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ABSTRACT

Reductive degradation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) by nanoscale zero-valent iron (nZVI) was
investigated to evaluate the feasibility of using it for in-situ groundwater remediation. Batch experiments were conducted
to quantify the kinetics and efficiency of RDX removal by nZVI, and to determine the effects of pH, dissolved oxygen
(DO), and ionic strength on this process. Experimental results showed that the reduction of RDX by nZVI followed
pseudo-first order kinetics with the observed rate constant (k) in the range of 0.0056-0.0192 min™'. Column tests were
conducted to quantify the removal of RDX by nZVI under real groundwater conditions and evaluate the potential efficacy
of nZVI for this purpose in real conditions. In column experiment, RDX removal capacity of nZVI was determined to be
82,500 mg/kg nZVI. pH, oxidation-reduction potential (ORP), and DO concentration varied significantly during the
column experiments; the occurrence of these changes suggests that monitoring these quantities may be useful in evaluation
of the reactivity of nZVI, because the most critical mechanisms for RDX removal are based on the chemical reduction
reactions. These results revealed that nZVI can significantly degrade RDX and that use of nZVI could be an effective
method for in-situ remediation of RDX-contaminated groundwater.
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Utk A747 RDX= EY 2 Agkrel EAleke A=
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et al, 2000), L HlEO 2 USEPA W $HEHe
RDX$} TNTE CF LIEZZ 2GS HU.S. EPA,
2012). @b Al F82Q1 FFS vE 5 e
RDXE w3listy] flall ohdsgt A7} Ja= et +2
B Akt il 55 o83 315
E3(Oh et al, 2003; Koutsospyros et al., 2012)E 9]
AEEoH, nBES o83 BESH Eafol #gF A
T &) A=At (Hawari et al., 2002).
aFNM = Y= 7}1dNanoscale zero-valent iron;
nZVI § vigEdoz gk Fojd vkgdo= s
o]Z ©]&3+ RDX EallA77} SeiAl = ar 3lom
(Oh et al, 2005; Naja et al., 2008), HZl= =
7HAE olFEEOE VN WS EHOEA F
ARl B B RDXE A3 7 AlEle e et
(Gong et al., 2015). =G7HS o83 x5 938
(in-situ) 8= 7122] F5A2]3H (Pump and treatment)
2o A5HA Ay R AAHY wuk opdgl
(Cook, 2009) Al AP 7}sslthe HollA FH FHE
a1 ok SARE W= @rHES o]83t slokR o9 A Al
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H 7= AgdM= RDXZF eyl o) HaiE
o FHEE 23EHA QIS wisE Sl I A
A LERA A8-S g et HJMAE E=3sfarat
skt
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2.1 HENE

B Ao M= 3155 (Analytical grade)?] A9k 7
st Aol AREetATh FAaSHE- AU E F(Sodium
borohydride), 93} A2°8(Ferric chloride hexahydrate)
AloFE AldrichA el T33i3itt. Aol ARS8 RDX=
FRIstAT Aol AT e, RDXY 7% B E42
ol Table 19 JER|RICE. RDX EF8ME Accustan-
dard IncollA FYsIET

2.2. nZVI &4

B Aol AR nZVERs 43P AU ESR (NaBH,)
< o83t o= IS nzVIY] Axol| ARS-
H Z&4(18MQ - cm, Millipore)= FA7IAE o]83}
o §EMAE 7N F ARESIGTE nZVieE EHIE
0.8 M NaBH, &0l 0.5M FeCl; &4 33| £3s}
o AsIom, F gl E3) o) oy nzZvI
A2 g2 o 2] (1)} At

4Fe* + 3BH,+ 9H,0 — 4Fe’+3H,BO;+ 12H' + 6H,
M

(¢3

SHE nZVIieE 2559 JEkes

o= =
AR} Y RS ey HEA QPNE pH, S 60°ce] TN 24417 B3k Az}
Table 1. Structure and physicochemical properties of RDX
Molecular Molecular ~ Density ~ Solubility =~ Vapor pressure Henry’s law
Structure . 3 N L constant Log Kow
formula weight (g/mol) (g/cm’) (mg/L) (atm) (atm m¥/mol)?
I
N —6 —11
38.4-38.9 4.06 x 10 1.96 x 10
( w (CH,);N;(NO»); 222.12 1.82 @ 20°C) (@ 25°C) (@ 25°C) 0.87

