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Reduction of High Explosives (HMX, RDX, and TNT) Using Micro- and
Nano- Size Zero Valent Iron: Comparison of Kinetic Constants and
Intermediates Behavior

Bumhan Bae*
Department of Civil & Environmental Engineering, Kyungwon University

ABSTRACT

Reduction kinetics and the behaviour of intermediate of three high explosives (HMX, RDX, and TNT) were studies in
batch reactors using nano- or micro- size zero valent iron(nZVI or mZVI) as reducing agent. The kinetic constants
normalized by the mass of iron (ky) or by the surface area (kg,) were measured and compared along with the changes in
the concentrations of intermediates. Results showed that k), and kg, values were not suitable to fully explain the behaviour
of mother compounds and reduced intermediates in the batch reactor. The concentrations of initial explosives degradation
products, such as nitroso-RDXs, nitroso-HMXs, and hydroxylamino-TNTs, were higher in mZVI treated reactor than in
nZVI treated reactor, whereas more reduced polar intermediates such as TAT were accumulated in the nZVI reactor.
Therefore, a new parameter, which accounted for the intermediates reduction, needs to be developed.
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A5sks A3} 7} 3FRE 0]831e] ofu|EAo|| g nzZVIet mzvIe] HIEHE SIS kg, W
ST e S8 F, SRHEY] ATE vtk L A T e ARSSIAE nzvl ¥REE 0w
4 FRIAEES] AS 8] AT = flith oS mzVIE AHEg vhgxoxE 7] e
@l nitroso-RDXs, nitroso-HMXs 2 hydroxylamino-TNT/} 2 ZHEJ o, nZVIZ 223 H-s-ZolA= Y3t
27| d3EESlex Eelal VSR SAASEES TAT S50 1822 FEE9] 39
M aefshe RS wiAIRe] Aide] Badk Zlos wdEn

FH|0 : HMX, RDX, TNT, ZVI, 07} &, 3k, vlola=29} e J

LM B 59 559 B AgHE BAZ HMX
(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine), RDX(hexah-

SleFE- RS2 o AAA AMFAL 3F 2 ¥E A% ydro-1,3,5-trinitro-1,3,5-triazine) 2 TNT(2,4,6-trinitrotoluene)
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Fig. 1. Chemical structures of representative high explosives.

7F "33 34353 ek high explosives)o & F-FETh
(Fig. 1). 53] AP EYS T AMSHe X6
B9 4ks), Bagk 52 AF 2 (low-order detonation)
oM FEET thFe] SR 09E 3o HlE
31 QO™ (Jenkins et al, 2001; Spain et al., 2000), =
oA AAE ZARAE B tigh AaxAL A 3y
Q1 A o] Egelr Edo] Bag Frd] s slof
F7F ASHAUAL, ARG IF- skl A= RDX
7t AZE JATHE=AR3AE 2002, 2005).

sleEAl TNT9F RDXE W= 8373 71l <Jshd
CF EEAR FgEY Qo (Jeffrey et al, 1994),
AR WEE A AAEA R 7l & e
= 7 Uk gkt 542 A I(NO, v SREHA
HMSR= nitrosamines ) 22 FXHEl 7RISk vt
FtH(Ringleberg et al., 2003). RDXS] FHUFIHHER
TNX(trinitroso-RDX), MNX (mononitroso-RDX)2} ]
ol o] &3t HAHAL A7, 59 AR LOEC(lowest
observed effect concentration)™ ZZ} 50 mg/kg-soil
D.W.,, 100 mg/kg-soil D.W.E, RDX%] H$EEo] E
FN APole] A B AEol| AHAQ] FIFE = 5
JE ZHoF ERITHZhang et al, 2006). ©]9} o]
SlokFe] =4 wiitol wl= BN B3 58 Ve
(Lifetime health advisory)= TNT$} RDX7} 242} 2 pg/L
Z ¢ AASIHUS EPA, 1988a; US EPA 1988b).

