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Evaluation of Citric Acid Applicability for Unsaturated Lead-Contaminated
Soil in Railway Sites

SangYoon Min - YoonYoung Chang

Department of Environmental Engineering, Kwangwoon University

Qo H A A HZ EXxdlt Y(Pb) LIEES A &2 FLAAKCitric acid) 7]HE LY A (In-Situ) EF
A)7d(Soil flushing) 2] A 3} 8 &3 A7} 4842 3] 2-4](Batch), A H(Column), B4 (Field) A5 THA Z H7}o}
At 224 Ao A F7 AN AL AN D B7)AH(FAY) B&Z Bl et A}, 01 M FAAS] E
(Pb) A RE(35.7%)°] & A 0.2 YERITE GAte] 739 FAA R T T 2 A7 }ﬁg(37 9%)S HHO
A 4 @4 284, 884 52 L8l 0.1 M AR 2A A PA = ’M 0}911:} 29 AolAE=01M
| wet 344 (Pore volume) ' AT 5712}t Al EF X7 H(Pb) 5&=7F A6t oW, 4~5
PV FLLoj| 4] 332%~38.3%2] A a&S EOfl EFQ Y 8715 32 H(700 mg/kg)S HHEoh= 1 O 2 LE}
W A&5E Ao A= Al A HE(Pb)2 FAR71E 23 9 F3(E/g7HAtekE 2 FH = F2 B2t
FoU Al F-ofl= F4, F3 H|&0] 45kl F1(0]2 1)} F2(RH4td 29 Bl&o] F7Fshe B2 Ho
A7 THol A 7183t 9 A Bl Fo] o] Fojz Aoz Helth A AFo| A LA (36 m*) T A ]
ADEA 9 G A TFE(0.416)2 28510] 1 PVE 2F 15 ton O 2 AP, 0.1 M A 257 71 H 082 &
6 PV(2F 90 ton) Yot 1 27 EF Hat H(Pb) & E+ 1,050 + 64.6 mg/kgOll Al 670 + 21.4 mg/kgC 2
WaF1o] 5 3620 AFEE BATUL, AU} $A AT AL ehch ol o] A 2ol
7|9t LA EFAE2 B RA] H(Pb) LEE] ol vl=2 2014 @ A& 7S HofEth

FR0i: H=RX|, 2=, H LEE, FAM, X EYMY

Abstract: This study evaluated the remediation efficiency and field applicability of in-situ soil
flushing using citric acid for Pb-contaminated soil in the unsaturated zone of a railway site through
batch, column, and field-scale demonstrations. Batch tests compared organic acids (Citric and Oxalic
acids) and an inorganic acid (HCI), showing a relatively high Pb reduction efficiency of 35.7% with
0.1 M citric acid. Although HCl exhibited a slightly higher reduction efficiency (37.9%) than citric acid,
0.1 M citric acid was selected as the optimal flushing agent considering cost-effectiveness, field
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applicability, and environmental friendliness. In the column test, residual Pb concentrations decreased

with increasing pore volume (PV) of 0.1 M citric acid injection, and a reduction efficiency of 33.2~38.3%

was achieved around 4~5 PV, meeting the Area 3 soil contamination concern criterion (700 mg/kg).

Sequential extraction results indicated that Pb was predominantly associated with F4(Organic matter-

bound) and F3(Fe/Mn oxide-bound) fractions before flushing, whereas after flushing the proportions

of F4 and F3 decreased and those of F1(Exchangeable) and F2(Carbonate-bound) increased, suggesting

mobilization and redistribution during the flushing process. In the field demonstration, 1 PV was

estimated as approximately 15 ton based on the contaminated soil volume (36 m?) and effective

porosity (0.416) reflecting site hydrogeological characteristics, and 0.1 M citric acid was injected at

two-week intervals for a total of 6 PV (approximately 90 ton). As a result, the mean soil Pb

concentration decreased from 1,050 + 64.6 mg/kg to 670 + 21.4 mg/kg, corresponding to an overall

reduction of 36.2%, showing a removal trend comparable to that observed in the column test. These

findings indicate that citric acid-based in-situ soil flushing has practical potential for Pb-contaminated

railway soils under non-excavation conditions.

