AT - =F
J. of KSEE Vol. 22, No. 5. pp. 869~877. 2000.
Journal of Korean Socicty of Environmental Engineers

Ozonedl| &3t PAHs 2LEEY S/ H7(]): EUdgeie|s 2FE L3

Ay - XA - =HF
BrAeried g3

(19999 124 16¥ A4, 20004 249 25¢ A9)

Ozone Oxidation of PAHs in the Presence of Soil (I):
Ozonation of Soil Slurry Phase
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ABSTRACT

A mechanism of ozonation of simulated soil slurry contaminated by phenanthrene
and benzolalpyrene has been studied under various conditions. The effects of soil
media(BS, S. GB), radical scavenger, ozone input ratio(0.17~0.73mg/min), bicarbo-
nate ion. and humic acid were investigated. BS showed the highest removal efficiency
in media tested. The generation of OH-radical via the catalytic decomposition of ozone
on active sites of the natural sand was confirmed by OH-radical scavenger experi-
ments. The enhanced removal efficiency by OH-radical was indirectly quantified to be
about 22%. As initial concentration of humic acid(as sodium salt) was increased,
pseudo first-order rate constant (ko) of phenanthrene was decreased from 1.37 X
107%™ to 0.53 x 107%™, The amount of ozone required to oxidize 80% of the initial
mass of phenanthrene(10mg/kg) and benzo{alpyrene(10mg/kg) was 67.2mg/kg-soil
and 48.0mg/kg-soil, respectively.
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Phenanthrene® benzo{alpyreneSZ 29 d ESE &8z dollM e&XaA whgoAY
Z<& ZAEAY. EGU 2 FFYA OH-radicald] A wgo) SloiM § - Z7189 4%
£ goluy] 93t dedtd EdvlA 24 baked sand(BS), sand(S), glass beads(GB)E&
wated A8 A3 AALE7 BS>S>GB €22 Ueldr}. Radical scavenger 48 & ¥
8ted OH-radical®] WA EE Asugted, BSe A% OH-radicald Yoz &9
Ak o] AARE] 22% Y5EE ¢ + AK¥Ch. Humic acid®) 27| 5=& 0~5
ppmeE ZF7IAH o] we} wrg& T4 (psuedo first-order rate constant: ko)7} 1.37 X
10%791M 0.53 x 10722 adden, Soddeld PAHsY £27]1%% 10mg-PAHs/
kg-soil®} 80%% AAsled AE2H+e 2& FUFHL phenanthrene® 7§ 67.2mg-0s/
kg-soil® &L, benzola)pyrene?] 7% 48.0mg-Os/kg-soil2 AHHHUT).

ZEHof : &&, OH-radical, PAHs, %12, Radical Scavenger

.M &

FRL.UEY B Aty EdFHoz €PEe
71€ (in situ remediation technology)el ZA4
3 B&49 &M EFAo|n o F soil vapor
_extraction(SVE)® bio-venting $2 MarieL
EFUA(s0il grain)oll F4=o] sle HEY /7
AYE Folle AAEAT HoluAwt uiHEA
(semi~ or non-volatile)olil JEHH o2 G¥)
“d(non biodegradable)q! polycyclic aromatic
hydrocarbons(PAHs)2] A A< @47} sle R
2 A 9. ool d@ dite2 2.&(ozone,
E° = 2.07V), 34344 (hydrogen peroxide, E°
=1.78V) 3 Z2 4%A# o4 ¥AEU
o] A= A7=a A.>? F, 223 3
Aelede adAH2E (Advanced Oxidation Tech-
nology: AOT) B9 o dFAM gl uis} 2
o] £l HF4(discrete water)t A - 42t
A8E 5o S50 ETe] wigoz vl
2 Eg gL A%EE AR Y& OH-=dZ
(hydroxyl radical: OH, E° = 3.06 V)& 4%
F Ap 375819 s r g EGELe] 283
Fenton-like oxidation® 4857l Helsin
A g AGER ool e Egol EA3te # - T
718%e oz Qg AALY FaHes: A

