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A Continuous Process of Persulfate Oxidation and Citric acid
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Abstract

A continuous process of persulfate oxidation and citric acid washing was investigated for ex-situ remediation of complex
contaminated soil containing total recoverable petroleum hydrocarbons (TRPHs) and heavy metals (Cu, Pb, and Zn). The
batch experiment results showed that TRPHs could be degraded by Fe™" activated persulfate oxidation and that heavy metals
could be removed by washing with citric acid. For efficient remediation of the complex contaminated soil, two-stage and
three-stage processes were evaluated. Removal efficiency of the two-stage process (persulfate oxidation - citric acid washing)
was 83% for TRPHs and 49%, 53%, 24% for Cu, Zn, and Pb, respectively. To improve the removal efficiency, a three-stage
process was also tested; case A) water washing - persulfate oxidation - citirc acid washing and case B) persulfate oxidation -
citric acid washing (1) - citric acid washing (2). In case A, 63% of TRPHs, 73% of Cu, 60% of Zn, and 55% of Pb were
removed, while the removal efficiencies of TRPHs, Cu, Pb, and Zn were 24%, 68%, 62%, and 59% in case B, respectively.
The results indicated that case A was better than case B. The three-stage process was more effective than the two-stage process
for the remediation of complex-contaminated soil in therms of overall removal efficiency.
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A Ministry of Environment, 2016b)o]| wh2H H %=
THEA ARG 0] EoFe AV|E xIkgo] Az} =7}5)
1 9 om, ZAFEHE W& - TRPHs, Cu, Zn, Pb7} &
oFo g oer|2e 2uetgck Bugh vl Ik &
AR E B4 o] o 5ol wet A4 &
o IS FAFH To2 ERdte] Aol&
2ol whet e FEoge] thet gkateio] a4
o) AR e Sa4 T e AE,
npREkE QIR 72 3 9 AF7)A] - H7lE F
LEL Y & o= Al Bl &
FTasol ot oo o] ik vl glow, o]
°§§> o] 71zt —er#%oﬂ ue} 22 B 43}
FlthKorea Environment Institute, 2015). @R 7}A]
0|9} 2 B P e Aol LR o] F
0174 Hl-g-o] go] ilﬂﬂ*’ AlZto] @2 dej= T
= 7HAaL Q7] digel et a5 sAlel A
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Fob S5l EUlapeha el S0l gt FAlol A
gJsl7] ofgleng 7 242 A ¢ e 9y
e et 71& 7o) Hasieh
e 2dE EXY 45 A A (Liv et
al., 2008; Serrano et al., 2008; Sanscartier et al.,
2009), G& % 2](Jeong et al., 2012), }5H4] AkskA 2]
(Tsai et al., 2009) 5 tofst 2] 7]&o] oL, 9]
7}t el Aks) A 2jHbHe AsA 7o) B, K
7491 29 4ok 4 glof f5ed Aol &
i’PﬂolﬁKJi et al., 2001). S}e}2] AkopA| 2o ARE-5]
AulA o] ASHA| 2= IS A, @ TP YA
21 3}3FAK(Sirguey et al., 2008) 5-0] glom, o] 3 m}
ke s @& v Y=Y W A&
AZto] A1 Qhg A ofm, EQko] AFSkA] 2-=KSoil
Oxidant Demand, SOD)©¢| Yo} AFSIA| AMEERS =
A 5= Qo] 7l e dEE A Aol Wol o] 8%
Iti{Brown, 2003; Huang et al., 2005).
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S A HhH o 2= E9FA|(Seo et al., 2008),
113 3l/eF4 3K Choi, 2006) 50| 91 ©1KBeak et al.,
2007; Seo et al., 2008) F<0] AE-Z=|A] 21, 3
Ao Aerist B Aol 71 Eakaolt
(Dermont et al., 2008). B 25 AZA] AMEE
© AlAA == EDTA} 22 Ao EA, g4k 24t
5o B7\4k Tolik opHEAL S0 §714te] 9]
(Torres et al., 2012; Maity et al., 2013). 74 0]
3} Ao 2o A gLo] o utd B4 A
A7F A 4= Quoks @™ol QIt(Wau et al., 2003;
Fedje et al.,, 2013). §7]4F & LA @ B

