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5,000 mg/kg, AE AR US| UG 70:30. YIS ST £
Gneia mdedlolgdrt. M2 che £7] Eo| pEAI(105mM,

2 AN DY VY B TPH AL 98%G o0, ol A1 %
=9] PS(100 g/L) % NaOH:PS u]§ 42 Aels|9ie o =2elqich 33
5 SRErR(USE UmEA L e o FUA2A 02 YIS
shareo] A glol Mzl ¥ 4% Fo A AeE vhw, wago) leuc
2 RS shErEe 7MY Bolgol e oz wys i,

P

ol £ 1A sfEHAC hE A4 B BT FAY YU oz
WOk $Est TPH A8he PS 2 2gAle] A1 swoli] de v,
O} ARolME 60~77% W] T A7} o] RolFc. Ymgal 9l uj
JEN] AZe ARE FUnc s AP (H 42 F WS
shgrzol Meke of 0.891 WHH R[S A7 0.55), LnTA Ei TUE
o2 wE| WIS Mot A AEEA Qo
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141 PS(mM) NaOHPS
I T- I 2
:M ; 12{mme @
P 210 2
BS 1.04 mmPs 210 &
EmP: 105 2
0.8+ =
AGEDDIESEL | "E L
aliphatic  ARAAARAHY ‘ Ho 04
CD 0.2
Ovidized (), -
aromatic {ﬁ}‘ w ‘ organic 4 1 20 96
compounds t (days)

[Fig. 2.10] D&AMS(pH > 12)0f ofst C|M @ EQF 22| ZAnt
(Lominchar et al., 2018)

Zhou et al.(2019)2 & 278 AFFge rleda L9d EY
et 2o Fof 24t o f 2 ofgt v gst #AIglo] tRE
@ 2EetE o w2 AAEs UEe As sttt Ao
0-09] 2% oY= 140 kJ/mol ojtf, i2(> 50°C)9] ofA]= 0-0
AYY 2ES gor A HuES skl £ Alojd %E o]
oM 28 =29 WS ks 227 S T Sk o=
LHERSLTE

Xu et al(2021)e §7]122 9QE W] BUS Y5 Y| B /A
AFF(MAH/PS)S S oz &Esto] Fol &2 Benzlalanthracene,
Benzo[alpyrene & TPHo| sl 60~99%0] =25ttt MAH/PSE T
st BA} poe WAl 12-t]222oEke Balske o o auso|y
oul, 0@ 2 2ol age BA ot 1Y wet Aastn o9
=2 F&U SOt et Sotsklet. Aok £ A|ske RUEY 2t
THg TPHZF WAl itk Bglon, SO, 99l 8.0~290.0 mg/L
olaiZ pH+ €7Z2]/d(7.00 - 8.20)2 HEIH

=.'=‘
ol

-|ol'
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Pallutant Podlutant Oncidant concentration  Soil/ Temperature Reaction Dregradation
concentration (mg/ [malkg) waier time (d) efficency
kgl

TCE® 00 0.023 15 0T n 1P

40°C 0iz2

50T 0,035

60°C ool
Trichloroacetic add (TCA)" 0022 a0 455

50°C 063

60°C 0.1
Tetracholoroethylene (PCE)* 47,4 0004 17467 500 D63 9%
PAHE" 0 0.3 13 €0°C 3 G600

40T B7%

50°C O8%

80°C G
Dimethyl phthalate (DMP)" 569 = 18 0.0003 14 0T 14 33800

0.003 1064

y-HCH* B0 0.0004 1/4 40 14 10
PHE® Bl6 0.004 144 Ulerasound induced hest activation  0.02 10054

0 -=84°C

paitrophencl (PP W=D 0.06 12 60'C 017 100%

i o i) 1005
80T ooz 10Frh

BOE209" a0 0.5 17125 70°CatpH 5 025 S8

Light PAHs" iT£6 00028 15 EQUIMOLAR Fe' * with oxidart i 71 = 15%

Heavy PAHR" rxs under 60°C 67 = ¢

PAHs" =3 68 = 15%

Light PAHs* 17+ 6 30% Hy0, pretreatment for 3h, 113 T8 = 16%

Henvy PAHS" 37+ 5 then equimolar Fe* ' with exdant 6% =

PAHS" 54 %8 under b0°C for 24 h T2 = 15%

16 PAHs" ny 722 145 60C 7 4553%
1269 420 1/15 H9.50

PHE" 1200 = 200 L 12 60 °C for 6 b, then incubated 0124 °C 7 21%

mR" 800 = 100 for 7days L

Tbuprofen” 0.0095-0.01 0.02 12 25°C at pH 4.01 008 54%

S50 CatpH 7.75 B0
50T ae pH 4.01 0.06 10,
Perflusrooctanode ack] 5 021 every week 15 500 14 55%
(PFOA)