sleFEAe] AEE ffal st S, EEsishs
Aol M=o, = 97F H(zero valent
iron, ZVIy& ©-83 Sdxjg o] FEar it} Zvie]
ot S @EE9] kel AAA 718 uolA A7t A=
A0, nitrobenzene, 31FEE 2 azo 33HES] A
o= -85 Schwarzenbach et al., 1990; Dunnivant
et al, 1992; Klausen et al., 1995; Harderlein et al.,
1996; ¥, 1999). 73719] A7l T84 A2 4
9 Zkstoll A A= 2704 9] ZAE 488X nitro-
717} nitroso-7](NO-), hydroxylamino-7](NHOH-), amino-
(NHy-y7 12 S22 o2 Shldchks 213 zviel ofgh |l
Aare] GRS WS o= Zloltt. = TNT= 18
7Re] HxJol] o3l HFAHER! TAT(triaminotoluene)=
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A= A HDevlin et al, 1998; Bandstra et al., 2005).
ole]l ¥Is}] cyclic nitroarene 3151=<%1 HMX9} RDXT
g2 #A%5S Helth Singh et al(1999)% ¥4 Eh/pH
3lollA 510 mgkg RDXZE 098 ESS 20% <8
HRSFolM ZVIEE 20 oL O X3k dx, 44
ol 95%2] RDX7F AIAERAIL 8AIRE o]Foll= &
3] AA=ILH, Zviel gk RDX A|AEE= Ev} B
S5 pHE TAHCE FAIESE =4 et RDX
o] H3Y Z7MEZE 3709 nitro-7]7F X 1)
nitroso-7]12 Y= A  mononitroso-RDX (MNX),
dinitroso-RDX(DNX) 2 trinitroso-RDX(TNX)y’} A=),
S 3] Z3PEWA MDNA(methylene-dinitramine,
(O,NNH),CH,), NH,", nitrous oxide?} HCHO7} &<
oM HAEHT) o] A= cyclic ring®] E3I=AL nitro-
719] A2} NH," & N,O2 #8505 2Ju|3itOh
et al, 2001; Oh et al, 2002; Shermata et al.,, 2001;
Gregory et al, 2004; Wanaratna et al, 2006). ZVI®]
o3t HMX9] E3|= RDX9} AL cyclic ring 73]
4709 nitro-717F R E nitroso-7 ]2 SFLEHA INO-
HMX, cis-2NO-HMX, trans-2NO-HMX, 3NO-HMX,
4ANO-HMX7} @A=L, ghelo] TIS: ZISi=H MEDINA,
HCHO, NH,", hydryzine(NH,NH,) 9] ring E3J2HE-0]
AER= AoZ ®BETHMonteil-Rivera et al., 2005).

Nano =719] ZVImZVIy= JAFe] 3 Zo] =31 ¥kg-
o] o mjol=g =719] ZVImZVIPl 2J&ke] 7]
A=A b SHERE Whgshe A4S 7T lth
(Nurmi et al., 2005). T}Eo] nzVIdl] 95 F9H 22
& mzviel Blsl] SA4o] we 7397 BrthMcCormick
et al, 2004). P|AEC] 28] AAE nano =719 mag-
netitel] I3k CCLS] Eajollx] o= 9%} Faligt
CH,Z A3 = (McCormick et al.,, 2004), ZVIE A}
€3 PCE AAAZANAN mzZVI= 142717 & 11%2]
TCESF 13%¢9] etheneS AJ2FeH WHH, nzvI A2|rlel=
Aol EE AU 1.5A1Z] ethene®E 3] ATHLien
et al, 2001). ©]¢} 22 WE HEEEE gutzoz
nZVI®] & FHAAZBHZ 148kl S (Lien et al,
2001), 3EHAo| EFIS HhEE ARLOZE nZVIZ}
Hol= WE WEE, il =49 Ealited B
mzVIgt e RS AYstAls okl JATH(Nurmi
et al, 2005). °]oll £ AFAE mZVIt nZVIE AR
sto] 3F9] 1E-EZ(High Explosives)?! HMX, RDX
2 TNTE Azlsle] ojn|Edae] 2R7] vhEEs 4F
Asfar, 2t sjerEde] SR ATS HlaAgte




mlo)=ZZ o} e BE 0]83) 145 3R E(HMX, RDX 2 TNT)Y] SHxla]: E1HE9) A%

EXA nzVIsh AAN L] S
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2.1.1 3peleRE

