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Abstract: There is an increasing likelihood of interactions between nanomaterials and munitions constituents in the environment resulting
from the use of nanomaterials as additives to energetic formulations and potential contact in waste streams from production facilities and
runoff from training ranges. The purpose of the present research was to determine the ability of nano-aluminum oxide (Al,O3) and
multiwalled carbon nanotubes (MWCNTs) to adsorb the munitions constituents cyclotrimethylenetrinitramine (RDX) and tungsten (W)
from aqueous solution as a first step in determining the long-term exposure, transport, and bioavailability implications of such interactions.
The results indicate significant adsorption of RDX by MWCNTs and of W by nano-Al,05 (but not between W and MWCNT or RDX and
nano-Al,03). Kinetic sorption and desorption investigations indicated that the most sorption occurs nearly instantaneously (<5 min), with
arelatively slower, secondary binding leading to statistically significant but relatively smaller increases in adsorption over 30 d. The RDX
sorption that occurred during the initial interaction was irreversible, with long-term, reversible sorption likely the result of a secondary
interaction; as interaction time increased, however, the portion of W irreversibly sorbed onto nano-Al,Oj also increased. The present study
shows that strong interactions between some munitions constituents and nanomaterials following environmental release are likely. Time-
dependent binding has implications for the bioavailability, migration, transport, and fate of munitions constituents in the environment.
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INTRODUCTION

Nanomaterials are increasingly used to improve the perfor-
mance of current and future military technologies, in addition to
their rapidly increasing use in industrial and commercial
applications. For example, nano-aluminum and multiwalled
carbon nanotubes (MWCNTSs) are incorporated into nano-
thermites, energetics, and propellant formulations [1-3]. Other
applications include the use of graphene and MWCNTSs in
composites, enhanced fabrics, sensors, batteries, antennas, and
energetic formulations [1,4-6].

While the fate and effects of contaminants of military concern
(e.g., energetic compounds and metal munitions constituents)
have received thorough study, less is known about how the
ultimate environmental fate of these constituents may be affected
by the incorporation of nanomaterials into military technologies.
Some nanomaterials may affect the migration of toxic chemicals
in the environment because of their large surface area, crystalline
structure, and reactivity [7,8]. These traits can increase
contaminant sorption [9-20], which can facilitate or retard
transport of the contaminant in the environment [21]. Although
they could have significant impacts on the environmental fate of
munitions constituent materials, the effects of these interactions
on the environmental fate of energetics have not been examined,
with the exception of a degradation compound of trinitrotoluene
(2,4-dinitrotoluene) as part of a larger study on sorption of polar
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and nonpolar organics to MWCNTs [22]. With advances in
nanomaterial applications in the military, particularly in
energetics and explosives [1,23,24], there is a great need to
better understand these interactions and their potential effects on
fate and transport in the environment [21].

The present study addressed the propensity of select
nanomaterials used in munitions formulations or other military
technologies (MWCNTs and nano-aluminum oxide [Al,O3]) to
bind to military-relevant contaminants in aqueous systems to
assess potential implications on environmental fate. To this end,
sorption extent, kinetics, mechanism, strength, and reversibility
were determined. The compounds cyclotrimethylenetrinitr-
amine (RDX) and tungsten (W) were selected as a military-
relevant model organic and metal, respectively. We used kinetic
adsorption and desorption tests and adsorption isotherms to help
determine the type, extent, and potential environmental impact
of these interactions.

MATERIALS AND METHODS

Source of particles and munitions constituents

Multiwalled carbon nanotubes, hydroxylated MWCNTs
(MWCNT-OH; 1.76% hydroxylated by weight), and graphene
nanoplatelets were obtained from Cheap Tubes. Nano-Al,O;
was obtained from Nanostructured & Amorphous Materials. As
an additional comparison, a bulk Al,O; material (Sigma-
Aldrich; supplier-specified 50-200 pm) was tested. Military-
grade RDX was obtained from the Holston Army Ammunition
Plant and used as received. Tungsten was reagent-grade sodium
tungstate (Na;WO, - 2H,0, 99% purity), obtained from Sigma-
Aldrich.
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Particle characterization

