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ABSTRACT

The chemical warfare agents (CWAs) have been developed for offensive or defensive purposes and used as chemical
weapons in war and terrorism. The CWAs are exposed to the natural environment, transported through the water system
and then eventually contaminate soil and groundwater. Therefore, effective decontamination technology to remediate
CWAss are needed. The CWAs are extremely dangerous and prodution is strictly prohibited, therefore, it is difficult to use
CWAs even in experimental purpose. In this study, 2,4-dichlorophenoxyacetic acid (2,4-D) was chosen as a model
representative CWA because it is a simulant of anti-plant CWAs and one of the major component of agent orange. The
optimum degradation conditions such as oxidant:activator ratio were determined. The effects of hydroxylamine and
chelating agents such as citric acid (CA), oxalic acid (OA), malic acid (MA), and EDTA addition to increase Fe**
activation were also investigated. Scavenger experiments using tert-butyl alcohol (TBA) and ethanol confirmed that
although both sulfate (SO,7) and hydroxyl radical (‘OH) existed in Fe**-persulfate system, sulfate radical was the
predominant radical. To promote the Fe*" activator effect, the effect of hydroxylamine as a reducing agent was
investigated. In chelating agents assisted Fe*'-persulfate oxidation, the addition of 2 mM of CA and MA enhanced 2,4-D

degradation. In contrast, EDTA and OA inhibited the 2,4-D removal due to steric hindrance effect.
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S 1 A SehsiAG Hoke Aol Y, BAR
YT U A%D 5 o] AR Bl o)
upe] Evbel Hel71es ASd Bast ok shera
Bk B A S, Bebggumaio] ohfel 2

Q1 gt ARge] FREo] Qlo] Aol o]8srel ol
o] Qo] £ Afere HET WA Bo] AREH
agent orange®] T3 5 PR 24-dichlorophenoxyacetic
acid(2,4-D)(Hart, 2009)% Xgsle] A4S 3431t}
W3k, 2,4-DE anti-plant chemical warfare2] TH3EZ <l
FEAME A (simulant) 2 ¢# A UTHChen et al, 1991;
Meselson, 2017). 2,4-De H=AJA A ZAZA] YEH]A|
WHEAES] AoR FHA dem, AAIRAZIF(WHO,
World Health Organization)oll4] Q1A ¥l7lsAd E22
B3k I(IARC, 2015), ol =2 74 o)
BAE BF38lal JE(MOE, 2019) 3414 93 St

Il AR8AIE Falislehs WHOEE screen-off AL
A 22 WHEOmni block”o. 2 FEs= Y
(Kwon et al., 2020)), mesoporous silica nanoparticles
(Candel et al, 2015), MOFs(metal organic frameworks)
(Lee et al., 2017, Moon et al., 2015; Ploskonka and
DeCoste, 2019), porous silicon(Sohn et al., 2000) &
ZujE o] 83 hydrolysis ™, TiO»/GO(graphene
oxide)E ©]-83F %3 ] E](Giannakoudakis et al.,
2020), PIM/PAN/MOF(polymers of intrinsic microporo-
sity fiber/polyacrylonitrile/metal organic frameworks)(Wang
et al, 2020), ZrOH, aerogel(Long et al, 2020y ©]
23 F2F 11248} 7)€ (Gutch et al.,, 2016; Osovsky
et al, 2014; Smolkin et al.,, 2018; Wagner and Yang,
2002), &2 =uf Z-E(Bigley et al, 2013) 5% =
T A (Nawata et al., 2019). HZ S0 Hz} A7
aHog A2 7kl 23F 290 AL 1w Ak} 7]
@A (H0,), 387K (permanganate), 25(0;),
F&rHpersulfate) )°ll tHEF 22 o] dA7tEaL vk
o] 7128l &K persulfate)o] 7152 AksHA| @ilelr A,
Y, 2F Tt Hlaste] 3Rl AR T
w9tk A ASHAlE Fe'E BAYEEo] Tpeated
2}t Z(sulfate radical, SO, )& 4kstett] Z(hydroxyl
radical, "OH)S WAA7|IHA] AE EXkS 2HlES A
U™ (Zhao et al., 2016), 2k} A&7t HAE] H]S)
27 el Aslrd LEEE AE A AR A
gt Aaake Holgi(Fe?, Zn™, Co* 5) Hks3}
W SAslEle] SO, B ZAs sk w2 AslEs B
e}, Hola<s T AdAl] -l EAlshax] 5730

