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ABSTRACT

The removal of 2,4-dichlorophenoxyacetic acid (2,4-D) in aqueous solution by coupled electro-oxidation and Fe(II) activated
persulfate oxidation process was investigated. The electrochemical oxidation was performed using carbon sheet electrode and
persulfate using Fe(Il) ion as an activator. The oxidation efficiency was investigated by varying current density (2 - 10 mA/
cm?), electrolyte (Na,SO,) concentration (10 - 100 mM), persulfate concentration (5 - 20 mM), and Fe(II) concentration (10 -
20 mM). The 2,4-D removal efficiency was in the order of Fe(Il) activated persulfate-assisted electrochemical oxidation
(Fe(I)/PS/ECO, 91%) > persulfate-electrochemical oxidation (PS/ECO, 51%) > electro-oxidation (EO, 36%). The persulfate
can be activated by electron transfer in PS/ECO system, however, the addition of Fe(Il) as an activator enhanced 2,4-D
degradation in the Fe(II)/PS/ECO system. The 2,4-D removal efficiency was not affected by the initial pHs (3 -9). The
presence of anions (CI” and HCOs") inhibited the 2,4-D removal in Fe(I)/PS/ECO system due to scavenging of sulfate
radical. Scavenger experiment using tert-butyl alcohol (TBA) and methanol (MeOH) confirmed that although both sulfate
(SO47) and hydroxyl (‘OH) radicals existed in Fe(II)/PS/ECO system, hydroxyl radical (SO,™) was the predominant radical.
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(2004)3} Cai et al(2020)> BDD(Boron-doped diamond)
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2.1. ™I|akEb Lk AE gl

B AgdgAe tdedEZ2=E 24-dichloropheno-
xyacetic acid(2,4-D, CgH¢Cl,0;, Sigma-Aldrich, 98.0%)
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Table 1. Physicochemical properties of the 2,4-D used

Properties Values
(o]
Structure /(j:o\)J\OH
Cl Cl

Molecular formula CgHeClLO5
Molecular weight (g/mole) 221.04
Solubility in water (mg/L, 25°C) 677
log Kow, 20°C 2.81
Vapor pressure (mmHg, 25°C) 8.25x 107
Henry’s constant (atm-m°/mole, 25°C) 1.02x 107
pKa 2.64

S ARESIA O™, Table 19 2,4-DO] E2jsiehs 545
AEst] Yeidg. Aol ARS-E 882 ultrapure
water(MilliporeSigma™ Synergy™ Ultrapure Water Purifi-
cation System, Thermo Fisher Scientific, USA)ol| 83l
AA Az, WFLAEZQ] 24-D= 2mM L2
stock -&H-S A3l 2183t AsHAIRE HSbd
H(potassium persulfate, PS, K,S,0;5, Duksan, 95%),
g3 AZ 32 A1 (ferrous sulfate heptahydrate,
Fe(Il), FeSO,-7H,0, Duksan, 98.0~102.0%)3 AR5}t

718184 Akslel] AMgE 'hA =2 Toyo(Japan)Z
FE TRsle] 5x10 % 0.1 em 712 e} ARSI 0T,
ZF A= 1S 8 em= 1t AL HEAI(MK-3005D,
K power, Korea)Z ZF UEs Z4Gslgon, A3
Aw " A% XS Fig. 19 YERIY 2 A
33) WiRo g Faslglom, 1L HIAY wg] Az}
FHISE 24-D stock 92 24-D F% 1 mMe] F
= st HRt 8AS 9 vt HEE U
% Hh3-8e] Far} | U} HES St AREE
Akl 71412 IRE7)(HT-120DX, Daihan Scientific
Co., Ltd.,, Koreays ©]-83} 200 rpmoZ nHFE}AT)
AZEE AE 5mLE 2FH3F] 1M n-butanol(CH;
(CH,)CH,OH, Yakuri, 98.0%)2 %] quenching(Chan
et al, 2017)3F TS, 045-um polytetrafluoroethylene
syringe filter(PTFE membrane, & =25 mm, Whatman,
USA)Z oJ3} & HPLC(high-performance liquid chromato-
graphy, 2695 Alliance, Waters, USA)S ©]-83} 24-D
FEE AT, A8 A7 G AFeMe &
A 718k Akt A3H FYsHAl 2,4-Det HEE A
S FUE T Fe(IDE ¥4 27 HES FUsH
< AES YT 27] pH ¥ S0l JEs Hrlst
7] 18t 24-D, HSPiE AR Fe(I)E 5L WH
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Fig. 1. Experimental equipment: (a) schematic diagram and (b) experimental apparatus.

