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Table 1 Basic physical-chemical characteristics of experimental soils

EHRT pn ALBUE  AkE ﬁ%ﬁgj%ﬁ?TV(ff?)ﬁzgii;ﬂ%ﬁ% i HWEEW% .
w78 0.5 0.02 0.28 1.3 0.66 et 49.6 39.6 10.7
. S | 0.8 0.09 0.80 0.6 3670  EFES L 74.6 19.6 5.8
a1+ 57 0.6 0.02 0.36 1.0 0.33 Hit 112 5.4 83.4
AR 76 0.4 0.01 0.19 1.5 0.32 it 97.4 1.8 0.9

1.2 LA

TCFHT SE B AE 50 mL A 3% B E 55 ANV D HEAT 43R 20 g -5 R 20 pL IR SIS W TR,
PR S e OB R 26 2% B . b T IR FE AR A VR TR SOAH A AR e ) Bk, TR S AN TR G R AL, fif
FH 120 °C & R ZEVK A 30 ming - BER - BN R H#EA T SUAREURE , >R 250 pL %5 Mot BURE£FH 100 pL
SR, AR EGEAIN E 5 Y2 S R (gm”) .
1.3 SthiEE

15 Yo W SR T R R AR 7890B UM (L i, A IR A KU S T AR A I £ (FID), &
250 °C, HP-5 B41EHE (30 mx0. 32 mmx0. 25 um), FEAE R JE B E 200 °C, bt 10:1,
IEM BT, A AR P R W) IR IR 55 °C PREERT (] 2.5 min, FHIEZE 140 °C, PRFFEFE 0.2 min,
Fh L R 30 Comin' s MR BERR R, FERE LB A 50 °C PRIFRT ] 2 min, FHEE 75 °C, REERT
6] 0.2 min, FHEHEF N 10 C-min™', WL R YA R TEE 120 °C.

SR D ] — sl 1 A BRI A L RES IR Y 2 U — 2 R Y R A e R e v O A
T REB B Y In (C/Cy) SR (6) et mUHRA &, Hd C R is MR R E, C 2 %
V5 YL 78 S B R T AR KB 1 0 3 W — 2 Dl G R R A O R AR AR SR T G R
AT B 8 s Y B v B R B A AR A AL B, PR AR e A Al AR W R s R
X T[] —Fp SR, R IR A 8 8 < 3 00— 5 o il o 58 U 2 I T 458 v A <R A e e R
A 5 S ) ELIE BT R, A i Ry <A A I fip R 1L
2 #HR518

21 EMERBEE4MDRPHSEERRR
4 FIEM Bk QERGRE . IECbe . IEBERE . I be) 78 I i 2 AR KRR 4L Y 8 25 PR R I R B



894 ok L B ¥ W EEAVE S

H RS ST > RY (R 2) o 4 FIE M BEIE I A W R s R R O R B >+, R
KRR, RIL TR A AR RS (K1, £3) . KEATISRMARE
PRCHL ) R R, i A AL T B R A RO 4 B R R R ) 25 R R EREA o 4 B
B A7 HIL T Y R 2 BOW . B+ (36.70%) >+ (0.66%) >41 1 (0.33%) >41 B/ (0.32%) X 5K
PRI R R HApr etk 8, 36 HLB R & 0 B0 S HEXRE VOCs T
B EZRN R, mAA HLT R R4 A2 5 5%t VOCs B W Bff . BEKELE %50 g, | + 3 MLk
7 A AN 1A R BRSO 2R W R N 7 f% . UGWOHA A1 ANDRESEN "7 2 9, + 4
A LT T 3 EON 0 BN 2 5% J5 RSB R IR B BT R 3 in T 2 4%, RS HLT R R 3 n 2
SR P A8 2% ) R O S R R B . S VOCs T B S Bl b SR I AR R A RE W
WA R RS, A R A AT B AR 2 A v R B B VOCS IBE L), T 2 412 i JHL A 0 [ A
AE . B, A HLET T AL 40 A0 4 b 3 SOM T B BE )RR W B e D 25 e K R L
BRA ML R o 5, HIER YIRS GE 18 S T3 S U B A O, ik B, AR
WFFE I A 28 (5.2%10° cfurg ™) AT £ (2.1x10° cfurg™) A B ik W B Kk 741+ (1.2x10° cfu-g ™)
FLABERY (2.0x10° cfurg™) o 5 LRTIR, A AL BT o 40 50R Sl o 8o il A B E X F RS R A
A BRI A SR IR AE

