5 8 4355 1 1Y)
2008 4F 2 J]

o LR W
The Chinese Journal of Process Engineering

ZRBHSA RV FAE RN BT

a&ms,  Fh5
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B E: IV (SOA) T B 24 KA 2 FR MR FT Aob 2 —. 3T KA o AL SR s HL
TR 17%~65%. ELii 1 A 0% A& e 50 20 Sl /2 SOA S BB RARFI N IR R RS, 15K 5-0OH, NO3 Rl O3 554
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ICHRIR A SOA M /REY). Wik T SOA WS Rl e 48 th T AR RIS 7 ).
REEIR: APV W T EIRG Y TR AL TRERBOR

hESZES: X513 XHEkERIRAD: A

1 ®w =&

AT T (U PR OB 40 ) A 48 T P 5 KA 3 Sy
W, 4 NS (V5 22 BR5E Il J e b 2 M 55 L IR R
SRS H R 3 S ORI, AN
JET I F B 2 —, A RN BOR ) (b 12 <
2.5 um) TR IR 10%~70%2, GFERGIT R . 75 Ak
PS5 2 PR TH T L . BT 2R & S S,
Horp ey iU A m AR B g, 02 F5 05 %2 (Polycyclic
Aromatic  Hydrocarbons, PAHs) . £ 4 Bt X
(Polychlorinated Biphenyls, PCBs). A Hl& L &%, <
WA NI L T B W TR Rz —, 78
B X, YU AR e ST L R R R A
PV IR G I HUR B3 ma <R G itsm st P, &
B TE Ky =45 #%(Cloud  Condensation Nucleus, CCN)
SN Z R SO AR AR, T 1R S min < ft),

A I A WL S T IR B R B — IR
HL W A 4% % Pk 45 WL 4 (Volatile Organic Compounds,
VOCs)it il KA G A TE U —IREHL. H—Ik
AHWALL, AN A R . o R
fEE, ISR AT R R RN A
R, A P K (Secondary Organic Aerosol,
SOA) I TE B 44 KA R U b 2 —, %)
PRI DRI AR A2 AR AR RN IR ST 250 S5 2 A
A R L

2 SOA 5 3Lt iR A

H B A AT ELER 10 3 AT D7 5 RS IX 73 U I v 1

gt B#3: 2007-04-16, f&[E HER: 2007-06-01
EeWMBE: ExRARRFEEEBIH G5 : 20677030)

XEHS: 1009-606X(2008)01-0202-07

—IKFI UL, IR D7 16 45 A HLK (OC)
G HEBR(EC)IRIE LUAETE . AL TRk, AR
7. b OC/IEC LufEikim Wi o H¥, 1A vrAl
SOA V5 g N T iz

OC/EC WAHEIN A, V5 Yl B H s ok 4
OC Fl1 EC MWL Ll — MRS R AEAE, & 54k
CIEIIFSA G, KRk OCIEC {E# I bl
FURIN , RonAT IRATHLIR(SOC) I 1P AR IX — 5
P, Turpin Z5CHE L SOC fHH5 5 -

SOC=TOC-ECx(OC/EC)j;, M)

A, TOC REDBANLK, (OCIEC)yi #anis J 1T
) OC/EC {1, ECx(OC/EC) i Fm — KA UK K 5 L. 4R
I, #HSL(OCIEC)pi AR S, 5By I & s YL it
(I HETCRFAE, 34 2% RS HETSUT) ARG 245 30 J S
SAAMEI S . fE M IERE |, Castro 25 T4 A 48
OC/EC Ik At 5 SOC:

SOC=TOC-ECx(OC/EC)min. 2)

(OC/EC)min 1 H HI AR FE R N (A BT
SEAFEE), B RS TE S, AR T kA
MU ZE R, OC JLP-4sif it — Uk PER). Chow 2B 4
1 OC/EC>2 I, BIAEAE IR s AR G A L.

