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Academy of Sciences, Xi’an 710061, China; 3.Jiangsu Province Key Laboratory of Environmental Engineering, Jiangsu Province
Environmental Science Research Institute, Nanjing 210036, China; 4.Jiangsu Province High-Tech Key Laboratory for Atmospheric
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Equipment Technology, School of Environmental Science and Engineering, Nanjing University of Information Science and
Technology, Nanjing 210044, China). China Environmental Science, 2025,45(4): 1789~1798

Abstract: The solid-phase extraction method and the thermal-optical method were combined to obtain different polar HULIS and the
carbon content of HULIS (HULIS-C) in PM, s with high temporal resolution during the heavy pollution event in Xi'an. The light
absorption characteristics of HULIS were analyzed using a UV-Vis spectrophotometer equipped with a liquid waveguide capillary
cell (LWCC), and the positive matrix factorization model (PMF) was used to analyze the sources of HULIS. At the same time, the
source of HULIS is combined with the positive matrix factorization model (PMF). The results showed that the average mass
concentration of neutral HULIS (HULIS-n) (6.6+2.6)ug/m’> was higher than that of acidic HULIS (HULIS-a) (3.7+3.5)ug/m’,
accounting for approximately 30% and 18% of OC, respectively, indicating severe HULIS pollution during heavy pollution periods.
The absorption coefficients (AAE, E,/E;, and MAE;4s5) of HULIS-n were all greater than those of HULIS-a, suggesting that HULIS-n
contains more conjugated and aromatic structures and has stronger light-absorbing properties, with a more significant impact on
atmospheric visibility. The source analysis revealed clear differences in the contributions of HULIS-n and HULIS-a. The primary
sources of HULIS-n included secondary sources, coal combustion, motor vehicle emissions., while the contributions of secondary
sources and coal combustion were higher for HULIS-a.

Key words: humic-like substances (HULIS); haze; source apportionment; pollution cause

KA B RR (O B% (BrC) 48 3T 458 Ak K (300~
p N N i BEA: 2024-09-24
LA 2 G S A L EE LA S
400nm)%/\7ﬁ‘m%5’1 OB Ti,ﬂf%%f)uth IH 13 EOTIE. FHE TR - F (022 YFFOR0250 T AT
AR 5 o A A AT DL DX 3l 381455 A e X, W4T (2022ZDLSF06-07)
Jek W e ) ke 3%,@4% T St 26 ) e RS e * TUTAER, RI#%, zhangqian2018@xauat.edu.cn



1790 A 45 %

A A T B BrC SR T R
(152 X, 2 BT AT W6 o 1R SRR 28 65 58t (HULIS)
£ BrC 1A 43, R LA KA 2 T 52
R IR SRR T T 2 WF9RR LHULLS 22802
TEAE T R A YL, 8 5 PON K G HL
WE(WSOC) I ER K 43P LHULIS 7EAk 2 45 K Rl i
R ERAT RAR S TH IR, (DI 0 PN
TR EAR. KM ERCTL KRB
HULIS B AT LB P23 i — Y Heeore j ™ A 05,
T U I 5 24 (0 KA 2 o AR UL HULLS 78
KA E RIS R Ge b R A (0, U2 I
1 25 5 I G T (WG 06 B B RN A e 7 A R
ﬁﬁzuﬁ[llﬂ}]‘

55 5 A Ry — b () KRS e AT R
FERCHESE . PR . K A S A X B
B, ) AE Tl AR R 3 T A PR R RE G M
D U7 P T e A Y R 7 M 5 ) R L T 22 T
72023 47 168 AN T i Ik 17 vp 28 0ot 5 HF 44 131 2505
o, [ RE T ™ (1 2 5 ) S S i g e W 7
%5 3 W1IR), HULIS [ 94 152 3% i BH 52,30 Tk W Sc AT
S5O B 5 S, 408 2 R Wi KSR 4 (PM) [ ' 2
R HULLS W6 57 55 5L 1 45 K a5 DA K,
oo R A I U R 5 A R B AL A W, A 1S
HULIS £ 58 AR ] It DX 3 2L A 8 i 1 WO g
UL R AR HULIS 4 1 45 4403 52 3 KSR
JE. PM ¥R FE R AL 22 21 jl 2 g i, & 2 — R A
LA AR N, 3 B ' 3 B Bk 55 R AN, B T4
HURT P8 2 b X el A2 Ty e B i) HULIS 1431
WG 3 Ak St R AIE 9 4 AT 8, S S0 v e I )
PM ¥ 4 B D5 5y 52 % X %

HULIS [R5 2% 245 A Y iUk e 1k
ABRRHRRE . T HE . HLshZE RS IRk
iof F A0 10.102020 (R ORK SR IE ) HULIS 51k
IV A A (H AR 1 TR B EL B UE B 2 HULIS 1)
FEORg P B R PL &2 HULIS 9%
B YL A TR B, JER HULIS ot 589K B () o1
BkiE 39%H 76 B E AL 7, & LR R T BUR R
ARt HULIS ) 3 SR s, L M = A
fl] HULIS-C & WSOC K 45.5%4 ok, 4= H
TR VRUH 2 A AR 2420 e i\ S HULLS 1SR
PR AR, A D95 BT R T (0 5 I . o YR I

PERTARY R AR, 25, LA R . £ )i
REAHH S WAH L ARSI AR AL R N AR 2 i HE BrC 1)
T R 5E 05 A A S S e o I BrC 1
B4 BT i A9 2 W13 0T & BA 05 42 (PAHS)
WMZERE PRI BRAT AN AR S TE R
Z& 1) HULISPO 77 595 e i 399,30 S SR Y5t 1) o ik Lt
1l ] R 23 R AR AR A, AT 5E IR HULILS (14427 21 1
G2 Pk 9T W 72 4 T Vi 3 HULLS 2
S22 ) TR R S ) T 7 G ) B2 R RN R
iy 1 g5 A 0 TR 7 A 1 HUILLS 38 25 A ¢
2 (1) Wy 28 1 22 3R 0% 98, T A2 38 22 /<00 n] 6 o ik S
Z IS AR B A MU AP RS B R T
HULIS [P SRR AR R S HoR BRI 5T L4
WAS T — € Ik Ji A0 ¢ T 50 gk — 25 1) o Al 12k
HULIS, B % £ HULIS(HULIS—n) f1 /&  HULIS
(HULIS-a)fKJ5 « TEALHl 4+ 415 7 i)
BT 5 30 328 328 AN %