FqlEle] 34 Ao F AR Ealrt s
7%@0] Qo] AEAFH 02 BEFS At 4= 917 uf
Ftof|(Lee et al., 1998; Evangelou et al., 2007) 2|+ &+
7S AR 4= Sl AR A= 2l ar Qlck
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4o Q) %8 AYEES Isl] of ek

2ha] i Aol A= X—JETXHH TRPHs 9} F-54(Cu,
Pb, Zn) A A2 9J8t A4S st ol
S EJol| 2-8-5o] A 2| a2 B718I3Ic TRPHs
AelE oI HE/AAL skt Sad AYE
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A9 $ARNG EEFLTL, 25k 3T ALTHS T
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2.1, Asir=

TRPHs A3} o8 ASIA = 1}4kl=ax(hydrogen
peroxide, H,O», Duksan, 28.0%), Z}SHAR}EE(sodium
persulfate, Na,S,0s, Duksan, 95.0~100.0%)2 ©]-&
stgow, AR FFAF A1 (ferrous  sulfate
heptahydrate, FeSO4 7H,0, Duksan, 98.0~102.0%)
& ol-galgich. = TRPHs 232 9I3t Sl o
2= 2| gl(dichloromethane, CH>Clp, Merck, 99.8%)
2  ARESH,  FESSRAPEH(sodium  sulfate
anhydrous, Na;SQO4, Duksan, 95.0%) 2.2 452 A
Attt S5 AlA S IR AEA|=A LA
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(citric acid anhydrous, Cs;H4(OH)(COOH)s, Duksan,
99.5%), EYU 555 = S8 FItt oFFL=A
AAKhydrochloric acid, HCI, Duksan, 35.0~37.0%),
ZAK(nitric acid, HNO;, Duksan, 64.0~66.0%)2- ©]-&
AL SM&T FEA|2F0 &2 ob|EANacetic acid,
CH;COOH, Yakuri Pure Chemicals, 99.7%), &Al5}
o]=EEAlo(hydroxylamine hydrochloride, NH,OH
-HCI, Duksan, 95.0%), ©A|EANI X E(ammonium
acetate, CH;COONH,4, Duksan, 95.0%)2 AME-5HS
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Tech, LSI-3016R, Korea)2 20C, 200 rpmof| 4] YA
HESAIZE Bt mykete] BRESHYICE HhE & AR
3,000 rpm (1,952 g)ol|A] 2087F YA Ee]sto] A5
WS AAN BEFARE HE]stoict

E e AdESY FE5S As] Hlate] a4
AR A Salietg om, AlAA| FiE, i, gk
Azl w2 S AARES HURknh AE
2 &2 =gl (polypropylene) A& 2] 50 mL
Uz FHO EGA R 5 g5 92 F AAAIE =5t
of JLRuE wEgiek ZgHieF7]E 20T, 200 rpm
of| 4] RES-AIZHEF WREAIZT %, 3,000 rpm (1,952 @)
of| A 2071 il Elste] ANt EGARE &
stk
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Ed= A
FIated 27, 3 A= S5 Agskalek 2 4
‘TRRAY ALS} - AR AA 0 2 Fe' 2 sl 7}
ks A= AlebA ] § Ak ol 82k AlF
A2 Agstalon, 7t BAE dE222.249] 2
w4 At Fdst o R = 7 T
A/5-9] =f TRPHs ¢k < 528 S451 &
dags ARk 3T 578 A T Atslet
AH dds g3l =ad HHzdoR JAYsigle
o, b @A 9 5 E9Fe] TRPHs¢F 554 s
Boslol Auagd Hrietach 3d Hede
Case A (&= Al A - ISP 4TS} - S-3IAE A A), Case B