AFo]] AMEE TNTEEE >98%)= Chem Serviceoll Al
TulsliAtt. RDXSF HMX+E= Dr. Paul G Tratnyek®] 7]
S3FAoH, HPLCEA 23 27h 25 99% ofdelo]
Al o] HzRlo] Aol ARESIITE. TNTS| Tk
Q1 TAT - 3Cl, 2-hydroxylamino-4,6-dinitrotoluene(2NHOH),
4-hydroxylamino-2,6-dinitrotoluene(4NHOH),
dinitrotoluene(2ADNT),  4-amino-2,6-dinitrotoluene(4ADNT)
2 AccuStandard Inc.New Haven, CT)ollA +43}th.
ey BEEgdEQ TATE 71000 2kae) vt
S8l ¢ E9kyslt EFolr] ujioll(Spain et al,
2000), Borch®} Gerlach(2004)0] 7Hish Higly} o] &
HBEER(95%N,: 5% H,)ollA ©7](degas)3F 25 mM Sl
2 58 MpH 7.0 &3AZI F amber vialol] X
W3 5 wE AR HPLCE E4313ith. 2NHOHS}
4NHOH standard A A9} WHE-3le] Rajsmz
(Wang et al., 2000) S|HEOA 3]Xg 21¢ 2 7
23319k, RDXS] E82HE<1 MNX, DNX, TNX: Dr.
Ronald Spanggord(SRI International)’} 7153}t 12
L} gl A183}17] 022 technical gradeo]o|A] Z} 3}
FEo] SEAIRE FRlowk ALSHUTH AR AREE
mZVI(Fisher Co., Electrolytic 100 meshj= v & ¥
To] Heglo] AMEBIAY, SH Bl YlellA] 3EHe] AF
Stk AASH ] f18te] 1 N Ghke=® 2AHE § 27
3 DIWZ 33 MZ3}aL acetoneS 2 33] HEE A% &
(flash dry) 7AZ3}e] AFE-3}4Th nZVI(Toda Kogyo
Corp.y= AMH|ZS 34| 231 acetone®Z flash drydt]
AxgE -, 8710l ¥ $ SH Bk Ujol] Bsl).
T e Hol tigk 5A4L ofn] Baud npe}l o],
mzZVI®] AL A o] AL 242 0.067
+0.0005 2 0216+0.001 mYgfEE, 1999), nzVIe]
71 FaYAL 70 nm, TAZL 3.0 mYgo|AUTt
(Nurmi et al., 2005). 23] AF8¥ ZE 81 HPLC
grade®|A3L, B7]°l AREE N2} HPLC &7 2710l Ak
4% He gase ultra-high purity, 7|E} gslelEe wF
ACS grade®|1T}.

2-amino-4,6-

=8t g4l wa s

2.1.2. 334 vk

5152 HkS-Z(60 mL amber vial) 23S EAkA3H
o2 50 mL¥ Y] ZVIE AEste] ¥al
glolido] = septa(Fisher Scientific Co.)%}t &F0|H
capl® LEgk F, gk BajAIZ] YA slokF
stock&M-& FAP|Z FYste] vEE-S Azl o)
%271 E= TNT 60 mL, RDX 10 mL ¥ HMX 5
ml7} HEE St} Sk v 220+ 1°C)el
A 60 RPMY] roll mixer® EFITH A]E= 0.2 mL
o] HAAE FAPIZ serum bottled]] FY3L, THFY] A
A AEE AAS] WeERel TENE BAAT,
soffFe] ZEHE(TAT 2 hydroxylamino 313HE) E°]
Wst wgsle] Adle] BUINE A Rehuz
mE E2o] ZQ3ltH(Spain et al, 2000; Borch and
Gerlach, 2004; Wang et al.,, 2000). ©]o] W A5
AFH FA] 02 ume] PTFE syringe ZEZ o33t &
HPLCO) F4lalel 24jshsiet. whgol 4k %, o)
pHE =743

Jo

)

