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Abstract

Atrazine is one of the herbicides wildly used around the world. Atrazine-contaminated soil may
require remediation to mitigate ground and surface water contamination. We determined the
effectiveness of nano zerovalent iron (nano ZVI) to dechlorinate atrazine (2-chloro-4ethylamino-6-iso-
propylamino-1,3,5-triazine) in contaminated water and soil. This study determined the effects of iron
source, solution pH, Pd catalyst and presence of Fe or Al sulfate salts on the destruction of atrazine.
Our results indicate nano ZVI can be successfully used to remediate atrazine in water and soil.
Aqueous solution of atrazine (30 mg L'1) was treated with 2% (w/v) of nano ZVI and 5% (w/v) of
commercial ZVI. Although, iron dose in nano ZVI treatment was less than that in commercial ZVI
treatment, atrazine destruction kinetic rate (k.s) of nano ZVI treatment (1.39 d_1) was around 7
times higher than that of commercial ZVI treatment (0.18 d_1). Reductive dechlorination was the
major process in destruction of atrazine by nano ZVI. The dechlorination product was 2-ethyl-amino-
4-isopropylamino-1,3,5-triazine. Lowering the pH from 9 to 4 increased the destruction kinetic rates
of atrazine by nano ZVI. Moreover, nano ZVI/Pd enhanced destruction kinetic rates of atrazine (3.36
d'1). Pd played the important role as a catalyst during treatment of atrazine by nano ZVI. Atrazine
destruction kinetic rates were greatly enhanced in both contaminated water and soil treatments by
nano ZVI when sulfate salts of Fe(ll), Fe(lll) or Al(lll) was add with the following order of removal
rates: Al (lll) (2.23 d_1) > Fe (Ill) (2.04 d_1) > Fe(ll) (1.79 d_1). The same results were found in

atrazine-nano ZVI-soil incubation experiments.
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Satapanajaru, T., Anurakpongsatorn, P., Pengthamkeerati, P. and H. Boparai, (2008). Remediation
of Atrazine-Contaminated Soil and Water by Nano Zerovalent Iron. Published online first "7'1I DOI

10.1007/s11270-008-9661-8.
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4.2 NMINAFIUNAVDY pHs Glan’li‘lJ’lfUmLaz"n’la’l216571‘51%%1%6{13612&1Elé‘hilimn’lmﬁﬁn‘ﬂ%’]@l

wilwaina

nasasdszininwlumsdidaesnmdulsenas 100 Sadaas AnnududuiSudu 30
fadnsudedaslaslfoumamanaymamanuwamlumna 2% wiv)  lagieunamanuwmam
TuainalUwgniuasazanesnigu wazdIu pH 101 4 7 uaz 9 @28 0.1 N 289030 1Ua3N LAz
02 N vaslmasylaasanlod udrinwdianusisay 150 seudewf udfudasnasiwin 1 8
8RASAT N0AN 6 12 24 uay 48 Talusaudey ndredenlallndsedanie3astunieed
A5 13,000 seudomiduian 5 wift teliiwananazneu anssiianazana i ldandiazey
AN NTUBBI0ENTITUAIBLAS89 HPLC (High Performance Liquid Chromatograph) th1eindilean

FIvnMiemANUITuTuNIMABa sz wIMNAN Destruction kinetics rates (kys)
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4.3 NMINAFIUNAVDILNRDTALNG @iamiﬂﬂﬁmmzﬁﬁmﬂazmﬁ%u’lumiazmsﬁ'sala%g,mﬂ

&
manwmﬂmfuama

nasaslszEnsawlunistndaesnndulsanas 100 §85ae3  Aienudutusudn 30
ﬁaﬁn%’u@iaamﬂﬂUlﬂﬁm&mﬂmﬁﬂau‘,mﬂmﬁﬂmm@mﬂuama 2% (W/v) S9UNU 0.5 % (W/V) TaILNaE
azpiitiudaiva iWatataine uasiwairdaiva I@m‘inmg,mﬂmﬁﬂmm@miuammm:mﬁa%’mﬂ@vlﬂ
winlumInzagesnIdn finusiseu 150 saudawfl udfiudiag1esiuan 1 Dasaes M 6
12 24 uaz 48 Hlwsawdey  thaegeilalumisdeeiostunissianuso 13,000 TaU¢a
witidluam 5 widl eliininanaznan Mntwimsszanefildundensienudutuwesesnnd
WAIBLA389 HPLC (High Performance Liquid Chromatograph) shendildunasrsnmuiiamany

\iuduiinaaaguazwiamien Destruction kinetics rates (Kqps)

a [ 1 o o
44 ﬂ'\i‘l’lﬂaﬁ)ﬂﬂ‘s:aﬂﬁﬂﬁﬂ‘l]ada%ﬂ'\ﬂlﬁaﬂ“ll%’]ﬂ%’]‘[%aLﬂai'JNﬂﬂwaa']Laﬂ&l (Pd) 1%ﬂ']‘5

1UnazNIon

faanzieunmamanuialusnaianny Pd a1835289 Lien and Zhang (2001) Tooisw
mnmim’%wm&mﬂmﬁﬂuﬂuamamu%%mﬁwﬁumﬂﬁuma%mﬂmﬁﬂmmmﬂuamamuﬂu
M3aeay 0.1%  lawvinwsinuas ([PA(CoH30,),ls  MAUMBRZLDUATI96 1 nniwihldnesaswn
Uszansmuwlumanitaezndulsanes 100 385503 finnusudusudn 30 Saansudeaasiasld
amgmﬂmﬁnmm@miuama LLa:agmﬂmﬁnuﬂuamm’wﬁ'v Pd lusasin 2% (wiv) Imﬁnmgmﬂ
WANTW AU LR LLazauq,mﬂmﬁﬂuﬂumﬂaiwﬁu Pd Wi unussazaisesnindueie
W3aaEnfinnusseu 150 saudawfl udufudagsduin 1 aRaasim 6 12 24 uaz 48
Flasaudey thaedeilelumlsesdsaiastundosiinnuso 13,000 saudawmiiduiia 5
wit eldindnanaznan  aniwhaazansfi lduniensanududusasesnndudioiaies
HPLC (High Performance Liquid Chromatograph) ﬁﬁ@hﬁ"lﬁma%waﬂﬁwLﬁammmLﬁuﬁuﬁmﬁaag

LRTAIWIHANAT Destruction kinetics rates (Kyps)

o a [ a
4.5 minagaunsiiinaznniulaglsanmamdnawmamluwainalnin

aué‘haﬂﬂom“ﬁ‘lumiﬂ@amﬁaauqﬂ WULa% S9AvIInmaasiuneanvesisndlnsfiany
&N 20 LIUALNAT TNABGINAINNANUAILAZIOUHNUAZUNTIVING 0.3 TAALNAT NNTHinan@nmN
ﬂﬁﬂiz’mﬂﬁ’madagﬂ’mau (particle size distribution) el BN [American Society for Testing and
Materials; Method D422-63] Laz#1@1 Cation Exchange Capacity @X3D89 Rhoades (1982) waznn
mﬁuﬁﬁmqmwﬁ’ﬁmaa Nelson and Sommer (1982) nniwhaud ldunims spike @28
RIATAILNIATZINYDIDENINDU nnnneld 1 @enudvinmsanassesnm@uanaulasls
g3azay  hexane wuhauildlunmsnasasimstuiionesesnm@ulszanm 20 8aniude
AlanTuanwi

nmnasevulasindn 20 niulavaaanaaasvna 40 Hasans Lausinaulid moisture

content VaIaRLIzN1M 40% mnﬁfu‘[dmgmﬂmﬁﬂmm@mhama 2 NN %380 mgmﬂmﬁﬂmm@miu
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FNAINAY Pd 2 NTY %38 mgmﬂmﬁﬂmmﬂmhama 2 N3N WAz 0.5 NINVBILNFBTANG BNnNg
incubate N9+ 1 Laauﬁqmwgﬁﬁm NN AUN FFNIFNARIDENITID Lm:ﬁﬂmqmamﬁmamﬁ

