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Fig. 2 Keywords co-occurrence network of petroleum refining contaminated sites

* 1 REAUAHSAER SRR E 27

Table 1 Geographical distribution of literature on pollution investigation of petrochemical sites in China

HhIX BRATBIX R4 Yt S5
R INAR (6) « ¥ (3) « YLIR (3) WL (2) . A& (1)  Z#(D) 16
it HA (5) .« WP (2) . B (2) . BRI (2) 11
[t HEE3) . I (1) . BN (D) 5
piS[ 7 (3) . HHk Q) 5
R I (5) 5
At st 4) 4
e R (2) . WL (D 3
At — 49

ARG RYIFE . KR B/ NREE . BOORBERPE RS . Irgiit i afbgtir, 3 42 D agibib &
THEE YA, 28 DG K KT YA . AREEIR ST TS R, WA I s )
96 F, JHA ML T /KR TS YL 69 B, Ik 1R | INREE L BRORHRE . P &
TREE AN 2 12 3 s (NUR/RIZMAG %> 15% WS35 8) -

MIS YA SRR, Atk b i 25 3R Baihke (TPH) . 23954 (PAHs) . KR
Y (BTEX) . WICRMESE, SURRUAN-IE S50 E, AHIERY UL TPH (ks R
57.14%) | 7K (45.24%) FIZE (40.48%) J 3=, ik G HGEZE R —3, THLISYILIET (54.80%) Ffid:
(46.34%) “hE. ki FK b EZS YRS A3 SRR L, (X PAHs 505, (U 25K
F>15%, Y, M 90% 1 PAHs #M#EAAAE L3N B, X REREH T PAHs Z5HAETE 2 48k 2 4>
VIR, HA @Bk, AOETK, MZENAEER, HIHRTHAL PAHs, KEHER . 8%
TSRS TPH VE A TR Tl i SR R E S e, R RSy, W & 2RO Rk
SALAY), — B TPH SRAF ey iatkt, BTEX Al PAHs /EMAE/REA W, B (A s yeik
BUHAT AR ) B Geit e R B, 7ERAN 13 AKX 494 AH3eb 0, #hrSAr it 23.6%, TPH &3+
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Table 2 Composition and content characteristics of major pollutants in soil of petrochemical sites

— N o W /mg kg
S eS| BRYATE S R% —
/b K iy il
VaREN TPH 57.14 0.8 56 967 1953.39 4 500"
i 54.80 227 454 29.36 800°
it 46.34 0.012 112 10.87 60°
! 45.24 5 954 33.34 900°
il 4524 3.60 1030 33.50 18 000
ELR B
R 42.86 0.02 7.69 0.44 65
K 40.48 0.004 13.40 0.82 38
30.95 0.50 206 60.10 —
B 23.81 7.5 2050 104.81 —
* 4524 0.004 155 238 4.00°
» REE S 40.48 ND 79.25 5.52 1200*
KEY) o
Y% 33.33 ND 95.90 20.74 28°
THI% 33.33 ND 2137 — 570°
% 40.48 ND 166.1 7.01 70°
ESIRINPIE) 35.71 ND 3.09 0.21 151°
HIf[a] & 35.71 ND 2.61 0.16 15
HIF[a]tt 35.71 ND 2 0.21 1.50°
AR 33.33 ND 0.90 0.14 15
BiJF[1,2,3-c,d] 33.33 ND 1.20 0.13 15°
2 30.95 ND 4.03 0.35 —
» it 28.57 ND 4.32 0.35 1293
LI FTIE o .
#IF[gh,ilHE 28.57 ND 0.96 0.14 —
E[B 28.57 ND 9.75 1.10 —
e 26.19 ND 1.85 0.22 1.50°
TR T [ah]E 26.19 ND 130 0.17 —
%) 21.43 ND 5.06 0.52 —
B 21.43 ND 5.86 0.70 —
)i 19.05 ND 0.65 0.08 —
JE N 16.67 ND 0.76 0.08 —
‘ Al 16.67 0.000 55 0.14 0.02 0.90"
o4z
AW 16.67 0.000 75 15.59 0.05 616"

e SRS SRAE TS e TE TR ST A (AR s NDRRTG AR s <R Bl
B e aiE i  IEPREE T AL A b3S Y KU A AR (R4 T) ) (GB36600—2018) B¢
RS S R

