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Removal of 2,4-D by an Fe(II)/persulfate/Electrochemical Oxidation Process
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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(IT) concentration (10 -
20 mM). The 2,4-D removal efficiency was in the order of Fe(Il) activated persulfate-assisted electrochemical oxidation
(Fe(IT)/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(I) as an activator enhanced 2,4-D
degradation in the Fe(Il)/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
(SO,7) and hydroxyl (OH) radicals existed in Fe(I)/PS/ECO system, hydroxyl radical (SO,™) was the predominant radical.
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AT AT Bol} dufEar e FAJolt). Brillas et al.
(2004)3} Cai et al.(2020)> BDD(Boron-doped diamond)
ASFS o] &3 &= Akslel A7) HAE 2Fshelectro-
Fenton oxidation)2 2,4-DE *J|sl= A5 F30519&
™, o 90% oo Xa&S BT} Birllas et al.
(2007y= Pt A= T BDD A= UVA lights o]&
3+ A7) HAE (photoelectro-Fenton) *#]S HA31L,
Oxone?t F7|5H8E AAIBt 24-DE A28k A+
(Jaafarzadeh et al., 2018V} <=38% n} it} 710 &
o] A7E A} M7} Vs AAIS X718EH
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Ase] HJout AFHA e AFEC] EE Py,
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S| (@ikelrA, g, o 5o sk gy
Ql ABHA|E FENkn gjom, Al AlSIAlE oxidation
reduction potential(ORP) ko] 2.01 V ool =3k Ak
SHAIEA, 1 AARIC R R Llsleo] glont FHajjo} ukg-
Al SO, BHES st AkstEo] 2.6 VAl S7HE]
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2.1. M7|8t8H LSt AlE W
B AFME thFLEEZRE 2 4-dichloropheno-
xyacetic acid(2,4-D, CgHeCl,0;, Sigma-Aldrich, 98.0%)
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Table 1. Physicochemical properties of the 2,4-D used

Properties Values
o]
Structure /@ED\)I\OH
Cl Cl

Molecular formula CsHeCl,0;
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) 1.02 x 1078
pKa 2.64

S ARSsIslem, Table 19 24-DO| Ee)3leHy S4<
Aelste] Yepideh. 230l ARE-E 892 ultrapure
water(MilliporeSigma™ Synergy™ Ultrapure Water Purifi-
cation System, Thermo Fisher Scientific, USA)l -8-3]
A AL, TPEOBEA 24DE 2mM FES)
stock B91E AZFHo] ALEHT). ASHAZE
H(potassium persulfate, PS, K,;S,0;5, Duksan, 95%),
g8 AZ 32t A1 (ferrous sulfate heptahydrate,
Fe(ll), FeSO,-7H,0, Duksan, 98.0~102.0%)& AF&3}53c}.

2718k Alslel] ARSE gk H=-2 Toyo(Japan)Z
HE] Fajdle] 5% 10x0.1 em Z7)2 e} ARESIH oM,
7+ A5 7L 8 em= St AL EHAA(MK-3005D,
MK power, Korea)2 7 WEE ZEsldon, A3
A% 2 AY AXE Fig. 19 JERIRITE 2 A3
< 33 WiRog Fasiglen, 1L HIF mlg] Alxs)
THIZE 2,4-D stock 895 24-D FE 1 mMo| =
= FYsle] HEt 8RS I TRt HES TS
HE-ge] Ha7t | 7} HEE Stk ARYE
27g3kar 71414 2RE7|(HT-120DX, Daihan Scientific
Co., Ltd., Korea)2 ©]&3lo 200 rpmoZ wHF} T
AR Alg s5mLE AFH3I] 1M n-butanol(CHs
(CH,)CH,OH, Yakuri, 98.0%)2 2] quenching(Chan
et al, 2017)3 U3, 045-um polytetrafluoroethylene
syringe filter(PTFE membrane, @® =25 mm, Whatman,
USA)E 43} & HPLC(high-performance liquid chromato-
graphy, 2695 Alliance, Waters, USA)YE ©]-83}] 2,4-D
SEE BT 283819 H7F G AFdMe &
A A71ske Akt A FUsHl 2,4-Dof A A
A5 FUF F Fe(IDE IF st HES A%
APE FPsITh 7] pH 2 5ol 93RS wrls)
#lsle] 2,4-D, H=Rt, Hafda} Fe()E T2 U
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Fig. 1. Experimental equipment: (a) schematic diagram and (b) experimental apparatus.