PpIaurasannsinua

AaNIINAaAaagLia $%i)’]§ﬂ£

= L o a
1. NMIANEHIANBIUENIIFUI 1IN (Morphology)

o o a 3
ANPWEN A WINWINY ajanniAaLia ﬂ?l%'lﬂ%’]r%alﬂﬁ

& AN o (% €A o < a A o A A &
agmﬂman‘n‘l@mnmsmLﬂﬁzmaﬂumuﬂumauamm@n (MWN 1 (N)) WANTIATIZA
@T’smé’aaqammﬁ‘éLﬁﬂmauuuuaaaﬂs’m (Scanning Electron Microscope, SEM) (mwﬁ 1 (D)) LN
El,ﬁl,ﬁud'lmgmﬂmﬁnﬁé’a’nwmzﬁauﬁwﬂau sudmnmdungy uazliuiadewdnaey NANNTILATIZH
é’hUﬂﬁ’adgaﬂiiﬁﬁﬁLﬁﬂmauuuudadmu (Transmission Electron Microscope, TEM) (m‘wﬁ 1 ()
wuiwm&mﬂmﬁﬂﬁ"umﬂLﬁumquﬁﬂmoagluﬁw 50 - 100 WIlulNas S'fiaamgmﬂmﬁﬂmmﬂmiuama
nfanzdldnnitiaisaziawaaglugag 10 - 100 wluluaT (Lien Uar Zhang, 2001) uaziile
JATzReN8LAIad X-Ray Diffractometer (XRD) tNafineihadft/sznay wuin spectrum 2adlnanng
a A Ao ' a v A & o A = & & . 0
savriadnngiandunis 20 wnudduduniinauasnanLaudeud (zero-valent iron, Fe')
(mwh 2)  denwnanniresriiedsfissdlsznaunanidunaniaudgud laswwana ldannnis
(% e | . ° ' A A & Aa = A o . A &
FU0T19 intensity d1ndn (WA 2 (1)) Wasnniuagmenlvmeidnunn Wamainlismalan
A:‘Y A v A & € v a a =3 v =S o val . . ol a 6 v
NN ATIRBNSanNIENULaTas TN LN B ENHs I IRT intensity 61 wamITALaTERME
wafian BET Surface Area Analysis wm’wmgmﬂmﬁnmu’mmiuamaﬁﬁuﬁﬁa 29.67 AIHLUATAD

nsu ehuag.mﬂmﬁﬂmm@"l,ﬂmmnaﬁﬁuﬁﬁ's 2.55 A9 NATHaNIY

nMWA 1 (n) magmamanldnnmMIsieTzd (1) ansuziuiizaseumaminimanluaing

9INNA8Y Scanning Electron Microscope (SEM) fNasT81e 5,000 L (") é’ﬂumzﬁuﬁmaaagmﬂ
IARNTMAWLUELNR NNNAa9 Transmission Electron Microscope (TEM) fa9uee 80,000 L¥in
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T 500 3 100
s (Me (V)
> 400 5 80 -

G | G

£ 300 [

= 200 4 =

2 $

< 100 - *

g 2

20 30 40 50 60 70
2-Theta-Scale 2-Theta-Scale
MWA 2 HANTIATIEHE XRD 289 (N) A

@
o

wanawalulasana () mgmﬂmﬁﬂmm@miuama

A o = o o A v o a A
Lot m&mﬂmaﬂmm@uﬂumﬂﬂﬂl"ﬁ’Lumsmmazmwuumm anuy gnnlagnsLaw

lgdsuuate laiata wazAaNzRel8LaIad X-Ray Diffractometer (XRD) tiatdSauiisunaain XRD

{ ' { o , s ° '
spectrum (MW 3) wa_mmglomﬂmﬁﬂ‘*nm@uﬂumnaﬂﬁﬂgﬁﬂﬁmme 20 = 44.9° Tadudunis

A = & & . 0 A = A o
Wﬂ’].lﬂ\‘ll,‘iﬁﬂﬂ?']l,a%"ﬁgluﬂ (zero-valent iron, Fe) lummz‘nam&mﬂmaﬂmu’muﬂumﬂaﬂmumﬂmm

'Y { o . d a . .
LLa’Jﬂi’lﬂQﬁﬂﬁ@anud 20 = 35.80 SﬁdLﬂuﬁﬂTadLWaiﬂaaﬂqsﬁﬁ (Ferric Oxide, Fezos) LLﬂzaHﬂ’]ﬂ

H . e 1 ° . A
wanswaw lusnafdunsiunanwdiingfianduni 260 = 44.9° uaz 35.8° Fuiuniaves
<3 € 6 <3 6 = < A a 2] a
wanaudguduazininaan lod Fadunstudulddna@uaniazais NaBH, adluaynia
wanzwelusnafiunsldnuudiazamannilulanwsasaymaman lduazanansniinauan
Tgulnale
-
E WM&WWMWWMW
w
S
>
=
0
c
i)
c treated nanosecale Fe
@
=
2
i
@
o
regenerated nhanoscale Fe
ity AR e ot ol gty
] T T T T T T T T

: : a r
20 30 40 50 60 70 80
2-Theta-Scale
MWN 3 XRD spectrum mada%mﬂmﬁnmmcﬂmiuama mgmﬂmﬁﬂmm@uﬂuamaﬁmumﬂ'ﬁmu

150 LLa:a‘Lgmﬂmﬁﬂmmwﬂuamaﬁmumiﬂuw‘jamw
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a a 3 <3
2 ﬂ‘igaﬂﬁanﬂadau‘aﬂ']ﬂl'ﬁaﬂ?]%']ﬂvl&lrﬂialﬂallagaﬂaﬂqﬂLﬁaﬂﬂ%']ﬂ%qtualﬂaiuﬂqi

111N IDTH

maSeufisulsinsawlumstieesnnduwenududu 30 Saaniudedasluinlay
auMARENIING W LATING (5% wiv) UAZBUMARENTINAWTUALNA (2% WiV) ULREIGINNA 4 A
RANEATVBINTIAARY (degradation kinetic rate, k) vadaznINTuwIuLLL Pseudo first order laadien
Kk Wiy 0.18 d” ﬁﬂ%%ﬂﬂﬂiﬁﬂﬂ'ﬂat“ﬂﬁ%uiﬂUI‘ﬁ’a%ﬂ’]ﬂL‘Iﬂaﬂ“ﬂu’](ﬂvl,uiﬂ‘imﬂa LRz @1 k Ny 1.39
q’ fmiunstaeznndulaslfeymamninuwalulasana NN TNARIE WA 9usinas
IFaymamansmawlumnalusSinatesniSinavsananswa lulassnaudliszininmlu

MIUAaENIITUIINNT AL 7 19N

1.2

1.0 <

K =0.18d*

commercial iron

0.8

0.6 T

04 —+—

Atrazine (C/Cp)