1 HUH TN AN 3 Ik O R IR IR
GURFAE, AT RAE H: (1) 3l K OC ki I
EC, OC/EC {H{E 1~4 2 [A], SOC {ELA MUK by 414
(1 LA (17%~65%): (2) S A LGP AL IR AL [ 5 hi
ARG R E TR, BRSO AR, AR

EEEN: HENL968-), T3, Wik, BIVTAFFM/RTN, W, 2, WHITRUBRS R PNG . SN 506 SRR SRR

PR EE 7 ) [AIF 5T, Tel: 022-23503397, E-mail: zbai@nankai.edu.cn.
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T SOC A (3) FEI T SOC y54v ™, sy
WU 12 50%. Jbi{ SOC ¥4 442t I 27 i, X n] fig

72 TR IR A 3 B0 R PR R A L
He st kP,

F 1 TRIMR K SSBEE PRSI 5RAFE
Table 1 Characteristics of carbonaceous aerosol in various areas around the world

City Season ocY (ugim®) EC? (ug/m®) OC/EC soC? (ug/m®)  SOC/OC (%) Reference
Beijing Summer 10.7 5.7 2.2 5.3 48 9]
Winter 36.7 152 35 23.1 59
curginos I e 3 21 21 Y 10
rorgkong TS o6 ar 2 a1 52 10
winer 12 "2 24 28 " o
N W 1 a7 " 151 % 2
amingban il 4 it e 08 o )
Wier 17 5 o7 &7 ;‘Z g
Losangeles T 3 s 5 s 2

Note: 1) Organic carbon; 2) Elemental carbon; 3) Secondary organic carbon, which was estimated based on (OC/EC)in.

3 SOA fhe i B A AR A

SOA b & W4a T I TP AR AL IR Al I R A 5 O,
TERU A B G, AN ELEE TS Bl B RO G )
P B/ 23 BOAE FHRE AN RORLAR A ALY, T8 A K
AR LTS, I KT 10%11) VOCs F1 A
T HL K (Reactive Organic Gases, ROGs). A &
ROGs K%k ANLEI4RTWARY) . By Ik ss,
A5 ROGs & B il i & e,

3.1 SOA BRI IRATIAY)

HAL i 475 (Monoterpene) £ v A8 40 HE iR H b k&
(Non-methane hydrocarbon) ] 10%~15%, 4=EREEAEHIHE
JBUREZ) N 127 Tofal™, T R4 it 4 (0 AE HE B0 K2
b 3.29 Tgla, i AEHE VOCs i) 19%M°). HL7E 40
ZAERT, Went! Ol B A HESU K R A7 5 B4R (O3)
ISV TE BSCE ZEAORE A T A 22 k. 18] 1 J UM LR ik
EYIRI AR L AR HEBCGEFEIR A E BE o TR

0007

a-Pinene B-Pinene d-Limonene Myrcene

1 U e 2R Fpapis s ) Ao 2 S5 4 )

Fig.1 Chemical structures of several typical monoterpenes

(a-Pinene) X2 SOA HITTRRZh 20%~25%, d-F7sh
(d-Limonene) #5 = A 75 20% , PB- I8 #i (B-Pinene) £
7%~15%718),

1% 2F- i (Sesquiterpene) 1, J& — 2 4 I i 9 1k &
Yy, 54 a-F FA K (a-Cedrene) s a- A] EL445 (a-Copaene)
B- 1 74 (B-Caryphyllene). -5 4%i(a-Humulene). K42
-4 (Longifiolene). i &A1 3 /N7 M 4 #h) 5
JG, BRI NEE. B CuEsEp- T /M. o
975 0 T 2B RS RE 8 v T B A 0L AR A 2
X} SOA I DTHRIC A IEANTE R, XY T ¢ IR .