(AE ALS} - AL AF - LA AR = A s}
e, Fig. 19] #2534 =E Yep Stk 600 mL
|F En[A] EYAR 50 g& FaL 1eHA &Y
500 mLE F¢]5}o] Jar-tester 2 200 rpm 1A|7F HH-3-
AlZATE 1S 2 A422(3,000 rpm, 20-2)5to 45
HS AASHL A5He AAT A 7 29A 9]

Stage 1

Stage 2 Stage 3

Purpose Removal of organic matter
Case A —

Removal of TRPHs Removal of heavy metals

Experiment Water washing

Persulfate oxidation Citric acid washing

Purpose Removal of TRPHs

Removal of heavy metals

Removal of heavy metals

Case B —
Experiment Persulfate oxidation

Citric acid washing (1) Citric acid washing (2)

Fig. 1. The summary of three-stage process.
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Table 1. Physico-chemical characteristics of the field-contaminated soil used

Parameter Value
pH 8.1
Water content (wt%) 9.9
CEC (meq/100 g) 40.1
Sand 81.7
Soil texture (Wt%) Silt 17.9
Clay 0.40
TRPHs (mg/kg) 352~1,407
Cu 561~1,417
Heavy metals (mg/kg) Zn 467~794
Pb 403~2,321
& 500 mLE F=45to] BESAIZ] 5 ATA|9F FU CEM Co., USA)E ©]-8-5}o 175°C, 800 psiol A 8=
B YYOE PR FAHFAS AN G E @ F 2% BRE 5141510] 0.2 i cellulose nitrate
FA = 3TEA 8 500 mLE F¢5te] vhg-5kct membrane filter2 oJ3}stal, =A%} Sef2nkEg
224 EQH| TRPHs, £34 =& S A 7]|(ICP-OES, 2100DV, Perkin Elmer, USA)E- ©]|-2-3]
EopA| =Y TRPHsE Eokioé%'zé*]@ﬂ?: Ag O EHAE, SO G EAHE 4

AZES -7 | A A2 nE T
of Environment, 2016a)°] w2} % .4— %7](Watt
Ultrasonic Processors, VCX 750, USA)E ©]-8-5}9]
AT EGAIR 20 gof| =81 S22 E
2100 mL 7}5}e] Mgl om, FEohe of7h 2
AR 32 mL G2 GC Ho]Yol A A=l
o= 3goen, AAE A|EE GC-FID (Agilent,
6890N, USA)=Z EA459ith GC ZAH-E 70| 30 m,
W7 0.250 mm, film 577} 0.25 um¢l capillary
column (DB-5ms)-2 ©]-83}%1 37, split 2:1, ¥/}
N (flow 1.0 mL/min), inlet temperature 300C, Aux
heater temperature 310 C, operating time 45 min© =

. E

shoick

S AL Slsto] B gBYNIIE At
o AFH L A =HMinistry of Environment,
2016a)0l| w2 - A7 53t 24X ER B3
1, EANRS FE45 5T+= SW-846 method

3051A (USEPA, 2007)9] we} 2kxAqua Regia)o]
oI5t AR 0@ A& 0.5 gof] HNOy/HCI = 1:3
(v/Iv) BIER Z313E 84 10mLE H7lstaL, upo]=
ZYo]E(Microwave Digestion System, MARSS3,

A&22=Ho] SM&T (The standard, measurements
and testing programme of European Union, formerly
BCR)E ©]&3te] H7}3}tHZemberyova et al.,
2000).
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31, QEEtY| 23|55t EM

Aol AMH EFAEYS] 7|2E 24 4
3= Table 1] YERHSITE pH= 8.12 |40l
Qom, SEFEES 9.9%, o] 2mTHETFS 40.1
meq/100 g2 =& TR OL9 Ho|3, EALS oF2
AFE(loamy sand) 2 HEjEeFo] =2 5 olt}. EoR

