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The oil-contaminated soil and groundwater poses significant environmental
impact and hazard to human health. Therefore, it has been the subject of considerable
interest for developing efficient remediation technologies. In-situ chemical oxidation
(ISCO) is receiving great interests of environmental engineers because it is capable of
rapidly oxidizing organic contaminants. Among available oxidants, sodium
persulfate (Na,S,0g, SPS) can be activated by several ways including heat, metals,
alkaline and hydrogen peroxide to produce free radicals such as sulfate radical (SO4™)
and hydroxyl radical (HO-). The generation of SO,and HO- could improve the
efficiency of destruction of organic contaminants. The goal of this proposal was to
investigate lime (CaO) hydration reaction by providing heat energy and alkaline
condition to induce persulfate activation for the treatment of diesel-contaminated soils.

The results showed that addition of CaO coupled with SPS cannot trigger the
effective diesel destruction (e.g., 43%) through the generated heat (~ 80°C) and
alkaline pH (> 12). Compared with the resuls from the experiments of SPS/NaOH
and heat (50°C)/SPS after 7 d reactions, ~15% and ~20% of diesel removals were
achieved, respectively. Therefore, it can be seen that the CaO/SPS process may not
be an effective way for treating diesel contaminated soils. Among all possible
persulfate activation processes, SPS/H,0, and SPS/Fe?* appeared as the preferable
options for treating diesel. Morever, evalated concentrations of ferrous ion and
hydrgen peroxide could significantly enhance diesel degradation efficiency. Around
60% of diesel removal would be achieved with 1 day of reaction. With different
persulfate concentrations, no obvious improvement of diesel removal was found with
higer concentrations of SPS in the SPS/Fe®* system. On the contray, it indicated that
more persulfate involved in the SPS/H,0, system and lead to the increase in diesel
degradation. Additionally, when significantly increasing complexing agent
concentration in regulating Fe®*, removal of diesel can be greatly improved to around
90% within one day reaction in the SPS/Fe?* system. Afterwards, mixture of CaO

and treated soils resulted in an increase in soil pH to avoid the concern of increased



soil acidity by oxidation. The hydration product Ca(OH), may increase the overal
weight of soils and dilute the diesel concentration to reduce the concentration to meet
the regulation.  With respect to cost of treatment, the procedure employing elevated
complexing agent in the SPS/Fe?* system exhibited a lower cost (e.g., comparing to the
SPS/H,0, system) at $1,200-1,400 per ton of soils. When CaO is added at 5% by

weight to treated soils, additional $100 per ton of soils would be costed.
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(Heat activation)

S,05” + Heat — 2 SO, (House, 1962)
k =1.0x107 s7(25°C) or 5.7x10° s™* (70°C)
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(Transition metal Activation)

S,0¢% + Fe?* — 250,™ + SO,% + Fe**(Travina
etal., 1999)
k=2.0x10 M™s™

SO, + Fe** —Fe®* + S0,% (Buxton et al.,
1997)
k= 4.6x10° M''s™
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S,0¢% + 2Fe?" — 2Fe* + 250,%

T IR ?f@bﬁﬁ 59411/ 42 )/ (Rastogi et al., 2009) -
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(Alkaline activation)

S,08” + 2H,0 — HO, + 250, + 3H*
S,06” + HO; — SO4%+ S04~ + H + Oy
(Furman et al., 2010)

SO, + OH —S0,% + HO-k = 6.5x10" M'’s™
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(Hydrogen peroxide activation)

S,08” + Hy0,— Op+ 2HSO,4~
(Tsao and Wilmarth, 1960)

S,08" + HO- — SO, + SO~ + 1/20,+ H*
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3135
SO BT IR () E P ) s Sk PRET] (Sodium  peroxydisulfate (SPS),
NazS0g, 99.0%)} F 1 A= {2 LU il 5 3 (™ &+ (Hydrogen peroxide, H20,

35%) ~ &t [~£5(Calcium oxide, CaO, 96.0%) ~ i3 {~#|(Sodium hydroxide, NaOH,
99%) ~ ffiJ% & &f| (Sodium bicarbonate, NaHCO;, 99.7%) - fi [ [% 5] (Sodium
thiosulfate, NayS;03 - 5H,0, 99.5%)= [ | Riedel-deHaén :’ﬁﬁf@%ﬁ(Cerium sulfate,
Ce(SO4)2, 97%)~HF TSR~ F’ﬁ‘#a(l, 10-phenanthroline monohydrate) [ | Alfa Aesar;
Elﬁg?f{(Acetic acid, CH3COOH, 80%)= F | J.T.Baker:’?hflf;z heei(Ferrous sulfate7-Hydrate,
FeSO, - 7H,0) ~ 4l {=£'(K1, 99.5%)s F lﬂ%’aj [ Mk (Citric acid, CsHgO7, 99.5%)
& F1 Merck ; 5fif[% 57| (Sodium percarbonate (SPC), NaCOs - 1.5H,0,, avail. H20;
20-30%) F 1 Sigma-Aldrich ; % (Sulfuric acid, H,SO4, 95~97%)f f 1 Fluka 5 1!
£ (Hexane, CgH12,99.9%)f= [ 1| TEDIA ; — £['5E(Dichloromethane, CH,Cl,, 99.9%)
HEE 1 ECHO ; a,rr[ 48(Zero valent iron, Fe°, 99%)pE 1 Acros o fF B 212 pum 5 R
f5(Magnetite, FesO4, 97%)5 F 1 Alfa Aesar > £ 7 1 45 um F[%ﬁ%(Pyrlte FeS,) > {5
FI B R R 2 R 'Jm%“oﬁﬁ%u T RS o S P R T 7 R
70-200 mesh(70-212 um) 15 |‘f}f1£¥§[i—_rf fo sk g [P T FETR T T
P AEIRRI P LY Sy o U TSR R A S
?N%’j%iﬁﬁﬁﬁﬁ@Jﬁ%ﬁ%ﬁ%@’%%@WWj%ﬁ@%
0.590-0.074 mm( /7 %* 30-200 mesh) » Xl + 151 VfPJf“#ﬁ MY L H=. o It > S50
s I R IR o A ] ﬂ%ﬁﬂ*£iﬁi@¥#rwﬂi
R » SRS O et Sy B R T o T
S VT IR S S 4°C N T R }w%w
6000 > 12000 mg/kg °
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3. 4 8 VP~ {%(Liang and Lee, 2008)

Parameters Value

Sand (%) 97.6
clay/silt (%) 2.4

pH 5.61

Total chromate oxidizable matter (%) 0.53

Total organic carbon (%) 0.063
Cation exchange capacity (meq per 100 g) 7.50

Iron (Fe) (mg/kg) 32190 + 106
Manganese (Mn) (mg/kg) 187+ 5
Copper (Cu) (mg/kg) 11+£6
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(e <SP H Y CaOH0 Y= » HER D HEFRPLERs: [0 4 87
B R TR R BB » 2 s 1] B BT pH R
0%+ IR Ca0 Vo Y T [ SPS B i pH ~ 1% M SRR
VY PR R - [ LV ERRA R 2 T

e 4. CaO/H,0 Vi o< o jEs 5 1 gy eI 5t

CaO H,O SPS Soil i
Analysis
(9) (mL) (M) (9)
1
10, 15, 20, 25 Temp. and oH
2 and 30 p-andap
3
3 20 - 10 Temp. and pH
3 20 0.1 10 Temp., pH and SPS

3-2-2 FMg = ¢ CaO I {TATIIE RIS Tl Ry
3-2-2-1 CaO 7+ (4~ i (3 A GRS~ Tl Y8

(R U [ ORI LY CaOMM,0 I IR RLREIR I ety
SRR CaO RIS 10 g 53N 3 SIS 5 ST HHELE » 1)1 20 mL RO 7
7 BT CaO Ay i PSR PRERR [ A S R Y« 19t -
B 1) 05 BTV £ RO A= 4 e 4 361 #H3L Ca0) » #4514 fly pH 2Bt
N SRR (R RGOS B > P PR 3
3-2-2-2 f { IRFERTER 12 i ik VY

PR T SRR 10 g SO R MU AR > 1) 35
ML~ A (AT i+ 1) WERD | T IFlF (RS0 oo -
DI B s Sk P il SRR T IRRRE L s 4
VA TR RS TR T pH -~ B  SETTRERDS S 5 (o
IRERTERA S e A0 VYR 09t I ISR (R 158 - B - REs)
(B8 (S 5 (A7 (SRS S el 5 55 5 L BB
Uik 4 Fra o