®2 AMBREFFELRPEARTEERE

Table 2 The remove rates of petroleum hydrocarbons in different soils %
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SRBEE 8.23 4591 37.68 61.22 84.85 23.63 9.88 12.89 3.01 12.67 14.29 1.62
B e 2 57.60 66.28 8.67 71.90 85.35 13.45 9.14 17.37 8.23 12.56 21.14 8.58
¥ 69.62 81.55 11.93 77.66 92.32 14.66 64.88 75.69 10.81 27.15 27.51 0.36
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Fig. 1© N-alkanes concentration attenuation curve in four soils
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Table 3 - The first order attenuation rate constants of petroleum hydrocarbons in different soils d
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Fig. 3 Monoaromatic hydrocarbons concentration attenuation curve in four soils



898 ok L B ¥ W EEAVE S

FEE R YR ARy, WO SRR AR LR, AR A EE A 3 T RAR R
TR 3-Z FEAR IR Ty, O H ORISR B B LA B BTEX ML W Z BIAETE I 2% 1 IS A
HAE FH ARG A 0 5 fige o 82 o 19 5 S MR R RN P A RS ARGE DT, AEIR A W AR R AR A 5
GrPE I B Jy 2 2B, T R IR A R R Y A AE N S AR R Ay R bR, R O R
LR BAFAE X Z W 2R B A R T e . R DT IR RCR B AR AT AT R A R LA AR W e AL
(B 2R AE K TP I ¥ A% B2 (1 791.00 mg- L") 76 4 Rl Ry de e (VAR L SR Bon) — R I A BE 43 501
535.00, 161.00, 156.00 mg-L™"), LAk 1 2 1 A4 By R i 2
24 FREMERBENSHEERTRE XL

IR FI I AR R U B R R AR W R A R R v T I A e R N R e AR B e e e i B A )
fift o 4 FhOR ZR ) v — R W O i O SR O R RS TR S RS R R, ORI B p A IR AR . R
A 22 0 W 2R A W% 33 % 0.90~9.76 d7', TEBE . IECVEE . IEBEkE . IE 3 ki 2k W I ik
FUNTF028d7, HNkE . Ok FHPERE . FREBEA WIRE RN T 0.06 d . R RPN TR — K
TR ol A A A ) R f R R B 1R T IR A B R R B, TTRE PR A R R W A i O o T E A e AR
FIFRLE P, PASTERIS %8P0 i of , A1 5250 B 06 A9 2R 1 — R W e i e i B0 3.2 d
T 8 ot e A e R L 6« P e s R4 A i R4S, AT 0.1~1.2 7' AR T IG  i = 1 g
VI ELK W PE AR, ARC2E W X8 B I A 0 22 300 8 A AV 4 2 2 oy P R A 0 R L BE e e A Al A= % i
ARBURRAE . IR R e da> S M ot e > B e e 20
3 &g

D) IEFIRERE | BRI IR R W28 U 4 AP e 19 A ARl , B AR ARSI L PR AR R >
SEL >0, R AV E AR R L, 2 R b i A W A BE D AR

2) Z F WA 1 AR S5 a3 SRR A W) o i S AR v T IE AR B R R ER e et o T R A U AR
W Gt i A 75 e 7 Ml — o B S LA SR 0L, 2O R T R i R AR AR B
e LU R TS Be ) F AR T I B H RS

3) A A AR S RN AR A ) A 5l 3 2 A T L) Sk 28 RO E i XURS DA A il S G it A
IR A BT AG A 4 BEOC A A SR

2 % X M

[1]  UNNITHAN A, BEKELE D N, CHADALAVADA S, et al. Insights ~ [7] A7, JHlesl, TR, 4 iR 2555w 7 K h s A2 B
into vapour intrusion phenomena:’ Current outlook and preferential SREEWITFE[T]. B RR2A24 4, 2022, 42(6): 155-166.
pathway scenario[J]. Science of the Total Environment, 2021, 796: [8] SOOKHAK LARI K, DAVIS G B, RAYNER J L, et al. Natural source

148885. zone depletion of LNAPL: A critical review supporting modelling

[2]  FENG S.J, ZHU Z W, CHEN H X, et al. Two-dimensional analytical approaches[J]. Water Research, 2019, 157: 630-646.
solution for subsurface volatile organic compounds vapor diffusion from [9] RIVETT M O, WEALTHALL G P, DEARDEN R A, et al. Review of
a point source in layered unsaturated zone[J]. Journal of Contaminant unsaturated-zone transport and attenuation of volatile organic compound
Hydrology, 2021, 243: 103916. (VOC) plumes leached from shallow source zones[J]. Journal of

[3] 7K SR, SRR, 45, ARACHIRAARTS Y I IX. B RIS BRI IT e Contaminant Hydrology, 2011, 123(3/4): 130-156.