FEY) . AT Gk TPH RIS T T 40, DATHIE(E 4 500 mg-kg "B BRAE, ik 115
W TPH ¥R B ik 28 848 mg-kg ', LU IAFITEE S FHHb /K P74 (C10-C40) FfikfE 1.2 mg L™
HBRAE, B T K TPH 15 4R Femiibs 91.1 mg L7, eHA ik is Yzt - e fnh T /KA AE
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Table 3 Composition and content characteristics of major pollutants in groundwater of petrochemical sites

R . W /mg L
V5 Y V5 Y 2R G R % —
SN wmK Ty i LR
VapiES TPH 60.71 0.0042 2777.40 8.62 1.2¢
i 21.43 ND 0.0254 0.001 0.05°
EEE
Y 17.86 ND 0.285 0.001 0.1°
ES 60.71 ND 4471 0.321 0.12°
N —HE 50 ND 197.185 8.78 —
KR n
R 42.86 ND 155.625 4.54 1.4°
LA 32.14 ND 32.66 4.04 0.6°
Rz 1,2- 25 HE 25 ND 5.45 0.19 0.04°
EZ75:7 % 17.86 ND 0.233 0.006 0.6°

TE: GG R8T TR T A GE T AL B s NDRRIG YR s “— 2R 5l
B s TR MEDIEI (Hy K BiEARE ) P IVIOKRER(E s (el i B i@ i b k{5

T AU P R L (RN AR AT o

B BIPREEARE .

MIGHYIRHRERHERT , At SR T K rh s Qi B AIEREIEOR, X ATRER th T
A ARG YA AR, H7H 3 S PR R e 225, SRR = . 2800075

i/ MR B ARKHE (ND) 8RR/, T Kk ik i vl ik BT )52 BT mgkg ™' 8¢ mg L', {4
WD X —IE s A e T 5 YR A 2 B 1k TPH AOIREETERI A 32~28 848 mg-kg ' MIzthi5 Y
YINPFER R, 3PS5 Y i Pk FE A A — AR 7K B A AR i BE (R, 1Tk R 7K i
TPH. K. HH . M 12-Z R LMt 7 k(s, MRSk 618, 2.01, 2.24. 5.73
3.75 4%, T3 DL TPH FIEE 4@ WMk B8 i s e ot CS4U BE SR Huiilisems, 435k 87.91% il
8.27%, HuF/KHNLL BTEX A1 TPH /4 Hefieis, 4351000 66.88% Fil 32.85% (& 3) o

[ PV
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Fig. 3 Concentrations of various pollutants in soil and groundwater accounted for the proportion of total pollutants
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A b E T Okl b 28 S a5 HPRE ) GB50137-2011 FUE A 2R Tl I, A%
WFFEHEECE 2 (H38) e 3 (M F/K) P IS YV E R 5 5, RIS A E0F R 115 s 15
Ejih KRS A HERAT WO (kds (B S5 Y USRS HAR I ) (HY 25.3-2019) 1 wi4E+
RS Ly W N[ES 57 Gl W] (23 SRV vk B e A S 87 G Al B N T A 57 S 2 e G R
TS UMIE R R BRI B A TR R XU . A FEAS B 5 YW 1Y G % R (hazard quotient, HQ)
KT 1 88 XU (carcinogenic risk, CR) KT 107°, A RIIAE Az X I 75 Y RS AN AT #2372 )
B KB, 242 AR BB S H sl (e b 139875 e KBS PPAR B AR 0] ) (HT 25.3-2019) M1 2 ER
NI
3.2 XERIESERS S