A0 s s A 5 D TRV HE TR0 S ER B 45 A3 DD ARG . T
575 PRI HE T R B 88 1) 7 o SR FR O it s, Jh e
SUIBNR-ATF K7 Pl (It & - AP s/ D itinEe iy Ol 7S
TR EY), MYESRBURTFE A ALY, A
BE. WL AHUR. BRSE, AUSHYEHERE LR
e I PR
3.2 SOA B9 A AR RATA4Y

YR NET7 T AL A YD (Aromatics) /& SOA i 41
N RPERTAY, Wi KA 50%~70%11) SOA 3K 142K K
HAT A b, S5 I KRR A
ff) 45% 747, Horp HI 2K (Toluene) . (Z6-,1A]- %) — F 2K
(0-,m-,p-Xylene). 1,2,4-—H 2% (1,2,4-Trimethl benzene)
H1 K (Ethylbenzene)e Fh K R4 v 75 12 1) 60%~75%.
Goldan %PU4E 2 R 15 R W, J5 940N & VOCs ¥ J%
2] 1.7%, FERMGRECHIK M 37%, o-JRk 3.5%,
B-TRM 2%) F155 S8 A M4 (46%).

WUBIAHEBOR IR 0% 0 1 RIS, AR HE U 1 R
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2 g 18T TOLEE AN [ AE AR K 22 5. Sagebiel
ARG T e 2 ANBE I P R R AR R R A A e A
MHER, RITCIE B BRI A, 7R e
KT B I AE 40%~48% 2 1), {H BA g 4T R EE R
TR MHESE I R 4 2 £, B Bk 6 FhORAT
AW T IR ) 60%, 1T LU L) 27%.
3.3 SOA L EYREMSIBI MR

H AT A RS ) SOA Ab S Wi A7 AE
IRKIRAE, FEIRRA: U & o, ik
JEAR(FEAE AL ng/m?®), A3k I PRI s -4 2 Mk — 7k
HHUAAE A FNBURLAR I 23 BC B PR B 4 AN W 28 ks A7

Le) S5 N P e, AR I A AR L T RO A
G0 Z RN BIR.

BRGS0 ORI 2% SOA fhar, b g
IR AEIEE A I 2. % 2 A H Y SOA LA
Yy HoR A AR, IR 2 0] DUE R 7R BR)OK € B S L i
XS SOA [RITTHR, A7 4eqh & W gz (Pinic acid). i
1l 12 (Pinonic acid). F#JRR (Norpinic acid). % g i 1R
(Norpinonic acid)% i Z Fi T ADI ISR =4, 7 26l ¥2
B 9 W 8% (Hydroxypinon aldehydes) . %% %t % Ik 12
(Hydroxy-norpinic acid). 12/ (Sabinic acid)%% Hi%s & Hif
R 22,

F 2 REMTIIRZ HAIERS S0A (L&)
Table 2 SOA compounds identified in smog chamber

Precursor SOA compound
a-Pinene Pinic acid, norpinic acid, hydroxypinon-aldehydes, pinonic acid, norpinonic acid, pinonaldehyde, norpinonaldehyde
B-Pinene Pinic acid, norpinic acid, pinonic acid, norpinonic acid, hydroxy-norpinic acid, hydroxy-pinonic acid
Limonene Limonic acid, limononic acid, hydroxy-limononic acid
1-Tetradecene a-Hydroxytridecyl, hydroperoxides, secondary ozonides
A3-Carene Pinic acid, 3-caric acid, hydroxy caronaldehydes, hydroxy-3-caronic acid, 3-caronic acid, nor-3-caronic acid, caronaldehyde
Cyclohexene Adipaldehyde, 6-oxohexanoic acid, adipic acid, glutaraldehyde, glutaric acid, 5-oxopentanoic acid, succinic acid
Sabinene Pinic acid, sabinic acid, norsabinic acid, norsabinonic acid, sabine ketone

H TS E MG, SOA L&MW Hni iy
A ek, s 7R IR bR Az s ). %
PEA LA OK S A ORI o
MREH s, B THE RS, RSN = B R
Il CCN BRI TETCHLER L, fi AR 2 A AT WL b
HAT R zi5 M. Novakov 25528456, o 4 ek
(AN B TR 23 IR K VA HLAE R 0K BE 9% JE B CCN.
7 SOA F B ML X, AHVIRIRIE = Bt 4 %
(1) B B DTHR

SOA TR Z ML —J0RIKR, FER A
T TR S AR S AR A B T, A S R H AR
ST AR TR, KIS PE T OCRIER B WL
5%~15%". 2 — % (Oxalic acid). 5 — /% (Malonic acid)
AT & (Succinic acid) & LR SRR A EE Y
B Ab BT R A AN BRI T, L R A LR S =
33%~55%%,