N N
OZN/ ~ \N02

aUS. Army, 1983
PRosenblatt et al., 1991

J. Soil Groundw. Environ. Vol. 20(6), p. 117~126, 2015



nzVIe] 27) 9 WS ) Sla) TR
(Transmission electron microscopy(TEM), JEM-2200FS)
2 ASiRlE, ARTEE Hlsh] 98] XA HARy
7](X-ray diffractometer(XRD), Rigaku)E 40kV, 100
mA o7 WE Cy KoAlS o]83ta] 26(10-90°
HRolN S8t nZvIe] AEFAS] (Zeta potential)=
pH W3lo| wE FHASIS Zeta potential/particle size
analyzer(ELSZ-1000, Otsuka Electronics)E ©]-83}o] =

N

3. 8|24 A
3|74 AFe nzvl F5o] wE RDX i a8
gR1517] #18 FY= k. 100 mL Serum bottleol] THF
F59 nzZvI(0.2, 0.5, 0.8, 1.0 g/L)S ¥l Septa®}
SFAE Capl 2 D& H, 271557 50 mg/L7} =
Al RDX stock §H& FAIZ F3t] ¥Ee-& A1&}s)h
Atk AP AF2olA HAHANSH, 15rpme] Roll
mixerZ WG Alzte] wE RDX A AHSS ERI5}H
7] 98] ¥RSAIZE 5. 10, 30, 60, 12050 EA8 Alg
= AF si¥er, AFHE A= SA 045 ume] PTFE
syringe TE|(Millipore)2 st & 1485 AA|I=ZrE
aHRE o]83l RDX FEE w4815t

pHZ} nZVI ¥-&Ael wix= Fiks AuR7] 9fa) o
& pH 2743, 9, 1114 RDX & H*E‘é.% 21630}051;
ojuje] pHE HCI, NaOHZ ZH&Ith A W 854k
27} nzZVI ¥R8/30) miXe GRS 11| Sl %4_*
7 o83l 8 ] AAE BT PRIRIoEAN FAkA
ZA(Anoxic conditionsyS ZAJSIATE. A5 ol EA) 0}
T Yol o3t o] = (lonic strengthy’} nZVI]
RDX #3lld] mxe 9 7] 8] Ak W o)
FA9 goleEQ Na'9b Ca*'e F=Z 47 1, 10
mM¥} 0.1, 1 mMZ A3 o]&°] 23k nzVIe] RDX
Bals WslE vlw @ yrielga, 2E A3 33 bk
L7 1=

rol ol

Table 2. Physicochemical properties of the groundwater sample

o) skl 2 .
cm = ]E 2.0 mm WE]:[L—(Glass bead)2 i
L719) sheio] H917E, A 457 AX59

oY W B $EE B A8 AT RE
7ol 22} 200 mesh 2235 AXBIGATE FUTFE AME-
d Ase TP AFsEon B B s
o R, 42 ol Table 201 VERISITE. RDX
99 Askre) S WA S8l A Askre
50mg/L 3=/ F== RDXE 718}l HE(Master-
flex L/S model 7519-25, Cole-Parmer Instrument Com-

pany)S ol83le] ZH SPRLlAHE 3.3 mL/min®] <

(

T2 FHENG. SES ¢l RDX &4 X]%FFE &
B 28 ) X9 2] 93 RDX & RS 3

Qg Fof|, 1.0gL F= nZVIE ZH f?*pﬂ 10 cm
W7oz AAF o] FYLE B tro} 705}
AtH(Fig. 4a). nZVIE T 39 44 &5 AFs)
o RDX =1t olUg} pH, ORP(Oxidation-reduction
potential), DO(Dissolved oxygen) 355 S48}t Z
A FE59 RDX TE #42 53 55 Ul RDXS)
F&7F Al 5.0mg/LE SEEH, nZVIe] ¥RgAde] ot
g 7o Bekele wZVIE Tl Fssion, ol |
AlolE (cycle)® A3t 5 AlolE Zadsiqint.

2.5, 2A{HHY

RDX T&5& 1A% dA|ZZvlET2)T](High perfor-
mance liquid chromatography(HPLC), Agilent 1100)E
}\]_.Q_‘é‘],of’ H/\-]‘a‘]roﬂq. H/\" oﬂ /\]_.Q_E] %E'LQ_ C18
column(250 mm x 4.6 mm)°|™, HEk (MethanolM e
50:509] HIERE E3TE BHlE o] FFOE AREDl 0.8
mL/min®] 52 FUSFAA 210 nme] oA B35}
Aok 2 A F nzvIERE §EFHe H oL &
=AE e =vE 2497 (Inductively coupled plasma-optical
emission spectrometer(ICP-OES), iCAP 6300 Duo, Thermo
Scientificys &3l A3ttt

oH DO Eh Ca™ Na K Nore cr NO;~
(mg/L) (mV) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Groundwater 6.1 4.19 244.9 59.33 17.58 2.69 9.05 39.05 5.38
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Fig. 1. TEM images of (a), (b) nZVI, (c) XRD pattern of nZVI, and (d) zeta potential of nZVI as a function of pH.