R T [N [ S APRERCR: [0 S el R SR A T
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-

o 3 WHPET NS TS R S LY UOBRIR Y 300 g SIS i
P EF R R %qu&ﬁ%_ 5 5 #1100 mL
i%fwg S AT B+ 1) » 8 i TR AR 2 R S R

R S e B Ll #IH; [ G (SRR - ) - PR
VBRI R S [ O B vlg;a (G (EERE [ 5 VHRE R  RY
T [ 50 A (SPOE I 5 T » 15 LU P 38 5 s -
SRFRERVTER B SOERE > 1) CaO R el SNt M F

Y pH o R+ TR D R0 -

3 5. CaO = ™ i [ R PRI ™ R RIS St SR Y BRI
SPS ca0® NaOH  Soil/solution  Time

M) (wiw, %) (M) (g/mL) ) Analysis
Water - - 3
Heat™ - ] )
o o - ) Diesel,
CaO - 30 - 10/20 7 pH and
NaOH - - 0.05 SPS
SPS/Ca0O 0.1 30 )
SPS/NaOH 0.1 - 0.05

Note: [Diesel]o = 6032.91 + 130.69 mg/kg. “YHeat = 50°C; ®)3 g Ca0/10 g soil
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e 6. 30 [T PRERS [T ECE SO NS RO BV AnE R

SPS NaOH H,0, Fe™  FeS, Fes0, Fe’  Soil/solution Time _
Analysis
(M) (9/mL) (d)
Water - - - - - - -
SPS - - - - - -
SPS/NaOH 1.0 - - - - -
SPS/H,0, i 3.3 ) i i Diesel, SPS,
10/3.5 2 H,0, and
SPS/CA/Fe?* 0.5 - - 0.018@ - - ®)
pH
SPS/FeS, - - - 0.2® - -
SPS/Fe;0, - - - - 0.2
SPS/Fe’ - - - - - 0.2

Note: [Diesel]o = 9546 + 713 mg/kg Y10% H,0,; PCA/Fe*" molar ratio = 5/1; ¥8.4 g FeS,/kg soil; 16.24 g Fe;04/kg soil; ®3.92 g FeS,/kg
soil; ®pH was measured in soil/water volume ratio of 1/1.
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SPS Ca0 Fe? CA/Fe** H,O0, SPC Soil/Solution Time Analysis
M) (wiw, %) (M) (M/M) (M) (9) (9/mL) (d)
Diesel,
Water only - - - - - - ©)
_ PHT
SPS only 0.5 - - - - -
SPS/Ca0 0.5 100 - - - -
- 0.2@ - - -
SPS/Fe° 0.5
- 2.0® - - -
- - 0.09/0.18 (5/10) - -
0.2
__________________ - - 009045(529) - - 3904/100mL land7 Diesel,
- - 0.09/0.018 (5/1)® - - SPS and
- - 0.09/0.18 (5/10) - -
SPS/CA/Fe?* 0.5 - - 0.09/0.45 (5/25) - -

0.045/0.18 (2.5/10)
- - 0.018/0.18 (1/10) - ]

- - 0.09/0.18 (5/10) - ]
- - 0.09/0.45 (5/25)
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A 8. [l VAR R BRI S e S YR AIA(212)

SPS CaO Fe? " CA/Fe? H,0, spc® Soil/Solution Time Analysis
M) (wiw, %) (M) (M/IM) (M) (9) (9/mL) (d)
0.2 - - - 3.3 -
- - - 3.3 -
SPS/H,0, 0.5
- ; ; 11.55 -
1.0 - - - 3.3 - _
Diesel,
- - - - 17.27 (1.65 M H,0;) SPS,
0.2 300g/100mL  land7
- - - - 34.54 (3.3 M H;0,) H20, and
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" pH(6)
SPS/SPC - - - - 17.27 (1.65 M H,0,)
0.5
i i ; - 34.54 (3.3 M H,0,)
1.0 - - - - 34.54 (3.3 M H,0,)
SPS/SPC/ICA/Fe** 0.5 - - 0.09/0.18 (5/10) - 34.54 (3.3 M H,0,)

Note: [Diesel]o = 12315.5+ 709.2 mg/kg. Y30 g Ca0/300 g soil; @1.12 g Fe®/300 g soil; ®11.2 g Fe%300 g soil; 0.09 M CA/0.018 M
Fe?"(CA/Fe molar ratio = 5/1) ® Na,CO3-1.5H,0, (SPC) = 17.27 or 34.54 g/100 mL(equivalent to [H,0] = 1.65 or 3.3 M); ®pH was measured
in soil/water volume ratio of 1/1.
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3-2-2-3 PP 1N R

E‘éﬁ’}w VRPN PR [ S P [ skl }EIM@%?EW?{
R A= 1 R S o ey 95 > [RGB P LA e Rk
FUETRL (B2 PP TR TR0 o [0 P TR A B TR i
lid st 1= ST - ﬂEl)hﬁ ﬁ@fﬁip?ﬂlliﬁﬁfé@ » E IS iMi—@ <
T Fm?ﬁ['iﬁ GV PEAFTEA] P S PR TR £ 8 mM SDS - g
¥% SDS [iufiih i t% g (CMC = 2100 mg/L = 7.2 mM) (Zhu et. al., 2005) -
JFf 9 mM SDS i 1% SPS/CA/ Fe®* i SPSIH,0, = arky| 1> Pt e AR
IS LSRN LS N e NE 72 RS i R - T g S g
Y% 17, 0.5 M SPS/0.09 M CA/0.45 M Fe** (£ =' F=+£7, 5/25) % 1.0 M SPS/3.30 M
H.0, -
3-2-2-4 FwlE = R CEER

HER{I ] 0.5 M SPS/0.09 M CA/0.45 M Fe®* (B =' F=% 5/25) % 1.0 M SPS/3.30
M Hp0, I e [ R a5 » KR s~ =0 > 30 10 g {530+ S0 J0 ™ ST sl ings,
TP PRERRE W BN pH - [ SR RS - TR 50°C}lj¥g“ﬁ<
Az /5~ J%iﬁirﬁ%ﬁﬁ% o B MR~ ’EEJF’\,&(SPS/CA/ Fe?* % SPS/H,0;) -
SRR A I RV FR ’T@Fﬁ?fﬁé BRSNS N
g b = s RSOt SRR -
3-2-2-5 kL 2 PRI R

i P ISR P RLE R - S R CARE = 0.9 M - CAIFe*
L ST I%S 0.9 M/0.018 M (B! F=£% 50/1)~0.9 M/0.045 M (£1 5! F=+7 50/2.5) % 0.9
M/0.45 M (FL" £, 50/25) » [N RERE S £5 0.5 M » Fii iy CA/Fe™ f1 = =
VRSP S (ARSNS Rt BV YR > BV e LR T S SRS S
PRESEE % B pH -
3-2-3 [lfg = ¢ MR BRI CaO SIS EISCII Soct B Vet 2 S it R

(B AT 4-2-2-2 VAR o 52 R IR VI PR S R
T L~ ENHECINEAE o 4 1 pH > pH BRI T3V 10 g 4 T RPN
= o £ ﬁki CaO 3]‘2 J[ I/ﬁﬁﬁ{jpi, , ﬂ/&ﬁ?“ﬂ §*$§[ E/JJ“%,,X I/—F @i’ r h—fv[p vz
T AIERIwiw, %) CaO = EHIE B pH fif » S5 A7 (11 pH(6-9)
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B FAIE2 BFEL-FAREF RE SRS EMER B (AT BTG

Y CaO IRl 2 100 g & [ bl U SCfiTs e BE Sk o3 R - R
A 1P R T SO S5 AT pH EHH] i i1 Ca0 Ifi et SNSRI W 4
8 pH A = Viyg -

3-3 53 Fr
PSR BRI YRR AT R VR IS G 2V(Goi, 2006) -
F AV R A AT R F AR EEST [T (GC/FID)(Agilent 6890N) % 7 55 47
DB-1HT (E‘ﬁ‘i 30 m Kt 0.32 mm){ B ST M?ﬁtﬁ:*ﬁmiﬂ@ £%, 50°C> '] 10°C/min
FAEE 300°C ¥ | U EREIERIENE £ 5 350°C  Ef S i e S Bl EE 3 mL/min -
R R S TR RO 3 A [ SRR 5T I TR e RS S S R
i SPSIH,0; % SPSISPC = i BIFl1 » 1 Ry bl . 4 [ (SPS+H,0,)
AT S AL Sl T aE o T S PRER D R E -
i PR 55 A
SEFRFREY 53 T 2 Rk (Lingane, 1958)1 7 ok Py ity <L fH Sk
PRES VRS > B =t (1) 2 (2) -
$,087 +2 I'— 2 S04 + 1 (1)