AT CATE 2T 2020 FE4Z5 YL 414
X4 HULLS B ot S HERs o3 A ad o
WA GRERE R o AT HULIS W EE K K&
TG 2R P AR AR A, 38 7 LA R G R v
Y FIHL. AT, 25 54 2 4143 4 A 54 F I s 0
K7 A AL (PMF) % HULIS BT 5 Al AT, S0
HULIS [R5 € it Ay B n] DL 4 th 2% HULIS—n
Ml HULIS—a 75 R AT A, BLACEA DA A5 G
(17 5% 1, DA TT Ay 1) R BE A 850 1) 7 e R PR 5 R 4
FEME P PER 22

1 MR57AE

1.1 FEECREE

SR Hl A T DG o [ SR Al 1 S, R
P P S 2 10mLiZ X ok 3 T KR A X
sk, A A G636 20 BRI 2 X, vy 0 T A T ¥
TR KAE S 2km YO G BRI 25 BB

RFEI ]} 2019 4E 12 H 31 H~2020 1 H 7
HAE )55k A PMys< Wi N 1.13m’ /min (K0
R AE AR (TE-6070, Tisch,NY,USA), &5 il R AR
BFIEA 4h,1d SRAE 6 AL RAEET B2 5l ok v =
0:00~4:00. 4:00~8:00. 8:00~12:00. 12:00~16:00.
16:00~20:00. 20:00~24:00.4% 75 e Fir Be Xl 43 Jia (0



439 HIEE S

LG G A KR B BORIE 56 AR ET S 1791

UL 2.1 99),2019 4E 12 J 31 H 00:00~2020 £ 1 A 1
H 04:00 43575 11;2020 45 1 H 1 H 08:00~2020 4F 1
H 2 H 12:00 A5 4 B EG2020 451 H 2 H
16:00~2020 4 1 1 5 H 04:00 JJyi5 4L i BE;2020
fF 1 A5 H 08:00~2020 4= 1 H 6 H 20:00 75 44
B B A HULLS 1993 B4 R IR R P Rt 5T
FBEA 2020 45 1 H 1 H~1 H 6 H .22 RFERT I A1 9%
214 1 YENRAT 800°C [ g rh WUHE S Sh DL 2L ik
B 1) B o AR e AE AR IR AR P BUE 24h St
AT R A 0 RO (LA130S-F 282 Rl e 1K
SPYRREL PMys 0 W ORK &, P 1 I T e A
JBCE 24h BEATER T URBR R, HL B IRAR SR 22N T
0.002g. 2L AUFF it 11 8 M bl F0 22 70 UL R B 9 v
FABAAAE VKA v, BB E— 25 23 B R B TR 7 25 i
SIS 1, 4% RS PMy s B AT ) R R P R T A
FEFIG3 AT
1.2 FESSEIS 8T

B2 FE BB, NN SmL B 40K, 75 AR
30min, 2R 5 0.22um  PUZR G L4 0E L (PTFE) it
JE 5K B TEA HLI(WSOM).AE ] 0.01mol/L HCI
F WSOM [ pH {EL T 15 222 7,58 J5 18 1T Oasis HLB
H:(OasisHLB,30pum,60mg/cartridge; Waters, Milford,
MA, USA)HEAT ¥k I Je — T v A 52 J5 , B 4l
AKWRPEAE 7, A AR T S, 2% %
W 5 V80 O Y B ) 5, A B v M Y SR BE
(HULIS—n); ¥ I — 20 A 7 o v R e 46, 9F H
0.1mol/L HCI 75 pH {HA Y 2,ifiid 5 —A> Oasis
HLB #¥ (Oasis HLB,30um,60mg/cartridge; Waters,
Milford, MA, USA)#f 4k, £ 4l KMk vE & <m T
P I, R 0 O O B A o, A 281) 1 e 1) IS 068 i
(HULIS-a). 328053 2545 2 ) HULIS FJHZE TR,
WEGORAE T 2~5°C I UKAR 003 iy FH 88 20 7K 35
B

¥ HULIS FE5EEE 4 S00ul, U 200l A0,
T30 g A 3¢ [E DRI Model 2001A A
RS FET A BT AN 85 B TR (HULIS—C) kAT 22 it
43 M1 HULIS-C % X }j: HULIS-C=0C1+0C2+0C3
+OCA+OP. LA A 5T ol v o FH R 1 1¥) HULLS %
dn IR B A BE 4 ) 48— 3K 2k 4 HULIS—n Al
HULIS-a.

K H USB2000+UV-vis J i f HULIS 7E

AN WLIX BRI 1 Z T TEACBC S T 100em KT
WK B S B Al it (LWCC-3100,World  Precision
Instruments,Sarasota,FL,USA). 1 #% i) & H R A
0.01Mm A FH 2 2 (1) HHERE B AR ZR B (Babs 2):
V
babsj :<A/: _A7oo)>< V <L ><ln(10) (D

a

o A700 HFE S LE 700nm A6 BE Mm ™' FH T4
EIE R 225 V) A B EURE o P )5 770 A4 AR ,mL; V,
hBE R I A R REAR R s L Ol 6 2 AR 1K
Im.

FIH Angstrom $8E1(AAE)EME HULIS 1560
K fiE 7 5 P K i 5 R

babs_x =K x A (2

T b o FE S SRR B, Mm 5K R

HULIS S0 i 1 el e T LA 365nm
Ab 1) SR8 (MAE) I (m/ g) K R AL

b
MAE%S — abs_4 (3)

A B TR REBE K Anm b B I R % Mm
Cruwis FEFE AL 1) HULIS 3%, ug/m’.

Eo/Ey(Epso/Eses) s HULIS ¥WRAE 250nm WY
JE£ (A50)F1 365m WE I FEE (A 365) O LEARL, B F R VEAS R
SRAT WL (0 JE8 B A R P 5 s a4,

E, | E, = Ay, /| Ay 4)

1.3 HRULEEA 5 b

KIEMEE 7(CI'. NO5 + SO, . NH,". Na™.
K. Ca’ il Mg” )AL HEwi MR Metrohm 940
B P (IC, Metrohm, Switzerland)¥E1T 52 &
SrHT. L 2.01em” T 4% FRD 8 I RO 5 00 AP N
SmL HEALZKE 5 2 R 30min, SR 5 TN
IRGkEEHR 60min Jo5 AT A5 A DOSINO #f i
Ve Wit F2 7 (100mmol/L. NaOH  22min+200mmol/L
NaOH 10min)HEATHE i OB 10 3 12 S oy BT A IS
Ve [FI L H Magic Net SR EAT 0 B 4307, 20 591 45 2]
TR 1257 R0 20 T A SR B 20 0 ) e P 5 10
ANKE AT — UL B 20 ANFESIEA T — IR AR
HE IR BRIUE h 2R IRAR DGR 2] 0.999 LA . PM, s
S TIRTEHLE F4H 55 (NO; « SO, FIl NH, " SIA) %
Sk R AR I AR S A AL R
(SOR)MIZE ML F (NOR K EALE SO, & NO, B —IK
I & SRR B /S v |



