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Organic Compounds in the Environment 

Remediating Munitions·Contamioated Soil with Zerovalent Iron 
aod Cationic Surfactants 

J. Park, S. D. Comfort,* P. J. Shea, and T. A. Machacek 

ABSTRAct 
Soils routaminated from militaryoperations orten contain mixtures 

orllMX (oc:tahydro-1,3,5,7.tettaDltro-J.,3,5,7-tetrazodne), ROX (hexa
h)'dro-l,3,5·triDftro..l,3,5-triazine), and1NI'(1,4.6-trinitrotollleAe) rathu 
thad a single explosive. Ollferences among explosives ia solubility and 
readhity make developing a 5ingle remediation treatmeat diDkult. 
Whell Fe' was used to treat a muaitions-contaminated 5011, we ob
served big .. rates of destruction for ROX 8Ild TNT (98%) but not 
HMX. Our objective was to determiDe if HMX destruction by Fe" 
could be enb8llced by iIIc:reasingHMXsolublUtyby pllysiral (tempera
ture) or chemical (snrfactants) means. To determine eledron aeceptor 
preference, we treated ROX and HMX with Fe' in homogeoeous 
solutions and binary mb.tures. increasing aqueollS temperature (26 
to SS"C) ill_sed HMX solublHty (2 to 22 me L-1) but did Dot 
increase destruction by FtJ in II contaminated soil slurry that also 
contained RDX and TNT. Batch experiments IlSing equal molal con
teDtrations ofRDX and HMX demonstrated that RDX was preferen
tiany reduced over HMX by Fe'. By testing variOIlS surfactants, we 
found that the Cllioaic sarfadants (HDTMA Ihexadecyltrimethylam
monium bromide], dldeeyl, and didodecyl) were most elfec:tive in 
increasing HMX coacentration in solution. Didecyl and HDTMA 
were also found to be highlyeft'ec:tive inradlitating the transformation 
of HMX by Fe'. Using HDTMA or didecyl solutlollS (3%, w/v) COD
taining solid-phase HMX, we observed tilat 100% or the added HMX 
was transformed by Fe'la the dldecyl matrb:: and 6&% ill. the HDTMA 
matrix. These results indicate tilat cationic snrfadants tall iIIcrease 
HMX solubility and fadntale Feo-mediated transformation Idnedc:s 
but HMX destruction rates wiD be slowed when RDX Is present. 

PAST sITe ASSESSMENTS of munition production facili~ 
ties have determined that soils contaminated from 

military operations often contain inixtures ofRDX, HMX, 
and 'INT rather than a single explosive. Two reasons for 
this heterogeneity include the manufacturing practice of 
blending two or more explosives for specific composi
tions (e.g., octol contains approximately 75% TNT and 
25% RDX; Akhavan, 1998) and synthesis impurities. The 
two grades of HMX used for military purposes contain 
between 2 and 7% (w/w) RDX. Likewise, the Bachmann 
synthesis of RDX (Bachmann and Sheehan, 1949) com
monly results in HMX impurities of 8 to 12% (Fedoroff 
and Sheffield, 1966). Consequently, a remediation treat
ment designed and optimized for a single high explosive 
may have little practical value unless it is robust enough 
to remediate multiple energetics. 
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Although HMX and RDX are similar in that both 
consist of multiples of the CH1 :: N-N~ monomeric 
unit, these polynitramines differ with HMX being less 
water soluble (approximately 5 mg L-') than RDX 
(40 mg L -I) and chemically more stable and resistant 
to attack by strong base (Akhavan, 1998). Recent bio
degradation studies have also confirmed that HMX is 
more resistant to microbial attack than RDX (Shen et 
al.,2000). 

Past research has demonstrated that zerovalent iron 
(FeO) can abiotically degrade RDX and 'INT in soil and 
water under laboratory conditions (Hundal et aI., 1997; 
Singh et al., 1998, 1999). In an attempt to scale-up this 
treatment technology. we conducted pilot~scale experi
ments (70 kg soil) with Feo and treated contaminated. 
soil from an outwash pond that had previously been 
used for munitions wastewater disposal (Los Alamos 
National Laboratory, NM). Zerovalent iron effectively 
removed 98% of the RDXand 1NTwithin 120d (Com
fort et aI., 2003). Because HMX is considered less toxic 
than RDX (McLellan et aI., 1988a, 1988b), it was not 
initially considered a contaminant of concern. Further 
soil analysis, however, revealed that HMX was present 
at very high concentrations (>40000 mg kg-I) and that 
this energetic compound was not effectively destroyed 
by the Feo treatment 

Our objective was to determine if HMX destruction 
by Feo could be enhanced by increasing HMX solubility 
by physical (temperature) or chemical (surfactants) 
means. We accomplished this by increasing temperature 
or adding surfactants to increase HMX solubility. To 
determine how mixtures of explosives would affect de
struction rates, we compared Fe°-mediated destruction 
kinetics of RDX and HMX in homogeneous solutions 
versus binary mixtures. 

