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Table 1 Chemical properties of common energetic compounds

[3,31]

. chemical chemical melting point boiling point aqueous solubility
energetic compounds . CAS number B
properties formulae /C /°C /mg-L""at 25 °C
nitroaromatics TNT C,H,N,O, 118-96-7 80.3 240.0 130.0
nitramines RDX C,H,N,O, 121-82-4 205.5 234.0 59.8
nitramines HMX C,H,N,O 2691-41-0 276.0 906.1 5.0

4 8 878

154, RHE RDX 1 P393 EE 15 3 T 7000 mg-kg™""'s
) Uttt 4l oK, 28 1 75 BA i B A Re A RS YL 3T
Zei It T 120 T3 W E BE 5 02 8 W 1 % B i TS
Rl ZE 325 T B v TNT RDX FI HMX ¥ B 43 51 5
ik 10000, 1900 mg-kg™' i1 900 mg-kg™"*", 1945 4,
5 [ 0 72 ol oA e R TNT A 7= [, 4 46 AR PR R i
BET] 3k 50 M, AEAF A B R TNT V5 52 Bt4h,
AH A 5T 2% W 78 42 = I 25 32 b JA 161 %) 36 )2 - HE Rt
JK et T LR 0 B R R S RE M R Y o 1993 4F, 36
[ [ B #8 A T 1000 249k & RE M RHS Y 1y 34 T, 1
M1 95% LA I /Y3 H IS G )l TNT, 87 % 11475 G 3 1l
FIRH K E LM 7 IE 8 /3T K75 Je sk S22,
1997 4F , il 5= KRN I 45 JE 0 M B8 7 0% 25 b IX A1) Sz 41
Ta H 37 JE RS I R HMX ORI TNT 26227 2000 4,
JnEE K 103 A~ = B I 2537 i gk TNT 15 %, TNT 7658 45
M S SR K Y VR 2 4 i Gk 200 gekgT! AN
100 mg-L7"*", 2001 4F, £ [E 11000 />3 fif # 1] 4 il§
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Table 2 Concentrations of energetic compounds in surface and subsurface soils of military affected soils in reviewed studies

country activity c(TNT) / mg-kg™ c(RDX) / mg-kg™ c(HMX) / mg-kg™  reference
military base area
Canada 79,000 ND ND
(surface soil samples)
[32]
military base area
Canada . 40-500,000 1.4-6000 20-1470
(surface soil samples)
military base area
U.S., Canada . 0.78-36 5.6-51 0.53-9.1 [33]
(surface soil samples)
military base area
U.S. . 4000-10,000 800-1900 600-900 [34]
(surface soil samples)
military base area
u.s. i 2-6 0.5-1 489-874 [35]
(surface soil samples)
military base area
u.s. i 1.5-15,100 4.4-7.5 1.0-1.8 [36]
(surface soil samples)
military base area
u.s. i 130 340 40 [37]
(surface soil samples)
. military base area
China . 10,700-26,100 18.43-37.80 0.16-9.01 [28]
(surface soil samples)
. military base area
China . 120-167,000 20-72,000 180-238,000 [30]
(surface soil samples)
Note: ND means not detected.
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Table 3 Application of microbial remediation of nitroaromatic energetic compounds contaminated sites

microbial ) ) ) ) energetic degradation  degradation
microbial genus  microbial species test phase . o reference
type compound time / h efficiency / %
3 simulated
Pseudomonas mosselii TNT 28 100
wastewater
[57]
. actual
Pseudomonas stutzeri TNT 48 100
wastewater
Pseudomonas X5 TNT simulated soil 168 88 [58]
Pseudomonas simulated
Slight Halophilic Bacteria N33~ TNT 48 100
wastewater
[59]
simulated
Slight Halophilic Bacteria N2 TNT 60 100
wastewater
bacterium simulated
Pseudomonas sp. TNT3 TNT 48 100 [60]
wastewater
o o ) simulated
Cupriavidus Cupriavidus metallidurans DNT ~ TNT 336 100 [61]
wastewater
Pseudarthrobacter simulated
Pseudarthrobacter ) TNT 360 100 [62]
chlorophenolicus wastewater
) ) = simulated
Klebsiella Klebsiella variicola T5 TNT 30 100 [63]
wastewater
. . . simulated
Cladosporium Cladosporium resinae TNT 72 99 [64]
wastewater
) ) . simulated
fungus Tirchoderma Trichoderma viride TNT 192 100 [65]
wastewater
Pseudomonas, Cyanobacteria, ~ DNTS (main
bacterial Bacillus, Acidimicrobiales, components of TNT .
) ) simulated soil 144 100 [56]
mixture Amycolatopsis, Truepera, red water polluted
Mitochondria, Lactococcus soil)
R4 YR Y R 08 S A 2 55 A e T RE A LTS e 7 M ) 18 ]
Table 4 Application of microorganism in remediation of nitroaromatic energetic compounds contaminated sites with biological
stimulants
energetic compound test phase exogenous biological irritant  degradation time / h degradation efficiency / % reference
TNT simulated wastewater  glucose / citric acid 24 100 [66]
66
TNT simulated wastewater  glucose / citric acid 72 100
TNT in situ repair molasses 7320 100 [67]
TNT in situ repair emulsified oil 192 99 [68]
TNT in situ repair whey 2088 92 [69]
TNT simulated soil glucose 60 95 [70]
TNT simulated wastewater  eggshells and cocopeat 840 99 [71]
TNT simulated wastewater  citrate 120 88 [72]
TNT simulated wastewater  lucose / KNO, 16 100 [73]
TNT simulated wastewater ~ cane molasses 48 100 [74]
Chinese Journal of Energetic Materials, Vol.31, No.7, 2023 (714=728) A A AL www.energetic-materials.org.cn
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Table 5 Application of microbial remediation of cyclic ammonium nitrate energetic compounds contaminated sites