1792 LR 7 A & I 45 &
n(SO*
SOR = 2< D) 6] UncertaintyzéxMDL )
n(SO;")+n(S0,) 6
NOR n(NO; ) © ()W AR AL WS KT MDL, WAL 23 2
”(NO;) +n(NO, ) Uncertaint y =
Jt#%(Cas Sc. Ti. V. Cr. Mn. Fe. Co. (10)

Ni. Cu. Zn. As. Se. Br. Sr. Pb )it ft &
B X 5 £k % % 4 BT A (ED-XRF)(Epsilond,
PANalytical B.V., the Netherlands)X} K4 [ £ 95 &
JEEAE S BEAT 8 B T AR S 2 B X S S SR I
FE ) 0 28 S OR IT R HRRAE X S 4R, ix et
SNSRI fig 5 5 0 IR Bl S8 R FE T AH OC ol i
XPIXLE X R 1) g R AT I A, T DA A R )
R EATFER P e R ol B 5 8 AN
mt Y BE AL 1 AN AT A, LA IE 23 AT ) —
MR AE
HHR(OC). JCEM(EC)# ] 3%[E DRI Model
2001A RIS R 43 A 53 Hr AdFH IMPROVE_A
(Interagency  Monitoring of Protected Visual
Environment) #/ 5% 2% S (TOR)Y M S, 04T T 4 A
OC 4143(0C1. OC2. OC3. OC4)F1 3 4> EC 414}
(EC1. EC2. EC3).##l5 IMPROVE_A ¥, OC
E XA 0C=0C1+0C2+0C3+0C4+0OP,EC & X K
EC=ECI1+EC2+EC3-OP. % {4 J€ b 5 F ity 5% H AH [7)
17V AE A 10 ASFE S R 1 ASFE ST S A
— IR NI (POC)F — A HLIK (SOC) 1) AL XS X
SRR R R E I T SOC ANal B Rl
AL, R EC sk Al 5 POC F1 SOC, IR
FHfc /M SE R BURMRS) K35 OC/EC e/ EUAH,
SR/ W/ IR
SOC=0C-ECx(OC/EC) (7)
POC = OC - SOC (8)
X H:0C. EC 73l WA HLk . JCEBIKSE, (OC/
EC)min A KAEHE] OC F1 EC W& /N LA
1.4 HULIS J5f#HT
AT R A PMF #58L 1F 55075 22 11f HULIS-
C R FE 1) — R HE . 1F 2 B PR 7 43 i (PMF ) A
RUE— b2 T B0RL A7) A s AT 1) B2 52 AR A
YOI J 900 dy N 2 93U T PR AN 52 J3E 55 7 vk
R
(D) 4n Sz 4 4 Wk B2 /N T 45 T 08 A ) PR
(MDL), A FH 24 2

\/ (10% x concentration)2 +(0.5x% MDL)2

PMF #5784 A i 245 HULIS—n. HULIS-a.
SOC. EC. K", Ca. Sc. Ti. V. Cr. Mn. Fe.
Co. Ni. Cu. Zn. As. Se. Br. Sr. Pb. hifiEH
R B AT S LT 5~ AMRT I Z RS
11067608 O (. WRZE. YRt SIS TTR Ay b i &
i 6 AR AT 7 28 0 AR

2 HR5WE

2.1 WIIHAN PM, s A& HULIS )75 GYRAAE

W1 PR AR TR R R (AQI L, A
T YR 4 AN BT IH(AQI<100). V5 Yk
JEFY Bt (100<AQI<150)~ ¥ 4 =g b BL(AQI>150) Al
75 YL HUT B (AQI<100). 7E 22N YL A1), PM, 5
JREWRE A 196pg/m’ T (RS S T bR dE)
(GB3095-2012) 1) —ZibrE(75ug/m’),AQI {HILAIH
it 100 H¥#8E 24h DL ERIERAEIHRIT 2 PMos 15
YL E PM, s BL 3.29ug/(m>h) 8% F &2 4 ik
JEE A N 39 0.8 42 (31.5%) R HLA2I(28.8%) 7 PMy s
M FEBAAEA S T O WREERIIS I, R PR
5,53 SOR H1 NOR TH#.80,> « NOs A1 NH, 4351
L 1.38,3.13 1 1.81pg/(m* h) I & T, 37075 e
WY B3 BB . NO5 Il PM, 5 [RI8K s e AH R, HL7E
Vo U LS B B K NOs /SO, HU A, R A 5h
DSHE O e s G A 1) B 3R A SR 9 1)
OC/EC. POC HI SOC 434l h 4.2, 13.9 Fil 9.6ug/m’,
FIAVG L ATE PMys AR i B 10— UCHEG S
YL 352 3 R SR S

NI A (5] HULIS—n A1 HULIS—a F¥ 4395
(6.6£2.6) M1(3.7+3.5)ug/m’. 5 [d] 25 5 YL /K - (b [X
HILE, 76 215 ) HULIS-C K% (10.34.7)ug/m’ i T
LA PY(7.423 4)pg/m® Fo M 7(4.2+1.6)pg/m’.
P 22 S R A TR A AU M B B R4
A5 B ) A SRR 5 VG 22 i1 g s b Ay e A
FHEE, AR OUI 351 4 9 HULLS 9432 1 f o 180wy i
555555 W) — IR HVE IR (SOA) B A2 AR B2



4 34 HIEESCAE: g R In) KO S FORIE S DOE AR T 1793

R M B 3 S R A 2 it HULIS 1) 320
HE .
400 === PM, e AQI

V=T TR = VT IR 71 400
TRV TR R B T A B T R B
A A\

B ™

. 0 -4 0.6

« 59 A.AA*‘-A"“""\ o

. 'AA/":,:‘:“;/ = Yos &

. -'_:0 A 5 ':l~._...',I‘-I‘.‘ 5 -‘l o~
3 B o0 (i o

\ \ S

o I'~. \/'.vv’

. VyvTv.
8 Ry vl
L v"‘v\V'wV'v-V'"'y-';;:W:‘J\VV' ./ e K

——

L L L L 0

N *
N . **,rr*\*.*/ *—*\* 2\ 0

* 3 oy g X AR
- **r**-r kK g e
-k

2.
c—vwarLw b o »
)