o7 FF v, 7] pHY A% 0.1N SGXH(Hydro-
chloric acid, HCI, Duksan, 35~37%)3¥} AU EF
(sodium hydroxide, NaOH, Duksan, 93%) 8% ©]&
3lo] 27] pHE 3, 5, 7, 92 ZHsle] AL, Lol
< T AP 7T 20mMe] FSREEF(NaCl, Duksan,
99%)7} ERAREAUFE R (NaHCO;, Duksan, 99.5%)2 3+
Yate A3t

Hrrrd71ske kst Aol Sod vk 71k
TE3F7] 218k scavenger AES G35 tert-butyl
alcohol(TBA, C4HO, Daegjung, 99.0%)E hydroxyl radical
(OH)Z, ek (MeOH, CH;0H, Merck Company, LC
grade)E hydroxyl radical’lOH)®} sulfate radical(SO,")
9] scavenger® 173t HHSIATHCai et al, 2018).
Hertd71skek Aksl A9 FLekA WSk probe/
scavenger Al =3t A3 Y & 24-DY FEE

w3510 B

2,4-D %+ HPLC(2695 Alliance, Waters, USA)S
ol g-3to] A5l on, HE7)E UV(2487 Dual absor-
bance detector, Waters, USA)S AM&3Iith ZH L
SunFire® C18(4.6 x250 mm, 5pum particle size, Waters,
USA), °o]87d Z72 27H(two phase) % THIZ
acetonitrile(CH;CN, Merck, 99.9%) 10%<] oMH|EARS
¥33F Z24(HPLC grade, Merck)?] B8-S 75252
3ITh. 58 0.7 mL/min, Al FYUFE 20 uL, 34
284 nmellA S3FATHChen et al., 2017).

2.3. Al £

2,4-D9] 2B} HhS &= U39 fAF 13} £ 2

(pseudo-first-order kinetic model, PFOKM) 4 (DZ X
AL 4 ot
Co=C(e ™ (1)

714 @ty RHFEAIRE (minelA A8 & 2,4-D9] &
Z(mmoll), Co= *%7| 24D &XZ(mmoll) k=
PFOKM®] WFE% 2= (min o]t} 2 2ele] uj7Ha=
= Table Curve 2D®(Version 5.1, SPSS, Inc)E ©|-&3}
o 278t
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3.1. ™| MSHA| MRUE As

7] A¥8}(electro-oxidation, EO) *|2JA] AFDE9] ¢
s Hrtey]l $18t 24D FE 1mM, A
Na,SO, &9 F% 50 mM= 1A, AFILEE 2, 4,
6, 8, 10 mA/cm’S 2 ®slsle] At A% A=
Fig. 20 YeERSITE AFEr) S71S AAELS 16,
25, 30, 36, 33%= S7I3IA°™ 6~10 mA/m™ME &
ol §le ZeZ Yt 24-D §% 1 mM, JA7E
T+ 8 mA/em?eE 13k A E Na,S0, TEE 10,
20, 50, 70, 100 mMZ s}l HFs ZAAES Fig
1l Jeligied, 10 mM 552 o) AAFS0] 713
A YT o]F x71skekA Aksl Aol HA A
FUEE 8$mA/em?. A FE= 10 mMZE sl 2
st

3.2. AfEihdT skt Alst AE Zat

232k 7 7] 3} 84 2+ (persulfate/electrochemical oxi-

dation, PS/ECO) Al2=Hloll &J3t 2,4-De] A Aol Qo] =}
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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,SO4
=10mM, current density =8 mA/cm?, and PS=35, 10, 15,

i 7] FEY FFES Fig. 39 YRS 2,4-DY]
27155 E ImM, A2 Na,SO, % 10 mME 113

m

EEE 0, 2, 5 10, 20 mME H3AA 4F
2SSt 2,4-D AlAEC] PS FE 02 )
36%ClA A=A 79 & &) FETt S| wet
46, 51, 33, 35%= YERITE Ui d2A9E A
A3t Tt SRS BAshe S it ol
Z7FE7] Wil M2jago] F7Fht ko] HERito]
FHE A5 AALC] Aaske A9 vk BaEg)
13]—(Liang et al, 2007; Malakootian and Ahmadian,
2019). M71kslolA H3ke FSRS W, JAE T
st EF grio] WAt 4lsl §&o] TS 4
@= 28 F dem, 2 3)-@el yepd vie}l 2ol
HFo] HgFto] EANT 79 AR 3t grjde] AR
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3.3. Fe(IDZ Edsist Mait- Mo |steby M5t A3 2t
H3Fak-A 7184 8HE  AFSH(Fe(ll) activated persulfate/
electrochemical oxidation, Fe(ITYPS/ECO) A &lA] Fe(Il)
£ AR ST} FU3F Fe(Il)/PS/ECO Al2~Hol| <Jgh