42 Aol AZNHRR Y dFo e
(in situ ozone enhanced remediation process:
in situ OERP)8 % E<hliojre] e&utguf
AUES et (radical)s} 44A2 R w32
Fol A@ ojsi7} £ZE AHo|g 57

£ dFAMe QAo ERY e M A7
PAHs % phenanthrene® benzo(alpyrene® W
FEAZ 8] el dodls 1) ESulA (soil media)
9] &89 2&F<Yvl(ozone input ratio)d] =&
q3E8E QA 2) radical scavenger# ©I
4% OH-#Y#e A4F= set R 3) humic
substances} bicarbonate ion2] 98-& ZAI8IAY.

2. EYy
2.1 dHNE o Al

Phenanthrene(Wako, 99.9%), methylene chlo-
ride(Fisher, HPLC grade), tert-butyl alcohol
(Junsei, 99.9%), humic acid(Acros, sodium
salt, 50~60%), benzo(alpyrene(Acros, ) 95%)
2ol AEEUAY. EY%vlE (soil media)e HNAAE
Aol F3ol loj 2T BZHAE M AR
& A (seive) & 8t 373 355~500ums] F#



Table 1. Characteristics of Jumunjin sand

Soil Property Value
Porosity 0.41
Butk Density (g/cm®) 1.48
Specific Weight 2.5
Water Content (%) 6.3
Particle Size (um) 355-~-500
Organic Matter Content (%) 0.12

F EENE AEF ALY, RU18Y 989
4B 1% Sand(S)® 500TolAM 24413
baking3te] ®718& $id Baked Sand(BS)E 7
3D 27189 J%E Yol A3l FEA
B &AM fAM 2719 400~600um W99 glass
beads(GB)& 7% &4 2A4(R>18.0M
Q/cm, Barnstead system)2 M3 ¥ 105TCIAN
24/ Az ALESIAT. BN BEAS §
‘42 Table 1¢], 2 EEH A Ul FoidgE &
€ Aoz dise TN EY gEE ¢aA
F8% X4 YBEM(X-ray fluorescence: XRF
analysis) 3= Table 29 JelAc} PAHs 9
spiking® TYY A2 2dd =%0|A(BS, S,
GB)¥ €7] Y18t media®l pore volume B xE2]
methylene chloridec] $0i7} #'d ¥ ke 5= 3
#(mg of PAHs/ kg of soil media)7} 5|2 & o4}
€3 (model compounds)¥ $#MAI £ oA
4871 < AL W aging® e APE AR ¥
AHE3tn, €3 Edolde] #oulsl 5:19 ¢
gz 49-¢ 33,

2.2. AEF=R

w88 d94elA SA3Ee samplingdel 23}
o} Whg ¥ NRE E¥o vFIAHoE AW B
231§ F°)1 kineticd 7& Y& %o 2E
48 2 15~20749] 50mL KIMAX® tubeol 5gel
EYA(BS, S, GB)¥ ‘7] spiking Wies 2
71E%7} 10meg/kg A&7 HEd 29N & 2
<4 93%4(R>18.0Q2/cm : Barnsted system)
25mLE $ol 4L FYHYY eFEL A2
(99.9%) & ol &8l 2EW47|(PCI, model GL-1)
oA YA F Fig. 191 EAG ulegh o)

Ozoneoll 21¢ PAHs 29EY 89 AF(1) 871

Table 2. Results of X-ray fluorescence(XRF)
analysis of Jumunjin sand

Contents Analysis Dataﬂ Contents Analysis Data
(%-wt) (%-wt)
Si0; 90.41 MgO < 85 ppm
Al203 5.48 K0 3.45
Fe 03* 0.12 Naz0O 0.36
TiO, 0.02 P20s 0.01
MnO; < 74ppm | LO.I® 0.09
CaO 0.07 Total 100

*Total Fe, ®Loss on ignition

i

Dillme
Stivrer

Fig. 1. Schematic diagram of replaceable
soil slurry reactor.