I e [ M ([ Cr{I N, R No, BN soi 22 e oM
0

7

1 Y] PMy sy &5 4 A2 50 I TR P 51142 4k

Fig.1 Time series of PM, s, gaseous pollutant and chemical

components during the observation period

W 2 B LBV ¥5 e R e BE RS YLt
BT B HULIS-C 5 OC ik AR L i AP fE— 2.
SR AEVS G e B By HULIS—C F i 5 A1 HLAZ Ak,
AR IX AT g S T kS B s AR A AL
W 1) PR A K 5 |, T 3 2 TR 38 A g L e 3t
HULIS 1 4E 5Ky 2R R AL I ) PR K AR AN
AEEL AR s HULIS, (H'E AT AT DATE i KA A2 S b
)32 33E HULIS 1942 1k, Bb Bk 2 4 A sl 1 0, vl
PAHRT SOA HY 1R I3, 1 AT e 6 A HLAZ) ot (1)
AN AR R 7 g 3 ok S i O, T T WL R T DAAE S Ak
2 FSEAL I FE R A2 B B SOA, MM 742 HULIS (1)
HrAA ek HULISHOL 5 (i AR L (& 3),75 49 1)
(AL IH] HULLS ~F-803 B i iy, R 24992 11 RS- B
1) 1.2 %, 1 3 B 74 2 £ 43 ) T 1 56 A 7 5 1) HULLS
75 P X PG AT R AR (A 5 2 R P BRI KA
S FE BB O, AEIX e R 22 1 L R AR R,V 4 1
e 02 2P ), B 4 T30 HULLS R B 70 3 i i
SR i, 26 7 A1 3 v v

B HULISn [ JHULIS-a ----0C
V59 R M B 15 PR R B 5 YL HO B

Ik ;
g4 g o\ “ 40

H
i
il

OC (ug/m?)

HULIS-C (pg/m?)

0
01-01 01-02 01-03 01-04 01-05 01-06
H ]

Kl 2 ARG 4B B HULIS-C 5 OC K EAE1L,
Fig.2 Variation of HULIS-C and OC concentration in

different pollution stages

I HULIS-n [ | HULIS-a

S

(a) AR
8
6
e 4
£
on
=0
10
5 (b) B
o 8
jas)
6
4
2
0

0101 01-02 01-03 01-04 01-05 0106
H

3 ANIAIG YR Bt HULIS-C ¥R 2B
Fig.3 Variation of HULIS-C concentration day and night in

different pollution stages
2.2 ANJFJEX HULIS (¥ 5Tik

o (@) HULIS-nii{iit [ 0 K& O TR |00

100 R TR ~
ot B e e Rl
lo?wﬁﬁ i -100
ot Ema R IR IﬂITIHIIIHH A,
5 TR e 1
$ vt [iellemA e orml); -
g lo?ﬂ;zk‘i)ﬁ —. — 100§
R SN i A A e A A
A N
1w, -?.-HDEIEIH.I]-HTIIIEIHDHL .
10(1)::‘¥kt)E - .-100
gg?-m-DDHHH]HDHTHHHHHLWO

@Q@ C?’%:'&\ Q O@“‘&O°@O"\}‘?~°"%°%‘ G-"%%’(;QO
N
>



1794 A 45 %

N0 HULIS-aii i & O KE O k%

100

1 :;TJJBEM%)E -
0.01 | 150
o | IANEERA AR AR 0
" bR ——] 100
0.0} 150
1X10% b

<ot Lol Rl AR Rl

100 100

ot [ e e el

X107 LIRY *‘f
100 — 100 &

(%)

e

RPE (ng/m’)

0.01

o] emerR A e emmeR

1X10°¢

100 ———— 100
1 ) 2R
0.01 F @

vt EmREE EReEmE 1

1X10°¢
100 100

LR - ®
e AR R AN A mmmmmHHi°

1X10°°
FEPFOIEFEE I ¥ F S SRS
Q‘Q\/

(¢) HULIS-n2iJ5 ik

i

gy 86%

(d) HULIS-a>R 5 5T ik

| R i :

Bl 4 5930010 HULIS % Je A RS- 2 STk
Fig.4 HULIS source profiles and average contribution rates

from different sources during the observation pollution period

BT A2 A5 AR AE PMF BB A TfE T 6
ASEZL( HULIS KA RS . HLBh 7R
Tl BRIEE . BRIl R 4 R T
HULIS U5 P LR 25 A AU 1R D ik L 31

FEJE P R F 1 R K EC R Br HI5
TUHR R, IX ) JTH 5 2R TR s AT LA
I 3K — PR 7 VA 2R AR ) TR e AR SR AT T
RIS R 5 PR, g5 R AR AR B Be R S5
PM, s H /T i SR B VR 5 2 [ R e M LA Sl s AR
AR S (7=0.82, P<0.01),3XHF—HIFSE T T~ 1
VE R LR TR 5 1) 45 B TR 7 2 1, Se AT As 1B 0
R AR (10 LY Fig Rt Tk i e, DR I gl