1) GRS . WS RAEZRNE 4 P, HHE 4@a). (c). (e) RILT &7 185 gLy
) HQ Zit45, HMs " {UAMFVEAAERR I/ HibR, & RSBl 5%; PAHs i HQ #4/hF 1, Uil +
Herh PAHs AMFAEAREE0RME; TPH, M HIRN) HQ AR, R0 HIh 38% ., 12% 1 33%, H
o TPH 1Y HQ S ARAER 19.1. 1fiE 4(b). (d). (D) WISl 145k - 3ErPi5 3y CR Siit4 5%, HMs
AR Y RBAR RS 5 5% F1 11%; PAHs HAUE Z5AIRTT (a) EEAATEDEGENS , BARRIAE T 10%;
BTEX A AR B R R, 9N 41% 1 29%, HrPZER) CR HmiEr, ik 1.05x1074,

2) iR AKI5 e XU . aniE 4(g) s, Skl R KI5 YA TPH 4 HQ #8845, HEBFRE ik
65%, HQ e KEHN 75.9, UEHHHAFAFR R ARE0RMAL . WA 4(h) R, Hb /K551 CR RS
MR ENRARIC R 1,2- 8 HE (29%) . 7K (27%) FIZHE (22%) , HALIZERY CR fifRr, i 1.84x107°,
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Fig. 4 Risk statistics of pollutants in soil and groundwater of petrochemical contaminated sites in China in last 20 years
3) BERIEALTTRCR T B S 5 M ROk AR KIS AR T 10% 975348, FIH] HERA™ K
-, MIEERFUEINSE, HEFH T ENEARRREIER T TR (exposure pathway contribution,
PPC) , W 4. % 4 MTTiRARHERERY], P GIREn) 3: B ERRA WA S N R, B0
R4 DREUTKPSRIETERERRE THBENK EERSEE

Table 4 Contribution rates of pollutants in soil and groundwater to carcinogenic risk/hazard quotient under
different exposure paths

AR AR T X BURAR: (EBUREE ) M TTkR/%

PPC;"¢  PPC" PPC.? PPC.® PPCS*  PPC PPCM PPC,>~ PPC,"
) — — 82.80 17.20 — — — — —
FS 3.00(3.14)  —  0.01(0.01) 0.00(0.00) 0.60(0.62) 1.20(1.23) 95.20 (95.00) — —
+ 3 R 4.50 — 0.00 0.00 1.50 3.00 91.00 — —
ZHR (0.55) — (0.04) 0.01) (1.61) (321 (94.58) — —
TPH (0.78) — (0.00) (0.00) 0.11) 0.23) (98.88) — —
P — — — — — — — 3.09 96.91
7% _ _ _ _ — — — 2.99 97.01
Hi K o
1,2- "5 x5 — — — — — — — 3.89 96.11
TPH — — — — — — — (2.54)  (97.45)

[E: PPC™, ZIIRALHE; PPC, MRIEMLHE; PPCP, AR M LR ; PPC™, WA S LAY ; PPC™, T}
ARZLHERINEA; PPC™, WA TZLERIEA; PPCY, WA TR LHEENRE; PPC,,”, WMAMTKREINFES; PPC,",

aw 2

AT RENZET; S5 NNREER TR —, TR0 R aRa i T B XS/ AR BUE B 1 .
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KU ST R R Ik 82.80% , H M N Z A HIEORIY) (17.20%) . H3EbAA . 2. WM TPH 244
HILIE AR )2 IR N7 R RS, BUsmXS/AES0R G E R sTR Ik 90% UL, HAbiiis s
FedsN, NI 5%, i Rk FPis g LA AL R/K S N8O B R TERE, SEuR RS ARSUEaE
HITTRRAR S IK 96% LA I, WA T /K B AME AR stR s il Z At

DL AR R RS DTk M 45 SR nT MR A TR A T MDA B3 R R RS B A — 2 i kdis . AR
Mol A B TAER RS AR B L, i FEE, UraRsdss) X, disGkhkm it T
Y, R DR TE AR, X FE a8 XN IR X PN i i S 4 () Wil A /D 28 SR R ) e B
JAUES:
33 FHREMSHR