o7 FUAI v, 7] pHY A% 0.1N S4H(Hydro-
chloric acid, HCl, Duksan, 35~37%)3 SAFIUEF
(sodium hydroxide, NaOH, Duksan, 93%) &2 o]&
slo] 27] pHE 3, 5, 7, 9= 243l AL, &l
2 g3k Age] A 20 mM2] F3hEF(NaCl, Duksan,
99%)} EFFFEAUEF (NaHCOs, Duksan, 99.5%)2 5
st Akt

FH&Prh718ket Akst Aol e ke 7Rk
TE3E7] I8k scavenger 28-S 435} tert-butyl
alcohol(TBA, C,H;40, Daejung, 99.0%)E hydroxyl radical
(OH)Z, Wk (MeOH, CH;0H, Merck Company, LC
grade)E hydroxyl radicalC(OH)Z} sulfate radical(SO,")
9] scavenger® A1Gsle] AFIHTHCai et al., 2018).
AP F71sker kst A3a FLsHAl 338k probe/
scavenger Al¢F TSt AF 8 & 24-DY FEE

49510 ISt

2.2. 24 4y

2,4-D 5%+ HPLC(2695 Alliance, Waters, USA)S
o835l EAslon, 7E7|= UV(2487 Dual absor-
bance detector, Waters, USA)E Al-&3l9t;. ZH
SunFire® C18(4.6 x 250 mm, 5um particle size, Waters,
USA), ol &2 2% (two phase) % THIZ
acetonitrile(CH;CN, Merck, 99.9%) 10%2] o}H|EARS:
X3S Z5F(HPLC grade, Merck)?] HIE-S 75:252
SIATE. 742 0.7 mL/min, AR FJHFE 20 uL, I
284 nmOllA] &3} tH(Chen et al., 2017).
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24D8] 2} W HEE T #4134 &= md

(pseudo-first-order kinetic model, PFOKM) 4] ()& X
A F Sk

Co=C(t)e ™ )

o714 Clrys WREAIZE d(minel A 2B 3 24-Do] &
SZ(mmol/L), Co= %7] 2,4-D9 FXE(mmolL), k=
PFOKM®] BFS<% AE(min "ot} 2t 2elo] 7<=
£ Table Curve 2D®(Version 5.1, SPSS, Inc.)& ©|-83}
o] AA3I3T.
3. A8 &3

3.1 7| MSA| HERUE HE

7] 2¥8}(electro-oxidation, EQ) *2JA] ZFE=2]
&S Hrielr) Yste] 24D FE ImM, AsHE
Na,SO, €9 F% 50 mM=E 1AsH, AFILES 2, 4,
6, 8, 10 mA/m’2 2 Hslsle] At A3 2=
Fig. 20 VeIt AREErT 3715 AAEL 16,
25, 30, 36, 33%= S718I99™ 6~10 mA/cm™lXe &
zlole §le AoE Yt 2,4-D % 1 mM, A7
TE 8mA/m*eE 1143 AsE Na,S0, == 10,
20, 50, 70, 100 mM= wW3}ale] 233 A= Fig
1ol Yehidem, 10mM =Y wl AAEEe] 7F
A UET) o] H7151eHA Akt Addelx] HA A
FEEE 8mA/em?’. Jald T 10 mME 31 A3
3Tt

3.2. ZEMEET|SIEN Ms AE Zot

Z&H5k-7 718} 814 A8} (persulfate/electrochemical oxi-
dation, PS/ECO) AlZ=5lol] ©J3F 2,4-D] A|A o] 3}
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Fig. 2. Effect of (a) current density at Na,SO,= 10 mM and (b) electrolyte concentration at current density =8 mA/cm? on the 2,4-D
removal by electro-oxidation (EO). The initial 2,4-D concentration was 0.1 mM in each test.
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Fig. 3. Effect of PS concentration on 2,4-D removal efficiency by
PS/ECO process (experiment conditions: 2,4-D = 1 mM, Na,SO,
=10mM, current density =8 mA/cm? and PS=35, 10, 15,

