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Effects of Soil Temperature on Biodegradation Rate of Diesel Compounds
from a Field Pilot Test Using Hot Air Injection Process
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ABSTRACT

The objective of this study is to evaluate the effects of changes in soil temperature on biodegradation rate of diesel
compounds from a field pilot test using hot air injection process. Total remediation time was estimated from in-situ
biodegradation rate and temperature for optimum biodegradation. All tests were conducted by measuring in-situ
respiration rates every about 10 days on highly contaminated area where an accidental diesel release occurred. The applied
remediation methods were hot air injection/extraction process to volatilize and extract diesel compounds followed by a
bioremediation process to degrade residual diesels in soils. Oxygen consumption rate varied from 2.2 to 46.3%/day in the
range of 26 to 60°C, and maximum O, consumption rate was observed at 32.0°C. Zero-order biodegradation rate estimated
on the basis of oxygen consumption rates varied from 6.5 to 21.3 mg/kg-day, and the maximum biodegradation rate was
observed at'32°C as well. In other temperature range, the values were in the decreasing trend. The first-order kinetic
constants (k) estimated from in-situ respiration rates measured periodically were 0.0027, 0.0013, and 0.0006 d™' at 32.8,
41.1, and 52.7°C, respectively. The estimated remediation time was from 2 to 9 years, provided that final TPH
concentration in soils was set to 870 mg/kg.
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(@52.7°C) ©IYth. EX] 7] TPH &% ti] BE TES 870 mgkeS® /MRS 4 48 Rd7REe 2~9d

e agHe AR 4FET.
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EY oM F7E5 uIEd 25 g 7] S
(VOCs; volatile organic compounds)?] . GEAYA] ©]¢]
Aelubge Zjnt ohzl ool ME Ao bRl
EoFE7)152H(SVE; soil vapor extractiony ©]-8-3}31
t}. ol 7k AHENIEr} Eor I Evjee] st
Uz F2 28 Eoe] B o]&BTHUS. EPA,
1995, ENSR., 1995). 35k As=e] VOCs 34
(SVOCs) 2 HIFEHINVOCs)e] 738l T2H4 Wy
olg} & 4= glt}. hH njo] 2B (bioventing) TS Z
BA] F71FUL 3l ol vOCsE AAsHEH] AR
H7E AT #F4 VOCst SVOCs H NVOCsé]
INA AEHE 3= o] &H T (Leeson and
Hinchee, 1997). B9 F%9] shid BESH AW £
ME F714 Esla42 bioventing FHS ELH-EAL
g7} Be T 5 shiolth. bioventing2 AEEAY F
A7 A W) vjAEe] BAS Sk sPIs] EY
Yol 3715 FUshs TRoEAN ENSVIFEH s
IS Ao 2x oux] Blga} &7 A H|
£-8 A7V 4= 9t} bioventingdll A FYEE 7S
Eokzy] F20 B3] &k 10% v)ihe FARRE Ao
A Qi AEHOFE I ARt HPHeE F
sk Aol AAFY = Aok AT U FEHE #
Rsldo} slER ArETT} A 4% oV HES FA
8Fojoksth(Dupont and Lakshmiprasad, 1999). 3t
Miller et al. (1993)2 EW7k=Ule] Asmrt oF 4%
Ay} AR Ao, B 7k W] Ak =T} o
Hr} grom ARG w7} F453] HolA iR
F7PeN 7R ui S T AR Al ¥
A Aok Husith, 298 W AEd &g A
53l £50] 2428 84 TF-E(ISR; in-situ respiration)S
=3sto g4 7Fs3it. ISR A8 L9E@gdl EAls=
EUm| AR o3 AR AEE &3 ddolM &
Agto 24 bioventing 342 FAH HE 71e3E
As)a AT bioventing A28l AAIE 913 ARE
FB}7] 3 Aolrt. o] gL LRl FYT TV T
b o8BS S 248 ] vAEEC] 9 E
AL Ba@d = JeA ARE BH APeE st
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AT A3 dFAM S-S
o]& bioventingS A3 $) 3
ARgel §= Qlet] 298 AAYRE THHeRE
4 glon BEelo] £3 & F RUHYY 4R %
Atahed] A" & ok
A3 BS QiME 2%, R, LI (E
%) 2 MESE BrFsEEe) =, rjAEAAge 2
23 AAGFEA H8L she ke g € F&, A
o] Ao Had HAio AP L JUERH
(nutrient)?] ¥%=, FEEFoU 54L 28 + U= F
71EAER 59t £l 7Fss EY U VAES] EX)
Seo] il ex0] aE) it 2 HEIA A
B £52 M7= HoEA] 90 dvireg §
714 wkgo] H71d HESED WE ¥igo|BE FVIE B
NE A FUsk 37V 13 wkgo] JPHEE &
£ Ao) 7P £48 Wolx, Eeh N, P 5 5 ¥
oFRo] oko] Hua ARE o olE AgH R U
nAE AL Z7HAF1E biostimulation, EX HIAE
gro] REF AP g L9ES Btk eSS iR
ZAlaled Ql9jF o7 FRI8K = bioaugmentation, E
ko] &5 & Z7IAIAH B ulAE-(intrinsic microor-
ganism)®] A4S FA7I= W, bioslurry reactors
olg EPIA E&oE 0FES] EFolE (mass transfer)