25,055 + 1, — S406 +2 1 (2)
SYFT » ALl FEERUE T 55 50 MLRO s » FIUIT - IR S 49

B Dt 59 0.2 mL ARV R Tk > Rl 15 TR R E o F

I ks R 1 mL TR > 1) 0.01 N iR PRSI L = 1%&%‘— &

DR RE T PRI HE R

Na,S,0g(g/L)= (A/2) x N x MW/Sample Volume

A R [ &R D A (L)
MW : W&Eﬁﬁ/ 57" E1(238 g/mole)
N ik ki) Eﬁ‘ﬁﬁ%@
Sample Volume : £ 4 iﬁif&?&}%(mu
RN B U R R
iﬂ}ﬁ?n (™ V5T A AR i Pl <k Sty <ot 3 1 2 VR (Vogel,




LR BER

1978) - El =t (3) (Furman and Wallace, 1930)

H,0, + 2 Ce(SO4); — O, + Cey(SO4)3 + HSO4 3)
73 ﬁlﬂﬁ ALl = e 30 mL . 0.887 M %%%"ﬁf‘fzb 50 mL RO < }[ﬁj’

= FEEREOR = HOLEE R L L BT J‘H]J“‘I'F‘F‘J?“ ’Hﬁ’iﬂ@ﬁﬁﬂﬁ? 10°c I

Flop™ 1mL VeH i?\"ﬁ‘z’ﬁn [T = Hﬁ%fﬁl%fvﬁ(ferroin)ﬁ;ﬁ%ﬂ(ﬁp T B R

FEe) > 0.1 Nﬁf&éﬁiéﬁjiﬁl*1g\3§yik?cl C BRI E S RO T - HF

LI
H20,(mg/L) = (A/2) x N x MW/Sample Volume

A B R A (mL)
MW = iy 55 = £ (34 g/mole)
N © FEREL HiEHEE (N)
Sample Volume : 5% i?\;’?rﬁ‘ﬁg%ﬁ(mu
SPS/H,0, & SPS/SPC ™ = I & {5 ik
TS (H202 % S,087): S PTRSETRPRER D S5 TR o RN R (2)
W (4) o
FEF ] +21 5280, + 1, (4)

L G L
AE[H(M)= (A2) x N /Sample Volume
A B R A (mL)
N: RS BB
Sample Volume : £ 4 iﬁiﬁéﬁg%(mu
iﬂ@f}”F%%’iﬂ@?f(Environmental Express, Traceable® )] > pH FII'] pH ]
B%(Thermo Orion 720A+) £ -
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A& FIRALH

T 2 REHERR

HiaihR A FAyAE LR T (R RESF] > 4 CaOH0 Vif

F=f] ~ CaO V?J“’?/" %“?F[ SPS H#yd-j o e S R NS Y ':;'I‘ikéjl'ﬁlmﬁ

= SPS Ao o e g R S S e R (T [T 3?&*@‘@%3&@) f‘
FUSCEE T g e %A‘ﬁ’ffﬁ'rﬁﬁwuﬁa‘%r e

4-1 CaO/HO IR ISR/~ sk I Sy 2%
4-1-1 CaO/H,0O 3@?’{!&@]‘%1?&@@[ =% pH VY

BERFILT T Il CaO/HR0 Vafi pE=fis = ashee X1 H 4= 5~ Tl Vi 8
= I (S IErF“ | Ca(OH), & w2l ZRE IFL’"_A}'E/F‘ SESFEIRN R AU
(Y= (5)5r- )(Anthony et al., 2002) :
Ca0+H,0—Ca(OH),AH = - 65.27 kd/mol (5)

AR N AR 3 ) - g[ CaO/H,0 M EsE (N » ™ TR W] G 3
ST [ R ER N A R o Ty R R RN 2 A R AR A 1
" LR T Ji R ] CaO ¥ I A A i 1 I 3 g CaO
R T st R 90°C - (1! ke i T 2 £ %@E’* Pt I BT ;pilﬁgﬁg/
1 mol CaO rﬁ%ﬁ 1 mol H,O ~/jts » (NjF=> 12 % 3gCaO J?ﬁ Jpﬁfﬁ.[ij‘f‘éﬁ? 0.321 -
0.643 = 0.964 g H20 &~z » A Hify[1 CaO ﬁ{ Eh— [LENEVR] > Bl Cao fJ{
JIPVEI BRI R S PRl % o IR RS 5 P HL0 R
F”TIFLF*/E\JE‘{%%MF:[ : if‘ﬂ[l*’f‘ﬁi@‘f@lﬂﬁiﬁ’?ﬁﬁﬁ{ MR YN R S =9t 0l pH A
(PRSI A e LT SRR pH TS 12 1) R o R
ﬁﬁ'f@m’“‘i}ﬁﬁu@@ﬁ/ e ) pH il 2 12 1) 0 et - i SO4/HO:
R R BRI S (R R b Es s [ 2 CaO V?f RN 3
g (I Ey o™~ TEEVE ) 02 R ] 20 mL <Rl D g s W}%ﬁ]‘;{/?ﬁ'&?l%# °
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B 54 E2 PRS- FAREF BRREEBE EREE ST AR TR

904(a) 1 g CaO
50 " CaO/H,O (mL)
| —a—10
70- B3 —e—15
o | v T 420
°\__/ 60 :5_ —v—25
o ] 114
qE) 504 ) —
= 10 15 20 25 30
40 H:0 (mL)
30 — 9
90 (b) 2 g CaO
80 4
13
— 70 PR (] — o
OL) T 12
~— 60 il
o
g 50 10
|_
40
30
904(c) 3g CaO
o
o
e
@
|_
0 10 20 30 40 50 60
Time (min)
Eﬁ' 5. 7 lfil CaO/H0 ?jﬁ"iﬂf“‘l'ﬂ‘ YR f‘ﬁﬂﬁéﬂﬂ/ e [~ idSh o [“Hﬁq*éﬂ‘%’ff TR
;[/ pH °
F kT 24.5°C
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4-1-2Ca0 V- £l [ SPS SRS [l i R A8 = ~ pH W S FRERIR S
A

ERI'| 39 CaO ™ 10 g + 5k ST £ et I U1 20 ML Ho0 52 3868 » B 7
SRR PR R o fﬁliﬁ}’?ﬁfﬁiw?f BT N BRI e pH VRyEY o
T RR N (DR 6 Ffﬁ) FEHEERT | U CaO/HR0 ™ i il o [N B
FUR > R R T > SRR R [ PRSI ] > P9t > o SRR
GBS b B BRAC B S SRR R e
PR (5 65°C) - W SEILIRIRS I 53 ATl SEPLIRORS AR F Il
B IR 0 T PR F TR 01 M SR S e
PTG 17 P POofilA [ T B 1) 0% 5 RO ] g - 7
FE T B (S PRTREROA [ Fmrt TR oo B P )
U ] ez

90
80 —a—CaOo
—=— CaO/soll
~ 0 —e— CaO/SPS/soil
O
o
=
(¢B)
|_

0 10 20 30 40 50 60
Time (min)

' 6. Ca0 7&ﬁ6i§ip [ SPS Efd-f« o s 2l ip A Vg [ 5 -
WERIEIT 32 Ca020 mL 5 10 g soil = [SPSlo=0.1 M » %73 £% 27.2°C = CaO/SPS
CaO/SPS/soil A= |V pHia = 12.5 ¥ 12.6 3 [SPS]iwa = 0.1 M
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4-2 Ca0 ~f* ({TAIERISR-= > ek I Ry
4-2-1 CaO f= £ i £ PR [ RCRIS S et 1R