TRPHs, Cu, Zn, Pb2] ‘== o}&] Table 19 L}
lon, £k 92]7]Z(TRPHs = 500 mg/kg, Cu
=150 mg/kg, Zn = 300 mg/kg, Pb =200 mg/kg)S =
H}sheiek

3.2, SIRAl M3 W Y AB 2}
AFSPALFS ), 9hgA17E, Toju]e] ofaES
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Table 2. Removal efficiency of TRPHs by oxidation

(o
ox

3574 M 5

Removal efficiency (%)

Oxidant Persulfate Hydrogen peroxide

) N 5:1 42 0.3
Oxidant:Fe" ratio

10:1 46 76

1 22 27
Reaction time (hr)

2 28 20

1:3 22 27

Solid:Liquid ratio (S/L) 1:5 29 47

1:10 53 73
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PABpA 1E 10:12 T TRPHs A 2] 5g0]
46, 76%= 714 A Uehgh BRgA7 2%
of| A AFSHA| 1= 1 M, AFSHAFe™ 1] 10:1, T1oHH)
1:3.0.2 alo] A¥S Sa)at Au} 74l Alsto]
HESAIZE 1AI7E ) ARl Ego] ©f A Ueha,
TAIBA0] Ao 2 o7} gl Ho vt
wrh A 5= 1M, A Fe’ 1] 10:12] 2719
A THH|S/LYE 1:3, 1:5, 1:102 H3Fste] A7 5
oF BRg A7l AT} T HEAS BE 111008
atge ) HElFgo] 71 =7 Ueldt Ak
= ¥islo] w}2 A5k A% ATES Fig. 20 Uehf gl
], BRSAIZE 1A|7E, Ty 1:3, ARkl H] 10:1
© 2 &1, A === 0.05, 0.1, 0.3, 0.5 M=Z H
ShAA APS St TERte] A gt
242 ggo] Z7keI.om, 0.3 MT}0.5 MY of
Zago] 79| uj=slA Uehgth #pakslgae] 7
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Removal efficiency (%)

0.05M 0.1M 03M 0.5M
Persulfate concentration

M gAY 4% T} Sk AlS A7)
a0 A9 vlszstAY At AR Al A S0l =
T B 20w Uehgth 9ES o] g3l mah
eH=de AAT BF 2a&2 =2 hydroxyl
radical (-OH)o] W}27] £71]0] Z]<:2o] Hojz =
w3 o] 9J& WhH(Ferrarese et al., 2008), 234 AL
O] A% wkgo] e x&E o] gz e HEof 9l
S ECETEEER R EEEERTT )
S HF(Yen et al., 2011) & AFoA= X|&8o] £
& Y= hE TRPHs A 2] 9] 4k 2 A4 stie 4k
SHAFe’ 1] 10:1, 1290H] 1:10, A8H4| %= 0.3 M,

120
(b)

100 -
80
60

40 (

20 4

Removal efficiency (%)
H
—

0.05M 01M 0.3M 0.5M
Hydrogen peroxide concentration

Fig. 2. Effect of oxidant concentration on the TRPHs removal by oxidation (a) Fe™" activated persulfate oxidation and (b)

Fenton oxidation.
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Table 3. The removal efficiency of heavy metals by washing with citric acid

Removal efficiency (%)

Heavy metals

Concentration of citric acid (M)

Solid:liquid ratio

0.05 0.1 0.5 1 1:3 1:5 1:10
Cu 48 48 38 62 42 33 57
Zn 39 53 49 63 49 52 65
Pb 44 48 51 64 25 42 61

HESAIZE TAIZES 2 3H31E wff 7 Al 2] ago] &4
LFEL TRPHS 4 7]0] 74 235 2.0 2 wherelcl.
TRRE ol B B4 A4 AW AnE
of2] Table 30 LreFSITE 24 Al ZAI7Ie] 28
Lee et al.(2008)2] 5t Zijo| f=2H, S4& =&
Algol| A Z7] 100827t o FL 5 %—%ﬂ# Olfoﬂf A
o] FZEA| ghgkom, A7k 30 o uj sf
g Sadol Bl AlE2tste] AlAaeo] Hagitt
=AY 21 vl gloj(Kim, 2013) 47 AIRE o1