2.1.3. sjekRo] Ay

3ok 5 HPLCE E43319th AiFE A8S B
A Fahar A BAefoketr] el A BhEE
olMe] AlgaFAe] HPLC 241171l oJs] AA ==
2, T AZE AFH] el B elution timeH
g FdakEe] Bejrt dasign). oo 7t slelEd
W HPLC #4270& Eelsl3tt. RDX= ShiseidoAl]
CAPCELL PAK MG C18 Z@o=g Eslqa, B4z
7S f2F 0.8 mL/min, MeOH: 20 mM ¢14H h5=ol
(PH 7.0) 60% :40%, 3§ 230 nmO|Ac}. TNT & ZF
ZkaME-0] B0 CAPCELL PAK MG CI8 ZS 2tf)
9] HPLCO Z¥Z A& % isocratic 717} gradient
ZAo g Zkz; BA8199Y}). Isocratic 2742 7% 1.0 mL/
min, H,O: 20 mM U4Hd A (pH 7.0) 60% : 40%,
3¢ 230 nmo|lont, o] W E Re3t TATE &%
E9l Aoz FHEo] TATS A|93F ZE TNT SIRME
S X819 gradient 2O FE= TATHHS: AT
TATEAS 913t gradient #4278 Hag WS HE
slo] 288199 =u|(Borch and Gerlach, 2004), 2518 UV
HAE71S AH&S] 230 nm 220 nmolA F3F 1.0
mL/min®] eluents (H,O: 20 mM <QI3Fa b5, pH
7.009] HIE 7] 99%:1%Z 8ol ZA 5%:95%=
Helslal 287 FAS e 4l X 2rEHes 3
A8t HMXE Supleco LC-CN Z# 3} 3 1.2
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mL/min®] eluents (MeOH :20 mM <Ak ¢k pH
TOHIZ 35%:65%= 3] 230 nmellx] EAsIET,
©]:= Monteil-Riviera et al. (2005)°] Rgk BPHS &
AR TR AWIEE FABFHA B4R T4
71 Aot} A7le] BE ZzoA Alge] FU%ES 20
pLol3ltt.

2.2. SEHA &

Hg-z) gekEde) Any) Frwshs theo] 4 (1)

10
7 P,
dc .
— explosive
obs dt /Cexplosive (l)

0:17]}\1’ kobs: §E7] ‘(r)r/‘]' li}' 1%l_]:’gol)(\:)]-'/;:(l'nlI'f])
Cexp[o.vive = %911]%4 E]_ Q‘l]:'l‘?‘l‘*g] l(’):.l‘:—(n’lg/L)
Sept de F% 2 Ao wuHel ojste] wzs
(normalize)d}d EFstE HESETE Ue9 4 (2) ¥

(3 ZTH(Timothy et al., 1998; Nurmi et al., 2005).
ko= ksa X P )]

ksy= 302 BHRS <= (surface area normalized reaction

rate constant)

psa=SBZ AEHZH] FE=(m?L)
kobs = karx pur 3)

ky=%% B|¥F-3-A4(mass normalized reaction rate
constant)

@) E 3) HelM thae] Ae] f=d

1
ksa=oku (4)

7|4, SA4= TFLY THA (mYg)

Temz Adpl o Qxje] 2Pt Hes F
o ulvkg Lo} FRA M ST AL degad
3T

10— g

HHAS Arg = vlgaAo)

ME

3. &z H =4

3.1. BlfEE S0 EEZHIE B4
B2 Wzl slokTE ZVIeH WAl AR, vk
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Fig. 2. HPLC Chromatograms of explosive compounds and its
intermediates after reduction with ZVI in batch reactor. (a) TNT
and intemediates, (b) RDX and intermediates, and (c) HMX and
intermediates.

St FUELAES A e S22 SEATH
(Fig. 2). INT®] F8 FIHEZE=Z+ 2ADNT, 4ADNT
2 ONHOHS} 4NHOH, TAT o] #AZE =4, amino-
dinitrotoluenes}.T}= hydroxylamino-dinitortoluene®] T
5 ol FAHE zlo] #SE|JUrh(Fig. 2a). Oh et al.
2002y AeE @ TLE ZVIS o83 TNT SHlojA
2ADNT®} 4ADNT/} 8 F{REEolgkal siglon, &
Ao A= NHOH-DNTsZ} 7K Bo] 555+ Rt
£0°Jil, ADNTse &gRlo] ASERIT ol A7]dAM=
ukel ule} 2o], hydroxylamino-717} wl$- EQFYs= 2
NBEANF SA] BAEHA] %o ADNTE W3] it
el Fo= ATkt Tyl B AFollAe TNTS 44|
Hs #@A 317) Sl A B /S SR Bl
2 NHOH-DNTs9] 2 peak’} E&]HA|= o}l zhzte]
AL Wr g JPsiA= 310t T3 Fig 229 24
7ol £2]E= peak= TATOJA|WF gradient S2|HOZ
A te] peak®E wE|EO] TATS] A HE
HPLCZ #3193t}

i

e



vlol=iz o} Lt B o] 43 14 A (HMX, RDX % TNT)] $-050e): S7HMES] AF} B8t 40] vl 87

Unwashed mZVI 4g/L, NOM 20mg/L
1day equilibration, k,,s=0.0889min1

__ 70 o mr 5.0e+6
S 60 0@ —@— TAT
£ TV U L soes
50
5 @
B 40 - 3.0e+6 @
© «©
- -
=4
@ 30 20646 @
2 o
S 20
: 10 - 1.0e+6
=
W o - 0.0
0 20 40 60 80 100 120 140
Time (min)
nZVI 0.1g/L, kobs=0.072min'1
. 5.0e+6
=
o
E | 4.0e+6
c
«
;9.. - 30e+6 @
® o
- -
c
g L 20646 3
e o
<]
o - 1.0e+6
l—
£
(b) 0.0