s JFS Fig. 39 YehSTE 2,4-D9]
A& d Na,SO, 5% 10 mME 11F
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31t 2,4-D A|AE0] PS F= 0Y o
36%ClA] AL 79 & A& Frt ST wet
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B3k 718484 AF8K(Fe(ll) activated persulfate/
electrochemical oxidation, Fe(ITYPS/ECO) A&ol|A] Fe(Il)
= AR 71 FU3F Fe(Il)/PS/ECO Al2~¥ldl] 2J3H
24-D AA A3FAHZ Fig. 47 Table 20| JeRHACE
24D Z7|FEE ImM, HalE NaS0O, 5% 10
mM, I3 FE 10mME AL, Fe(ll) % 1,
2.5, 5, 10, 20 mMZ HIAA 218} S Y3t
Fe(Il) 3= 2,4-D AAEES 2, 1mMY W] 72%,
SmMY W 91%, 10mME w 73%, 20mMY = 62%
2 7 el Fe(ll) % 5 mM7ZHRE AAEEO]
F71IR O, o]F Fe(I)o] 55 ©] 71 75 Al
AEE0] 743 e, ol Fe(lly} Hakow =48 7
$- 3 gojo] Fe(Ine} HES3I] ARE 0] f7109%
A AAZ AFT= Liang et al(2004)2] AT2A7=
e 5tk AL 1A £ Bdlo] MukE Ad) &
A kS BlasEE, 5 mM(1.8 x 102 min) > 10 mM
S5 %103 min™) > 1 mM(5.8 x 102 min™") > 20 mM
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Fig. 4. Effect of Fe(Il) concentration on 2,4-D removal efficiency by Fe(II)/PS/ECO process (experiment conditions: 2,4-D = 0.1 mM,
Na,SO,= 10 mM, current density = 8 mA/cm?, PS = 10 mM, and Fe(Il) = 1, 5, 10, 20 mM).

Table 2. Pseudo-1st-order kinetic model parameters for Fe(I1)/PS/ECO of 2,4-D

Fe(Il) concentration (mM)

k (min™")

R? SSE

1 58x107 + 0.4 x107°
5 1.8x107% £ 02 x 107
65x107° £ 0.7x10°
53x10° + 0.6x107°

10
20

0.9849
0.9766
0.9626
0.9452

0.048
0.074
0.073
0.079

100

80 -

60 -

40 A

%
%

%
Sodeteles

Podedele

Removal percentage (%)

20 -

EO PS/ECO  Fe(ll)/PS/ECO

Fig. 5. Effect of the oxidation process type on 2,4-D removal
(EO = electro-oxidation at current density =8 mA/cm?, Na,SO,=
10 mM, PS/ECO = persulfate-electrochemical oxidation at current
density = 8 mA/cm?, Na,SO;=10mM, and PS=10mM, and
Fe(IT)/PS/ECO = Fe(Il) activated persulfate-electrochemical oxi-
dation at current density =8 mA/cm? Na,SO,=10 mM, PS=
10 mM, and Fe(Il) = 5 mM).

(53 x107%min") €22 Yeh} AAEE] 71 =4
LERE 5 mMolx 7 we Aoz Uepdct

7] 2k} AF(EO, electro-oxidation), 321713518}
A 28} AF(PS/ECO, persulfate-electrochemical oxida-
tion) 2 Fe(INE /933 Asir-x71386k7] 418} A3
(Fe(I)/PS/ECO, Fe(Il) activated persulfate-electroche-

O AT
q}'o e e s

mical oxidation)?] 2 ZFAo|Ae] 24-D AAH LS
H W3 B Fe(Il)PS/ECO(91%) > PS/ECO(51%) > EO
(44%) o2 e} d EAJ3iA|e} mighite] BE 9
H 7] sk ksl Al 7 AAEEC] T
o2 vERITHFig. 5 3%). Fe(ll)/PS/ECO A4
A1 F3ate] EAIsIAIQ Fe(llnpell <5l &3kl
Aol A= g9 oo ST BAslEIL)
Fe(lllyt A= FWoAN vee FAAZ <Qlste] Fe(I)=
] SEo] A5t &8 71 a9 719E 5 ok
(5))(Long and Zhang, 2015).