KIMAX® tube® ZMY 4 U o] 242t 8§
PEANTNE 2E & F &AL F 2N Naz$0s 1mL
¥ ol 83l 43 AuuH e V8§ Fd(quen-
ching) NAY. LEFYFL YY7l9] &YAHYL
WA A7 EYAZ] 2&EE Ki(potassium
iodide) W¥o2 EAY Anseros® 2EZA7)
(ozomat GM series)2 ZUE st Aol
mass flow controller(MFC, Rich Field Inc.)&
o] g3t {4 50mL/min(ozone & oxygen mix-
ture)2 €A FUY & UEF UG F4
¥ U&x=§ AA Kl solution trap®Ao] T3E
LEFE FYHA AFHY 2ZFFY%F(ozone
dosage) ¥ MY R & (trnsfer efficiency) & 443
At APFA ] ALEE ZE fAWT ¢ Y
(Swagelok®)., AZRHAE Teflon®, glass E&
stainless steel 48 & ALE-8l F3 9 ¥49] o
€ A g & =g sy, ZE 4¥e 25C
Y2/deeol A =AY
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B sciiveSite (1) Radical Generation Reaction  (3),(4),(5) Radical Oxidation
[ Mon-active Site (1) Non-radical Generation Reaction (6).(7),(8) Ozone Oxidation

Fig. 2. Proposed mechanism of catalytic
ozone reaction with organics in
subsurface.

2.3. BMYY

Egelre] PAHsS] &2 EPA9 239584
(sonication method)® EZo] YA WY
o] &8t} Methylene chloride®} acetone®& &
Z8uj2 3o Z AER 2&EANY £ tubedlM
dxo #71glo] &vlel 8§ 1: 12 (media mass
71€)8191 31 vortex mixer shaking® AA 1A ¥
ot 2&93&E A Autosampler(WATERS™
7109 UV-&3 £47](Absorbance detector,
Youngin, Inc.) 22 FA=o|x WATERS™
HPLC system& ©]88to] FFE4E& &t
4 xH02¢& Nova-Pak C18 (3.9 % 150mm,
WATERS™) @l A#I91R. column boxel
2%& 40T, water : acetonitril(65 : 35)9] iso-
cratic mixture® eluent® #3929 flow ratet
1.0mL/min, detector absorbancet 254nm%t}.
ol2ig ¥AEE T3 UUY PAHs9| H4&
(recovery ratio)& 75x5%%t}.

3. & o uH
3.1. EYoiEe

EYA(BS, S, GB) ¥2 49% @3 phen-
anthrene® benzo(alpyrenedl MALEE Y=
Ul Fig. 3o Jeld wnis} o] BS(Baked
Sand) > S(Sand) > GB(Glass Beads)2] «A Q.

1.2
1.0 ® Sand
T Baked Sand

- 08 v Glass Beads
2
Y
3
£
g,

0.0+ v v . ~ v 1

0 5 10 15 20 25 30
Time (min)
(a)

1.2

1.0
o 0.8
&
£ o6
[-%
£ 0.4

0.2

0.0

0 5 10 15 20 25 30
Time (min)
(b)

Fig. 3. Effects of simulated soil media on
the removal of phenanthrene (a)
and benzol(alpyrene, (b) by ozona-
tion. Ozone dosage was 5.0x10™
mmol/min, initial PAHs concen-
tration was 10mg/kg at 267T.