MATERIALS AND MElHODS 

Chemical Reagents and Solis 

Technical-grade RDX and TNT were obtained from the 
U.S. Biomedical Research and Development Laboratory 
(Frederick. MO). HMX was obtained from Sandia National 
Laboratories (Albuquerque, NM). Analytical standards of all 
explosives were obtained from the Indian Head Division, 
Naval Warfare Center (Indian Head. MD); additional analytical 

Abbreviations: CMC, critical micelle concentralion: HDTMA, hexa
decyltrirnetbylammonium bromide; HE, higb explosives; HMX, octa
bydro-l,3,5,7-lelranitro-t,3,5.7-tetrazocine; HPLC, high performance 
liquid chromatography; LAN!.. Los Alamos National Laboratory; 
LUMO.lowesl unoccupied molecular orbital; RDX. hexahydro-l,3,5
trinitro-l,3,5-triazine; TNT. 2,4,6-lrinitrololuene. 
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Table L Properties of surfactants used in tbis study. 

Surllldant or trade name Type Molecular weiGhf Chemical name Formula CMCt 

g mol-' M 
HDTMA cationic 364.5 bCllladceyltrimelbyl ammonium bromide C"H" N+(CH,),Br 9.2 x 10-4 

Didet:yl 
Didodet:yl 
Triton X-loo 

cationic 
cationic 
nonlonic 

406..5 
46%.6 
624.8 

dldccyldimetbyl ammonium bromide 
didodecyldlmelh,tllmmonium bromide 
isoeIyI phenyl poIyelhoxy ethanol 

(C..Hn),N+(CH,),Br
(CuHI$).N+(CH.),Br
C.HnC;lf.O(CH,CH,O).H 

1.85 x 10-' 
1.76 x 10-' 
6.65 X 10-1 

wilb .verage If = 95 
Tween SO IIOlIionic 1309.7 polyoxyethylene somilll.n monoolelile c..H",O. 9.9 X 10-' 

t Dala for HDTMA. dideeyl, lind didodet:yl (2S0C) from Rosen (1989); Triton X-loo from Guha and Jaffe (1996); and Tween 110 from Yeh et aL (1998). 

RDX was obtained from AccuStandard (New Haven, Cf). 
Surfactants (Table 1) were obtained from Aldrich (Milwau
kee, WI). Two forms of Fe3 (Peerless Metal Powders. Detroit, 
MJ) were used in batch experiments: annealed (heat treated 
under Nz and Hz atmosphere) and unannealed iron. Specific 
surface areas were 0.134 m! g-I (annealed Fe3) and 2.55 mZ g-I 
(unannealed FeO) (Micromeritics, Norcross, OA). 

Soil used for experimentation was collected from the south
western sector of the Los Alamos National Laboratory (LANL) 
(Los Alamos, NM) known as Technical Area 16 (TA-16). 
Operations conducted at T A·16 included high explosives re
search, development, testing. and manufacturing. Soil samples 
were collected from the middle and sides of a discharge pond 
that had been previously used for munitions wastewater dis
posal. Representative subsampJes (n = 3) of the LANL soil 
were characterized by Midwest Laboratories (Omaha, NE) 
for particle size analysis (57% sand, 29% silt, and 13% clay), 
organic matter (2.8%, Walkley-Black), pH (7.1; 1:1 soil-H20), 
and cation exchange capacity (6.7 cmo\. kg-I; Rhoades. 1982). 

Temperature Effects on High Explosive Solubility 
and Destruction by Zerovalent Iron 

TNT, RDX, and HMX aqueous solubilities were deter
mined at varying temperatures. This was accomplished by 
shaking replicates (n =.: 3 or 4) of a saturated high explosives 
(HE)-HzO solution (distilled, deionized water containing 
solid-phase HE) at temperatures ranging from 20 to 55"C. To 
describe temperature effects on HE solubility, polynomial or 
power function equations were fit to temperature versus TNT 
and RDX concentration data. 

The effect of temperature on FeG-mediated destruction of 
HMX, RDX, and TNT was determined by conducting batch 
experiments with LANL soH in 50-mL Teflon tubes. Experi
mental units consisted of 3 g of LANL soil, 0.15 g unannealed 
iron, and 10 mL HzO. The soil slurries were placed on a 
reciprocating shaker and agitated at 25 or 55°C. Controls (no 
Fe3) were run at each temperature and all treatments were 
replicated (n = 4). Temperature treatments of 2.5 and 55°C 
were imposed by placing experimental units inside an insu
lated case containing coils of circulating water connected to 
a water bath. This insulated case was placed on a reciprocating 
shaker during Fec treatment. After 24 h or agitation, 15 mL 
of acetonitrile was added to the soil slurry to extract the HE. 
Experimental units were sonicated at 30"C for 18 h and centri
fuged (5000 x g), and 1.5 mL of the supernatant was removed. 
The supernatant was then centrifuged again (l3 000 X g) and 
analyzed for HMX, RDX, and TNT by high performance 
liquid chromatography (HPLC). 