ne huorg

e

FAE I F= W Fol Uk
AR oM 2= T2 mE BEE 12

~100°C 2% HoME FaF o] Atia gt} AT
F& WY = 25-40°C AxY 2x00A diA 7 gL
3 F5A4E HAY €A Ath(Yeung et al, 1997,
Brock, 1970). B3F ERE7t 7°ColA 15°CE 524
dodecane®] AAEIZF B3] FUIEAT 22°CAA 9]
30°C 71419 e Bl duides wug AoE
Eor 2xE QAR HF AATEdE A T
o] gith= A7t Uth(Taylor and Viraraghavan, 1999).
A= HE AAsERE AY dol flovt AA S50t
on 2ol s Svlsle Zo] YWERl Ao R Q1A
B 284 20M HE BEYerr} 40°C Bk =29
ARa)ETy) oA Zashe AoZ UERITH(Yeung et
al, 1997).
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2.1, BEEY

LAEEE FHEE WA AR dEE 7R Z
AUAE 24 500,000 L YA A-(Diesel) A1 27]
7} X =o] Qlar A -/ FEARE I A o]
o AR 2R 9e] FHEEQ T nlol QHIE] FHo]
B3] 152 29E AR XG uiEl] 2-2-37]
FU3 BXFST U9 tiREe] HARE 35
b & O AR ARSI S, 9 B EAllshe
m gl o8k ZF-OFE AAT} o]FR= A 1
27 1FEYELS7IFER (Hot air injection/SVE)] A4
=it '

YA Q) Bk |SE J
718k Hole 3 f7109ES teE H8uo]
gtom, B3] fRodEe] Aee 7Edd F2 F4E
o st} tjAle] A sl vis] AeollM ]
L ZUI1%S JYeREE SVE HEe v)EgsZole} B 4
A} A (C10~C28)y2 100°C o] 3730l this o]
oA 48 AE(C10~Cl6)°] 2F 70 Pa o] F71HE
Holug BEofe] 255 EIvhd HARI SVE A& &
ol Vs Zo R Attt E 7Y A 2L
2 32F7|(300°C) FUAFES Tt @Ikt TPH
5,000 mgkg opde] IEER LEHE AHA tiFE
FHE FIFAASIE 23802 FoPES S0 §
€ A ] B RS o183l XEske F7elct

Az 098 AR 29717te] F 208 AHE =
don, 2 HJded T FegEM d= E4A7} sand
82%, silt 9%, clay 9% AEE Z3xo] FFo] AMRE
(loamy sand)® - 4= ok Bt =8 2 FrElst 2
Zt 036 2 187%E YEPGeH, 587 A=
657 m AT ZAFHIYN FFA S (hydraulic condu-
ctivity = 0.52x107°~3.4x107° cm/sec® S EHATH T
9 F2IPEY S-S B9 FVIFI S (air permea-
bility)= 2.7~3.8 darcyZ AFJEUEH], ol SVEL &
1 darcy oY AY HBEE AolER ¥V FUA
Z FAY AerFsHed) FaEnh tAe e XE)

S FeoK 70 Pa ool F
=]

Table 1. Characteristics of J-site soil

Parameter Value
Soil texture loamy sand
Moisture content (%) 23.48
Porosity 036
pH 6.02
Soil organic matter 0.15~2.83
CEC (meq/100g) : 12.9

