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ABSTRACT

The U.S. Army is phasing out legacy munitions compounds that are prone to
accidental detonation and replacing them with insensitive munitions compounds
(IMCs). The major IMCs, namely 3-nitro-1,2,4-triazol-5-one (NTO), 2,4-
dinitroanisole (DNAN), and nitroguanidine (NQ), are not compatible with existing
munitions wastewater treatment technologies such as granular activated carbon due to
their high water solubilities. In this study, a two-stage process employing nanoscale
zero-valent iron (nZV1) and hydrogen peroxide (H202) was evaluated as a potential
technology for destructive treatment of IMC wastewater. In the first stage, nZVI
rapidly and completely degraded all three IMCs and generated dissolved Fe(ll). NTO
and DNAN were degraded via nitro reduction to 3-amino-1,2,4-triazol-5-one and 2,4-
diaminoanisole, respectively. In the second stage, H.O> was added to oxidize the IMC
reduction products through Fenton reaction. nZVI-treated NTO and DNAN samples
showed 66% and 63% TOC removal, respectively, after oxidation. In contrast, NQ
reduction products exhibited negligible mineralization. The results with individual
IMCs were confirmed through an experiment using a synthetic wastewater containing
all three IMCs (TOC = 42 mg/L per IMC). Furthermore, a 50-fold scale-up of the
reactor size and volume in a pilot study to demonstrate the use of the technology at
military facilities showed results consistent with those at smaller scales. This study
illustrates the potential feasibility of an nZVI-H,O; technology for treating IMC-

ladened wastewaters at military facilities.
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Chapter 1

INTRODUCTION

The US Army is phasing out conventional munitions compounds and replacing
them with insensitive munitions compounds (IMCs) that are thermally more stable and
less sensitive to external stimuli (Isler, 1998; Davies and Provatas, 2006). The IMCs
are manufactured for new insensitive munitions (IM) formulations such as IMX-101,
which consists of 3-nitro-1,2,4-triazol-5-one (NTO), nitroguanidine (NQ) and 2,4-
dinitroanisole (DNAN), and IMX-104, which consists of 1,3,5-trinitro-1,3,5-triazine
(RDX), NTO, and DNAN (Cheng, 2014). With increase in military production and
usage of these IMX formulations, the potential release of IM constituents to the
environment may pose a growing concern since these compounds have been shown to
be toxic or mutagenic to various organisms (Crouse et al., 2015; Johnson et al., 2017;
Guilherme et al., 2018; Madeira et al., 2018). Effective treatment of IMX production
wastewaters is necessary to remove these potentially harmful IMCs, thereby

minimizing the risk of environmental contamination and ecological impact.

However, existing treatment processes for traditional munitions wastewater are
not compatible with IMX production wastewater due to the unique properties of IMCs
(Felt et al., 2013). For example, adsorption with granular activated carbon (GAC) is
commonly used for the treatment of wastewaters at manufacturing and production
facilities. While effective in removing legacy munitions compounds, e.g., 2,4,6-
trinitrotoluene (TNT) and RDX, that are rather insoluble and hydrophobic, GAC is

ineffective in removing IMCs such as NTO and NQ due to their high water solubilities



and low octanol-water partitioning coefficients (Kow) (Spear et al., 1989; Dave et al.,
2000; Sokkalingam et al., 2008; Felt et al., 2013). As a result, significantly larger
quantities of GAC are required to treat IM waste streams in order to prevent rapid
breakthrough. This challenge is further exacerbated by the much higher concentrations
of IMCs in IMX wastewaters than those of TNT and RDX. Moreover, because the
process is non-destructive, IMC-laden spent GAC needs to be transported off-site for
proper treatment or disposal as hazardous wastes. Hence, these challenges not only
adversely impact IMX production but result in additional labor, material, and disposal

costs, as well as potential secondary contamination and liability.

In this study, batch experiments were performed to evaluate a synergistic, two-
stage process that consists of IMC reduction by nanoscale zero-valent-iron (nZV1) and
Fenton oxidation through hydrogen peroxide (H>02) addition, to completely destroy
IM constituents in munitions production wastewaters. In the first stage, nZVI
(aggregates of 25-nm nanoparticles, geometric area-to-mass ratio ~ 30,000 m?/kg) was
added to degrade the IMCs (DNAN, NTO, and NQ) through reduction. Concurrently,
nZV1 was oxidized to dissolved Fe(ll). The Fe(ll) was then used to activate H.0>
added in the second stage, where reduction products of IMCs were mineralized
through Fenton oxidation. Total organic carbon (TOC) and total bound nitrogen (TNb,
or non-gaseous nitrogen) concentrations were used to assess the extent of IMC

mineralization by the nZVI-H20, treatment.