RDX and HMX Destruction by Zerovslent Iron: 

Homogenous versus Binary Mixtures 


Batch experiments determined rates of HMX and RDX deg
radation in the presence of annealed and unannealed FeG. Near 
equal molar concentrations (O.005-OJ1075 mM; 1.13-2.07 mg 

L-I) of HMX and RDX were prepared in distilled deionized-
water and treated together or alone in 1()().mL aliquots with 
5 g of Feo. Experimental units consisted of2S0-mL Erlenmeyer 
flasks covered with Parafilm and agitated on a reciprocating 
shaker. Solutions were sampled (1.5 mL) at 0, 1, 2, 3, 4, 6, 8, 
and 24 h, centrifuged at 13 000 x g for 10 min, and analyzed 
by HPLC. 

Temporal changes in HMX and RDX concentrations fol
lowed zero- or first-order kinetics and the appropriate equa
tions were fit to the data by linear (zero-order) and nonlinear 
(first-order) regression using Sigma Plot 2000 computer soft
ware (SPSS, 2(00). 

In an attempt to explain differences in chemical reactivities 
toward Feo, lowest unoccupied molecular orbital (LUMO) 
energies of RDX and HMX were calculated with a Hartree 
Fock approximation using the 6-310* basis set. The geometry 
of each compound was optimized and calculations were per
formed with the Windows-based SPARTAN (Version 02) 
computer program (WaveCunction, 2002). It should be noted 
that attempts to obtain LUMO energies with semi-empirical 
models (i.e., AM1) did not yield similar relative differences 
between HMX and RDX. 

Surfactant Effects on High Explosive SolubiHty 
and Destruction by Zerovalent Iron 

Increasing HMX solubility was determined by adding solid
phase HMX in excess of its aqueous solubility (i.e., 0.1 g HMX 
added to 100 mL deionized, distilled H20) and spiking in the 
surfactants (HDTMA, Tween 80, and Triton X-1OO; Table 1) 
and the solvent DMSO (dimethyl sulfoxide) as individual 
treatments. Concentrations of surfactants and DMSO ranged 
between 1 and 5% (v/v or wlv). HDTMA was later compared 
with didecyl and didodecyl in a separate experiment. The 
effect of individual surfactant concentrations was determined 
by first adding 1 % of sutfactant to the reaction flasks (n "" 3). 
Flasks were then agitated at 25°C for 24 h and a 15-mLsample 
removed, centrifuged (12000 X g), and analyzed for HE by 
HPLC. Higher sutfactant concentrations were obtained by 
spiking in an additional 1 % surfactant each day for the next 
4 d and repeating the analysis steps. 

To determine the effects of the surfactants on TNT, RDX, 
and HMX concentrations in a contaminated soil, soil slurries 
were prepared by mixing 3 g of LANL soil with 25 mL HzO 
and spiking in 5% HDTMA. Tween 80, or Triton X-I 00. 
Replicates (II '" 3) from each treatment were agitated at 25"C 
for 24 h before determining HE concentrations. 

Because HDTMA and didecyl were the most successful at 
increasing HMX concentration, we repeated the equal molar 
concentration experiment using-3% didecyl or HDTMA and 
treated HMX and RDX as homogenous and binary mixtures 
with 5% unanncaled Feo. To determine if Feo could continu
ously transform HMX as the solid phase dissolved in a cationic 
sutfactant matrix, we added 75 mg HMX to 25 mL of H20 and 
spiked in HDTMA (5%). This experiment was later repeated 
using 3% (v/v) didecyl. Reaction flasks were agitated at 25°C 
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for 48 h to allow partial dissolution of the solid-phase HMX 
and eq uilibrium HMX concentrations were determined. Five 
grams of FeD was then added to half of the experimental units 
to produce the following paired treatments: control (H20 
only), H20 + Feo; HDTMA (5%), HDTMA + Fell; and didecyl 
(3%), didecyl + Feo. After 6 d of additional shaking at 2S'C 
(following Feoadditions). all flasks were extracted with 100 mL 
CHleN to determine the total mass of HMX remaining. 

Long-term changes in the :surface morphology of unan
nealed iron following treatment of HMX, with and without 
didecyl, were determined by mixing 1 g unannealed Feowith 
25 mL HzO (with and without 2% didecyl) and solid-phase 
HMX (1.125 g), Batch flasks were agitated on a reciprocating 
shaker for.7 mo and then filtered, and iron samples were dried 
in a desiccator. Photographs were taken by mounting samples 
of the iron treatments with carbon tabs. sputter-coating with 
gold-palladium. and observing with a Hitachi (Tokyo. Japan) 
S-3000N scanning electron microscope (SEM) operated at 
15 kV. 

Chemical Analyses 

HMX, RDX. and TNT were extracted from soil (3 g) with 
15 mL CH,CN by sonicating for 18 h at 30·C, centrifuging at 
5000 X g, rempving the supernatant, and microcentrifuging 
(12000 X g) before analyzing by HPLC. 