3.&x ¢ g

3.1. Characterization

SE nzviel e, =27] 2 FEFE Fig. 194 BE
nle} o] Fapztdn| et XA SEEA7IE o83t
o] g1} nZVEE =7] 50-100 nm¢] PO E, %
Hol] gkS- Ak3lato] HAIH Core-shell 725 H3 0™
(Fig. 1a), nZVI 22 Ao 2 213l Al Hejo] 23
s FRIE 4= AUSITH(Fig. 1b).

T3, XRD | Eo|A = 20=44.8°, 65.1°, 82.4°0f A
nZVIe] F& = YR7F YeRkoH, o]F 53l nzvIe]
NS RIT & ARTHFig. 1o).

99 nzvie W 54 AuR) fs AEEd
A4S AlEEiant. AlERd9lE nzviY] S S (Agglo-
meration)®l] QS F= QAAE, A7} 0o TS
T5 3] dofut nzvi9] olFdH WS W=
Ath= AL n|Etk(Zhang and Elliott, 2006). Fig.
1dollA & = =] nZVie 4 pH ZA st
= _,];qu]— Ezq;g(pH 8.1) o]}\L,] pH HJHO]]/H‘—

J. Soil Groundw. Environ. Vol. 20(6), p. 117~126, 2015

SAGE He AL 31g 4= %Y. o]+ Zhang and

Elliott(2006)l] &J3l] ®Hi1g 5 47&(Isoelectrlc point) %k

2 fiAJale, R sl Bel sk L 3l
= v W] Sl sk = Sl Vvl §

Ho] nZVI-J ].‘_T:_/H 7]'.1]]' 1/}1:/]_%1- 01 0
(Sun et al., 2007).

AUWE}

3.2. 5|24 AE 2

Fig. 220 = nZVI F=° W& RDXS] £35S 1}
ERISITE nzvIe] = —‘;% ZFzy gdfstats w(0.2, 0.5,
0.8, 1.0 g/L) A7t u}E RDX ®sjE8-8 Hr|sh
A}, RDX AA §REEE off 2] 2)9F 2ol A 1
2} Hk8-2)(Pseudo-first order kinetics model) 2.2 L}EFH
T AR

_dCR DX

dr = kopsCrpx @
A7 Crox= &Y F RDXY FE(mg/l), t= At
(min), k= BR7] FAF 12} ‘i"} S (min")°]T}h. 0.2
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Fig. 2. (a) Effect of nZVI dose on the reduction of RDX (b)
Linear relationship between £, and nZVI dose (Batch tests,
[RDX]o= 50 mg/L; temperature = 25°C; pH = 6.0).

g/Le] nzZVl FEoA 120% ©o]|% RDX HaHase
5524%%32M, nzZVIe] FE7F 0.5 g/LolA 1.0 g/LeZ
Z7F5H} RDX B3l a8-8 80.44%0 93.68%71H4] 57}
st BE7] A 12F 98T (ks = nZVI FE7F
0.2, 0.5, 0.8, 1.0g/LY = Z}7}+ 0.0056, 0.0114, 0.018,
0.0192 min'©& YeR}(Fig. 2a), nZVIe] F=7} 5713
o w2} &S STkl A oE YERTE Fig. 2be
RDX Eafjol] AFEE nzVIe] 559} olwe] k., gkel A
HAE P AS=Z, k,y, 62 HhSo] AREE nZVI
FETF SIS ks A= HIEISIA SR RS E)I
g g Aokr?=0.975). B Yot &9 AT RDX 3
SYE ARG 8l ko, 84S nZVI EAA] Tt
EFSste] ol 2 ) ol FWA BN

(Surface area normalized rate constant)@ WERJSIT}H.

g = =2 (3)

o ST IR R BE D 121

o2
N
o

){4

A7 p= W F nzZVlI F5(gl), o SEHT
SEAZ(m%g), ks EHZ] HIWRSEF (LA - mAelot
ZFo] nZVI ¥5(1.0 g/Ly’} RDX Eaflol AL&HAS )
O kyp TS 0.0192min'E, o]dl DI kg S
0.0462 L/h - m*E2 YEPRT} ol= 7|& Al 7] &
7} 0.176 mMSl RDX 84S LT WA o] 258 m*%l
HE ARESIe] RESAIZ] AR Hojzl 3EHE Rk
0.036 L/h - m*(Oh et al., 2005)2} AR kS Zh=th=
Ae & 4 o