Keywords: Railroad site, Unsaturated zone, Lead contaminated soil, Citric acid, In-situ soil flushing
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A3} A5t o} 54, BB ol 84 D 4
$-3ttH(Sparks, 2003).

B BERAL 334 999 FEA 194 2
o

o

il

o
2

©)

uie]

o102 el et BAL W Lol 2 U3
S UM B, Q8 5, A3 ] Y SolA

I,

}

He S8R o] (440 2 E el 99 5457
|- F0] ot (Johansson, 2020). =W A A= A= &

_trl_;qg] o]:gl 3% ]/\-1 Eolngﬂo] 3}o] ;404 th Q
e T2 EXo EYo] ASHE FF= EAT
(Ministry of Environment, 2016).

Ag7HA 5 EFASH ol =2 97A
) (Ex-sit) W Ale] 2 4 85]0] ok, thitm 1§
A2, FAHR7IS, HAA D 2T 0] 2%} 2.
% 7F54 5 37 144 0.2 A7)5]0] Feh(Watts
and Dilly, 1996). 0]of| H] 8} X% 3H(In-situ) F 1 &
G A4 (Soil flushing)> L FE O] Z2-2 F| A 5)6tH

(Dermont et al., 2008).

290417 (Soilflushing) B4 A5 A2 4
5453 B9 AU AL BY ALt T4
ULk F7N4EE= S/ A o] EA|(Y): EDTA) = S+
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< DA o & FrlstalA} skgloH, o] & fl¢ 37
4] (Batch) ¥ Z & (Column) A S Zofl A|FA =24
g (Pb) A|A &S H - FESIY 7|2 H5= &
RISk AL, o] o] A7 (Field) A5-2 Bl 54 =4 %24
(Pore volume 5)°f| T2 =& A7 434S Frlgto 2
W7 489 52 B oA

I A=

1. M=

EI

H(Ph)oE 2 HH FF AL FIF Y AFRA =&
4 59 H =2 X (Figure 1)Z &3} (0~30 cm)O]|
H(Pb)o] 2 FH A Ho|t}. L AHAHL 120 m?, 2

A AL 36 m?®

Hat 295 %E 1,050 + 64.6 mg/kg= 2+
1=t

— 2 AA A (m*) = 120 m*(LFHZ)
x 0.3 m(2¥Zo])=36m*

HFFAE A de SRS 5 L B 5
of 3t HEo] whE “H =842 H(Pb) LH ] B+
EFRE A 379" 22715 700 mg/kgell o
g

Ao AREE EYS tFA A =3RS 2
oWl & 2 #5H(F) 20~25 cm Z 0| 7HA] QIS 22 5 up
S A= E AF5HA oM, Hatgh AFE2 f18l 371 A
olA A F4 T Aol A& ATH(Figure 2).

Figure 2. Soil sampling location & experiment material



82 2BIYEI} M3BH M2E
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A7AE FE2 A ol F714HE AL S84
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9] AE A& 10g& 50mL FHo| Y11, A A| (F-AL
SARAL 4D 30mLE W2 T(IHH] 1:3), WH =2
150 rppmO)| A] 1 A|ZH5<F X egoto] SE5] M TS
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rpm.0 & A EL2](VS 5000i, VISION SCIENTIFIC Co.,
Ltd)sF1 /}}' 5 NS 0.45 pm membrane filter =2 o] 7}-3}
s, @A EFAEE AFIote] 2 S5k
EF S0 5 E(Pb) 55 EA 51 cHFigure 3). 7+
AAHCeHs0,)2 CAS 77-92-9 E-A41-&(> 99.5%) A]F
S A}8619 11, K HLCo04-2H,0)- CAS 6153-56-
6 2418 Al9FZ AHE-SEITE FAHHCI)-S CAS 7647-
01-0 35~37% (w/w) ‘& BAHS AFE-519 0., Al A=
2&5E 0|43 BR BB L2 5424 6}%}