Z )\zz

rl

oA A7kl mE AHEEO] F74E ldiEile
of ek, webA] B84 kst Aol EET AR

HESAIZEe 2 sho] Agskqih W H] 1:3, HRg-AIZE
1A7Fo.2 Blo] Al =52 0.05, 0.1, 0.5, | M&
Wik ARATE R, T ) Rolds
a5 Aase] Skt | MY o 7MY =&
A F-8-2 R AJTHCu = 63%, Zn = 63%, Pb = 64%).
UL I | M, WFS A 1AL Bo] Toju] S
1:3, 1:5, 1:10 0.2 H3}5}9S o Ald a8 HH,
1:10€] o} Cu, ZnT} Pb2] 7L 27} 57%, 65%, 61%
2 7 A bk AR 714 & FRel 7
B 714 ) LololSst Ui B0 &
g} 4= QJth(Naidu and Harter,
ol 25T FaS AH 54

o HA 23
ZH1AREo] e,

TOHH] 1:10, LAAF = 1 M, YHS-A]

33. 2t H&3d MY ZAn

TRPHs®} 2540 2 B3l o ¥ E9kS i) 3FAk
Ak} - i) AL A AE5EES ol Adass
L&k, ek Ake A A agat vk
23S Table 40 YRR QITE 2F 374 9] WA
1A7E, )= 1:30.2 afon, H3Rata) LA
o] = the] I AlYo|A =& A ==X A
of wet T 5= 0.3 M, THEFARFe™ 8] 10:1, T
AR 1 M 3tgick S84 A9 At 1o 1:10

AdolA 48

AAAR] ZHUE Efsto] IAul= 1:30.2 3ot
TRPHs= T8t 418t T 34& 53l Ao}

‘IH 57%, AL A4S} F A A

2

[

oo !
LA N e = W T

oot *ﬂﬂ lﬂoﬂ’ﬂ =4 7‘034_}0] e
(chelation) =W A] Fe’ 7} oFA3}e|o] Fe* 71 2=Aks}
o} BBl A= AS PAst] AgPAk

Table 4. The removal efficiency of TRPHs and heavy metals (Cu, Zn and Pb) by oxidation, washing, and continuous process

of oxidation and washing

Removal efficiency (%)

Stage

TRPHs Cu Zn Pb
Persulfate oxidation 57 - - -
Citric acid washing - 33 49 29
Persulfate oxidation 3 49 53 24

+ Citric acid washing
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Table 5. Removal efficiency of TRPHs and heavy metals (Cu, Zn and Pb) after the application of the case A treatment process

Removal efficiency (%)

Stage TRPHs Cu Zn Pb
i) Water washing 22 -
i) Fe*" activated persulfate oxidation 38 - -
ii) Citric acid washing 63 73 60 55

ARS8 £ X447 8O &2 TE T Wu et al.
(2014) 8] A-A ol A HH -ﬂ}%]' 4‘_}9}*] Fe’'o}
atto] AT o8 F1E A9 B4 B
& S en el S Ao depe]
FTaHY A A AA el 283t A5
OF TRSPAF AbS} - EALE A 2 A& 0= A e
et -] A aso| —:LZPOV} = Ao= Hol &
TS AR Ao A F27ER AAEE S mlElst
, T2 AL A ETEA A AAES & 4= Uk

=

51 [e]
R h=y

i

-

U

kO

_'EL

3.4, 3& HL&3H

TRPHSQ}

o
un
XN

=
L
Ko

N ok
o mlo

o 1
O
=)

ol 2kl *@Xﬂﬂ} AlHA 9] 2
o] o] 270 3tk &5
ALFTA AlF Axt Asko} A
2k -t Akt 5 Al
TRPHs®] || @&0] %7 L}E}

gL F Aol7} gl Ao

ol M 8 N 0

o

o w4 A SAS
hydroxyl radical (-OH)S EFU]| 7-7]&0] HF-3-5}¢]

