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Abstract : In this experiment, persulfate, a strong oxidant for ISCO (In-Situ Chemical Oxidation) was used to degraded RDX in
artificial ground water at ambient temperature. Results of RDX degradation by persulfate in a batch reactor showed that the oxidation
reaction was pseudo first order with estimated Ea (activation energy) of 1.14 x 10> kJ/mol and the rate was increased with the increase
of reaction temperature. The oxidation of RDX by persulfate increased slightly with the increase of initial solution pH from 4 to 8.
The RDX oxidation rate increased 13 times at pH 10 compared with that at pH 4, however, alkaline hydrolysis was found to be the
main reaction of RDX degradation rather than oxidation. The study also showed that the oxidation rate of RDX by persulfate was
linearly dependent upon the molar ratios of persulfate to RDX from 5: 1 up to 100 : 1, with a proportion constant of 4 x 10™* (min™/
molar ratio) at 70°C. While NOM (Natural Organic Matter) exerted negative effects on the oxidation rate of RDX by persulfate,
with a proportion constant of 1.21 x 10™ (min” - L/mg-NOM) at 70°C and persulfate/NOM molar ratio of 10/1. The decrease in RDX
oxidation rate was linearly dependent upon the added NOM concentration. However, the estimated activation energy in the presence
of 20 mg-NOM/L was within 3.3% error compared to that without NOM, which implies the addition of NOM does not alter intrinsic
oxidation reaction.
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ternational Union of Pure and Applied Chemistry) 8-> hexahydro-
1,3,5-trinitro-1,3,5-triazineo| ™ A|A|Z o 2 da] AR EE= 11
‘4% Fofolth. RDX= 53 &gt WA 3y Fofl = o
Ao §EEL, Ul sbgstel R o Halvt
o]tk RDX9] £¥|5t81% S4L Table 17} o] 34
o] Woml(ate el B =2x 10"), 3 4ol §
S5=(42 mg/L)eF W2 Kow (Log Kow=0.86)2 13f| o3
ol 417 olEsto] FHTt Asl4 AL op|Ft 1
Z o2 RDXo|| 2% o U ﬂé}#ow RDXE A &a}

717k wi§- olfth E3F RDX= Al Aol 7182 °F

718k, okt & - v %*é% ZEa1 917] wiiell vl EPA
£ 1998do] RDXE CHF webEda xAstget™

Fig. 1. Chemical structure of RDX (hexahydro-1,3,5-trinitro-1,3,
5-triazine),
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dation)= 295 EF E= i%ﬂga 225K & 2
&l ASHA|(A & So] 05, $:057, MnOy, Fenton reagent
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U2 AN U SEg ZTAgo RN i 0GBt Als)
RESSES 2 4= Ik ojof] 2 ¢ A= persulfate
2 olgste] A|ale%o] dEall RDXE A7 S5 2
£ dkgs-Rof A 2%, pH, RDX/persulfate &=H|-E U NOM
1= 5] ANt §42710] RDX #3o] )4 Ja2 RDX
£ Best 448 Zstol wmaigch
2. A3 Y W A
2.1. 52 ISR Mgy

1
A3 o] A3 RDXE 40 mg/LE AA3H| atlct mehe
%5 Acetonitrile 53} & 8ufjof] RDXE &35|5}o] stock
£08 WHE 12 slelo] ALET -3, RDX o|2]o] g
Atsto] persulfate7} AHE]o] g2t RDX #oll& =58
3 % ¢tk olo] RDX 248 Zedo] Wit 2o 4
ot 29 o)4t Wykstol afet th HPLCR S8 SHelgt
= Agol ARgsElTE E3L, persulfate -§-9-2 NaxS,:052 %
dedeoll Basto] ALgalliznl, Aol Tt Alsielo)
ZAs= 7o) &2l x| of(data not shown) A3 2 Ao &4

—1—‘

%= 60 mL Z-AW serum bottle S AR5} AL
0 mL& ¥ PTFE liner7} A2He ulrfe} &
FulE cap O & UFTE the, AFAIZ H4 30% Mol &
2420 Yo BEgE A7t WP o|FA ot A
H2 2o wet AFA A EH|gk persulfate 8- 2 mL
= PR FYsto] Alzbetal, dA g AlZF 1k o) whet

Table 1, Physico-chemical properties of RDX(Walsh et al,, 1995)
material name molecular weight m p (C) bp(C) Solubility (mg/L) vapor pressure @ 20°C (torr) Log Kow Henry's Law constant (torr M-1)
RDX 22226 2041 (decomposes) 42@20TC 4.1x10° 0.86 2x10°
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RDX®] $41& 9j217]7]9] HPLCE AMgeho] HAlstairt.
2 ShiseidoAl CAPCELL PAK MG (30 cm x 0.5 ¢cm, 5
um)S ARE51 AL, HPLC 242 AL §5F 0.8 ml/min, me-
thanol : 20 mM phosphate buffer (pH 6.5) =60 : 400] ]2
UV 230 nmof|A] At 287]€4(TOC)= Sievers Co.
9] 800 series on-line TOC (Total Organic Carbon) £47|2
=33t