T =
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& BABARE ST, AR 3 g 0001 714 A
517 250l ZSOmL‘?_}—o*%ﬂOﬂH—L 0.5~1.0 mLE]

2 ARE FA T Akl mLE F7FsHAA 412tk
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Figure 3. Batch experiment



Figure 4. Continuous column experiment

Table 1. Column experiment data

PV Column Volume Soil Porosity Void Volume Passage Rate Detention Period
@) (2) (%) (ml) (ml/min) (min)
1~10 0.49 825 389 191 10 19.1
(05M) 15mLE 22 F-871 o e 2 ik3-8 3) Z294d
1k A T LA 240 o B 2 A4 APAHo] 4§ AL Aol Aut
ol 77lEo] A At =5 9o m, A F R gty 22800 22092 W B L AX)E, X7 5m,
SEHEY 25 AAT] S EREUCNA 2 A

U LGHE A A F

£ 59 QA/IQCE BI3l9ct

45 55 48 4ol
UAESEBFEHAA) 02 2515 0n), AoAl
(R*>0.99), 5-A1 ¥ (Blank), =4 &

TE(90~110%)

70130 cm 7|2 ZH 0 2 A &5l o, PVC ZH
sHolE A7 1~4 mmO] 2HARE 25 om FAR &
T RAEYS AT S LAET A
F= A 2-ARR 2.5 cm SASHITH 2 -Ht @
EFL 2 mm 1|79 825 g¥ X153 O ™ (Figure 4),
ojuf L EFS FFEL F39%E LrEbeh whet

Figure 5. Installation and operation of soil flushing facility
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A Aol AMgE 2™ W LAEFY T=A 4 (Pore
volume)Z 9F 191 mLE AAFE] 9Tk Al A AL Cole-
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—1PV=36m*(LGAA) x 0416(8-85+E)
X 1g/em* (A E) = 15 ton

St EXS .‘_":_L/\ ls

ZA3H(Table 2),
AFQFE (Sandy loam), pH 7.8, 7| = E=F(SOM) 6.6%,
WEHETF(CEC) 7.0 cmol/kg, 3= 38.9% % &

ZJ}H(Table 3) 0.425 mm 1|5k

DES LS

il
959 aaiw goiet

I AHA 2 B7F A
ARA 55 4 5= 384 48 FH(Table 4,

Figure 6), 0.1 M -94H(35.7%) 2} 0.1 M B4H(37.9%)°]

' (Pb) A o] a3 0 2 YERT o] T F714F 4

A 0IMTARS2IF AR IPVEFs AR G714 PAECH YT H 02 32 Wpb) A7
ton) 4 3 7§ € 7+ & 6 PV(F 90 ton) & FAU35F 2.1, AL le Aoz SEIEAAN, B 34 A8
1PV FY 93U F EFRUEYG 63)S WA W A% FFo] §oloha] £ Aok 5ol ik f714

Aot EGA == 37 Ao A Fote] Bt =8 Al A4 2R HIRRE Aol A - AAto] Al
selsteic H 02 W(pb) AFEIT} 953 AOR BRI

TFAA S AT RS H W AT} 0.25 M(37.4%) T
Table 2. Characteristics of the study soil
H SOM CEC Water Content Sand Silt Clay Particle Bulk Porosity
P (%) (cmol/kg) (%) (%) (%) (%) Density Density (%)
7.8 6.6 7.0 15.1 81.2 7.5 11.3 2.75 1.68 389
Table 3. Particle size distribution and lead concentration
Particle size range (mm) Size distribution (%) Pb Conc.(mg/kg)
Raw 100 1,050 + 64.6
>4.00 9.7 35+10.1
2.00 ~ 4.00 14.7 202 +25.7
0.850 ~2.00 19.7 309+31.9
0.425 ~0.850 11.8 482+£243
0.250 ~0.425 8.8 756 +28.8
0.150 ~0.250 43 931 +46.4
0.075 ~0.150 4.1 1,009 +£39.2
<0.075 26.9 1,241 £41.8
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Table 4. Results of batch experiments for Pb-contaminated soil using various detergent solution and concentrations