Nanoparticles were submitted to Virginia Polytechnic
Institute and State University (Blacksburg, VA, USA) for
imaging via transmission electron microscopy (TEM) using a
Philips model 420T (FEI) TEM in bright-field mode at 100kV.
Particle size was determined from these TEM images using
Image Pro Plus (Media Cybernetics) image analysis software.
Surface area of particles was determined using a Nova 3200e
BET (Brunauer, Emmett, and Teller) surface area analyzer
(Quantachrome Instruments). Further details on the characteri-
zation of the 11-nm and bulk Al,O; [25,26] and the
MWCNTs [27-29] used in the present study can be found in
previously published studies by our group. Briefly, the nano-
Al,0O3 and bulk Al,Oj particle sizes ranged from 4 nm to 12 nm
(after sonication) and 50 um to 200 wm, respectively. The
MWCNT and MWCNT-OH had outer diameter ranges of 10 nm
to 30nm and 20nm to 30nm, respectively. Lengths of both
MWCNTs ranged from 10 000 nm to 30 000 nm.

Batch sorption studies

Initial batch sorption studies consisted of the following
munitions constituent and nanoparticle pairings: nano-Al,O;
and RDX, MWCNT and RDX, nano-Al,O; and W, and
MWCNT and W. We then explored other nanoparticles
(functionalized MWCNTSs, graphene, bulk Al,O3) with similar
structures and properties based on those results for comparison.
Munitions constituent concentrations in the sorption studies
were nominally 2 mg/L, and nanoparticle concentrations were
nominally 500 mg/L. The munitions constituent solutions were
created using moderately hard reconstituted water (MHRW)
made according to US Environmental Protection Agency
(USEPA) [30] specifications. Prior to interaction, stock
suspensions of nanomaterials were probe-sonicated (Branson
Sonifier 450) for 5 min at 40% power and duty cycle, then bath-
sonicated (Branson 8510) for 24 h. Stock solutions of RDX
and W were created and allowed to stir for 24 h prior to initiation
of the sorption study. Sorption experiments were performed in
150-mL silanized glass Erlenmeyer flasks in triplicate. Muni-
tions constituents and nanomaterials were allowed to interact
while stirring on a multiposition magnetic stir plate for a period
of 7 d to determine the propensity for binding of munitions
constituents to nanomaterials in aqueous solutions.

At the end of the 7-d interaction period, a 2-mL sample was
taken from the flask and centrifuged at 5000 g for 60 min
(Beckman J6; Beckman-Coulter). Comparison with ultracentri-
fugation at 100 000 g (60 min) showed no significant difference
in measured munitions constituent concentrations in the
supernatant between the 2 centrifugation methods (data not
shown); thus, the 5000 ¢ centrifugation was acceptable for
removing the nanomaterials from solution. The munitions
constituent concentration of the supernatant was then quantified
to assess the amount of sorption to the nanomaterials over the 7-d
sorption test. Kinetic studies were performed similarly, with
interaction periods ranging from 0 d to 36 d.

Isotherm fitting

To elucidate binding mechanisms and better understand their
influence on long-term sorption and possible biological
interactions, we performed isotherm tests for both the RDX—
MWCNT and W-nano-Al,O3 interactions. Adsorption was
measured as described above with an initial sorption mixing
period of 7 d. After comparing the data to several different
isotherm models, including Freundlich, Dubinin-Polanyi, and
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multilayer models, the isotherm data were fit using a Langmuir
model [31]

. bxC
ZQmaxX X Ce (1)

1+bxC,

In this model, ¢ is the mass loading (mg munitions constituent/
g nanoparticle), C, is the equilibrium sorbent concentration
(mg/L), Gmax is the maximum loading value (mg munitions
constituent/g nanoparticle), and b is the Langmuir constant
(L/mg). The Langmuir model assumes a finite number of
adsorption sites on the adsorbing material, resulting in a
monolayer of sorbent coverage, which corresponds to the
maximum loading capacity, gyax. At low sorbent concentrations,
the mass loading onto the adsorbent is linear with respect to the
equilibrium sorbent concentration in solution, while it approaches
amaximum loading value as a result of complete surface coverage
at high sorbent concentrations. The data were fit to the Langmuir
equation using a nonlinear least-squares approach.