24-D AA AIAHE Fig. 47 Table 20 JERAACH
24-D9 Z71%E+ 1mM, AshE NaSO, FE 10

== s
[

mM, #32 F% 10mME 12483}, Fe(ll) 1,
2.5, 5, 10, 20 mM= HIIAIA 3} AFS T3t
Fe(ll) =% 24D AAEES 2, 1mMY W 72%,
SmMA w 91%, 10mMY W] 73%, 20 mMY o 62%
2 717 JeRdt) Fe(ll) % 5 mMZHAE AlAREE0]
S7II o, olF Fe(ID?] F=F U 712 7% Al
AEEo| FABIoH, ol Fe(llyt Hgow AL 74
St 2ol Fe(ll)e} HhE3le] ARE f7]19E
AAZ AsfSIth= Liang et al.(2004)2] I+ A7E
HE 5 Aok fAF 12F S BEe| s Ay &
A K= B, 5 mM(1.8 x 102 min ) > 10 mM
6.5 x 10 min™") > 1 mM(5.8 x 103 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(Il)/PS/ECO of 2,4-D

Fe(Il) concentration (mM) k (min™") R? SSE

1 58x107 + 04 x 107 0.9849 0.048

5 1.8x102% + 02x1073 0.9766 0.074

10 6.5x107 + 0.7 x 1073 0.9626 0.073

20 53x107 + 0.6 x 107 0.9452 0.079
100 mical oxidation)2] & ZZANA 24-D AAH TS
. B WA Fe(I)/PS/ECO(91%) > PS/ECO(51%) > EO
= (44%) =02 veht A BgsbAlsh Bahte] B )
g A 7] 5ob4 g8l el 71 AAEEe] ¥ A
g - o2 UehdtkFig. 5 BX). Fe(l)PS/ECO Ael|A] 2
8 A Faato] B3I Fe(illPl el FAsl=e &
g Aol A= FHoAe] o]eo] JiME BsleEct. T,
§ 20 - = Fe(llly} A= EWoN Uot AxZ sl Fe(Ih2
/ o] Bhs]o] Ak 5.8 37 a5 7|dE 5 ke

0 , 7 (5))(Long and Zhang, 2015).
EO PS/IECO 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(II)/PS/ECO = Fe(Il) activated persulfate-electrochemical oxi-
dation at current density =8 mA/cm?, Na,SO,=10mM, PS=
10 mM, and Fe(Il) = 5 mM).

(53x107°min™") o2 Yehd AAES] 7P =
Uehd 5 mMollA BRSEEE 71 BlE Ao g Yepd)

7] 2¥s} AE(EO, electro-oxidation), Z34F-2 71818}t
A 2k} A (PS/ECO, persulfate-electrochemical oxida-
tion) B Fe(ID=2 SAsleh AP H-71sle4 4kt A7
(Fe(I)/PS/ECO, Fe(Il) activated persulfate-electroche-

3+, - 2+
Fe +e —Fe

®)

Fe(II)/PS/ECO A&l %7] pH 9 %L 20l o
TS RIsIH o, 4% Z3E Fig. 69 Table 30 Y
BRIt 27] pHell e AAFEES 2 zol7} AY
e Zow Uedou ABEEs HlusRd, pH 3
(25x102min")>pH 5.0 x 102min")>pH 7(1.6 x 10~
min")>pH 9(12x102min™") =02 pH7/} FS+=
W= 202 UERGTHFig. 6(a) 3%). X8l Wl ZA)
e F8 20]0 2= S04, CIL, HCO; o]&o] 7=
F|E =2 (Choo et al, 2009; Saha et al, 2019) ©]9} 7+
< Solo] 2kl &8 vXle dIFS AP, 1

2IZ Fig. 6(bll HERAIT. SO,7 9] 749 Haid &

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



50 A9 - A

c(/c,

0 100 200 300
Time (min)

RALIRY
1.0 b] ® Optimum condition
E 4 NaCl
[ v MNaHCO,
0.8 4 —— PFOKM
=]
Q 06
o
0.4 4
0.2 1
0.0 T ; s
0 100 200 300

Time (min)

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

NaHCO;).