Note: 4 was in sltn contaminated soil; b was prepared soll,

. o . . . .
[Fig. 211] 28 EY HalE 2[ot nrzitge| & 243t (Zhou et al, 2019)

AR T I R U
a) o q — ¥ + + 2 + + * - * L3
P P soil €€ | ¥, B 3 e A N N A
[ ‘T\.n:-: 1 = - ' i (]
-, e - - Bvaiuatn sinaelard - - = -
P £ |
3 8 5
E - &
k] s £ E
3¢ i % g
£ H |
b3 : B g
| ! | ﬁ
P . i =z
at

ff@fd@

s

..f ..F‘ o o .é‘ g ..ﬁ*‘ ..? o
"

\0 '\.‘\

£ T
‘f* G “‘C«‘ A

r;‘r‘r.'r-'t'tf'¢tsn\.¢ £

S -y-a.a.-r.-,f.- 4
i

[Fig. 2.12] EY

2 X[5t=0 2| TPH ol
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Sun et al.(2021)2 tAlZ ¥ &L= EA
she e AFsiRon, TCH AHRYS

situ Chemical Oxidation)?}9] Z3&S 125t
2ol A 242k 70.3% E+= 81.73%2] Ao TPH A|A7} ?_*EPH%QEH,

ol & Oj25S A0 4BHOE BUY JhsAe FadCh FU/
k=3

#U9 mik= F2E G AA AN Fast 9F2F st Aow UE
ok 23 A 2322 Antoine WA Al9F Raoulte] Ao wa} o] &
Aoz 100.3°CoAA A &#71 AAstRel, 27t =245 7] TPH

557} golX L 0RBA AXg EF FAEL Ao Ut *li%]
o MR TEAAPS)] AEHE st Z71eo] whet Lopx]

24 A7 g Astel slelzsl kold sl Hge 40~80 COﬂH
29.05%01 A 66.87%% Z7}5tct.

271 gk Ae] 42 80°C o]l 7ty o] HA| 29 71.0%E
AERISEITE. ZFEAIRE 180704 & Ul By TPH s=& oF 248.7
mg/L ot TIXFT EZoA 73.1 mg/LE 7P I 5F EHY
t}. TCH & Wz mAojA 6A]17F =9t 7t xa+S xithsijate Ej 3
7tE A9 97.9%7F 30°C oo = PSE &gsto o 842 A7
sh7lo et Aoz U T2 =7 20°CoA 80°CE F7istH
vrs/da(k)7E 8.38] Skt en. £7] TPH 57 =245 2d=4
MAE0] oY, FAR =, 7IE2wrl 80°Colail x=7] TPH w%=7F
474, 1,018, 1,580 mg/L¥ ® AH& 242 27.66%, 55.83% %
81.73% =2 =T Qict.

L
ol

StH, Y2 TPH £7] 5=oA AAES $H9 TPH &4t &2 9l
of Gotgon, AASES UL FA717] Yol F7HAo=2 PSE 7d7fst
At
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The remaval efficiency %)

(a)

—e— 40T fonly heat
=i |0 mM
—a— 30 mM
=== 40 mM
—#— 1 M

The remaval elficioney Tk
The rensoval efficiency (=)

[Fig. 2.13] 2 B30 w2 A7t &

_‘|5_
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—

3.1 AdAg 2 A

A

=& Junsei Chemical Co., Ltd. (Tokyo, Japan)oA Ldsto] AR
ston, Eol24p= EXL® 5 Pure / Ultrapure Water Production
System (VIVAGEN Co. Ltd., Gyunggido, Korea)ofAl 735ttt A=
9] heating, cooling, mixingo|= Eppendorf ThermoMixer C

(Hamburg, Germany)S AH8-5t3itt.