oft 1

3+, — 2+
Fe' +e —>Fe

)

Fe(I)/PS/ECO A&IA 27] pH 9F E S0l 4
S RIsIHN o, AF A3E Fig. 64 Table 30
ERNRITE %7] pHOll W AAEES 2 2|7t AY
U= oz Yehdoy AeEes nlws|Rm, pH 3
(2.5x102min™")>pH 5.0 x 102min™")>pH 7(1.6 x 102

min™)>pH 9(1.2 x 102 min™!) o2 pH/} HSFE

e Ao Z JERATHFig. 6(a) =), A8k Uldll EA)
= F8 LoleoFE SO,.7, CI, HCO; o]o] A

E =2 (Choo et al., 2009; Saha et al, 2019) ©]9} %
< gol2o] 48l &g vX= FFS APsiHa, 1
AE Fig. 6(bell HERNSITE 80,79 A5 Ml &

o

J. Soil Groundwater Environ. Vol. 26(1), p. 45~53, 2021



50 HG3l -

0 100 200 300
Time (min)

1.0 (b) ® Optimum condition
A NaCl
v NaHCO,
0.8 1 —— PFOKM
o
O 06 A
S
0.4 -
0.2 1
0.0 T : .
0 100 200 300

Time (min)

Fig. 6. The 2,4-D removal efficiency by in Fe(I1)/PS/ECO process (a) effect of initial pH, (b) effect of anion (experiment conditions: 2,4-
D=1mM, Na,SOs= 10 mM, current density =8 mA/cm?, PS =10 mM, Fe(Ill)=5mM, and pH=3, 5, 7, 9 or Anion=20 mM NaCl,

NaHCO;).

Table 3. Pseudo-1st order kinetic model parameters for PS/Fe(II)/ECO of 2,4-D

Condition k (min™") R? SSE

3 25x1072 £ 1.4x107° 0.9973 0.0314

. 5 20x1072 £ 1.5x% 107 0.9940 0.0455

p 7 16x102 + 1.4 x 107 0.9900 0.0558

9 12x102 + 1.1x107 0.9879 0.0614

A cr 85x107 + 0.6 x 107 0.9917 0.0506
0on

HCO; 50%107 + 02 x 107 0.9947 0.0293

Aoz FRiste] AlRdst Sol A= ALt
H, CI'?} HCO; = Z}Z} NaCl, NaHCO:Z FUsl] A
Ak AAESS vlas|RYAE, O o]&o] Exig 7
5 88%, HCO;™ o]2o] EAIT A9 75%2 AAGE0]
Aadhe RS AT F3AE Argel A et
HCO;™ o]o] #&it gie)Zda} whgsie] e d=4 A|A
ago] 7AsH ] (6)-(10) ZZ)(Liang et al., 2006;
Bennedsen et al., 2012), A} 1X} &&= Zdeo] ZFxgk
= Ay HHo 4% Z7(24-D=0.1mM, Na,SO,=
10mM, current density =8 mA/cm?, PS=10mM, Fe(Il)=
SmM)2] EEAEE(1.8 x 102 min )¢} HlwslA #=sH)
A% ZA(C o] : 85%x 1072 min!, HCO;~ ©]2
0.5x 10 min"")& & 4= U} (Table 3 F=).

SO+ Clm— SO +Cr (6)
Cr+cl- — Cly~ 7
Cly™+Cl'™ — Cl+2Cl ®)
Cr+Cr — Ch ©)
SOy~ +HCO; — SO + HCO5 (10)
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34. F2 HIS 2iC|E 18

it A8l whgollx] F&ito] 7] 4ks; BgelA i
Aehs o3 ISR FUSH Fe(I WH&-sle] 4k
izt (sulfate radical, SO,™) Byt ofg} =218} izt
(hydroxyl radical, ‘OH)S A3dgch2] (2), (11)-(13) #F
Z)(Zhao et al., 2016).