HPLC F2vlET3) B4 AxzXE] RDXQ| FARE2]
MNX(Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine),
DNX(Hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine),
TNX(Hexahydro-1,3,5-trinitroso-1,3,5-triazine)5°] &
e}, o]5 YEZA F=A(nitroso derivativesy52 HHS-
Z719 YeRsttE Al7re] Al Al th(Data not
shown). ©]& %3] RDX’} MNX, DNX, TNXZ <=3}
Aoz FU=US FRISIHIL(Cho et al., 2012), o]=
RDX7} UEEA FEAISE $1E= Aol nzviel 93
RDX 39| 3 WA FPolele 71E A7adets ¢
X2 tH(Wanaratna et al., 2006).

3.3. Influence of physicochemical solution parameters

3.3.1. Effect of pH

Fig. 3a= 933 7] pH Zo|A RDX7} nzviel
ofsf gl EafE ), WAl W RDX TEE =
A3t Ayjo|t}. AP AT}, RDX] ¥H<T= pHoll ¢
ofEoln] vk %7 pH Z3oA vkeEEr} S718H
ok 849 27] pH7F 3, 9 2 1Y W kg B A
0.0181, 0.0131, 0.0088 min™'& pH’} Z7FE2 713
07 7HAEIRon, o] &2 Atrazine, Nitrite2} 22
te 2A=dso] nzviel ofsl e wellx FUsH
YEFSTHDombek et al., 2001; Alowirtz and Scherer,
2002). 84| 27] pH #o| A wt RDX w3H
E57F Tk olfire ol AEelXAE =& pH X
Aol ME E 28 (Iron hydroxide) AAdell 2Jg &
A whgo] 3 FAks Welslr] it ® AHATH(Liu
and Lowry, 2006).

Wy

Fe’+2H,0 — Fe*'+ H,+ 20H" )
Fe’"+H,0 — Fe*'+ OH + 1/2H, 5)
Fe3+(ads) +30H — Fe(OH), 6)

FANA nzZVIE 24 @)} & wke-S =8 yAE
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Fe* o] o] 2] (5)°] §hgel oJ3] Fe¥'& ilshem, A4
H Fe*2 OH (Hydroxyl ions) =& &3} W33l <=
AsHE-S FAFTHA 6). BAE Fe(OHRE 5
(Dehydration) ¥+8-2 53] FeOOH(Ferric oxyhydroxide)
= ARBTA 7).

Fe(OH); —> FeOOH + H,0 7)

Hhe |y pH ZH M= ol H(Etching) ¥ I E
(Pittingyr2 & W] H2 whg-5ol oJa) 1WA o] F
7¥ehH, £ o] o] Uojd=rE EET(Steos), FA
2](Edges), 259 (Kinks)°] o] RFEEHLUEE 5
7WAA e A 9kg(2] 8)ys wE2A sPstA st
= Ao F dHH T Agrawal and Tratnyek 1996).

Fe’+2H"— Fe'+H, ®)

wEbA S pH 20 F ] ikslkEe] Al7jet
nZV1e] F2Wke-& 71&gko 2 H FHoA RDXZE9]

a
@) 1.0 1
0.8 1
O 06
Q
0.4 -
0.2
0.0 — - - : - - :
0 20 40 60 80 100 120
Time (min)
©
1.0 1 —0— Control
—O0— Na' 1.0 mM
0.8 A —4— Na' 10 mM
S
O 06
)
0.4
0.2
0.0 T T T T T T -
0 20 40 60 80 100 120
Time (min)

3.3.2. Effect of DO
Fig. 3b& 84k S8 dEfal] 371 e 4

7t W2 RDX &% WH3lE Yepd A |
S5 TV S 1 RDX B 74 AjHe=w
A JEReH, ol A Ul 837t nzviel o
RDX #3lel]l FEFs viiitke RS onlgitt. gixoz
AR 23004 & AAE WolEole Ak (Oxidant)
2 A8 2 (@] g o] He| FAE doA
OH 9} H,E AAdsh= WHH, 371 ZolMe 8844
7} FE ABAR 2Rl 4 (9)9] v o] Hol K
21L& dogH, Fibah AR 40Xt g8l OH TR
Adeitar gzl

2Fe’+ 0,+ 2H,0 — 2Fe*" + 40H" )

