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Biological removal efficiency and influencing factors of petroleum hydrocarbons in soil with different polluted
time

HOU Shuang-shuang, WU Man-li", XIAO He—yue, DUAN Xu-hong, YI Ning

(Shaanxi Key Laboratory of Environmental Engineering, Key Laboratory of Northwest Water Resource, Environment and Ecology, School of
Environmental and Municipal Engineering, Xi’an University of Architecture and Technology, Xi'an 710055, China)

Abstract: Petroleum hydrocarbon removal efficiencies in freshly/aged contaminated loessal soil were analyzed by adding organic fertilizer,
organic fertilizer plus KNO; (C: N=100: 10), and desulfurized gypsum as biostimulant agents. Results showed that after 150 days of
remediation, petroleum hydrocarbon removal efficiencies were 60.13% and 56.09% in the freshly contaminated soils treated with organic
fertilizer and organic fertilizer plus KNOs, respectively, which were higher than that of treated with desulfurized gypsum. In the aged
contaminated soil, the hydrocarbon removal efficiencies were 36.62% and 36.61% in the soils treated with organic fertilizer plus KNO; and
desulfurized gypsum, respectively. The petroleum removal efficiencies were higher in the freshly contaminated soil than those in the aged
contaminated soil. In both the freshly and aged contaminated soil, the petroleum hydrocarbon biodegradation efficiencies conformed to
pseudo first—order kinetics. Soil pH decreased from 8.50~8.56 to 7.35~7.91 owing to bioremediation. In the freshly contaminated soil,
hydrocarbon biodegradation efficiency positively correlated with the number of soil microorganisms with the correlation coefficient of 0.849;

however, the hydrocarbon biodegradation efficiency negatively correlated with pH with the correlation coefficient of —0.789. In the aged
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contaminated soil, the hydrocarbon biodegradation efficiency negatively correlated with pH, and the correlation coefficient was —0.683.

These results indicate that biostimulation remediation is more effective for hydrocarbon removal in the freshly contaminated loessal soil

than that in the aged contaminated soil. The key factors affecting petroleum hydrocarbon biodegradation in soils with different pollution

time frames are different.

Keywords : biostimulation; stimulating agents; petroleum hydrocarbon; soil; pollution time
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B2 B, A8 Ak A i 4 T B 2w ST B R o4
S, T ECHAE Yy n] R AR 2102,

FRATFETTHAR 5T o A R, 1] B b SR v [X 95 e - 18
I PR AT A A B R rh i o R X
Fe LR TE LA I & B0, KNO, %75 e -+ 38 b i 2 1)
EBRA AL R o B A B AR T B
PR B, AT LR T pH E I o b 0 Rk
PER IR I AR Sk B E s 3 Rh ) 4R R A
F, He At A HLIE  KNOs AT A7 55 Xt AS [a] 75 e it
KRB RCR , R e S B i T
ST, 45 5] Ry WA 187 3175 YL 5 1 fe 08 52 B 1
s R R B AL — S A BRIS SE R AN S 2 (04

1 MREFE

1.1 AimiTgtTiE
TEREAL T Il M T B2 A5 44 S a L LAY
FZH A 1+ (0~20 cm) , F7E B I B> 5 1 R 32 15 Y

g (R AR SAEALT 500 mg-ke™) , 2 B
FETROIGE A LIS, WAL 2 KT
B e o 2 mm GV S) A T o Aiis e -
1) A 39 Jo AN 32 S ERAE M BRI 1 R

BTG Y A A 1 6.5 kg T I
130 g J53, J5 i B A Bl b K il X, s H R
o 81.24% , Wil A KT 1%, HAb AR
&Y & B2 0 17.76% , 47 1 4 20 4 59 I 52 7 vk
AT JE BT RPN A5 AP O 16 il 2 B8 05 g i
FFE ) o K 35 IR K R 5], A 2R
FAFTCE T dRHATE AL, 3 b Eoa e b
JE M Z 30 05 K 0 % i 43 i o 16 847 .13 067 mg - kg™
F12 000 mg-kg ™',

R TH 75 G - 338 . FRI 6.5 kg MBRAL T R
PRIEPETS g 358, 3 BoahiE bele i 2 355 1
HEAr5oh 17 746 12 667 mg-kg ' F13 567 mg-kg ™'

R AHSRFERTHERBUERK TERM
Table 1 Physicochemical properties and soil textures of oil

contaminated loessal soil

ME F bR BfE VS RES
Measurement index Value Measurement method
TPH/(mg-kg™) 17 746 T AR -
B/ (mg-kg™) 1020 AR s