Chapter 2

LITERATURE REVIEW

Many chemical and biological processes have been investigated as potential
treatment alternatives to GAC for munitions wastewater containing IM constituents
(Perreault et al., 2012; Felt et al., 2013; Fida et al., 2014; Richard and Weidhaas, 2014;
Madeira et al., 2017; Chew et al., 2018; Terracciano et al., 2018). While some were
able to remove one or two IMCs, none of them were effective in removing all IM
compounds. Alkaline hydrolysis of DNAN has been evaluated in laboratory
treatability studies, but the process could not remove NTO in IMX wastewater (Felt et
al., 2013). Oxidative processes such as biological and chemical oxidation have been
shown to remove DNAN and NTO (Gent et al., 2013; Terracciano et al., 2018), but
they could not remove NQ (Gent et al., 2013). Several studies showed microbial
degradation of NTO, NQ, and DNAN, suggesting biological treatment may be a viable
option (Platten et al., 2010; Perreault et al., 2012; Fida et al., 2014; Krzmarzick et al.,
2015; Indest et al., 2017; Madeira et al., 2017; Madeira et al., 2019). NTO could be
microbially transformed to 3-amino-1,2,4-triazol-5-one (ATO) by mixed cultures
under anaerobic conditions (Krzmarzick et al., 2015; Indest et al., 2017; Madeira et al.,
2017). Madeira et al. (2019) reported that ATO was readily mineralized to CO2, N,
and NH4" under aerobic conditions. These authors suggested a sequential anaerobic-
aerobic approach for complete destruction of NTO (Madeira et al., 2017). Similarly,
DNAN was transformed to 2,4-diaminoanisole (DAAN) in anaerobic fluidized bed

bioreactors with ethanol as an electron donor (Platten et al., 2010). Olivares et al.



(2016) reported microbial transformation of DNAN to 2-methoxy-5-nitroanisole and
DAAN under anaerobic conditions, but no DNAN transformation was observed under
aerobic conditions. Biodegradation of NQ by pure and mixed cultures has been
reported under both aerobic and anaerobic conditions (Kaplan et al., 1982; Perreault et
al., 2012). However, biological processes were slow and required multiple days to

completely transform NQ.

ZV1 technology has been used in recent decades for the degradation of
environmental contaminants, both as micro-size ZV1 and as nano-sized particles
(nZV1) (Matheson et al., 1994; Lowry et al., 2004; Mu et al., 2004; Lin et al., 2013;
Bae et al., 2015). (n)ZVI has been proven to degrade a wide range of contaminants
(Matheson et al., 1994; Roberts et al., 1996; Kim et al., 2000; Jiang et al., 2011; Lin et
al., 2013; Xu et al., 2019). It has been shown to degrade chlorinated compounds, both
aliphatic and aromatic chlorinated compounds, such as perchloroethylene (Roberts et
al., 1996) and pentachlorophenol (Kim et al., 2000), respectively. Inorganic
contaminants like nitrate have been shown to be reduced by (n)ZVI to ammonia
(Cheng et al., 1997; Xu et al., 2019). (n)ZV1 has been used in the removal of arsenic
(1), a heavy metal, from groundwater (Kanel et al., 2005). (n)ZV1 has also been
shown to reduce nitroaromatics such as nitrobenzene, (Mu et al., 2004; Keum et al.,
2004) and azo compounds such as azobenzene (Ye et al., 2006), with the production of
the amino daughter product, aniline, as the final product in each case (Mu et al., 2004;

Ye et al., 2006).

Specifically, (n)ZV1 has been applied to the degradation of legacy munition
compounds. Studies have shown that the legacy explosives TNT, RDX, and

octahydro-1,3,5,7-tetranitro- 1,3,5,7-tetrazocine (HMX) can be rapidly reduced by



ZV1 (Devlin et al., 1998; Singh et al., 1998; Oh et al., 2002; Oh et al., 2003; Oh et al.,
2004). ZV1 pretreatment of wastewater containing nitro explosives or azo dyes has
been shown to increase the rate and extent of mineralization of these aerobically
refractory compounds in subsequent biological or chemical oxidation processes (Perey
et al., 2002; Oh et al., 2003). Ahn et al. (2014) reported ZV1 treatment transformed
DNAN in munitions wastewater into products that were more amenable to biological

oxidation.

(n)ZVI reduction of contaminants, under anoxic conditions, has been known to
be predominantly via one of two mechanisms: (1) electron transfer (Cheng et al.,
1997; Mu et al., 2004) or (2) hydrogen atom transfer (Mu et al., 2004; Ye et al., 2006).
Studies have also shown a third mechanism, (3) Surface-bound Fe(ll) on iron-oxide,
where aqueous Fe(Il) (Fe(I1)@g)) produced from corrosion of (n)ZV1, reacts with the
iron-oxide coating covering portions of the (n)ZVI at the time, thus, forming a reactive
surface (Bae et al., 2015). However, mechanism (3) is only possible at high or
circumneutral pH, which allows the formation of stable iron oxides on the (n)ZVI

surface.