SONRBEDE 7 3 F,Cay Ti. Fe. Sr 2%+ 0%
R 8 TRR R % I 1 S5 R U A 5 LI 4
HF1Ni. Co. Cr FIDTHR AL X LE e 20l i 5 Tl
REFEAT &R ) Ni A Co 5 TVAH S R IR B AT
FB M Cr R4 T T BUR BT R %
Tl E SO TAEYRE. N7 5 HF,EC Al Zn I DT#k I
5,70 AE R A T i 2 AN IR e IR AR AR
A RTI4TN Al R v £ A I
IR 70 e SCAMLBZEYE. [FIFE LB 498 5 NO,
(1) 25 PF 0L 45 4 S b 0 7R HY R 9 A D6 (=063,
P<0.01), XKHPEF T 5 8 LONHLBI AT S A B,
K7 6 11,S0C 150 —IRA NI R ERY),H B E T
TR IR o R ARG YR, HULIS—n Al
HULIS—a (U vT ik 2= 7 o 3% 46T HULIS—n, — K
(24.98%) FIRIE IR (22.83%) 2 T= B Tk, WL Bh 4=
VE(15.8%) M7 42 V5 (12.59%) A5 — € Ll A b 2
T, HULIS-a " I ) sk K $2 42 31.15,38 9
RN AE HULIS—a JE Rl B 55 2 BRI R 1 o1
R iE1IL 29.99%, 29 (5 S DTHRIN =50 2 —, o T RN
7. HULIS—a ¥5 3¢ mh (1) G B H 47 2R U AE W 5 b (1)
DTHRAF T (H T MEYEAE HULIS-a H [ Tk i 3%
BIN4 26.39%,36 5T HULIS—n Y 15.24%,iX % 1]
TMPHEBON HULIS—a ¥ 4% 1 56 i 51 A 6 (E 15
& HULIS-a HHLEh 4= A A1) iR oe st i) o1
BRAS B W, 3X 5 HULIS—n [R5 50T ek ZU% L. O A
WS L HULIS—n = Bk U5 T B He ks HA ¢
SR A LM A S HULIS —a U — V0B e 240 1
Wi DI 56 A SCRN 78 T X AW ik e Fn B L sl 7=
HO B UE, K H T OC1+OP2 KL AEAE 4 A )
SN EC1. EC2 M EC3 414343 AR
WA RTS8 g 2 1 5 P S 6 B HULIS—n Al
HULIS-a 5IX 2641 75 [ AH M, I HULIS-a 542
Wk se « HLBNZE IR K 00 R I AN B35 (R ik
% :r=0.323, P>0.05 HL3) % :/=-0.085, P>0.05),1f]
HULIS—n W) {2 755 H 58 19 AH OGP (A2 9 o IR 4%
r=0.469, P<0.01 Hlzh%7:=0.345, P<0.05).4:4 LA
I3 BT R DAAF H 4518 WLE0 42 R AR AE D) TR e kT
(147 ML S AT AN TR PR A 24 R A, 1 S8 RF AIE 7
ANH T HULIS-a [T B, DAk, 552 s A il 34 1)
HULIS-a ¥ /5% 7] fg I, 5 S5000 A5 70 b Bl 22008 AR
i HULIS—n F1 HULIS-a {175 YL STk A7AE W] i 2



439 HIEE S

LG G A KR B BORIE 56 AR ET S 1795

S JEONS T o) RS e PR G o AN el SR s B AT
R

3 e HULIS-ne HULIS-a
a) ZE W R R BEHULIS 5 /¢ Jig 3 5
— ° .
§ ° * *
® 20 07504003 .
—~ =0.818, P<0.01 -~
% r= .- _-
& o« X
g 1|
- 3=0.35x+0.02
% g s * e 088 P00l
0 . .
0 1 2 3 4 5 6
200 A FRHULIS (ug/m>)
(b) FL3IZEHULIS 5N, .
° 3
& 200 —70.7x+65.7 -
S r=0.625, P<0.01 o o
% ,.‘ -7 1=62.4x+63.9
100§ > . =0.624, P<0.01
- [ ]
o &:’.‘0 ¢
0 1 1 L 1 L
0.0 0.5 L0 1.5 2.0 25 3.0
HLEh ZEHULIS (ng/m®)
Bl Ss AR se IR FALS) 25 HULLS 55 20 g1 SR 0 Fi
NO, #H et

Fig.5 Biomass combustion source and motor vehicle source
HULIS are correlated with L-glucan and NO,

Kl 6 JE 1 A LI 9 TR] A AN [|] SR 50 HULLS
DRI 18] P2 AR A AR5 G EFHBY B HULIS—n il
HULIS—a FJRJ 27 AR BL R 4 AR L —
PR AW TR R ABL ) 25 1) DR I 8 BT
B 75 S KT B R B, TV 0 TR G 2 3 )
RE AL 52 B\ N 35 B0 e J8 T 3R 355 52 Wi 4% AR YR AR X B
I ] P 328 9 92> I A — 3BT 1) o W 2 e 3K 3
AT R AR E HULIS FSRIFEAN L, 6 ] B -5 5
T AR 2 A O T o B A B AN ), 20 3 ok
() P P S 2 1l 2 S . 2 pH AR 2 B, A AT
FRIERIBRIL 1 7 25, IR b 43 25 HH 1) HULIS-a W& 47
TER 2 (PR AT F R RR A, I HULIS—n &5 &
F= 5 1) 05 ARG W 3 A L8 2R R SO R A HE
TR 22 180 v 0 SRR TR R 2 S A PRI 1 Tl
Tl o e IR 2 AR 2 7 R A ), B dn SR
LE I 22 BA 55 40 (0 B AR 7 2> 5 5 AR IR 5 I 4
A3 BB AN HULIS W kg kA2 T B AR fe. &

L TR Ay A ot S % T A i), B 5 A 6o 0 8 P T K
KA AN 5 A A 3 B k2R RN A2 gk
HULIS Hi AW 028 . AR FE R I 70% 1, K<
LA FE T RE L HULILS O 704k 27 ok 2 i) fun 2%
MIATAED @IS 5 KA E)-OH N TE R 1-2%
[

a) HULIS-n

i R R GRmENE . BSRBERE
9 ik i
o 6 : W,
@12 (b) HULIS-a
&9
6r .
Z e . ok
01-01 01-02 01-03 01-04 01-05 01-06
H

O] A [ ] iE Il 5 hR
| W Bl WLEh&EdR [ ] =R

6  ANFVG YLl B HULIS SRJR I ) 541481k
Fig.6 Variation of HULIS source in different pollution stages

HULIS-n Al HULIS-a [R5 IS 8] 7 41 A8 4k i
I8 T AN GY st 9 # DTk 1) 22 7 HULIS—n 52 2|
2 Fh2 75 YR K520, 1] HULIS—a W) 7E S B
B 5 ¥ YRR (0 TV HE B0 A S H I AR Ak,
G Re S HE ARG, R MRAL A AT
A
2.3 HULIS B62E M s o Al S B AR

HULIS £ WSOC H 52 {2 i, Ho
R VE W A AR M A0 A b Angstrom . WO 2
(AAE) T 2 W 50 80R (MAE) & P A Gt 2 8. I
HLAAE (H 3 SR T 38 s P T OBCRE 1 5 K R R
B A 5 R 2 1) i 2 A% 6 R LA g
HULIS—n Al HULIS-a ] AAE {43 %1 4(5.0+0.9) Al
(6.4+1.8).HULIS—n 1] AAE {iI&{% T HULIS—a,45
F W] HULIS—a ZEJ KA PM A PRI 22 8] PRI 22 5
hE 5%, HHEAA &R Ic% HULIS 7 365nm
Ab 1Y) MAE {8 F T840 A7 s N HULIS 106
B8 g w8k 55 L AR 5% b (HULIS-n A1 HULIS-a [f
MAE;gs 1873 51 4(1.21.0)F1(0.7+1.1)m*/g, 45 F ¢ W]
HULIS-n 7t 365nm A4 59 (WO se ), il RE 2
W T 51 B 2 107 B R S R K 7y i Ak
G AN R B B A T G R IR R HULLS 1
MAExgs {HLIZ i T i1, AT 5 G il bf B B (E. A
TR, A4 Uk e 7 A 1) HULIS 1) MAE;65 2244



