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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
CWAs 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,) 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
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degradation. In contrast, EDTA and OA inhibited the 2,4-D removal due to steric hindrance effect.
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o vl GAl LAY o= AHHo] Aar, ARt
A HEE AEE = Qo] AAZ Eal7t o7
ol ARl Agrles e dart ok shekt
Al 24 Ao 54, BRPg/diiTo] ozt Uyt
Tt ARge] FR|E] Qlo] Aol o835kl ol
o] o] £ Aere HET HAA Ho] AREH
agent orange®] T3/ F SPR! 2,4-dichlorophenoxyacetic
acid(2,4-D)(Hart, 2009)5 4173l ATFE 431t
ISk, 24-De anti-plant chemical warfare2] t3E2<1
BEAREA(simulant)Z E# A UATHChen et al., 1991;
Meselson, 2017). 2,4-DE #H5AA] AZAZA WEHA
wHEHRl Aew dEA dom, AARA7IF(WHO,
World Health Organization)ollA] 1A Vs E4=2
73l JAIL(IARC, 2015), THolME 422 704t
EAE BHF3lal JIE(MOE, 2019) 212 913 E4o|t},

sleaEAIE Fafstehs WHOEE screen-off 3L
AsE 22 WHEOmMN block”o 2 FESH= WY
(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) &
Zu|E o83t hydrolysis WW, TiO,/GO(graphene
oxide)E ©]&3F %23} *]¥](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 ©]
431 &2 1152k} 7]€(Gutch et al, 2016; Osovsky
et al, 2014; Smolkin et al., 2018; Wagner and Yang,
2002), &4 &9 ZE-(Bigley et al., 2013) 522 U=
= Ak (Nawata et al., 2019). = 0 H=} DA|7l
o7 g 7Vssh 23F 9o AL % A3} 7]
=@ BA(H,0,), B4 H(permanganate), 2E(0;),
I Kpersulfate) ) thet A=) WRje] A=A et
o] 7} 32 H(persulfate)] 712 ASIA| @i IslaA,
IR, @F Tyt Blaste] GRSl SRR 5
Wy Qe 3 ASAls Rt R BAdslE o] ek
2} (sulfate radical, SO, ) <=AFs}le}t]Z(hydroxyl
radical, "OH)YS TAIAIZ|HA] E Ak 4lslEs
Um(Zhao et al., 2016), 2k} X|&AJZto] HEC]] 1]
27] WiZel Al LEEE A2 E S AR A
g3}, ke Holgg(Fe®, Zn®, Co** 5 W33}
W ggslE]o] SO, Bk sl 2 AslEE B

Ak, Holgd: T AAN SHSHA EAlsEA =A4Jo]

o 2 2

ro

lom xgafo] HE FePo] Bo] o]&HATHKim et
al, 2012). E ol ZHANE £3]7] 9Jale] slol=54
olilS FRIle] Fer'E Fe'® TAAZoEMN Ho| o]
|48 =72 4 ATHZou et al., 2013). T ZH o]
EXA(chelating agent)S FUTOZH pH 4 o] =4
AN SR AR A o9 s} e FHE
o] A& WAsta, #7Fe] Fe*'7b S0, gz
scavenging SE= 28} W35 Adfishk= As WA[s
e L 71k &39S 7IE <= Itk(Dulova
et al., 2017; Skarohlid et al., 2020). 2 AM&EH= Z
do)EAZE polycarboxylate Al<€: oxalic acid(OA),
tartaric acid, citric acid(CA), malic acid(MA), amino-
carboxylate A]E: ethylenediaminetetraacetic acid(EDTA),
ethylenediaminedisuccinate(EDDS)Z} phosphate ligand A|<€:
pyrophsphate(PPP), tetrapolyphosphate(TPP) 5°] 1Th
(De Luca et al, 2014; Han et al, 2014; Wang et al.,
2019).

