Cr 0.335 1
NO3 —0.073 0.749™ 1
Nejn -0.118 0.684" 0.938" 1
Na* —0.184 0.340 0.231 0.201 1
NH} —0.045 0.782" 0.964” 0.957 0.258 1
K* —-0.008 0.813™ 0.854" 0.7517 0.344 0.845™ 1
Mg* 0.275 —0.003 —0.134 —-0.16 0.044 —0.147 —0.193 1
Ca™ 0.292 0.419 —0.062 —0.016 0.229 —-0.03 0.183 —0.165 1
“““ P<0.05, represents a significant correlation at 0.05 level (2-sided), “*™ P<0.01, represents a significant correlation at 0.01 level

(2-sided).

SRAEIYI ] PR 5 T 28 U5 A P AR B0 R4, ELRARE ST 8 A XU Wi 5 B2, 2% /K s 1
2 o v AR U A B 2 3 oy, X HE AR E T AN [ SR 3 S 1 e B T LA Y, 2011—2017 4F
1) 5 7 1 8 vk B I ) W R AR R 3, 5 0 T Py s 1 280 AN ] . R i K I P B - A
W0 £ 9 o i 14 3 RS T4 ZYOREFNO; L SO; . NH2 fie 2 /K I M TEHL B -, e iRl Mg™,
B FA — B AFTIOP AR E T 3 Fh B B4R T R, BT R E TR ) 32 2k A A 0K
BPRHERC A 75 Y B AR LF A, X B2 TR 2017 4F e AR 2% L EBAF T [, W s RE TR 9% L B
BEAFE LTt WA BOL TS Al 36 BN T AT, VIR T HEROK B0 5 BUAR 4R TH 4%, (A3 R E
181 5 V5 4% Bl P75 GeAT B R i .

R3OS R E T HABAE Gy /K BV B TR BEX L (pgrm ™)

Table 3 Comparison of concentration of water-soluble ions of Baoding between this study and other years(pg-m™)

Ff5rY ear clr NO3 Nen Na* NH} K* Mg* Ca* K Source
2011 8.63 21.99 23.18 1.47 11.44 2.01 0.58 243 [12]
2014 4.72 18.20 10.50 0.89 11.80 1.78 0.29 0.93 [13]

2017 1.40 3.40 2.60 0.90 1.66 0.36 0.03 0.44 AT
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HRRT AR | I e AR R | B MR A WIFSE IR S, VA v R A M A A W R AU ) B TR
BRCPES). B B - H fr 24 & AE (anion equivalent) F1FH B i far 24 & CE(cation equivalent) #¢ & /3154 2
W
oo SO;” +No;
19 355 48 62
_Nat NHj K' Mgt Ca
23 18 39 12 20
2 25 Y T PR T [T 33] PML, 5 m 7K e 25— B BH B8+ o P A% 0. |l T 2 AT O, PR T RS
PM, s 1T BH 5 - [a] 5 A7 B A A DG, R? 3481 0.864 5.
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0.6
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Fig.2 Analysis of the correlation between the electric charge balance of anion and cation

*§ CE<AE B} KAWL 2 W, K 3 LT AE J CE H¥sfbia#. # 3 BB A, RE %54k
SR W 5 P T DR R BCRE IS AN [R]. P T SR iz ) =22 i 9 FH B 7 24 4 FU . AB/CE>1, BIR UKL 52
B, PHES T B 46 2RI 2 5, CE ERIREE T, B BH R 724 i LU (E kR 2] 0.56, RO
S BB, FH 1 A B A 4

0.6
0.5
04r
03
02r

0.1+

Anion and cation equivalent/(pg-m ™)

B3 AE.CE H¥/2fbilizk
Fig.3 The day change curve of AE. CE

22 DRAETTRA PMy s KB B i o B

Xof DR T ) AR TA] (8 R ACANORE ) K s M By 7 EAT LR LR IN, MR S de i B B8 T e -,
IR A T R AR 1, e AT DAy B ) 5 WG ) I, AR B8 v 1) R A R AR 5 1, LU B R AR B -, S AR [
FENBERS . R 4 U R b, O K M B 7ok B R A Sri W], 0 H BT 9k B2 NOS>
Na™S0; >CI>NH;>NO,>Ca*>K"> F >Mg*".
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R4 PUETKETES THE (ngm™)

Table 4 Water-soluble ions concentration in Baoding City(ug-m™)

F cr NO; NO3 Nojw Na’ NH; K Mg Ca*
H 1] 0.140 1.209 0.468 3.126 2.548 3.365 1.242 0.270 0.033 0.514
e 0.194 2.247 0.530 4.263 3.233 3.517 2.030 0.482 0.023 0.375

e RO KRR T ARG N R B, 3 5 al WL, KK R 1B a0 etk st
— 5, LA NOFISO; BB Al St BUAS[R], s 1] 5 3l B8 5% 3 T A 5 5 28 i 8 1] S LA S e &, (L
SO A Filf BEAF A i & A SCHE.