& Zlo] 5~8 m Aleloll FFHOE o e i
A9 Hi TPH FEE 6,900 mgkg A=A 7}
BE4 A8 I vESY #FE 9.6x10°%-1.5x10°
AEE dekd Eh mAEER thh AL goljik
AHEGY] Eslety] A4/dE Table 19 VERAITH

22 DR Z2E M 3 AF 4y
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A1 2 FA2] AR dlole] AR Ao 9l
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FHS 27 2 me] AglE T B 98l 9l
oH, F2AL 53 F2H Ve 79BN 5

7 el 13 AAE F G4 gl SXEE &
7|2 wiEE). Fig 191 2237 /ESET S
HEE A FAEE Uit 2S5 Adddle 4 #
233 FUAEA Alole] HAAE vH BE e
WAtk 11, 2, 3& 27} 37) FU8E, Exte FEAE,
MI-M7& #2788 eplia 2449 ASAelA 71 |
25 AL Zo] oF 5 mMI-5) oF 7 mMI1-7°14
7hsskes X g-gstltt. -

FYUAE Y FHE 2= 2 A AL AxE
THS B5A0] B ARl HAHI g ASA Qe A
= Zed Zol, F 5 m 2 7 m9 Awdl Wi 7k
BEAHAWA 10 mm SUSTHS X5l B 4k
TEY ol BE T8 SR B3 2EAAM
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Ul 255 ST & AT it BSAA Aol
Aol 2% 4 o diojEe As /A0 24
7V EE Sk
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Direct distance between Welis {m)

Schematic diagram of Hot a:ir injection process

M1 M2 M3 M4 M5 M6

M7

From EXT | 1.6 092 |1 084 162 | 3.81 6 7.84
From i1 1.62 16 | 257|324 | 497 | 6.72 | 8.72
Fromi2 | 166 | 152 | 2581323 | 55 [765 1 97
From I3 4 299 | 129 05 1.88 | 403 | 6.03

M7-5
MB-5
M6-7

Activated
carbon

TN

Generator 2 Generator 1

Fig. 1. Schematic diagram of hot air injection process; I = injection well, Ext = Extraction well, M=Monitoring well, HAI=Hot Air Injector.

Table 2. Temperature at each monitoring well (unit:°C)

Depth Ml M2 M3 M4 M5 M6 M7

5m 87 140 87 210 64 46 27
7 m 90 63 82 87 62 42 33

ZgollMe] FALTE Table 29} 2k M49] B9 1.
7] Al 7P 2Hsk AXEenR 257t =
Al Vbt FUAANN AePdoE thh Holdl Ms, 6,
7 LEFFolME nAE EFo] 7Fsdm YA JYd
Ae 257t o= Ax 4% ¥ 7sE Be= pds)
At

7k BEAoAe] Zol LEE Bl AT U
ol BAH K-type LA olal ZHHAT. o) A3
S Bl e EWRE F 0% €O, FEE o5
EA72Q] X0-326ALA (0-21%; AlFARA A7)}
ALALOX 5D (0~5%; scotish alglo environmental
protection Ltd.y& &3l 22t 4=}

ISR AEE F8317] Sl FU 130/ 583] &
718 Fst Al=El dolA T ARl e B
M7 B)7] F AaEss)t HYol HEE it 1
2 BeXe] BV FUE HWE FRE 2] 354 2
Zold A7kl WE 0, T2 CO, &5 Z7g3IHT ©]
€ EdE s &= 55 7ot 8% 388 SF
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9] Al2o] 7s FY W T #3534 T Bl
Ak FEIF B 15% oV FAEES sl FER A