4 SOA ByTE AL

WHSSA I SOA (L& E LA
BR: %t ROGs 5-OH, NOg, O3 Z5 KA A
VNS P 2 S Y e a7/ E R W ALY L T B
SIICIEFE. SOA W Rk 2 B e i AR TEHL. AL
oy SR . WREAEE 2 A 1.
4.1 BEH S MRYEELANE

i Jfi 15 -OH, NOz [ HHFEAT O 32 TR A A S 3,

INEEAESEG TP IR 2 I P& a- T . o-TR M5 O3
N R URIY B 51 R C=C RUBE M N, A R B
SHI RN, B PRy il T8 BOR B AL & )
Criegee XX H &, X Il L F/tk . 2. 1 &
HE 25 0 B2 I BT W 8 (Pinonaldehyde) . ik i 2 (Pinonic
acid). JEIR(Pinic acid). P43k (Norpinonaldehyde).

W43 2 (Norpinic acid) 254, W& 2. {& NO, O, f£1E
N, -OH BEWa-JRMi 1 C=C MU 3 b4 1
F(HO-RO &L 73 Mt b & /s, P AR ldie . —
FRIEMR . FRHEIRPCHIR TR A B A AW PR ek
(HO-ROO-)Z 1) [ [ 7 th 23 T G B IS 120, 5 A1 NOs
H 3 0 N R AEE R, D NOs 2% 43 fig .
Wangberg “5FMGE, - NOs (K1 & 5 7 4
58%~66% kIR MK, £ 14% 2 fi KA IR £h.

2 g 2% BLfif ) K it 4 37 i AR e 41 4 ok i
(LP-FTIR)H A 1l 4347 T 7 — i 5 O3 F1-OH J b &
51 EE SN 7/ b SN ot 7/ 1 Pz S a1 21 <9 ey @ S 51K/
BHPBIENEY) . THRER O AR . R RS
4.2 FEERLERIEELHLE

77 T IAL S WAL R4 E 2 -OH B
lj, -OH FUARER S B LU 3=, 35 S 0 (7 UK ER
AR B ER C—H i EMAURT) HE 109% 20 4759, 15
3 fiR T -OH 55 FHZR I WA, 4 RN B 28T iR
PR R 2RI PR G, FHOR S -OH (90 s e Nk 2%,
FREET LU0 B R4S )y XPRIARAT, B 4 T
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o
Q Criegee 1
O3
O

a-Pinene Ozon|zat|on —

Criegee 2

e @

Pinonic acid

Norpinonic acid  Pinonaldehyde
HO- CHz

(0]
el <gﬂ0 <OH
OH

Pinic acid

Norpinic acid Hydroxy pinonaldehyde

Bl 2 o-JRAi T Og 23 1 i 4k P2 fig )

Fig.2 Simplified reaction scheme for O; and a-pinene!®

OH-H &4, a4 [ N AL HE AR IR B AR A 24 it
2 P B NO f74E F OH-H A5 O RN
BLPEA Ky (Cresol) . R4 4L 4 (Toluene oxide). 1 4
[ (Butenedial). 3t 2 % (Methylglyoxal) 2%, ¥
FM(O-O) B IR, ZRIFRE =Pyt n] DU &
(Glyoxal) 1 FHHE T 4% — ¥ (Methylbutenedial). Jang £1%
FEXT R —OH-NOy 6 % N R GE 7T H R AR 22 8 (1)
ﬁﬂfi% ﬁD?ﬁ%T%‘@z‘é‘ TRILRIGIR . TR

O IR BEPER. —Hk D RS
/OH
+HO»
Tolunene 2,3-oxide

Cresol

CH20NO2

©©

Benzaldehyde

CHz *
H
Abstracnon Addmon
H

Toluene

+0. CHs
(@ (OH \C
N

Rearr. ngement Oxygen bridge radical

Sk = A

o/ ™~

Ring cleavage radical

H

Butenedial

Bl 3 HIZE.OH N gl
Fig.3 Reaction pathways for the reaction of -OH with toluenel*!