microbial | . . . ) energetic degradation degradation
microbial genus microbial species test phase ) o reference
type compound time / h efficiency / %
o simulated
Stenotrophomonas Stenotrophomonas maltophilia PB1 RDX 165 100 [78]
wastewater
) simulated
Rhodococcus Rhodococcus sp. Strain DN22 RDX 14 100 [79]
wastewater
bacterial mixture ( Clostridium HAW-1, simulated
o RDX 192 99 [80]
Clostridium HAW-G3, HAW-G4, HAW-E3, HAW-HCT1) wastewater
simulated
Williamsia Williamsia sp. KTR4 RDX 48 100
wastewater
[81]
) ) simulated
Gordonia Gordonia sp.KTR9 RDX 72 100
wastewater
. . simulated
Janibacter Janibacter cremeus RDX 720 88 [82]
wastewater
) ) . simulated
Bacillus Bacillus toyonensis WS54-TSB-3 RDX 360 82
wastewater
[83]
o o simulated
Paenibacillus Aenibacillus S10-TSA-3 RDX 360 85
wastewater
simulated
bacterium P. fluorescens I-C RDX 100 30
wastewater
Pseudomanas [84]
) simulated
P. putida 1I-B RDX 400 46
wastewater
. . simulated
Shewanella Shewanella halifaxensis HAW-EB4 RDX 25 100 [85]
wastewater
D. desulfuricans A, D. desulfuricans B, D. RDX simulated
gigas, and D. vulgaris. wastewater 288 100
Desulfovribrio [86]
D. desulfuricans A, D. desulfuricans B, D. HMX simulated
gigas, and D. vulgaris. wastewater 432 100
) ) ) . simulated
Planomicrobium  Planomicrobium flavidum S5-TSA-19 HMX 480 70 [87]
wastewater
3 simulated
Morganella M. morganii B2 HMX 1080 60 [76]
wastewater
) ) ) simulated
Bacillas Bacillus aryabhattai H1 HMX 24 91 [88]
wastewater
) simulated
Rhodococcus Rhodobacter sphaeroides H HMX 96 89 [89]
wastewater
simulated
fungus Klebsiella Klebsiella pneumoniae Strain SCZ-1 RDX 60 100 [90]
wastewater
bacterial . simulated
) mixed culture RDX 3744 >98 [81]
mixture wastewater
CHINESE JOURNAL OF ENERGETIC MATERIALS AR A 2023 4% H 31 A H 78 (714-728)
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&5, 34 J2 30 o 0 B O 35 TR bk L ABL AT LU B S8 B s Je 3
Hurb T BB S RBCE IR L AT X R R R B
A WA AE 5 ST PR TS Y 3 M I T Y 37 M 1 B AL A R A%
8 A W EOR) E F E  HAt A S e 4 R 43 5
H bR 75 52 90 09 55 ALK o TR G, R SR 92 14 71 05 2
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23 WEMEESREMBITEGHPNERAFZHAR

Tl 2 0 o e e AR A et R e RT3 IRl TR Y
AR, 7 A 0 38 S S AR . 3 5 T Al
TR B BRI LAAS 2 35 I 1 8 o 5 N 41 2%
R AE W A 385 2 R JE — 25 43 7 B8 ik 5 RE A4 RE 9 B A=
Yo Khan %200 B i RDX A W) AT T %2 3 R 41
25T, IF o O I B X BT XplA Fil XplB & X
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Y24 FNEE R AL 220 A T 3 F K b RDX Y 1 9% B fi
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AR T 52 50 5 AR S 30 R s AR R 95 ik o A I S
Pris 2, JRAE B 54 Wl EEM R EH . Livermore
SRR AL T — AN 3 T B 1 ST A ) AR IS BB L F
FEAE A W0 TR0 908 T B9 RDX BB AL B30, , I 20 B S2 B
15 Y 3y b A WD E VR DNA, B4 AR RDX B9 1

R 6 YRR Y R A8 S BRI B 2 RE A LTS e g M ) 1o ]

Table 6 Application of microorganism in remediation of cyclic ammonium nitrate energetic compounds contaminated sites

with biological stimulants

energetic test phase exogenous biological irritant d‘egradation degr?dation reference
compound time / h efficiency / %

RDX in situ repair corn syrup 192 82 [68]
RDX in situ repair waste glycerol 27000 100 [52]
RDX simulated contaminated soil sucrose 720 78

RDX simulated contaminated soil wheat straw 720 66 ot
RDX simulated wastewater talcum powder and alginic acid 720 70 [92]
HMX simulated contaminated soil cocopeat 840 88 [93]
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Scheme 1 Microbial metabolic pathway of TNT"*
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Scheme 2 Microbial metabolic pathway of RDX!

Chinese _Journal of Energetic Materials, Vol.31, No.7, 2023 (714-728) N R

1,3,5-trinitroso-1,3,5-
triazinane
(TNX)

www.energetic-materials.org.cn



AE W 1B & BE BB 5 B 3 b Y BF 5 B O

723

b
3.2.2 AR HMX B E =9 R K iEHE E

] b SRR A B Ak A 0, HMX G AR 38 38 42 Fi RDX
HH 25 AR K. Nagar 587/ 7E T ¥k S5-TSA-19 X HMX i)
Ko fire 3k 2 R e S ARSI 2] T I A R R S R FE 3
B S AR PR B, IF AR HMX B B i iR 42 o 1 S T
A R ER B 1, BE 5 2 A0 BT HY R A S AR
Y1, 2L 5 NLO FIHCHO % L FE W) Il , i il
o B i Ak s BE A AE B % 46 N, CO, #il CH, 58 /N4y
T, HMX 13X — o8 fiff 32 A28 AL 2 B — 1 0 il 2 6 TH
Bi i 12 . Nagar™ ' 78 K 4R 41 B WS2-R2A-65 X} HMX
14 B8 ik aod 2 b G 0 38 7 I H R A L R R R AR
I AR, 3R WA ™ AR 0 R 8 R R HMX IA i
Sy 7 FR I v R AR, BB P RO SIS e () A R AT A A
Wb B B S R 2 A2 B NL,O \HCHO Al HCOOH % ¢

Y, fe 238 ik BRH Ak B R e AR A R G A R N A
CH, %W R . MAKKER , HMX % A 2 FRihsie,
— RV SR A R AR B TR IO Y A e IR S A
HMX 28 520 fiFf 255 340 Jit s A BT HH 5 A 4 55 v 6] 72 40
R Y i N,O \HCHO il CH,OH 25 JC 3 i X i 7=
Wy, i BN AL R N, . CO, FIl CH, %5 /N7y T W1 5
— il U] 2 S K HMOX G J5E 2 g Bk 0 0k B SR A A
Yy kAT A 4 B R B4R 3 B S X I A 5k ] 44
W) P R AT AN 3R R R, R B S AR i NLO .
HCHO 1 CH,OH % Jo & By AQi = 4 , i 23 2 2 il
Aol P e A VR I B4k Rk N, .CO, R CH, S5 o, AR
Scheme 3 fifR"*". HETC Z&XF HMX 1R R 2 k1T
T BB R SY A0 LA A e R R T A, AR AN
XoF A7 i 1) 30 DL 37 A5 Y W 52 i), 76 N [ 1) B2
R FR P FTARTR XA ) A A ff E— 20 9% .