Aqueous samples and acetonitrile extracts (10-25 ILL) were 
injected into a Keystone NA column (Keystone Scientific, 
Bellefonte, P A) with an isocratic (30:70) mixture of methanol 
and H20 at a flow rate of1.0 mL min-I and quantified spectro· 
photometrically at 220 nm. Linear response ranges were estab· 
lished to bracket concentrations observed during experiments 
(O.25-tOmg L -I without surfactants; 1-500 mg L-! with surfac
tants). Limits of quantitative detection for RDX and HMX 
were 0.1 mg L -I, 

RESULTS AND DISCUSSION 

EtTed of Temperature on High 


Explosive Solubility 

We conducted a temperature versus HMX aqueous 

solubility experiment and compared results to our previ
ous findings with RDX and TNT (Bier et at., 1999; Li 
et al., 1991). HMX solubility increased linearly from 
approximately 2 mg L-I at 20De to 8 mg L-I at 45°e 
and then rose abruptly to 22 mg L-I at 55°e (Fig. 1). 
These results differed significantly from those observed 
with RDX and TNT and clearly indicate that HMX is 
the least soluble of the three major HE across a range 
of temperatures. Lynch et a1. (2001) reported similar 
differences in HE solubilities in response to increas
ing temperature. 

Based on the HMX concentration in the LANL soil 
(>40000 mg kg-I). it is clear that solid-phase HMX will 
be present at ambient temperatures. Therefore, for a 
remediation treatment to be effective (abiotic or biotic), 
it must continuously remove what is in the soil solution 
as the solid phase dissolves with time. Although Lynch 
et al. (2002) reported a faster dissolution rate for HMX 
than RDX, the lower solubility of HMX will make this 
compound more difficult to remove. To increase HMX 
destruction rates, a successful remediation technology 
will likely need to focus on increasing the HMX concen
tration in the soil solution. 
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Because modest increases in HMX concentration were 
observed with increased temperature, we conducted an 
experiment in which the LANL soil was treated with Feo 
at two temperatures (2? and 55"e). HMX destruc~ion,by 
FeD did not occur at either temperature after agttatmg 
for 24 h (Table 2). By contrast, Feo effectively reduced 
RDX and TNT and was more effective at the higher 
temperature (Table 2). While the relative increase in 
destruction at the higher temperature was the same for 
RDX and TNT (both increased by 1%), this increase 
was only significant (a:; 0.05) for TNT. Because TNT 
was the most soluble at the higher temperatures (Fig. 1), 
total destruction by FeU was greatest for TNT (98%). 

RDX and HMX Destruction by Zerovalent Iron: 
Homogenous versus Binary Mixtures 

Because RDX will almost always be present with 
HMX, we compared Feo-mediated destruction rates of 
HMX and RDX in homogeneous solutions versus bi
nary mixtures. Destruction kinetics differed with Feo 
type (annealed vs. unannealed; Fig. 2). This was espe
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Table 2. 	Etred of temperature on high e~losive (HE) destruction by zerovalent irOD in II soil slurry. Soil was obtained [rom the Los 
Alamos National Laboratory, New Mexico. 

High explosive Treatment Extractable HE at ZS" Reductlont Extractable HE al 55"C Reduction 

mgkg- t % mgkg-t % 
HMX 

RDX 

TNT 

tont.oJ (no Fc') 
Fc' 
e&ntrol 
Fe' 
tantml 

3(j 794 (l~) 
3(j 759 (2634) 
10 992 (459) 

(j 468 (949) 
726 (72) 

6.1 

41 

37 714 (2325) 
38577 (717) 
11351 (1313) 
S 931 (361) 

686 (83) 

6 

4S 

Fe' M (ll) 91 13 (3) 98 

t PeUCht reduction =II - /(ex'ructablc HE e&ncenlration from Fc'lrelllmcnl)l(exlractablc HE c:oncelllflluon ofcont.ol)JI x 100 allbe same temperature. 
~ Values in pllrcntbese.~ are sample standard dc>ialions of mCllftS (/I 4). 

da1ly evident with HMX, where removal rates were 
linear (zero-order) with annealed iron versus first-order 
with unannealed iron. Analysis of CH3CN extracts ob
tained from both iron sources at the end of the batch 
experiments revealed no extractable HMX. This obser
vation coupled with the formation of degradate peaks 
(via HPLC) during loss of HMX indicates that HMX 
degradation (not adsorption) oecuned with both iron 
sources. Past work with 14C-RDX confirmed that degra
dates produced during Feo treatment were not sorbed 
by the corroding iron (Singh et aI.• 1998, 1999). Differ
ences in HMX degradation kinetics between iron sources 
are probably related to differences in oxide coatings but 
the specific mechanisms involved in various oxide-HMX 
interactions are unclear. Raman microspectroscopy and 
X-ray diffraction indicated that the annealed iron source 
was initially coated with a thin layer of magnetite (FeJ04), 
maghemite ("i-FeI03), and wustite (FeO), whereas the 
coating on unannealed iron contained more Fe(ITI) ox
ides such as hematite (a-Fe203) (Satapanajaru, 2002). 
Oh et aI. (2002) found that RDX reduction was less 
affected by iron type than TNT and attributed this dif
ference to differences in adsorption-desorption rates 

from reactive and nonreactive sites. In the reduction of 
azo dyes by FeOt Nam and Tratnyek (2000) observed a 
transition from zero-order to first-order kinetics with 
decreasing initial concentrations of the dyes and attrib
uted this to the saturation of reactive sites. 