4.3 FUALAEKZ3T SOA HY Tk
Jang ZB°TRI Kamens £tk FRR | o- TR0 14 S 1
FERFFT R, SR S bR A I R AL K g T

Methylglyoxal

PR TUINE, 7RIS W) ROREAR ] 4k S8 S 8. e 1)
FOURLAR SN (U 8 15 2R 45 T - 46 ) T J ) 56 6 4
A@@&E%XKEM{A%U\ FHEENURLAH, 51 SOA

RN, BOTMBIFCVREL, £ W, CRERI P
%ﬂ&ﬁ%%% SOA [TES, TR T H i RIS ,
FOURLA S . S 1 5.

4.4 ZXRBNHESHEFBARER 5B

AN S -RL A e E T SOA IFE
i, MRS G R R A 2V NI R A
1. Pandis 25BNy, AT A ML IR B T e
WIFIZEFURIN, A RAEREE, B SOA it s 1t
*HEZTW’EFH%EBZ *%‘Eﬁnﬁlﬂl, W) SR A FE B A
RIEFNEA, TIPSR SOSCIE N R AT
A P 23 BC B AT A7 A5 W Bf (Adsorption) AT i
(Absorption) R EL . WL PRI INA, SASE P
FERTURLAR T, W B 5 R4 LU R TR G MRS
WK, S LA I i R N OB A,
AR A ) 4 Bl A W P, Wl S
B 5t i E L. PAHS 25 59 A AL 1 43 1

LEZ W OHL I S .

Odum 2580t AR AH 25 it S 36 1) 45 ST T 40T
ROIEHA NSRS L SOA (R Bk A A LY R &
WRPEM R, N FRCER 18 B IR T SOA (17~ i
B, JHZEAET SOA B i 4= ZHE i G 7, T AS
e AR R, BT IR E IR — 2

etk K930 ﬁ/%?ﬂxﬁ’]%%ﬁéﬂ gy ILER TR0k
FHA BRI, 38225 8 f“ﬂxﬂfﬁk’\ﬁ@m%)ﬁﬁﬁ
VAR .

5 AT R BRI B BRIF R
A7 = 6 R A

b2 5 T4 (Chemical Mass Balance, CMB)%2 14
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BRI T2 FH R ASBORLR IR AT T 7. CMB A5
RUESE, S2AAKE S TP AL 22 4 43 IR A2 % T 45 R
PE TR A £ IR, e85 e 5N 32 AR A )4
S0 I AR P HULE R a2 ¥ IR DTk, b T
PRI, HEIERRA AR IR 5y 2 54,
P2 A AL TG A RS U, A B T T AR )
ZAEH, . B PSR PUCEATREH, WS
e R R AU A MR I B R R R A A
LA FoRERCh AT . 1245 FIH GCIMS R, IR

25 AN T BURL AT ity o CASI 2L B R WAL 54,
o7 A BATAR SR KR A, W R 1) S Ao
iﬁi%[w]_

TR DURER L A% 3 AN A (1) —K
PE. W ZOR BRI EEEHRG (2) FRabrE. FAhdR
B, RRRBERAR; (3) RUETE. ENIEEIZ AR M
et R, AR AR AR A AN S RN
AL 3R 3 T LR AL K A DR R AT,

=3 AR ESRENAINTERLEY

Table 3 Organic tracers for several typical sources

Source type

Organic tracer

Vehicle exhaust
Wood burning
Meat cooking
Vegetative detritus
Cigarette smoke
Tire dust

Natural gas

Hopanes, steranes, benzo[ghi]perylene, coronene

Retene, lignans, levoglucosan, diterpenoids, phytosterols

Cholesterol, fatty acids

High molecular weight odd carbon number n-alkanes (C7, Cz9, Ca1, C33)
Iso-alkanes, anteiso-alkanes,