slom AHElg8o] =& Fe?'o] Ho] o]&HTHKim et
al, 2012). 3 ol ZHAINE £3]7] fJele slol=54
oS FUst Fe'E Fe'®E Ao mH] Ho o]
£4E 72 S AtHZou et al., 2013). == ZEo]
EA|(chelating agent)S FUTOZH pH 4 o] =4
oM SR AME H ol 3] SkE FEE
o] ARE WAk, #&Fe] Fe'7F so, S Ee
scavenging G&E 4ks} M-S Alsh= 2SS
A e 7IEskele a3E 7 4= ITH(Dulova
et al., 2017; Skarohlid et al., 2020). F+2 AMEH= Z
do]EAZ = polycarboxylate Al Y: oxalic acid(OA),
tartaric acid, citric acid(CA), malic acid(MA), amino-

carboxylate A <¥: ethylenediaminetetraacetic acid(EDTA),
ethylenediaminedisuccinate(EDDS)®} phosphate ligand | <:
pyrophsphate(PPP), tetrapolyphosphate(TPP) %-©] UTh
(De Luca et al., 2014; Han et al, 2014; Wang et al.,
2019).

B ATollMe AW 24-DY] AHEE 98] FE &
gstd HF B A& s, Fet R IS
AR, o guzds SRSkt At A8t S
Fo)7] flst sle|l=Sdolrl 9l ZHO|EA|(OA, CA,
MA, EDTA) 371l wg F3s 7.
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2.1 48 M=

B Ao M= I EEZZE 2 4-dichlorophenoxyacetic
acid(2,4-D, CgH¢CLO;, Sigma-Aldrich, 98.0%)2 AL&-3}
At} Table 191 2,4-Do] =€]3let4] S48 st y
BRI BE 898 ultrapure water(MilliporeSigma™
Synergy™ Ultrapure Water Purification System, Thermo
Fisher Scientific, USA) &3lislo] Az ALt 4
A 2= ABHAHIESF(sodium persulfate, PS, Na,S,0s,
Duksan, 95-100%)s AME3I0H, H SAsA|Z 34kA
A d(ferrous sulfate heptahydrate, FeSO,, Duksan, 98~
102%), Ak} W3- FAE 918t ARE AlkoRE 1-
butanol(CH;(CH,)CH,OH, Yakuri, 98.0%)3 T3} A}
8359 THChan et al, 2017). ZH]EAZ ethylenedi-
aminetetraacetic acid(EDTA, C;oH;sN,Og, Ducksan, 99.5%),
-2 XHoxalic acid dihydrate, (COOH),- 2H,0, Kanto,
99.5-100.2%), T 4H(citric acid anhydrous, C3;H,(OH)
(COOH);, Duksan, 99.5%), malic acid(C4HsOs, Duksan,
99.0%), Fe** SHIA|2 3}slol =240} (hydroxylamine
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Table 1. Physicochemical properties of the 2,4-D used

Molecular weight Solubility in water log Kow Vapor pressure
Structure (g/mole) (mg/L, 25°C) (20°C) (mmHg, 25°C) pKa
(o]
0\,/tL
/@ OH 221.04 677 2.81 825x 107 2.64
Cl Cl
CsHeCLO;

hydrochloride, hydroxylmine, HA, NH,OH- HCI, Duksan,
>05%)S AE-3IATE. Scavenger A&oll= oEhE(ethyl
alcohol, C,HsOH, Duksan, 94%), tert-butanol(TBA,
C4H140, Dacjung, 99.5%)2 ARE-3IT} Fe?* o] =3
Al AREE oMAELE SF8He 1M oM EAH(acetic
acid, CH3;COOH, DC chemical, 99.5%) 28.82 mL}
03M oM EAMYEH(sodium acetate, CH;COONa,
Duksan, 98.5%) 273.3 mLE &% A=)