Regardless of the iron source, RDX destruction rates 
were faster than HMX in homogenous solutions (Fig. 2). 
When HMX and RDX were present together at nearly 
equal molar concentrations. RDX destruction rates de
creased by approximately 35% for annealed iron (0.992 
vs. 0.644 h- I ; Fig. 2) and 23% with unannealed iron 
(1.167 vs. 0.893 h- 1; Fig. 2). By comparison, HMX de
struction decreased by 74% when RDX was present in 
the matrix (0.373 vs. 0.097 mg L-I h- I ; Fig. 2) and was 
completely halted in the unannealed treatment for 12 h 
until aU of the RDX had been removed from solution 
and an additional lag period of 6 h had occurred (Fig. 2). 
Other researchers have also observed a delayed re.
sponse to contaminant destruction by Feo and have at
tributed this lag time to the formation of secondary re
ductants such as coordinated Fe(IT)- or Fe(ll)-containing 
oxides (Alowitz and Scherer, 2002; Satapanajaru et aL, 
2003). The reduction sequence observed in the binary 

5% (w/v) Annealed Iron 

C.'" 0.006 mM (1.78 mg L") 


F 5% (w/v) Uoannealed IronE 5% (w/v) Unannealed Iron 

12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 

B 5% (w{v) Annealed Iron 
C.= O.OOB mM (1.78 mg 1:') 

... ROX 

C 5% (w/v) Annealed Iron 
C.: HMX= 0.007 mM (2.07 mg l") 

RDX" 0.006 mM (1.33 mg l"') 

k= 0.992Ii1 

8 

5% (w/v) Unannealed Iron 
C.'" 0.006 mM(1.7B mg l"'l C;= 0.005 mM (1.11 mg Lot) 

Time (h) 
Fig.l. Destrudion of HMX and RDX by zeromenl iron (annealed and uDllrutealed) when present alone or ill romblnatioll. Error bars on 

symbols represent sample standard deviations of means (II = 4); where absent, bars fan within symbols. 
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mixtures clearly shows that when present at equal con
centrations, RDX is preferentially reduced over HMX 
during FeD treatment (Fig. 2). 

Differences in chemical reactivity toward FeG are 
linked, at least in principle, to differences in the suscepti
bility of a molecule to accept electrons. The ease with 
which oxidized compounds can be reduced varies con
siderably and attempts have been made to correlate this 
process with a number of chemical descriptors such as 
bond dissociation energies, electronegativities of the 
leaving groups, stabilities of the carbon radicals, one
electron reduction potentials (Jafvert and Wolfe, 1987; 
Schwarzenbach and Gschwend, 1990; Larson and We
ber, 1994), and LUMO energies. While many research
ers have developed successful linear free energy relation
ships (LFER) using one-electron reduction potentials, 
Scherer et a1. (1998) developed a LFER between the 
LUMO energies of various chlorinated aliphatics and 
destruction rate constants observed with FeQ treatment. 
Of the quantum-chemical descriptors, LUMO energies 
are perhaps the most justified because they represent 
the frontier molecular orbital into which electron trans
fer takes place. Compounds with lower LUMO energies 
would be favored over compounds with higher LUMO 
energies in electron transfer reactions. Scherer et al. 
(1998) showed that for a series of chlorinated aliphatics, 
the lower the LUMO energy the greater the destruction 
kinetics observed with zerovalent iron. Nam and Trat
nyek (2000) similarly reported a correlation between 
LUMO energies of a series of azo dyes and reaction 
rates for reduction by FeG• Our calculated LUMO ener
gies for RDX (2.49 eV) and HMX (2.76 eV) indicate 
that RDX would be favored over HMX in reduction by 
Feo but without a larger data set (series of nitramines 
and rate constants) to develop a correlation LFER, it 
is unclear if this relative difference is enough to explain 
our observed results. Moreover, differences in HMX 
destruction kinetics (both rate and order) between iron 
sources complicate LFER development for predictive 
purposes. 

Although our abiotic approach to treating HMX and 
RDX demonstrates that HMX is more difficult to de
stroy, several researchers have come to this same conclu
sion using microbial treatments (McCormick et al., 1981; 
Kitts et aI., 1994; Shen et al., 20(0). One reason given for 
HMX recalcitrance is that HMX has more steric con
straints caused by the crowding of atoms in the -CHrN
NOzreacting group (Croce and Okamoto, 1979; Hawad, 
2000). Consequently, differences between RDX and 
HMX reactivity toward Feo may perhaps also be a func
tion of accessibility or differences in orientation of the 
molecules on the iron oxide surface. 

Based on results from the equal molar and tempera
ture experiments, it became apparent that for Feoto effec
tively destroy HMX, higher concentrations than what was 
achieved by increased temperatures may be needed. To 
accomplish this, we surveyed a variety of surfactants to 
determine their effects on HMX solubility. 