Styrene—butadiene copolymer, benzothiazole
Benz[a]anthracene-7,12-dione

Schauer %1 5 R 42 F/R B -CMB 52 A LA
FUREE A BRI, o b 7 St A
FIMERA . WEFIE. Rk, kD5 9 Frig
Y B IR A JE Kb — A LR IR IR DR (R ot
BRI& 80%). SOA [HuTmkiliid Z(HiEk1S. (Hfde 1
&, RA U NVRRIRI A — R # S S Giz
SN, ZEAH A HAT R e S

SOA ¥ DTk W] it ik 2 AR P 4eff e, ARG 22
A7 SOA I i IF PN R B A ). R 25 AE 1
F5Eas R, SOA AEWr LLHA . 3 2K HHL It
(Organic diacids). % & fig BIHkIEAL & ) (Multifunctional
carbonyls). fi§3&4k &4 (Nitrated compounds), ‘A1
FEMK) SOA BRI, TLrb i s W R % 75 e — e dee 5%
KA, RXEYAE KT V2 A1, YRR EE, 1
H— IR D, 2 B e AR S B T
BIE A 2 RAEE— I E RN, NIEH1E SOA
RGN, SRR IR, 2305k B 7R
S IR A2 SN, AN [ F 5 AL B A5 80 1 =)
Hl SOA F=itANIA], T BEE— 20 VRUIAH A AT A4 AN [ J
AR R ER).

R FREARZ B 2 60, ARZ a5 H
TVGRYAIE T, B THIW SRR, e
TURMRHTIR R ER 7 FA M, 70 TR B AR AL T 5T
BB BL.

6 FREZL
23k ir 30 AEMITSY, A VOCs A KRS 4 2%

I SOA LA IS AL FE AL AT T AR .
SR T SOA ML~ Z A 2ttt , LR BT A 1 S WL
T SRR . AT HLI IR PR E f A5 G B )
ARAFYE. KA SOA I FEHUIR . A7 AE MR 755K,
f U~ ARKRBESETT 17«

(1) XA DRI ) D7 0

FEFETBCE AN TG AL W] A2 AS (7] £ 120 3 X (kT A
R AR DO T I, 32 28X A HURTAA Y
AT, [RIIN AGRARHEHEA TN, X225
ol R PG AN 58 3 A L KB AR,

(2) ALtk SOA TE R LI PR A 1Y

DA ik SOA TEMHLHI R BRI T-fj o, ZEHXS
R B S HATE K SOA i, AR A ) ide
PR IR MY AL AN TE . AR 25 AR IR S 3
MM AR, AL RENS [ e SOA TE LI FEANR Y,
MR T AT A 2047 ] SOA ¥ 5.

(3) IEVITRIEA NS 0, K Tt
SN

WFTT I 5 GEIAT DU HETBCRFAL , A A RRURE
SHIW SEAIDEE, AR R HL
R TEEAEE, §RANIRER > T, RERSEE )
TARERBORAEP AT T 1IN

(4) WAEATHAD 5 B

B ARAEATHURT A A W A AE R ), -4k
SO AT AR, Wb HEA AT AR, 3 AT
PRI, B R R RGO E U A
TSI BARAER A EAT B 734 K N
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Characteristics and Formation Mechanism of Secondary Organic Aerosol

BAI Zhi-peng, LI Wei-fang
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Abstract: The formation of secondary organic aerosol (SOA) is one of the research focuses in atmospheric chemical process. In urban
atmosphere, secondary organic carbon constitutes about 17%~65% of the total particulate organic carbon. Monoterpene and aromatics
are the most important natural and anthropogenic precursors of SOA, respectively. The volatile precursors react with atmospheric
oxidants such as hydroxyl (-OH), nitrate radical (NO3") and O5 through multiple reaction pathways, producing semi-volatile secondary
organics including diacids, multifunctional carbonyls and nitrate organics, etc. Theses compounds can distribute into particulate phase
via adsorption and absorption processes, and will alter the property and environmental effects of ambient aerosols. Organic molecular
markers are utilized to apportion the sources of atmospheric ambient aerosols, and organic diacids are potential tracers for SOA. In this
article, the advances and problems in SOA research are reviewed, and future research recommendations are presented.
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