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Kinetics of Metolachlor Degradation by Zerovalent Iron
Su-Jung Kim, Jae E. Yang , and Sang-Eun Oh (Division of Biological Environment, Kangwon National University,

Chuncheon 200-701, Korea)

ABSTRACT: Metolachlor may pose a threat to surface and ground water qualities due to its high solubility
in water. Zerovalent iron (ZV]) releases ¢ which can degrade the organochlorinated compounds. The objective
of this research was to evaluate the kinetics of metolachlor degradation as affected by ZVI sources [Peerless
unannealed (PU) and Peerless annealed (PA)] and ZVI levels (1 and 5%) under batch conditions at different
metolachlor concentrations (200 and 1000 mg/l) and temperatures (15, 25, and 35°C). The effectiveness of
ZVI on metolachlor degradation was assessed by characterizing the dechlorinated metolachlor byproduct
molecules. Metolachlor degradation by ZVI followed the first-ordered kinetics with a higher rate constant at
higher level of ZVI treatment. At 5% (w/v) of PU and PA treatments, the half-lives of metolachlor degradation
were 9.93 and 6.51 h and all of the initial metolachlor were degraded in 72 and 48 h, respectively. Rate
constants (k) of metolachlor degradation were higher at the lower initial metolachlor concentration. The
metolachlor degradation by ZVI was temperature dependent showing that the rate constants (k) at 15, 25,
and 35°C were 0.0805, 0.1017, and 0.3116 /h, respectively. The ZVI-mediated metolachlor degradation
yielded two byproduct molecules identified as dechlorinated metolachlor (C3HisNO) and dechlorinated-

dealkylated metolachlor (Ci:Hi7NO). The PA ZVI was more effective than PU ZVI in metolachlor
degradation.
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Metolachlor[2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-
ethoxy-1-methylethyl) acetamide] = chloroacetanilide
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Fe’+R-Cl+H' — Fe**+R-H+Cl (1)
Fe’+R-Cl+H,0 — Fe’*+R-H+OH +CI )
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ZVIol 2|8t metolachlor?| EXEAS} HIS kinetics
Metolachlor -89 metolachlor ¥4|(96.1%; Chem
Service Co., USA)E 20 ml acetone®l| -3
sldste] ZA B 29 F ZVIe] 2% metolachlor
o] #3l kinetics ol ¥ Fv AAE AP 93 PA
(Peerless annealed) ZVI % PU(Peerless unannealed)
ZVI powder(Peerless metal Co., Detroit, M1, USA) 5%
(w/v)E metolachlor £%(200 mg/I) 25 mldl] *z|st &
RS2 25°C, THHEE 150 rpmelAl 0, 6, 12, 24, 48,
72, 96, 120717+ E2F WS-AFtk Table 12 ZVIQ] &84
Ql BEAE R Stk ZvIQ HElE L) metolachlor?]
el el ulXe JFE LokEr] f18te] 200 mg/l
metolachlorell 1 % 5%(w/v)2] Z} ZVIE 2|3t & wit
£5F 150 rpm o2 248k, 99} T 2olN H9HE
AlA metolachlor®] 23| kineticsS ARSIt T3l 27]
metolachlor?] ¥%(200 % 1000 mg/l)9} WH$-2-5(15, 25
4 35T)8=Z PA ¥ PU ZVIE 5%(w/v)% 715t 99
FTUet 2714 HFSA|AH metolachlor?] 3 kinetics S
ZAKIGIE) o|gA] & HIE o] Eq. (3)F (4)2) kinetic
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Table 1. Physical characteristics of the Peerless
unannealed (PU) and Peerless annealed (PA) ZVIs
used in the experiments

ZVls Bulk Particle  Porosity Specific
density  density surface

area

— g/cm® - % m’/g

PU 243 715 66.0 0.055

PA 2.51 8.00 68.6 0.078

model®l] 2-€3}9] rate constant Y rate curve 5= At

a1
d[C]/dt = [C] 3)
In([Cl¢ /[Cloy = -kt 4

[Clo: Initial metolachlor concentration

[Cli: Remaining metolachlor concentration after
time, t

: Reaction time (h)

: Rate constant

X -

£8% ZF Metolachlore| &

RS89 25 m/E 045 pm syringe filter= ]33t ¥
o7} AL separatory funnels ©]8-3}] n-hexane 100 m/
Z 23] FZ3irh. 542 rotary vacuum evaporator
2 Ag3k 35ColA 24, 7 F HFHOoE 5 ml
n-hexane®]| 4318t ¥ GC-NPD(Hewlett Packard 6890,
USA)E AM4519 metolachlor?] =& 433t GC
BEXZ2A08 HP-5 column(0.25 umx30 m)S AHE-3jo]
split¥2)(split ratio, 20:1)22 A5E FYUHRA2H, carries
gas$l N, Hy, Air(0,) flow rate 27+ 1.0, 3.0, 60 ml/
min®]31tk Column oven 25+ 210°C, injection port <
T3 2307, detector port =% 250°C E 2A3I3ict o
9} 22 7|4 metolachlors 243t A7 {5 A7t
< 73807 YEhth