Divisi Citric Acid Oxalic Acid HCI
1VISion
00SM | 0.IM | 025M | 005M | 0.IM | 025M | 0.05M | 0IM | 025M
Average concentration 798 675 658 863 790 757 789 652 633
(mg/kg)
Standard deviation D12 | 142 | £107 | 367 | +46 72 | #137 | +468 | 485
Reduction Rate (%) 24.0 357 37.4 17.8 248 27.9 24.9 379 39.7
Effluent pH 1.8 1.6 13 1.0 0.8 0.5 16 0.9 0.6
1,000
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— 800 2
=
g 70 ‘ I
T 600 L
G 500 » v
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Ee]
o
300 , |
200 1 '
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Citric Acid Oxalic Adid HCI

Concentration by type of detergent

Figure 6. Results of lead-contaminated soil treatment by detergent type

0.1 M(35.7%) A| A &-&0f & *}o]7} U] gof, AA|A
4 3% A84, 344 52 185to] 0.1 M TS
A NAA 2 Akl G A E I A 7tof| 48

0.1 M- HARS 0] 23 A A9 Z 7K Table 5, Figure
7, PVE S7HIASFE EF W A5 E(Pb) 5=t &
It om, 1PV ¢ A
878 + 26.1 mg/kgo| AH FEE 4 PV Q] A] 701 +
17.2 mg/kg, 5 PV 3% A] 648 + 27.8 mg/kg O & 2}
ZrAaste AFS B9 0H, 4-5 PV ELoj| A] 33.20%-~
38.3%9 AT EAES Ho] Y(Pb) 2 &F H7|& 31] e
(700 mg/kg) < W3t 20 Utk A1H &

A=)
N
o

fu
N

¥

FIF

y
[o

Ik

=855 H(Pb) = Aol = 1~5PV 7HA] 4
231t}7} 6 PV 0] & 7HASH= A3RS H )

AY Ao 1A FYT EF S 2400 A 55
AR, Aol Eo] mEoh] Rt Al A
T2 (Pore volume) 7|50 2 o] AL ¥ 90|
EASA] ol SHRI% 5 o8], A Bl
o RFLCER!

el

= mUYomE=E STou—
ES #7344 WIS RIEN) 5 BUA
oz g = artgle Aot
9 A%5249 23}
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Table 5. Column experiment results

PV Pb concentration in soil (mg/kg) Effluent in Column (mg/L) Removal efficiency (%)
Initial 1,050 £ 64.6 -
1 878 £26.1 43 16.4
2 803 +16.3 10.9 23.5
3 743 £37.2 22.2 29.2
4 701+17.2 37.8 332
5 648 £27.8 42.1 383
6 652+7.5 30.9 379
7 631+2.6 1.2 39.9
8 622+6.7 54 40.8
9 605 +12.7 3.8 42.4
10 591 +£2.6 2.7 437
1,200 60

Pb Conc. in soil (mgikg)

1 2 3 4

1,100
1,000
900
800
700
600 1 - 30
500
400 20
300
200 10
100
[} 0
0

5 6 7 8 9 10

— Soif Extract water 50

Pb Con. Effluent in Column{mgiL)