Effect of Surfactants on High Explosive Solubility 
A factorial test of three surfactants (HDTMA, Tween 

80, and Trition X.1OO) and DMSO at five concentrations 

500 
A. ~urfactant Concentration Effect ~ 400

0'1 on HMX Solubilitye Surfactant Cone-- 300 
c:::::;:J 1% 

0= 200
:::J 
III .... 100 -
4) = 
(,) 30 
=0 

0 
 20 HMXConc. 
X 
:i! 10 
:t: :~~~ 

0 

j EWD1.a 2 % 
~3% 
_4% 
_5% 

HOTMA DMSO TWlI9n Triton 
80 X-100 

1200.... 
B. Surfactant Effect on HE... 

'..J 1000 
Concentration in LANL Soil Slurry D'I 800.§. 

C> 600 c::;:] HMX 
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0 

0 400 

_TNT 
W 200 R 11'.1J
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:::I 
0 
III 
:::I 
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0 
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80 X-i00 
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Fig.3. (A) SudlldJWt COlltentrlltion effects on HMX solubility In an 

aqueous matrix. (8) Surfactant effect oa BMX, RDX, and TNT 
conceltCl'Iltionla a soU slurry. Error bars represent sample standard 
deviations of memll. 

demonstrated that HDTMA was far superior in increas
ing HMX solubility (Fig. 3A). Using concentrations wen 
above the critical micelle concentration (CMC) for these 
surfactants (Table 1), HMX concentrations were not 
Significantly increased until surfactants were added in 
percentage concentrations. At the 5% concentration, 
HDTMA increased HMX solution concentration to 
>250 mg L-1 in a pure HMX-H10 suspension. When 
we tested the surfactants (5% HDTMA, Tween 80, or 
Triton X-100) on the LANL soil, we found that HDTMA 
increased HMX concentration to 230 mg L -) in a con
taminated soil slurry. In addition to increasing HMX 
concentration, RDX concentration also increased dra
matically in the HDTMA matrix (Fig. 3B). The nonionic 
surfactants (Tween 80 and Triton X-l00) were not as 
effective in increasing HMX concentration but did in
crease RDX concentrations in the soil slurry. TNT was 
also slightly increased by the nonionic surfactants (Fig. 
3B) but considering that TNT never reached its solubil
ity limit in the control (H20 only). it is likely that solid
phase TNT was not present in the LANL soil and there
fore our observations do not reflect the potential of the 
nonionic surfactants to increase 1NT concentrations. 

We subsequently investigated two other cationic sur
factants (didecyl and didodecyl) and compared results 



ROX (C." 0.824 mM. 183 my L-') 
3% (w/v) didecyl 
pHal2Ah=7.84

ROX 
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RDX (C. =0.824 mill; 183 mgl"'j 
3% (w/v)HOTMA 
pH at 24 h =9.21 
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Table 3. Comparative effects orHDTMA, didecyl, and didodecyJ 
on HMX solubility in aqueous solutioll. 

Surfactant concentration 

Treatment 1% 3'Y. 4% 5% 

-------mgv·------
HDTMA 6.54 (OJl8t) 77.5 (0.15) 138.7 (0.67) :%Ol.O (IU!S) 256.8 (L75) 
Dklcc:yl 72.8 (11..92) 147.5 (La) l1I>.7 (8.7) 290.2 (4.l!i) 322.9 (6.65) 
DitlodcC)'l 61.8 (0.75) 156.5 (0.35) m.o (10.7) 23L9 (9.06) too viscous 

t Values in parentheses are sample standllrd dcYiation5 or mClln5 (n .. 3 
or 4). 

with HDTMA. Both of these surfactants increased the 
solubility of HMX above that obtained with HDTMA; 
however, the high viscosity of the didodecyl solutions 
limits its practicality (Table 3). Didecyl solutions were 
also quite viscous at concentrations of >3% so experi
ments were conducted at concentrations of :s3%. 

Destruction of RDX and HMX by Zero valent 
Iron in the Presence of Surfactants 

The rationale for using a surfactant was to get more 
HMX into solution so that it could interact with the 
iron surface. The utility of this approach was contingent 
on determining whether the Fell was effective in trans
forming HMX in a surfactant matrix. Results showed 
that HMX (approximately 200 mg L-l) destruction by 
unannealed iron was rapid in both HDTMA and didecyl 
matrices and far greater than observed in H20 alone 
(Fig. 2 and 4). High RDX concentrations (176-192 mg 
L-I) in a HDTMA or didecyl matrix were also quickly 
decreased by unannealed Fe. As observed in the earlier 
equal molar experiment (H20 matrix, unannealed Feo; 
Fig. 2), RDX was transformed faster than HMX in the 

presence of cationic sUrfactants (Fig. 4), but the relative 
differences in destruction kinetics between HMX and 
RDX were less, especially in the didecyl matrix (Fig. 4C). 
Interestingly, we observed a somewhat similar lag time 
in HMX destruction after the RDX had been transformed 
in the HDTMA matrix (Fig. 4F) as in H20 (Fig. 2). 

A scenario that may be encountered in some muni
tions-contaminated soils is one where HMX is present at 
greater concentrations than RDX. When we conducted 
a similar batch experiment but increased the HMX to 
RDX ratio from-l to 10 in a 3% didecyl matrix, initial 
loss of HMX was observed but RDX was still preferen
tially removed from solution before HMX (data not 
shown). These results indicate that there is probably a 
HMX to RDX ratio at which HMX can compete with 
RDX as an electron acceptor. 