HA/(mg-kg™) 13.2 BETR I L ek
filf &/ (mg-kg™) 0.24 LA
S (mg-kg™) 468 S B -
EiN= AR
H e (mg-kg ™) 15.56 TR S B SR B
btk
pHAE 8.38 pH HLAR %
HHLF /% 1.76 TOC 4#HrH Y
2/ (mg-kg™) 2585 BRARTE-H Tk
FH 5 5 58 4 i Ak CEC/ 4.87 NaOAc =
(cmol-kg™)

475 (0.050~0.250 mm ) /% 13.5 WK A
HLAFMEL(0.010~0.050 mm)/% 50.6 PR A
oAz (0.005~0.010 mm)/% 14.7 PR A
A K342.(0.002 ~ 0.005 mm)/% 11.8 WOk
HLZERL(0.001~0.002 mm)/% 5.52 WK REAE

YR (<0.002 mm) /% 3.85 Ok A
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LI 3 AT o B 1) 5 R A KRR 4l K DR
TR E KRR 15% , 553 d BB — IR Tl

A3 FAE S A 15.30.45.60,90 120,150 d B
FE G B B iR S  pHAE BUE P B R
AP TE R TINAE o
1.3 SHRNEF &

1.3.1 Al S ORI &

I 8 75 0 2 B 38 P 1 A AR I T Tk
PEATINAE o FRELS o fp I - A 3 JXUAGT XL A s
Jei  ERFRE 3.0 ¢ T 3 F 50 mL .08 N, A 10
mL 1F O e A = U e 1 SRR BUR G, v 251
)R R e A AN (JY96— T N, T 7 2 A Wy Bl 4
YA BN W) ) AR ZE B 10 min, B35 180 W, 7E—-4 °C
ZF T, LA 8 000 remin [ B 2500 15 min, 233, I
SRV T HRIE RS 19 30 mL AR RN, R LR
P, BRI 10 mL $2EGR) , & U8, H R o
3 IRV P AL 2 T
1.3.2 35 Yo il &

SR FF R B Y- A 800t - 38 vp A s A W B
W, FE2ME AL BRAE

- A R B I T 6% ) T AL R AR

P

(E

BB B RZE KRR, 7 121 °C . 103.4 kPa 4574
T KB 30 mine FRdEFRES A B =S, v FREL
1.0 g B3R B LA L A 9.0 mL K B i oML ER
Brg 3L IRBENR ¥ 1 min )5 , 8 B 20 min, EHTIRTE b
THRED g 4 A A B

48 rp B AR R I R < T3 A Y LB
Fi 32 5 (NaCl 10 g, BE BRI 5 o, IR 10 g, 2K
1 000 mL, [# 435 35 5E 40 18 g BAg , pHAE K 7.0) T4
TEH % F R D5 8 K4 30 min, K& 58 5 , 7EJC
B2 E TR A B0 2 60 °C 22 A7 1 LB 1 97 SL 8 A K% 37
M R E e

1 B IR AT RS I RUE B AE 10 mL 0
BRI TR AR (B2 107~107) , IR B 100 L /Y
T BT 55 3% L ep VPSR AT B 3 R i A e R A 7 0
Ao AR URAT G I 15 5% LS B 30 CRé AV i 35 77
FE 48 h 5, TR IO V& BUFE 30~300 = [8] 4 P Al gk A 7
T
1.3.3 oA oI TG P I

A EM 3R 2 RIR AW (FE 1 ¢ 0.1 ¢,
EE 0.1 g, G B i i O 22 25 28 100 mL) 1 Ry B A
H E SCBRTE . F1) ] Biolog—MT2 g o 47 i 42 [ it T %
PEVEA TN R | LA B A - v A R L% BBORY: S 301 1) T
+IEREA 1.0 g AT 99.0 mL K 2818 K I HETE
HL, 537 20 min HEEH & 30 min J5 , 50 52 B 150 pL
b VE WA RN R MT2 GLFLAR R, 43590 FE A AL R
A5 L AN Z I 05 A S A SCaRUE , AAS AR N

3 BRBATHELMER
Table 3 Physicochemical properties of desulfurized gypsum

}i 3% 5 (Na,HPO, - H,0 17.689 g, KH,PO, 3.0 3 NH4C1 . WKt WA
1.0 g, NaCl 0.5 g, MgSO4 1 mL 1 mol- ]_;I s ﬁi%)ﬁ%’*‘f 2.5 Measurement item pH{E l‘\’loistut;(; ) Czib();/q Others/%
mL B giﬁﬂ( 1 OOO mL) a:%ﬁﬂ:/;;ﬂi EF‘ ) qg‘%ﬁﬂ:/; #EFH ij‘ [:] H;i:‘ ;}&{E Value 7.36 13.6 85.63 3.06
&2 AVEHERER (mg-kg')
Table 2 Selected chemical characteristics of the organic fertilizer(mg-kg™)
FEFR Index C N P K Na Ca Mg Al S Cu Fe Mn
B{H Value 185600 20400 6500 36 200 3810 21300 2420 1330 1575 400 1615 284