Phenanthrene®l 7 ¢ BS# mediaZ 2} 4¢3
A3 50x10“mmol/mine 8 & F¢JA| 27|
9] 60%7t VE-A1F 1 ojulo] AMASAR & 30
¥ & ¥ 90% olite] AAEE B ¥l GB
media®] 7$ H&A 18F 25%92 AALI} &
65%2] A &€& el

7] &N YA ALEEHE FAE(Fv))H
g 7@ AN gel A vl osia e
9] A= Al20s Fer03% MnO; o] 29 34
£ Sios 28 Yeld d7-LFoH(SiO, -



AlO3) 2.2 i3t & Eao] 3lojA ojgy
€ 43 gled, BS% S mediad A ¥ ol FAMS
UHeA2E 8 YA¥ OH-radicale]l PAHsY]
&z g 7GR <4459 radical scaven-
gerg B¢ 4¥E $Y3YH(Fig. 4). Fig. 20l
A G ule} 2 A2 E il @3] oFo] 2
25 eA ol OH- radical & 4439 48
+ 8/ o8 27 EE dydes d7H3 3oy
2] o]&(R@@)ol U Al ¥ AFdME
Table 29| Uehd XRF ¥4 A no)M & £ Kol
218E Y44 F Eﬂ'ﬂ;ﬂ Ae Seld EYo
2] BS, S mediash £71#9] F8%& uiAg 5 U
£ GB mediaste] v 2§ ¥l B 2 F
YAl OH-radical®] 44 ¥ E%U 29 &(PAHs)
AA % 4¢E setdted §R¢ o0 4
o] 78] ¥ Ay d¥e s gskc) Fig.
3(a)el Jebd uie}l o] BSS S media® Aole
FER EEAS] ES/718 (Soil organic matter)
o] 0.12%(by weight. Table 1)°]3&& m2ig
W S media®] 3¢ £& ¥ OH-radical® 4£23%
£ €3] baking®& ¥ #71€% ¢l BS media
of vis} YA oz G YAZ VE4Er =fo
glgtn Abedd,

3.2. Radical Scavenger(tert-buty! Alco-
hol)ol &8

BS, 82| 3% sand2] L&E¥3e] ¥3H (active
site}) 22 A& OH-radical 44 % R S
7t E7Vcelete 74 8o, OH-radical 4%
% A3 =E THA2E §3 87 913 radical
scavenger® tert-butyl alcohol (km..on =5.9%
10° M'S™, kumos = 0.003M'ST)& ©| &% 4¥
€ %39t Phenanthrene® W4 EZdZ BS
mediaclX 4¥€ 83303, tert-butyl alcohol
3} phenanthrene®] %7]1%€ ztzt 21 X 10 mmol.
28x10°mmollM ozone dosaget 5.0%10™
mmol/min (25ml ¥47]1&22 0.96mg min"' L)
22 Y. & WAl 308 B FYUE oFE
Fe 15.0%10°mmol2 2, tert-butyl alcohol
71%< OH-radical® quenching®] $¥#& %ol

Ozoneol 2l¥ PAHs SRE} ¥4 4F(1) 873

1.0 e Baked Sand

o Baked Sand
Los {with t-BuOH)
® v Glass Beads

Time (min)

Fig. 4. Effects of radical scavenger(tert-
butyl alcohol) at a BS media. Ozone
dosage was 5.0x10*mmol/ min,
initial radical scavenger concentra-
tion was 21x 10 mmol,/25mL-water,
initial PAHs concentration was 10
mg/kg at 25C.

O3 B8, Fig. 49 TAI@ uist o] GB
media®}4 e phenanthrene MA3 3} Baked
sand°lM tert-butyl alcohol®l EAA Q] AMAREY
o] Hi&¥& ¥ 4 AeH, o] AAE Fo 3.1
d8¢ BS. S media} GB media®l phen-
anthrene A A48 A7} e&Eoleje] R4 4
iAo} o AR &, OH-radical $9 ¥¥Ye
¢ 4 311}, Baked sand°iM radical scavenger
9 frRol ©E AA FMde AolF ¥ OH-
radical®] phenanthrene®] AA} 22% A= 4¢R
& g e AR FFY + A