0=N ON,
NN\ N —
( N~NO, ( -\ -N=0
O:N/N¥N) o—N/kN)
on, NO, NO, \
NN _no ON, octahydro-1,3-dinitroso-5,7-  octahydro-1,5-dinitroso-3,7- CH
( )N : (NjN NO dinitro-1,3,5,7-tetrazocine dinitro-1,3,5,-7-tetrazocine N,0 C04
N - ~N HCNO | ™|
OZN \_N\ O_N/N ) NZ
NO, NN ﬁ /'
NO +
’ ™™ N
HMX octahydro-1-nitroso-3,5,7- 0 ol \/NNO
% z

trinitro-1,3,5,7-tetrazocine

OH
bis-(hydroxymethyl)nitramine

3.31]

Scheme 3 Microbial metabolic pathway of HMX'

4 FERESRE

o REAERE B TS e AN ]kt G T RS G 5 M Y
&2 7 LB N R O IR . AL B I IE T,
(CEaER 7/ 3R B I Ny & AN 5 S 1 7 o

15 H 5T A, X BE A RS S 3 A AU 52
B fe 2 O MU RAFROR B A8 5 52 PR TS e 3 1))
JE— PRI BLBT Be 5 AR W 18 AN RE R R
15 Gt T Mo ) 0 R 0 3l s, DR o Bk 7 X il 2 55 7 e
TIERIR i B 24 5 E AR Y I i R AR BE 8 15 31 100%,
L figp 1 6] AN B0 100 he (HRJRALE 2 S PRi5 58
b 4 2850 3 R, B W I v Bl R S BE R R o2
SR 2 A E LT/ R IR TS e b vk A
AT IR B I iR S0OR B BRI RR , L P 2 S B e S M I O R
I8 B U ROR , BV R 23 Gl B W 11 P A SR A8 52 ik X

CHINESE JOURNAL OF ENERGETIC MATERIALS

methylenedinitramine

T BEBT R B R R B S A .
L, 2R SR 14 BIF 5 B s B R oS R RCR A8 A 1)
P15 e b b o SR B B2 0 e i S TR W48 SRR AR
7 2 SE PR 5 BEA BTG Ge s it . 5 LI ALY 5
REAHBHS QA LL , SEBRys Be g s Y 2 i N R B0 %, ¥
oy A2 2% S AT B T 4 T TS S W 2 R A RE A R R i
1 B rp L R A R T RE T TS G 3 M Y R L i
JELAE P A 0 R R £ 3 R AT e 3 e A 3R AR TS
e ) 25 0 22 5 W B A 0 1 G S i A8 S OR  ix
TE S R AE B M S (6 18 A2 10 22 5 P A

Fowk, e e 2 5 e RS Y i AR BAy —
SE R PE AR RAE IR . FE 8 P oRIAT L, B
AR 2R T R A BE R R IR A R B L % T R 3R
ROR B A 50 o A T 4% A 0 AR I T AR A
C A BS540, ST RE b 1 % e IR A IR BN 2

N XK 2023 % F 314 H 78 (714-728)



724

FEHEE Y, LS LS W L XU, T,

AR U S5 6 m 1 ) L LA 0 e AR A A R
s U, T ORP R XS IR A8 2 i B AT 46 850 W ik
(RS20, JT LA IR 28048 52 ik 2058 5 AR 31 o >R JH 1) A= 90 3R
TR A 18 75 e I b ) ORPAE, L TH A4 4 0 38 5910 11
ROR o NI, FEAB B 2Z i V0% SE 0 19 G 3 itk 47 PEAR
T i A i A9 ORP AR A IR A= 1y 03350 b 26 550 4
VAR AL 5% Wiy 26 7F 56 B e 20000 18 52 RE M L9
Y.

R, B AR W) EOAR B AN A R oK i N 1% 3 T
o3 M7 I ik 5 RE AT LA BUZE W PR B R R R L o R
AL R A B AR A AL ISR X DNA
RNA EE 5 R ™ 4 45 05 1 9 Wt 5, 3l 2o 2% 2 A
L AR R RO ) T B A 5 RE AR 11 O B R [N A 2
FAE, A R IA R, 0T i 55 BE A LAY 38R . HL AT,
T A B B A2 AL, RE AT LTS Qe it £ 2 A T AR
R BEJFE , 5L PR AT RE B K AR W 2 4x IRl HATGE oR UL T
T A 3 T DA 18 O S B S e 3 M B E T DAL T A A
AT T A S B T Gt 37 b 18 52 v i B N AE X AR )
% 4z ) LA 35 S8 0 PEAS I BE AL XL IE R T — B B
B R SE FAR o [ 3 5 2 57 58 B U W 18
02 RE AR B R 2 DR R DR B 2 i 5 RE A RHTS
Qe , Bt TR0 ARG 5 s 75 B A Dl ok B X 1k
A7 T A T A AR A A 0 A 5 5 B ¥ e b 3 1Y
B

SE

(1] S, ., sk, . KAELPORA BB R])]. T8
M, 2021(11): 46—47+62.

MA Hui, GUO Jia-hu, ZHANG Qin, et al. Research progress
of explosive wastewater treatment [J]. Chemical Enterprise
Management, 2021(11): 46—-47+62.