K =1.39d*

nanoscale iron

0.2 +—

Time (h)

MWA 4 NNIRARIVBY atrazine I@]ﬂamgmﬂm§ﬂ°uu'1@1vl,ﬂﬂil,l,a:uﬂumﬂa

iiasnnanauandivasiuiil jisenszniveumamanuwalulasaing uaz aynia

= 2 A ° . . A A Yo = a [ o
mamJm@miuamawumsmms Normalization LWE]Y]‘ﬂZvL@u’]ﬂ’I k NWLﬂ?UUL‘V]UUﬂuVLﬂ I@IU Johnson

2
A a o

et al., (1996) l@lauai19931M3808IRINITAUINYIN normalization 'la basldaAunf1s1wIzY89

m‘l‘,ﬂﬂﬂmﬁﬂ (specific surface area) I@mmmmﬁwmmvlﬁmﬂqm

- _kSA,Atrazine pat

1| €©

0
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lae c(t) Duanududusadasnnduiivia t  (mMm),
C, ‘Huanutuduiauduaaiaznindu (mM),

1 -2 > { . . 1Y
Koy oo (LD M) LTUAIGAIININARINIIARAEATNHIUNTT normalization wa7

I3 ' v v A da o 2 -1
0. tHudanuidudusasnuniigimwie (mL),
t waan (h).

NamﬁLmﬁ:ﬁmmﬂmﬁwﬁuﬁuﬁﬁaﬁnwwwaamgmﬂmﬁﬂmm@iﬂmama 50 N3N LY
1275 m'L" uae @hmﬂmﬁuﬁuﬁuﬁﬁﬁwL‘wwwaamgmﬂmgﬂmmﬂuﬂuama 20 N3V L¥iNNU 593.4
m’L" 2nmIsIwIns KSA Wui mgmﬂmﬁﬂmm@ﬂﬂmamaLLa:uﬂumﬂalﬁm KSA innu 1.41
X 10° and 2.34 X 10° Lm“d" euseu ﬂizﬁﬂ%ﬂ’mluﬂ’ﬁﬂ’]ﬁﬂa:‘ﬂi’]‘?j‘uiﬂUﬂi{:ﬂ’]ﬂmﬁﬂ%%’m%’]

Iuﬁagaﬂdwmiﬂwﬂhimmﬁﬂvlﬂm

1 o w o [
3. Haad pHs mamsmuﬂu,azmms.la:ﬂﬁ%u‘lumia:mﬂéﬁﬂmgmﬂmanmmﬂmfumna

UrsanTnnlunstdaeznndudinnes 100 Faddas Aanudutuisudn 30 JadnTude
daslasldaumeaminaumaminuamluaing 2% wiv) 7 pH 10u 4 Iisedninniigega

709898188 7 WAz 9 MNEIAL AILAAILUATWA 5

1.2

pH 7 |

10 ¢

4080

Atrazine (C/Cp)

Time (h)

MW 5 miamwaoaz‘ﬂﬁ%ui@ﬂa“lémﬂmﬁﬂ“um@mhamaﬁ pH @199
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AN8ATINIIRARIVBIBLNTITUT pH 4 7 ez 9 1AL 1.87 d" 1.35d " uaz 0.16 d' ewdey
%dﬁLLu’JIﬁmamﬁumiﬂ’lﬁ'@ metolachlor (Satapanajaru et al, 2003a) nitrite (Alowitz and Scherer,
2002) uaznitrate (Huang et al., 2003) lasauniainin Faormanduwldhanuiuniasynlsia
(iron  oxide) ﬁmwmﬁm%uuuﬁwaoagmﬂmﬁnmm@miu%q@ﬁaa:mUaaﬂmnﬁwaﬂammgﬂ
(Satapanajaru, et al, 2003, Dombek et al., 2001) ¥lAUszanTawlumstdaesndui
ﬂi:'ﬁw%mwgﬁu wenaNiiA pH ¢ 2NN TUFNNIIAALU AL Acid hydrolysis (Comber, 1999)
Mldiamsaansaivasaznindule

o 1 o @ o [
4 navadindodaine G’Iﬂﬂ'lﬁll']‘ﬂﬂLlazﬂ"la']Elﬁ)zﬂ‘i']%%i%a’]iaza’]ﬂﬁ?ﬁlﬁ]‘l{m"lﬂlﬁaﬂﬂ%ﬁﬂ%’ﬂ%

awna
drzantmwlunsttaesninduwdsanas 100 Jadaas AaNuTuTwINds 30 Jadnsuda
‘amﬂmzflfffmg,mﬂmﬁnau‘,mﬂmﬁnmm@miuama 2% (wiv) TIWNU 05 % (wiv) TadlnKe

o

22ANBUTALNG tNBIATANG LAZtWOTRTALNG LAAIAIAITIN 1

U

39N 1 5@15’]ﬂ’]§§1@ﬂd°ﬂ6\16$ﬂ5’1%%1®Uﬂ%ﬂ?ﬂLﬁﬁﬂmu’]ﬂuWI%ﬁmﬂ LAY @ pH wae Eh maa"g@mi

NARDY
Treatments Degradation rate pH Eh

constant (negative, -)

(Kobs), (d) mV (SHE)
Nano ZVI 1.39 6.78-7.63 87-200
Nano ZVI/Pd 3.36 6.45-7.25 203-357
Nano ZVI with Alx(SO4)s 2.23 3.24-6.23 186-275
Nano ZVI with Fe;(SO04)s 2.04 3.76 - 6.98 111-269
Nano ZVI with FeSO, 1.79 4.12-17.11 93-215

mnwam‘smaadwmnﬁalﬁnﬁa%’mﬂwma:gﬁﬁu Wada way wada iwﬁ’uaygmﬂmﬁn
1= A A A P = v . -1
e Lusenaazsd wn sl ssansmwlumsthtaeznindyw lagliaasinisaassvinny 2.23 d
-1 -1 o @ d a A [ A
204d war 1.79d eNdey Tamsiduinfevastainaadluarllae pH vasansazaisasnIdu
A pH L'%&J@Tuaglis:mn 3.24 - 412 TI0AARBINUNAVDY pH @iamiﬁﬂﬂ'ﬂa:mﬁﬂma%mﬂ
= A A Y A A o o ak g a 3+ A 3+
wanumaw lusinaniila pH aaadaglitszansnwlunsthieddn wenaninsds Al %38 Fe

& a ' + o v A & &
aziflun iy Brdnsted acidity (McBride, 1996) uazdaadaas H virldthilanudunsaniniin
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a a 3 1 o o o @
5 ﬂixaﬂﬁmwmaaau‘,mﬂmanﬂmﬂ%’lfuamaﬂunuwaa’uﬁsm (Pd) 1%?’1']31]'\“6’]637]5’]‘%%

Uszantawlunstntaesnduwl3anas 100 Iafaas NaNuTuTwisNan 30 JaanTuda

daslasldaumeaminumeuluaing uazauniamdninlusinaiiuny Pd lugasin 2% (wiv) uaas

FINNT 6
1.2
1.0 & —
@® nanoscale iron
- O nanoscale iron/Pd
o .8 .
S
() _
c
N
©
z |
0.0 | | i 1 |
0 10 20 30 40 50 60
Time (h)