Time (min)

Fig. 3. Transformation of TNT by ZVI and the time course of
intermediate concentrations in batch reactor. (a) TNT treated with
mZVI (b) TNT treated with nZVI (TU means unidentified
intermediate of TNT).

RDX} HMX+= A ®Barg n\le} 22 nitroso-
shetEo] E5F HEEATKSingh et al, 1999; Oh et
al., 2001; Monteil-Rivera et al., 2005). RDX= MNX,
DNX % TNX7} 2710l A=A, gdo] s Zlsg=|o]
420 22 FHEEo] HEEAUTHFig. 2b). HMXS] &
MREEE BFEAS 79 el ST &
eSS AEnlE o] HuE niel Fdsle] 7t F
RREES GA FEE 4 JATH(Monteil-Rivera et al.,
2005). Fig. 2collX9} 2] Supelco CN Zo g2 EX%
HMX9] F7HFEELS INO-HMX, frans-2NO-HMX,
cis-2NO-HMX, 3-NO-HMX, 4-NO-HMX¢] <02 &
2= 0.0m, RP C-188 A8 9oll= 2 35| #
F=)R] @9ttt EESE nitroso-HMXs ©]@ollE A& 759
T2 peakso] HAEHANOY 279 3I¥tE-S A=

23t

Acid washed mZVI 2g/L, kops=0.0386min™

s
o

2.0e+5

o«

r 1.5e+5

F 1.0e+s

Peak area

- 5.0e+4

RDX concentration (mg/L)

0 20 40 60 80 100
Time (min)

nZVI1 0.2g/L, kops=0.0388min""1

2.0e+5

1.5e+5

1.0e+5

Peak area

5.0e+4

RDX concentration (mg/L)

(b) 0.0

70

Time (min)

Fig. 4. Transformation of RDX by ZVI and the time course of
intermediate concentrations in batch reactor. (a) RDX treated
with mZVI (b) RDX treated with nZVI (RU means unidentified
intermediate of RDX).

3.2. SSYE o SIHIESS| HE

ZVIel| o5t sokR Sl&eet 1 wje] FMEE9
AES IRIP| el i) whgxed ek Wi
2 vlolaz zvie] 45 AH3] wiskel k7t ARk
e 7H w7l REEARS AABITE HMXS]
AdeMe HMX BalEs ot AALSE ) wax] of
OB Z mZVIE 1.5-40 g/LZ W3BIYAL nZVE= 0.2-
0.6 gL7HA 0.1 g/L 992 W3}sl9ith. RDXS] 749+
mZVI 4.0-10.0 g/, nZVI 02-1.0 gIZ W3}3}ch
TNTS] Z$0ll= nZVIE 02-10 gL7HA 02 gL 99
2 HIZ O, mZVEE 4 gL & WHslshs thal ukg<ss
=& 37A]7]= NOM(Natural Organic Matter)E 20
mg/L FEE FU3I9THBae et al., 2005). 1 Ay}, 71E
o] A7 A= o] A EA AAESE ke
FAHAE B0 2 veRdon, whaxu] FYE mZVI =
2 nzvIe] ol vl F7FsFtH(data not shown).
Ty o)Al Al Haw niehs g FIRIES
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o] AEL vilg- Aolgt Ao=E Yeyhon, Aolst 1t
2HEe] AT B Aol AAISE mzvIgh nzviel ¢
3 slobed AE|dula BF T2 o AR