Table 3. Pseudo-1st order kinetic model parameters for PS/Fe(11)/ECO of 2,4-D

Condition k (min™) R? SSE
3 25%x107% £ 1.4%x107 0.9973 0.0314
H 5 20x102 £ 1.5x 107 0.9940 0.0455
P 7 1.6x107% + 1.4 %107 0.9900 0.0558
9 12x1072 = 1.1 x107 0.9879 0.0614
. CI 8.5x 107+ 0.6 x 107 0.9917 0.0506

Anion B 3 3

HCO;, 50x107+ 02%x 107 0.9947 0.0293

Aoz FPsle] Alst] Sol Felx= A8t
™, CI'¢} HCO; = ZH2Z} NaCl, NaHCOs= F3s}e] A
Tk AAEES vlws|EH, CI o]o] EAIFE 74
T 88%, HCO;™ o]o] EAE 4 75%=2 A ADEC]
Aashe AEs Gy H3AE At A ek
HCO;™ oo] H&it |z} kst ed=d AA
aEo] 7A@ (6)-(10) FZ)(Liang et al., 2006;
Bennedsen et al., 2012), A} 12} &% Zdo] Zxgk
= 27 ¥Z3<9 Ad Z7(24-D=0.1mM, Na,SO,;=
10mM, current density=8mA/cm?, PS=10mM, Fe(ll)=
5mM)2] EEAE(1.8 x 102 min)e}F Blwshd d#|E1A|
A A °]2 @ 8.5x107min!, HCO;™ ©]& :

0.5x 107 min"ys & = Ut (Table 3 FX).

8Os+ CI-— SO +CT (6)
Cr+Cl- — Cl~ @)
Cly™+Cly™ — ChL+2CI (8)
Cr+Cr — Ch )
SO+ HCO;y — SO + HCOs' (10)
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34.F2 U8 2i|g 7y

TPt Akt wRSolA T&ito] H7] 4tsh Ipgella] i
A oLt BASAIR 3 Fe(lly BR8] b
2}t)Z (sulfate radical, SO,) ¥t o} 4=2k8} l)zt
(hydroxyl radical, "OHYS A43H2] (2), (11)-(13) F
Z)(Zhao et al., 2016).

Sz();;}'i‘}:‘ez+ g F€3++ SO4'7+ S0427 (] ])
SO+ OH™ — "OH + SO (12)
SO+ H,0 — SO+ OH+ H' (13)

Fe(I)/PS/ECOS] 93} 2,4-D He]ollx] =344 2R3}
s 3Ris] el WeEkes} TBAS scavenger®
olg3le] AFS FASACE wgree G4ts) 2oz
(12-28x10°M's "} &% FojZ(1.6- 7.7 x 10°M™!
sHZHe] REGOlA] HIS=3E WSS 7R lE Whd,
TBAE S8} gr)zdate] wheEE 34(3.9-7.6 x 108
MlsThyh B gl date] wkSSEANE(4.0-9.1 < 10°
MlsThEoh &2 =4 JeRdthBu et al, 2016; Cai et
al,, 2018). 1822 gk 3} Fojde) S48} g
ZHo] scavenger® ARESI0™, TBAE 4213} #lrjzke]



Fe(Il)/Z8 7184814 ket g7gol] 2]3t 2,4-De] A7 51

Table 4. Pseudo-1st order kinetic model parameters in Fe(II)/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 wl TBA
v w MeOH
0.8 - —— PFOKM
O 061
o
0.4 4
0.2 4
0.0 T T 1 T
0 50 100 150 200 250

Time (min)

Fig. 7. Effect of radical scavengers on 2,4-D degradation in
Fe(Il)/PS/ECO (experiment conditions: 2,4-D=1mM, Na,SO4=
10 mM, current density = 8 mA/cm?, PS =10 mM, and Fe(Il) =
5 mM).

scavengerz AMSSIATE oM AY AE FIl] =53
A %7, 24D % 1mM, A2 NaSO, F%
10mM, 332 F% 10mM, Fe(ll) % 5mM Zgal
AFEE 8 mA/ecm™A AH-S P33T} ScavengerZ
AREE WERST TBAE Z7F | ME 3lo] AFsIar
(Cai et al., 2018), 4¥ZA7= Fig. 77 Table 40| L}E}
Witk A9 A3} gk} TBAS FUsI9S ul 2,4-D
o] AAE0] 92%ANA 2 51%, 67%2 Ao, 4
T3 WSt BER (%), 2 (14) F2)e Weke-S 948t
= W —78%, TBAS FUsIkS Wl —70%=2 2 zte]7}
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=
-
R

L %2 8

k, .
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4.2 £

2 A7 AW F71948A FoF, 2,4-De] AHEE 9
3 Fe(DE TS AT /188 ) mee 3
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24-D9] 77] 213HEO) A2lE Pote] ARUE P e
2 s% W3t A3S s, ARLt SRS

2kt 82 SR W 6 mA/em® oPdellxE & W}
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JEHAZ ks FYsien, 18 w5 10 mM7t
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o] 32k SO Ao g A8 G0 S8
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