AN 6 é'mﬂmm@m“uma:mw%uﬁﬁwﬁ'ﬂiﬂUmgmﬂmﬁﬂmm@uﬂumﬂaLLa:amgnﬂﬂmﬁﬂmm@miu

FNFIINNY Pd

INNaNIINARaINDIieti Pd m’l%ﬁmﬁ'umgmﬂmﬁﬂmm@uﬂumﬂmﬂumﬂﬁu
Uszansnmnlunsintaesnadu lasddanmssassrinny 3.36 ' luamefithiaesnmdulas
auq,mﬂmﬁﬂ*’nm@miuammﬁmamdLﬁs_l’ﬂﬁmé'@mﬂ’mamuvhﬁ'u 1.03 d" Gsannnirderseanm
3w mIng Pd i'wﬁ'uagmﬂmﬁﬂwmﬂm‘[umﬂaﬁ?u ¢ Pd LassunInlwBianasandnnimiig
OeH G'fiaNamsﬁﬂmaaﬂﬂﬁaoﬁurwﬂﬂﬁawgn']ﬂm§nmm@mhmnm”mﬁu Pd  lunstndamsasit
PCE (tetrachloroethene), TCE (trichloroethene) (Muftikian, et al., 1995), PCBs (Wang and Zhang,
1997), uae lindane (Joo and Zha, 2007). w8naN% Pd faflqmant@lunaniudasaljnis (Znang
et al., 1998; Somorjai, 1994) %\‘1mfuﬁ]:Lﬂuﬁiﬂmzaﬂuﬂiwﬁumi destruction UadaznIITulay
mgmﬂmﬁﬂmm@miumﬂaﬁm
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o @ = (% [3 a
6. Mithiinaznndulaglsanmamsnamam lnanalwin

dl o =y dld 49/ = o a U =3 £
Wathdunfimawleusznnduainiadisaumamanawalulasaina insansd uaz
wluana LLazawmﬂmﬁﬂ"nm@"lﬂmama LNIANTTAT LAZ WILUELINEA 393N U Pd waz tnaadaine s
A A [ A ~ o o < a o A
UszanTnnasnwn 7 d9linaseansasuasidululumadsinunmneseuluasazauaznidn

a a o = 1 { LU 1 Qs & v a a
I@ﬂﬂsmﬂﬁmwlumimmgumq@agﬁmﬂ"ﬁawmﬂmﬁﬂ"nmﬂuﬂuammwnu Pd @al¥szansnaw
lumahdagaannnitdess: 90 Twaaimuihdalaslslansminawalulaslidnszininimms

o b = a = v
‘]J’]‘]J@]E]zﬂi’]‘ﬁ%l%@%LWEldiﬂﬁﬂZ 20

140 I |

Il Commercial ZVI
E= Nano zVI

=
N
o
|
|

100

80
60

o

40
20
Fe? Fe’/Pd  FeYAl" FeFe* Fe'/Fe*

|_|

Atrazine removal Efficiency (%)

nMwn 7 ﬂizaﬂ%ﬂ’]‘l"li‘l«m'ﬁﬁﬂﬁ’@]E]t“/li']%%l%a%ﬁ"lUai&ﬂﬂﬂmﬁﬂ‘ﬂ%ﬁﬂ%ﬂﬂimﬂﬂ INTANTIA WA
wluaina LLE‘I&EI‘I:I:J‘]'IF]L%gﬂ%uﬂ@]vlwiﬂimﬂﬂ LNIANTA UWAZ W LHENA TINAD Pd uaz tndadaine

wazillaiSouifivuguanszsesdunauuazndimaidalasaynmamanuwalusng
dusadluansedl 2 wuhgaansaziugwesduldimadasuulasedalindayn - 95%
wannfdanunmaiauunilng (magnetite) luqﬂmimaaaﬁﬂ'}ﬁ'ﬂiﬂUmgmﬂmﬁﬂmmﬂmhmﬂa
[ A A & o ~ & a & Y \ o @
gamn 8 Gemswasudivasuunitlng lasazifeduluanizlioamea wazmunsatislunisiia
RIRNTOUNIHTULIHANHIUNTZUIRANT Iron-mediatied remediation (Satapanajaru, et al., 2003)

Wuldasaunisn 5

3Fe” +4H,0 —> Fe,O,+8H +3e- (5)

18



AN 2 qmé'ﬂwm:maaauﬁﬁmsﬂmﬂaua:mw%u LR auﬂé'amﬂmumiﬂwﬂ'@ﬁaﬂmgmﬂmﬁﬂ

210 b lATFNaLaz I ILaLNe

Soil Properties unit Atrazine Soil after treating Soil after

Contaminated with commercial treating with
soil ZVI nano ZVI

Soil pH 6.85 7.08 7.54

Texture Sandy Loam Sandy Loam Sandy Loam

Water Content saturated saturated saturated

Organic % 0.75 0.73 0.68

carbon

Organic matter % 1.30 1.29 1.17

EC (1:5) mS cm’ 0.9 1.5 1.6

CEC Mole kg™! 4.5 4.6 42

19



800

Counts/s

700 +

600 Fe,O,

500
Fe,0O,

400 =

0 20 40 60 80 100
2theta

MNN 8 XRD LLE‘T@NE’N@.{‘]JTS:TWB‘U"]Jﬂ\‘lauﬁN"]%ﬂ?iﬂﬂﬁﬂﬁ?Uai&ﬂﬂﬂLﬂaﬂmu’]ﬂuﬁI%ﬁLﬂa
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dyduaniinaaas

mﬁaﬁ“ﬂﬂ%@ﬁfﬂ%ﬂﬁﬁﬂﬂﬁﬁaﬂizaw%mwmaamg,mﬂiammﬁﬂmm@uﬂumﬂa (nano scale
zerovalent iron) 1%7115‘131‘1]’@1LLa:ﬁuwﬁume{ﬁﬁﬂuLﬁauﬁaUa:mﬁ%u wananissinsansnaas
anudunsadudiy (pH) dUnTewinwasdey (Pd) uszkavadnfagaine Pinadons
ﬂwﬂ'@LLazﬁuvjammzﬁwﬁﬂmﬁau@hﬂazmw%ﬂml‘*ﬁagmﬂmﬁnmuwuﬂumﬂa HamsAnE  TlE
Wuindszansmnlum e ddwdeudisasnn@uanududu 30 ﬁafﬁn%’weiaﬁmslasl%agnwa
wanzawluaing 2% (wiv) TWlsdninwganiufiey 7 m'nfial,ﬁﬂuﬁ'uﬂ'ﬁrlﬁﬁmkn’mmﬁnmm@
Tulassinaniansdn 5% (wiv) lasldaafidamsudfasen (k) wihiu 139 ¢ dmiumaidalas
IFaumamsnumawluaing uwaz vy 018 d° dmsumahdalesldeumaminlales sing
LTANIIAN LATHANAAINNTINUARS 2-ethyl-amino-4-isopropylamino-1,3,5-triazine uaﬂmﬂiﬁaﬁﬂ
m3U5u pH 90 4 7 uaz 9 msnduues pH azanlszAninwsainithtaesnniulasaynia
wanawem luaina 3k Pd *imﬁ'uau‘,mﬂm§ﬂ°um@mﬂumﬂaaa:Lﬁ'uﬂs:aﬂ%mwiumi
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Abstract Atrazine-contaminated soil may require re-
mediation to mitigate ground and surface water con-
tamination. We determined the effectiveness of nano
zerovalent iron (nano ZVI) to dechlorinate atrazine (2-
chloro-4ethylamino-6-iso-propylamino-1,3,5-triazine)
in contaminated water and soil. This study determined
the effects of iron sources, solution pH, Pd catalyst and
presence of Fe or Al sulfate salts on the destruction of
atrazine in water and soil. Our results indicate nano ZVI
can be successfully used to remediate atrazine in water
and soil. Aqueous solution of atrazine (30 mg I"") was
treated with 2% (w/v) of nano ZVI and 5% (w/v) of
commercial ZVI. Although, iron dose in nano ZVI
treatment was less than that in commercial ZVI
treatment, atrazine destruction kinetic rate (kyps) of
nano ZVI treatment (1.39 days ') was around seven
times higher than that of commercial ZVI treatment
(0.18 days ). Reductive dechlorination was the major
process in destruction of atrazine by nano ZVI. The
dechlorination product was 2-ethyl-amino-4-isopropy-
lamino-1,3,5-triazine. Lowering the pH from 9 to 4
increased the destruction kinetic rates of atrazine by
nano ZVI. Moreover, nano ZVI/Pd enhanced destruc-
tion kinetic rates of atrazine (3.36 day ). Pd played the