=

S-S #3jsk 4= Q17| wjEo|(Teel et al., 2016) }3
AP AR A A 5718 AAE 93 & AIE g9AE
v 2]sto] TRPHs O] A2 a-&2 B7Istqich B
71ES AaAlA TRPHs O] A2 ass #017] 9
3 8 AR B 75 Case ASHFFE TR
2718 918 TS A% A Case BR e
o] A1EE Sas}i A2 £&S ulaskick

Case A=1) & A& -ii) I&8HAE A - i) LAAE
R A2 Zatel o], Table 50| 2t thA WHS 5
A as 275 UeEhf It TRPHs 9] 73-9- 3¢ A
2] & 2F 63%°] AlAES Blon, GAERE A7
FES vl EH £ A Aol A 22%, 2SFAE A

ol

st Ao A 16%, AL AJF Aol A 25% & HE
A A AAZE o] R S o = ATk = AIH
Eo]4 TRPHSZL A8l A& Bo] 2 Qo] =
AEHA @ PEY TRPHsES 553K fluidization)
sho] Belatelr] WjRo|chKim et al, 2012). 35+ <
537 A2 F Fasel 25 AUEaS Aviu,
Cu+= 73%, Zn= 60%, Pb+=55%=2 =A Ve S
LR QT A EYY BN B A2
20wtz el Z(Cu = 151 mg/kg, Zn = 247
mg/kg, Pb =237 mg/kg) O = e} T

Case B+= 1) IpHAE Ab3} - i) A4 AJF(1) - iii)
TAA A H(Q2) A= 5=35F3 .1, Table 60 A}
£ YERHSItE TRPHs = 39 A5574 A2 3 24%
o Ae|aes Helow, 72 &AM Heass 29
WSPAF AFSE EHA o] A 20%, AR AJZ(1) THAol A
4947} 2| E| gLy, TR AH) A AL A2
7FEIA] ke A0 Uhehtek, AL A8 o
A2 A| FLe1A T} Fe'* 9] chelation 2180 2 215} A3}
Hhg Zof &I} Lot P AIHE 15 o 438
sl Aol 58 S48 Jloa 4 gl Ao
Heketh 2342] 29 Cul TS ASE 5 LA
AIF(1) SAZIA] 68%7F AAE ] CH, Znd 54%,
Pbi= 45%7F AAE L oH, AL AH(Q2) A &
7} 22.2:0] A A FLL Cu 68%, Zn 62%, Pb 59% 2
ZnT}Pbis O Z7keH A0 Upekstov) 2 Aol

= 7o Uehrk, ol i A7olA tlies g
A SRS 7] S4IY FT A Eole A
Do AHY AOE FT| 2|7 Bt 9
A =] o] ageing T+= sequestration T4} 2] ) EZlo]
A4 HA ¢ glEow #dEcHuang et al,
2015). o= FHEFY 72+ 34 AP & EYY
SM&T G453 Aol A= Shelsh 4 gt =
biomass, humic substance, sulfur2} 7354 2gls}o]
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Table 6. Removal efficiency of TRPHs and heavy metals (Cu, Zn and Pb) after the application of the case B treatment process

Removal efficiency (%)

Stage
TRPHs Cu Zn Pb
i) Fe*" activated persulfate oxidation 20 - - -
it) Citric acid washing (1) 24 68 54 45
iii) Citric acid washing (2) 24 68 62 59
100 100 — 100
(a) Fa O] (b) (c)
80 :: E 80 80
| — 27}

2
g

Distribution (%)
Distribution (%)
Distribution (%)

0 ’ 40 I;;
20
0 o 0

Cu zn Pb Cu Zn Pb Cu zn Pb

Fig. 3. Distribution of heavy metals in railroad field soil by SM&T, (a) the untreated soil, (b) after citric acid washing (1),
(c) after citric acid washing (2).
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