FrERSI "] CaO » NaOH 5 IW&E@W“QE‘M& P B R L R
7 (SPS/NaOH)== CaO I i £ Sl PR ER(SPS/CaO) it ALl By Ui
7R R R PRRR E 7 [ 10%. 1 52 =S - Ry - CaO fiy
WIS AR B RSO AR - gt o A RS
G = 2 21T NaOH [IOfE g n7s 15%. Sl 7 » [0 AFEeh? CaO foifi iyt -
SPS/CaO ™ e " Hh=#] 5 13% . S Pl » it 1Al il St i e i
PEHRLA] 26 {355+ ) CaO [IOfUITRE 5 VNS » 20 F s [T
NEEEAS ST qu\fﬂlﬁ‘" i (50°C)1H’7fE‘&E@T&'F1P 75"}3?@ UIEVSE T N [E'IFL
HhAS 20%. 1 SOIFERSE S o P9t o CaO VRIS IFHECE LY R I > A E] Cao
gfjﬁﬁﬁpr’gﬁiﬁﬁﬂ ﬁ;\g@@ﬁp,ﬁlﬁﬁ'ﬁ? 1g CaO Elfjij?ﬁp 1% 1.32 g Ca(OH)({M851(5)
Fea) o IR BEPR SIS e N o RT3 g Ca0r10 g soil » %‘ Ty ARl
54 3.96 g Ca(OH),/10 g soil > TEZ@E;‘ BB 10 g fgrp= 13.96 g > frﬂgl’ CHAPERE
LR 1.40 Ffﬁ(i%@ EJ[H‘X’E"'?J@F[EJ 71.4%) > (1R CaO I .Y A A i R e
ISR 72? T 70% - i) SPS/CaO [+ 57% » L5 ’F‘“ f'fef ¢ CaO
El’?ip’?‘fﬂ/ R R o

i lﬁlﬁfg@ﬁ [m&ﬁ =5 (KOH/SPS Y NaOH/SPS) it i 1 f%n VK
RO > 7l B R A B A AR G [ 0 DR J0.1 M SPSHE R [k
MELAS R ISR G PN (= 6B (TCA) ~ = U eBE(DCA) B T g PG
(DCM))’IFB@JF’J?F}?%@T% 117~25 mg/L.V Flﬁ‘%?}fﬁi’l = [ERA L) (Block et
al., 2004) » =9 » FEVLPAY S TR RO (T L M B(CT) - 7101
M SPSKTHA A8~ i CT V5 = [Fésjﬁ(?w {CTEE £3250 mg/L) » TE@I@E";@? [“Hd
H I CTF2[3% 35975%(Root et al., 2005) - SRl » NaOH/SPS;Ifg@i [“h feifijen |
K TR P R R I e [ [%'*J o BEIC P SRS FI S s P eSO T
#(BETX) ~ pIHLET= girf{g(MTBE) BT R [ F,?J(TPH)H %Eﬁi;%;ﬁ UESTE
(= #%2(PAH)(Gary Cronk, 2008; Marley et al., 2008; Chiang et al., 2009) » ﬁﬁ *mﬁﬁé
SPEEARE o (Hp e firses - H ﬁ’?ﬁd/iﬁﬁﬁ@%ﬁ@%@ﬁﬁq(l-o M SPS)f>
%Eﬁf IR AERE 5 R [ 5e 9 CaO*’J‘ﬁ@TL%%ﬁiﬁFWE@E@% [“FEE- E’ﬁ’ﬁé%‘?f“ffﬁ'%%

—
[
< T
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&R B

AP ACERAAELY %4 35% (PCB) M PAH - ffi™]20% SPS (790.84 M) M1 /13%
(w/w). CaO/Soil » £1PCB I PAH I 1i% £14121 16117 mg/kg - i T+ 47 1t
227 Basg A 53 lIRH61 - 68%. V FElE A o B e iR AR pHELLLL | b I
AR VRV A [ %"ﬁ}‘:ﬁSOOCI %10:\5’[:%]3%& TIRTA-1-11 R N [
R0 AR A T8 [N RO D R T R [
T ‘— SIS J{Fﬁ‘yPCBbPAH J [ i(Cassidy, 2010) - Scott Waisner==5
?1(2008)%15"4000 YRR o 2 SPSZESPS/Ca0 Y M ks I e < R T
R(TNT) » = fiLF 2 (DNT) R PCBET™ f 90 » 5 U W~ s e A i
SEISSAL] » CaOfF Y Ui A [0 B yS o Vi 1 HLAC S i
NG N e e e i R NG R I R L (R S SRl
PG GG < AP R EURS S e
F%%ﬁ%’W¢%ﬁ§@%ﬁﬁﬁﬁbﬁﬁﬁﬁﬁj@WW“@@@D*ﬁ5%
A PR [T feag ok = Sl e 3

EUAR o S G T e - R RO BB RS 5 R ¢ Rl I
AP PR R A 5 ] F I (RO R RRE o e iR CaO= 4 E
FEIE > R CaOVR Iy FI1Y » = ZHHL Wrﬁwf,l R EER L 1pH
fﬂfw’ff%&&‘/lﬁ%j BRI T [ | e T RS BRI o T A @;@H&N
R FE] o = REENT R ngf\ UL DRSS 4 BT T
o4 S R S SR B o AT T i (S
f\_fbﬁ_iﬁ,j -+ AR (NLA, 2004; Graymont, 2012; Lerat, 2012) -
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WA EL P RES-FAREF BRERF EAEB LY R H TG

{ EE= Aqueous phase e pH |
1.04 &ZZ Sorbed phase - 14
. -
S ] J 12
XX
< 08 .
2 | - 10
5 061 / I / g
S / s
= 044 // _
2 ' L4
2 -
0 0.2 / / .,
0.0 0
1.04
= 0.84
S
(@)
S 0.6
=
=
& 0.4 1
o
) 0.2 1
0.0
T © O o I [T )] wn
£ £5 |32 |55 |8
= 2|5z |3
Control S Q L
z

ﬁl? CaO FI:[ Ji=rn [WKTQEE{T'R[ BRSNS R S P T i (8)5

b(b)m LPRES "JJ} At o
B IETF : [Diesel]o= 6032.91 £ 130.69 mg/kg 10 g s01l/20 mL solution ; 3g CaO/10 g soil
[SPS]=0.1 M ®[NaOH] =0.05M -
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4-2-2 35 [ iy PRI [ RIS TS et B GTEhhe
TP e LT A ORI o A B

?Eﬁﬁ ) fgtiﬁﬂmﬁ;] L+ ﬁi’“ﬁ,’éiiﬁg%ﬁwﬁﬁgg.(s,.s mL solution/10 g soil) » FE3 Ezﬁi
SIS e P R [ S TN (R TR S e

2 NV S R eE T fzﬁ%ﬁﬁﬁﬁl ARV AT [ﬂpﬁ% ']
MRS 1 S [ RIEEREO NS R S EAR T R R RN 05 M
I [ $R 5 TR (AR (5188 T I SB{(FeS, - FesOq ™ Fe )w*ﬁﬁw

TR 8 AN Fr o A SRR A IR > IR ™ 4 [ R S S

I 2 (SEF]ED SPS/Fe® ~ SPS/H,0, ~ SPS/Fe*” + SPS/NaOH - SPS/FeS;
SPS/FesOy» fk I 55 it st b 55% sl it 1 Fe it € 45 ble i [ & 1% Fe?*
S ﬁﬁ&@@ﬁ [ 50 2 S PUiRF ™ 0 3.929 Fe/kg soil Elfjﬁfﬁp_?' Ko ’iﬁjﬁ‘]ﬁz
35mL *(0.2M Feo)’ﬁﬁgjﬁ‘ L 0.2 M I Fe* g - M1 CA/F* ffli™ [/ 0.018
M Fe" » %7 0.5 M SPS " [isfig ™ » SPS/Fe” ff{lf il /e Fe™; EEE S
Filksk > AT ESTIBRIKIGTE T [l AR T P S ARV IR - 19t
HI'EIE'J T IS N 0 FeSy % FeqOq [N SPRLNT [FHB it W it Al

ST YR S8 R 935 i T = T R AETER S e 8
7 = Waldemer S5 (2008) 4 | it Sl [~ S PR ERLY U~ T 1174 (6)
B o I SPSIH,0, 1 EEIE EEE 11 > g [ :ﬁaﬁﬁ&ﬁ@%fll P ALY
%5 SO+ 19 HO « [k AR AR PP S (M1 AT 5 o L P
P S [ SRS gEE Y s & £ By (Y=t (7)F ) (Rocha et al., 2009) > A
[ HaO, P2 1 H 24 m&%ﬂiﬁﬂﬁ% S5 -
S,0,” +H,0, >0, +2HSO,” (6)

