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The biodegradation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) in liquid cultures with municipal an-
aerobic sludge showed that at least two degradation routes were involved in the disappearance of the cyclic
nitramine. In one route, RDX was reduced to give the familiar nitroso derivatives hexahydro-1-nitroso-3,5-
dinitro-1,3,5-triazine (MNX) and hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX). In the second route,
two novel metabolites, methylenedinitramine [(O,NNH),CH,] and bis(hydroxymethyl)nitramine [(HOCH,),
NNO,], formed and were presumed to be ring cleavage products produced by enzymatic hydrolysis of the inner
C—N bonds of RDX. None of the above metabolites accumulated in the system, and they disappeared to
produce nitrous oxide (N,0) as a nitrogen-containing end product and formaldehyde (HCHO), methanol
(MeOH), and formic acid (HCOOH) that in turn disappeared to produce CH, and CO, as carbon-containing

end products.

RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) (Royal Dem-
olition Explosive) is a powerful, highly energetic chemical
whose wide use in various military and civilian applications has
resulted in severe soil and groundwater contamination (11, 28).
It has been estimated that, during RDX manufacturing, up to
12 mg/liter may be discharged into the environment in process
wastewaters (15). In general, cyclic nitramine explosives have
been proven to be toxic (31, 35). The toxicity of cyclic nitra-
mines necessitates that contaminated soil and groundwater be
remediated, preferably biologically.

There is little existing information regarding biodegradation
of cyclic nitramines such as RDX, particularly in regard to ring
cleavage products and the enzymes and metabolic pathways
that lead to their formation (4, 8, 17, 39, 40). RDX and HMX
(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazine) are reportedly
degraded by anaerobic sludge (25); under nitrate-reducing,
sulfidogenic, and/or methanogenic conditions (5, 9, 17); by
specific isolates (17, 37, 39, 40); or by consortia (10). Despite
these efforts, no further definition of the degradation pathway
of RDX was obtained since the early work of McCormick et al.
(25). A pathway based on the sequential reduction of RDX to
hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahy-
dro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX), and hexahy-
dro-1,3,5-trinitroso-1,3,5-triazine (TNX) was suggested. The
nitroso compounds were proposed to undergo further trans-
formation to unstable hydroxylamino-RDX derivatives, HOHN-
RDX, which subsequently undergo ring cleavage to eventually
yield HCHO, CH,OH, NH,NH,, and (H;C),NNH,. The path-
way proposed by McCormick et al. (25) is speculative, since the
authors did not identify any of the intermediate ring cleavage
products. One objective from the present study is thus to apply

* Corresponding author. Mailing address: Biotechnology Research
Institute, National Research Council of Canada, 6100 Royalmount
Ave., Montreal, Quebec, Canada H4P 2R2. Phone: (514) 496-6267.
Fax: (514) 496-6265. E-mail: jalal.hawari@nrc.ca.

+ NRCC publication number 43310.

2652

a combination of analytical techniques (liquid chromatogra-
phy-mass spectrometry [LC-MS], SPME-gas chromatography
[GC]-MS, capillary electrophoresis [CE]-UV, and other GC
techniques) using '°N- and '*C-labeled RDX to confirm the
identity of certain intermediates during biodegradation of
RDX with a municipal anaerobic sludge.

Commercial-grade RDX (with a purity of >99%) was pro-
vided by the Defence Research Establishment Valcartier, Val
Bélair, Quebec, Canada. Uniformly *C-labeled RDX, [U-'*C]
RDX, was synthesized and recrystallized to a chemical and
radiochemical purity reaching 99 and 97%, respectively, by
Ampleman et al. (1). The specific activity of the radioactive
compound was 28.7 mCi/mmol. Ring-labeled ["*’N]RDX (pu-
rity, >98%) was also synthesized as described by Ampleman et
al. (2). MNX and TNX were synthesized according to the
method described by Brockman et al. (6). All other chemicals
were of reagent grade. The municipal sludge, which in the past
proved to be an excellent source of microorganisms, particu-
larly methanogens (32), was obtained from a food factory
(Cornwall, Ontario, Canada) and was used as the exogenous
source of microorganisms. The sludge was always obtained
fresh and stored at 4°C when not in use. The viability of the
sludge was measured using the glucose activity test. On aver-
age, the biomass concentration of the sludge was 8 g of volatile
suspended solid per liter with a O-mV reduction potential (E,,)
before incubation that dropped down to a range of —250 to
—300 mV during the biodegradation of RDX. A BBL dry
anaerobic indicator (VWR; Canlab) was used to detect air
leaks and to ensure anaerobic conditions.