Desorption testing

To measure the strength of the sorption interactions, desorption
experiments were conducted in which the nanomaterials were
resuspended in clean MHRW after an initial sorption period, and
the amount of munitions constituent desorbed during this rinsing
was measured. Initial sorption periods were 1 d and 21 d to
observe differences between short-term and long-term sorption on
the binding strength during desorption. Following resuspension,
samples were taken after various time intervals of vigorous stirring
(0d, 1d,3d,7d, and 14 d) to determine the amount of munitions
constituent desorbed as a function of time mixing in clean
MHRW. All experiments were performed in triplicate.

Analytical quantitation

Concentrations of RDX were determined using an Agilent
1100 Series high-performance liquid chromatograph (HPLC)
equipped with a Supelco RP-amide C-16 column and a
photodiode array detector using a flow rate of 1 mL/min and a
detection wavelength at 230 nm. Methanol and water (55:45)
were used as the mobile phase solvents with a column
temperature of 45 °C.

Aqueous W concentrations were determined using inductively
coupled plasma atomic emission spectroscopy (ICP-AES) or
inductively coupled plasma mass spectrometry (ICP-MS),
depending on the concentration, following modifications of
USEPA methods 6010 and 6020. Briefly, W metal was
quantitated using the 207.912-nm emission line or m/z 182 ion
with confirmation using the 224.876-nm emission line and m/z
183 ion using ICP-AES and ICP-MS, respectively. Instruments
were calibrated using National Institute of Standards and
Technology traceable commercially available standards and
calibration verification using the National Institute of Standards
and Technology traceable second source standards. Scandium and
yttrium were added online using a mixing-T as internal standards
to correct for instrumental drift during ICP-AES analysis, whereas
terbium and holmium were added to correct for drift during ICP-
MS analyses. Measured W metal concentrations were assumed to
exist as WO, in solution [12] but reported as milligrams of W.

RESULTS

Particle characterization

Table 1 shows the particle size and surface area characteriza-
tion data for the nanomaterials used in the present study.
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Table 1. Nanomaterial size and surface area®

Material Nominal particle size (nm) Measured particle size (nm) BET surface area (mz/g)
Nano Al,O3 11 21.5+£8.9 2189+7.3

Bulk AlL,O; 50 000-200 000 1300 + 800 1452+11.0
MWCNT 20 (width) 21.3+£4.6 (width) 126.9+2.3
MWCNT-OH 13-18 222439 138.7+8.5
Graphene <2x10° 1700 £ 1400 8.6+2.5

“Multiwalled carbon nanotube length was nominally 10 000 nm to 30 000 nm (Kennedy et al. [28]).
BET = Brunauer, Emmett, and Teller; MWCNT = multiwalled carbon nanotube; MWCNT-OH = hydroxylated multiwalled carbon nanotube.

Measured primary particle sizes (from TEM images) generally
approximated nominal or manufacturer-reported ranges, though
measured nano-Al,O; particles were slightly larger than
expected and the bulk Al,Os, while still micron-scale, was
smaller than the reported nominal particle size. The nano-Al,O3
particles had the largest mass normalized surface area, followed
by the bulk Al,O; particles, MWCNT, and MWCT-OH. The
surface area of graphene was substantially less than that of the
other materials tested.

Aqueous sorption studies

Munitions constituent sorption to various nanoparticles
(mass of munitions constituent/mass of nanoparticle) is shown
in Figure 1. The RDX sorption was limited on nano-Al,O; but
more prominent on MWCNT; therefore, functionalized
MWCNTs and graphene nanoparticles were also tested, with
the largest sorption on the nonfunctionalized MWCNTs.
Sorption of W was most pronounced on nano-Al,Os;, with
much less adsorption onto MWCNTs. Bulk Al,O; sorption was
also tested and showed one-third the sorption of nano-Al,O;
(Figure 1). When normalized by surface area, nano-Al,O3
sorption was still 2 times that of bulk Al,O;.