(n)ZV1 as an electron donor in mechanism (1) follows the half-reaction shown
in Eq. 1:

Fe® > Fe?t + 2e~ (1)

In mechanism (2), the electrons are accepted by protons which are then

reduced to hydrogen atoms, a reactive species, which reacts with the target

compound(s). Eq. 2 shows the formation of the reactive hydrogen species.

F€0+ 2H+—>F92++2H'(ads) (2)



(nN)ZV1 has, thus, been known to be an effective agent for contaminant

degradation, including munitions contaminants.

To date, however, ZVI has not been evaluated against NTO and NQ, which
may exhibit different reactivities toward ZV1 than their nitroaromatic counterparts,
DNAN and TNT. In addition, reactivity of ZVI is often limited by its geometric area-
to-mass ratio (ca. 0.9 m?/kg for a 1 mm particle) which may render it slow and

infeasible for treating wastewaters containing high concentrations of NTO and NQ.

Fenton oxidation, the most common advanced oxidation process for the
treatment of organic contaminants because of its simplicity and non-selectivity (Huang

et al., 1993), was also applied in this study, as a second step in the treatment process.

This study focuses on evaluation of a potential two-staged nZVI1-H,0>
technology for treating munitions wastewaters ladened with IMCs. Here, the
application of nZVI1 to three major IMCs is studied. This is the first time nZVI
reaction with NTO and NQ has been studied. Also, Fenton oxidation of the reduction
products, in the second stage of the treatment, was evaluated. The dissolved Fe(ll)
produced from the concurrent oxidation of nZV1 in the first stage, was utilized on

addition of H.O, for Fenton oxidation in the second stage.



Chapter 3

METHODOLOGY

3.1 Materials

Nanofer STAR, an air-stable nZV1 product was purchased from Nano Iron,
s.r.0. (Czech Republic). The oxide-coated nZVI powder had an Fe(0) content of 65—
80%, a magnetite (Fes04) content of 20-35%, and a specific surface area of >25 m?/g,
according to the vendor (Nano Iron, 2018). NQ and DNAN were obtained from
Sigma-Aldrich (St. Louis, MO). NTO was provided by Picatinny Arsenal, NJ.
Hydrogen peroxide (30%) and sulfuric acid (H2SO4, 98%) were purchased from Fisher
Scientific (Waltham, MA). The structures and molecular formula of the three IMCs
are shown in Figure Al. Trifluoroacetic acid (TFA), acetonitrile (>99.9%), and
methanol (>99.9%) were purchased from Sigma-Aldrich (St. Louis, MO). All
munitions compound (MC) solutions were prepared in a mineral salt medium
containing the following ions to mimic the ion composition of IMX wastewater (Kim
etal., 2019): 0.05 mM KCI, 4.9 mM NaCl, 1.3 mM CaSOg, and 0.8 mM MgSQa. All
chemicals used in the mineral salt medium were purchased from Acros Organics (Fair

Lawn, NJ) and used as received.

3.2 IMC Reduction with nZVI

All experiments were carried out in an anaerobic glove box under N2 (98%)

and Hz (2%) (Coy, Grass Lake, MI) at room temperature. Sixty-mL amber borosilicate



vials were used as batch reactors and prepared in duplicates. Each reactor was filled
with 40 mL of deoxygenated IM solution containing 0.5 mM each of DNAN, NTO,
and NQ. The initial pH was adjusted to 2.0+0.4 with concentrated sulfuric acid to
mimic the low pH of IMX wastewaters (Felt et al., 2013) due to NTO deprotonation
(pKa 3.76). Reactors were placed on an end-over-end shaker at 40 rpm, and 30 mg of
nZV1 powder was added to initiate reaction. At different elapsed times, aliquots of
solution were withdrawn and immediately passed through a 0.22-um PTFE syringe
filter to remove nZVI particles and stop further reaction. For comparison, experiments
were also performed with individual IM compounds. These experiments were

conducted under identical conditions with an initial MC concentration of 0.5 mM.