What makes remediating the LANL soil such a formi
dable task is the sheer magnitude of HMX present. 
As the FeU transforms the HMX dissolved in the soil 
solution, solid-phase HMX will continue to replenish 
the soil solution with HMX, Given that both HDTMA 
and didecyl effectively increased HMX concentration 
and FeD effectively transformed HMX in the presence 
of the surfactants, we combined Feowith HDTMA or 
didecyl to treat an aqueous solution containing solid
phase HMX. Results from this experiment showed that 
only about 3% of the added HMX was destroyed by 
Feowhen used alone whereas approximately 60% of the 
HMX was transformed within 6 d when HDTMA was 
added with the Feo(Table 4). The Feo + didecyl treat
ment, however. removed all of the solid-phase HMX 
present in the batch reactor (Table 4). 

Because the polar regions of HDTMA and didecyl 

HMX 

1.2 ...,---..,---...,,............,.---r---.--..... 


A C. = 0.706 mM{209 mg L"l1.0 
3% (w/v) dldecyl 
pH 3124 h '" 7.220.8 

• HMX 
0.6 

;} 0.4 
k= 0.349 hoI

()- 0.2 
c:: 
0 0.0 

:oJ 

....I! 1.2 
c:: o C. =0.706 mM(209 my L"lQ) 	 1.0 
f.) 3% (w/v) HDTMA
c:: 

0.80 
(J 

0.6 

0.4 

0.2 

0.0 

pH al24 h .9.06 

RDX 	 HMX+ RDX 

cB 	 C."O.S64 mM(192 my L"') HMX (C." 0.S89 mM; 204 mg L·l 
) 

3% (w/v) didecyl 
pH at 24 tl "' 7.38 

... 

C.· 0.792 mU(17S mg L·ll 

3% (wtv) HDTMA 

pH at 24 h " 9.30 


k= 1.518 h" 

0 4 8 12 16 20 24 0 4 S 12 16 20 24 0 4 

Time (h) 
Fig.4. Destruction of HMX and RDX alone or in eombinatioD by uDlUUlealed Feo in a 3"!. (w/v) dideC)'1 or HDTMA matrix.. Error bars represent 

sample standard deviations or means. 
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Table 4. Effect of Fe', with and without HDTMA (5%, w/v) or dldeeyl (3%, wtv), on HMX destruction in an aqueous sohltion containing 
solid-phase HMX. 

Equilibrium concentration Equilibrium concentration 
Treatment malrix before Fe" treatmenl after Fet lreatment (6 d) Mw of HMX cxtmcted Reductlont 

mgL-' mg % 
H,O 1.70 (0.02;) 2.01 (0.30) 78.5 (0.66) 
H:O + Fc' 2.21 (11.11) 1.14 (o.t7) 76.3 (2.94) '1..7 
HDTMA 343 (15) 165 (29) 16.0 (LOS) 
HDTMA + Fc' 326 (40) 294 (62) 36.4 (Z.63) 60 
Dideql 316 (13) 3%8 (14) 71.0 (1.00) 
Didecyl + Fe' %93 (7) 0(0) 0(0) 100 

t Pe..cent reduction 11 - [(mass of HMX extracted from surfactant + Fe' Ireotment)/(mlllis or HMX cxlmcted from surfactant only trealmenlm x 100. 
:I: Values ill plIrcntllescs arc sample standard deriaHons (17 ~ 3). 

are similar [-N+(CH3)3; >N+(CH3)z], reasons why Felt 
was more effective with didecyl than HD1MA in remov
ing solid-phase HMX is possibly linked to differences 
in the hydrophobic tails of the two surfactants. HDTMA 
has a single tail (C1JiJ3) while didecyl has two shorter 
hydrophobic branches (C1oH21)' It is known that the 
longer the length of the hydrophobic group, the less 
soluble the surfactant is in H20 and the closer it packs 
at the interface. Branching, on the other hand, increases 
aqueous solubility and results in a more loosely packed 
film (Rosen, 1989). Consequently, a surfactant that does 
not closely pack on the iron-oxide surface (didecyl) may 
be most desirable for the treatment of HMX and RDX. 