RS GRETKENER T 5 TRFMMENE

Table 5 Correlation between water-soluble ions and meteorological conditions in Baoding City

cr NO; NOj Nejm Na’ NH} K Mg Ca™
- AR -0434" 0.039 0.603" 0288  -0.953" 0.774" 0269 0438  -0.427"
Bl -0.659"  -0393 0.183  —0.145  —0.930" 0.176 -0.540"  0487"  -0.699"
. HEX 0318 0.013 0.187 0052  -0.636" 0.443° -0.189  0.683"  —0.332
Bl 0347 - 0.108 0.008  —0.476" 0.163 -0.236 0.280 -0.394'
- HX 0077 -0.031  -0394"  —0.18  0.550" -0.533" 0.002 -0.249 0.420°
Bl 0.065 -0.045 0245  —0.147 0307 -0.179 0.065 ~0.178 0.174

RAET 10—12 A PM, s FZBUKFE MR T H B EHKRA & THRIAR, X—HR 5
G LA IR M A5 22 N 3 0%, I 05 T T REAY 2 MR DY 32 - IR AR 52 8 BE R AIR, 75
QW) WK PF AR R 22 , 1008 [ e JEE AR Xt K B g UL AP NOT R B0 2 5 i W8, NOGHE D e JEE A g
AICHLES 5, B SR M NO, 5 -OH e AR K AR e Al S AL S, PR AR AH S Lk AU A T e
SR, AR, NOS B DL NH NOs IR 2077 15, NHNO; (9 EAER RE P4 22 HA% K PR B8, 7
W SRR A 25 1A )T NH NO, 3R B2 2R, S EINO FINH K B2 BRI i B AR IE. 25536 4
Fede 6 AL, FERATI BB B0 22 A B WA 00T, H E] 48 7K 1 1 - A AT BB I 5 SRR 40 ] 3 T
F TR RURA) 3 3%/ T BCORAT 6. Mg™ B Ca™ (14 H [R] e J5E 28 TR, Bl T Mg S5 iRE B 8L 5 1E
FHIG, B TA] it B8 A A 5 B Mg o i vk 2 1 B 4h, 3t ml B HOR BT 5C, Mg™ b Ca? 25k [ 7 IR 2 i
T4, BRI E R R ik 52 6 TR 242 | e 55 o) Pl PR 52 ), 2 B0 e ) sy T 28 ) A B 42

&6 RENBERAZRENE
Table 6 Day and Night Meteorological Data of Baoding City

[ Xl/mph e UL /mile REE/C
Gustiness Visibility Temperature/
HX 2613 132 —4.3
e b 88.5 13.5 42

2.3 RETRA PM, s ' B T HFIE AT

KA IR KB T SNA &l SRTEY) SO,. NO, A1 NH; 28 ik #4140 55 A 24540 52 v BT I 1 i1
TS G RRARBER ZRE T EINO;, SOT FE Rk B AL A BB jh FUES ) ke, ilFgR R i —
W F-NO; K SO; LU AR RE ¢ i e by [ 7 I ( 322 AR ) 588 ah I ( F2 2 MR 28 X RS i 5 A o1
HRE, 2 H BN 1R, BEB R PM, s P IR F Rk B TREETE, LIS, BHERT 1R, K
RPMys T IRE T FREOR A TR, K 4 %S00 B H005 Yo R 515G RETIHE, 255880, e
V5 e KA K p(NO;) [p(SO) BB N 1.30 K 1.06, YT 1, 15 Y KAy He B8 25 13 0% R Ho (i,
VLR E TIE T R 515 0 R KA PM,y s IR E T R EYRIE TSR, Mg Y R 5% 15 K HEA
&), AT fig-5 75 G KA XS T i RS sl Ts Y 2o A K.
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B 4 THIRFFEIER p(NO7)/p(s027)
Figd4 p(NO3)/p(S0%-)of Polluted and clean days
7, KA R E 5 KU A DG, KRR vk B2 BRAIE, BRI XS e B W BRAE T 52
AR, WG T 510 Y R IE A OGS, o NO; . NH 5 A X B A7 7 B 35 1E A DG OC R . 45 106 BH A
XTI B BB, X SO, 5 NO, ]SO, BNO; i AL BATHESNAE . SO; 5 1 B 12 fAAH SC a2, R
AR SO 15 YL d .
FT KA PMys T SNA H5RGAEMAHME

Table 7 Correlation between SNA and meteorological conditions of PM, 5

NO3 soi- NH} SOR NOR

A 0.461" -0.019 0.458" 0.233 0.367"
AHX R 0.633" 0.291 0.650™ 0.070 0.529"
8o —0.455" —0.345" -0.471" —0.087 -0.532"

2.4 SOR, NOR
SOR (sulfate oxidation ratio, i 4L %) Fil NOR (nitrate oxidation ratio, & EAL%) W H k= —IkKi5

P (SO,. NO,) [ SO; FINOFE AL B FE BE Y, THA 7 B2 BT

c(SO¥)