21 (9)9] §ROIMAH FA i 8 e LdEE
RDX®} H FWHolA TS xS Tl BAT = e
o, o]EAo2 FA W S§F e e AR} 8A19
A= nzvie] 3HES U= 5 ok wEbA nzviel

(b)

1.0

—O— Oxic condition
—0O— Anoxic condition

0.8 1

0.6 1

cic,

0.4 -

0.2

0.0 1

0 20 40 60 80 100 120

Time (min)

@ 4o

0.8 1

0.6 1

c/C,

0.4

0.2

0.0 T T T T T T T
0 20 40 60 80 100 120

Time (min)

Fig. 3. Effect of (a) initial pH, (b) DO concentration, (¢, d) ionic strength on RDX removal efficiency (Batch tests, [RDX],= 50 mg/L;

[NZVI]= 0.5 g/L).
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Hexahydro-1,3,5-trinitro-1,3,5-triazine(RDX)&] -4 &

o3 RDXS] B9 F3hE AW §ENE SEr}
& B70] APk A % 5 Aok

3.3.3. Effect of cations

ujAo] o] 27 % (lonic strengthy= nZVIS] ST
7k ohje} nzvish 098 gle] ole, & Aele] 9l
#He Suksk F QPE =93 o]x}o]x;]. dutd oz x]ig]_
F W 17} &ol2(eg, Na', KN = HS= 1-10
mM, 27} ol (e.g., Ca®', Mg?)e] F= HH= 0.1-2
mMe ™, A W o5 Yol w57t S7FshE Ak
919 ghol 00® ZHIHA Hof nzvIe] SHALE 4o
Z 4 APyl BIEATKSaleh et al, 2008). ©]l
nZViell &3k RDX &3l A ool J&Fs H7ls|
sl Askrell 7P &3] B dol2Sl Na'et
Ca™s 7l amje] RDX el &85 #Fsislon,
I A= Fig. 3¢, doll YERASIHL

A% A3} gole] EAFINN RDXS) FalEE o
sle] 25 wWekson, doled] sxet f3H+‘:9JrA 3

FAlE 22 AoZ YeRdth Na'e A% AE=(1.0
mM)?} IFE(10 mM)ellA] RDX #3lEEs A2 59
I 2 M (Fig. 3c), Ca*'d] 7% 2318 A&=(0.1 mM)2]
&SI FEE(1.0 mMpPelA Y] Eal&er wiit)
(Fig. 3d).

nZVIE 7|5t 2 3k 7]&9] Trichloroethylene(TCE)
W3l ATellA, Na', Ca™* 22 Yol2E0 o8l el
A7F $REY= Ao BAEAOH(Kim et al, 2013),
Dynamic light scattering(DLS) 74 43} ol T=
7l wEt dAke] =271 SV EIEIT ARk §
e G7Hde] RisEHAS AAaAA TS A7)

w3z, nzvIel ¢J3F RDX Eal|l&8-S ol »% Z7}

Z Sl FF= e o= dsigion, dA A9 A
e Pole FE & YL WA Qe o7 ekt
o o]l @de PRl nERlE e BIAE o]

sl oAkl WE o7t A5 AA SEE RIS
ALy et al, 20130IME BuEglon, AAy} o
BEt TR 389 FREEE 2 Al fe A
o7 Ueith 2 AFeME mR7RR o]t
nZVIe] G ot vk el & FIFS FA
33l RDX Eéldlle & 9as 74 Esidar, weba
A AekrE W YolE0] nzvl ¥Rg/de] B
< A& Fo= AREEHS

ZH] AFS B3 nzZvl Y & RDXY % Ws)
W3 4252 DO, pH, ORPS} 22 #3182 QAE
(Geochemical parameters)e] =42 E3l nzvid] 2J3sh
RDX A|AZF A0l ofd WslE dorl=A] FRlsiink
(Fig. 4, 5). nZVIE FY37] A, RDX 2§ A&
SR 29 ) S8 2ol oJ%k RDX §3s &
Ik Axt, 2ol 93k RDX &2 PW|et{th(Data
not shown). Fig. 4b ZH-S FI3= RDX| &= ¥
312 UeRlH, nzvie] 43 FAl9 RDX F=e w4
sl FHadhke As ER1E F Stk FYE nZVie Z
H Well 273} ﬁl*oﬂ/\ FY=lE A8l W RDXE
Eafslom, H 22 PV(Pore volume) ©]5<l= RDX
£ HalekA Kk As ERIE AT olE S3l
Alakel & AlolZolMe] nzvIe] Hit RDX H3llss
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