From an FeO-treatment perspective, there are basi
. cally two ways in which the surfactant could increase 
destruction kinetics. The surfactant could increase solu
bilization of the contaminant or interact with the iron
oxide surface and act as a surface film for partitioning 
of the contaminant. While increased solubilization is 
often the desired effect, the surfactant will have little 
value if it inhibits contact with the iron surface. Bizzi
gotti et at (1997) found that Feo-mediated destruction 
of PCE decreased as the concentration of cyclodextrin 
(hydroxypropyl-~-cyclodextrin) increased. By contrast, 
Li (1998) observed that precoating FeD with HDTMA 
increased PCE destruction kinetics threefold over the 
untreated iron. While we demonstrated that the cationic 
surfactants were effective in increasing HMX and RDX 
solubilities, we recognize that the cationic surfactants 
will be adsorbed to polar-oxide surfaces largely through 
electrostatic cation exchange reactions. Although iron 
oxides do not possess high cation exchange capacity 
(CEq (McBride, 1994), the oxides formed during FeU 
corrosion have been shown to exhibit an adsorption 
edge for cations as the pH approaches or exceeds the 
zero point of charge (ZPC). Zero points of charge can 
range between 6.5 to 8.5 depending on oxides formed 
[e.g., 'Y-Fe203, ZPC =6.7; a-FeOOH, 7.8; and amorphous 
Fe(OH)3, 8.5; Stumm and Morgan, 19811. Considering 
the pH of our Fe°-1!urfactant systems varied with surfac
tant (pH 7.2-7.8 for didecyl; pH 9.1-9.3 for HDTMA; 
Fig. 4), differences in adsorption of cationic surfactants 
to the iron-oxide surface may have occurred. The rela
tive degree ofsurface coverage by the surfactant (mono
mers, hemimicelles, admicelles) will be influenced by 
CEC because low charge density minerals have been spe
culated to form only monolayer complexes with HDTMA 
(Deng and Dixon, 2(02). 'This was confIrmed by Li (1998), 

who observed that maximum adsorption of HDTMA on 
Peuwas only 4 mmol kg-I. When this concentration was 
normalized to iron surface area and the molecular size 
of the HDTMA hydrophilic region (head), surface cov
erage was estimated at only 25%, indicating that HD1MA 
was probably positioned parallel to the surface, forming 
an incomplete monolayer or patches of hemimicelles. 

There has been some question as to whether electron 
transfer from the iron core to the organic contaminant 
could occur through a hydrophobic surface film. This 
process and its impact on contaminant reduction can be 
expected to vary with film composition and thickness 
in addition to contaminant structure, properties, and the 
mechanism(s) of reduction. While Tratnyek et at (2001) 
observed that natural organic matter inhibited CUt and 
TCE reduction by Peg, organic matter had little effect on 
nitrobenzene reduction. Li and Farrell (2000) reported 
an increase in direct TCE reduction after coating iron 
electrodes with a hydrophobic polymer, which they at
tributed to inhibition of water reduction. The observa
tions of Li (1998) and others (Alessi and U. 2001; Trat
nyek et at, 2001) as well as our own measurements with 
HMX indicate that reductive transformations can occur 
when cationic suriactants are combined with Peo. 

One of the most important factors influencing elec
tron transfer from Peo is the nature and extent of oxides 
formed during corrosion. It is perhaps noteworthy that 
the long-chain (CIl-CIS) amine surfactants have been 
routinely used in industry as corrosion inhibitors to pro
tect metal surfaces from water, salts, and acids (Rosen, 
1989). Saturated, long-chain amines give close-packed 
hydrophobic surface films and have been added to fuels 
and lubricating oils to prevent corrosion of metal con
tainers (Rosen, 1989). Consequently, even if electron 
transfer is impeded by the surfactant film (as opposed 
to the bare Pea), this loss in electron transfer could be 
offset by less iron passivation and a cleaner iron surface, 
which could then reSUlt in greater overall contaminant 
destruction. While we do not know the chemical makeup 
of the type of iron oxides formed in the presence of 
the surfactants, scanning electron microscope (SEM) 
photos of the iron surface.taken before and after treating 
HMX with and without 2% didecyl revealed striking 
differences in the physical nature of the surface. The 
didecyl treatment resulted in a much smoother iron 
surface (Fig. 5), which may represent less oxide growth 
or a surface coated with didecyl. In either case, the 
didecyl-treated iron was drastically different from the 
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Fig. s. (A) Saumiug electron microscope (SEM) photo O[uDllnncaled 
Iron. (B) Surface of llnllnnealed iron alter treating IIll lIqueollli 
solution CODtuiJIlng solid-phase HMX. (C) Surface of nnannealed 
iron [ollowing treatment or IIll aqll~olld-phase HMX mixture 
with 2% (vlv) didecyl. 

iron without didecyl, which was much more irregular 
and rough with some noticeable cracks in the oxide 
observed (Fig. 5). These photos illustrate that cationic 
surfactants influence the physical characteristics of the 
oxides formed during contaminant treatment and may 
help explain the increased effectiveness of the Feo + 
cation surfactant treatment in removing SOlid-phase 
HMX from an aqueous solution. 

CONCLUSIONS 
The water solubilities of HMX, RDX, and TNT in

crease with increasing temperature, but HMX is the least 
soluble of the three liEs at any temperature. HMX can 
be chemically red ueed by Feo but kinetics will be slowed 
when RDX is present. This indicates that when multiple 
energetics are present in a contaminated soil, most of 

the RDX may need to be transformed before effective 
HMX reduction by Feo is observed. Because cationic 
surfactants increase solution concentrations of both 
RDX and HMX. it is likely that removal of the RDX 
is critical to removing HMX from the contaminated soil 
when Feo and surfactants are used. Our results indicate 
tba t the cationic surfactants HDTMA and didecyl can be 
used to greatly increase HMX and RDX concentrations 
and destruction kinetics by Feo. 
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