TNTZE mZVI =5 nZVIZ A3 T, k.t A
g BRS-Zo 9] TNT EZ(mg)et FIHMHEE% (peak
area)= Fig. 39| E=231%th TNTE mzZVIEZ A 7
- Z7]°l NHOHs =% % & ZHA3PHA] 2ADNTS}
4ADNTZ} &% ZHEHAT AR, v]x]e] SA3E29)
TU} A&H R F7sltE HE34Ha? TATRE S718)
Gtt(Fig. 3a). OJAL nitro7 |7} olH=7]2 £ OE
FPET FES] MAshs RS ov)g) 18y
nZVIZ A3k WkgZode te SMEE] e
ul-9- B AEEE v, HZ3AHER] TAT 557 54
3] 7kl YAg<Eell Al ArkFig. 3b). ©] ®, TAT
55 mzvl A3 sRSFEY TAT 559 2.54] o)
olRem, EHFAE AP 27] TNT] 95%7} TAT
2 3=

RDXE ZVIZ Aggt 7% TNTS| Aae} FU3H3
thFig. 4). AF2]3F mZVI 2 g/L ¥RS-ZolM O ko rox

aL
=

Acid washed mZVI 2g/L, kobs=0.1483min'1
(nitroso intermediates)

— B.0e+d

) [—o— Hmx
g @ ‘ —@— 4NOHMX || 50004
- \ /f —p—  3NO-HMX
c Ay —0— 2aNO-HMX
2 \ \ O 2bND-HMx || 404
o 'y TNO-HMX
=1 \ | 3.0e+4
c
@
2 Q\K | 2.0e+4
8 =
v e K 5 b 1.0e+4
= : =

WE U0 Beg g o

30 40 50 B0 7O
Time (min)

nZV1 0.4g/L, kops=0.1506min"1
(nitroso intermediates)

p— - B.0a+d
%'} & {P —— HMX
£ f —@— 4ANO-HMX | | 50e+4
<. q ——  3NO-HMX
s O~ 2aNO-HMX
o, 4
240\ $r-— 2ONO-HMX Oes
o Y A IND-HMX,
£31 0\ : - 30844
A\

@
Q2 L 2.08+4
8 11
X, s - 1.0e+4
S0

e T

0.0

Time (min)

Peak area

Peak area

(d)

%

= 0.0386 min'o]H(Fig. 4a), flash dry3t nZVI 0.2
g/L WHE-Z0lM9] kyporpr= 0.0388 min~'2 #9] FAlS}
FATH(Fig 4b) WHFU TR AT dolsitt. =,
mZVI Y& A= MNX, DNX % TNX7} HkS- 80
Tz A&EHoR FAHHG O, nZVI HhEZlA =
RDXe] %7] F7HHESl 3%F9] nitroso-RDXS] =7}
2085E 7HAsl] AlRFSkaL, 1 9R& mZVI WhE-Fo) H]
g 108 oJet2 UA AEHAUOH, WS- 607 ol= T
gk AFskA Bgk SFAEAA RU2ZF nZVI HEGE
o A&How FZAHUc). o] ATR= TNT ¥kS- A3
A TATZF S485e 3 593 4oz ddEn) 5,
nZVIZ #2|& 739, TNT 9]¢] SHIZESNME 3
MRSl Shelo] FdEo] TAT/} FA== AR o),
RDXS] ZH7] AAER] ko @10 FARIAE STHHER]
MNX, DNX % TNX9] 3= w27 [gPso] FAE
AET A=

HMXZE ez 3k Ao e RDX % TNTY A
Hoxe} At s HITE ZVIZ HMXE A
A3} nitroso- FFEAAE 55 759 w|ER] EZdT7)

Acid washed mZVI 2g/L, kobs=0.1433min'1
(polar intermediates)

—_T 6.0e+4
=
o6
£ I 5.0e+4
-1
g F40e+d @
g 5
L]
3 b 30e+d
s ©
Q2 2
= | 20844 O
81
> b 1.0e+4
=0
T 0.0
Time (min)
nZVI 0.4g/L, kops=0.1506min"1
(polar intermediates)
j T - B.0e+4
s —O— HMX
£ ? —@— HU1 | | 5.0es4
= q w— HU2
g \ —-O- HU3 | | 40e+d @
= 44\ #_.\ - HU4 ]
£ A & Hus o
£ 39 \)/ —@— HUB -3.%'4%
o | \ —O- HUT o
g2 /\ L2064 OO
8 14 '
> - 1.0e+4
=0 2
T s * S

Time (min)

Fig. 5. Transformation of HMX by ZVI and the time course of intermediate concentrations in batch reactor. (a) HMX treated with mZVI-
nitroso intermediates (b) HMX treated with mZVI-polar intermediates (c) HMX treated with nZVI-nitroso intermediates (b) HMX treated
with nZVI-polar intermediates (HU means unidentified intermediate of HMX).
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