H,0,,, —H,0, +%o AH = -98.2 ky/mol )

2(aq) 2(g)

SRR EER TR F - IIET £ SPS/ HoO, 1 EL=' 1 1L SPSIH,0; (05
M/3.30 M) i 275 2 3y %WE&E&? R[> &+ 55 SPSIFe®~ SPS/FeS, 1 SPS/Fes04
T IISED e O TRPRERD ) 250 WY SPSIFE” ;'\ﬁp“éj;f\“sjﬁ
(SRR S T S« PP (NSNS R AR S - B
B] SPS/Fe’ « SPS/H,0, ¥ SPS/Fe® I/ o iFid i » S R E [k 4/ + A i
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b 5 A2 B F ST A REF BB LR BRI FE AT H TR

I AR 1 300 g SOil) » 56 1 (A0 T (TSI e B -
%%JJ/E‘}'}NTO

1. - — 14
0 o [ Diesel remaining
| SPS remaining 12
0.8- .
-10

Diesel or SPS remaining (C/C)

0.6 g
0.4 ° Py
° ° -4
0.2 . o
° o -2
0.0- 0

Water only SPS onIy‘SPS/NaOH‘ SPSIH,0,| SPS/Fe” SPSIFes, SPSIFeO, SPS/Fe’

Eﬁ' 8. ijl [k PRGBS NS e BV A R -
ERIET © [Diesel]lo = 9546 £ 713 mg/kg 10 g soil/3.5 mL solution 5 [SPS]=0.5M *
[H0:]=3.3M » "?fEEEﬂJ‘? RIES 2 = o ;@ﬁ%‘?{ VRTEL TR 8.4 g FeSo/kg soil ~ 16.24 g
FesOukg soil * 3.92 g Fe'lkg soil (77 | SR f ﬁ[ﬁ 0.2 M) » 5% SPS/Fe™ ™ e
S B | CARS B 45 571 (ICAY[ Fe'] = 0.09 M/0.018 M) =
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A& FIRALH

LIRS Fe?"Em (0.018 % 0.18 M) Fe¥|E1 (0.2 % 2.0 M): (7 24 -
=9t E.ﬂ%@ g El EWFL?@J*””%%“ FFTLP’?‘/F RHEVEE(T)) o N =
EURNEUTENUS HEY i TR o FT[*J’%& [ P 5 R l'“‘???if}ﬁfﬁ;’

E’Zzéf (Sodium percarbonate, SPC)fi* {43 UIH; [= & [ V4R (Birnstingl et al.,
2006; Ruffing et al., 2009; Lemaire et al., 2011) » it ey | FRHPLE =2 i 4 [~ EGEEF |
;V,%’xé%#[ [~ F[f}’ﬂ » JHEREL | RIS A L SR ) = 0 B NapCOs -
1.5H,0; ° frEIFI i 1FIE DV SPC & 5% 15 FiZ' 1 HoOp > HifE=751) SPC = 4 1
2ET ) iﬁif T 0 9 5T HITERS ER CaO Fy SPC ST = 4 BRI
VP -

P 10(a)ad N B R o TRy “Bﬁﬁjﬁﬁ’tﬂ'ﬂﬁljé TRl E @ ENR
(SPSISPC 3 SPS/H,0;) + =l 1 e fletiiis 50% » ™= ffla 7 50 i 4 Vi
FETE Y fﬁﬁ"z”%ﬁ'ﬁ PGS B e (P 8 RS R ) F‘ WV
Fe?"(0.18 M)[IEEE ik f b SOyl i 720 i 7 =i S5 60% 1 #2553 » {1 SPS/Fe’
IR [ Ry Fe® ™ “Tﬁﬁ SOPIRE A > iy A :"'*iEl[iér?F:EI@‘I%%%E% » o
q%ﬁ' 8 J/’Z":E\a’%%\'j [ﬂj FIOPS PR RS E A IAR 1 M s 2 3 - 75 0.5 M SPS/2.0 M Fe°
I e R AR Fel o BRI [ T NG 1L ) b
H%B‘"ﬁ%ﬁl [RYR S Ry s F9E o SRl b (R R L"”JT?IFL’?W gL
PV R [ 48 [ [ gk (3 (8)) (Buxton et al., 1997) » (I + S8
iprﬁé‘*éﬁﬂﬂf VIS ﬁ%ﬁéﬁgg @AW/?EJF [i:Flfﬂ: Vil IR ruzFU?‘f@ﬁfn =20

StEs EIEAEE LT

SO, -+Fe* H>Fe® +50,>  k=4.6x10°M"s* (8)

HOES At PR T A A 11 f » MRS SPS/H,0, » [X SPC fi ijvpﬁu)?‘y 4 e
Tk ’Jb‘é‘ﬁ,J pH ™ (~=pH = 11) 3 [~ & pLHTEREES S ARG HO, (54(9))(Stefan et al.,
1996) - {1 SPS/SPC V™ e IIT - Sjde ™ & [ == ik PRI s P
;—;ﬁ*}q&ﬁ %ﬁrﬁpfgg@g@fgﬁ.ﬂ@p@ 10(b)FF=-) > PIJE,J LA Fe?" i Fed 0 Jpwlpw@
TRELERVIRNE o 2 Fe’ ﬁ?’ipi—g#} OH 7 # 5% (=1 (10) * (11))(Furukawa et al.,
2002) ffl1 ¥ pH @ﬁhﬁﬁﬁ 2.0 M Fe /3l pH [ -] = S(UT1 10(b) ) -
H,0, &»H" +HO,” pK,=11.8 9)
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2Fe’ + 0, + 2H,0 — 2Fe® + 40H" (10)

Fe® + 2H,0— Fe® +20H" +H, (11)

8 RS PR I%E%;%"D a0 12 % [ 14 o i 12 2 SPS/SPC
P Tl A R R E PRSI 2 55 PRI S o BRAETA R e R
[ 1 ;Viﬁ}a?n (@ISR O s ARk 2[4 05V COp 5 AT
SPS/HZ0, 7> Ak ([ 13) S WA L)V (7 - AP ™ EIEiE 5019
SE 4 I (RO ik S 4 R RIS e
ol o

=4 [|qg[l ]_4 @&TH@ M1 ik H '[‘}J” I/E/F‘EIFJI/ jczl_ﬁrﬂ'”(gﬁigjjﬁﬁ I
) (R 14(2)) ™ e PR(p 14(0)if . ‘/“”HI R A iy 8RS A
SPS/Fe’ & SPS/FeZU/;%iF' (=R MR 1 AR (% Fe® (0.2 M) (' 14(c) ™
Fe?* (0.018 M) (! 14(e)). = T B it Fe’ (2.0 M) (! 14(d)) Fe?* (0.18 M)
(T LAEDIF I g [ R PR RePast 2 [ % 55 1 COy > [Ny
PRIRE e 4 BREA 1 5 A SPS/HZOZ(ﬁEﬁ‘ 14(g)* (h)) » SPS/SPC (! 14()))
P R I ER R R R 1T ) R SR Y
s 1SR R S RE A VY 0 [y CaO IR UERS T v b
Ca(OH)o V215 » B4 HRP 1 IB‘I'FE‘?WF‘E RS b 14 ) © P
(MEEOINE Y B SR B IR ST SE CAIFE® H20, 3 [P IR E

F:’_) I":f‘l o
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4=
B
(\x.
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i

B AKEF RBLRY EMERICE S (C RIE BTG

2+ . .
7
100 [ Control 77777) Fe” activation
. . 0 . .
B H,O, activation E== Fe activation
(=]
> 804 =
N’ _ % —
(@) =
= 60 % m | =
= =R 29077 ==
I K]
RKY iz X 57
RRIRR B B 29
= B BAIES
FeB) AR K b
40 - AR R 7
bt R Bk
— IR BB
fel)
N S KIS
R XK K& XX
L 204 sl
=
R XX RS XX
() BB B R
RS BRRT K I
B3 KX KX =
B AR =i
sl el =B EE
0 _ R BRI 2% =I=SH=I=
) pH
100 4 o 0O
—~~ [ N
e 80+ 0
> -1
)
c) P3G
c g
= 60 . (XY 7
c oo
= L
L &
= ®e .
X3 —/
L 404 7 = °
: =
B =
4 & = L4
P<XA —
o 5 =
:
N 90 o5 3
X o® =
ks oo = -2
R =
K e =
sl = I
0 N.A.  EIES None D7) ElE None 0
Water SPS SPS/ SPS/ SPS/ 0.018 0.18 0.2 2.0
2+ 0
only only CaO SPC H0, Fe™" (M) Fe’ (M)
[SPS], =0.5M