Microcosms for the degradation of RDX were prepared as
described earlier (13). Briefly, serum bottles (100 ml) were
each charged with fresh municipal anaerobic sludge (5 ml), a
phosphate-buffered (pH 7) mineral salt medium (10 ml), glu-
cose (2.1 g/liter) to serve as a C source, and RDX (200 mg/
liter) to serve as an N source. RDX was added in excess of its
water solubility (ca. 60 mg/liter) (35, 38) to generate sufficient
amounts of metabolites. The final working volume for the
liquid medium in the microcosm was 50 ml. Some serum bot-
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tles (microcosms) were supplemented with [U-'*CJRDX
(100,000 dpm) and then fitted with a small test tube containing
1.0 ml of 0.5 M KOH to trap liberated carbon dioxide (**CO,)
for subsequent measurement using a Packard Tri-Carb 4530
liquid scintillation counter (Model 2100 TR; Packard Instru-
ment Company, Meriden, Conn.). The headspace in each mi-
crocosm was flushed with nitrogen gas to maintain anaerobic
conditions and then sealed with butyl rubber septa and alumi-
num crimp seals to prevent the loss of CO, and other volatile
metabolites. For the analysis of N, and N,O, the headspace
was flushed with nitrogen-free argon gas prior to the onset of
biodegradation. Two control microcosms were prepared: one
contained the sludge without RDX, and the second contained
RDX and an autoclaved sludge. Each microcosm was wrapped
with aluminum foil to protect the mixture against photolysis.

The nitroso products MNX and DNX and the ring cleavage
products were analyzed using a Micromass Platform bench top
single-quadropole mass detector fronted by a Hewlett-Packard
1100 Series high-performance LC (HPLC) system. Analyte
ionization was done in a negative electrospray (ES) ionization
mode producing mainly the deprotonated mass ions, [M —
H]™ (13). Formaldehyde (HCHO) was analyzed as its oxime
derivative using SPME fiber coated with poly(dimethylsilox-
ane)-divinylbenzene (Supelco) and O-(2,3,4,5,6-pentafluoro-
benzyl)hydroxylamine as a derivatizing agent as described by
Martos and Pawliszyn (22). The SPME fiber, coated with the
derivatizing agent, was placed inside the headspace of a fixed
volume (1 ml) of the RDX-spiked culture medium at 55°C with
stirring for 20 min. The SPME assembly was then allowed to
undergo desorption (250°C) inside the injector port of a GC
(HP 6890)-MSD (HP 5973) system. Formic acid (HCOOH)
was analyzed by CE and UV detection using a Hewlett-Pack-
ard HP*P CE system consisting of a photodiode array detector
and an HP fused-silica bubble capillary (inside diameter, 50
wm; length, 56 cm) as described by Chen et al. (7). [**C]RDX
was added to the microcosms to help identify RDX metabo-
lites (CH,, MeOH, and HCOOH), since most of them are
expected to be generated from the sludge.

The presence of nitrous oxide was confirmed using GC-MS
analysis and by monitoring the mass ion at m/z 45 Da
(**N'NO). An SRI 8610 GC (INSUS Systems Inc.) connected
to a Supelco Porapack Q column (2 m) was coupled with either
an electron capture detector (330°C) for the detection of N,O
?4r a GC-RAM radioactivity detector for the detection of

CH,.

The attempted analysis of hydrazine and dimethyl hy-
drazines was carried out using a Dionex Model DX-500 ion
chromatograph system consisting of a GP40 gradient pump
and an ED40 electrochemical detector as described by Larson
and Strong (21). A more sensitive analytical technique (SPME-
GC-MS, with a picogram detection limit) was also employed to
confirm the absence of hydrazines as RDX metabolites. Am-
monium cation was analyzed for the aqueous phase of the
culture medium using an SP 8100 HPLC system equipped with
a Waters 431 conductivity detector and a Hamilton PRP-X200
(250 mm by 4.1 mm by 10 wm) analytical cation-exchange
column using 30% methanol in 4 mM nitric acid at a flow rate
of 0.75 ml/min. The NO, "~ was analyzed using CE as described
by Okemgbo et al. (29).

For the time course study, new microcosms were prepared as
described above, but each was sacrificed in the course of anal-
ysis to monitor the concentration of RDX and its metabolites.
The disappearance of RDX was monitored by extracting the
remaining fraction of RDX with acetonitrile (50 ml) and then
measuring RDX concentrations with a Waters HPLC system
(Waters Chromatography Division) composed of a model 600
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FIG. 1. Mass spectrum of methylenedinitramine, (O,NNH),CH,, obtained
during degradation of RDX. (A) Unlabeled RDX; (B) ring-labeled ['°N]RDX.

pump, an autoinjector (Model 710 Plus), and a Model 996
photodiode array detector (254 nm).