AFgFo] o]FoiR)= Ae7) HA] sl

3. 43 3 oE

LB SE Y 2E Y

ISR 44 371 Y% ) ES7IA=ZA dES
FU3I AAFES A7) AR o3 55914 o}
U 22 8 314 5 oE 29d o A1AY s
HAAAF =2 o]l 8HTHU.S. EPA, 1995). Z&L} 44 o4
EY YoM Akse] e uiEel 93t Aolgar
Hole Fike Aot} 53] £ dAoie Abass A
7 &5 olilslgkh ANEETL s mEug viig
E 9o b 831 FARKE & ) glvy s
sld &g FUL AT A7 sfaiA] AkhaH|E:
L(OUR; oxygen utilization ratey= 0%} Hkg-olz} 714
SAL Aol theh Akirste Sdellx] ekine] 2d 3¢
of tig 7175 Alkk=lo] XTHUS. EPA, 1995). 4k
AdHlERe] 24 o4 0HE Bl AXH A5
oht FYA FHe F7IE FHsA A E FA
B7IFERS TR oF AT AR BEY
W k=g 2% AFE B e (g &
AEozH 4k AREEE 2P 5 9o 2407
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Fig. 2. O, concentration (%) over time at each monitoring well in
depth of 7 m (2003.3.6).
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Fig. 3. CO; concentration (%) over time at each monitoring well
in depth of 7 m (2003.3.6).

% Saigo] Al Fig. 0le Z2re] BERel Zo)
7 mollA AHAEEe] WEE VRS o) B9kt
ug} AEFos FPUY ISR 24 & 3 Agfold),
Fig. 391 94 ISR 234 37 BA3 ool 5%
Hals eI AAAHISETL wE A FA
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7F Hed ol Eqke] 2xE 3 Sl o) A
£ Table 30 VERNIOM Bd37go] Xde] ule} 2z}
o ASHMI1-M7) B2 i =YY ISR SH4
7 F BAFY ¢ 2237 FUFGNA ok Blold
24 F M5, M6, M7& FHOZZo] 7 m) ARE
Aelsle Jepilth. A8 ol A9go] AfHHoes 1
23717} FUEA ggkom e mAE FFo] tf ket
Aow FP=NY] ot A WA 5F5& AL 1
237) YA FE 1FY ) S =53 3 o)F =
oF 10 AT FAte FYHIATE Al XHe] A=A
o thair L5l WE AaiHlETE giFFez 2y
3ol FYgel W} F7IskE Aol ARt A=A M7-
7 mAllA % 32-33°C & o] 7F% =0k vlmdige
2 A3 BAHAAN 9% hS 6.5%/day (26°C)EA]
o 218 Btk wlebd 32-33°C R2o) sk HH9
AR ex2 AT

AAAHIEE 2hE o838l 07 AR £ 18]
Heire L9Ede] Atell Uigt FRRA Zasid.
B3y} oastekas) Br AslEE Ao AA) 4k
2L RS o83 ThE 2l o]&' & Ut} tiAle]
iiEshehAl e digF CigHs )RR EHIZ Ak 790
g o83 A A2 HALSITH www.osc.edu).

Ce¢His + 9.50, 6CO, + TH,0O €))]

o] Aol 1 mee) BEAE Bafehet] WY o
& ARG 4 A=d Ui 35 mg olehe RS T 5
91T}, ool 8 OUR 33t whsliie] Ak} VAL
& ol oA olgs AN &% ghe AN

T .
k, 1L
“Tooda— —5P02C
p 100°% 900cn _ k04 £ppC(1.01) @)
b p( lkg ) P
A\1,000g

&J7)A k,=biodegradation rate (mg hydrocarborvkg soil-d),
k,=OUR (%/d), 6,=gas-filled porosity (volumetric content

Table 3. O, utilization rate (%/day) with soil temperature (°C) during ISR Test

Date 03/2/19 03/2/27 03/3/7 03/3/14 03/3/21

M/W Temp. OUR Temp. OUR Temp. OUR Temp. OUR Temp. OUR
MS-7Tm 62.1 22 55.5 9.4 474 7.4 45.8 6.7 45" 5.8
M6-7Tm 42.0 29 409 14.6 40.8 113 40.8 163 40.8" 18.5
M7-Tm - - 33.0 13.7 33.0 13.4 33.0 36.7 32.0 46.3

* = Estimated
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at vapor phase, cm’gasiem’® soil), po,=AtAEE(mg/),
C=&3lo] dagh gslrdry 2kihe] AH](1:3.5), pu
=soil bulk density or dry unit weight (g/cm®)

B @olMe] o, ALLE ofele} Lol FH 4 itk

9a=9—9w (3)

&]7]A, 8= total porosity (cm*/cm?)
By = water-filled porosity (cm*/em®)

18]l total void volume, 85 olEje} o] A4 &

- ot
0=1-(p/pr) )