$,05 + Fe*' — Fe¥'+ 80, + 80> 1)
SO, + OH — "OH+ SO (12)
SO, + H,0 — SO +'OH+H' (13)

Fe(II)/PS/ECO°] &J3F 2,4-D X2jol|x] F23HA) 285
= TS RIS 13l WekE} TBAS scavengerZ
ol g3ty A ST ek St Foz
(1.2-28x10°M's ™y} 3t Fzd1.6- 7.7 x 10°M™!
shke] Hhgof|A] HlSet MSEEAFE VA W,
TBAE G218} gojzate] wheEwAl4=(3.9-7.6 x 108
M'sTyE B2 Sodate] RhEEEA4.0-9.1 ¢ 10°
MshEth &2 =7 YePdthBu et al., 2016; Cai et
al,, 2018). 1e|E2 Weke-2 St efeda) 418} B
ZH] scavengerZ ARSI O, TBAE 4k} gltjzte]
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Table 4. Pseudo-1st order kinetic model parameters in Fe(Il)/PS/ECO of 2,4-D

Scavenger k (min™) R? SSE
Without MeOH and TBA 0.0117 + 0.0010 0.9418 0.3169
MeOH 0.0027 £+ 0.0002 0.9507 0.0642

TBA 0.0035 £ 0.0001 0.9952 0.0305

® w/o MeOH and TBA

1.0
A w/TBA
v w/ MeOH
0.8 ] —— PFOKM
o
O 06
151
0.4 A
0.2 4
0.0 T T T :
0 50 100 150 200 250
Time (min)

Fig. 7. Effect of radical scavengers on 2,4-D degradation in
Fe(I)/PS/ECO (experiment conditions: 2,4-D =1 mM, Na,SO,=
10 mM, current density = 8 mA/cm?, PS =10 mM, and Fe(Il) =
5 mM).

scavenger? AMESISITE. ok A3 ARE Fdld =&
HZA %7, 24D FE 1mM, F3E NaSO, &
10mM, 34 5% 10mM, Fe(ll) % 5mM I18]al
HAFEE 8 mA/em™lX AFPE 73313} Scavenger=
AReE WEkey} TBAE 717} | MZ 3ko] Adsiga
(Cai et al., 2018), A8 Z4¥= Fig. 77 Table 4o e}
Yok 28 Ay} wekéa}t TBAZ FUs1S wl 24-D
o] AAE] 2% ZHE 51%, 67%= AAsINeH, &
23 s AER (%), A (14) IRy wdeS Y98
A& W —78%, TBAZ FHINE W —70%= 2 |7}
sie AoF UeRdth o] A%E Fate] st ez
o] o] Rkl Fa3 FAdS RIS

k. ..
R(%) _ (k with scavenger —l)x 100 (14)

without scavenger

.4 B

B e AN 71927 F2k, 24-DS] H2E 9
& Fe(IDZ B4313 Hat 7188k 28} 589 &
Qslar 43} kol Pofshe Fa gHize FEsia
2.4-D9] 717] ABHEO) HelE §Iste] AFUE 2L )
A F% Wst 48 S, AFEET 1S

23} §88 ZUI8I9 o 6 mA/em?® ol AE & W3}
7} gilor, Mald sxr}t woldas Ak} afo] 7
adhs Ao Yepdth 7] A8 &8 15 918k
AR HERs FYsien, 32 T 10 mM7t
Ae H=eA] Wk A= st H3ite] &3t
wo] gt grjze FAgtogn akst G8&o] 71819
ok P FEE TS FRINS Arole dile] %
Foz FUT A AgE it eicide] B8 kg
3} (self-scavenging) 2817 &k} o dEHo] HAF
o w} skslago] st Ak e A8k
&2 ASHPS/ECO) AZdMe] Ho AARSEC] 51%=
el AAEE 715 918k Fe(hs /9= F7}
43 Fe(Il)PS/ECO 378 AFS F3831900m, =0l
Al e AR Fe(1)e] Akl #gellr] Walleke 2
Ap=2 Iste] Hit Gdo] FTiE]o] Fe(ll) 5mM T
Al Al 91%7HA] AAEEC] ST 2,4-DY] AA
T2 Fe(ll) /93]t H8it-d71818H4 2ksH(Fe(1l)/PS/
ECO, 91%) > H=4h-371818H] AFSHPS/ECO, 51%) >
A7) ABHEO, 36%) & YERT Fe(I} &4 A=
o= &3} o A2 A8l vES9] 24-D A|ATO] 7}
A 22 Aoz JePSTE Fe(ll)PS/ECO 349 H7 =
AdA Z7] pH FFS gle Aog Yepton, Sol&
CIe} HCO; 7} EAIE 79 foleEo] it #od
Hh-g-3ke] Aksh Wkg-S Adete Aoz yEnth
ScavengerS ©]83}] Fe(Il)/PS/ECO 542 Ak3} wkg-
712S TSR0, scavenger== 4t eit)Zd} 4k
3} gzl 2% 2Rgshs Wekey) S48 gz o
=7 A83h= TBAS A3t A¥2 24-D A
Fe(II)/PS/ECO BT 288} gjt)zdo] F83h vk
OIS FRISHATE HEZHSE Fe(Il)PS/ECO 34
S o]83l FAY 24-DE THFHORE AT F AUS
Aoz gekE)