R4 AHBRIBEEDRBEETR

Table 4 Experiment design for biostimulation of oil contaminated soil

g s Sample 1D 75 Yk 13 Freshed contaminated soil

BRIE 5 e + 5 Aged contaminated soil

H SR 208 (CK) 1 kg Bris e L8, ASRSRIF Pl
HHECY) 560 g:Biis Y £ 1E+85 ¢ A HLIE
FHUE+KNO:s(Y+N) 560 gifii5 e +3+85 ¢ A HLAE+KNO; (15 C:N=100
JBaRATE (GYP) 1 kg Bri5 Y +58+200 g GYP

1 kg BRIB TS P 158, ARG R ilcE:
560 g BRIHMETS Y +3+85 ¢ HHLIE
560 gBRIH TS e+ 18+85 g AT HLIE+KNO, (45 C:N=100:10)
1 kg BRIAE S 4 1 4+200 ¢ GYP

110)

1% WHART]
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EATHRIRA AL~HARAL AT B ORI ) MT2 i y=a(l-e"") (5)

AT IRLRE SR A (25 °C) HrBE 5% 168 h, 45 24 hid sk —
B, T S L B F- 2 1 €8 728 £k % (A verage well
color development, AWCD) ,AWCD 8T .

' (C.-R)

AWCD:F”% (1)

KA COMEE i N LB EEAE , RS j X BE AL
PG REE .
1.3.4 3 pHE R E

] 50 mL & DA H A 10 g RE 44 K 25 mL G
AR ZE IR K WE 1B PE 1 min )5, FHE 30 min, 3
5 A AR L 19 pH 1T (PHS=-3CT, b5 #%) 217
M7 .
1.4 BEEBHNERR

FIFAZ S % h—F . R/sh J12E st i
B A Bl (] AR AU LA T LA MG RBUR KB N
S [ R i ) J1 AR L B s 2 R

TSR 12

¢, =—kt+co

— R RSN 12 TR

In ¢;=—kit+co

TR 12 TR

1

N (4)
C, Co

A e Sy Bl ) B B 75 Qe S, mg - kg™ s 00 TG
PeWIWIIR AR, mg - kg™ s k S Rk 8l ) 2 R
Bs o JBEMRITIA], d s ke D9 — SRR AR AR H R, A7 s kR
TR AR A

XA R i 5 B I 1) 4 28 R 22 O — 2
IR

(2)

(3)

18000 L, 795 e 1 ¢ Freshly contaminated soil

16 000

14 000

{3} 3

12000

10 000

SR aRIIIPEI?d
Concentration of TPH/( mg- kg™ )

8000

6 000

120 150

0 15 30 45 60 90
HsJ 18] Time/d
- CK

- Y

-~ Y+N

Py B TIRREAR R, % 5 a h o AR LR (] U i 285k
PR H R 0 MBS IFIR], d sk Sk Sy SR 8, d
1.5 BESGIt o

FI FH SPSS 18.0 14X A i i 2% pH . Bl
AR R R R D A A S R AT A O My
Bl

2 HRESH

2.1 TERABRENEBRIR

s g HE (5 Y 7 &) FIBRIHYE TS Y 438 (35 G
5 a bl ) Ak ng LRSI IE 1R

Brin g LI AAIERILG & R 16 847 mg-kg .
25150 d BB E AL PR, CK .Y . Y+N . GYP 4L BR rf A4 47 31
KR HIAE A 12 646.6 716.7 398,10 882 mg kg™,
A1 3 B R R ) N 24.94% | 60.13% . 56.09% .
35.40%. A HLIEFIA HUAE -5 WS iR B IR A P 4t
15 4% e R 1 R BRSO BT (K 1a) .