&7)A, pr=soil mineral density (g/cm®)
3k water-filled void volumes ofdje} 2o Ak
%]

At
Ow = M(pi/pr) ®)

1714, M = soil moisture (g/g soil)

Table 19)4]2] @& A%k 2 3)~(5)F <83 0,
g Axke ¢ el 2 aQellMe o= 0.21 0tk
o} 32 ti7l 0.1~0.4 Il ATHU.S. EPA, 1995). L
Bl ped] B EYREE 30°C 7EeR P A%
US. EPA (1995)+2t 1,287 mg/LS AHsiArt pE
A F=E 0365 ol83le] AXFSHA 1.7 gem®] Hrt.
°olE oY 71x & diYEd B 29dF] A9 03}

[e] = A
kg AR S5 YRR ks

- —ko(0.21)(1,??77)(0.29)(0.01) ~ oask, ©

2 A=A

s Ballol]l gk gl Akdo] ", ¢ g
Az 248 F5 Jedl FUE F(1999) EH 7]
Wellx 382 A3e T3 v Aake] v Rajol
Q3 AA4o] oFS ZA3R] 19 g 02/g diesel®] ZHi}X
AQu}. HA| o)A = thh Ro7F e o =
HoH o]Re B4 Aey oo IR, wAY
E 5o mt @2k 4 g Aol webA AriMe
ol232 R 3.55 ARSS] ARG g O, Wit
olel Co, A= RS HHe 4 Aok e
Coyt @71 Ee] Ss8o 2 sl 489 4 9
7] mjEe] ARErt S4d5E T ok mEb o
oz HA ARolE 0.5 o83l AR L5
AX¥ECHMalina et al., 2002).

il

0 ox
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Fig. 4. Biodegradation rate (k) versus soil temperature at J-site.

AN F71H 02 F3] AL AkadH
(Table 3)°) oA S8+ AlS=0.46)YS 3l 0xF
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T
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d

. oX o
i o
é}_{_ﬁl

EEE AW 4= 3L o)E Bkt wE AR &
=o] ANE Fig 40 VeI =24 S A9 B
) AES viel o] &% 32-33°ColM g E g9l

21.3 mgkg-days VFERATH

Yeung et al. (1997) A7} A4 AFlx HZ 9
25z Juje] AR 571 A ] 79 35°C
ol A1 250 mg/kg-day, AEA ZZNA 30°C~40°CollA]
140 mg/kg-dayol AL FFA QlO‘o/] e
20~35°CelA 1.5+ 0200tk Bashdrt. gk A
Z7A0 EQR I} 40°C Bt} W AESIELT} THA
sk o= Husiat. AEslY &% oSS &
Z olgnt Qo2 ¥EHo] A=dl Q) k> AETHY
S s FAY 25 FES Y] Yt F8%
Ha= Z shioln). o)L &5 10°C F71l tiEk AR
£ VI rlsle ALEA Q= (Ruu/R)VVE
T Fh A7 Reas 220 + 4l B &%
(mg/kg-day), R= LE(PC)NM HEE &% (mg/kg-day)O]
o At Oy 2% S7HEClth 4 B9 77 ¥3laa
E Al sketll lofa] Qo dRE 3.3(6°CellA 16°C),
2.1 (11°CollA 21°C) 28] 1.7(15°ColA 25°C) A%
I Bugk bk gt o)2 By L% 1007t £ wie)
o &5 F7F Fo] Foj=e AS B ot oig 2
Wl Axrt S7tEe AS ¢ 4 UthMalina et al,
1999). & A9 A Hoi@] 21.3 mgkg-day (32°C)
9} 6.5 mgke-day (26°C) 3t& ©}83l] 3P 7.2(26°C
3o A B 2E B & oz AREE.
o|AL HH 257A] BT T A 597
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Y 588 sl SHHE AE AR S =
ko (mg/kg-dayye AE3 vle} o] oz} §hEOZ B4
7Vgsta Aatddt, e mAEe] F2olu gskra
9] gl BT 5 Z[Ekald] o) o] AL &
T e gEith B 8% AQoME FrHeR v =
Ax gEAlE e B4 o] o Yk Edws
A Azkshedl 4205 E 7IREe diEA] QAT wWel &