AL M

o] = 20183hdE FEHS SHWESIAR] A
el ofste] AL

J. Soil Groundwater Environ. Vol. 26(1), p. 45~53, 2021



52 |

B

gul

P (

References

Amasha, M., Baalbakim A., and Ghauch, A., 2018, A compar-
ative study of the common persulfate activation techniques for
the complete degradation of an NSAID: The case of ketoprofen,
Chem. Eng. J., 350, 395-410.

Bennedsen, L.R., Muff, J., and Sogaard, E.G,, 2012, Influence of
chloride and carbonates on the reactivity of activated persulfate,
Chemosphere, 86(11), 1092-1097.

Brillas, E., Boye, B., Sirés, 1., Garrido, J.A., Rodriguez, R.M.,
Arias, C., Cabot. P--L., and Comninellis, C., 2004, Electrochem-
ical destruction of chlorophenoxy herbicides by anodicoxida-
tion and electro-Fenton using a boron-doped diamond electrode,
Electrochim. Acta, 49(25), 4487-4496.

Brillas, E., Bafios, M.A., Skoumal, M., Cabot, P.L., Garrido,
J.A., and Rodriguez, R.M., 2007, Degradation of the herbicide
2,4-DP by anodic oxidation, electro-Fenton and photoelectro-
Fenton using platinum and boron-doped diamond anodes, Che-
mosphere, 68(2), 199-209.

Bu, L., Shi, Z., and Zhou, S., 2016, Modeling of Fe(II)-acti-
vated persulfate oxidation using atrazine as a target contami-
nant, Sep. Purif Technol., 169, 59-65.

Cai, J., Zhou, M., Yang, W,, Pan, Y., Lu, X., and Serrano, K.G,,
2018, Degradation and mechanism of 2.,4-dichlorophenoxy-
acetic acid (2,4-D) by thermally activated persulfate oxidation,
Chemosphere, 212, 784-793.

Cai, J., Zhou, M., Pan, Y., and Lu, X., 2020, Degradation of 2,4-
dichlorophenoxyacetic acid by anodic oxidation and electro-
Fenton using BDD anode: Influencing factors and mechanism,
Sep. Purif’ Technol., 230, 115867.

Carvalho, L., Soares-Filho, A., Lima, M.S., Cruz-Filho, J.F.,
Dantas, T.C.M., and Luz, GE.Jr., 2020, 2,4-Dichlorophenoxy-
acetic acid (2,4-D) photodegradation on WOs-TiO,-SBA-15
nanostructured composite, Environ. Sci. Pollut. Res., 28, 7774-
7785, Published online: https://doi.org/10.1007/s11356-020-
11085-4.

Chen, H., Zhang, Z., Feng, M., Liu, W., Wang, W., Yang, Q.,
and Hu, Y., 2017, Degradation of 2,4-dichlorophenoxyacetic
acid in water by persulfate activated with FeS (mackinawite),
Chem. Eng. J., 313, 498-507.

Choo, C.-O., Lee, J.0K., Lee, C.-J., Park, K.-H., and Jeong, G.-
C., 2009, Origin of B, Br and Sr in groundwater from Bukahn-
myeonn, Yeongcheon, Gyoengbuk province, with emphasis on
hydrochemistry, J. Eng. Geol., 19(2), 235-250, 2009.