E“]' 10. 3ﬁ [ SR PR ERECE SO NS Rt B B (@) ﬁ”k"(b)i}’rﬁ'fpjfﬁpﬁ%ﬁ FVaE
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lﬁ' 14. (a) Control (H,O only); (b) SPS only; (c) 0.2 M ZVI/SPS; (d) 2.0 M ZVI/SPS;

(e) 0.018 M Fe®*/SPS; (f) 0.18 M Fe®*/SPS; (g) 3.30 M (10%) H,0,/SPS; (h) 11.55 M

(35%) H202/SPS; (i) Na2CO3-1.5H20,/SPS; (j) 10% CaO/SPS kh™ e 1 =ik 1 v
L™ > [SPS] =05M -
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Molar ratio of CA/Fe**
B 15 Tl CAVFE® IR SHSTS oot SRR ALY R+ ()51 ()P T
RV EER -
[AIFTT A IR0 T IR il 1 ()™ T A (G A
BEE(E [ E5[Diesel]o = 12315.5 £ 709.2 mg/ke s 300 ¢ s0il/100 mL solution * 0.5 M SPS -
BN s CA/Fe™ = 5/1 ([CAY/[ Fe™] = 0.09 M/0.018 M).
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i 17, ISR [ YR W IR SN e R B - ()5 (o)
ERFI A < ST Y FETIOST HIE L SR T (G
f—;\l o
HEEIEFEY [Diesello = 12315.5 £709.2 mg/kg » 300 g soil/100 mL ° %% SPC/SPS ™~ 'j&
%Eﬁ"ﬁ’%ﬁ"i[l 17.27 ¢ SPC/100 mL » 34.54 g SPC/100 mL(?FE'A’Sf,‘?'J‘?‘[HzOz] =1.65%33M) -
#% SPS/SPC/CA/Fe™ = s 25k 1y CA/Fe" B =" P15 5/10 ([CAY/[ Fe™1 = 0.09
M/0.18 M) °
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7 N EF T HIES 4.6% % 4.0% wiw (F l&?\‘.‘ 23 WAk H A o TV
10 g 4 el CaO I ?E‘Uﬁ" el pH ffl =
F< 9. CaO [ L 5 5 IR g AR
R
Addition of CaO/soil Generation of Ca(OH)./soil % : ‘e
Wiw(%) wiw(%) S
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1 1.3 08.7
2 2.6 974
5 6.6 03.8
10 13.2 88.3
20 26.4 79.1
30 39.6 71.6
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Diesel Initial diesel Addition of TWD/ .
- e Reagents ) NTD/ 5% w/w CaO mixed
AW MR removal conc. i reagents kg diesel . .
Species ton soil (NTD/ton soil)
(%) (mg/kg) (9) removal
NGQSQOg 11.90
0.5 M SPS/0.09
.. 959.8 12852.6 CeHsO7 1.73 135 1036 1131
2er - . MCAJ0.18 Fe
CAF™E ™ ... FeSOeTHO 500 e
([’33%@ CA) Na,S,0g 11.90
0.5 M SPS/0.09
M CA/0.45 Fe?* 64.4 11679.1 CeHsgO7 1.73 143 1078 1173
' FeSO,4+7H,0 1251
Na,S,0g 11.90
0.5 M SPS/0.9 M
CAJ0.018 Fe?* 82.3 12738.9 CsHgOy 17.28 120 1257 1353
CAF™f~ — 7 FeSOsTHO 000 e
RS CA Na,S,0 11.90
(P ) 0.5 M SPS/0.9 M 2278
CAJ0.45 Fe?* 90.1 12738.9 CeHsO7 17.28 115 1324 1419
' FeSO,4+7H,0 12.51
0.5 M SPS/10% Na,S,0g 11.90
H,0,1 [~ H.0 48.5 12852.6 H.0 24,00 248 1544 1639
223 X MU 4 Sgooe
(H.0y) 1.0 M SPS/10% Na,S,0g 23.80
H.O 53.6 11724.7 H.O 24.00 402 2525 2620
22 22
H,0, YF', (* 0.5 M SPS/10% Na,S,0g 11.90
48.5 12853.6 412 2568 2664
(SPC) SPC Na,COs3+1.5H,0, 34.54
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(1) CA/Fe™iH({*([E% CA):  60-65% 130-150 1,000-1,100
(2)  CA/F™iH{=(fiie% CA):  80-90% 110-120 1,200-1,400
3)  H0:1F (" (H:0) : 45-55% 250-400 1,500-2,500
(4)  Hy0.37("(SPC) 50% 400 2,500
171 5% wiw CaO
(3)  CA/Fe™ i {=(fliie% CA):  85-96% - 1,300-1,500

65



B FAIE2 BFEL-FAREF RE SRS EMER B (AT BTG

4-5 7 i
CZO I TR R R A pH AR 12 1) R
o [N Y (EEL SPS/CaO M st lIfl1 » B0 g (= ™ Tl - RN B
Ca0o E[fjjﬁij[[ﬁ)%iﬁgi}j/;:ﬁﬁ: » 2k EJ}f";ﬁ'\:EH;:W (AR %{,1 SEASE ;I:E[ﬁjf/‘]ﬁ S
SEHRERS [ > A2 NaOH IOl g9 7% 15% 1 S0y e it 7 » SPSICa0 it
P 2[5 43% . S0 FERA = (1373 5 30% . FEIR HIF 17 CaO [y i A A iy
TRERE ) U= SHRETD MRS GASIE = Pl i g 7 o e
i U AYoAR S Tl 1 S B Y S R A O] i Cal <
™ T PRSP A g i ok 2 VSO A 3 e
A T PRl (RIS o et Y diE :ﬂaﬁ’ﬁwﬂtﬁ %7 | SPS/Fe’
SPS/H2027v SPS/Fe™" V= F1 " - » SIEFT [l [HI(Fe” ~ HoO, 1 CAJFe®) 1
SPS ' 3% T - IS Fel WVE’”HH*‘”’@V& S WL Fed T4
BRI *ﬂ’ (B T TR R0 S Tt ey 35 R PR
F1.05 M st Husid CA Jy Fe® il - i IR s CAIRe™ ! F1{-5/1
STop= 5710 [ o e 7 S IR ST IR [ R SOV AR
40%4F] = 60% ; % CA/Fe® B1 = F=(1/10 = 2.5/10) 1 #Egs [llfl1 » [ CA [rujdd
ST R EPOE S S [ RERYS [ISE LE RA - )  J
NGIRE ES l’“‘;%d%@@ﬂ@i% » SIS [ SR BTIRE | DA ng. (3t P
[ b 8 TR ALY ) (RS R 255 — AR G PR 79.50%) -
RIS S [ SR B R 2 2 IR o et o (SR PRERR 2
IR o B GERPRER RS VT R B 2 i PR e S
[ SR B (2 10+ 1.0 M SPS/3.30 M HZ0; 17 i sy s ply b 56
3@%[&,4%3«(;@ 60%) -
HG o AR RIS 1£-0.00 M 2 0.9 MV IRIEIF o B0 L
i EJ‘WE ISR [k 90%] ] I IR RSO TS R 0
JE’\’@’E@T “I[1 5% wiw CaO == + 1835 = R I*Eiljf CaO 14 il )Fjﬁﬂﬂ‘ 8 pH HER
m"@l T EIR T R VAR i S Y R = 96%
o P RO B 12,000 mo/kg by et BRIITE e = DR5IEE (1000 mg/kg)
FITe o It R B B B [ A IR i Ry ST Pl sk g

66



FEERS HoO,9

+ FrE SRR | 7 $1,200-$1,400 [ o BRI +

"]

i

(A RS o PR

> S SR IS 68100 -

» ENEF
=%
E

IRFREYE

S T S

kit

| 5%, Ca0 7T i

67



68

bt bR BRI E T AT R



S E BEYR
TR - 2006 < SRR A R BN SRR R Y ﬁf%
B R S B R T ol B
TR > 2012 ¢ 100 & R o VRSN SRR o o BB S e
RAE LS RS £ F' TR

AL 201 1b- B ey GRS O SR S AR
AR -

SRR, 2011 o f SISV © 2 MU S gL R -
AR -

Anthony, E.J., Jia, L., Cyr, L., Smith, B., Burwell, S., 2002. The enhancement of
hydration of fluidized bed combustion ash by sonication. Environmental Science
& Technology 36, 4447-4453.