3.3 Sequential Reduction and Oxidation of Individual IMCs

Batch reduction of DNAN, NTO, or NQ was carried out in an anaerobic glove
box using 250-mL glass beakers containing 100 mL of MC solution and 0.12 g of
nZV1 for DNAN or 0.2 g of nZVI for NTO and NQ. The initial concentrations of
DNAN, NTO, and NQ were 0.5, 2.5, and 2.5 mM, respectively. Solution pH was
maintained at 2.0£0.3 through addition of 0.75 M H.SQO4 using a pH controller
(Bluelab, New Zealand). An overhead digital mixer (Cole-Parmer, Vernon Hills, IL)
was used to stir solution at 500 rpm for 10 min. The treated solution was then passed
through a 0.22-um PTFE syringe filter to remove nZVI particles, and 50 mL of filtrate
was used for a Fenton oxidation experiment. The remaining filtrate was used for

quantification of MC reduction products, TOC, and TNb.

Fenton oxidation was initiated by adding 50 mL of H20. solution to 50 mL of

nZV-treated MC solution. The initial concentrations of added H.O, were 13 mM for



DNAN and 22 mM for NTO and NQ. The H20> concentrations were chosen based on
the amount of Fe(l1) generated from reduction experiments to give a Fe(ll)-to-H20>
mole ratio of 1:2. Preliminary tests showed that a molar ratio of 1:2 appeared to be
optimal and additional H>O> did not enhance TOC removal. Reaction mixture was
placed on a stir plate at 150 rpm and allowed to react for 20 min, as preliminary tests
showed that TOC removal beyond 20 min was negligible. Solution pH was maintained
at 2.0£0.3 using a pH controller. Fifty mL of sample was collected and passed through

a 0.22-um PTFE syringe filter for analyses.

3.4 Sequential Reduction and Oxidation of Synthetic Wastewater

Sequential reduction-oxidation experiments were conducted with a synthetic
wastewater containing all three MCs (DNAN, NTO and NQ) to further evaluate the
feasibility of the proposed process to degrade IM constituents. The initial
concentrations were 0.5 mM for DNAN, 1.75 mM for NTO, and 3.5 mM for NQ.
These concentrations were chosen to yield the same initial TOC of ca. 42 mg/L for
each MC. Reduction experiments were carried out in 60-mL borosilicate amber
reactors containing 40 mL of deoxygenated test solution, and reaction was initiated by
addition of 200 mg of nZVI. Four mL of 0.75 M H2SO4 was added to maintain the pH
at 2.0 £ 0.3 during reduction. Reactors were placed on an end-over-end shaker for 10
min and solution was passed through a 0.22-um PTFE syringe filter to remove
residual nZVI. Filtrate was collected for chemical analyses and for an oxidation

experiment.

Fenton oxidation was carried out in 60-mL glass reactors containing 20 mL of

reduced wastewater and was initiated by addition of 10 mL of 0.12 M H.O> solution.



As the concentration of Fe(ll) was determined to be 42 mM in the reduced wastewater
under the test conditions, the amount of H20. was chosen to yield an initial H.O>
concentration of 84 mM (i.e., Fe(ll)-to-H202 = 1:2 by mole). Reactors were shaken at
150 rpm and the reaction time was 20 min for all experiments. All liquid samples were

0.22-pm filtered before analysis.

3.5 Analytical Methods

DNAN, NTO, NQ, DAAN, ATO, and the two common DNAN reduction
intermediates 2-amino-4-nitroanisole (2A4NAN) and 4-amino-2-nitroanisole
(4A2NAN) were all quantified using an Agilent 1260 series high-performance liquid
chromatograph (HPLC) equipped with diode-array detector (DAD). For NTO, ATO,
and NQ analysis, the stationary phase was a Hypercarb™ porous graphitic carbon LC
column (4.6 mm x 100 mm, particle size 5.0 um, Thermo Fisher Scientific, Waltham,
MA), and the mobile phase was 0.1% aqueous TFA and acetonitrile at a flowrate of 2
mL/min. The injection volume was 75 pL. NTO was detected at 8.2 min/318 nm,
ATO at 4.2 min/210 nm, and NQ at 5.7 min/260 nm. For DNAN, 4A2NAN,
2A4NAN, and DAAN, the stationary phase was a Zorbax SB-C18 column (4.6 mm X
50 mm, particle size 3.5 pm, Agilent, Santa Clara, CA). The mobile phase consisted of
methanol and 50 mM sodium phosphate buffer, with a flowrate of 1.7 mL/min. The
sample injection volume was 100 uL. DNAN was detected at 4.8 min/214 nm,
4A2NAN at 3.2 min/234 nm, 2A4NAN at 4.2 min/254 nm, and DAAN at 2.3 min/210
nm. The retention times and wavelengths in all cases were chosen based on reference
standards of MCs and their reduction products acquired from AccuStandard (New

Haven, CT).