H}o] & (Fisher ScientificyS ©|
33] RHE Felglom, & W3-8
H== 3190t) PS 4lEHA] BAEkA)
A7t mE 24-DO] 48} &85 Hristr] st
Fe(Ihg SJSHAIZ ARg3le 4t A it A
g AFo=F 0.1M HCH NaClZ %7] pHE 2, 7, 11
2 A3 A8 APS 7% A9 pHell e Ats)
£l 27} e A= Yeht o]% H3olA pHe
Al ekth 24-DS] Z71FEE 0.1mM, PS(0-20
mM), Fe*'(0- 10 mM) =08 FU3}00m, Fe*' AJokS
TS AN At A Ao 2 sigt. AE-8do)
H nlo]dS XER%7)(Lab Tech, LSI-3016R, Korea)
2 25+0.2°C, 175 rpmollA] FsIR a1, AlZtell we} ule]
&S A 2mLe] 1M n-butanol2 ¥] quenching 3}
ATHChen et al, 2017). s} WHgo] TAH A|8E
0.45-um AJ>A] ZE|(PTFE, ® =25mm, Whatman, USA)
2 o3 & HPLC(high-performance liquid chromato-
graphy, 2695 Alliance, Waters, USAYS ©]-83}] 2,4-D
TEE EAE

Fe(INS SASHAZ 3+ pS 2k} 2189] etz 73S
13 scavenger AFS G oH, olehE2 Ak
ZHZHS0,4), A ORI 5 A3 scavenger
2, tert-butanol(TBA) hydroxyl radical’lOH)2] scavenger
2 AA3ke] A33Ack(Liang and Su, 2009). 2,4-D %

831 Aoz
o] Fu)7} 20 mL7}k

a
=z
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0.1mM, PS % 10mM, Fe(ll) % 2mM
13, scavenger Y FEE 5-9mME H3EL
19Tt Scavenger A8 3 - 2.4-D, Fe(I)2
LA Ze|o|EAl 9 sfol=E 4ol b
gk PS Ak} 58 37t AE IRl figk AF
T3 o, LY O|EAZ EDTA, citric acid(CA),
oxalic acid(OA), malic acidMAYS FU3tuact. Zglo]
EA 39 93 AYxE 24D Z7IEEE 02mM,
PS ¥% 10mM, Fe(ll) 55 2mM= 4slar, o]
EAlY] FUEEE 0-20 mME Hlsle] 238t &t
o]=E4HoRI(HA) 37t 9% Aolxe 24D 7I5%
£ 0.1mM, PS 5% 10mM, Fe(ll) % 2mM= 1L
3lal, slel=E4ol 9] F== 0-20 mME H3lsh
A3k, w8 3 24-D9} Fe(ll) 52 =431t}
pH =4 o5} #Aglo] ksl AE &
RIslem, ol 2,4-Ds}
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pH7} Tadhe Aoz AWE 4 Uth(Liang et al,
2007).
SO, + H,0 — SOF + OH+H' ()
2.3. 24 dhH
2,4-D F5%+ HPLC(2695 Alliance, Waters, USA)E

o83t At e, HE7]= UV(2487 Dual absor-
bance detector, Waters, USA)S A3ttt ZH&
SunFire® C18(4.6 x250 mm, 5pum particle size, Waters,
USA), °l&7d 72 2% (two phase) & THIZ
acetonitirile(CH;CN, Merck, 99.9%)% 10% oFHEAF §F
f+ HPLC water(Merck, HPLC grade)2] H]&-2 75:25
Z 399 742 0.7 mL/min, A& FYZF 20 uL, I}
2 284 nmol| Al =3 THChen et al., 2017). PS<}
Fe** °]2 &=+ 717} Liang et al.(2008)%} Kambhu et
al.(2012)°] AF WS wEt 2g8h EAHeE 24
31tk PS o2 40mL P fE] uio|ge] AR