[9]. #2022, 41(5): 704-716. [10] LAHVIS M A, BAEHR A L, BAKER R J. Quantification of aerobic

[4] " MA J, MCHUGH T, BECKLEY L, et al. Vapor Intrusion Investigations biodegradation and volatilization rates of gasoline hydrocarbons near the
and Decision-Making: A Critical Review[J]. Environmental Science & water table under natural attenuation conditions[J]. Water Resources
Technology, 2020, 54(12): 7050-69. Research, 1999, 35(3): 753-765.

[5] YAO Y, MAO F, XIAO Y, et al. Modeling capillary fringe effect on [11] HSHENER P, DAKHEL N, CHRISTOPHERSEN M, et al
petroleum vapor intrusion from groundwater contamination[J]. Water Biodegradation of hydrocarbons vapors: Comparison of laboratory
Research, 2019, 150: 111-119. studies and field investigations in the vadose zone at the emplaced fuel

(6]  ZEWMH, Rz, ZE85h, 55 MDA WAL S P R R 28 S R T R % source experiment, Airbase Varlese, Denmark[J]. Journal of

[T]. FREE T AR, 2018, 12(1): 206-212. Contaminant Hydrology, 2006, 88(3/4): 337-358.


http://dx.doi.org/10.1016/j.scitotenv.2021.148885
http://dx.doi.org/10.1016/j.jconhyd.2021.103916
http://dx.doi.org/10.1016/j.jconhyd.2021.103916
http://dx.doi.org/10.15898/j.cnki.11-2131/td.202110110145
http://dx.doi.org/10.1016/j.watres.2018.11.038
http://dx.doi.org/10.1016/j.watres.2018.11.038
http://dx.doi.org/10.12030/j.cjee.201703080
http://dx.doi.org/10.13671/j.hjkxxb.2021.0505
http://dx.doi.org/10.1016/j.watres.2019.04.001
http://dx.doi.org/10.1016/j.jconhyd.2010.12.013
http://dx.doi.org/10.1016/j.jconhyd.2010.12.013
http://dx.doi.org/10.1029/1998WR900087
http://dx.doi.org/10.1029/1998WR900087
http://dx.doi.org/10.1016/j.jconhyd.2006.07.007
http://dx.doi.org/10.1016/j.jconhyd.2006.07.007
http://dx.doi.org/10.1016/j.scitotenv.2021.148885
http://dx.doi.org/10.1016/j.jconhyd.2021.103916
http://dx.doi.org/10.1016/j.jconhyd.2021.103916
http://dx.doi.org/10.15898/j.cnki.11-2131/td.202110110145
http://dx.doi.org/10.1016/j.watres.2018.11.038
http://dx.doi.org/10.1016/j.watres.2018.11.038
http://dx.doi.org/10.12030/j.cjee.201703080
http://dx.doi.org/10.13671/j.hjkxxb.2021.0505
http://dx.doi.org/10.1016/j.watres.2019.04.001
http://dx.doi.org/10.1016/j.jconhyd.2010.12.013
http://dx.doi.org/10.1016/j.jconhyd.2010.12.013
http://dx.doi.org/10.1029/1998WR900087
http://dx.doi.org/10.1029/1998WR900087
http://dx.doi.org/10.1016/j.jconhyd.2006.07.007
http://dx.doi.org/10.1016/j.jconhyd.2006.07.007

%3 PMIEAT s ATIIRLEANR] L3 b i R A SRS 899

[12] GARG S, NEWELL C J, KULKARNI P R, et al. Overview of Natural ~ [20] SINGH S N, KUMARI B, MISHRA S. Microbial Degradation of

Source Zone Depletion: Processes, Controlling Factors, and Alkanes[M]. Microbial Degradation of Xenobiotics. 2012: 439-469.
Composition Change[J]. Groundwater Monitoring & Remediation, [21] PASTERIS G, WERNER D, KAUFMANN K, et al. Vapor phase
2017,37(3): 62-81. transport and biodegradation of volatile fuel “compounds in the

[13] YAO Y, WANG Y, ZHONG Z, et al. Investigating the Role of Soil unsaturated zone: A large scale lysimeter experiment[J]. Environmental
Texture in Vapor Intrusion from Groundwater Sources[J]. Journal Of Science & Technology, 2002, 36(1): 30-39.