T. Satapanajaru (D<) - P. Anurakpongsatorn *

P. Pengthamkeerati - H. Boparai

Department of Environmental Science, Faculty of Science,
Kasetsart University,
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important role as a catalyst during treatment of
atrazine by nano ZVI. Atrazine destruction kinetic
rates were greatly enhanced in both contaminated
water and soil treatments by nano ZVI when sulfate
salts of Fe(Il), Fe(Ill) or AI(III) was add with the fol-
lowing order of removal rates: Al (IIT) (2.23 day ') >
Fe (IIT) (2.04 day ") > Fe(Il) (1.79 day '). The same
results were found in atrazine-nano ZVI-soil incubation
experiments.

Keywords Atrazine - Nano zerovalent iron -
Zerovalent iron - Remediation - Pd

1 Introduction

Atrazine [2-chloro-4ethylamino-6-iso-propylamino-
1,3,5-triazine] is among the most commonly used
herbicides in the world. In USA, atrazine has been
classified as a Restricted Use Pesticide (RUP) due to
its potential for groundwater contamination (Ware
1986). Atrazine runoff and leaching from application
sites into rivers, streams, lakes, reservoirs and
groundwater is an ecological concern. In some aquatic
ecosystems contaminated by atrazine, photosynthesis
of algae, a primary producer in food chain, may be
inhibited (Stratton 1984). Meisner et al. (1993)
indicates potential toxic effects on animals from
atrazine metabolites, particularly from adducts of
nitroso derivatives.

@ Springer
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Some pesticides that are persistent in aerobic
environments are more readily degraded under reduc-
ing conditions (Comfort et al. 2001). Thus generating a
reducing (electron-rich) environment in soils, sedi-
ments, and aquifers has become a popular treatment
option. One application of this technique uses zerova-
lent iron (ZVI) as a chemical reductant. Under aerobic
conditions, oxygen is the usual electron acceptor, while
in anaerobic environments, electron release from the
reaction of ZVI with water can be coupled to the
reaction of chlorinated and nitroaromatic compounds
(Gillham and O’Hannesin 1994). Treatment with ZVI
can promote rapid abiotic degradation via reductive
dechlorination. When halogonated organic pollutants
are treated with ZVI, oxidation of ZVI and Fe(Il)
provides electrons for dechlorination:

Fe" + R — Cl+ H' — Fe®* + R —H + CI™ (1)

Fe’* + R —Cl+H,0 — 2Fe** + R—H+ OH™ + Cl-
(2)

ZV1 has been successfully used to transform
chlorinated solvents (Doong and Lai 2006), pesti-
cides and herbicides (Sayles et al. 1997; Eykholt and
Davenport 1998; Singh et al. 1998; Satapanajaru et al.
2003a; Shea et al. 2004; Satapanajaru et al. 20006),
explosives (Agrawal and Tratnyek 1996; Park et al.
2005), nitrates (Till et al. 1998; Huang et al. 2003),
and metals (Blowes et al. 1997; Fiedor et al. 1998).
The granular ZVI used in permeable barriers consists
of iron particles in size range of —8+50 mesh. An
emerging technology based on ZVT is the use of nano-
scale zerovalent iron (nano ZVI). The finer nano ZVI
particles are much more reactive than granular ZVI and
can quickly treat higher concentrations of contami-
nants. Also nano ZVI (finer particles) is easier to inject
into the soil pores than granular ZVI (coarser particles).

Nano ZVI has great potential in a wide range of
environmental applications such as soil, sediments
and groundwater remediation (Ponder et al. 2000;
Kanel et al. 2005). Various methods for the synthesis
and applications of nano ZVI in environmental clean
up are continuously being developed (Wang and
Zhang 1997; Lien and Zhang 2001; Zhang 2003;
Nurmi et al. 2005; Cheng et al. 2007b). Nano ZVI has
been successfully used to transform chlorinated
solvents (Lien and Zhang 2001; Liu et al. 2005; Zhu

@ Springer

et al. 2006), polychlorinated biphenyls (Wang and
Zhang 1997; Varanasi et al. 2007), p-chlorophenol
(Cheng et al. 2007a), heavy metals (Ponder et al.
2000; Kanel et al. 2005), nitrate (Liou et al. 2005),
and pesticides (Joo and Zhao 2008).

Our objective was to quantify the effectiveness of
laboratory-synthesized nano ZVI to remediate atrazine
in aqueous solutions and soil slurries. Manipulating the
Fe’—soil-water system by adding various electrolytes
and optimizing pH has also been shown to increase
ZVT’s effectiveness (Satapanajaru et al. 2003a). We
also determined the effects of Pd catalyst and iron and
aluminum salts on the atrazine degradation rates.
Finally, a pH-stat was used to determine the optimum
pH for atrazine degradation by nano ZVI.

2 Materials and Methods
2.1 Materials

Atrazine was obtained from Chem Service (West
Chester, PA). Ferrous sulfate [FeSO47H,0], ferric
sulfate [Fe,(SO,);-2H,0], ferric chloride [FeCl;.6H,0],
aluminum sulfate [Al;(SO,4)3], and sodium borohydrate
[NaBH,], and palladium (II) acetate [C4HsO4Pd] were
purchased from Aldrich Chemical Co. (Milwaukee,
WI). Commercial ZVI was obtained from Fisher
Scientific Co. Ltd.

2.2 Preparation of Nano ZVI and Nano ZVI/Pd

Nanoscale zerovalent iron (nano ZVI) was synthe-
sized by adding 1:1 volume ratio of NaBH, (0.8 M)
into FeCl;.6H,O (0.2 M) and mixing the solution
vigorously under room temperature for 5 min. Ferric
iron was reduced by borohydrate and nano ZVI was
formed according to the following equation (Sun et al.
2000):

4Fe’* + 3BH; + 9H,0 — 4Fe” + 3H,BO; (3)
+ 12H" + 6H,

Nano ZVI was filtrated through 0.45 micron filter
paper and washed several times with DI water to get
rid off excessive borohydrate. Nano ZVI was dried by
N, gas and was preserved from the oxidation by
maintaining a thin layer of ethanol on the top of nano
ZVI (Sun et al. 2006).
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Nano ZVI/Pd was prepared following the method
of Lien and Zhang (2001). Nano ZVI was palladized
by soaking freshly prepared nano ZVI in ethanol
solution containing 0.1% by weight of Pd(C,H;0,),.
The reduction and deposition of Pd occurred on the
nano ZVI surface:

Pd*" 4 Fe’ — Pd’ + Fe?" (4)

2.3 Characteristic of Nano ZVI

The surface morphology of the nano ZVI was studied by
mounting with carbon tabs, sputter-coating with gold—
palladium, and observing with a Philips: XL30 &
EDAX scanning electron microscope (SEM) operated
at 15 KV connected with electron dispersive X-ray
(EDX). EDX was used to quantify percent Fe in the
nano ZVI. A quantitative analysis was conducted by
standardless analysis. A standardless analysis quantifies
Fe by calculating the area under the peak of each
identified element and after accounting for the acceler-
ating voltage of the beam to produce the spectrum,
performs calculations to create sensitivity factors that
convert the area under the peak into atomic percent.
Transmission electron microscope (TEM) images were
taken using a Jeol JEM-1220 microscope. Nano ZVI
sample was mounted on a carbon coated copper grid
after dispersion in methanol in an ultrasonic bath.
Analysis was conducted at voltage of 200 kV. The
surface area of nano ZVI was determined by BET
(Brunauer-Emmett-Teller) surface area analyzer using
QuantaChrome Autosorb-1 analyzer. Nano ZVI sample
was degassed under vacuum at 120°C for more than
5 h before analysis. The mineral composition of nano
ZVI was confirmed by X-ray diffraction (XRD)
analysis. Prior to the XRD analysis, nano ZVI samples
was vacuum freeze dried using Dura-Dry: VP190D. The
analysis was performed at 40 kV and 40 mA with copper
K-o radiation.

2.4 Batch Experiments

An aqueous phase experiment was conducted to com-
pare the efficacy of nano ZVI and commercial ZVI to
degrade atrazine. Aqueous solutions of 30 mg I
were prepared in deionized water. This concentration
was representative of the water solubility of atrazine.
Batch procedures included treating 100 ml of aqueous
atrazine with 2% (w/v) nano or 5% (w/v) commercial

ZVIs in 250-ml Erlenmeyer flasks. Flasks were
covered with Parafilm M (American National Can,
Chicago, IL) and agitated on an orbital shaker at 150
rpm at ambient temperature. The experiments were
performed in triplicate. Atrazine concentration was
measured in samples at preselected times. Eh/pH was
also monitored for each treatment. A combination
redox probe was used to monitor temporal changes in
Eh, while pH was measured by pH meter (Fisher
Scientific Model AR-15). Redox measurements were
converted to a standard hydrogen electrode (SHE)
reference by adding 200 mV to observed values (Light
1972). After two weeks of shaking experimental units,
the iron was transferred into 50-ml Teflon tubes. Fifty
milliliter of acetonitrile [CH3;CN] was then added to the
tubes. Atrazine adsorbed on iron particles was extracted
by acetonitrile [CH3;CN] with the aid of a sonic
disruptor. The sonic disruptor bombarded iron with
sonic waves, facilitating the transfer of atrazine into
acetonitrile. After 12 h, the aliquots were removed and
transferred to 1.5 ml HPLC vials for HPLC analysis.

2.5 Effects of pH, Palladium (II), and Sulfate Salts

Atrazine destruction by nano ZVI was investigated
under 3 pHs. We used a pH-stat apparatus (Metrohm
Titrino 718S; Brinkman Instruments, Westbury, NY) to
control the pH in the nano ZVI-atrazine matrix. A
single treatment consisting of 2% (w/v) nano ZVI was
used. The nano ZVI-atrazine solutions were maintained
at pH 4, 7 and 9. Acidic pH was adjusted by 0.1 N
HNO; while basic pH was adjusted by 0.2 N NaOH.
Temporal changes in atrazine concentration were
measured in samples at preselected with 0-30 days.

One set of experiments was conducted to deter-
mine the capacity of nano ZVI to degrade atrazine in
the presence of iron and aluminum sulfate salts.
Aqueous atrazine (30 mg I"') was treated with 5%
(w/v) nano ZVI and equal concentrations of FeSOy,
Fe»(SOy4)3, or Aly(SOy4)s [0.5% (w/W)]. All treatments
were conduced in triplicate. Changes in atrazine
concentration were measured for 1 month. Eh and
pH was monitored in each treatment.

2.6 Soil Incubation Experiments and Effects
of Sulfate Salts and Palladium (IT)

Soil (Marb Bon Series) was collected from the eastern
part of Thailand at 20 cm below soil surface. Soil was
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air-dried and then screened through a sieve (dia.
<3 mm) prior to hand-milling. Particle size distribu-
tion was determined using hydrometer techniques
(American Society for Testing and Materials 1998;
Method D422-63). Percent of soil organic matter was
determined by standard methods (Nelson and Sommer
1982). CEC (cation exchange capacity) was analysed
by method of Rhoades (1982). Soil was spiked with
atrazine to get the initial concentration of 20 mg
atrazine kg ' soil. Atrazine adsorbed on soil particles
was extracted by acetonitrile with the aid of a sonic
disruptor to determine percent recovery of atrazine.
The sonic disruptor bombarded soil with sonic waves,
facilitating the transfer of atrazine into ACN. After 12
h, the aliquots were removed and transferred to 1.5 ml
microcentrifuge tubes for HPLC analysis. Verification
tests showed that more than 95% atrazine was
recovered.

Twenty g of atrazine-contaminated soil were incu-
bated in anaerobic condition with 2 g of nano ZVI /or
nano ZVI/Pd (10% w/w) in 40-ml glass centrifuge
tubes. Twenty milliliters of water were added to the
tubes. Twenty one experimental units were initially
prepared for each treatment and incubated for up to one
month at room temperature. At preselected times, three
experimental units were removed and centrifuged at
6,000 rpm to separate supernatant from soil. Superna-
tant solutions were removed and transferred to 1.5 ml
HPLC vials for HPLC analysis. Soil samples were also
extracted by sonic disruptor method to determine
atrazine concentration.

We also determined the capacity of nano ZVI to
degrade atrazine-contaminated soil in the presence of
iron and aluminum sulfate salts. Twenty grams of soil
were incubated in anaerobic condition with 2 g nano
ZVI in 40-ml glass centrifuge tubes with equal
amount of 0.5 g of FeSOy, Fey(SO4); or Al (SOy);.
Twenty milliliters of water were added. All treatments
were incubated for up to 4 weeks at room temperature
with temporal changes in atrazine determined as
previously described. Physical and chemical charac-
teristics and mineral compositions of soil were
analyzed at the end of each treatment.

2.7 Sample Preparation and Analysis of Atrazine
At preselected times, multiple 1.2 ml aliquots were

removed and transferred to 1.5 ml polypropylene
microcentrifuge tubes, centrifuged at 13,000xg for
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10 min, and then the aliquots were transferred to 2 ml
glass vials. Atrazine analysis was performed with
HPLC (Agilent 1100 series) by injecting 20 pl of
sample into a 4 by 250 mm Hypersil ODS column
connected to photodiode array detector with quantifi-
cation at 220 nm. The mobile phase was 50:50
CH;CN/H,0 at a flow rate of 1 ml min .

3 Results and Discussion
3.1 Characteristic of Nano ZVI

The surface morphology of nano ZVI was revealed by
SEM picture (Fig. 1a). The surface of nano ZVI was
rough and the shape looked like aggregated round
shape. Analysis of TEM image showed that the most
of particles size of nano ZVI were less than 100 nM.
TEM image is shown in Fig. 1b. EDX and XRD
analysis confirmed that nano ZVI was produced from
the synthesis procedure employed (Figs. 1c and 2). In
addition, XRD also indicated crystalline structure of
the particles. BET surface area analysis indicated
surface area of nano ZVI and nano ZVI/Pd was 29.67
and 31.47 m’g ", respectively, whereas commercial
ZVI had a surface area of 2.55 m”g .