10



Nitrate and nitrite were measured using a Dionex ICS-1000 ion chromatograph
(IC) (Dionex, Sunnyvale, CA) equipped with a Dionex AERS 500 suppressor, a
Dionex lonPac AS23 capillary column preceded by a Dionex lonPac AG23 guard
column. Separation was achieved at 30 °C using a mixture of 4.5 mM Na>COz and 0.8
mM NaHCO:z as eluent. Aqueous Fe(ll) and total Fe were quantified with a UV-vis
spectrophotometer (Vernier, Beaverton, OR) at 511 nm using the 1,10-phenanthroline
method. Aqueous Fe(l11) concentration was obtained based on the difference between
aqueous Fe(l1) and total Fe concentrations. Ammonia was measured with a Hach
DR5000 UV-vis spectrophotometer (Loveland, CO). TOC and TNb concentrations
were quantified using an Elementar VVario TOC Cube (Elementar Americas Inc.,

Ronkonkoma, NY) at the University of Delaware's Soil Testing Laboratory.

11



Chapter 4

RESULTS AND DISCUSSIONS

4.1 IMC Reduction by nZVI

As shown in Figure 4.1, in synthetic wastewater at pH 2.0, NTO, DNAN, and
NQ were reduced simultaneously by 30 mg of nZVI. Note that Figure 4.1 is a semi-log
plot, and therefore the changing slopes indicate that these reactions were not pseudo-
first-order with respect to MC concentration (Eq. 3) under the test conditions. That is,
Kobs Was not constant but decreased with time, presumably due to diminishing mass
and surface area of nZVI as it was oxidized rapidly and continuously by the MCs,

proton, or both.

el _ _
In (m) = kobst (3)
Fe;0, + 8H* — Fe?* + 2Fe3* + 4H,0 (4)
2Fe3t + Fe® - 3Fe?t (5)

The air-stable Nanofer STAR nZVI used in this work contained 65-80% Fe(0)
and 20-35% magnetite (FesO4) by mass, as reported by the manufacturer. If all Fe(0)
was oxidized to Fe(ll) (Eq. 2) and all FesO4 was acid-dissolved to Fe(Il) and Fe(lll)
(at a mole ratio of 1:2; Eq. 4), then Fe(l11) should account for between 10% and 19%
(for 80% and 65% Fe(0) content, respectively) by mole of total dissolved Fe in the
final solution. This was not observed. As shown in Figure A4, Fe(ll) accounted for

almost all the total dissolved Fe in all three nZVI-reduced MC solutions. This
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indicates that, at pH 2.0, Fe(0) was oxidized almost completely to Fe(ll) by MCs
and/or proton, that Fe(ll) could not reduce any of the MCs, and that most Fe(l11)
dissolved from FesO4 was reduced by Fe(0) to Fe(ll), as shown in Eg. (5). Reduction
of Fe(l11) would decrease the amount of electron in Fe(0) available for MC reduction,
but was necessary to provide chemical stability to the nZVI. Taking into account Eq.
(5), the amount of electron available in 30 mg of Nanofer STAR was 0.61-0.81 mmol,

for 65% and 80% Fe(0) content, respectively.

As will be discussed below, the electron demands of DNAN and NTO are 6 e
per nitro group; i.e., each NTO molecule would accept 6 electrons and each DNAN
molecule 12 electrons. If we assume the same electron demand holds for NQ (i.e., 6 e~
per NQ molecule), then the total electron demand from the three MCs combined in the
40-mL solution would be 0.48 mmol, or 59-79% of the available electrons in 30 mg of
nZV1. Although the MCs were not completely reduced in 30 min (Figure 4.1), the
extents of reaction would have consumed approximately half of all the available
electrons. Hence, the electron balance calculation shows that nZV1 was not in large
excess and the reaction conditions were not pseudo-first-order, which explains the
decreasing rates of reduction over time for all three MCs. Note that anaerobic
oxidation of Fe(0) by proton (Eg. 2) may or may not be a net electron sink. The
nascent atomic hydrogen formed on the nZV1 surface (H-@ds)) may either react with
MCs (Oh et al., 2002) or self-couple to produce Hz (Eq. 6), and only the latter
represents a loss mechanism (2 e~ per H2 molecule formed). Due to the 2% H:
background in the glove box atmosphere, however, it was not possible to quantify H.

production during MC reduction experiments.