Environmental Quality, 2017, 46(4): 776-784. [22] MENG Q, WANG X, WANG X, et al. Biodegradation of light

[14] BEKELE D N, NAIDU R, CHADALAVADA S. Influence of soil hydrocarbon(C5-C8) in shale gases from the Triassic. Yanchang
properties on vapor-phase sorption of trichloroethylene[J]. Journal of Formation, Ordos basin, China[J]. Journal of Natural Gas Science and
Hazardous Materials, 2016, 306: 34-40. Engineering, 2018, 51: 183-194.

[15] BUSHNAF K M, PURICELLI S, SAPONARO S, et al. Effect of [23] CHIKERE C B, OKPOKWASILI G C, CHIKERE B O. Monitoring of
biochar on the fate of volatile petroleum hydrocarbons in an aerobic microbial hydrocarbon remediation in the soil[J]. 3 Biotech, 2011, 1(3):
sandy soil[J]. Journal of Contaminant Hydrology, 2011, 126(3/4): 208- 117-138.

215. [24] VARIANI S J. Microbial degradation of petroleum hydrocarbons [J].

[16] HSHENER P, DUWIG C, PASTERIS G, et al. Biodegradation of Bioresource Technology, 2017, 223: 277-286.
petroleum hydrocarbon vapors: laboratory studies on rates and kinetics [25] EL-NAAS M H, ACIO'J A, EL TELIB A E. Aerobic biodegradation of
in unsaturated alluvial sand[J]. Journal of Contaminant Hydrology, BTEX: Progresses and Prospects[J]. Journal of Environmental Chemical
2003, 66(1/2): 93-115. Engineering, 2014, 2(2): 1104-1122.

[17] UGWOHA E, ANDRESEN J M. Sorption and phase distribution of [26] ALVAREZ P J, VOGEL T M. Substrate interactions of benzene,
ethanol and butanol blended gasoline vapours in the vadose zone after toluene, and para-xylene during microbial degradation by pure cultures
release[J]. Journal of Environmental Sciences, 2014, 26(3): 608-616. and mixed culture aquifer slurries[J]. Applied and environmental

[18] ENGLISH C W, LOEHR R C. Degradation of organic vapors in microbiology, 1991, 57(10): 2981-2985.
unsaturated soils[J]. Journal of Hazardous Materials, 1991, 28(1): 55-64. [27] DEEB R A, ALVAREZ-COHEN L. Temperature effects and substrate

[19] LEE E H, KIM J, CHO K S, et al. Degradation of hexane and other interactions during the aerobic biotransformation of BTEX mixtures by
recalcitrant hydrocarbons by a novel isolate, Rhodococcus sp. EH831[J]. toluene-enriched  consortia and  Rhodococcus  rhodochrous([J].
Environmental Science and Pollution Research, 2010, 17(1): 64-77. Biotechnology and Bioengineering, 1999, 62(5): 526-536.

(UAEZR 41 28 k)

Natural attenuation of petroleum hydrocarbon vapors in different soils
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Abstract The transport of volatile organic compounds (VOCs) in the vadose zone is an important mechanism
for the natural attenuation of volatile pollutants in soil and groundwater and is also closely related to vapor
intrusion and risk assessment. The natural attenuation mechanism and biodegradation kinetics of 12 volatile
petroleum hydrocarbons (n-pentane, n-hexane, n-heptane, n-octane, cyclopentane, cyclohexane, cycloheptane,
cyclooctane, benzene, toluene, ethylbenzene, p-xylene) in four soils (black soil, yellow earth, lateritic red earth,
and quartz sand) were studied by microcosm experiments in detail. The results showed that the natural
attenuation removal rates of n-alkane, cycloalkane and monoaromatic hydrocarbon vapors in four soils followed
the order: black soil > yellow earth > lateritic red earth > quartz sand; the biodegradation contribution in black
soil was higher compared to yellow earth, and the biodegradation rates of petroleum hydrocarbon vapors in
lateritic red earth and quartz sand were very low; the natural attenuation removal rates and biodegradation
contribution of the four monoaromatic hydrocarbons were much higher than n-alkanes and cycloalkane; the
biodegradation rates of four monoaromatic hydrocarbons were in the order of toluene > benzene> ethylbenzene
> p-xylene. This study provided valuable insights into vapor intrusion risk assessment and natural attenuation
rate quantification at petroleum contaminated sites.

Keywords contaminated site; soil remediation; groundwater remediation; petroleum; natural attenuation;

biodegradation; unsaturated zone
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