SORz—C(SO§_+SOZ) (4)
_ c(NOY)
NOR = c(NO;+NO,) 5

SOR F1 NOR /57, & A& T5 Ye Wy n] — RS0 IC % A B, 4 SOR il NOR A K F 0.1 B, K
H L — TG 4o E, R 0.1 BF, W5 P e R kA T ket #12), H iSOy . NO; %
3k H SO,. NO, iy Wk E44k. i3 8 Al 1, R IEZE SOR, NOR MK TR R g Z=, ¥ A #E T 0.1, k5 YL
WAL BCR AR, X 7T B85 R B8 ZE BR b B 0TS Y WA OG5 AR R IE 221 SOR. NOR #{Ei K Z# i 0.1,
Ui B IR SR B K 1 B T 1S0; . NO; 2k H SO, 5 NO, B ik 1k.

&8 RETRIEF 51K SOR, NOR HHfH
Table 8 Daily mean value of SOR,NOR in heating season and non-heating season in Baoding City

SOR NOR

R H[al 0.165 0.112
| 0.182 0.087

Pe== H (8] 0.080 0.029
&[] 0.089 0.055

2.5 AREW KRS PM, s F M0
RN AL TR E T PM, s TPK AR B 71 2R, W SPSS22.0 X /K Mk B 8 a it 47 3 h
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5 HT (PCA) . 2535, Bl Kaiser-Meyer-Olkin(KMO) ¥ 5 {H ik 5] 0.722 KT 0.5, Bl ol 5, £ 0540
Mral DAHEAT. 26 9 AR 5E T K VIR B 1 5 8040 0t S0 A o T 4 R4 5 82 A IR 52, 24107
22Dk R 76.291%. Hd 7 1 89 5 22 BTk R G5 31 40.014%, 38w 38 KA 3 FAK KA CL Na', K,
Ca™ 4§ 3 Fi S T, % 1 KB U2 AW B b br it o R P, Cr 2 K A EL | AE W) R el + 1
H (LR T Ak T P B S TR A, BCHERR X — R R, B0 LR IR v] B8 0 A= W) R be i, Na* £ 23k B
Eh e A ST B2, T Ca® 2 - SR 0 80 B 32 SRV e A S XA, 15 I 55 AR W R R Ak A BRI
BeAbh, R 1823 A U5, PRI 1 2RI A AW Uk . b BORHER I B 37 TR A0 TR+
2 5 Z TR 36.277%, Ffar 3 K I B T KK A NH,, NO; & SO, NH; & SO; & AT R % 115
F), NO; K SO F B [ A A BORMIR beHE R ZUE AW S AL i — AR, R ¥ 2 RR T =

RO PRETKENE R T F M b

Table 9 Principal component analysis of water-soluble Ions in Baoding City

BTAR F1 HT2
Ion name Component 1 Component 2
cr 0.918 0.235
NO; -0.097 0.948
S0%- 0.368 0.852
Na* 0.852 —0.284
NH; -0.133 0.959
K 0.808 0.440
Mg —0.550 —0.045
Ca® 0.717 —0.162
DU/ % 40.014 36.277
Zit Tk % 40.014 76.291
FEIEE 3.415 2.688
53T A BTRREE  AARRRHR G K IR A TR TR

3 458 (Conclusion)

(D) MRPEE T Z A S, e E T KA NOs . CUEAT [l JR M, 26 T2 9 Tk b NH7E K
AP EZ DL NHNO;, (NH,),S0, K NHHSO, S5 A A7E 7R ; HEMINO; K SO; Wi S - EZE R IRk Tolk HE
JHCTS YL 0 b B Ak, PR T A R B ) R AR A 22 R 1, R M B0 IS A=A 4 22 Bl

(2) ZHOKGHEE T S B2 NE S T A RMIME, X —IL ] j8 54810 KR I 5T 5
FHEZHEA K.

(3) PR T V5 G RANE I R KA PMys Y IR ES F R ZORIE TR0 IE; R E 51 Y 2 E A
K FEH, R BE BT, XF T SO, 5 NO, M SO; K NO; 5 AL EA #EshE I, iSO, 5 i &2 fH o6
N, B AR SO 5 YLkl 1

(4) 1558 T /K P B 7 4k B 3 IR YR I NOS>Na™>S 0?2 >Cl>NH;>NO,;>Ca* >K >F >Mg*; £ E 1l H
Vi) Ve JE i /8 19 B 7 Sk Na', T (8] S NO;, SR Mg?, 10—12 F PM, s i 20K B 7 &
IR T R B S RIEZE SOR, NOR B TR R W 2, AR #ET 0.1, KI5 QW iE b ax
X, X 7T BB 5 SR W2 ZE BRSBTS e W G AR I 229 SOR. NOR ¥ K 2 0.1, BEHIE R 2
KB 1S0; . NO;FEZk H SO, 5 NO, I ik F k.

(S)PRAETT PM, 5 K B T BRI AE W B BRAR . T BRARMIRBE K47 22 U8 K — .
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