[2] KHAN M A, SHARMA A, YADAV S, et al. Enhancing remedi-
ation of RDX-contaminated soil by introducing microbial for-
mulation technology coupled with biostimulation [J]. Journal
of Environmental Chemical Engineering, 2021, 9(5): 106019.

(3] SREH, REI, =, 5. K2R w18 5108

et ). S REM B, 2019, 27(7): 569-586.
ZHANG Hui-jun, ZHU Yong-bing, ZHAO San-pingA, et al.
Review on environmental behavior and fate of explosives in
multiphase interfaces[J]. Chinese Journal of Energetic Materi-
als (Hanneng Cailiao), 2019, 27(7): 569-586.

[4] ALOTHMAN Z A, BAHKALI A H, ELGORBAN A M, et al.
Bioremediation of explosive TNT by Trichoderma Viride [J].
Molecules, 2020, 25(6): 1393.

[5] SHARMA K, SHARMA P, CELIN S M, et al. Degradation of
high energetic material hexahydro-1, 3, 5-trinitro-1, 3, 5-tri-
azine (RDX) by a microbial consortium using response sur-
face methodological approach [J]. SN Applied Sciences,
2021, 3(1): 1-8.

Chinese Journal of Energetic Materials, Vol.31, No.7, 2023 (714=728)

[13]

[17]

[19]

Sttt

NAGAR S, ANAND S, CHATTERJEE S, et al. A review of tox-
icity and biodegradation of octahydro-1, 3,5, 7-tetranitro-1, 3,
5, 7-tetrazocine (HMX) in the environment[]]. Environmental
Technology & Innovation, 2021, 23: 101750.

ZAPPI M E, HERNANDEZ R, ZAPPI K, et al. Optimization of
peroxone oxidation for removal of TNT from aqueous solu-
tions using a process-intensified hydrogen peroxide dosing
strategy [ J]. Chemical Engineering and Processing-Process In-
tensification, 2022, 180: 108808.

YANG X, LAl J, ZHANG Y, et al. Reshaping the microenvi-
TNT-and

RDX-contaminated soil by combined remediation with vetiver

ronment  and bacterial community  of
grass (Vetiveria ziznioides) and effective microorganism (EM)
flora [J]. Science of the Total Environment, 2022, 815:
152856.

SALARIA K, MEHTA N, KRISHNA C R, et al. Electrochemical
detection of TNT using CdS nanoparticles via cyclic voltamme-
try and amperometry [J]. Current Research in Green and Sus-
tainable Chemistry, 2021, 4: 100166.

DENG H, ZHANG B, XU Y, et al. A simple approach to pre-
pare isoxazoline-based porous polymer for the highly effective
adsorption of 2, 4, 6-trinitrotoluene (TNT) : Catalyst-free click
polymerization between an in situ generated nitrile oxide with
polybutadiene[)]. Chemical Engineering Journal, 2020, 393:
124674.

LORAH M M, VOGLER E, GEBHARDT F E, et al. Enhanced
bioremediation of RDX and Co-Contaminants perchlorate and
nitrate using an anaerobic dehalogenating consortium in a frac-
tured rock aquifer[J]. Chemosphere, 2022, 294: 133674.

LI J, YANG X, LAl J L, et al. Characteristics of RDX degrada-
tion and the mechanism of the RDX exposure response in a
Klebsiella sp. Strain [J].
2021, 176: 108174.
FAWCETT-HIRST W, TEMPLE T J, LADYMAN M K, et al. A
review of treatment methods for insensitive high explosive con-
taminated wastewater[ ). Heliyon, 2021, 7(7): e07438.
KALSI A, CELIN S M, BHANOT P, et al. Microbial remedia-

tion approaches for explosive contaminated soil: Critical as-

Biochemical Engineering Journal,

sessment of available technologies, Recent innovations and
Future prospects[)]. Environmental Technology & Innovation,
2020, 18: 100721.

AHMAD K, GHATAK H R, AHUJA S M. A review on photo-
catalytic remediation of environmental pollutants and H, pro-
duction through water splitting: A sustainable approach[]]. En-
vironmental Technology & Innovation, 2020, 19: 100893.
KALSI A, CELIN S M, BHANOT P, et al. A novel egg
shell-based bio formulation for remediation of RDX (hexahy-
dro-1, 3, 5-trinitro-1, 3, 5-triazine) contaminated soil[}]. Jour-
nal of Hazardous Materials, 2021, 401: 123346.

ZHANG H J, ZHU Y B, Wang S Y, et al. Spatial-vertical varia-
tions of energetic compounds and microbial community re-
sponse in soils from an ammunition demolition site in China
[J]. Science of The Total Environment, 2023, 875: 162553.
BOOPATHY R. Effect of food-grade surfactant on bioremedia-
tion of explosives-contaminated soil [J]. Journal of Hazardous
Materials, 2002, 92(1): 103-114.

BOOPATHY R, MANNING J F. Laboratory treatability study
on Hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine (RDX) contami-

www.energetic-materials.org.cn



AE W 1B & BE BB 5 B 3 b Y BF 5 B O

725

[20]

[23]

[27]

[29]

[32]

nated soil from the lowa Army Ammunition Plant, Burlington,
lowa [J]. Water Environment Research, 2000, 72 (2) :
238-242.

CLARK B, BOOPATHY R. Evaluation of bioremediation meth-
ods for the treatment of soil contaminated with explosives in
Louisiana Army Ammunition Plant, Minden, Louisiana [].
Journal of Hazardous Materials, 2007, 143(3): 643-648.
SERRANO-GONZALEZ M Y, Chandra R, Castillo-Zacarias C,
et al. Biotransformation and degradation of 2, 4, 6-trinitrotolu-
ene by microbial metabolism and their interaction[]]. Defence
Technology, 2018, 14(2): 151-164.

RODGERS J D, BUNCE N J. Treatment methods for the reme-
diation of nitroaromatic explosives[]]. Water Research, 2001,
35(9): 2101-2111.

PENNINGTON J C, JENKINS T F, Ampleman G, et al. Distri-
bution and fate of energetics on DoD test and training ranges:
final report[R]. USA Engineer Research and Development Cen-
ter, Technical Report ERDC TR-06-13, 2006.