Aol AHE-3F RDX(2 5= > 99%)+= () THetAtaxo 4] A
}5 0w RDX #3897} Persulfate= 22+ Accustandard
Inc.®} Sigma-Aldrich Co.o|A Ftujslict. 7]gl s}stef&L
2E ACSHES AHE-3}%ith NOM (natural organic matter)+=
Dr. Paul Tratnyek (Oregon Health & Science University)©f| A]
WO GT (Georgetown)-NOM-Z Ae5tch?”

fa]

| 7%k

3. At =

rto

3.1. 2%k

HRgRo A A|RE A FIBEAL ice batho] Y Fo &
W %k persulfateo] ©]3f) RDX7} 2|44 0 &2 H3f| =] ¢{rKdata
not shown). WebA AR2E NFHS ok Wzh SA] HPLCY
F9Jste] BAstgon], RDX7} HPLCOJA] &2|5= A7t
ol 108 7+4o] w= A3t APdLeEs A4t 22 4
do] A} AHAYS grshed w$ Fast 2]
Atk A= 30ColA = ¥He&m7) w9 Wekth. RDX

c/C,
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Fig. 2, Effect of temperature on the rate of RDX degradation by
persulfate (initial RDX concentration 40 mg/L and persul-
fate/RDX molar ratio of 10:1).

persulfate 2 AISIA]7]=d] 15Y o]AF AQ ==, W
ZolA AHH ARE Y 24T 5+ glo] FERAST o
UZEAT ¢, dlsgol4] RDX s%7t fadhe A
1=t §H, 70°C o dollAl+= persulfateo] ©]gk RDX
sk-g-o] Ut whal B A7k U A|RE AT 5 ¢l
it} whgbA persulfate?} RDXQ] EH|E 10: 12 3t &%
7b v A= FEFE 2AR ) qlo] AH3 225 40T, 60T
2 70°C 2 3}k

Fig. 2+= persulfate®} 40 mg/L2] RDXQ] EH|7} 10: 1
wj, LEWBH40C, 60C, 70TC)o] W2 RDX FE7ta
of 3L Qlt} ¥HgE pHE Z7] OF 5804 & ¥hE-
2.12 WolA persulfate A3t} ol A AAJE Hof <]
N o] pH7} 7F43k9th RDX A|A Bhe&EE o2 B
Jo AQ} Zro] 4] ()} Zro] §AH XHHH(pseudo-first order)
O3 27} SIS RDX AALERE F7kskgie
AH 7] HES 2 (k)= 707C oA 8.461 x 10” min” 2 60T
of|A]2] 2.935 x 10” min" X} 2.881), 40°C o4 2] 1.91 x 10
min" BT} 44.158) ©] %cH(Table 3).
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(0]

AEOA__y, [rpx ®)

Ink=-(E,/ RT) + In4 “4)

kons : WHS-2+ I Ak (min™)

R : 831432 x10” (kJ/’K - mol)
E, : Activation energy (kJ/mol)
T : w25 (K)

Arrhenius 2] (4)0l] o3} &/g3telu=|E Fig. 37} o] AHY
&1, E= 1.14 x 10 (kJ/mol) 3-2 27.2 (kcal/mol)o]t}. Per-
sulfate~= MnOy ]| H]3}] benzene 5 a}&A o2 H|g 4=
oloit, storE A Bafoll = a vt 7hasieh!) 1 h21-e RDX

y=-13690x + 39.28
R?=0.9986

In ks

-5 T T T
0.0029 0.0030 0.0031 0.0032

1/Temperature (1/°K)
Fig. 3. Arrhenius plot for the estimation of activation energy con-
stant in the persulfate- RDX degradation reaction in batch
reactors,
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7b 1w ARebE E40)7] wie|w, EE H]aste]® Huang
et al 50] A3E benzeneo] t3t E, 17.9 (kcal /mol)of B3|
o eSO 4= k™ o2 AFSIA| 28] Fenton oxida-
tionof| 4] RDX Q] E,+= 0.76 (kJ/mol) 2 R 11 %] 02! persulfate©]|
H|3l RDXE A 43k 4= ¢tk 18|y EF Fenton 43}
= ARl Pl Eohpo] AEE BHE FA|
73 GgE FAstelof ek