3.2 Degradation of Atrazine by Nano ZVI

We determined the feasibility of using 5% (w/W)
commercial ZVI and 2% (w/v) nano ZVI to remediate
30 mg 1" of atrazine in aqueous solutions. The results
are shown in Fig. 3. Pseudo first-order atrazine
degradation rates (k,ps) Were calculated between two
iron sources in Eq. 5.

d[Atrazine]

g = ks [Atrazine) (5)

Treating aqueous solutions of atrazine with iron
revealed that degradation rates were significantly
different (=0.5) between commercial ZVI and nano
ZVI used in this study. Although iron dose in nano
ZVI treatment was less than that in commercial ZVI
treatment, atrazine destruction kinetic rate of nano
ZVI1 was around seven times higher than that of
commercial ZVI. The kinetics of atrazine degradation
by commercial ZVI was 0.18 day ' whereas degra-
dation rate of atrazine by nano ZVI was 1.39 day .
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Fig. 1 SEM image [<5,000] (a), TEM image [x80,000] (b) and EDX analysis [intensity (y-axis) and KeV (x-axis)] (¢) of nano ZVI particles

This may have resulted from the higher reactive
surface area of nano ZVI versus commercial ZVI.

Johnson et al. (1996) proposed that degradation
rates can be normalized by the specific surface area of
iron. Given that the pretreatment used resulted in
varying surface areas, our k,,; were normalized by
following Eq. 6.

C(t
In (#) = —ks4 amrazine Pt (6)
0

where C(¢) is the atrazine concentration (mM), Cy the
initial atrazine concentration (mM), the surface normal-
ized reaction rate constant or the specific reaction rate
constant, Ksa_arazine, (1 h! rnfz), pa the specific surface
area concentration of iron in the solution, p, (m* 1),
and ¢ is time (h). Generally, the specific reaction rate
(ksa) is equal to the observation rate constant (k)
divided by the specific surface area concentration (p,).
The specific surface area for 50 g ™' iron of this
commercial ZVI and 20 g I"' nano ZVI were 127.5 and
593.4 m* "', respectively. Specific pseudo first-order

atrazine destruction rates were 1.41x107° and 2.34x
102 1 m 2 day ' for commercial ZVI and nano ZVI.
Wang and Zhang (1997) reported ksa for synthesized
nanoscale iron particle was 3.0x10° 1 m 2 h™' which
was higher than kgn for commercially available iron
particles (generally below 1.0x107 1 m2 h™'). In
conclusion, the higher specific surface area, the higher
surface reactivity to dechlorinate atrazine by nano ZVI.

In soil incubation experiment, atrazine removal
efficiency of nano ZVI treatment (52+8%) was higher
than that of commercial ZVI (20+£11%) (Fig. 6). Soil
characteristics before and after treatment with com-
mercial ZVI and nano ZVI are shown in Table 1. Soil
pHs were increased due to reduction of H,O by ZVI/
nano ZVI in soil as equation:

Fe’ + 2H,0 — Fe?* + H, + 20H" (7)

Percentage of organic carbon and organic matter
were not significantly different. Figure 4 is the image
of contaminated soil after treating with nano ZVI
which show the black compound formed in the
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Fig. 2 XRD analysis of commercial a ZVI and nano b ZVI

treatment. XRD analysis indicated black compound
was magnetite. Magnetite forms under anaerobic and
alkaline conditions, depending on availability of Fe*"

3Fe*™ + 4H,0 — Fe;04 + 8H' + 2e~ (8)

As corrosion depletes the ZVI, the more stable Fe
(IIT)-containing form may become critical sources of

@ Springer

¢*" (via reductive dissolution) in sustaining iron-
mediated remediation processes of organic pollutants
in soil.

ZVI promotes dechlorination and hydroxylation of
chlorinated organic compound (Sweeny 1981). Atra-
zine degradation products were analysed at the
preselected times during treatments. The 2-ethyl-
amino-4-isopropylamino-1,3,5-triazine was the major
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Fig. 3 Degradation of atrazine by 5% (w/v) commercial ZVI
and 2% (w/v) nano ZVI

degradation product of atrazine degradation by nano
ZV1. Monson et al. (1998), Ghauch and Suptil (2000),
and Joo and Zhao (2008) also reported that 2-ethyl-
amino-4-isopropylamino-1,3,5-triazine was primary
byproduct of reductive process with ZVI powder. In
addition, under anaerobic condition, atrazine can
degrade by reductive dechlorination and subsequent
reductive alkylation (Joo and Zhao 2008)

3.3 Effect of pH

An additional experiment was conducted using nano
ZVT1 to study the effect of pH on atrazine degradation.
Using a pH-stat, we controlled the pH of the nano
ZVTI in atrazine aqueous solution. Atrazine destruction
rate constant (k,,s) increased as the pH decreased
from 9 to 4 (Fig. 4). Destruction kinetic rates were
1.87 day ' for pH 4, 1.35 day ' for pH 7 and 0.16
day ' for pH 9. Slower destruction kinetics with
increasing pH has previously been observed while
treating metolachlor (Satapanajaru et al. 2003a),

Table 1 Soil characteristics of subsurface soils used in the study

1.2 T T T T

® pH7

10 ¢

Atrazine (C/C,)

Time (h)
Fig. 4 Degradation of atrazine in aqueous phase by 2% (w/)
nano ZVI at different pHs

nitrite (Alowitz and Scherer 2002) or nitrate (Huang
et al. 2003) with ZVI. Several factors may explain this
trend. One is the formation of secondary reductants
(Fe(II) or Fe(Il)-containing oxides and hydroxides) on
the surface of ZVI (Alowitz and Scherer 2002).
Various iron (hydr)oxides such as goethite formed at
high pH passivate the iron surface (Satapanajaru et al.
2003a, b). This hinders the access of contaminant
molecules to the ZVI surface (Dombek et al. 2001).
Low pH would remove these passivating layers from
ZVI core and render it free for reaction with the
halogenated molecules (Satapanajaru et al. 2003a;
Dombek et al. 2001). Moreover, acid hydrolysis may
occur in degradation of atrazine at low pH. This
process is strongly pH-dependent, since hydrolysis of
atrazine was observed only at pH up to 3.65 in water
solution with fulvic acids (Wang et al. 1990).
However, Comber (1999) observed slow atrazine
hydrolysis also at pH 4. In conclusion, major lost of
atrazine in aqueous solution at acidic condition
caused by nano ZVI.