| ==y
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0.5mLe} 02g EHFFEAUEH(sodium  bicarbonate,
NaHCO;, Duksan, 99.5%), 4g 89 =385 (Potassium
iodide, KI, Duksan, 99.5%)2 Y3 & 40 mLZ 3} 6
AIZE o]4F Wkl T UV-Vis spectrophotometer(Agilent
8453, Agilent, USAYS ©]-83}0] 400 nmol|A =431t}
Fe*" o]22 50mL ZYZ FH (polypropylene, #50050,
SPL)°l A|& 1mL, 10mL 0.01 M 1,10-phenanthroline
(C,HgNy-H,O, Daejung, 99%)(in 50% ethanol), 5 mL
10% Gslslol==4lo1l, 5mL oMHEAF S5-8M(pH 5)
£ FYstd EetaL 2A13F o) EAlEte] UV-Vis
spectrophotometer® 510 nmol|A =33}

3.4

o

&1t

3.1. PS & Fe(ll) 7| s Het

24-D Z7|5EE 0.l mM, Fe?' 55 2mME 1173
3k, PS 7] FEE 2, 5, 10, 20 mME ¥3}Ele] 2.4-
D] AAFTLS FIEATHFig. 1(a)). 20mM PST+ F
AN A 35% AAFSS BAOY F&E D48
2 3 F85KS Wel 24-Do] AAFELS PS FY
E57} SRR 87, 99, 100, 100%E =71815Ac). ©]
= Fe?ol o3k pse] &3t a9z E 4 o]
(2) FZ)(Killian et al, 2007), PST+ FJH 7R}
YSAZ Fe* 7t A FHEAS © PSO] T% ARV
o 2 Aoz 3RISIItKFig. 1(b). ©l&3 Zd+= Li
et al(2004)2} Liang et al.(2008)2] Aoz 2Horst
T dom, psel FE7} HoldsE WAskE SO, E
Zko] o] WolA|A =Hof A7) &&o] I3

100

80

20 mM PS wio Fe®’
60 2mM PS

5mM PS

10 mM PS
40 20 mM PS

20

2,4-D removal percentage (%)

0 100 200 300 400 500 600 700

Time (min)

S2032_+F€2+ g S04._+ SO42_+Fe3+ (2)
PS F% W3} Ay Ador 5mM, 10mM, 20 mM
PSY] HE 24-D AATEE BT 100% AA=] 2 2}

o7} Qe AoE JEREOoL 5mME 7208, 10 mMF}
20 MM BES- 360004 FHal AAEEC TEshe A
o2 Vet HZ PS FEE 10mME dJth 2,4-D
Z715E= 0.1 mM, PS 52 10 mME 1AS)aL, Fe?'
= W3H2, 4, 8, 10mM)Yl WE 24-DO] AAGES
Fig. 2(a)°l YERASITE Sbd AgoellA dhgAIZRS 3608
o7 FEY ZoF AEo] ol AFME 360 &
oF A3} 28-S =35It Fe? % 2, 4mMe] 7%
HESAIZE 180504 AUl AAEE 100%] L3R
o, 8, 10mMe A 3608 & Ztzt AAEE 97,
95%= ERIT} Fig. 2(b)e] Fe** E%o] W pS %
WS HH, Fe?7t FYUEA| &2 75 PV} A9l &R
HA = AL B F o, 2mM FUA 0.7%, 4,
8 mM FYA] 31-32%, 10 mM FYA] 58% AREE= A
S & F Utk ol Fe'Y Y F=F SVl weEf
psele] wkg-o] Z7kslaL, PS7}F Fe*'o} whS3te] PS &
7t #HAsPEA SO, BEs AAE Ao wdkEn
(Fig. 2(b)). 10 mM2] 7% PS AR#S 7F¢ o) 4
mMol] HIS)] S AAGES BEoH, 2 mMY 4 mMe]
A5 AAZEL HISSSHA UERS oY PS ARE]
4mMeo] © FA YeRt HA 2102 PS 10mM, Fe'
4 mMo| AT}