ZVIoll 2[5t Metolachlor EIFAZ HHS 2kt 4FE2 HE

ZVI°l 2J3 metolachlor?] #-3 Hkgol 23] A3/3€ 23F
AR 12E 7473H7] 98] metolachlor 200 mg/! 4§
oMof|l 5%(w/v) PA % PU ZVIE 2|3t & vhe-2% 25T,
AN 150 rpmellA 0, 6, 12, 24, 48, 72A1%F F<F HEEA]
Atk AlZEEE b A5 F2ES 718 ethyl ethern-
hexane=3:1< |83 thm—layer chromatographyi A
afglon, & &
alo] £ X*Xﬂt‘} ¥ gas chromatography—electron unpact
mass spectroscopy(GC/EIMS, IMS-AM 150 JEOL, Japan)
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ZVI M2jo| k2 metolachlor —=-'—6H kinetics
Table 28} Fig. 1= ZVI H2ZE 92lsigis o Akl
& 789 ¥ metolachlor? LRSS UrE}ﬂ Aoltt,
metolachlor®] 7] §%(200 mg/l)°l| tigte] ZVIZ 1%
(w/) SR ARISE W, PUS 18 10402 5 of 95%
2, PAE 100%2 FAAAL, ZVIZ 5%(w/v)E Z7H17
AeJa3E o, PU % PA B5F Hh3-2 A% F 48213k vt
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Table 2. The rate curve equation and halflife of the first order kinetic model for the metolachlor degradation at the
different concentrations of the Peerless unannealed (PU) and Peerless annealed (PA) ZVI

ZVls Concentration Rate curve equations r’ tn |
Y%, Ww/v h

1 In (C/Cy) = -227x 107 t + 0.0727 0.94" 30.53

U 5 In (C/Co) = -6.98x 107 t - 0.1537 0.88° 9.93

PA 1 In (C/Co) = -2.72x107 t + 0.0093 0.95*: 2548
5 In (C/Co) = -10.65x10” t - 0.1611 0.81 6.51

' half-life of metolachlor degradation.
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Fig. 1. Effect of ZVI concentrations on metolachlor
degradation by (A) Peerless unannealed (PU) and (B)
Peerless annealed (PA) ZVIs.

o} metolachlorE 100% Z¥AAZT) ZVI HelEks Z71A
-5 Wl metolachlor®] ¥%7} 7ha8ks 218 ZVI9) o253
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g} olgjgk Ak ZVIE o] 83 tE #7382 89
INE ZVIS Ao T wt vke&e ek Zr)et
= A3} XL BoiFa geke,
Table 2= ZVI2] Xz]go]| W& metolachlor] €A

ST R) S AAASFE)E RAF T 9} Zviel ¢
3t metolachlor 9] ¥+ first order kinetic model®] 23]

gl
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FAAUA AHETE ZVI HEEo] 1%Y 5 metolachlor

o] FEAMRSE AR E PUS A9 0.0227 /helglod,
PA= 0.0272 /hZ PAZ} PU®| H]3] metolachlor® ©F 1.2
] w2 A A zk ZVIE 5%(w/v) Hgl A iHeE At
FHk)= PUS) 79 0.0698 /h, PAX= 01065 /h& PA7} PU
o] )3l metolachlorS ©F 1.53ul] W2 A 23|27k PU
B% 7ZVI Aggko] £7184E metolachlord] F-aljwt
SEHEEIT K7 S7HEI B vho] wEA dojgds
ok = 9lgith. PA ZVIZ} PU ZVIEEH metolachlor +#-39]
Aol FEAO] T & AL Table 10] vEhd vle} o]
Zv1e] 3934 5 =974 54 Aeld] 7ld Ao
17

H)E @)l ALl WA () F Ae AT (Table
2), PUY 3%, ZVI AZZES 1%} 5% Azatds ul
metolachlor®] ¥-&] WH71(t2)= 247F 305 2 99 h= Y
Ebton, PAS A-ol= vzt 242 254 9 6.5 h&E
el ZVI Aglso] S7FEE U] 7 A et =
3, PAC] 93 wkgd7)7F PUC 23 wi7]e) vlsl 2A U
EhbA, PA7} PURTH metolachlor?) £3)] kol Qo] t
SEHAL o £ 3ol