o]/e] A= 7] & ol A 9F o] persulfateo] ©]3F RDX
walE FHHOR $8317] L LE Aol T B
sz dQgke Holar 9tk 18U Johnson et al.-& g3+
33} persulfate= EFo] = AAASHEE 2 S FHNOD,
Natural Oxidant Demand)of] 2|3} AR % Foj|= X|&HZF O 7
Faatul, B8] >50T ool A TS We L5 Hajx
o] o) Z&EstA] Eatrial stATE? 2822 persulfateo]
oJgt A% RDX A|A = /314 persulfate o] 250} %]
sl Shatel Swo] ofs) A B0l AgtEc). cht
2=7F W& SR =(lE 501 10~30T) SO4 - &f At
3} persulfate A% %= =24 2HA3IC) Sra et al.of &Js}H
/93t E]A] oF2 persulfate®] ¥HF7]= A|Skeu] EE ol w
2} 260022 A HaketArt? wekd AAelH 0
A 2o persulfates 48 o] =5 FA14d0] = AR
AR §R15F0] persulfate A3} of|UX] B8-S Fo|al
RDX AlAES 2AsketH e H=d AHeH oot AAE:E
Z7H 4 9l A7 Baw Aoz AmH,

3.2. Persulfate/RDX EH| 2| Hef

70T 2] &= of| A persulfate?} RDX2] E£H|(5:1, 10:1, 50:
1 100: )2 WBFAA, ki 245t chTable 2 and
Fig. 4). o443t v} ZHo| persulfate/RDX EH|7} Z7pah4
E ko= F7V5FA ) Persulfate®} RDX 2] EH|7F 100: 1Y
o, WHgSEsh 7P W, 308 E2F 80%2] RDX7} 3]
Z) 9t} Persulfate®} RDXQ| EH|7} Y442 vieE&e
7F A =Aoh Add ket o) persulfate/RDX £H] €]
H3lo] o3| Yehd Zjol= 159 persulfate”} H| 12 =
< HeEE Aabsto] Hhe& =7} obdl o= whE

Persulfate®} RDX 2] EH|7} 5: 1Y uf vte&w7F 7R3 =
2]0] 308 F¢F oF 7%2] RDX7} 2ajE|9ic). 53 A5
oo

Ao

B WEhE 287} 50100 A k= 2.205 x 107 min 0]
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0
d o 51
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Fig. 4. The influence of different persulfate and RDX molar ratios
on RDX degradation at 70°C (RDX initial concentration

40 mg/L).
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Fig. 5. Correlation between persulfate/RDX molar ratio and ob-

served RDX degradation rate (RDX initial concentration
40 mg/L, temperature 70C).

Table 2, Kinetic data on the degradation of RDX by persulfate at persulfate/RDX molar ratio at constant temperature of 70°C

Molar Ratio kgbs(min'w) R? average Aops (min'1) ti2 (D)
0.002450 0.9663
5:1 0.002063 0.9802 0.002205 524
0.002102 0.9653
0.009243 09784
10:1 0.008071 0.9789 0.008461 1.37
0.008068 0.9836
0.023532 0.9600
50:1 0.022524 0.9869 0.02250 0,51
0.02145 0.9864
0.051761 0.9668
100:1 0.038816 0.9680 0.04259 0.27
0.037213 0.9866
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Persulfated]| 2|5t RDX ASIA| HF2Z=741F NOM2| it

U pursulfate %7} 108] S7F8HH ko= 2.25 x 107 min’'
2 10.2v)] Z715} 3L, persulfate 5 %=5 208 Z7F5FH kops
L 426x 107 min" & 5: 19 v|a] 1938 Z7}atlc). o)A
¥} o] persulfate: RDX =H| 9} kops @] A THHA S F5HH
Fig. 590142} 0] kyss = 4.05 x 10 x Persulfate/RDX molar
ratio +2.26 x 1071} 7+e AU AP =0.99) 0.2 H A

A71%t ko) Zro] persulfated]] 93k RDX Ats}al7g o 4|
uhg% gole] pHY} Wskshs @Ate] WASHSY] wiel,

pHE UASHA stA 70T oA persulfate®} RDX
o] ZH|E 10: 12 sto] g9 7] pHEA4, 6, 8, 10)°] RDX
EollE o] nAle S Adssih ol &9 pH=
100 mM phosphate buffer®2 Z&3}ct.