MARTEL R, ROBERTSON T J, Doan M Q, etal. 2, 4, 6-Trini-
trotoluene in soil and groundwater under a waste lagoon at the
former Explosives Factory Maribyrnong (EFM), Victoria, Aus-
tralial}J]. Environmental Geology, 2008, 53(6): 1249-1259.
FAWCETT-HIRST W, TEMPLE T J, LADYMAN M K, et al. Ad-
sorption behaviour of 1, 3, 5-trinitroperhydro-1, 3, 5-triazine,
2,4-dinitroanisole and 3-nitro-1, 2, 4-triazol-5-one on commer-
cial activated carbons[]]. Chemosphere, 2020, 255: 126848.
RANGES M, AREAS T. Environmental assessment of 100 years
of military training at canadian forces base Petawawa [R].
Technical Report DRDC Valcartier TR 2008-118: 2009.
ZHONG C, HE P, YUAN R, et al. Hydrophobic porous poly-
mer containing isoxazoline and siloxane groups for 2,4, 6-trini-
trotoluene (TNT) adsorption via synergistic effect of Lewis
acid-base, dipole-w, and mw-m interactions [J]. Journal of
Non-Crystalline Solids, 2023, 602: 122079.

WY, RBEG, TG, A MRS 2 i B A 20 e
R AR S W D] o B RS B f 2z, 2022, 12(3)
31-39.

MENG Huan, ZHU Yong-bing, WANG Qing, et al. Investiga-
tion on soil explosive pollution and occurrence status of a cer-
tain ammunition destruction site in Jilin province[J]. Chinese
Journal of Inorganic Analytical Chemistry, 2022, 12 (3) :
31-39.

ZHANG H J, ZHU Y B, WANG S Y, et al. Contamination
characteristics of energetic compounds in soils of two different
types of military demolition range in Chinal[])]. Environmental
Pollution, 2022, 295: 118654.

LUO J P, LI'Y, CAO H Y, et al. Variations of microbiota in
three types of typical military contaminated sites: Diversities,
structures, influence factors, and co-occurrence patterns [J].
Journal of Hazardous Materials, 2023, 443: 130290.

KHAN M A, SHARMA A, YADAV S, et al. A sketch of micro-
biological remediation of explosives-contaminated soil fo-
cused on state of art and the impact of technological advance-
ment on hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine (RDX) deg-
radation[J]. Chemosphere, 2022, 294: 133641.
BROOMANDI P, GUNEY M, KIM J R, et al. Soil contamina-
tion in areas impacted by military activities: A critical review
[J]. Sustainability, 2020, 12(21): 9002.

CHINESE JOURNAL OF ENERGETIC MATERIALS

[33]

[34]

[40]

[42]

[44]

[46]

e

BORDELEAU G, MARTEL R, AMPLEMAN G, et al. Environ-
mental impacts of training activities at an air weapons range
[J]. Journal of environmental quality, 2008, 37(2): 308-317.
HEWITT A D, JENKINS T F, RANNEY T A, et al. Distribution
and fate of energetics on DoD test and training ranges: Interim
Report 4[R]. US Army Engineer Research and Development
Center, Cold Regions Research and Engineering Laboratory,
Hanover, New Hampshire, Technical Report ERDC TR-04-4,
2004.

CLARK B, BOOPHY R. Evaluation of bioremediation methods
for the treatment of soil contaminated with explosives in Louisi-
ana Army Ammunition Plant, Minden, Louisiana[])]. Journal
of Hazardous Materials, 2007, 143(3): 643-648.

JENKINS T F, HEWITT A D, RANNEY T A, et al. Sampling
strategies near a low-order detonation and a target at an artil-
lery impact area[R]. U.S. Army Corps of Engineers, Engineer
Research and Development Center: Hanover, NH, USA,
ERDC/CRREL TR-04-14, 2004.

JENKINS T F, PENNINGTON J C, RANNEY T A, et al. Charac-
terization of explosives contamination at military firing ranges
[R]. ERDC
TR-01-5, 2001.

WALSH M E, COLLINS C M, RACINE C H, et al. Sampling

for explosives residues at fort Greely, Alaska: Reconnaissance

Engineer Research and Development Center,

Visit July 2000[R]. Engineer Research and Development Cen-
ter, ERDC/CRREL TR-01-05, 2001.

DAUN G, LENKE H, REUSS M, et al. Biological treatment of
TNT-contaminated soil. 1. Anaerobic cometabolic reduction
and interaction of TNT and metabolites with soil components
[J]. Environmental science & technology, 1998, 32 (13) :
1956-1963.

FAWCETT-HIRST W, TEMPLE T J, LADYMAN M K, et al. Ad-
sorption behaviour of 1, 3, 5-trinitroperhydro-1, 3, 5-triazine,
2,4-dinitroanisole and 3-nitro-1,2,4-triazol-5-one on commer-
cial activated carbons[J]. Chemosphere, 2020, 255: 126848.
BHANOT P, CELIN S M, KALSI A, et al. Treatment of high ex-
plosive HMX (octahydro-1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetrazo-
cine) production effluent by advanced oxidation processes
[J1. International Journal of Environmental Science and Tech-
nology, 2022, 19(3): 1775-1784.

JIANG N, ZHAO Q, XUE Y, et al. Removal of dinitrotoluene
sulfonate from explosive wastewater by electrochemical meth-
od using Ti/IrO, as electrode [J]. Journal of Cleaner Produc-
tion, 2018, 188: 732-740.

DEHKORDI N R, KNAPP M, COMPTON P, et al. Degrada-
tion of dissolved RDX, NQ, and DNAN by cathodic processes
in an electrochemical flow-through reactor[}]. Journal of Envi-
ronmental Chemical Engineering, 2022, 10(3): 107865.
ZHANG J, GU J, HAN Y, et al. Supercritical water oxidation
vs supercritical water gasification: which process is better for
explosive wastewater treatment? [J]. Industrial & Engineering
Chemistry Research, 2015, 54(4): 1251-1260.