Dargahi, A., Nematollahi, D., Asgari, G., Shokoohi, R., Ansari,
A., and Samarghandi, M.R., 2018, Electrodegradation of 2,4-
dichlorophenoxyacetic acid herbicide from aqueous solution
using three dimensional electrode reactor with G/B-PbO, anode:

J. Soil Groundwater Environ. Vol. 26(1), p. 45~53, 2021

A - 2

Al
al

o

vl

Taguchi optimization and degradation mechanism determina-
tion, RSC Adv., 8, 39256-39268.

Devi, P, Das, U., and Dalai, A.K., 2016, In-situ chemical oxida-
tion: Principle and applications of peroxide and persulfate treat-
ments in wastewater systems, Sci. Total Environ., 571, 643-657.

Fiorenza, R., Mauro, A.D., Cantarella, M., Privitera, V., and
Impellizzeri, G, 2019, Selective photodegradation of 2,4-D pes-
ticide from water by molecularly imprinted TiO,, J. Photochem.
Photobiol. 4, 380, 111872.

IARC (International Agency for Research on Cancer), 2015.
World Health Organization, Press Release N’ 236. IARC Mono-
graphs evaluate DDT, Lindane, and 2,4-D, www.iarc.fr/en/
media-centre/pr/2015/pdfs/pr236_E.pdf.

Jaafazadeh, N., Ghanbari, F., and Zahedi, A., 2018, Coupling
electroxodiation and oxone for degradation of 2,4-dichlorophe-
noxyacetic acid (2,4-D) from aqueous solution, J. Water Pro-
cess Eng., 22, 203-209.

Koster, D., Jochmann, M.A., Lutze, H.V., and Schmidt, T.C.,
2019, Monitoring of the total carbon and nitrogen balance
during the mineralization of nitrogen containing compounds by
heat activated persulfate, Chem. Eng. J., 367, 160-168.

Liang, C., Wang, Z.-S., and Bruell, C.J., 2007, Influence of pH
on persulfate oxidation of TCE at ambient temperatures, Che-
mosphere, 66(1), 106-113.

Liang, C., Bruell, CJ., Marley, M.C., and Sperry, K.L., 2004,
Persulfate oxidation for in situ remediation of TCE. I. Activated
by ferrous ion with and without a persulfate—thiosulfate redox
couple, Chemosphere, 55(9), 1213-1223.

Liang, C., Wang, Z.S., and Mohanty, N., 2006, Influences of
carbonate and chloride ions on persulfate oxidation of trichloro-
ethylene at 20°C, Sci. Total Environ., 370(2-3), 271-277.

Liu, H., Wang, C., Zhong, X., Xuanm X., Jiang, C., and Cui, H.,
2007, A novel electro-Fenton process for water treatment: reac-
tion-controlled pH adjustment and performance assessment,
Environ. Sci. Technol., 41(8), 2937-2942.

Long, A. and Zhang, H., 2015, Selective oxidative degradation
of toluene for the recovery of surfactant by an electro/Fe**/per-
sulfate process, Environ. Sci. Pollut. Res., 22, 11606-11616.

Malakootian, M. and Ahmadian, M., 2019, Removal of cipro-
floxacin from aqueous solution by electro-activated persulfate
oxidation using aluminum electrodes, Water Sci. Technol., 80(3),
587-596.

Matzek, L.W., Tiption, M.J., Farmer, A.T., Steen, A.D., and Car-
ter, K.E., 2018, Understanding electrochemically activated per-
sulfate and its application to ciprofloxacin abatement, Environ.
Sci. Technol., 52(10), 5875-5883.

MOE (Ministry of Environment), 2019, Framework act on



Fe(I)/2Fa2 k727188 4kl 3790l 2]t 2,4-D2] A A 53

water management, Sejong, Korea.

NIER (National Institute of Environmental Research), 2015,
Candidate list analysis of water and water-ecosystem quality cri-
teria, NIER-SP2014-359.

Saha, S., Reza, A.H.M.S., and Roy, M.K., 2019, Hydrochemi-
cal evaluation of groundwater quality of the Tista floodplain,

Rangpur, Bangladesh, Appl. Water Sci., 9, 198.

Zhao, L., Ji, Y., Kong, D., Lu, J., Zhou, Q., and Yin, X., 2016,
Simultaneous removal of bisphenol A and phosphate in zero-
valent iron activated persulfate oxidation process, Chem. Eng.
J., 303, 458-466.

J. Soil Groundwater Environ. Vol. 26(1), p. 45~53, 2021