Table 3 ¥} Fig. 2& $U ZVI9 A5 % (5%, w/v)
o] thall %7] metolachlor®] F%7) =g & ZVI9| <
3t metolachlor?] 2&) kinetics®l] 9]x& 938kS HojF a1
Atk 271 metolachlor®] 557} 200 mg/I1Y W, 5%(w/
v) PUS PA ZVIHEA] B5F wkE AlZ 3 4847 wlof
metolachlor® 100% ¥3lA1A) 28t 27] metolachlor
o] FEE 1000 mg/I15 F7HIRE o 5%(w/v) PU ZVI
o] 9, wk& 72471 "t metolachlorE 100% 4 A7
o}, PA ZVIS 7$ole M 48A17F wholl metolachlor
= 100% EalA)ZHE 27] metolachlor? w57} 27184
% metolachlor 2] 343} BTt H4ade & 5 9l
%tk £7] metolachlor?] %7} 200 mg/I$}+ 1000 mg/IY
4, PU ZVI9 #hR&4s 22 0.0702 2 0.0665
/hZ #285om, PA ZVIS A$% vz Zz
0.1024 2 0.0941 /h% FHAHSIC} T3, %71 metolachlor
o] ¥EE 200 mg/IZ A2leilE o, PA ZVIZ7}F PU ZVIE
o} oF 1454, 271%57H000 mg/I¥ v PA ZVIZ} PU
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A2+ B 48A7F kol metolachlor® 100% A Z ) Wt
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Table 3. The rate curve equation and half-life of the first order kinetic models for the metolachlor degradation by the
Peerless unannealed (PU) and Peerless annealed (PA) ZVI at the different initial metolachlor concentrations

ZVIs  Initial metolachlor concentrations Rate curve equations ° ty2
mg/l h
PU 200 In (C/Co) = -7.02x107 t - 0.1476 0.88° 9.87
1000 In (C/Co) = -6.65x107 t + 0.1356 097" 10.42
PA 200 In (C/Co) = -1024x107 t + 0.1415 0.83" 6.77
1000 In (C/Co) = -941x10% t + 0.0847 0.98" 7.36
' half-life of metolachlor degradation.
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Fig. 2. Effect of the initial metolachlor concentrations on
the metolachlor degradation by (A) Peerless unannealed
(PU) and (B) Peerless annealed (PA) ZVIs (5%).

Fig. 3. Effect of temperature on the metolachlor
degradation by (A) Peerless unannealed (PU) and (B)
Peerless annealed (PA) ZVIs (5%).
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Fig. 4% ZVIg} HHA171%] 942 metolachlor®] A(stan-
dard)$} 5%(w/v) PA, PU ZVIg} BF8-A7] metolachlor
9] HE3ARE S Al7tell T2 TLCAES) spot WalE Ko
Ak ZVISH WhSA71A) ok 2 313HER] metolachlor®]
- A Re #ol O F A9 spotQl Mi=0.777 Mp=0.67°] &
58t zvigl WhEAlZl metolachlord 7-$-ofl&= ¥HEA|
7+ 6213t o] % FA45 = Regrol tHE F A

d

FH AR F
9} spot?! Ms=0.399} M=0.267} ENHSITh Table 4+ %
3122 metolachlor €A1} ZVI A2] A] AAE vES 24
AR FAEE B2 GC-Mass AFHEY Aol Yehdt 7}
7t9] peak 7ZF E4%F ZAAolt). Fig. 49 spot My
metolachlor®] HA(purity 96.1%)AA4 &=} Y=
ECER FHH ST, spot My 2-chloro-N-(2-ethyl-6-
methyl-phenyl)-N-(2-methoxy-1-methylethyl)acetamid

R!
0o Mg=0.39
oo M= 0.26

Stendrd PAFJ PAFRJ PAPU  PAPU PARU

Ch 6h 1zh Ah Bh 2k
TLC solvent (ethyl ether: n-haxane=3:1)

Fig 4. Thin layer chromatograph (TLC) spots of
metolachlor standard and byproducts as induced by the
Peerless unannealed (PU) and Peerless annealed (PA)
ZVIs (5%) with time.

e9 TEEZ Z= metolachlor?] Aol 1=,
GC/EIMS ~#HEZ Ao A metolachlor®] FA{(m/z)
=283°0% VERFA] o1, CHyOCH,~(m/z=45)2] 28717}
o1& o)X m/z=2385A AEEHITE ol o]&3te] wE B-
cleavage to nitrogen?] ¢ % <lal Yehd Axe B
51 P, spot My ZVIel| 23l & 55821 metolachlor
(m/z=238)9] EAF1Z2NH Cl(m/z=Cl”, CI®) o] o] &
A3k HRSAYE(mM/z=204)2 ERIF N, spot Mt
Cl o]} g CH3 o} o] FAle] ojgEo] A WA
E(m/z=191)% ERI=Ich olg} 22 A= metolachlor
7} Zvie] Abapikgel s wAlghs AAkEE sl CI ol
o] ojg&Eo] BhAs} B AR WErh

Table 4. Identification of metolachlor standard and
ZVI-induced byproduct molecules by thin layer chroma-
tography (TLC) and gas chromatography/ electron impact
mass spectroscopy (GC/ EIMS)

GC/EIMS
peaks (m/ z)f

Chemical structures and  R¢ values
molecular formulas (mf) (TLC)

OH

0.77 220(M"), 205,
<M;p> 179, 145, 105

m.f .=C15H24O

|

L
(o) N 0.67
/\@/ <M>

039  204(M), 162,

/\©/ Ms> 163, 160, 134

|

3
0" N 0.26
/\@/ <My>

m.f=C;pxHsNO
f m/z stands for the mass number.

238(M), 240,
211, 162,
146, 133

191(M*), 192,
149, 134,
120, 106
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