B ApoMs FAM 24-Do] XHEE 98 FP'E &
gskE AP A A S, Fe RS IS
AR, Fo SIS RIS A At A
Eo)7] 9Jsted slo|=F4owl gl A o]EA(0A, CA,
MA, EDTA) 37}l W& das 7t
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2148 M=

£ oM dPdedEZ=Z 2 4-dichlorophenoxyacetic
acid(2,4-D, CgH¢CLO;, Sigma-Aldrich, 98.0%)2 AR&-3}
At Table 191 2,4-DO] =2]3leHs S4& Aste] v
ERfRILE. BE 892 ultrapure water(MilliporeSigma™
Synergy™ Ultrapure Water Purification System, Thermo
Fisher Scientific, USA)Y -&3l5l] Az A8t 4k
HZE ABARIEF(sodium persulfate, PS, Na,S,0s,
Duksan, 95-100%)< ARFS-3I0H, 2 SASAI= LA
A d(ferrous sulfate heptahydrate, FeSO,, Duksan, 98~
102%), 23} W SAS fsk] ARE Alfe=Ze 1-
butanol(CHx(CH,)CH,OH, Yakuri, 98.0%)S 3Jate] A}
83l THChan et al, 2017). 2B )EAE ethylenedi-
aminetetraacetic acid(EDTA, C;oH;N,Og, Ducksan, 99.5%),
22 H(oxalic acid dihydrate, (COOH),- 2H,O, Kanto,
99.5-100.2%), T-A%K(citric acid anhydrous, C;H,(OH)
(COOH);, Duksan, 99.5%), malic acid(C4HeOs, Duksan,
99.0%), Fe** 842 <18}5}0]=2201) (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
P
o
/@[ oH 221.04 677 281 825 x 107 2.64
cl cl
CsHeClL0;

hydrochloride, hydroxylmine, HA, NH,OH- HCI, Duksan, 71 =% 0.1mM, PS % 10mM, Fe(ll) 3% 2mM
>95%)S ARE-E}ATE. Scavenger AFoll= ol ghS(ethyl 2 143}, scavenger 7Y FEE 5-9mME H3E
alcohol, C,HsOH, Duksan, 94%), tert-butanol(TBA, of A3} Scavenger 23 & F 2.4-D, Fe(I)2
C4H,00, Daejung, 99.5%)S ARS3IATE Fe?' o] 54 SEE I ZHEolEA]l B sle|=Edolwl 37t
Al AREE oPAEAF 95882 I M obH Elb(acetic £ 5% PS 2 B8 I 29 s Q% A7
acid, CH;COOH, DC chemical, 99.5%) 28.82 mL¥} S FYsior, AYo|EAZ EDTA, citric acid(CA),
03M O EAFY}E F(sodium acetate, CH;COONa, oxalic acid(OA), malic acidMA)S FYHsItt. Zo]
Duksan, 98.5%) 273.3 mLE &3 Azt EA 39 93 AFME 24D Z7IFEEE 02mM,
PS % 10mM, Fe(ll) 3% 2mME 1143}, o]
2.2. M5t AF HY EAY FHsEE 0-20mME Helsle] 298199t 3t
BE st A3e H2ZE Ade] A septa’l F-EF o|=EAoI(HA) 37 93 AFelre 24D 27Ts%E
H 40mLe] 2 -f—’rﬂ ]- |&(Fisher ScientificyS ©| = 0.1mM, PS % 10mM, Fe(l) &% 2mM= 1L

.9_5‘]—0:1 S

.
Y
o
ﬂd

7 Faaton, & g8

o] F37} 20 mL7}t H&= ’6‘}2513} PS A15}A] dsA|
A7l W 24-DY 24 i‘r R 1 93t
Fe(IDE A2 AMESl] 2kt *E
g A¥oF 0.1M HCH NaCIZ2 = , 11
2 283 A A3s s 29 pHOﬂ g Lk §P "
& ze7} fle AR Ut o]F A3elA pHe X
Halx] ekl 24-DO] Z715EE 0.1 mM, PS(0-20
mM), Fe*'(0- 10 mM) 0.2 F43I3R0m, Fe*' Aloks:
FRIG ATE ) 4P AStes sk Aol
=71 vlo|¢-g ZIEH|F7](Lab Tech, LSI-3016R, Korea)
2 25+0.2°C, 175 rpmollA &SR, Azl we) vlo]
&S AW 2mLe] 1M n-butanols- 9] quenching 3}
ATHChen et al, 2017). 2k} ¥h3o] FAE A|EE
0.45-um AJ¥A] EJ(PTFE, ®=25mm, Whatman, USA)
2 o3} Z HPLC(high-performance liquid chromato-
graphy, 2695 Alliance, Waters, USA)E ©]-85}] 24-D
TEE I