T 0 3035790 o AR T P 95 e 4 38 P o i e A
EBRFCRME b PR, 43150 dB R, Y . GYP,
Y+N AP R S i 17 746 mg-ke ! A HIEAL 2
1124811 249 .12 797 mg-kg ™, £ MR 2= B 30051 K
36.62% .36.61% .27.88%. X T [ IH V5 Y 38, Jin
A HUAE BB A 7B ) 358 P T AR 1) 25 BR AR 8%
4f o
2.2 FimEEYIBEIRRITh 1 F4FE

O IR ZE R — P h— K8 J12E Rt
A1 B A A ] AR A ) B B T LA A S EU
Fs5HE6,

HR A 2% 5 A 6 v 1, s e AR IH P75 e 4 15

b. FEIH M5 Y 13 Aged contaminated soil

18 000

16 000 [
14 000
12 000
10 000 '

8000

BT IR
Concentration of TPH/(mg-kg™)

60000 .15.30.45.60.90
FsJ 18] Time/d

120 150

¥ GYP

1 REFEEKTERGRENEDRIHERLR

Figure 1 Effects of biostimulation on the petroleum hydrocarbons removal in soils with different duration
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s A IR R AT GO — BB 15 R . A
FADh— G 5l 255 RS A i Rk ik 2 B e 1] A8 Ak
PTG GBI 2, MR 2 a) %0, AN [R5 Ak 3
1) - 48 vh T R AR W I A B ] AR AR R A D — )
R MR B RTE09 L) |
2.3 £YRlEEE T L IERMESHENZ N
2.3.1 +HEpHIH

3 R s i b 3 pHAAE YAtk 2k . AT EE
CK 48, 28 4= Wy 08 52 A B 1 458 pH (B0 feb B
fi% , £ 38 pH {i b 8.50~8.56 [k % 7.35~7.91., pH (i
P30T PR N - S A W B K, pH LR v R I
R SAMEIRUE AR K . ASBIFTE R T G A 3 kB

PEA A A PRGBS T 3R pHAH, 126
A=A KRR M PR T A 2 A
232 AR

T IRV BCR AR L DL R 40 X TS e
52150 d, CK.Y . Y+N HI GYP 4 Ft itb 3 b 1y 4k 2 1 %k
HP M 4.7%10%.8.1x10°,6.9%10°,5.2X10° cfu- g™ -+
(Kl 4a). 4 CK.Y.Y+NFIGYPAbBEAGFRIHM: TS Y 1
P B A W RO 43 ) R 5.3% 10, 8.6 10°, 1.3%107,
4.0x10° cfu-g '+ ([ 4b) . Y FI Y+N & ) 1+ 3 i
YRR R, L CK R GYP A B % 1 4 rp gt 24 2
ANECEG ., R, AR [RS JeiK - g8 ioin A HUE
AT E - S M B AR, ELBRIE s e 3 b i

RS HERTEDRHEEBHHNESY

Table 5 Kinetic parameters of petroleum hydrocarbon biodegradation in the freshly contaminated soil

. TR I — th—4gh 1% Pk
st Zero—order dynamics First—order dynamics Pseudo—first—order dynamics Second-order dynamics
Treatment
k/d™! R i/d™! R E'd! R Fa/d™! R
CK 20.989 4 0.800 5 0.001 5 0.603 8 0.003 1 0.976 2 1.09E-07 0.8509
Y 16.388 5 0.266 2 0.002 0 0.704 1 0.008 2 0.986 3 2.40E-07 0.3229
Y+N 15.5350 0.172 4 0.001 7 0.3218 0.007 8 0.9855 1.90E-07 0.183 8
GYP 57518 0.164 4 0.000 5 0.700 2 0.016 2 0.965 6 4.60E-08 0.146 6
Fo FIRMEFRTEPRMERBINIINFESH
Table 6 Kinetic parameters of petroleum hydrocarbon biodegradation in the aged contaminated soil
. ES I EIPIES — I th—2kzh )i+ —HEh
s Zero—order dynamics First—order dynamics Pseudo—first—order dynamics Second—order dynamics
Treatment
k/d™ R Fi/d”! R k'd R kofd™! R
CK 18.187 0 0.609 6 0.001 1 0.603 8 0.008 2 0.9725 2.47E-08 0.0133
Y 28.396 9 0.654 9 0.002 2 0.704 1 0.029 0 0.9877 4.92E-08 0.6107
Y+N 9.3852 0.3302 0.000 7 0.3218 0.074 0 0.940 6 5.63E-08 0.054 5
GYP 14.922 1 0.687 6 0.001 2 0.700 2 0.066 6 0.972 6 9.21E-08 0.294 7
70 a.Bi5 Y% 15 Freshly contaminated soil 40 ' b. BRIH M5 Yt 13 Aged contaminated soil v