Pore Volume

Figure 7. Results of lead removal experiments according to pore volume

T2 FREoto] Ao & HYSt A FHIE HAL
U A7 ol s Gt L AAE HTFol| A F49L F39] &
I g sE7HAske AdE Hlet, dA A E Al
F4= 1,052 mg/kg(54.3%) 011 4] 263 mg/kg(36.3%) 2.2,
F32 524 mg/kg(27.0%)° A1 113 mg/kg(15.6%) 22 7
A0} L, AL A ] Alofl= F47} 312 mg/kg(32.5%),
F37} 152 mg/kg(15.8%) 2.2 7HAol Tt o] = A &
210 A W2 pHOl 23t B0l 23 H(Pb) 0]-22]
220 Aboke £ F&HE A5t e &3 57t

ol o & (Pb) dF7H &= E A=Hj = of o] 50]
o)t P 2 AT UE 73S Hof &t

HhH o] 5ol & EQl Fl(ol 2 ehd)2 Al A
1 mg/kg(0.05%)°1 A A4t A 2] F 185 mg/kg(25.6%),
TFAAE A 2] T 310 mg/kg(32.3%) 2 & A S50,
A8 ZH7g ol A E(Pb)o] A& 22 o5 7153 FEl
2 A8E QS-S HolFa, (st Agh=A1Y A
85 mg/kg(4.4%)°] A 2. H, P4t A 2] F-of = 62 mg/kg
(8.6%)2 BT T4ty o v &2 Z7]510] At



&/ E=RX|

223l & QHE gt M MEY

ot

87

Table 6. The results of sequential extraction (batch experiment)

(Unit : mg/kg, %)

Division F1 F2 F3 F4 F5
Before injection of detergent 1.0 (0.05) 85(4.4) 524 (27.0) 1,052 (54.3) 276 (14.2)
After HCl injection 185 (25.6) 62 (8.6) 113 (15.6) 263 (36.3) 101 (14.0)
After Citric acid injection 310 (32.3) 92 (9.5) 152 (15.8) 312 (32.5) 95(9.8)
Table 7. Monitoring results after detergent injection
No. A (mg/kg) B (mg/kg) C (mg/kg) | Average (mg/kg) | Standard Deviation | Removal efficiency (%)
Initial 1,121 1,033 995 1,050 64.6 -
1PV 991 899 998 963 55.2 8.3
2PV 883 872 903 886 15.7 15.6
3PV 804 781 762 782 21.0 25.5
4PV 682 644 752 693 54.8 34.0
5PV 699 711 701 704 6.4 33.0
6PV 694 661 654 670 21.4 36.2
A Bk 2T Fefo] Ypbol §EHAL 7 HAL WARE AS HH 02 dAAY)E AT}
5/9& HolErh i A4k A2 Fole 92mghkg Sl AR Helth
(9.5%) 2.2 59} vl&o] 3 F7tekgi=t], ol= & S
V2NN B2 AFE EL A0 dogge) 2 TS oS SHEH
%H QA= 1 (Pb)o] AHHIE S 7H59S 13 D) AIBA 5& 7k 2t
= ATk B5(HRA]) FElS] 737 A8 A 276 mg/kg 0.1 M 72146 PV(90 ton) S F 511 1 PVE 13]4)
(14.2% )il A AAF A E] $-101 mg/kg(14.0%), T4 A 3214 (A,B,0) 3t @4 U 3 Z3H(Table 8),

2] 3 95 mg/kg(9.8%) 0.2 7HAslo], AT A o2 Z= EFH(Pb) == 27] B 1,050 + 64.6 mg/kgol| Al
o] & oA = ARt o 7 ARl = S 7 6 PV 39 Tz‘ﬂ}— 670 + 21.4 mg/kgQ & 7HAd}o] &
£ 2k TR RS A UGN AIEAE 36 2%9) A EL I3
oo] GAruTt Ao e AFS HlT o] ALY AT} SAA 4PV FY Al 693 + 548
L Pb-citrate ﬂﬂg FAS £ F(Ph)S S=ATEHIZ mg/kg, 5 PV Q] A] 704 + 6.4 mg/kg®, 4~5 PV 7-7F
MYSHA7| B, EEH E(Pb)o] EF O AlF2 oA H(Pb) 2% %271 34 (700 mg/kg)ol <4
Table 8. Field test results
Injection Extraction Pb Conc. in soil Extract water
No.
(ton) (ton) (mg/kg) Pb-concentration (mg/L) Pb-mass (g)
Initial 0 0 1,050 + 64.6 0 0
1PV 15 15 963 £55.2 0.04 0.6
2PV 15 15 886+ 15.7 0 0
3PV 15 15 782 +£21.0 0.02 0.3
4PV 15 15 693 £54.8 0.12 1.8
SPV 15 15 704 £ 6.4 1.69 254
6PV 15 15 670+21.4 37 55.5
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Table 9. The results of sequential extraction(field test)