YANG X, ZHANG Y, LAl J, et al. Analysis of the biodegrada-
tion and phytotoxicity mechanism of TNT, RDX, HMX in alfal-
fa (Medicago sativa)[J]. Chemosphere, 2021, 281: 130842.
YANG X, LAl J, ZHANG Y, et al. Toxicity analysis of TNT to
alfalfa’s mineral nutrition and secondary metabolism[]}]. Plant
Cell Reports, 2022, 41(5): 1273-1284.

2023 % F 314 H 78 (714-728)



726 FHET.RY, ERE RS RN XN, T,
[47] ZHANG L, RYLOTT E L, BRUCE N C, et al. Genetic modifica- and Rhizobium radiobacter M109 and exploration of the asso-
tion of western wheatgrass (Pascopyrum smithii) for the phy- ciated enzymes [J]. World Journal of Microbiology and Bio-
toremediation of RDX and TNT[J]. Planta, 2019, 249 (4) : technology, 2020, 36(12): 1-14.
1007-1015. [62] LAMBAJ, ANAND S, DUTTA J, et al. Study on aerobic degra-
[48] CHANDRA J, XALXO R, PANDEY N, et al. Biodegradation of dation of 2, 4, 6-trinitrotoluene (TNT) using Pseudarthrobac-
explosives by transgenic plants[M]. Handbook of Bioremedia- ter chlorophenolicus collected from the contaminated site[J].
tion. Academic Press, 2021: 657-675. Environmental Monitoring and Assessment, 2021, 193(2) :
[49] #E . SRS TS G LI Y -BUE B ZHRDIR[D]. 4 1-11.
PR . VE R R K2, 2022, [63] YANG X, LAIJ, LI J, et al. Biodegradation and physiological
YANG Xu. Research on Phyto-Microbial Remediation Technol- response mechanism of a bacterial strain to 2, 4, 6-trinitrotolu-
ogy of Soil Contaminated by Energetic Compounds[D]. Mian- ene contamination[]]. Chemosphere, 2020, 270: 129280
yang: Southwest University of Science and Technology, 2022. [64] RYLOTT E L, BRUCE N C. Right on target: Using plants and
[50] CHAJDHARY D K, KIM J. New insights into bioremediation microbes to remediate explosives[]]. International Journal of
strategies for oil-contaminated soil in cold environments[}]. In- Phytoremediation, 2019, 21(11): 1051-1064.
ternational Biodeterioration & Biodegradation, 2019, 142: [65] ALOTHMAN Z A, BAHKALI A H, ELGORBAN A M, et al.
58-72. Bioremediation of explosive TNT by trichoderma viride [J].
[51] NAGAR S, SHAW A K, ANAND S, et al. Biodegradation of Molecules, 2020, 25(6): 1393.
octogen and hexogen by Pelomonas aquatica strain [66] THARAKAN ] P, GORDON J A. Cametabolic biotransforma-
WS2-R2A-65 under aerobic condition[}]. Environmental Tech- tion of trinitrotoluene (TNT) supported by aromatic and
nology, 2022, 43(7): 1003-1012. non-aromatic cosubstrates [J]. Chemosphere, 1999, 38 (6) :
[52] JUGNIAL B, MANNO D, DODARD S, et al. Manipulating re- 1323-1330.
dox conditions to enhance in situ bioremediation of RDX in [67] KALSI A, CELIN S M, BHANOT P, et al. Microbial remedia-
groundwater at a contaminated site[)]. Science of the Total En- tion approaches for explosive contaminated soil: Critical as-
vironment, 2019, 676: 368-377. sessment of available technologies, recent innovations and fu-
[53] TAfif, skfirsc, W], 45 . 4545 2 0T 19040 B TNT £L /K A9 BF 52 ture prospects [J]. Environmental Technology & Innovation,
[)]. S fER R, 2016, 24(7): 703-708. 2020, 18: 100721.
WANG Qian, ZHANG Yan-wen, LI Ming, et al. Pretreatment [68] MICHALSEN M M, WEISS R, KING A, et al. Push-pull tests
of TNT red water complex extraction[J] Chinese Journal of En- for estimating RDX and TNT degradation rates in groundwater
ergetic Materials (Hanneng Cailiao), 2016,24(7) : 703-708. [J]. Groundwater Monitoring & Remediation, 2013, 33(3) :
[54] BHANOT P, CELINS S M, SREEKRISHNAN T R, et al. Appli- 61-68.
cation of integrated treatment strategies for explosive industry [69] INNEMANOVA P, VELEBOVA R, FILIPOVA A, et al. Anaero-
wastewater-A critical review[]]. Journal of Water Process Engi- bic in situ biodegradation of TNT using whey as an electron
neering, 2020, 35: 101232. donor: A case study[)]. New Biotechnology, 2015, 32(6) :
[55] RADTKE C W, LEHMAN R M, ROBERTO F F. Increased bio- 701-709.
transformation efficiency of chunk-TNT-contaminated soil us- [70] AMIN M M, KHANAHMAD H, TEIMOURI F, et al. Improve-
ing acetone pretreatments[]]. Bioremediation Journal, 2000, 4 ment of biodegradability of explosives using
(1): 57-67. anaerobic-intrinsic bioaugmentation approach [J]. Bulgarian
[56] XU W, ZHAO Q, YE Z, et al. Microbial reduction of dinitro- Chemical Communications, 2017, 49: 735-741.
toluene sulfonates in TNT red water - contaminated soil []]. [71] KALSI' A, CELIN S M, SAHAI S. Agro waste as immobilization
Journal of Soils and Sediments, 2021, 21(2): 914-924. carrier for in situ remediation of 2,4, 6-trinitrotoluene contami-
[57] ANAND S, CELIN S M, BHALLA R, et al. Bioremediation po- nated soil[J]. Environmental Technology & Innovation, 2022,
tential of Pseudomonas sp. isolated from a 2, 4, 6-trinitrotolu- 27: 102455.
ene contaminated site[J]. Int J Environ Waste Manag, 2016, [72] GUPTA S, GOEL S S, SIEBNER H, et al. Transformation of 2,
18(2): 145-160. 4, 6-trinitrotoluene by Stenotrophomonas strain SG1 under aer-
[58] XU W, ZHAO Q, LI Z, et al. Biodegradation of dinitrotoluene obic and anaerobic conditions[J]. Chemosphere, 2023, 311:

[61]

sulfonates and other nitro-aromatic compounds by Pseudomo-
nas sp. X5 isolated from TNT red water contaminated soil [J].
Journal of Cleaner Production, 2019, 214. 782-790.
ALI-BEGLOUI M, SALEHGHAMARI E, SADRAI S, et al. Bio-
transformation of trinitrotoluene (TNT) by newly isolated
slight halophilic bacteria [J]. Microbiology, 2020, 89 (5) :
616-625.