SR R

TPH degradation efficiency/%

0 PR SRS SRS T U S S (R R S S RS R

45 60 75 90

[5HE] Time/d

105 120 135 150

-0 CK - Y

-~ Y+N

TR
TPH degradation efficiency/%

60 75 90 150

[5HE] Time/d

45

30

105 120 135

-V GYP

B2 filEREERE1F 2k

Figure 2 Kinetic curves of petroleum hydrocarbon degradation rates

1% WHART]
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a. BTG 4t 13 Freshly contaminated soil

pl—”ﬁ

0 1 15 30 45 60 90 120 150
A [] Time/d

- CK - Y

90 [ b WRIFMES e Aged contaminated soil
88 T

8.6 [
8.4 P
82
8.0 b
78
76
74
0 1 15 30 45 60 90 120 150
Fif 1] Time/d

pHﬁ

- Y+N - GYP

3 EYRHMEELREF L Ep HENTL

Figure 3 Changes of soil pH during biostimulation

857 a. {5 Y 13 Freshly contaminated soil
. 8.0
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TE®TO0L
EE5 65
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HEEEZS50¢
= = L
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S W

0 15 30 45 60 90 120 150
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2 EF 70}
g2 E3
E@% E 65
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h
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Figure 4 Number of soil microorganisms in different treatments

YIE s 2 Fops e
2.3.3 AR i AR e

PLAIM IR TN 2 805 18 Sk A SURR TR, 1) Biolog
PR T B TE G A R B PR TS Y 4 3 oy g A
22 A5 e okt AT () AT A 00 5 SR 5 B s

DI A ME— R RS, BT Yo AR IE M5 2+
B () AWCD {8 38 [l 43 %1 2 0.08~0.51 F1 0.06~0.49.,
AN )15 Y B - 498 o AR 0 A il A 1 AR5 P A
ZERE N BTE Y 5 HIHE CK Y 1852 30 d F 45 d
B, = EGICAE W A ik AR e e K, I
B BRIBVETS G 3 I7E Y Y +NAE KL 15 d i,
BRI P AR T B K, I T T B R R
Bt ot 12 T REAL

DL I T5 1 R ME— BB BT T Y RN R TH P s e
+ i AWCD {543 5 4 0.01~0.11 F110.01~0.27. B
[H 75 Y A 8 v A 0 2 5855 e B ARG R A
KFHIY 3, 250120 dIBE, Hiis e T3

Y Ab 3 22 90 55 e B A A B R, CK AT Y +N A 3
W2, GYP Ab B A B A= 4 %t 22 3 557 428 R A Q30 06 1 #e
% WRIE T G 4 38 tp B A W0 2 3055 e R AR i 1
5 BRI T A Y>SY+N>CK>GYP, 58715 s - HE#
PILAR 2, ZERE AN A B B AP+
e A PR 2 3005 K AR MR 2%

24 AMBREBEHA SR pHERMEVHEN
PSSy

XA T B % pHAE B E P8 i A &L
RAEATH S BT TS A 25 SR N8 7 B .

128 7 W] AT, XS G R[] A 458 52 3l
SRR R RANTR] o BrTs Yo 398 b 1) A i e
i 2 50 2L pH(EL AR P 850 S W S A DG, A DG
2B 94 0.686.-0.789.0.849 (P<0.01) , 5 24 A Y
HRPEAR B . BRIBYETG Y H g p iR R i R
4 58 pH {H 52 A% B 35 A 6, A G R B -0.683 (P<
0.01), SAYEE RRRGEIE FEMIEKLR,

WWW.Qes.019.CN




m@g 1040

VRETR Rt Y F 4055 5 H

- a {4 e LA Il & R ik P Petroleum hydrocarbons

acted as carbon source in the freshly contaminated soil
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Figure 5 Changes of soil microbial metabolic activity towards hydrocarbons
F7 AIMSHETEEYRIBAAEMN S THSERE XS 7
Table 7 Correlation analysis of biological stimulation treatments of petroleum contaminated soil
B B175 Y £ 4 Freshly contaminated soil BRI 75 3 +3E Aged contaminated soil
Parameter R A T HA pH{E MAEMEGE  REfRR T4 HA pH{H [DEX7L 6
R fife e 1 0.686%* 0.136 —-0.789%* 0.849%* 1 0.118 0.310 —-0.683%*%* 0.180
FIEER) 1 0.376 -0.486 0.869%* 1 0.156 -0.628%*%* 0.906%*
A 1 -0.080 0.391 1 -0.571%* 0.414
pH{E 1 -0.592 1 —0.692%*
Tl A= 1 1

TE R FRTE 0.01 ACH GBI 135 A0S 5 #4018 0.05 /K- GO #4156

Note: ** indicates a significant correlation at the 0.01 level (two—sided) ; * indicates a significant correlation at the 0.05 level (two—sided ).
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