ATSDR, 1999a. ToxFAQs™ for Total Petroleum Hydrocarbons (TPH). Agency for
Toxic Substances and Disease Registy (ATSDR).

ATSDR, 1999b. Toxicological Profile for Fuel Oils. Agency for Toxic Substances and
Disease Registy (ATSDR).

Birnstingl, J., Kelley, B., Koenigsberg, S., 2006. Field results with an alkaline in situ
chemical oxidation process. Contam. Reclam. 14, 539.

Block, P.A., Brown, R.A., Robinson, D., 2004. Novel activation technologies for
sodium persulfate in situ chemical oxidation. Proceedings of the Fourth
International Conference on the Remediation of Chlorinated and Recalcitrant
Compounds.

Brian, E.W., David, G., Ben, L., Gunarti, C., Steve, G., Jason, C., Brett, C., 2010.
Shallow Application of Alkaline-Activated Persulfate for Treating LNAPL in
Heterogeneous Fill Aquifer. Seventh International Conference on Remediation of
Chlorinated and Recalcitrant Compounds, Monterey, CA, USA.

Buxton, G.V., Malone, T.N., Arthur Salmon, G., 1997. Reaction of SO, with Fe?",
Mn®* and Cu?* in aqueous solution. Journal of the Chemical Society, Faraday
Transactions 93, 2893-2897.

Cartwright, R.T., Aboulafia, 1.M., 2008. Ex-Situ ChemOX Remediation of Petroleum
Contaminated Soils. The Annual International conference on soils, sediments,
water and energy

Cassidy, D.P., 2010. Degradation vs. Entrapment of PAHs and PCBs During Slurry
Treatment with Hydrated Lime and Lime-Activated Persulfate. Report prepared
for FMC Inc.

Chiang, D., Verdon, M., Pittenger, S., Smith, G., 2009. Chemical Oxidation of
Broad-Spectrum PAH Contamination Using Activated Persulfate. Remediation

69



P FAIEZ PRI P AR S B RS BRER IR

Technology Summit, Atlanta, Georgia, March 3-5.

Chin, Y., Kakarla, P., 2010. Bench-Scale Comparison of Catalyst, Peroxide and Alkali
Activation of Sodium Persulfate. Seventh International Conference on
Remediation of Chlorinated and Recalcitrant Compounds, Monterey, CA, USA.

Cronk, G., Cartwright, R., 2006. Optimization of a Chemical Oxidation Treatment Train
Processfor Groundwater Remediation. Proceedings, Fifth International
Conference on Remediationof Chlorinated and Recalcitrant Compounds,
Monterey, CA, USA, May 22-25,Paper B-56.

Do, S.-H., Kwon, Y.-J., Kong, S.-H., 2010. Effect of metal oxides on the reactivity of
persulfate/Fe(ll) in the remediation of diesel-contaminated soil and sand. Journal
of Hazardous Materials 182, 933-936.

Eberson, L., 1987. Electron Transfer Reactions in Organic Chemistry. Springer-Verlag,
Berlin.

FMC, 2010. The Safe Use of Klozur® Persulfate Activators. FMC Corporation.
Available from :
<http://www.envsolutions.fmc.com/ResourceCenter/PeroxygenTalkArchive.aspx
?itemld=1063>.

Furman, N.H., Wallace, J.H., 1930. Applications of ceric sulfate in volumetric analysis.
VII. The oxidation of hydroquinone by ceric sulfate. Journal of the American
Chemical Society 52, 1443-1447.

Furman, O.S., Teel, A. L., Watts, R.J., 2010. Mechanism of Base Activation of
Persulfate. Environmental Science & Technology 44, 6423-6428.

Furukawa, Y., Kim, J.-W., Watkins, J., Wilkin, R.T., 2002. Formation of ferrihydrite
and associated iron corrosion products in permeable reactive barriers of
zero-valent iron. Environmental Science & Technology 36, 5469-5475.

Gary Cronk, P.E., 2008. Case Study Comparison of Multiple Activation Methods for
Sodium persulfate ISCO treatment. Sixth International Conference on
Remediation of Chlorinated and Recalcitrant Compounds, Monterey, CA, USA.

Goi, A., Trapido, M., Kulik, N., Palmroth, M.R.T., Tuhkanen, T., 2006. Ozonation and
fenton treatment for remediation of diesel fuel contaminated soil. Ozone: Science
& Engineering: The Journal of the International Ozone Association 28, 37-46.

Gray, C.W., Dunham, S.J., Dennis, P.G., Zhao, F.J., McGrath, S.P., 2006. Field
evaluation of in situ remediation of a heavy metal contaminated soil using lime
and red-mud. Environmental Pollution 142, 530-539.

Graymont, 2012. Soil Stabilization. Lime Treated Soils Save Time & Money.
Graymont, Quality lime & stone products that imporve your world. Available
from :

70


http://www.envsolutions.fmc.com/ResourceCenter/PeroxygenTalkArchive.aspx?itemId=1063%3e
http://www.envsolutions.fmc.com/ResourceCenter/PeroxygenTalkArchive.aspx?itemId=1063%3e

9
<l
o
=
i

<http://www.graymont.com/pdf/Soil_Stabilization_Brochure_En_05_06.pdf>.

House, D. A., 1962. Kinetics and mechanism of oxidations byperoxydisulfate.
Chemical Reviews 62, 185-203.

Huie, R.E., Clifton, C.L., Neta, P., 1991. Electron transfer reaction rates and equilibria
of the carbonate and sulfate radical anions. International Journal of Radiation
Applications and Instrumentation. Part C. Radiation Physics and Chemistry 38,
477-481.

Hwang, S., Ruff, T. J., Bouwer, E. J., Larson, S. L., Davis, J. L., 2005.Applicability
of alkaline hydrolysis for remediation of TNT-contaminated water.Water
Research39, 4503-4511.

Jeffers PM, Ward LM, Woytowitch LM, Wolfe NL. 1989. Homogeneous hydrolysis
rate constants for selected chlorinated methanes, ethanes, ethenes and propanes.
Environmental Science & Technology 23, 965-9609.

Joseph Wiley, P.G., Block, P., 2010. Chemical Oxidation Using Sodium Persulfate at a
Superfund Site in Texas. . Seventh International Conference on Remediation of
Chlorinated and Recalcitrant Compounds, Monterey, CA, USA.

Khalladi, R., Benhabiles, O., Bentahar, F., Moulai-Mostefa, N., 2009. Surfactant
remediation of diesel fuel polluted soil. Journal of Hazardous Materials 164,
1179-1184.

Kwan, W. PO, Voelker, B. M., 2003.Rates of hydroxyl radical generation and organic
compoundoxidation in mineral-catalyzed Fenton-like systems.Environmental
Science & Technology 37, 1150-1158.

Latimer, W.M., 1952. Oxidation Potentials. Prentice-Hall, Inc. Englewood Cliffs, NJ.

Lee, L.S., Hagwall, M., Delfino, J.J., Rao, P.S.C., 1992. Partitioning of polycyclic
aromatic hydrocarbons from diesel fuel into water. Environmental Science &
Technology 26, 2104-2110.

Lee, M., Kang, H., Do, W., 2005. Application of nonionic surfactant-enhanced in situ
flushing to a diesel contaminated siteWater Research39, 139-146.

Lemaire, J., Croze, V., Maier, J., Simonnot, M.-0O., 2011. Is it possible to remediate a
BTEX contaminated chalky aquifer by in situchemical oxidation? Chemosphere
84, 1181-1187.

Lerat, M., 2012. Soil Treatment Using Lime. FEDIEX lime section. Available from :
<http://www.kalkflash.be/Leaflet_Stabilization.pdf>.

Li, Z.,2004. Surfactant-enhanced oxidation of trichloroethylene by permanganate-proof
of conceptChemosphere 54, 419-423.