Fe(IDE S/9SHAIZ gt PS Ak} A3 o <
I3k scavenger AHS G0, dlekE2 Sk
ZOZ(S0,"), FEIEZ(oHpP] 25 A3 scavenger
2, tert-butanol(TBA)S hydroxyl radical’lOH)®] scavenger
2 AAste] 438} tH(Liang and Su, 2009). 2,4-D %
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o=

slol=soll 9] FE= 0-20 mME H3s}
BT WS- 3 2.4-DS} Fe(ll) F52 SASIIT
Z7] pH 248 R Wigle] BE sl A3 &
pHE 2-302 ThAise Z2S ERIsI o, ol 24-Do}t
O, i) WhgalHA] 4 o]2o] gl wt
pH7} Zashe Ae= AWE 4 Urth(Liang et al,
2007).

),

ol %

SO+ H,0 — SOF +'OH+ H' (1)

2.3. 24 WY

-1 oHd

2,4-D 5%+ HPLC(2695 Alliance, Waters, USA)S
olg3lo] AEIom, HE7IE UV(2487 Dual absor-
bance detector, Waters, USA)E Al&3}9tt. ZH
SunFire® C18(4.6 x 250 mm, 5um particle size, Waters,
USA), o524 Z7L& 2% (two phase) % THIZ
acetonitirile(CH;CN, Merck, 99.9%) 10% OM+|EAF S}
+ HPLC water(Merck, HPLC grade)2] BI&-S 75:25
2 3k 758 0.7 mL/min, A& FUHE 20 uL, 3
Z 284 nmol A =43} tH(Chen et al., 2017). PSe}
Fe?' o] &+ 7—].'7—’,' Liang et al.(2008)¥} Kambhu et
al. (20]2H Al ;j J— U}E}— _,_44—61-;(-1 _r_)\-hﬂ%__i z7<4
3}tk PS o] 2] vloldd] Als

H=

40 mL A
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0.5mLe}t 02g EBHMFFEAUEH(sodium  bicarbonate,
NaHCOs, Duksan, 99.5%), 4g 2.9 =3} (Potassium
iodide, KI, Duksan, 99.5%)5 ¥l % 40mLZ 3} 6
A|ZE o] dkAl T UV-Vis spectrophotometer(Agilent
8453, Agilent, USA)E ©]-831d 400 nmollA 733153t
Fe?' 0|22 50 mL FYZ FH (polypropylene, #50050,
SPL)ll A& 1mL, 10mL 0.01 M 1,10-phenanthroline
(C1,HgN,-H,O, Daejung, 99%)(in 50% ethanol), 5 mL
10% Fafsiol==Hoyl, smL oHEAF $E-89(pH 5)
& Fsta]l EFstaL 223 o) WAEte] UV-Vis
spectrophotometer® 510 nmol|A] S35}t

3.4

4

oo
||
-—

3.1. PS ¥ Fe(dl) =7| 5& A&t

24D Z715%EE 0.1 mM, Fe*' B2 2mM&E 114
3k, PS 7] =S 2, 5, 10, 20 mMZE W35l 24-
De| AARES RIS (Fig. 1(a)). 20mM PSTF 5
AIS AT 35% AARES HAoY Fei'E SsHA)
2 3 FASRE W] 24-D2] AAEELE PS T
oot SRS 87, 99, 100, 100%E 7181t o]
= FePoll ot pse] &3} a¥=E B 4 dowd
(2) FX)(Killian et al., 2007), PST FUAE 7ZH-¢-H}
GASHAIZ Fe* 7t I YRS Wl PSe] = ARV}
o 2 Aoz 3RIsIthFig. 1(b)). °l#d 2= Li
et al.(2004)¢} Liang et al.(2008)2] AgollM= &elsh
T Ao, PSO F&Tt HOSE MAs= SO, B
Ze] o] BolAA =eol A &&o] FUIeHt.