Isotherms

The data for both RDX-MWCNT and W-nano-Al,0O5
interactions followed a Langmuir-type adsorption profile in
which the munitions constituent loading was linear at low
equilibrium munitions constituent concentrations and ap-
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proached a maximum at high concentrations. The slope in the
linear portion of the W-nano-Al,O3 sorption isotherm was
significantly higher than that in the RDX-MWCNT isotherm.
Both data sets were fit to the Langmuir equation (Figure 2), and
the resulting maximum loadings and Langmuir constants from
these fits are shown in Table 2.

Kinetics

The initial loading (<5 min mixing) of RDX onto MWCNTs
was 70% of the final loading at 36 d (1.6 mg RDX/g MWCNT vs
2.3 mg RDX/g MWCNT, respectively) with r=21 d, 28 d, and
35 d statistically higher thant=0d, 4 d, 7 d, and 14 d and with a
generally increasing trend throughout the experiment
(Figure 3a). The initial loading (<5 min mixing) of W onto
nano-Al,O3 was 50% of the maximum loading, which occurred
at 14 d (0.8 mg W/g nano-Al,O3 vs 1.6 mg W/g nano-Al,O3,
respectively; Figure 3b). The fractional loading reached 80%
(1.2 mg W/g nano-Al,03) after stirring for 1 d and increased to
equilibrium at 14 d. The loading of W on nano-Al,O5 at 21 d of
mixing was not statistically higher than any of the loading
measurements from day 1 on, indicating an apparent steady state
(Figure 3b).

Desorption

The RDX-MWCNT loading (mass of RDX adsorbed per gram
MWCNT) after 1 d of sorption was 1.7 mg RDX/g MWCNT,
which decreased to 1.4 mg RDX/g MWCNT on resuspension in
clean MHRW. During 14 d of mixing in clean MHRW after this
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Figure 1. Sorption loading of RDX onto nano-Al,O3, MWCNT, MWCNT-OH, and graphene (A) and W onto nano-Al,O3, bulk Al,O3, and MWCNTs (B) after a
7-d interaction period; RDX had the strongest interaction with MWCNTSs, wheresas W had the strongest interaction with nano-Al,O3. Lowercase letters (a, b, ¢, d)
indicate data points that are statistically different from each other. Error bars represent 1 standard deviation from the mean. [RDX]y, [W]p=2 mg/L. ¢ = mass
loading; RDX = cyclotrimethylenetrinitramine; W =tungsten; MWOCNT = multiwalled carbon nanotube; MWCNT-OH = hydroxylated MWCNT;

NP = nanoparticle.
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Figure 2. Isotherm data for RDX-MWCNT and W-nano-Al,O3 interactions showing munitions constituent loading as a function of initial munitions
constituent concentration. The data were fit using the Langmuir isotherm equation with g« rpx = 2.0 £0.1 mg RDX/g MWCNT and bgpx = 1.1 £0.1 L/mg;
Gmax.w = 1.9 £ 0.1 mg W/g nano-Al,05 and by =0.1 £0.05 L/mg. [MWCNT], [nano-Al,O3] =500 mg/L. Error bars represent 1 standard deviation from the
mean. RDX = cyclotrimethylenetrinitramine; W = tungsten; MWCNT = multiwalled carbon nanotube; W = tungsten.

Table 2. Langmuir constants modeled from isotherm data

Munitions constituent—
nanoparticle
sorption pair

Gmax (Maximum
loading value)

b (Langmuir
constant)

RDX-MWCNT 2.0£0.1 mg RDX/g 1.1£0.1L/mg RDX
MWCNT

W-nano-Al,05 1.9+0.1mg W/g 0.1+£0.05L/mg W
nano-Al,O3

RDX = cyclotrimethylenetrinitramine; MWOCNT = multiwalled carbon

nanotube; W = tungsten.