Fig. 2¢] A¥ZE W, 3608 233 & 24-D7}
100% AAHASHFig. 2(a) PSE HoRlE 2 &
T JOM(Fig. 2(b)), PSS A&EHS 2Rlsk] 9I3h 29

[

(b)

18 1 = wio Fe®
0 wi 2 mM Fe®*

Persulfate concentration (mM)
S

2mM 5mM 10 mM
Persulfate dosage

20 mm

Fig. 1. Effect of PS dosage on (a) 2,4-D degradation and (b) PS degradation (after 720 min). Conditions: [2,4-D]o= 0.1 mM, [PS],=2, 5,

10, 20 mM, and [Fe*'],=2 mM.
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Fig. 2. Effect of Fe** dosage on (a) 2,4-D degradation and (b) PS degradation (after 360 min). Conditions: [2,4-D],=0.1 mM,

[PS]o=10mM, and [Fe*'[,=2, 4, 8, 10 mM.

(@)

[2,4-DJ/[2,4-D],

0.2 4

- O Control
+ 24-Dre-spiking @ Oxidation
0.0 T v T :
0 200 400 600 800 1000

Time (min)

(b)

¥

Persulfate concentration (mM)

0 200 400 600 800 1000
Time (min)

Fig. 3. Effect of 2,4-D re-spiking on the Fe** activated PS oxidation (a) 2,4-D degradation, (b) PS degradation.

Conditions: [2,4-D],=0.1 mM, [PS]o= 10 mM, and [Fe*'J,=4 mM.

< Fsiath. S AFAAN =E3 HF =490 10
mM PS, 4mM Fe?t 27 3slollA 180%v|tt 0.1 mMe]
2,4-DE 48] 37} FU519 24-D 55 SHsN 2k}
B85S WklHen A3 Ay= Fig 3o eI
AAEES 7] AAEE 57%, 13] AFY 31%, 23]
AFY 22%, 33 AFH 16%, 43 12%% 2,4-DS] F
¢ 3G} SoldE AAHEES st 2,4-DY] AA
A% dofton, PS FEE Zulo] WE &g
60% 7FF AREI, 1 o]Fole ZgH AREE A

& 4= AT} Amasha et al.(2018)2] AFME T
A7} et S & ¢ o, pse] &4l o]
7Fsg Fe** §&7F PS @43l Fa3t 93k Al

< 5 o

to % (3 do

J. Soil Groundwater Environ. Vol. 26(1), p. 54~64, 2021

3.2. 868 2 7Y

Zhao et al.(2016) W=, Fe?'o] <3+ ps 43}
HEgolA SO, EftiZ® "OH gjtiZo] Ads]o] 2k} bt
5ol A8sks Zlew deA Jem (3)-4), 24D
AANM Fagh v S 8] g Ads
Y5t} Table 20 Agol] ARE-H scavenger(OlEH-,
TBA)?} SO,7, 'OH #HZ 1to] Whe-&% A8 e
Wtk oleree S0, 'OH iz T e
scavenger®|™, TBAx "OH Uz ¢ &2 whAS
Ueho] B Aol scavengerZ AHITHE (5)-(8)
ZFZ)(Buxton et al, 1988; Anipsitakis and Dionysiou,
2004; Ji et al., 2014; Liang and Su, 2009; Monteagudo
et al., 2011).
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Table 2. The removal percentage of 2,4-D by Fe

lgjlo|EA] JgF 59

activated PS oxidation in the presence and absence of radical scavengers

Removal percentage
w/o scavenger (%)

w/ scavenger (%o)'

Ethanol

TBA

73 removal percentage

inhibition ratio

removal percentage inhibition ratio

30

59 39 46

*Conditions: [2,4-D],

SO, +OH — "OH+ SO 3)
SO+ H,0 — SO+ OH+ H' @)

Ethanol + "OH — intermediates (k= (1.2 — 2.8) x 10°
M 5)