20 mM PS wio Fe**
2mM PS

5mM PS

10 mM PS

20 mM PS

2,4-D removal percentage (%)

0 100 200 300 400 500 600 700

Time (min)

S20327 + 1:‘824r d S04.7 + S0427 + };‘634r (2)

PS &&= W3} 243 Aol 5mM, 10mM, 20 mM
PS9] FHF 24-D AAEES EF 100% AAF & 2}
o7F §lE Ao JeEREo 5mMS 7205, 10 mMT
20 MM RES- 360004 Hi AAEES TEsh= A
o2 Yeht % pS TEE 10mME 19th 2.4-D
27155 0.1mM, PS &5 10 mM=Z A3}aL, Fe**
e W32, 4, 8, 10mMpel] W2 24-DO] AAHEES
Fig. 2(a)oll YERRITE. 9 AFellA] vESAIRES 360%
o2 ZEE Ao JE|o] o]F AFdM= 360 T
oF 2k3} AFS I Fe* % 2, 4mMe] 5
HESAIZE 18080 A ] AIAEE 100%] =E3515.e
o, 8, 10mMe] 7S 3608 T ztz AAES 97,
95%% YUERATE Fig. 2(b)2] Fe*' T%o] WE PS T%
Hel s HW, Fe?7t YA 2 B35 PS7 A9 AR
HA e AS B 5 JoH, 2mM FUA 0.7%, 4,
8 mM FUA] 31-32%, 10mM FRA] 58% AREHE A
< & F Utk o= Fer'Y ¢ Tt SVl weEk
psete] whgo] S7FSRaL, PS7} Fe?oh W3l PS &
7t FHAslAA SO, S S Ao= wdEnt
(Fig. 2(b)). 10 mM9] ¢ PS AR ge 7P =01 4
mMol] B3l B AAGES Yo, 2 mMP} 4 mMY]
A AALEL VISSHA YERSS Y PS AR
4mMo] ©f #=A et HZA 2102 PS 10mM, Fe'
4 mMe] At}

Fig. 29 A3Z BY 3608 2H3Hke & 24-D7}
100% AALDAC U (Fig. 2(a)) PSE FoRRlE AL &
I JOH(Fig. 2(b)), PSe] 23S 11 913 AF

(b)

18 { == wio Fe®
1 w/ 2 mM Fe?*

Persulfate concentration (mM)
>

2mM 5mM 10 mM 20 mM

Persulfate dosage

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]o=2, 5,

10, 20 mM, and [Fe*']y=2 mM.
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(a) (b)

2,4-D removal percentage (%)
Persulfate concentration (mM)
[

4 N

® 2mMFe*
A 4mMFe*

20 i
v 8mMFe* 2
B 10mMFe*

0 : . . 0 ; : : :
0 100 200 300 400 OmM 2mM 4mM 8mM 10mM
Time (min) Fe?" dosage

Fig. 2. Effect of Fe?* dosage on (a) 2,4-D degradation and (b) PS degradation (after 360 min). Conditions: [2,4-D],=0.1mM,
[PS]o=10 mM, and [Fe*']y=2, 4, 8, 10 mM.

(b)

12

s
E
c
=} K}
o g
< <
@
= g
5 3
<
h (0] 4
N s !
=]
0.2 | <
O Control D“_’
+ 24-Dre-spiking @ Oxidation
0.0 T T T T 0 T T r T
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (min) 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]o=0.1 mM, [PS]o=10 mM, and [Fe**]o=4 mM.

< 23t b AYex &8 HA 279 10 32. 82 2ol 7y
mM PS, 4mM Fe?* Z7 3lollA 180&+=c} 0.1 mMe Zhao et al.(2016)°] W=W, Fe*ol| 2J3t ps &AJ3}
2,4-DE 43] 7} Y3t 2,4-D T=5 S5k Ak} HkSollx SO, 2ftZ "OH #itjze] Ade]o] 4ks} vk
BES Wrieldlen A3 Aye= Fig. 39l YERISI S Z8sh= Aoz dHA w2 (3)-(4), 2.4-D
AATEE 7] AAEE 57%, 13] AFH 31%, 23] AAAAM o3 vES- S 7Esh] fg S 5
AT 22%, 33 AFY 16%, 43 12%= 24-DS] + P3G} Table 20 Ago| AREH scavenger(OEH,
9] g7t SolETE AAREL AAsh 2,4-DY AlA TBA)?} SO,”, 'OH )z 7H] RESEE 55 Wb
= A& dojor, PS FTELE XHb] wWE &% Witk olgk2-e so,7, 'OH oz m5o X3t

2
scavenger®|™, TBAT "OH Uz} o =& HkgAS

ki)