initial rinsing, the RDX loading did not change significantly. The
RDX-MWCNT loading after 21 d of initial sorption was higher, at
1.9 mg RDX/g MWCNT, but this loading also decreased to 1.4 mg
RDX/g MWCNT on resuspension in clean MHRW. During an
additional 14 d of mixing in clean MHRW, the RDX loading
increased slightly to 1.5 mg RDX/g MWCNT as some of the RDX
that was initially desorbed when resuspended in clean MHRW was
adsorbed back onto the MWCNTSs (Figure 4a).
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After 1 d of sorption, W—nano-Al,O3 loading was 0.9 mg W/g
nano-Al,O3, which decreased to 0.6 mg W/g nano-Al,O3 on
resuspension in clean MHRW. During 14 d of mixing in clean
MHRW after the initial rinsing, the W loading decreased to
0.3mg W/g nano-Al,O3 by day 7 as a result of desorption
and remained relatively constant through day 14. The W—nano-
Al,0O5 loading after 21 d of sorption was 1.9 mg W/g nano-Al,O3,
which decreased to 1.7 mg W/g nano-Al,O3 on resuspension in
clean MHRW. During 14 d of additional mixing in clean
MHRW, the W loading decreased to 1.4 mg W/g nano-Al,Oj3 by
day 7 as a result of desorption and remained relatively constant
through day 14 (Figure 4b).

DISCUSSION

From Figure 1 it is apparent that the adsorption of some
munitions constituents is stronger to certain nanomaterials (e.g.,
RDX with MWCNTs, W with nano-Al,O3), whereas other
combinations produce little or no interaction (e.g., RDX with
nano-Al,O3; or graphene, W with MWCNTs). For those
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Figure 3. Mass loading (¢) of RDX onto MWCNTs (A) and W onto nano-Al,O5 (B) with time. [RDX], [W]o =2 mg/L; [MWCNT], [nano-Al,05] = 500 mg/L.
Lowercase letters (a, b, ¢) indicate groups of data points that are statistically different from each other. Error bars represent 1 standard deviation from the mean.
RDX = cyclotrimethylenetrinitramine; W = tungsten; MWCNT = multiwalled carbon nanotube.
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Figure 4. Desorption data for RDX-MWCNT (A) and W—nano-Al,O5 (B) interactions. Munitions constituents were mixed with nanomaterials for either 1 d or 21
d to allow adsorption, then rinsed and mixed with clean moderately hard reconstituted water to measure desorption over time. [RDX]y, [W]y =2 mg/L; [MWCNT],
[nano-Al,03] = 500 mg/L. Lowercase letters (a, b, ¢, ', b/, ¢’) indicate groups of data points that are statistically different from each other. Error bars represent 1
standard deviation from the mean. RDX = cyclotrimethylenetrinitramine; W = tungsten; MWCNT = multiwalled carbon nanotube.

combinations with little or no interaction, the nanomaterials will
likely not alter the fate and transport of the munitions
constituent, and both the nanomaterial and the munitions
constituent will follow traditional fate and transport models,
many of which have been studied extensively for these
materials [32-34]. However, for those materials that interact
strongly with each other, the fate, transport, and bioavailability
will be altered by their interactions. The mechanism, strength,
kinetics, and reversibility of the sorption reactions can influence
whether these interactions will increase or decrease impact on
the environment and receptor organisms. Therefore, to help
elucidate these processes the majority of the present study
focuses on those interactions with the highest sorption: RDX
with MWCNTSs and W with nano-Al,Os.

Isotherms

The Langmuir isotherm model provided a strong fit
(r2 >0.98) to both the RDX-MWCNT and the W-nano-
Al,05 initial sorption data (Figure 2 and Table 2) compared with
alternative models (multilayer, Freundlich, and Dubinin-Polanyi
adsorption isotherms), which did not adequately fit the data
(* <0.6). Langmuir isotherm behavior indicates that the initial
sorption interactions occur at specific adsorption sites on the
nanomaterial surface up to a monolayer of coverage. Within the
tested concentration range, we observed both a linear sorption
pattern (at low munitions constituent concentrations) and the
approach to complete surface coverage (at high munitions
constituent concentrations). The approach toward an asymptotic
maximum loading strongly suggests that adsorption sites were
saturated at higher concentrations, consistent with the Langmuir
isotherm model.

In locations where munitions constituents and nanomaterials
are co-located, the nanomaterials could act as an effective sink at
low munitions constituent concentrations (<0.1 mg/L. RDX,
<1mg/L W), removing the munitions constituents through
sorption and decreasing their bioavailability and mobility in the
environment. At high munitions constituent concentrations,
however, the nanomaterials’ sorption sites could become
saturated and bioavailability and mobility would depend on
the munitions constituent’s traditional fate and transport models.