3.3. LEFYH|(Ozone Input Ratio)2]
R

Phenanthrene® benzo(alpyrene€ RAEA =
2o S mediaclM L&F<]u]& 0.17, 0.34, 0.73
mg/min® & uHte] 7io] AR YE Awugict
Fig. 5, 6(b)x semi-log@t€ plot¥ AHREMN
biphasic pseudo first-order2 Uehd + Y&
d ole MP4d¥o] gasNey #A(homoge-
neous) ¥ JFollrel wrgat= @) RFEA E
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1.2
10 e 0.17 mg OJmin
' o 0.34 mg Oy/min
~° 0.8 v 0.73 mg O,Jmin
&
g 06
@
£
8 04
0.2
0.0+ . . v . |
o 5 10 15 20 25 30
Time (min)
(a)
N - 0.17mg/min
- -+ 0.34mg/min
S -e- 0.73mg/min
é ™
a. >
u 2 4 \"\ s =
5
.
N o

$ 0 5 1 15 20 25 % 35 4
Time (min)
(b)
Fig. 5. Effects of ozone input ratio on the
removal of phenanthrene at a sand

media, a initial PAHs concentration
of 10mg/kg.and at 25T.

%l F&(sorptionm)=o ez, oF HEFd
atolzl € & AR, EYeigdA 2EFUA
OH-radical (34 &) ¥4 &R <&
33 L E(NHEE)EHI HA HK(aging)} #
oA Zujo]lg2€ WEUDH phase [9A4 OH-
radical®] 4ol FAFH L2 o] R & o] YUY
o2 Agdg 1T Ziztel A9 3ol ke
$E2 Table 3o YehHAEH, phenanthrene?]
A% 2&F9Q471 0.178 0.34mg/minlM e #
A 13 B85 % A4 (pesudo first-order rate
constant: ko)7t & )7} 13, 0.73mg/mins}
4| phase I, I[[914 AALE=7} F7tste 2%E B

1.2
1.0 e 0.17 mg Oy/min
' o 0.34 mg Oy/min
o 08 v 0.73 mg O/min
&
= 06
&
= 04
0.2
9
0.0 ¢ v . . > v
0 5 10 15 20 25 30
Time (min)
(a)
04 -0~  0.17 mg/min

Ln {{BP}[BP]o}

o 5 W 1B 2 2 % 3B 4
Time (min)
(b)

Fig. 6. Effects of ozone input ratio on the
removal of benzolalpyrene at a
sand media, initial PAHs concen-
tration of 10mg/kg at 25TC.

9}, Benzolalpyrenes) A% AWtH o & phenan-
threne®] 7%t #ARIRIoY F¢4u7t 0.34¢
0.73mg/min®| % phase II4|A k.7t ¥4 et
b e= 3

3.4. Bicarbonate2} Humic Substance2|
A

Bicarbonate ol %% & 0, 0.07. 0.35mM= u}
ol 71 4¥€ 93 pH YHe 6.8~
7.28c}. Fig. 7o) =A% dl2 0.073 0.35mMell
Me BgET Ae Holrt gle AR ey
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Table 3. Pseudo first-order rate constants for biphasic linear regression

Phenanthrene(1.1X10mM) Phase | Phase 11

Ozone Input Ratio(mg/min) kox 10%! kaX10%"! rl
0.17* 3.8(10min) 3.0 0.95
0.34 3.5(5min) 2.7 0.83
0.73 20.0(1min) 6.5 0.96

Benzo(a)pyrene(0.79% 102 mM) Phase | Phase 11

Ozone Input Ratio(mg/min) ko % 10% kox10%" r
o1m 3.5(10min) 5.8 1(two points)
0.34 7.0(5min) 31.7 0.98
0.73 11.7(1min) 32.1 0.98

* Transfer Efficiency = 14.1%

1.2
Bicarbonate dosage
1.0 e OmM
o a 0.07mM
N 08 v 035mM
a
s 06
.;E;. 0.4
0.2 e ——

ol ¥
0 10 20 30 40 50 60
Time (min)

Fig. 7. Effects of bicarbonate ion on the
removal of phenanthrene at a sand
media. Ozone dosage was 5.0x10™
mmol/min, initial concentration of
PAHs was 10mg/kg at 25°TC.