Fig. 6-& <A pHollA] RDX7} persulfateS AtshE o, dt
A7k g Hhg2W RDX w5 543 dijolt) 4
dAaat, &Y pH gho] F7185 RDX Eaf&ee %‘7}
SFach gono] i7] pH7]-4 6 98U W kyp= —}' 7} 3.428,
3.747, 4.483 x 10° min' 2 pHel v]E3to] HRHoRE =
Felsick(Table 3). 891 pH Z71oll e} RDX $ohsr)
Z7)15H= 0] 9= A 5] radicalo] ¥3}5}7] wjZolc}. Liang
ot al-& B ZAANTE Fol Azl ke
(S04 -)°o] A7 2HolA= AIEZH(OH -)o] A|Hj

it

Table 3, Kinetic data on the degradation of RDX by persulfate

® Control
O pH4
v pH6
v pH8
m pH10
o
o .
2 .
o : \\U\
N
. N\
N
NN
SN
- ~>~
~ N~
’ S
S oIEs=
200 400 600 800 1000
Time (min)

Fig. 6, Effect of pH on persulfate oxidation of RDX at 70°C (RDX
initial concentration 40 mg/L, Persulfate/RDX molar ratio
of 10:1) Any pH adjustment was not performed in the
Control,

Hel AS BRI (5). FAtetize] wEAsA
28 VE Aot o] 2.5 Vel uls) 27] ujEol 2
sfelli7] glo] # kst of el RDX Eafol v% w87
% 9lek

9
3
o]
=

SO§ - +OH — SOF +HO -, k=14x10n's" ®)

a2 Fig. 79142 o] pH 100141 k7t 5.03 x 107

at different temperature (persulfate/RDX molar ratio of 10:1)

temperature (C) Kovs(min™) R? average Aops(hr”) ti2 () E. (kJ/mol)
0.000194 0.9633
40 0.000191 57.76
0.000188 0.9615
0003190 09782
60 0002713 0.9494 0.002935 393 ,
1.14x10
0.002903 0.9803
0009243 0.9784
70 0.008071 09789 0.008461 1,37
0.008068 0.9836

Table 4, Kinetic data on the degradation of RDX by persulfate under different initial pH at 70°C and persulfate/RDX ratio of 10:1

pH Kovs(min™) R? average Aus (Min™) ti2(h)
0.003742 0.9459

4 0.003475 09417 0.003428 3.37
0.003467 09816
0.003672 09705

6 0.003827 0.9508 0.003747 3.08
0.003743 0.9366
0.004463 0.9500

8 0.004542 09343 0.004483 258
0.004443 0.9390
0.055868 0.9406

10 0.045710 0.9034 0.050262 023
0.049207 0.9492
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Fig. 7. The relationship between initial solution pH and LnkAoes
at 70°C (RDX initial concentration 40 mg/L, persulfate/

RDX molar ratio of 10:1),

min" 2 pH 4o Hlsﬂ of 128 o4 & Zog =7

RDX:= 223} & pHAl A& 7k el 2
k™ o]o] persulfate S F£J3}A] i1

pH 10)0]4] RDX H3&EEE 43 A3, persulfateS

_|~
O

b
Ao 2

FAT 2

ru%
ol

)

(70

(e}

N T &

dgt AL} 2 zpolE HolA| ghol, pH 1094 9] RDX
e A7 THpEso ot AU st kFig. 7).
a3y Bop gEst 7)2kS Eelst] $J@lAl = nitrate<}
2 FAME BAS B3 gelo] Hadh Aol

ool Aol At o] pHE F7Io= 24T %% per-

sulfateo]] ©]3F RDX E-all& w7} 2719 A9k,

Z ZAS7F A &3, pH 10 oJAtoA 7|14 7148
aoll ojafl RDX7} W2A Hajg 4= glovy, Ask45 U9
2| AH2E A pHE ThA] FA3tsloF s of2igel gtk

3.4. NOMe| &sk

AU o= persulfate S AW 5= BRAMY 9l
o] tepat 20| EARICE' NOME Aol
7152 Rl Bas =g oF 1 mg/L7t &3
o} NOMUY Co| Hiatafe oF 37%= Aitshd™

mg/L o] NOMo| x50l 3l Alez =

o|B 2 persulfateE A2T 4~ Qith 1=

2 Gzole 5
qo= st

o 9l

oF 4

A, §712
= @yl 44

z27e] 77k A2 AHES] Y84 NOM2 BEEA|
Hefsfjof dh= F Qg Mgroltt. o]of] U = (70T)et U
A EH(persulfate: RDX =10: 1)Z A A, NOM9] %=(1,
10 9 20 mg/L)H 37} RDX HEaj|&mof njx|s gJ3re Al
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Fig. 8. The influence of different NOM concentration on RDX de-
gradation at 70°C (RDX initial concentration 40 mg/l, Per-
sulfate/RDX molar ratio of 10/1).

Table 5. Effects of NOM concentrations on RDX degradation rate by persulfate

NOM concentration (mg/L) Kovs (min™) R® average ks (min™) tijo(h)
0.007415 0.9867
1 0.005408 0,9588 0.006177 1.87
0.005708 09813
0.005256 0.9869
10 0.004963 09615 0.005039 229
0.004899 09778
0.003898 0.9905
20 0.003761 0.9444 0.003851 3.00
0.003895 0.,9947
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sulfate/RDX molar ratio of 10/1).
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