LC-MS (negative ES) analysis of liquid cultures obtained
during biodegradation of RDX in the anaerobic sludge at pH
7 shows the presence of the nitroso products (MNX and
DNX). Both were identified by their mass data using their
deprotonated molecular mass ions and retention times ([M —
H], daltons; retention time, minutes) as follows: (205, 16.3) and
(189, 15.3), respectively. No TNX was detected. Two other
LC-MS (negative-ES) peaks were detected and considered
RDX ring cleavage products. For instance, one peak showed a
deprotonated molecular mass ion [M — H] at 135 Da (m/z 136
Da), matching a molecular mass formula of CH,N,O, (Fig.
1A). Using [U-'*N]RDX, the [M — H] of peak 1 was observed
at 137 Da (m/z 138 Da), indicating that two of the nitrogen
atoms in the product were from the ring (Fig. 1B). Other
relevant mass ions included those at m/z 153, 61, and 46 Da
(traces) representing the solvent adduct ((M — H] + H,O), the
fragment -NHNO, and group -NO,, respectively. When the
ring-labeled [**NJRDX was used, the mass ions occurring at
m/z 153 and 61 Da appeared at 155 (two N atoms from the
ring) and 62 (one N atom from the ring) Da, respectively. The
metabolite was tentatively identified as methylenedinitramine
[(O,NNH),CHS,]. On the other hand, the mass spectrum of the
second LC-MS peak showed a [M — H] at 121 Da (m/z 122
Da), matching a molecular mass formula of C,H,N,O, (Fig.
2A). Other relevant mass ions from the above LC-MS peak
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FIG. 2. Mass spectrum of bis(hydroxymethyl)nitramine, (HOCH,),NNO,,
obtained during degradation of RDX. (A) Unlabeled RDX; (B) ring-labeled
['>N]RDX. Mass ions 79 and 97 were from the mobile phase.

included one at m/z 139 Da representing the adduct ([M — H]
+ H,0). Another characteristic mass ion was detected at m/z
46 Da, representing the fragment mass ion -NO,. Once again,
using the ring-labeled ['°N]RDX, the deprotonated molecular
mass ion [M — H] and its adduct with water were detected with
1 mass unit higher than those observed without labeling (122
and 140 Da instead of 121 and 139 Da, respectively), indicating
that one N atom in the metabolite was originating from the
ring (Fig. 2B). The metabolite was tentatively identified as
bis(hydroxymethyl)nitramine [(HOCH,),NNO,]. Both metab-
olites accounted for the six N atoms in RDX including the
three -NO, groups (two -NO, groups in the first product and
one in the second), supporting the views that the two metab-
olites originated from the cleavage of RDX. We did not study
the fraction of RDX that was reduced to MNX and DNX and
the fraction that led to ring cleavage in the present report.
When a control containing RDX and buffer (pH 7) was
studied in the absence of sludge, negligible reductions in the
concentration of RDX were observed. In addition, MNX,
DNX, and the two ring cleavage products were not detected.
The alkaline (pH > 8) hydrolysis of RDX has been reported to
produce pentahydro-3,5-dinitro-1,3,5-triazacyclohex-1-ene (12,
14). Interestingly, this last intermediate was not formed during
RDX treatment with the sludge, confirming the biotic nature
of methylenedinitramine and bis(hydroxymethyl)nitramine
formation. Furthermore, the treatment of RDX with auto-
claved sludge did not produce any of the above products.

APPL. ENVIRON. MICROBIOL.

In an earlier study, Binks et al. (4) reported two intermedi-
ate products from the treatment of RDX with the aerobic
isolate Stenotrophomonas maltophilia PB1. Using GC-MS (ES
ionization), Binks et al. (4) identified the first of the two prod-
ucts as methylene-N-nitroamino-N’-acetoxyammonium chlo-
ride (m/z 171 Da) and the second as methylene-N-(hydroxy-
methyl)-hydroxylamine-N’-(hydroxymethyl)nitroamine (m/z 167
Da). The first product was suggested to originate from the
impurity 1-acetylhexahydro-3,5-dinitro-1,3,5-triazine known to
be present with RDX. The reaction of methylenedinitramine
with HCI (the acid used by Binks et al. [4]) would give a salt
with the same molecular mass ion (m/z at 171 Da) observed by
Binks et al. (4). Interestingly, the mass spectrum by Binks et al.
(4) contained a strong mass ion with m/z at 136 Da character-
istic of the molecular mass ion of methylenedinitramine. More
recently, Bier et al. (3) reported on the formation of methyl-
enedinitramine (m/z 136 Da) while photolyzing RDX with
Fenton reagent. The intermediate was detected as the biphos-
phate salt, supporting the views that the product observed by
Binks et al. (4) at m/z 171 Da was more likely the chloride salt
of methylenedinitramine. When we attempted to degrade
TNX with the sludge, neither of the two ring cleavage products
was observed. In contrast, TNX was found to be recalcitrant
compared to RDX since its rate of disappearance was lower
than that of RDX by at least a factor of 10. Based on the above
observation, we proposed that the trinitroso derivative TNX
(or its HOHN-RDX) did not play a critical role during RDX
biodegradation with the municipal sludge used in the present
study. In contrast, McCormick et al. (25, 26) postulated the
presence of TNX as an RDX metabolite that was biotrans-
formed further to HONH-RDX prior to ring cleavage.