Sorption mechanisms

There are several potential sorption mechanisms that may
explain the observed RDX-MWCNT interactions. The
electrons in the MWCNT material can contribute to sorption
through n-m electron donor—acceptor interactions, and Lewis
acid—base binding could also account for sorption of electron-
accepting sorbents. Hydrophobicity was previously shown to
correlate poorly with nanotube adsorption [22,35], and because
RDX is slightly hydrophilic (log octanol/water partition
coefficient =0.68) and was shown to interact weakly with
organic compounds in soil sorption experiments [36], hydro-
phobic sorption is unlikely. Chen et al. [22] found that nitro
groups increased the sorption affinity of organic contaminants to
carbon nanotubes because of the m-electron polarizability of the
nanotubes and that more nitro groups produced stronger
interactions (see also Schwarzenbach et al. [31]). Additionally,
the nitrogen atoms in the RDX ring contribute a strong
electronegativity and add unbound n-electrons, which can
contribute to the n-m electron donor—acceptor attraction. It is
also possible that this electron transfer could reduce the
RDX [37], although no reduced RDX by-products, such as
hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-
1,3-dinitroso-5-nitro-1,3,5-triazine (DNX), or hexahydro-1,3,5-
trinitroso-1,3,5-triazine (TNX) were observed by HPLC analysis.

The decreased sorption of RDX onto oxidized MWCNTs
(Figure 1), in which the OH surface groups withdraw 1 electrons
from the surface of the nanotube, is consistent with the
postulated n-m electron donor—acceptor sorption mechanism
[38,39]. Coughlin and Ezra [39] proposed that the O functional
groups withdraw 7 electrons from graphitic surfaces, leading to
weaker interactions between the adsorbate and adsorbent. The
presence of O functionalities on the MWCNTs could also
decrease sorption as a result of steric constraints, preventing
RDX penetration into micropore spaces, decreased sorption sites
caused by the presence of hydroxyl groups [38], or preferential
sorption of water molecules because of H-bonds with O
functionalities on the carbon surface [40—42].

The significantly higher sorption onto MWCNTs than
graphene is likely a result of graphene’s smaller surface area.
The measured surface area of the graphene was much smaller
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than that of the MWCNTs (Table 1), with fewer sorption sites
and reduced overall sorption capacity. When normalized for
surface area, RDX sorption by graphene was only slightly lower
than sorption by MWCNTs (data not shown). If the sorption
mechanism is similar, it may be assumed that the resulting
environmental implications of RDX-—graphene interactions
are similar to those of RDX-MWCNT interactions. For the
purposes of the present study, however, we focused on a mass
normalization representing a comparable quantity of various
materials that could potentially be released into the environment;
therefore, our analysis centers on RDX-MWCNT interactions.

Since W in environmental matrices (including MHRW in the
present study) almost exclusively exists as tungstate ion
(WO0,%) [12], the sorption mechanism of W onto nano-Al,O3
is likely a result of the electrostatic interaction between the
tungstate anions and charged metal oxides in solution [43—45].
Although this process can be highly dependent on the pH of
the solution [46], these experiments were conducted at
circumneutral pH in MHRW to simulate environmental
conditions.

Kinetics

Both W-nano-Al,O; and RDX-MWCNT interactions
exhibit a significant initial loading of the munitions constituent
onto the nanomaterial, followed by a slower increase in loading
with time (Figure 3). The initial loading (¢ =0) took place very
rapidly as the munitions constituents and nanomaterials were
mixed together briefly and then almost immediately (<5 min)
removed for analysis. The observed time-dependent sorption has
been reported previously for many organic contaminants such as
chlorinated solvents, pesticides, and polycyclic aromatic
hydrocarbons [47].