CABRERA M A, MARQUEZ S L, QUEZADA C P, et al. Bio-
transformation of 2, 4, 6-Trinitrotoluene by Pseudomonas sp.
TNT, isolated from deception Island, Antarctica[)]. Environ-
mental Pollution, 2020, 262: 113922.

AVELLANEDA H, ARBELI Z, TERAN W, et al. Transformation
of TNT, 2,4-DNT, and PETN by Raoultella planticola M30b

Chinese Journal of Energetic Materials, Vol.31, No.7, 2023 (714=728)

Sttt

137085.

S, BE, FEEER . AF PR IH TNT B 064k 15 R FH A 78 ke [ ].
FrHEM R, 2022, 30(10): 1030-1046.

ZHANG Jie, KANG Chao, GONG Jian-liang, et al. Research
progress of disused TNT multifarious reutilization [J]. Chinese
Journal of Energetic Materials (Hanneng Cailiao) , 2022, 30
(10): 1030-1046.

Rl B, i, O A A SR AL A W K Ak B BIF 5 HE
[)]. & Hett R, 2022, 30(10):1055-1068.

TANG Ting-ting, ZHAO Ping, JIN Bo. Research process of aro-
matic nitro compounds wastewater treatment[)]. Chinese Jour-
nal of Energetic Materials (Hanneng Cailiao) , 2022, 30(10):
1055-1068.

www.energetic-materials.org.cn



AE W 1B & BE BB 5 B 3 b Y BF 5 B O

727

[75]

[76]

[81]

[84]

[87]

CHATTERJEE S, DEB U, DATTA S, et al. Common explosives
(TNT, RDX, HMX) and their fate in the environment: Empha-
sizing bioremediation[}]. Chemosphere, 2017, 184: 438-451.
KITTS C L, CUNNINGHAM D P, Unkefer P J.
three hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine-degrading spe-

Isolation of

cies of the family Enterobacteriaceae from nitramine
explosive-contaminated soil [J]. Applied and Environmental
Microbiology, 1994, 60(12): 4608-4611.

JUGNIA L B, BEAUMIER D, HOLDNER J, et al. Enhancing
the potential for in situ bioremediation of RDX contaminated
soil from a former military demolition range[)]. Soil and Sedi-
ment Contamination: An International Journal, 2017, 26 (7-
8):722-735.

BINKS P R, NICKLIN S, BRUCE N C. Degradation of hexahy-
dro-1, 3, 5-trinitro-1, 3, 5-triazine (RDX) by Stenotrophomon-
as maltophilia PB1[J]. Applied and Environmental Microbiolo-
gy, 1995, 61(4): 1318-1322.

FOURNIER D, HALASZ A, SPAIN J, et al. Determination of
key metabolites during biodegradation of hexahydro-1, 3,
5-trinitro-1, 3, 5-triazine with Rhodococcus sp. strain DN22.
[J]. Applied and Environmental Microbiology, 2002, 68(1) :
166=172.

ZHAO J S, SPAIN J, HAWARI J. Phylogenetic and metabolic
5-trinitro-1, 3,
(RDX)-transforming bacteria in strictly anaerobic mixed cul-

diversity of hexahydro-1, 3, 5-triazine
tures enriched on RDX as nitrogen source[]]. FEMS Microbiol-
ogy Ecology, 2003, 46(2): 189-196.

THOMPSON K T, CROCKER F H, FREDRICKSON H L. Miner-
alization of the cyclic nitramine explosive hexahydro-1, 3,
5-trinitro-1, 3, 5-triazine by Gordonia and Williamsia spp [J].
Applied and Environmental Microbiology, 2005, 71 (12) :
8265-8272.

KALSI A, CELIN S M, SHARMA ] G. Aerobic biodegradation
of high explosive hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine by
Janibacter cremeus isolated from contaminated soil [J]. Bio-
technology Letters, 2020, 42(11): 2299-2307.

MEDA A, SANGWAN P, BALA K. Optimization and Degrada-
tion Studies on hexahydro-1, 3, 5-Trinitro-1, 3, 5-triazine
(RDX) with Selected Indigenous Microbes under aerobic con-
ditions[J]. Water, 2021, 13(9): 1257.

FULLER M E, MCCLAY K, HAWARI J, et al. Transformation of
RDX and other energetic compounds by xenobiotic reductases
XenA and XenB[]]. Applied Microbiology and Biotechnology,
2009, 84(3): 535-544.

ZHAO ) S, MANNO D, HAWARI J. Regulation of hexahy-
dro-1, 3, 5-trinitro-1, 3, 5-triazine (RDX) metabolism in She-
wanella halifaxensis HAW-EB4 by terminal electron acceptor
and involvement of c-type cytochrome []].
2008, 154(4): 1026-1037.

St i, WhEE, REE, S5 ARWBORTE S A T A R o Y R
WEIEHE I ) ] K222 E, 2021,44(3): 259-270.

WU Shi-xi, YAO Nan, GUI Heng, et al. Research progress
and prospects of biotechnology in composite solid propellants

Microbiology,

[J]. Chinese Journal of Explosives & Propellants, 2021, 44
(3):259-270.

NAGAR S, SHAW A K, ANAND S, et al. Aerobic biodegrada-
tion of HMX by Planomicrobium flavidum [J]. 3 Biotech,

2018, 8(11): 1-7.

CHINESE JOURNAL OF ENERGETIC MATERIALS

[88]

[89]

[90]

[94]

[96]

[97]

[99]

YANG X, LAlJ, LI J, et al. Biodegradation and physiological

response mechanism of  Bacillus  aryabhattai to
cyclotetramethylenete-tranitramine (HMX) contamination [J].
Journal of Environmental Management, 2021, 288: 112247.
BRI, LI, HEME YN, 55 . LA 4i B BROE 20 40 1 B i HMX
[)]. & Hed kL, 2018, 26(4): 352-358.