Both metabolites [methylenedinitramine, (O,NNH),CH,,
and bis(hydroxymethyl)nitramine, (HOCH,),NNO,] disap-
peared, and their disappearance was accompanied by the for-
mation of a new set of products including N,O, HCHO,
HCOOH, CH,, and CO,. The presence of nitrous oxide as an
RDX metabolite was confirmed by using the ring-labeled
[**NJRDX and monitoring the mass ion appearing at m/z 45
Da, matching a molecular formula of *N**NO. At the end of
the experiment, which lasted 50 days, relatively high yields of
nitrous oxide (22.6%) and carbon dioxide (60%) were detected
following the complete disappearance of RDX. In addition to
the above products, 16.3% of the total C content and 5.5% of
the total N content of RDX remained in the liquid phase as a
soluble nonextractable fraction. The formation of soluble non-
extractable products following RDX biodegradation has been
observed previously (17, 25, 39, 40).

On the other hand, no hydrazine was detected during bio-
degradation of RDX with the sludge. In contrast, McCormick
et al. (25) reported the formation of hydrazine, 1,1'-dimethyl-
hydrazine, and 1,2-dimethylhydrazine without observing CH,
or N,O. Interestingly, the same group of authors did not ob-
serve any hydrazine from HMX and added that hydrazines are
unstable in water, particularly under aerobic and anaerobic
conditions (26). Reportedly, hydrazine reacts with formalde-
hyde to form the condensation product formaldazine, which
has the tendency to polymerize (16, 23).

A time course study for the disappearance of RDX and the
appearance and disappearance of its metabolites including the
ring cleavage product methylenedinitramine is shown in Fig. 3.
Figure 3 also shows the appearance and disappearance of
formaldehyde and the accumulation of the end products ni-
trous oxide and carbon dioxide. The time course study for
biodegradation of RDX shown in Fig. 3 is best explained by the
degradation pathway constructed in Fig. 4. The mechanisms
through which RDX disappeared and its intermediates MNX,
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FIG. 3. A time course study for the disappearance of RDX (200 mg/liter) and the appearance and disappearance of methylenedinitramine [(O,NNH),CH,],
formaldehyde (HCHO), nitrous oxide (N,O), and carbon dioxide ('*CO,) during treatment with municipal anaerobic sludge. The mass area is used for the
quantification of methylenedinitramine [(O,NNH),CH,] because no reference is available. Bis(hydroxymethyl)nitramine [(HOCH,),NNO,] was not included in the

study because its decomposition rate is high and only traces can be detected.

DNX, and the ring cleavage products formed are not yet clear,
and further investigation is required. The types of microorgan-
isms and enzymes involved in the biodegradation process have
not been identified. Nonetheless, the sludge used in the
present study is expected to contain several microbial strains
including the methanogenic and acetogenic bacteria. Earlier,
Rocheleau et al. (32) used in situ hybridization and confocal
scanning laser microscopy to confirm the presence of Methano-
saeta concilii and Methanosarcina barkeri in the sludge.

Initial enzymatic cleavage of the inner N—C—N bonds in
RDX, possibly by a hydrolase, produced the two metabolites
(O,NNH),CH, and (HOCH,),NNO,, because we observed
them only in the presence of the sludge (Fig. 4, path a). As far
as we are aware, no specific enzymes have ever been reported
to cause the inner C—N bonds in cyclic nitramine explosives
such as RDX to cleave. Alkylnitramines and hydroxyalkylnit-
ramine, however, are unstable in water and hydrolyze (enzy-
matically or abiotically) to produce nitramine, NH,NO,, and
formaldehyde, HCHO (19, 20, 36). For example, hydroxym-
ethylnitramine is known to exist as an equilibrated mixture
with its dissociated products HCHO and NH,NO, in water.
Nitramines themselves undergo spontaneous decomposition to
give N,O in water (14, 19, 20, 36) (Fig. 4, path a). It has also
been reported that N,O can be generated from nitrite reduc-
tion under anaerobic conditions by first forming the hydroxyl-
amine which in turn is transformed to N,O (34). In the present
study, only traces of nitrite at the beginning of the experiment
which did not accumulate were seen. When RDX was treated
with the sludge under a blanket of argon, we were able to
detect traces of nitrogen gas confirmed by the detection of
">N'N by MS (m/z 29 Da). We are not sure of the mechanisms