Hs &AL UV-Vis spectrophotometer; GENESYS™ 40

(o]
Vis/UV-Vis Spectrophotometer (Thermo Fisher Scientific, USA)Z

ottt WY AIARAN Hle she FEES o8t 1 3.3%
1=

2ol 4 e, HE FFetAl= 250~0.12 mg/L FE0IAH-

_16_



O
1.5
£
=
[=]
~N
31 o
o
S 3
0.5 o
(o y = 0.015x
0 & R2 = 0.9994
0 50 100 150

Phenol (mg/L)
Fig. 33] WHZS o MBS Hss}r| ot AHTM

—

-T
5 7R Oy AABE Fa 90 0 9615
= YEHUH, Rlsty A== o] & T Atojo] EXjsttt. &
/8 =&%4(SEW) ¥ A AH=(10:1: 1200ml/120ml v/v)&
24 Fejo] & ¢ 22°ColA 3.69] £= & Stuart wWEH7|oA 120F
=OoF wykstth MAS Scientific £2] Zfj7]|S o] &5t S3r=S 244]
B WY AER SAd §, 2AS 98 0.1LE B viald] A

22 Agilent 7890A GCo] HZA= Teledyne
Tekmar HA] U E=} 7]7]2 FAlsto] H45ttt 2= m2 I8 3
51991, 10°C/min®] £ &3] 3200C7HR] &2 &

AZre 15802 stoict.
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cvisto] ohe TPHO| mHAlY Aste olsisly] sl wAE DharA
F(PDS) =% (10mM, 2.38g/L)oJA] <%= (40, 60, 80°C) A]7to] o
= TPH SE(27]% % 474 mg/L)o] Wste Watstgct. A o]
7]
7

wo2 Zds B2 PEste] WA A AN TPHE Hxo2
AIZ171 SIet Al 28 AlFe s e, o] stEoz JFacl
W o0 =2e s AANOR RARSIDAL oigick
TPH
Deionized water (DIW) Salt enriched water (SEW)
‘ Mixed ‘
Se?
‘ Equilibrated ‘
S

TPH quantification in DIW-TPH and SEW-TPH agueous mixtures

Aliphatic compounds BTEX

Bus?

DIW-TPH and SEW-TPH equilibrated with carbonaceous materials (= seeping
through earth crust)

NS

Residual TPH in DIW-TPH and SEW-TPH after sorption

BTEX sorption kinetics Equilibrium BTEX and Aliphatics conc.

[Fig. 34] OH|MY SE&
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[Table 3.1] 2% Q0 & Q0I8¥ =

Levels
Factors Unit -a -1 0 1 a
Phenol mg/L 1 41 101 160 200
persulfate g/L 0 1 2.5 4 5
Temp C 50 58 70 82 90
Cube
Phenol degradation (mg/L)
S 917
//.//
# :
Pra— it :
C+:82 | 17 g 101

—_ 6@

Q

g‘- .. ......... —aa ’

0 2 .3;/ A+ 1

G

_A: Phenol (mg/l
2 ///
&
C-:58 -1 36 A4

B-10 g persulfate (g/L) B 40
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Table 32] 44 AIARIOIN Hizg 2ofolr| I3 Ciyet 2ol X8t
Factors Response
No. Pesion Phenol RSM model
space Conc. d:Searsquate Temp. Brperimental predicted
(mg/L) ge (o/l) value value
1 Factorial 41 4.0 58 37 36
2 Center 101 25 70 88 89
3 Axial 101 25 90 97 94
4 Axial 200 25 70 87 82
5 Factorial 41 40 82 100 101
6 Factorial 41 1.0 58 1 -1
7 Center 101 25 70 87 89
8 Factorial 160 40 58 26 25
9 Axial 101 25 50 9 12
10 Center 101 25 70 87 89
1 Factorial 160 40 82 90 91
12 Factorial 160 1.0 82 45 47
13 Center 101 25 70 87 89
14 Axial 1 2.5 70 100 95
15 Center 101 25 70 88 89
16 Factorial 41 1.0 82 16 17
17 Center 101 25 70 87 89
18 Axial 101 0.0 70 5 5
19 Axial 101 5.0 70 96 96
20 Factorial 160 1.0 58 4 2
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B AL CCDE AMgdtel 7] B BE, WA ZUe,
gewEst deet wls Ryl ujA A% 2

B, Cz2 B3H of Al 7IAl 292 & 3.13 Zo] 57FK] 2&(— a, — 1,
0.+1, +0L)0ﬂ/\1 A=l ich Design Expert SW& ARg3to] Ad go]g
S A2stRon, vgo tigh Qflo] (% e Ti) 45F ohFA
F9A S ARESHo] RS

I3 ARE B4 RAMNOVAS Agalel Bislgion, il A
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4.1 TPH 3l 7124