(Unit : mg/kg, %)

Division F1 177 F3 F4 F5
Before citric acid injection 1.0 (0.05) 85 (4.4) 524 (27.0) 1,052 (54.3) 276 (14.2)
After citric acid injection 282 (24.1) 104 (8.9) 256 (21.9) 396 (33.8) 132 (11.3)
g2 SRISIAL, oI A 9 AlARE0] AYAd o 2) A&F2AY 23
H] T Soko, oz A d A R 3=E A AW} 5 2ok Ul U 2R &8 WSk Table 10, 11)
OV5E TATH AZ MR AR, TARE o pugst pArRE 2 R A A R
U &0 B FH 29 7S HoiET 712 A Fef7} 1,052 mg/kg(54.3%), F3(A/T7F AF
TG AL ARAY ZRL G AT sz mato] 524 myke(27.0%)E LiEFEOLE A T
AP EGE AR A 02 FEA YO AL gy (o] 2 mak4]) 282 my/kg(24.1%), 29 A (REALR) 104
AN FU2 EFpHAS DOCS7H QBT mgikg(s.9%)2 A B e AL o5tort o=
RTEIL ST HEL T AT M B AE gy ugl Aol A 1ol e} o], @5} Aol
A8 ol2 Wist BUEY S ¥Rl HRol ™ g 41 27014 E9F U] d(Pb) 0] 29 =t A
THESES S S HET BRI AE 5= 5y 519 Aol B2 86T 27} S9] 71
Aolch BT EFO G AZL WEHEAF AN mo w20k
Y7o 718kt 7] &5/ A=A o84 T

ogt Aol 27b4el 477k AP R0z weld,
TR AR FY2 AT EF ) ST AR
AT19} 854 U H(Pb) BES FT WA S BA
o) =gtet @Y NA AL 2 FIAH Pore
volume) '8 T} $EE FL5HA LIsHgich.
okt @3 BESRIIAL E2AS, SR 2
A5t o) §5 A=Y A o) FUE AR
o WY 22 H 0T YA EHES AoR B
S o 352 1) W(Pb) 5=/} AR 5 PV o]
L

Q) TH(Table 9).

o|& 53l 559 H(Pb) 5EE & T4t
RO E H(Pb) LAE A7 BE&S A5}
2] 9] Bt o] &= Aghd 7|7 € AJ- oA 9] A]
AuEo 2 A 717+9] A AE H(Pb) A= &4
SHA] Bol= A 2 Ko, B o] A& PV
FET T ARTHAIA Rl Aol nE
T2 7|50 & St = H(Ph) LUE &
t 9 A48 Z=A4) 4 (Pore volume) 9]

2 A7 s sjor 3 Aol

o U orlr fin

I & oA QX

E?)l' o

» ol

o oY ooff yE
i

o

M H
oM,
01‘:"“1

ojN

v. 48

B AL e R EX5 g(Pb) S FE] i)
TAAHK(Citric acid) 715 E A (Soil flushing) 37

A&t oA, 28 dd, dASS & Hot

A A3}7]2(700 mg/kg)= THE5HH, o] 553 <
AF9] 2|7+ 9/ (Complexation) H pH #] 5} whE
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