A5 2 Holtk. o] ox ARe HEAe
1

EA7I7HE =) el AA B0 o) E
hjel ePBe FEE FUIHeR HSdl Hrishks
Aol 7 gjzo)zl ot delAE oef Aol AMY
olc}. $HH Nocentini et al. 2000y €3l5AF/E 24
B Eg) el A& A2 (bioremediation treatment)
o] Agaoh} A A8 & Bl A¥EH EE 17
W $E2 sPgshe Zlo] Bsita ). BR B
A4 Jre] Aol v Fof gelraFe] AAS
12} 98-8 Hole AL A B2 & vt mEA] |
a2 Belen Ar, k2 F8hE FEU7RES "lwA] 7
o

A
= T
o) e 4 3

- kC 7

3

[ E)= ®)

A71M ce YA F E3lrAFe sEmykeel ke
12 B3 H= A5 day 'Olth. Yeung et al, (1997)2
Crude oite& tVdo g 27| FE5 45,500 mgkge & A
A B AR(20°C) 35°CHIA landfarm BENS] bioreactor
X TPH % W3lE &8l 12} &8 & 5
Tl o AT 0.0028 47 0.0066 A= oF 2.44)
£x7b wE Aoz Jeldrh ol Adxe A 5
HAoMe] ARz Wv|Z Bopd Z4 248U
105 oo} IHiE Wl Eglo] ootk Svjoju}

Taylor and Viraraghavan (1999)% 284 =o)X ¢
AQAES o|g3l] nurientse] FUIH weh AHS
Faisle] 12} B3 £ 5 k=001 d7'~0.03 d'9
e Btk ®Ba &gk 2]l Laleh et al. (2003)

9 Aol 13 Balgale ofefs} 2
<

Table 4. Cumulative diesel removal (mg/kg) during bioventing

Date Time (day) MS5-7m M6-7m M7-Tm

03/2/19 7 7.0 93

03/2127 15 414 63.1 94.4
03/3/7 23 68.8 104.7 143.9
03/3/14 30 90.4 1572 262.1
03/3/21 37 109.0 216.7 4112
Cr'(mg/kg) 5811 5263 4,714
C, (mgrkg) 5,920 5,480 5,125

C; (mg/kg) = field average soil TPH at 03/4/4 test
C,”"= estimated from C;
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Fig. 5. The first-order kinetic parameter at each monitoring well.

& MgA dskpaiel 13 AR Sk TS 0.007
d'~0.009 a8} B st

£ dyelre ARl w2t #718os EY TPH 5=
Z7go] TSN B4 Ms, M6, M7 el His HF
How 1A B4 wel] HAg /P A =
Aol A8kS tigshe AR &% 45 ke @& ©l
83le] APl o3l 14k BolEe A4 kE E== sk
#=A9] sjd old@ #AZ7 o] Tm FH)E Al AR
o] A8E /A1 sl EY TPH 558 AR
ke 7B} M5-Tm(5.811 meg/kg), M6-Tm(5,263 mg/
kg), M7-7Tm(4,714 mgke)°lAth A7|Me 27 EY
TPH 52 7] 98l Jo= o FF =483 Z
xjollM B FRAATS Axketl Iikshe WS
olgalgdtt. THEAARE F71H AFTEFE Sl
ARRYAS o] AR 55 Fale] T+ A
28 AR olE AXFENE Table 40 WERIIL
oz AXE 27 &, A WA 97 3FE 540 o]
2olA|7] 15 Aol EF TPH 5% YehhSitt. ok
o] 12} Bal £ g k& T3] H3 27RCE Al
2kl o] 8F|}ct. '

Journal of KoSSGE Vol. 10, No. 4, pp. 45~53, 2005



52 H)5. A1 - wElE - BEE - 2R

Table 5. The first-order kinetic parameter with soil temperature

M/W Temp. (°C) k (day™) C, (mg/kg)
M5-7m 52.7 0.0006 5,920
M6-7m 41.1 0.0013 5,480
M7-Tm 328 0.0027 5,125

Table 6. Estimation of remediation time

M/W  Temp. (°C) C, (mg/kg) C (mg/kg) Time (yr)

M5-7m 527 5920 870 8.8
M6-7m 41.1 5480 870 3.9
M7-7m 328 5125 870 1.8
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Fig. 6. Estimation of bioremediation time.
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