Soil properties Unit Atrazine contaminated soil Contaminated soil after Contaminated soil after
treating with commercial ZVI treating with nano ZVI

Soil pH 6.85 7.08 7.54

Texture Sandy loam Sandy loam Sandy loam

Water Content Saturated Saturated Saturated

Organic carbon % 0.75 0.73 0.68

Organic matter % 1.30 1.29 1.17

EC (1:5) ms cm ' 0.9 1.5 1.6

CEC mol kg ! 45 4.6 42

@ Springer
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Fig. 5 Degradation of atrazine in aqueous phase by 2% (w/v)
nano ZVI (kows=1.03 day ") and nano ZVI/Pd ((kops=3.36 day ")

3.4 Reaction of Atrazine with Nano ZVI/Pd

Treating aqueous solutions of atrazine (20 mg 1) with
2% (w/v) iron revealed that degradation rates were
significantly different («=0.5) between nano ZVI and
nano ZVI/Pd used in this study. The results are shown in
Fig. 5. The kinetics of atrazine degradation by nano ZVI
was 1.03 day ! whereas degradation rate of atrazine by
nano ZVI/Pd was 3.36 day '. Surface area normalized
rate constants (ks) of nano ZVI and nano ZVI/Pd were
1.73x107° and 5.42x10 > 1 m * day ' respectively. The
ksa of nano ZVI/Pd is around 3 times higher than those
of nano ZVI. Bimetallic particles, such as Fe/Pd, Pd/Zn,
Pd/Cu have been proven that they have high efficiency
in destruction of many chlorinated compounds. For
example, Fe/Pd can rapidly dechlorinate PCE (tetra-
chloroethene), TCE (trichloroethene; Muftikian et al.
1995), PCBs (Wang and Zhang 1997), and lindane (Joo
and Zhao 2008). Within bimetallic system, one metals
serves as catalyst, while the other as electron donor
which is nano ZVI. Catalytic properties of Pd, Pt, or Ni,
are different, because of their difference in surface
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Fig. 6 Atrazine removal efficiency in contaminated soil by
commercial ZVI and nano ZVI with Pd, aluminum sulfate or
ferrous sulfate salts in 4 weeks

atomic structures and their electron properties (Zhang et
al. 1998; Samorjai 1994). Zhang et al. (1998) conclud-
ed that the performance of bimetallic complex for
destruction of chlorinated pollutants was enhanced by
expanding the surface area, increasing the surface
activity and curtailing production of byproduct. In this
study, the surface area of nano ZVI/Pd (31.47 m’g ")
was higher than that of nano ZVI (29.67 m’g "). This
result supports the conclusion of Zhang et al. (1998).
Moreover, under anaerobic condition, Pd can also
adsorb hydrogen and concert molecule hydrogen to
atomic H, which cause dechlorination of lindane and
atrazine molecules while under aerobic condition, Pd
can also serve as electron donor (Joo and Zhao 2008).
The same trend was observed in soil incubation
experiment (Fig. 6).

3.5 Effects of Sulfate Salts in Atrazine-Nano
ZVI-Aqueous Solution and Soil

Atrazine removal efficiencies from aqueous solution
were enhanced when Fe(Il), Fe(Ill), AI(III) sulfate

Table 2 Comparisons on

the degradation rate Treatments Degradation rate pH Eh (negative, —)
constant, pH, and Eh during constant (kops), (day ") mV (SHE)
atrazine degradation by
nano ZVI augmented with Nano ZVI 1.39 6.78-7.63 87-200
iron and aluminum salts Nano ZVI/Pd 3.36 6.45-7.25 203-357
Nano ZVI with 2.23 3.24-6.23 186-275
Aly(S04)s
Nano ZVI with 2.04 3.76-6.98 111-269
Fex(S04);
Nano ZVI with FeSO, 1.79 4.12-7.11 93-215
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salts were added, with the following order of
destruction kinetics: AI(IIT) sulfate (2.23 day ') > Fe
(IIT) sulfate (2.04 day ') > Fe(Il) sulfate (1.79 day ';
Table 2). In soil incubation experiments, nano ZVI
with sulfate salts was successful in removing >75%
atrazine within 7 days. Atrazine removal efficiency in
nano ZVI treatment was increased when Fe(Il), Fe
(II) or AI(III) was augmented (Fig. 6). Past research
has shown that high concentration of salts can slow
passivation by moving the reaction products away
from ZVI surface (Farrell et al. 2002). This same
trend was observed by Satapanajaru et al. (2003a)
while treating metolachlor with ZVI and various
catalytic salts. Moreover, availability of Al(IIl), Fe
(II) and Fe(Ill) during ZVI oxidation facilitates
incorporation into the oxidized Fe structure (Huang
et al. 2003; Schwertmann and Cornell 1991) and
results in release of Fe(Il) into bulk solution. This
supports that availability of Al(III), Fe(II) and Fe(III)
during nano ZVI oxidation results in increasing Fe(II)
in the atrazine treatment system thus favoring the
atrazine degradation. The role of Fe(Il) on the mineral
surfaces has environmental significance because
surface-bound Fe(Il) has been shown to be an
important reductant in the transformation of chlori-
nated and nitrogenated contaminants (Klausen et al.
1995; Amonette et al. 2000, Gregory et al. 2004).
Moreover, it is likely that salts can lower the pH and
Eh in the nano ZVlI-atrazine-soil system. The pH and
Eh observations are also shown in Table 2. Lowering
solution pH might cause faster disappearance of ZVI
and hence decrease the nano ZVI surface concentra-
tion and increased Fe(Il) in the remediation system. In
addition, acid hydrolysis may occur in degradation of
atrazine at low pH. Small, high-charge exchangeable
cations, such as AI(II) or Fe(Ill), produce Brdnsted
acidity by promoting a reaction with water to release
H "ions. The ranking potential Br@&nsted acid strength
for common exchangeable cations following the order
of polarizing power (McBride 1994):

H™ > APT, Fe’™ > Mg>™ > Ca*" > Na® > K*

Additionally, adsorbed Al can act as a Lewis acid by
coordinating the moieties of some organic contami-
nants, bringing them closer to surface of ironoxides for
reductive transformation. When oxides or silicate clays
are present, hydrolysis is often catalyzed by surface
acidity of the Lewis and Brensted type (McBride

1994). Clay acidity catalyzes hydrolysis of the chloro-
s-triazine herbicides to the non-phytotoxic 2-hydroxy-
s-triazines (Russell et al. 1968). Our investigation
found small amount of 2-hydroxy-4ethylamino-6-
iso-propylamino-1,3,5-triazine in soil only treated by
nano ZVI/AI(III) or Fe(Il) and 2-ethyl-amino-4-
isopropylamino-1,3,5-triazine in every treatment. The
2-hydroxy-4ethylamino-6-iso-propylamino-1,3,5-
triazine was produced by acid hydrolysis mechanism in
soil whereas 2-ethyl-amino-4-isopropylamino-1,3,5-
triazine was a product of reductive dechlorination by
nano ZVI.

4 Conclusion

Our results indicate nano ZVI can be successfully used
to remediate water and soil contaminated with atrazine.
Reductive dechlorination was the major process in
destruction of atrazine by nano ZVI. The dechlorina-
tion product was 2-ethyl-amino-4-isopropylamino-
1,3,5-triazine. Lowering the pH from 9 to 4 increased
the destruction kinetic rates of atrazine by nano ZVIL.
Moreover, nano ZVI/Pd enhanced destruction kinetic
rates of atrazine. Pd played the important role as a
catalyze during treatment of atrazine by nano ZVI.
Atrazine destruction kinetic rates were greatly en-
hanced in both contaminated water and soil treatments
by nano ZVI when sulfate salts of Fe(Il), Fe(IIl) or Al
(IIT) was add. Reductive dechlorination and acid
hydrolysis were two processes of atrazine destruction
in nano ZVI with sulfate salts treatment. Contrasting
results in destruction rates due to iron sources, pH, and
the effects of surrounding electrolytes indicated that the
mineralogy on the iron surface must be considered to
accurately predict reaction rates. Results from this
study can be applied to remediate atrazine-contaminated
soil in the field.
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