2H *(ads) - HZ(g) T (6)
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Additional experiments were performed under similar conditions with increased
nZV1 mass in an attempt to obtain pseudo-first-order rate constants (Kons). However,
the MC disappearance rates quickly became too fast to measure accurately: Over 95%
of all three MCs were transformed within 10 min when nZVI mass was doubled (to 60
mg, Figure 4.2) and no MC could be detected when nZV1 mass was doubled again (to
120 mg) (Figure 4.2). A control reactor without nZV1 showed no degradation of MCs
(Figure A2). Although it was not possible to obtain kobs for the three MCs under the
condition of this study, the data clearly show that, in contrast to the chemical and
biological processes that have been investigated to date, (n)ZV1 can simultaneously
degrade all three MCs and, in particular, is the first chemical agent reported to rapidly

degrade NQ.
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Figure 4.1 Concentrations of NTO, DNAN, and NQ during reduction by 30 mg of
nZV1. All three MCs were in same reactor at an equal initial
concentration of 0.5 mM. The solution volume was 40 mL. The pH was
2.0+0.4. Error bars are based on duplicate reactors.
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Figure 4.2 Concentrations of NTO, DNAN, and NQ 10 min after reduction by 30,
60, and 120 mg of nZVI. All three MCs were in same reactor at an equal
initial concentration of 0.5 mM. The solution volume was 40 mL. The pH
was 2.0+0.4. Error bars are based on duplicate reactors.

Batch experiments were also performed with individual IMCs to identify and
quantify their reduction products. Nitroaromatic compounds (NACs) have been shown
to react with ZV1 through reduction of the nitro group (-NO2) to amino group (-NH>),
involving transfer of 6 e~ and oxidation of 3 Fe(0) atoms per nitro group (Oh et al.,
2002, 2005), as shown in Eq. (7). DNAN and NTO (more specifically, the singly
deprotonated form of NTO) are both NACs and have been shown to undergo reductive

transformation to DAAN through 2-amino-4-nitroanisole (2A4NAN) and 4-amino-2-

16



nitroanisole (4A2NAN) as intermediates and to ATO, respectively, by Fe(ll)
reductants including green rust and the hematite-Fe(l1) redox pair (Hawari et al., 2015;
Khatiwada et al., 2018; Cardenas-Hernandez et al., 2020). Therefore, these reduction

products of DNAN and NTO were looked for first.
3Fe® + ArNO, + 6H* — 3Fe?* + ArNH, + 2H,0 @)

Figure 4.3 shows disappearance of NTO and formation of ATO following
nZV1 addition. NTO was removed completely in 20 min and >95% of the NTO
transformed was recovered as ATO in 30 min. The mass balance gap (black circles)
during the reaction, as well as the lag time between complete NTO removal and
maximum ATO production, suggest an intermediate(s) was present in significant
quantity during NTO reduction by nZVI. This intermediate may potentially be 3-
nitroso-1,2,4-triazol-5-one and/or 3-hydroxyamino-1,2,4-triazol-5-one; i.e., the two-
and four-electron reduction products of NTO, respectively. However, reference

standards of these compounds were not commercially available for confirmation.

Figure 4.4 shows the disappearance of DNAN and concomitant formation of
its reduction end product, DAAN. While both 4A2NAN and 2A4NAN were detected
during DNAN reduction, their concentrations were negligible throughout the
experiment. The lack of accumulation of these intermediates, and the high mass
balance observed throughout the reaction, suggest that 4A2NAN and 2A4NAN were
reduced instantly by nZVI as soon as they were formed. The final DAAN vyield was
100%.

Similar to other NACs, NTO and DNAN were transformed by nZVI

quantitatively to their reduction end products. The full mass and electron balances are
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useful because they not only confirm the identity of the reduction products (DNAN
and NTO), which would be the predominant compounds oxidized in the subsequent
Fenton process, but also enable estimation of the electron demand of a given MC
wastewater (i.e., 6 e~ per NTO molecule and 12 e~ per DNAN molecule) and the

theoretical minimum nZVI mass required for complete reduction.

Similar attempts were made to identify aminoguanidine (AQ), a potential
reduction product of NQ, through UV-vis, HPLC-DAD and LC-MS analyses.
Although different LC columns, eluent compositions, gradients, and wavelengths were
assessed using an AQ reference standard as well as clean NQ reduction solution, it
was not possible to separate or detect AQ, presumably because of its highly polar
nature and minimal LC retention. The experimental conditions under which the study
was carried out rules out the possibility of sorption of NQ to Fe(l11)-oxide surfaces as
a mechanism for NQ disappearance observed. This is because Fe(ll1)-oxides will be
thermodynamically unstable under such low pH (=2) reducing condition. Hence,
although NQ was degraded by nZV1 at a similar rate (Figure 4.5), mass and electron

balances for NQ reduction were not established.
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Figure 4.3 Disappearance of NTO and formation of its reduction product, following
addition of 28.1 mg of Nanofer STAR. The initial concentration was 0.5
mM. Solution pH was constant at 2.0+0.4. Error bars are based on
duplicate reactors.
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Disappearance of DNAN and formation of its reduction products,
following addition of 28.1 mg of Nanofer STAR. The initial
concentration was 0.5 mM. Solution pH was constant at 2.0+0.4. Error
bars are based on duplicate reactors.
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Disappearance of NQ following addition of 28.1 mg of Nanofer STAR.
The reduction product(s) of NQ was not identified. The initial
concentration was 0.5 mM. Solution pH was constant at 2.0+0.4. Error
bars are based on duplicate reactors.