Liang C, Bruell, C.J., Marley, M.C., Sperry, K.L., 2003. Thermally activated persulfate
oxidation of trichloroethylene (TCE) and 1,1,1-trichloroethane (TCA) in aqueous

71


http://www.graymont.com/pdf/Soil_Stabilization_Brochure_En_05_06.pdf%3e
http://www.sciencedirect.com/science/article/pii/S0043135405005051
http://www.sciencedirect.com/science/article/pii/S0043135405005051
http://www.sciencedirect.com/science/article/pii/S0043135405005051
http://www.sciencedirect.com/science/article/pii/S0043135405005051
http://www.sciencedirect.com/science/article/pii/S0043135405005051
http://www.sciencedirect.com/science/journal/00431354
http://www.sciencedirect.com/science/journal/00431354
http://www.sciencedirect.com/science/journal/00431354
http://www.sciencedirect.com.ap.lib.nchu.edu.tw:2048/science/article/pii/S0043135404004579
http://www.sciencedirect.com.ap.lib.nchu.edu.tw:2048/science/article/pii/S0043135404004579
http://www.kalkflash.be/Leaflet_Stabilization.pdf%3e

P FAIEZ PRI P AR S B RS BRER IR

systems and soil slurries. soil and sediment contamination 12, 207-228.

Liang, C., Bruell, C.J., Marley, M.C., Sperry, K.L., 2004. Persulfate oxidation for in
situ remediation of TCE. Il. Activated by chelated ferrous ion. Chemosphere 55,
1225-1233.

Liang, C., Wang, Z.S., Mohanty, N., 2006. Influences of carbonate and chloride ions on
persulfateoxidation of trichloroethylene at 20°C.Science of The Total
Environment 370, 271-277.

Liang, C., Lee, I.L., 2008. In situ iron activated persulfate oxidative fluid sparging
treatment of TCE contamination-A proof of concept study. Journal of
Contaminant Hydrology 100, 91-100.

Lingane, J.J., 1958. Volumetric analysis. Volume I1I. Titration methods:
oxidation-reduction reactions. Journal of the American Chemical Society 80,
2599-2600.

Marley, M.C., Coleman, A.J., Parikh, J.M., Smith, B.A., 2008. In-Situ Chemical
Oxidation using Activated Persulfate for MGP Sites. Sixth International
Conference on Remediation of Chlorinated and Recalcitrant Compounds,
Monterey, CA, USA.

Mcelroy, W.J., Waygood, S.J., 1990. Kinetics of the reactions of the SO, radical with
SOy, $,0¢%, H,0 and Fe?*. Journal of the Chemical Society, Faraday
Transactions 86, 2557-2564.

NLA, 2004. Lime Stabilization & Lime Modification. Lime-treated soil construction
manual. National Lime Association (NLA).

Rastogi, A., Al-Abed, S.R., Dionysiou, D.D., 2009.Effect of inorganic, synthetic and
naturally occurring chelating agents on Fe(ll) mediated advanced oxidation of
chlorophenols.Water Reaserch 43(3), 684-694.

Rocha, M., Mansur, A., Mansur, H., 2009. Characterization and accelerated ageing of
UHMWRPE used in orthopedic prosthesis by peroxide. Materials 2, 562-576.

Root, D.K., Ellen M. Lay, Philip A. Block, Cutler, W.G., 2005. Investigation
Chlorinated Methanes Treatability Using Activated Sodium Persulfate.
Proceedings of the First International Conference on Environmental Science and
Technology.

Ruffing, S., Kline, R., Poling, B., 2009. When cleanup is rocket science: remediation
technology spares sensitive underground infrastructure and cleanup dollars atthe
Kennedy space center. Pollution Engineering 41, 20-22.

Scott Waisner, P.E., Victor F. Medina, P.E., Morrow, A.B., Nestler, C.C., 2008.
Evaluation of chemical treatments for a mixed contaminant soil. Journal of
Environmental Engineering 134, 743-749.

72


http://www.sciencedirect.com/science/journal/00489697
http://www.sciencedirect.com/science/journal/00489697
http://www.ncbi.nlm.nih.gov/pubmed?term=Rastogi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19038413
http://www.ncbi.nlm.nih.gov/pubmed?term=Al-Abed%20SR%5BAuthor%5D&cauthor=true&cauthor_uid=19038413
http://www.ncbi.nlm.nih.gov/pubmed?term=Dionysiou%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=19038413

o
<l

<

Stefan, M.1., Hoy, A.R., Bolton, J.R., 1996. Kinetics and mechanism of the degradation
and mineralization of acetone in dilute aqueous solution sensitized by the UV
photolysis of hydrogen peroxide. Environmental Science & Technology 30,
2382-2390.

Travina, O.A., Kozlov, Y.N., Purmal, A.P., Rod’ko, I.Y., 1999. Synergism of the action
of the sulfite oxidation initiators, iron and peroxydisulfate ions. Russ. J. Phys.
Chem. 73, 1215-1219.

Tsai, T.T., Kao, C.M., Hong, A., 2009. Treatment of tetrachloroethylene-contaminated
groundwater by surfactant-enhanced persulfate/BOF slag oxidation-A laboratory
feasibility study.Journal of Hazardous Materials 171, 571-576.

Tsao, M.-S., Wilmarth, W.K., 1960.1I(a). Oxidation-reduction reactions involving
inorganic substrates.Aqueous chemistry of inorganic free radicals.Part 3.-The
kinetics and mechanism of the reaction of peroxydisulphate ion and hydrogen
peroxide. Discussions of the Faraday Society 29, 137-145.

Vicente, F., Rosas, J.M., Santos, A., Romero, A., 2011.Improvement soil remediation
by using stabilizers and chelating agents in a Fenton-like process. Chemical
Engineering Journal 172, 689-697.

\Vogel, A.l., 1978. A Text-Book of Quantitative Inorganic Analysis Including
Elementary Instrumental Analysis. 4" ed., ed. Bassett, J., Longmans Group Ltd.,
London, 365-366.

Waldemer, R.H., Tratnyek, P.G., Johnson, R.L., Nurmi, J.T., 2006. Oxidation of
chlorinated ethenes by heat-activated persulfate: kinetics and products.
Environmental Science & Technology 41, 1010-1015.

Wanaratna, P., Christodoulatos, C., Sidhoum, M., 2006.Kinetics of RDX degradation
by zero-valentiron (ZV1).Journal of Hazardous Materials136,68-74.

Yang, Y., Ratte, D., Smets, B.F., Pignatello, J.J., Grasso, D., 2001. Mobilization of soil
organic organic matter by complexing agents and implications for polycyclic
aromatic hydrocarbon desorption. Chemosphere 43, 1013-102.

Yen, C.-H., Chen, K.-F.,, Kao, C.-M,, Liang, S.-H., Chen, T.-Y., 2011. Application of
persulfate to remediate petroleum hydrocarbon-contaminated soil: Feasibility and
comparison with common oxidants. Journal of Hazardous Materials 186,
2097-2102.

Yukselen-Aksoy, Y., Khodadoust, A. P. Reddy, K. R., 2010.Destruction of PCB 44 in
Spiked Subsurface Soils Using Activated Persulfate Oxidation. WATER, AIR, &
SOIL POLLUTION 209, 419-427.

Zhang, X., Lin,Y.-M., Chen,Z.-L., 2009. 2,4,6-Trinitrotoluene reduction Kinetics in
aqueous solution using nanoscale zero-valentiron. Journal of Hazardous

73


http://www.sciencedirect.com/science/article/pii/S0304389405007016
http://www.sciencedirect.com/science/article/pii/S0304389405007016
http://www.sciencedirect.com/science/article/pii/S0304389405007016
http://www.sciencedirect.com/science/journal/03043894
http://www.sciencedirect.com/science/journal/03043894
http://www.springerlink.com/content/?Author=Yeliz+Yukselen-Aksoy
http://www.springerlink.com/content/?Author=Amid+P.+Khodadoust
http://www.springerlink.com/content/?Author=Krishna+R.+Reddy
http://www.springerlink.com/content/286u6491144j064q/
http://www.springerlink.com/content/286u6491144j064q/
http://www.springerlink.com/content/0049-6979/
http://www.springerlink.com/content/0049-6979/
http://www.springerlink.com/content/0049-6979/
http://www.sciencedirect.com/science/article/pii/S0304389408015926
http://www.sciencedirect.com/science/journal/03043894

74

P FAIEZ PRI P AR S B RS BRER IR

Materials 165, 923-927.

Zhu, K., Hart, W., Yang, J., 2005. Remediation of petroleum-contaminated loess soil
by surfactant-enhanced flushing technique. Journal of Environmental Science and

Health, Part A: Toxic/Hazardous Substances and Environmental Engineering40,
1877-1893.