1796 A 45 %

JLHLY 0.9~2.6m%/g, B85 Ik EALE L HULIS,
H: MAE;¢s fl £ Bt in. HULIS—n A1 HULIS—a 5 fi#
Frah Ferh R0t RIS K BT R
Wi HULIS—n Fl HULIS—a £ ¥5 4% e 3 1] — U 1)
WREETTHRY TS 3 BB B 1.64 45, HoTik 55l
h26% 1 35% AHEL 2R, AR 4= B2 A ki
7= A[f) HULIS ) MAEsgs (8030 5 BR8] 7 42
AET WA HULIS 1) MAEses BR324 4.
AT LRI, V5 G iR B HULIS—n Al HULIS-a )i
I8 1R ) MAE 365 18, H. HULIS—n HL AT AR B 1)
WO RE J AETS B LTI BOFIYS 343 5L B HULIS
FBRYE T AR BN 2 Jr A HE I T 735 G ey
BB HULILS R JE U0 58 22 (i T — Uad 7%

_(a)e HULIS-n
2 B ERRENE 5 Ge e VBT B 75 9T BB B
BL
41
3F = MAE;5=2.6
2 -
@l
N 0 1 1 1 1 1
5 6 b2 HULIS-a
2
=]
= 3k MAE;s=2.6
2 L
] L
0 1 1 1 by i 1
01-01 01-02 01-03 01-04 01-05 01-06
HHA

K7 A HB B MAE;qs I8 [R] 7 511454k
Fig.7 Variation of MAE;4;s in different pollution stages

W5 R W, HULIS ££ 250nm A& W 55 74k
G SRR BEAH DG, T E 365nm Ak RIS U B %2
i e T 2 IR IR A M R L By B B
W RV AR AW R AL, 55 HULIS 1
75 7 AR X 4y TR B R R E PR AR 5
HULIS-a(8.7+4.0)[f] E»/E5 tL{E /& HULIS—n(3.242.2)
1) 2.8 fi%, X —PLFFT HULISn AR A& H
(55 B AL A R K 4y 1R 45460,

2¢ L ik HULIS—n Al HULIS-a 76 %24 M iy
TAAFAE 22 73X B8 2 e ] R 5 e AT 40 1 4 KR
FIFREE 4 b o Hrp HULIS—n "l S & H 2 155
B A S PIRECK 1) 43 1 5 A3 AR 365nm K
A R 1 HULIS—a DUZE AN [R] 3 v F Y
R B RO AR, BARAESUAT HULIS (1)
WOGREPERURYR AT T 4087 55 5 3R 4, (0 HULIS

FEARTR G FAE T AL, AR HoAl s e i)
FHHEAR G i 23— D IR R,

3 4%it

3. W PM, s ¥ BEHE I SR bR,
V5 Y B OB AR (31.5%) R HLAI(28.8%) 2H k.
BEAE O ¥R 52 138 I, KA A P 1 i, S B IRy
YI(SO4” « NO; Al NH, ) 1 Ji 25 1 T 4% i) 2
NO; 5 PM, s KGR AR, H LGB 4 i, iX R WA S
BRI TBOR: e TS B F A 1) R 2 AR A%
S5 AR 2 2 e I TR N 5 R ™ G G S A
(1) 2 B A

3.2 ZFFFMMIKAEMEE T HULIS 1) ZAFIE
J.HULIS 5 OC WA — B AR5 G i
1 HULIS-C ¥R BERUIC, v] Ge R4 A R WA AN
it H B 2E HULILS (1942 5. 1 4 (7] HULIS 95 45 =,
A HESZ B ) 12 52 van B B A AR 5 i

3.3 ST HULIS KAk 2= 4150 $0d A8 H PMF £
RUE T HULIS 1 6 AR08, 7390 A ) St oA e
PRIEIR . PR TR LS 50RT — . P
Wtk HULILS (1R85 A AN [R], 0] B 531 210 1 1)
ZE 5 I ABFR LA YRR AR BV by BT R, L
BN TR ) TR IR 2 35 2 AU,

3.4 HULIS—n WG RE(AAE. Ey/E; Fil MAEs45)
%193 5 KF HULIS-a [f) AAE. Eo/E; fil MAE;65,%¢
B HULIS—n Lk HULIS-a & 86 2 (L8, 75 &k
G5 K6 R 5y (1)~ Y ARG 43 1 i, H R AT S R (1 I
Je G AE VT Y i 30 I U R i R e A
(149 Jo HAT S5 RO e

ERp e

[1] Chakrabarty R K, Gyawali M, Yatavelli R L N, et al. Brown carbon
aerosols from burning of boreal peatlands: microphysical properties,
emission factors, and implications for direct radiative forcing [J].
Atmospheric Chemistry and Physics, 2016,16(5):3033-3040.

[2] Hammer M S, Martin R V, Van Donkelaar A, et al. Interpreting the
ultraviolet aerosol index observed with the OMI satellite instrument to
understand absorption by organic aerosols: implications for
atmospheric oxidation and direct radiative effects [J]. Atmospheric
Chemistry and Physics, 2016,16(4):2507-2523.

[31 Wu C, Zhu B, Liang W, et al. Molecular characterization of
nitrogen—containing organic compounds in fractionated atmospheric
humic-like substances (HULIS) and its relationship with optical
properties [J]. Science of the Total Environment, 2022,832:155043.



4 34 HIEESCAE: g R In) KO S FORIE S DOE AR T 1797
[4] Zhang T, Huang S, Wang D, et al. Seasonal and diurnal variation of 1882-1889.

[3]

[6]

(71

(8]

[91

[10]

(1

[12]

[13]

[14]

[15]

[16]

[17]

(18]

PM2.SHULIS over Xi'an in Northwest China: Optical properties,
chemical functional group, and relationship with reactive oxygen
species (ROS) [J]. Atmospheric Environment, 2022,268:118782.
Zheng G, He K, Duan F, et al. Measurement of humic-like substances
in aerosols: a review [J]. Environmental Pollution 2013,181:301-314.
Fan X, Wei S, Zhu M, et al. Comprehensive characterization of
humic-like substances in smoke PM, 5 emitted from the combustion of
biomass materials and fossil fuels [J]. Atmospheric Chemistry and
Physics, 2016,16(20):13321-13340.