that produced nitrogen from RDX, although it has been re-
ported previously that facultatively and obligately anaerobic
bacteria can reduce N,O to nitrogen (24).

Also, as the time course study in Fig. 3 reveals, formalde-
hyde (HCHO) did not accumulate during biodegradation of
RDX with the sludge. We also observed formic acid, methanol,
and methane, whose presence was confirmed using [U-'*C]
RDX. Apparently, acetogenic bacteria expected to be present
in the sludge biotransformed HCHO to methanol and formic
acid, whereas methanogens biotransformed methanol and for-
mic acid into methane and carbon dioxide (Fig. 4, path a). We
have not identified any microorganism in the sludge yet, and
this should be the subject of future research.

Additionally, RDX could be reduced by a two-electron
transfer process (type I nitroreductase?) to give MNX and
DNX (Fig. 4, path b). Several other researchers (17, 39, 40)
observed MNX, DNX, and TNX as RDX biotransformation
products, and yet no reports have described hydroxylamino
derivatives (HOHN-RDX) as RDX metabolites.

Alternatively, single-electron reduction could occur via type
II nitroreductase to produce the free anion radical RDX: ™,
which should undergo denitration (-NO, ) to produce the
unstable denitrated free radical, RDX-, which might also lead
to a rapid ring cleavage. None of the above nitroreductases
have been identified in the present study. Peterson et al. (30)
reported that Escherichia coli can reduce nitrofurazone via the
two types of nitroreductases (type I and type II) and confirmed
the presence of free radicals (type II) by electron spin reso-
nance spectroscopy. A nitroreductase enzyme capable of re-
ducing nitrobenzene has been isolated and characterized from
Pseudomonas pseudoalkaligenes JS45 (33). Kitts et al. (18) re-
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FIG. 4. A constructed pathway for the biodegradation of RDX (200 mg/liter) with

municipal anaerobic sludge (pH 7.0). Path a, postulated pathway via direct ring

cleavage of RDX; path b, degradation via reduction to the nitroso derivatives followed by ring cleavage (modified McCormick et al. pathway [25]). Dashed arrows
represent steps that have not been observed in the present study, and square brackets signify that no quantitation was done.

cently reported the degradation of RDX by the enteric bacte-
rium Morganella morganii by the oxygen-insensitive type I nitro-
reductase (a two-electron transfer process). No intermediate
products were described.

We assume that, following any initial enzymatic attack on
RDX leading to the cleavage of any of the bonds in RDX
(inner N—C or external N—NO, and C—H bond), the result-
ing intermediate becomes very unstable. Melius (27) reported
that, once an external bond in RDX is cleaved, some of the
inner C—N bonds would be <2 kcal/mol and spontaneously
decompose to produce N,, N,O, HCHO, and HCOOH.

The tentative conclusion is thus made that, once the RDX
ring is cleaved, the fate of the resulting intermediates will be
determined by competitive microbial and chemical processes.
For instance, most of the products discussed in this article are
thermally unstable and undergo fast hydrolytic cleavage in
water. Due to the complexity of the anaerobic sludge, none of
the microorganisms or the enzymes responsible for this hydro-
lysis were investigated. Nonetheless, the present study should
open the way for future research to further enhance our un-
derstanding of the metabolic pathways, microbial communi-
ties, and molecular biology of biodegradation of cyclic nitra-
mines. The present study revealed the presence of some RDX
ring cleavage metabolites including methylene dinitramine
[(O,NNH),CH,] and bis(hydroxymethyl)nitramine [(HOCH,),
NNO,] and the end product nitrous oxide (N,O) that have
never been reported before during biodegradation of cyclic
nitramine explosives. Finally, the formation of N,O as an end
product is seemingly a universal observation since preliminary
data revealed that N,O can be generated during biodegrada-

tion of both cyclic nitramines RDX and HMX under various
aerobic (with the fungus Phanerochaete chrysosporium and the
soil isolate Rhodococcus sp.) and anaerobic (municipal sludge)
conditions.
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