The initial loading of RDX onto MWCNT's was about 70% of
the final loading after 36 d, with a generally increasing trend
throughout the experiment (Figure 3a). Many organic chemicals
have slow sorption behavior that accounts for anywhere from
30% to 90% of the total loading over timescales of 1 mo to
several months. Pignatello and Xing [47] suggest that this is
likely the result of mass transfer limitations or activation energy
barriers. Slow sorption of organics binding to natural particles
and sediments is often attributed to diffusion limitations caused
by a heterogeneous pore-size distribution. Because this system
involves pure MWCNTs, which have a more homogeneous
distribution of pore sizes than soil or sediments [48], the long-
term increase in sorption is more likely a result of bonds with
higher activation energies that require longer equilibrium times,
such as internal sorption sites [38] or secondary interactions such
as RDX-RDX interactions between aqueous and sorbed RDX
molecules [49].

Interestingly, the RDX loading during the kinetics tests
reached values higher than the maximum surface loading
predicted by the Langmuir model: 2.3 mg RDX/g MWCNT after
36 d (Figure 3) compared with 2.0mg RDX/g MWCNT
predicted maximum surface loading (Table 2). This increased
sorption above the simulated surface adsorption capacity
suggests that equilibrium was not reached within 24h and
sorption continued because of secondary interactions with
higher activation energies (e.g., internal sorption sites, RDX—
RDX interactions).

The initial loading of W onto nano-Al,O3 was 50% of the
total loading measured at 21 d (Figure 3b). However, after a
rapid initial increase during the initial 24h, the system
approached equilibrium, with maximum sorption occurring at
14 d and no further increase, indicating that the long-term
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(>24h) sorption is small compared with the short-term
interactions. Studies of other metals have found that increased
loading after 24h to 48h can be significant. For example,
Garnier et al. [50] found that long-term sorption (>48h)
accounted for anywhere from 5% to 25% of the total loading for
various metals interacting with suspended matter in river water,
similar to the 20% additional loading observed in the present
study after 24 h. Since the total loading values are less than the
surface coverage values predicted by the Langmuir isotherm
model, the asymptotic approach to equilibrium is likely the result
of high surface area diffusion limitations—such as interparticle
diffusion, intrapore diffusion, and molecular sieving—as
equilibrium between the adsorption sites and the WO, ions
is reached. The high surface area of nano-Al,O; (Table 1)
supports this concept, suggesting a large number of potential
surface sorption sites, including difficult-to-access pore spaces.

Desorption

Because RDX-MWCNT and W-nano-Al,Oj5 kinetic inter-
actions indicated significant increases in sorption over time
(Figure 3), desorption experiments were conducted to observe
the strength and reversibility of munitions constituent adsorption
onto the nanomaterials and to identify any hysteresis. To observe
differences between short-term and long-term interactions,
desorption was measured in parallel tests using samples that
had experienced either 1 d or 21 d of initial sorption,
respectively, prior to desorption tests.

On resuspending in clean MHRW, RDX-loaded MWCNT
samples lost 20% (1 d) and 25% (21 d) of their RDX surface
loading (Figure 4a). However, after this initial rinsing loss, the
samples experienced very little (8%, 1 d) or no (21 d; Figure 3a)
additional desorption during 14 d of mixing in clean MHRW.
This indicates that a smaller fraction of the sorbed RDX is more
loosely attached and therefore easily removed from the
MWCNTs, while the remainder is much more strongly bound
because it did not desorb even after vigorous mixing in clean
MHRW over 14 d.

In addition to the above-mentioned n-m bonding, another
possible mechanism for the strong initial adsorption is
chemisorption, which is the result of a chemical reaction
between the sorbent and sorbate leading to an irreversibly sorbed
degradation product covalently attached to the MWCNT
surface. This was previously shown to be a factor in regeneration
studies using RDX and activated carbon [51,52], in which
repeated sorption/desorption cycling results in irreversible
binding because of —NO, electron transfer. However, this
mechanism allows little additional sorption after the chemisorp-
tion and limits total sorption to a monolayer, after which all
adsorption sites are filled. Furthermore, no RDX degradation by-
products were observed by HPLC analysis. Since we observed
both increasing sorption with time in kinetic studies (Figure 3)
and no significant degradation of RDX, we postulate that n-m
electron donor—acceptor sorption was likely the dominant
mechanism.