4.2 TOC and Nitrogen Products

In addition to reduction intermediates and products, TOC, TNDb, nitrate, and

ammonia concentrations were measured before and after nZV1 reduction and Fenton

oxidation of individual MCs. As expected, reduction did not measurably change the

TOC of MC solutions (Figure 4.6). This is consistent with the above result (Figure 4.3

and 4.4) that all the carbon atoms in NTO and DNAN, and presumably in NQ as well

remained intact after reduction (Figure 4.6). Fenton oxidation of nZVI-treated NTO

and DNAN solutions for 20 min resulted in 66% and 63% TOC removal, respectively
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(Figure 4.6). Since both carbon atoms in ATO and six of the seven carbon atoms in
DAAN are ring carbons, the TOC removal results show that both ATO and DAAN
had been fragmented through ring cleavage during Fenton oxidation. HPLC analyses
confirmed that both ATO and DAAN were absent after oxidation. In contrast, TOC
removal for nZVI-reduced NQ solution was negligible: The TOC of NQ solution
remained practically the same as that of control. Hence, the carbon atom in the NQ
reduction product(s) — might it be AQ or other compounds — was more resistant to
hydroxyl radical attack than those in ATO and DAAN. This might be related to the
structure and high N/C mole ratio of NQ and AQ (Figure Al): with an N/C ratio of 4,
the only carbon atom in NQ or AQ was well-protected by reduced nitrogen atoms,
which would have to be oxidized by Fenton reagent before TOC mineralization could

occur.

Figure 4.7 shows the TNb, NHs-N, and NOs-N concentrations for each MC.
Because all samples were filtered (to remove nZV|1 particles) and because TNb
captures only non-volatile N species, the fact that the total nitrogen mass stayed
roughly constant before and after reduction and oxidation for all three MCs suggests
that gaseous products (e.g., N2, N2O and NO) were not formed or only negligibly.
Consistent with the high recoveries of ATO and DAAN, ammonia was not produced
following NTO and DNAN reduction but accounted for a small fraction (ca. 8%) of
the nitrogen in NQ reduction products. After oxidation, roughly 50% of the DNAN-N
was recovered as NHz-N (46%) and NO3-N (3.5%), 30% of the NTO-N was recovered
as NH3-N (24%) and NOs-N (6%), and only 14% of the NQ-N was recovered as NHs-
N (9%) and NOs-N (5%) (Figure 4.7). While the yields were not high, formation of

ammonia and nitrate following Fenton oxidation suggests that ATO, DAAN, and NQ
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reduction products were all fragmented by hydroxyl radical. Nitrite was looked for but

never detected in either reduction or oxidation samples for any of the MCs.

100

80 -+

TOC (ppm)

Ctrl

Aft. Red.| Aft. Oxi.

Aft. Red.| Aft. Oxi.

Aft. Red.| Aft. Oxi.

DNAN

NTO

NQ

Figure 4.6  Concentrations of TOC in solutions containing individual MCs before
reduction (Ctrl), after reduction (Aft. Red), and after oxidation (Aft.
Oxi.). Reaction times were 10 min for reduction and 20 min for
oxidation. pH was 2.0£0.3 for all solutions. Error bars are based on

duplicate reactors.
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Figure 4.7 Concentrations of TNb in solutions containing individual MCs before
reduction (Ctrl), after reduction (Aft. Red), and after oxidation (Aft.
Oxi.). Reaction times were 10 min for reduction and 20 min for
oxidation. pH was 2.0+0.3 for all solutions. Error bars are based on
duplicate reactors.

4.3 Sequential Reduction and Oxidation of Synthetic Wastewater

To further evaluate the nZV1-H20> process for MC wastewater treatment, a
synthetic wastewater containing DNAN, NTO, and NQ at the same organic carbon
concentration (3.5 mM or 42 mg/L each) was used for a sequential reduction-oxidation
study. Complete reduction of all three MCs in 40 mL of wastewater was achieved

within 10 min of reaction with 0.2 g of added nZVI. NTO and DNAN were recovered
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as ATO and DAAN (96% and 80%, respectively) after reduction, and both products
were completely degraded by Fenton oxidation (Figure A5). Similar to the results in
Figures 4.6 and 4.7, the TOC and TNb of the synthetic wastewater was statistically
unchanged before and after reduction (Figures 4.8 and 4.9), and a small amount
(<10%) of NH3-N was detected which was presumably derived from NQ reduction
(Figure 4.7). Oxidation of the nZVI-reduced MC wastewater resulted in 41% TOC
removal (Figure 4.8), which closely matches the extent of mineralization (43%)
estimated based on the values for reduced DNAN and NTO (63% and 66%,
respectively) in Figure 4.6. Also consistent with the data in Figure 4.7, NH3-N (21%)
and NOs-N (6%) combined accounted for ca. 27% of the TNb after Fenton oxidation
(Figure 4.9). Ammonia was produced through oxidation of the reduction products of
all three MCs, whereas nitrate was formed from oxidation of ATO and NQ reduction

products (Figures 4.9 and 4.7). Again, nitrite was never detected.