Ethanol + SO~ — intermediates (k= (1.6 —7.7) x 10’
M 6)

TBA +'OH — intermediates (k= (3.8 —7.6) x 10 M s
@)

TBA+ SOy~ — intermediates (k=4 —-9.1) x 10° M s
®)

A A= Table 20 YER O™, scavengerd] gk
23} TBAY F=Z 5ME 3dlo] AFsii). WAzt
180—r &, scavengers TYUSHA| &2 79 2,4-D2 A|A

3%= VERoH, olekg-S FUS A5 24-D
91 AATEL 30%, TBAS TUT 85 39%= ﬂAs}gi
. TBAE T3t ‘OH B}UZ-E scavengingdt 23}
2,4-DS] AAEE0] 39%= UERt 2O Hol S0, 2
Yol o3t AAEEC] 34%, TS FY 23 S0,
22, "OH tjZol 23k AAEE0] 43%US Q18
St} Scavengerdll 2]} inhibition ratio® 2] (9)°l Wk
A E oflgk&ol )3 inhibition £} 59%, TBA
o] 93} inhibition EI7} 46%= FEFHTHFan et al.,
2018). ©] AI= F3lo] S0, ] 23 AAEE
©] 43%, ‘OH 2|zl o5t AAREC] 9% FA|ghtar
B Fqlomz g0, o] £ =) (predominant
radica)d2 & < Ut}

Inhibition ratio (%)= 2"

9
770 C)
oJ71A ne= scavengers TFYUSHA] &2 24-D AAE
(%), M= scavengers U3 2,4-DQ] AAE (%) v
st}

=0.1mM, [PS]y=10mM, [Fe*']y= 4 mM and [scavenger]y=5 M.

3.3. sjo|EEAlojal F=
Slo| 2ol F

2lo| A&k
U sfo|=FHoplo] Fe'E Fe*
2 ggAgozN He) o84S ZMIIE Ebt 3
THZou et al, 2013). & AFoX= Slo|=EAolE
A9 271 1808 ARG F 247 TSl AR
(reactivation) EIH= FRISISIT). PS 4ks} HES-ollA 3jo]
=5olglo] Fe'7h A5 2E B, F'E me
3EAT I 9S8l ti‘r o= XA (10)-
(13))(Liu et al., 2017; Wu et al., 2016).

FEE

Fe*'+ NH;OH' — NH,O'+ Fe*' +2H' (10)

INH,O' — No+2H,0  [Fe**] <[NH,OH] (11)

Fe**+ NH,O' — NHO+Fe* + H" [Fe’*] > [NH,0H]
(12)

5Fe +2H,0 + NH,O' — NO; + 5Fe*" + 6H'
[Fe’*] > [NH,OH] (13)

A ZHLE [24-D]p=0.1mM, [PS],=10mM, [Fe*'],=
2 mMZ _ﬂ;(%—a]._ﬂ A8t AIZF A ElolEEdol TeE
0.2, 2, 20 mM=E | FUsIAT). Fe? T 3lo|==
Aol H7} ks ERIsH] et HZ 27190 4mM
Bt} Fe omME A0, AAAAE Fig. 4(a),
(©), (el UERARILE. Fig. 4(a)2 =9 PSS} Fe*'o]
7HEO 2= 2,4-DO] AAEC] 64%RAaL, H7HE Blol=F
Aoldl F% 02mMolA 88%, 2mMolA 96%, 20
mMelA] 93%=E R} slol=EAolvlo] 7 o=
2,4-D9] AAEES] 25-30% VY FUI8F A2 B
UATE. Zou et al.(2013)2 Fe?'/PMS FAolA benzoic
acid7} E3l = E<F slo]|=FAoe] HIE} FePollA
Fe?'29] W3S £33 4 vfal HAsl o, Watts
and Teel(2006)S HIESH te] AFoX= Fd3t A=
£ RYITHOh et al, 2009; Huang et al., 2005; Yang
et al, 2010; Gu et al, 2013). 284} 20 mM9] slol=
2o S H7IBINE W 9318 24-D AlAEEC] T
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