ZHAO Ting-ting, BAI Hong-juan, KANG Peng-Zhou, et al.
Degradation of HMX by photosynthetic bacteria rhodobacter
sphaeroides [J]. Chinese Journal of Energetic Materials (Han-
neng Cailiao), 2018, 26(4): 352-358.

ZHAO J S, HALASZ A, PAQUET L, et al. Biodegradation of
hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine and its mononitroso
derivative hexahydro-1-nitroso-3, 5-dinitro-1, 3, 5-triazine by
Klebsiella pneumoniae strain SCZ-1 isolated from an anaero-
bic sludge [J]. Applied and Environmental Microbiology,
2002, 68(11): 5336-5341.

KHAN M A, YADAV S, SHRMA R, et al. Augmentation of
stimulated Pelomonas aquatica dispersible granules enhances
remediation of hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine
(RDX) contaminated soil[J]. Environmental Technology & In-
novation, 2020, 17: 100594.

YADAV S, SHARMA A, KHAN M A, et al. Enhancing hexahy-
dro-1, 3, 5-trinitro-1, 3, 5-triazine (RDX) remediation through
water-dispersible Microbacterium esteraromaticum granules
[J]. Journal of Environmental Management, 2020, 264:
110446.

KALSI A, CELIN S M, SHARMA S, et al. Bioaugmentation for
remediation of octahydro-1, 3,5, 7-tetranitro-1, 3,5, 7-tetrazo-
cine (HMX) contaminated soil using a clay based bioformula-
tion[J]. Journal of Hazardous Materials, 2021, 420: 126575.
FULLER M E, VAN G P G K, JARRETT M, et al. Application of
a multiple lines of evidence approach to document natural at-
tenuation of hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine (RDX)
in groundwater[J]. Chemosphere, 2020, 250: 126210.
LIVERMORE J A, JIN'Y O, ARNSETH R W, et al. Microbial
community dynamics during acetate biostimulation of
RDX-contaminated groundwater[J]. Environmental Science &
Technology, 2013, 47(14): 7672-7678.

JACKSON R G, RYLOTT E L, FOURNIER D, et al. Exploring
the biochemical properties and remediation applications of the
unusual explosive-degrading P450 system XplA/B[]]. Proceed-
ings of the National Academy of Sciences, 2007, 104 (43) :
16822-16827.

SETH-SMITH H M B, ROSSER S J, BASRAN A, et al. Cloning,
sequencing, and characterization of the hexahydro-1, 3,
5-trinitro-1, 3, 5-triazine degradation gene cluster from Rhodo-
coccus rhodochrous[)]. Applied and Environmental Microbiol-
ogy, 2002, 68(10): 4764-4771.

LAMBA J, ANAND S, DUTTA J, et al. 2, 4, 6-Trinitrotoluene
(TNT) degradation by Indiicoccus explosivorum (S5-TSA-19)
[J]. Archives of Microbiology, 2022, 204(7): 1-12.

CLAUS H. Microbial degradation of 2,4, 6-trinitrotoluene in vi-
tro and in natural environments [M]. Biological Remediation

of Explosive Residues. Springer, Cham, 2014: 15-38.

[100] BHUSHAN B,HALASZ A, SPAIN J, et al. Biotransformation of

e

hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine catalyzed by a NAD
(P) H: Nitrate oxidoreductase from Aspergillus niger[}]. Envi-
ronmental Science & Technology, 2002,36(14):3104-3108.

2023 % F 314 H 78 (714-728)



728 FEHEE Y, LS LS W L XU, T,

[101]MICHALSEN M M, KING A S, ISTOK ] D, et al [102]BHATT M, ZHAO ] S, HALASZ A, et al. Biodegradation of
Spatially-distinct redox conditions and degradation rates fol- hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine by novel fungi isolat-
lowing field-scale bioaugmentation for RDX-contaminated ed from unexploded ordnance contaminated marine sediment
groundwater remediation [J]. Journal of Hazardous Materials, [J]. Journal of Industrial Microbiology and Biotechnology,
2020, 387: 121529. 2006, 33(10): 850.

Research Process of Microbial Remediation of Energetic Compound Contaminated Sites

LI Xin-feng', YUAN Chang', WANG Jing-yu', AN Chong-wei', HOU Bin', LI Ying', LIU Peng-xiao', LU Jing',

WANG Chao’

(1. School of Environment and Safety Engineering , North University of China , Taiyuan 030051, China; 2. School of Materials Science and Engineering , North
University of China, Taiyuan 030051, China)

Abstract: Microbial remediation technology refers to the remediation technology that uses artificially domesticated microorgan-
isms with specific functions to degrade harmful pollutants in the contaminated site into harmless substances through their own
metabolism in the appropriate environment. In the process of microbial remediation of energetic compounds contaminated sites,
improving microbial degradation efficiency and exploring metabolic pathways and intermediate metabolites are key issues. This
paper briefly described the pollution status of energetic compounds, introduces common methods for remediation of energetic
compounds contaminated sites. The advantages of microbial remediation of energetic compound contaminated sites were fo-
cused on, and the common strains, external nutrition sources and practical applications of microbial remediation of energetic
compound contaminated sites were summarized. Besides, the intermediate metabolites produced by various energetic com-
pounds in the process of microbial degradation were sorted out, and the metabolic pathways in the degradation process of vari-
ous energetic compounds were also summarized. The development trend of microorganism application in remediation of energet-
ic compound contaminated sites was prospected. The prerequisite for improving the efficiency of existing microorganisms in de-
grading energetic compounds is the research of microbial agents with better biological stimulation effect. The analysis of metage-
nomics, macronenenebb transcriptome, macronenenebc proteomics and metabolomics of microbial strains that degrade energet-
ic compounds should be emphasized as a way to strengthen the research on DNA, RNA, proteins and metabolites, and also to
improve the degradation effect through transgene to better stimulate the potential of microbial remediation of energetic com-
pound contaminated sites.
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