Graber E R, Rudich Y. Atmospheric HULIS: How humic-like are they?
A comprehensive and critical review [J]. Atmospheric Chemistry and
Physics, 2006,6(3):729-753.

Kida M, Kojima T, Tanabe Y, et al. Origin, distributions, and
environmental significance of ubiquitous humic-like fluorophores in
Antarctic lakes and streams [J]. Water Research, 2019,163.

Srivastava D, Tomaz S, Favez O, et al. Speciation of organic fraction
does matter for source apportionment. Part 1: A one—year campaign in
Grenoble (France) [J]. Science of the Total Environment, 2018,624:
1598-1611.

Tang S, Li F, Tsona N T, et al. Aqueous—phase photooxidation of
vanillic acid: A potential source of humic-like substances (HULIS) [J].
ACS Earth and Space Chemistry, 2020,4(6):862-872.

Hoffer A, Gelencsér A, Guyon P, et al. Optical properties of
humic-like substances (HULIS) in biomass—burning aerosols [J].
Atmospheric Chemistry and Physics, 2006,6(11):3563-3570.

Xiao K, Wang Q, Lin Y, et al. Approval research for carcinogen
humic-like substances (HULIS) emitted from residential coal
combustion in high lung cancer incidence areas of China [J]. Processes,
2021,9(7):1254.

Xu X, Lu X, Li X,, et al. ROS—generation potential of Humic-like
substances (HULIS) in ambient PM; 5 in urban Shanghai: Association
with HULIS concentration and light absorbance [J]. Chemosphere,
2020,256:127050.

Yu G H, Zhang Y, Cho S Y, et al. Influence of haze pollution on
water—soluble chemical species in PM, 5 and size—resolved particles at
an urban site during fall [J]. Journal of Environmental Sciences, 2017,
57:370-382.

Zou C, Cao T, Li M, et al. Measurement report: Changes in light
absorption and molecular composition of water—soluble humic-like
substances during a winter haze bloom—decay process in Guangzhou,
China [J]. Atmospheric Chemistry and Physics, 2022,23:963-979.

Li X, Han J, Hopke P K, et al. Quantifying primary and secondary
humic-like substances in urban aerosol based on emission source
characterization and a source-oriented air quality model [J].
Atmospheric Chemistry and Physics, 2019,19(4):2327-2341.
B RSN A S PMys Th ISR S TR AR AIE
ST (7], FREERFE, 2019,40(3):1091-1100.

Gu Y, Li Q, Huang W, et al. Day—night characteristics of humic-like
substances in PM, s during winter in Changzhou [J]. Environmental
Science, 2019,40(3):1091-1100.

Yu L, Shasha H, Tian Z, et al. Pollution characterizations and oxidative
potentials of water—soluble organic matters at different polarity levels

in winter PM, s over Xi'an [J]. Environmental Science, 2023,44(4):

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

1]

[32]

Havers N, Burba P, Lambert J, et al. Spectroscopic characterization of
humic-like substances in airborne particulate matter [J]. Journal of
Atmospheric Chemistry, 1998,29(1):45-54.

Yan G, Kim G. Speciation and sources of brown carbon in precipitation
at Seoul, Korea: Insights from excitation—emission matrix
spectroscopy and carbon isotopic analysis [J]. Environmental Science
& Technology, 2017,51(20):11580-11587.

Kuang B Y, Lin P, Huang X H H, et al. Sources of humic-like
substances in the Pearl River Delta, China: positive matrix
factorization analysis of PM;s major components and source markers
[J]. Atmospheric Chemistry and Physics, 2015,15(4):1995-2008.

M B, YL Z, F C, et al. Light absorption and source apportionment of
water soluble humic-like substances (HULIS) in PM,s at Nanjing,
China [J]. Environmental Research, 2021,206:112554.

Mukherjee A, Dey S, Rana A, et al. Sources and atmospheric
processing of brown carbon and HULIS in the Indo—Gangetic Plain:
Insights from compositional analysis [J]. Environmental Pollution,
2020,267:115440.

Fan X, Song J, Peng P A. Temporal variations of the abundance and
optical properties of water soluble Humic-Like Substances (HULIS)
in PMy s at Guangzhou, China [J]. Atmospheric Research, 2016,172-
173:8-15.

Cao T, Li M, Xu C, et al. Technical note: Chemical composition and
source identification of fluorescent components in atmospheric water—
soluble brown carbon by excitation—emission matrix spectroscopy
with parallel factor analysis — potential limitations and applications [J].
Atmospheric Chemistry and Physics, 2023,23(4):2613-2625.

Gierlus M K. Laboratory studies of the physicochemical properties of
mixed organic/mineral dust atmospheric aerosols: hygroscopicity and
cloud condensation nuclei activity [D]. Lowa State: The University of
Towa, 2011.

Stone E A, Hedman C J, Sheesley R J, et al. Investigating the chemical
nature of humic-like substances (HULIS) in North American
atmospheric aerosols by

spectrometry [J]. Atmospheric Environment, 2009,43(27):4205-4213.

liquid chromatography tandem mass

Feczko T, Puxbaum H, Kasper-Giebl A, et al. Determination of water and
alkaline extractable atmospheric humic - like substances with the TU
Vienna HULIS analyzer in samples from six background sites in Europe
[J]. Journal of Geophysical Research: Atmospheres, 2007,112(D23).
Hoffer A, Kiss G, Blazsd6 M, et al. Chemical characterization of
humic-like substances (HULIS) formed from a lignin-type precursor in
model cloud water [J]. Geophysical Research Letters, 2004,31(6):4.
haynes J, Miller K E, Majestic B J. Investigation into Photoinduced
Auto—Oxidation of Polycyclic Aromatic Hydrocarbons Resulting in
Brown Carbon Production [J]. Environmental Science & Technology,
2019,53(2):682-691.

Hong Y, Cao F, Fan M, et al. Using machine learning to quantify
sources of light-absorbing water-soluble humic-like substances
(HULIS,;) in Northeast China [J]. Atmospheric Environment, 2022,
291:119371.

Srivastava D, Xu J, Vu T V, et al. Insight into PM,s sources by
applying positive matrix factorization (PMF) at urban and rural sites of

Beijing [J]. Atmospheric Chemistry and Physics, 2021,21(19):14703—



1798 HOE

R 45 %

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

14724.

Xu X, Zhang H, Chen J, et al. Six sources mainly contributing to the
haze episodes and health risk assessment of PM, 5 at Beijing suburb in
winter 2016 [J]. Ecotoxicology and Environmental Safety, 2018,
166:146-156.