TPH-A% A|ARLR Zol2(DIW-TPH)?F & 5&F(SEW-TPH)=Z
g & 9ouf, DIWeF SEWo[A TPH A& 2het=E9 5LE Hluwst
2, B AYE gEe sk DIWo] Hlsf SEWOA ¢ =2 Zo
2 UESTH 53], undecane W/iJoA FHH AHE ofetE 5 SEW
ofAq] 7}t o =r2 waon], BTEXC 7S DIWECH SEWO|A] Lo
7 25 9 =21 SEEJG. olF Sl TPH7} FAZ FUE B¢ Fe

b 2 PO TPH 8alw Z7t0] met 27 999 Fwot 571

[Table 4.1] TPH-U&F A[AHRIO|A S| d&

Consituent | Deorized veter OIW) | Sat enricid weter (S5
TOC(ppm) 18.71£10.5 5.16+3.83
pH 7.08+0.16 8.98+0.22
Aliphatic faction
Octane 8.99+0.97 10.14+1.06
Nonane 5.39+0.62 7.83+0.39
Decane 7.27+0.83 9.94+0.19
Undecane 12.77+0.33 12.97+0.85
Dodecane 3.95+0.01 5.62+1.36
BTEX
Benzene 9.74+0.21 9.97+0.64
Toluene 11.62+0.73 12.05+0.57
Ethylbenzene 11.50+1.29 11.73+1.14
o-Xylene 12.01+0.77 12.35+0.53
m-Xylene 11.29+0.14 11.47+0.70
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NEAS B3 AE TPHE Al 9] €4 279¢ 4183
DIW-TPH @ SEW-TPHE HJ3tA|Z] F DIW-TPH % SEW-TPH9]
L =y
(o]

)

R

]_

7 BIEX 5%2 Aol Aol mat gstsioirt. gA Basel
BTEX &4} Hl&2 DIW-TPHOIA Hroh =7 UEGOH, ol oA A
+ TPH &dli= ZAxtet dx|stt. &, TPH Zsiert doxiez =2
SEW #golMy E9 Brhe Sgoiite] TPHY} %2 552 ZrRots
T, Boli=rt doisier W2 DIW gHFoas 4ol EsiEA] Rt
TPH /g%o0] Eoo] EAtel 7o Tosct
[Table 42] E4AH TR0 St 545 ¥ 5= Hn
Compound DIW-TPH SEW-TPH
Initial Conc. | Equilibrium % Initial Conc. | Equilibrium %
(mg/L) conc. Sorption (mg/L) conc. Sorption
Benzene 9.74+0.21 5.90+0.31 3943 9.97+0.64 7.22+0.53 27.58
Toluene 11.62+0.73 4.84+1.50 58.35 12.05+0.57 9.12+0.99 24.32
ETB 11.50+1.29 2.30+0.81 80.00 11.73+£1.14 8.07+1.01 31.20
o-xylene 12.01+0.77 4.19+1.25 65.11 12.35+0.53 6.52+0.21 47.21
m-xylene 11.29+0.14 3.53£0.92 68.73 11.47+0.70 6.52+0.21 43.16
ETMB 56.48+0.93 | 36.10+1.34 36.08 61.2410.61 51.19£0.98 16.41
T™B 22.61£1.04 | 12.89+0.63 42.99 30.06£1.07 | 22.20£0.22 26.15
1,2,3TMB 2448+0.87 | 20.34+0.93 16.91 27.18£0.66 | 23.78+0.27 12.51
Naphthalene | 25.42+0.75 | 16.85+0.75 33.71 24.80£0.78 | 21.79+0.97 12.14
TOC 18.71+10.5 5.89+3.67 68.52 5.16+3.83 292+ 1.67 4341
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H gAY 5=(10mM, 2.38g/L)oflA 2&=%8(40, 60, 80°C) Al
At H s&=(&27]5k 474 mg/L)9] ¥sts Wl LvbA
TPH AA&2 227t S71eto et okE S7stial, ardirgo

ol o2t fofstAl S7bstet. et @Y dloly ZRIE(Hg ARt

15%, 2= @ 40°C)5 AQlst, gitgS Fotetd ZE koA

TPH AA7F A, 7P =2 TPH A#(93%)= 80°C x=Z0fA

7 el qict.