Hl

60% 71 2RI, T o]folls Y LAWY AE

& 4= AATE. Amasha et al.(2018)2] AR FL3H Helo] & Aol A scavenger®z AASIFTHA (5)-(8)
Azt VEd AL & F den, pse) sl o] ZZ)Buxton et al., 1988; Anipsitakis and Dionysiou,
7Fs3t Fe?' w7} PS EAlshl F83F g3k QxS 2004; Ji et al., 2014; Liang and Su, 2009; Monteagudo
& 4= St et al., 2011).
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Table 2. The removal percentage of 2,4-D by Fe?" activated PS oxidation in the presence and absence of radical scavengers

Removal percentage
w/o scavenger (%)

w/ scavenger (%)

Ethanol TBA
73 removal percentage inhibition ratio removal percentage inhibition ratio
30 59 39 46
*Conditions: [2,4-D],=0.1 mM, [PS]o=10mM, [Fe*']o= 4 mM and [scavenger],=5 M.
SO+ OH™ — "OH + S04~ 3) 3.3. Sto|=5Alotal Flo| Azt
Sfol=S Aoty 914 Slol=FAobdlo] Fe'S Fe
SOy + HO — SO + OH+ H' (4) e " K =

Ethanol +"OH — intermediates (k= (1.2 - 2.8) x 10°
M5 ®)

Ethanol + SO, — intermediates (k= (1.6 —7.7) x 107
Msh (6)

TBA+'OH — intermediates (k= (3.8 —7.6) x 108M s
@)

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

AHAI= Table 20 YERNLO™ | scavengerd] olgk
&3} TBAY] FEE 5SM=E 3l A3} wHeAIzt
180% 3, scavengers TUSHA| &2 749 2,4-D] A|A
BELE 13%= e, olegs Fst A% 24D
o] AATELS 30%, TBAS TUT 735 39%= 4313
th. TBAE FYsle] ‘OH 2}HZE scavengingdt A%
2,4-D9] AAEEC] 39%= YERd ZoF Hol 50,7
UZol] o3k A AEEO] 34%, dlehe F4 2yl S0,
2}z, "OH izl gt A AEE] 43%U-S I8t
ot Scavengerdl] 2]t inhibition ratio® 4 (9)°l] wh
Akl E okl )3k inhibition E7} 59%, TBA
o] 93} inhibition B/} 46%= FEFITHFan et al.,
2018). ©] BF= F3lo] S0, el 23 A AEE
] 43%, ‘OH |zl oJgt AAREC] 9% AA|gHT}ar
E 4 oE=R 50, grido] 8 #H|Z(predominant

radica)dS & 5 A}

Mo—1

Inhibition ratio (%)= ©)
3714 ne= scavengers TUSHA &2 24-D AAE
(%), n= scavengers TY3F 2,4-DO] A AL (%) v
=g

Z4olls
A3 2719 180% ABIHES F 24 Tt Algd
(reactivation) EY}S I3} t}. PS Ak}l whSofA] Flo]
SE4olo] Fe'7t FAEE AS 2L, F'E w2 A
FEATIE 9 sl AR} RS X1 (10)-
(13))(Liu et al., 2017, Wu et al., 2016).

Fe*'+ NH;OH' — NH,O'+ Fe* +2H" (10)

OINHO' — N,+2H,0  [Fe*"] < [NH,OH] (11)

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

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

AHNZAL [24-D]y=0.1mM, [PS]o=10mM, [Fe*'J,=
2mM=E 18k, Aksk AlEF A slo]leEAol FEE
0.2, 2, 20 mM=Z 37| T3t Fe*' TEe 3lo|=%
Aol H7t JFs FRlsh] st H2 2118 4mM
Hoh He 2mME AFEa, 2FEHAE Fig 4(a),
(©), (el JERARITE. Fig. 4(a)= B pSe} Fe?o] 3
7o 2= 2,4-DO] AAEC] 64%A3L, H71E Blo|=%
Holql T 02mMolA 88%, 2mMOlA 96%, 20
mMollA 93%2 Ul sloj==2loldlo] HybE o 2
2,4-D] AAGEC] 25-30% oY FRRF AL B
ATt Zou et al.(2013)S Fe?'/PMS 34X benzoic
acid’} E3ll¥e B slo]l=FAole] HIE} Fetollx
Fe*'29] W3S F318 4 Qltal Bl o™, Watts
and Teel(2006)S HIESH T AFoNE Fd3 A7
E HYHOh et al, 2009; Huang et al, 2005; Yang
et al, 2010; Gu et al., 2013). 234 20 mM2] 3lo|=
E2xolHS HrlelS w 935]8] 2,4-D AAFSC] T
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