Xu Q, Wang S, Jiang J, et al. Nitrate dominates the chemical
composition of PM, 5 during haze event in Beijing, China [J]. Science
of the Total Environment, 2019,689:1293-1303.

Xie Y, Liu Z, WEN T, et al. Characteristics of chemical composition
and seasonal variations of PM,s in Shijiazhuang, China: Impact of
primary emissions and secondary formation [J]. Science of the Total
Environment, 2019,677:215-229.

Wu C, Yu J Z. Determination of primary combustion source organic

carbon—to—elemental carbon (OC/EC) ratio using ambient OC and EC

measurements: secondary OC-EC correlation minimization method [J].

Atmospheric Chemistry and Physics, 2016,16(8):5453— 5465.

Wu C, Wu D, Yu J Z. Quantifying black carbon light absorption
enhancement with anovel statistical approach [J]. Atmospheric
Chemistry and Physics, 2018,18(1):289-309.

Sun H, Li X, Zhu C, et al. Molecular composition and optical property
of humic-like substances (HULIS) in winter—time PM, s in the rural
area of North China Plain [J]. Atmospheric Environment, 2021,252.
Wang H, Wang H, LU X, et al. Increased night-time oxidation over
China despite widespread decrease across the globe [J]. Nature
Geoscience, 2023,16(3):217-223.

B 3R BRE Y, AR, S5 I PR A BB (DOM) WA LA
1. AR, 2021,42(6):2659-2667.

Tao Y, Chen Y, Li N, et al. Aqueous—phase oxidation of dissolved
organic matter (DOM) from extracts of ambient aerosols [J].
Environmental Science, 2021,42(6):2659-2667.

W R AR I Z SRR K5 G BB R S T
JU [D]. FARCF AR S TRERE, 2021,

Hu J. Study on effects of nocturnal atmospheric boundary layer on
atmospheric pollutants' accumulation and transport [D]. Nanjing:
Nanjing University of Information Science and Technology, 2021.
Zhao S, Tian H, Luo L, et al. Temporal variation characteristics and
source apportionment of metal elements in PMs in urban Beijing
during 2018~2019 [J]. Environmental Pollution, 2021,268:115856.
Liu Y, Li C, Zhang C, et al. Chemical characteristics, source
apportionment, and regional contribution of PM,s in Zhangjiakou,
Northern China: A multiple sampling sites observation and modeling
perspective [J]. Environmental Advances, 2021,3:100034.

Shen J, Zhao Q, Cheng Z, et al. Evolution of source contributions
during heavy fine particulate matter (PM,s) pollution episodes in
eastern China through online measurements [J]. Atmospheric
Environment, 2020,232:117569.

Rai P, Furger M, Slowik J G et al. Characteristics and sources of
hourly elements in PM; and PM, s during wintertime in Beijing [J].
Environmental Pollution, 2021,278:116865.

Zhou S, Davy P K, Huang M, et al. High—resolution sampling and
analysis of ambient particulate matter in the Pearl River Delta region
of southern China: source apportionment and health risk implications
[J]. Atmospheric Chemistry and Physics, 2018,18(3):2049-2064.

Chen Y, Xie S, Luo B, et al. Particulate pollution in urban Chongqing

of southwest China: Historical trends of variation, chemical
characteristics and source apportionment [J]. Science of the Total
Environment, 2017,584-585:523-534.

[48] Dallosto M, Booth M J, Smith W, et al. A study of the size
distributions and the chemical characterization of airborne particles in
the vicinity of a large integrated steelworks [J]. Aerosol Science and
Technology, 2008,42(12):981-991.

[49] Li M, Liu Z, Chen J, et al. Characteristics and source apportionment of
metallic elements in PM,s at urban and suburban sites in Beijing:
implication of emission reduction [J]. Atmosphere, 2019,10(3):105.

[50] Dey S, Sarkar S. Compositional and optical characteristics of aqueous
brown carbon and HULIS in the eastern Indo—Gangetic Plain using a
coupled EEM PARAFAC, FT-IR and 1H NMR approach [J]. Science
of The Total Environment, 2024,921:171084.

[51] Ghauch A, Deveau P, Jacob V, et al. Use of FTIR spectroscopy
coupled with ATR for the determination of atmospheric compounds [J].
Talanta, 2006,68(4):1294-1302.

[52] Zhang T, Shen Z, Huang S, et al. Optical properties, molecular
characterizations, and oxidative potentials of different polarity levels
of water—soluble organic matters in winter PM,s in six China's
megacities [J]. Science of the Total Environment, 2022,853:158600.

[53] Cao J J, Wu F, Chow J C, et al. Characterization and source
apportionment of atmospheric organic and elemental carbon during
fall and winter of 2003 in Xi'an, China [J]. Atmospheric Chemistry
and Physics, 2005,5(11):3127-3137.

[54] Demir T, Karakas D, Yenisoy Karakas S. Source identification of
exhaust and non—exhaust traffic emissions through the elemental
carbon fractions and Positive Matrix Factorization method [J].
Environmental Research, 2022,204:112399.

[55]1 /N GAR B B PR A U (O B Y 5 D S R IR B St
], BRARHE R4 244], 2022,40(5):38-53.

Li X, Yu F, Zhao S, et al. An overview of studies on sources and
optical properties of atmospheric brown carbon [J]. Journal of Shaanxi
University of Science & Technology, 2022,40(5):38-53.

[56] Huo Y, Guo Z, Li Q, et al. Chemical fingerprinting of HULIS in
particulate matters emitted from residential coal and biomass
combustion [J]. Environmental Science & Technology, 2021,55(6):
3593-3603.

[57] TangJ, LiJ, Su T, et al. Molecular compositions and optical properties
of dissolved brown carbon in biomass burning, coal combustion, and
vehicle emission aerosols illuminated by excitation—emission matrix
spectroscopy and Fourier transform ion cyclotron resonance mass
spectrometry analysis [J]. Atmos Chem Phys, 2020,20(4):2513-2532.

[58] Tang J, Li J, Mo Y, et al. Light absorption and emissions inventory of
humic-like substances from simulated rainforest biomass burning in
Southeast Asia [J]. Environmental Pollution, 2020,262:114266.

[59

Voliotis A, Proke$ R, Lammel G, et al. New insights on humic-like
substances associated with wintertime urban aerosols from central and
southern Europe: Size-resolved chemical characterization and optical

properties [J]. Atmospheric Environment, 2017,166:286-299.

TEE TR X S0(1999-), 22, 1P I B A 76 22 B SRR S4B LT oY
2B, R TERFS T T SR K7 PMy s P2 B R AR R A AT R 461830 1

i liujiawen@xauat.edu.cn.