10 mM RS FYSr 7 2A1%F

=

for
-
i)

1.2
O 40 °C {Heat only) ® 40 °C + 2.38 {g/L) SPS
© 60 °C (Heat only) @ 60 °C+ 2.38 (g/1) 5PS
1@ , 0 80 °C (Heat only) ® 80 °C + 2.38 (/L) 5PS
% = I:-:I (‘. 5
e - el
2 8§ 5
2]
(] 2 5]
S
Q06 a @
T ¢ i)
o
l—
0.4
@
0.2 ®
@ = o] &
0
0 50 100 150 200
Time {min)

[Fig. 4.1]1 2= 8 AlZH0| 2 TPH MAHRE 3t
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o txRle &= 23 4.4-4.70] HEHde 29l

o

a=

24.3154 X C - 6.66283 X AB + 3.41302 X AC + 8.71457 X BC -
48.6684 X B*2 - 12.6491 x C*2 - 3.17699 X ABC + 5.40592 X AC*2 -

Phenol degradation (%) = 88.756 - 3.92475 X A + 27.0209 X B +
3.53527 X BC"2 + 0 X B"3 + 0 X ABC"2 + 12.401 X B*M

o

[9)




Predicted vs. Actual
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[Fig. 44] A&0|M Iz 250 Het
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Phenol degradation (%)

Phenol degradation (%)

[Fig. 46] 7| Il= sk % #3220 HE 5 I

160

C: Temp. (C) A: Phenol (mg/L)
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[Table 43] H=& 2MH=oot7| flet QXS x| Hetel =g

Phenol i

o) Pe;:/ll:)ate T((eorg)p. Phenol c:;g;radatlon Desirability
100.0 3.018 73.924 100.000 1.000
100.0 2.568 77.006 100.000 1.000
100.0 3.539 77.459 100.000 1.000
100.0 3427 76.139 100.000 1.000
100.0 3.566 77.863 100.000 1.000
100.0 3.215 74.541 100.000 1.000
100.0 2.637 75.791 100.000 1.000
100.0 3.330 75.278 100.000 1.000
100.0 3.292 75.003 100.000 1.000
100.0 2492 79.774 100.000 1.000

Phenol degradation (%)

a2

76

?.D 5% ClHigh 103037

95% T1 Low (pa93%) BO.T589
95% T High (p=89%) 1189241

C: Temp. (C)

58
1.0 1.8 2.5 3.2 4.0

B: Persulfate (g/L)
[Fig. 48] A& Wz &M &3 24 s EX
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Abstract

Thermo-chemical oxidation of total petroleum hydrocarbons
(TPH) in water

Hyeong-jun Lee
Eco-friendly Industry and Energy Resource Convergence
Graduate School, University of Ulsan

With rapid industrialization, the amount of oil used as a raw
material for various chemical products has increased. Therefore,
oil spill accidents frequently occur during the use process. In
particular, due to corrosion and rupture of underground storage
tanks and oil pipelines, a large amount of o0il such as total
petroleum hydrocarbons (TPH) flows into soil, groundwater, and
marine environments, thus causing environmental problems.

In this study, phenol, an aromatic compound, was selected as a
representative TPH material, and the removal efficiency of phenol
in aqueous solution was evaluated through thermo-chemical
oxidation in which heat and persulfate were simultaneously
injected to compensate for the shortcomings of oil pollutant
purification technology. Statistical experimental design and
response surface methodology (RSM) were used to determine the
effect of initial phenol concentration, persulfate injection dosage,
and reaction temperature on the thermo-chemical oxidation
reaction in the aqueous system and to derive optimization
conditions.

As a result of reaction for 12 hours at a temperature of 70° C.
in the aqueous system, the phenol removal efficiency was 1%,
and it was confirmed that phenol degradation was limited when
only heat was supplied. On the other hand, as a result of
additionally injecting 2.5 g/L and 5 g/L of persulfate under the
same conditions, it was confirmed that the phenol removal
efficiency was improved to 87% and 97%, respectively. By
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evaluating phenol removal efficiency according to the
combination of three factors: initial phenol concentration,
persulfate injection dosage, and reaction temperature, it was
found that the initial phenol concentration had little effect on
phenol degradation, whereas other factors had a significant
effect. When considering economic feasibility such as energy
consumption for heat supply, the optimal persulfate injection
dosage and temperature conditions for 100% removal of phenol
in aqueous solution were 3.018 g/L and 73.924°C, respectively,
based on the initial phenol concentration of 100 mg/L.

Based on the results obtained from this study, it is expected to
improve the environmental and economic efficiency of the
thermo-chemical oxidation process by examining the effectiveness
of TPH degradation and deriving optimization conditions.
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