Because of the multiple sorption capacities seen in the present
experiments, we believe the RDX and MWCNTs likely interact
through multiple sorption mechanisms with different activation
energies. We hypothesize that the rapid initial RDX-MWCNT
sorption is a result of n-m electron polarization of the MWCNTs
by the RDX molecules at the surface of the nanotubes [22] and
that additional binding requires second-order interactions such
as multilayer sorption or RDX-RDX interactions. Attempts to
model the adsorption data using multilayer isotherm models
were unsuccessful; therefore, we hypothesize that the majority of
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the long-term sorption is governed by RDX-RDX interactions.
Clustering of RDX molecules was previously shown to be
substantial because of the presence of ions in solution [49]. It is
possible that the polarization of the MWCNT-RDX system acts
in a similar way, facilitating RDX clustering on the surface of the
nanotubes that acts as a secondary adsorption mechanism.

The RDX loading of both the 1-d and 21-d samples after
resuspending in clean MHRW was very close to the Langmuir-
predicted value of 1.4 mg RDX/g MWCNT (Equation 1 with
C.=2mg/L RDX). This provides further evidence of a strong,
initial surface sorption interaction between RDX and the
MWCNTs, followed by a weaker additional sorption as a result
of second-order interactions. Although the strong surface
sorption will likely limit bioavailability, acting as an RDX
sink, the reversible secondary interaction could potentially
increase the bioavailability of RDX in the environment. The
nanotubes could act as a carrier, transporting the RDX into close
proximity to an organism through dermal contact or ingestion,
where desorption of the loosely bound material could then
increase availability for uptake [21,25,53]. More work is needed
to explore this secondary interaction in detail and measure the
extent and nature of the reversible portion of RDX sorption and
its potential impact in environmental settings.

For W, the longer sorption period (21 d) resulted in increased
sorption (1.9 mg W/g nano-Al,0O3 compared with 0.9 mg W/g
nano-Al,Oj3 for the 1-d sorption test; Figure 4b). Only 15% of
the W adsorbed during the 21-d sample desorbed during the
initial MHRW resuspension, whereas 33% of the W adsorbed by
the 1-d samples was desorbed in this initial rinse. This indicates
that increased sorption time increases not only the overall W
sorption—as confirmed by the kinetic data—but also the
sorption strength, because a smaller fraction of the W was
rinsed off after a longer sorption. Furthermore, over the course of
the 14-d desorption experiment, an additional 23% (21 d) or 50%
(1 d) of the adsorbed W was desorbed. This shows a significant
level of reversibility in W—nano-Al,O3 sorption and confirms
that increased adsorption time produces stronger adsorption.

All samples showed some desorption (Figure 4), but none of
the loadings were reduced by more than 50% after initial rinsing.
Furthermore, even with vigorous mixing in clean water for 14 d,
a significant portion (>30%) of munitions constituent remained
attached to the nanomaterials in every case, indicating that some
of the sorption is readily reversible, but a portion of the
munitions constituent material is not easily removed from the
nanomaterial surface. For these combinations of munitions
constituent and nanomaterial, sorption interactions could
significantly influence the fate and transport of munitions
constituents in the environment.

Implications

Nanomaterials and munitions constituents are likely to be
found together in the environment, especially in close proximity
to military training or manufacturing facilities. Because co-
occurrence of these materials is likely, understanding their
interactions allows for more accurate predictions of bioavail-
ability, fate, and ecological impact. Strong sorption of munitions
constituents onto nanomaterials implies lower bioavailability
and risk in the environment. It should be noted, however, that if
the nanomaterials are themselves bioavailable, this could lead to
a carrier effect in which the nanomaterials bring the munitions
constituents into contact with susceptible organisms (e.g., filter-
feeders), increasing bioavailability and bioaccumulation. This
effect was previously demonstrated with fullerenes and nano-
titanium dioxide as carrier materials [21,54,55]. Such increased
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bioavailability could be especially important when a significant
fraction of the munitions constituent is loosely bound to the
nanomaterial and could be released on contact with biological
receptors. Follow-up investigations to the present study involve
bioaccumulation experiments to determine the potential for
these munitions constituent—nanomaterial interactions to reduce
or enhance tissue residues and to determine the influence of
water-quality parameters such as ionic strength, pH, and the
concentration and type of natural organic matter, which could
have a significant impact on these interactions.
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