2, AYA o2 bicarbonate °] & EAA W&
7} Bi Z01EE JYEll e o] W9 ¢lA9 bicar-
bonate ©]#& radical scavenger2|9l o ¢o|
vjoj&tn §F WAl A"l promotor2 &3
Aoz Alm¥ch

Humic acid(sodium salt) & 7|&#22 0.1, 1. 5
ppmold 4¥9E€ € 2 Fig. 8¢ vehd uie} 2
°] humic acid®] ¥ =7} 371245 kot 2439
R, 43N 2ENYEY F s 27 7
A Fgdo gMENE BIAY F AAY. Fis
8(b)e 7] WEAR X 187X ZHE semi-
log2 plot¥ AAE pseudo first order® 713 Al

humic acid® %7} 014 S5ppmez F71g o
ko7t 1.37x107% 04 0.53x10%s" 2.2 as
v ez vehygr.

4.8 &

¥3 o&HY/|€(in situ ozone enhanced
remediation process: in situ OERP)2 8-l
¢AM PAHsZ 29¥€ EYE €@ador &4
2% de FAAe dojA FEL gL 2,
1) Eggeiedels E9ujA(BS. S, GB) ¥
2 4Y¥ ¢ 27 phenanthrene®} benzolal)-
pyrene®] AALZEE FUxAA BS>S>
GBIt o1& sand (BS, S)o ¥%€E &
488 (e.g., FeOOH, MnOz, TiO2, a-
Fez03, etc.)3 A27H-F0 U (SiO; - Al203)
522 sl 4% R4 (active site)
oA e&o| ¥=v] YAH¥ OH-radical®l
< 8<elo] ¥2Htt, Phenanthrene$d W4
B3z 8o BS media, £&FY%(ozone
dosage) 5.0X10™*mmol/mine] ZAA &
7139 60%7} WgAIE 1§ o, #30¥
uhg ¥ 90% °l4d9 AAEE BEda GB
media¥] 3$ $Y =M 1¥F 25%,
65%9 AA&E& Jedch
2) Radical scavenger 438 & ¥8d Eded]
g43o] M 2&EFUA OH-radical 44l &
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127
Humic acid dosage
1.0 e 0ppm
o 01 ppm
= 08 v 1ppm
£
o <o
=
@
L
8

0 5 10 15 20 25 30

Time {min)
(a)
0.0
=2
)
£
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2
z -0.5
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-1.0
0 1
Time (min)
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Fig. 8. Effects of humic acid on the removal

of phenanthrene at a sand media.
Ozone dosage was 5.0x10*mmol/
min, initial concentration of PAHSs
was 10mg/kg at 26T,

g F L& YA D, radical scaven-
ger® #%o @& PAHs(phenanthrene)2
A AA%ge] Aol g B EXEe e dAM F
ol xydsge] <LEFYA YAE OH-
radical®] PAHs(phenanthrene)# A<l 22%
Az i P ATE AE HAHes
AFE + Ak

3) Phenanthrene® ¢ 2&FYH] (ozone
input ratio)7t 0.17% 0.34mg/min%jAl&
kool & zlel7F g1, 0.73mg/mincl &
phase I, oA kot #7718t A%E 29

t}. Benzolalpyrene®] ¢ A¢A 02 phe-
nanthrene®l A-$+8 FABYSY input
ratio?t 0.34%} 0.73mg/min®} %% phase
el A ko7t A Yebdo)

4) 0.07—0.35mM ‘8919 bicarbonate °}-& &
%ollM bicarbonate?t gl -5l B8] AA
&7t g4 F71ElIded o s=E¥ACdAE
bicarbonate”} radical scavenger®.th= pro-
motor2 &% Aoz Ags9, 0~5ppm
S22 humic acid® Z71¥%7t FHAESLE
phenanthrene®] % ko7t 1.37x10%7414
0.53x10%7 2.2 zade Aoz veyd,

A A}

€ 97F€ Aaf/Asadried e ddle
AFAeARIE FFaRrled SFRYEY A7)
€ ATAE§ 38 AL $54AT4AE A
Y3 4P ez oo It=FPUn.
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