AT ST AL T T ARG BT A 2 A SCRIRESCHE X B LA e A Tl 37 s M= e B R AR XU
G50 Hr, Mg s Yt VA E DL i TR O, MELLIBEAT IR, AIFFE s A REHE 7 e gk ]
A AV YR E SRR R KU I O, PR PG S5 SR B — @ RIE s AN, AR XU IEAR AR oY 22
HRAEFRE M 35 Y RS PR AR S ) (HY 25.3-2019) U1 HEFINBASE G TS — 18, (BFRE
AR LI AR )2, ANIRI XS K SO A5 1 R AR AR 25 53 0, DIl 25 SR T B 5 5
PREEE S R RS K A2 MRS, AWF5E B BRI AR Tk b R 5 e i A\ fa i
RSEEA TR e
4 25

1) TEA AT AT A BRI S, 2SR50 A0 S VIR . MBS REE. ARk, FREE
— A T AT R, TR T KIT =AM . BRI =AM PRENEH X = K= AR R XA AAL
(1L [ A 18 W A 13 7S 8 129 A | A et < 9 = I T 1) 1 % N5y M 5 | S A LRt
TEAAA AR R RS

2) A HERARAT ML 5 Y 3 1 - 3815 YRR LU HL-TCALE A5 g B, B2 PR SR
(TPH) . ZHJ54% (PAHs) . A ZEY) (BTEX) . WAVEHESSE, HA LA TPH A7k R, 0
H 56.10% F 53.66%. i NAK LA PG G &, HA LIS TPH (g ks R 5w, 40310
61.54% F1 57.69% . 5 TR T /K i5 Je ik AR IE AR, ATREE M TR L TAARR
HE], Az 35 KA A 2ESs, SRS S . Bl TPH MEL)R 5155  H i
B, 4k 87.91% F18.27%, HuF/KH L BTEX Fl TPH 5 Hes, 4390 66.88% Fil 32.85%.

3) G HYIR XS RAESE R R, Sytth 13 b HQ MART5 ¥ 320 TPH (38%) . —HIK 33%) . K
(12%) , LA TPH B HQ ff, ik 19.1; CREMRTGIY)FENIK (41%) . LK (29%) FER (11%) , VIR
CR ficir, 35 1.05x107, s F /KA TPH ) HQ #Bkr, #BFRFRIA 65%, HQ k(M 75.9; #5154t
YR CREFRF M m BURAR IO 1,2- 258 EhbE 29%) « & (27%) FILH (22%) , Hh AR CR i KME
1.84x107°, £ b, N ST TPH AU R AR S0 SR M . X 45 R BRI TTikoR o br
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Abstract  Petroleum refining is an important pillar industry of China's national economy. However, the
phenomena of “running, bubbling, dripping and leaking” in the process of processing, refining, storage and
transportation have caused soil and groundwater pollution, which poses a certain risk to human health. By
combing the spatial distribution characteristics of domestic petroleum refining enterprises and relevant pollution
investigation literature, this study analyzed the typical pollutants in China's petroleum refining industry, and
analyzed the exposure characteristics of typical pollutants and their potential health risks. The results showed
that the petroleum refining industries in China were unevenly distributed in coastal areas mostly and less in
inland areas. The sites were mainly polluted by the mixed organic-inorganic or organic-organic compounds, with
total petroleum hydrocarbon (TPH) and heavy metals as dominant pollutants in soil, while TPH and BTEX
mainly in groundwater. On the one hand, the results of risk characterization showed that TPH (38%), xylene
(33%) and benzene (12%) in soils could introduce notable noncarcinogenic health risk with the highest hazard
quotient (HQ) of 19.1 for TPH, and the carcinogenic risks (CR) of benzene (41%), ethylbenzene (29%) and
nickel (11%) were much higher than other pollutants, with the highest CR of 1.05x10™ for benzene. On the
other hand, the highest HQ for TPH was up to 75.9, while the highest CR for benzene reached 1.84x107.
Therefore, controlling the non-carcinogenic hazards and carcinogenic risks of TPH and BTEX is the key for the
remediation of soil and groundwater contamination in petroleum refinery sites.

Keywords petroleum refining; characteristic pollutants; total petroleum hydrocarbon; health risk analysis
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