Fenton oxidation of the three MCs were tested to determine whether Fenton
reagents can degrade the parent IMCs. As shown in Figure A3, NTO and DNAN were
degraded fully within 20 min, whereas NQ was degraded only to a limited extent. This
result suggests that nZV1 reduction would be a necessary pretreatment to fully degrade

IMCs in munitions production wastewaters containing NQ.
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Control After Reduction After Oxidation

Synthetic Wastewater

Figure 4.8 Concentrations of TOC in synthetic wastewater containing DNAN, NTO
and NQ before reduction (Control), after reduction, and after oxidation.
Reaction times were 10 min for reduction and 20 min for oxidation. pH
was constant at 2.0+0.3. Error bars are based on duplicate reactors.
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Figure 4.9 Concentrations of TNb in synthetic wastewater containing DNAN, NTO
and NQ before reduction (Control), after reduction, and after oxidation.
Reaction times were 10 min for reduction and 20 min for oxidation. pH
was constant at 2.0+0.3. Error bars are based on duplicate reactors.
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Chapter 5

PILOT SCALE STUDY

5.1 Relevance

In an effort to evaluate the feasibility of the nZVI1-H,O> technology for use at
military facilities, a set of pilot study tests were carried out at a larger scale and
volume. The pilot study was a scale-up from the small laboratory studies in chapters 3
and 4, by a factor of 50; and was only 15 times smaller than anticipated reactor sizes at
military facilities. With this study, it was possible to determine whether it will be

feasible to apply the nZVI-H20- technology at military facilities.

5.2 Pilot Scale Study: Methodology

In these tests, a 2-gallon glass reactor was used to treat 5 liters of synthetic
wastewater containing a single MC (NTO, DNAN or NQ). The solution was stirred by
an electric overhead mixer (H. Hukoer Products, China) at 1200 rpm. Two stainless
steel air stones were arranged in parallel and connected to a central nitrogen gas line
for deoxygenation before and throughout each experiment. The nitrogen flow was
maintained at 2 L/min. The tests were run at pH 2.0, to mirror the low pH of
insensitive MC wastewaters. An automatic pH Controller (Bluelab, New Zealand) was
used to dose concentrated HoSO4 intermittently. See Figure 5.1 for schematic
representation of the experimental set-up. The reduction step was initiated by adding
nZV|I in excess (stoichiometric) amount to the reactor. Aqueous samples were
withdrawn from the bulk liquid through a built-in sampling line before and at different

times after addition of nZVI1. After reduction by nZVI, oxidation was initiated by H>O>
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addition (at a Fe(l1)-to-H202 mole ratio of 1:2). Analyses for MCs and their reduction
product(s) were carried out using the HPLC-DAD and conditions mentioned in
Chapter 3; while TOC concentrations were determined using a TOC Analyzer
(Shimadzu, OR). nZVI dosing and H20> addition were at concentrations similar to

those used in the small-scale experiments in chapters 3 and 4.

|Mixer|

'@—-— Nitrogen gas Line
g%

.,

pH
Controller

0 (&)
o o _
rfﬁj*— Stainless Steel

v Air-Stones

5 litre solution in
8 litre glass jar
reactor

Figure 5.1  Schematic of Set-up for Pilot Scale Study Experiments

5.3 Pilot Scale Study: Results

The pilot scale experiments with single MCs (NTO, DNAN and NQ) showed

rapid and complete degradation of all three parent MCs by nZVI in the reduction step.

29



All three MCs were degraded within 10 mins by nZVI (Figures 5.2 — 5.4). This is
consistent with the findings from the small-scale experiments where rapid and
complete degradation of parent IMCs by nZVI in 100 mL reactors was observed. NTO
and DNAN reduction products were recovered as in the small-scale experiments. For
NTO, 97% of its mass was recovered as ATO, while DNAN was recovered as DAAN,
with 99% vyield (Figures 5.2 and 5.3). Fenton oxidation, following reduction, yielded
TOC removal in NTO and DNAN reduced solution. TOC removal was 60% and 34%
in NTO and DNAN reduced solutions, respectively (Figure 5.5). Again, NQ reduced

solution showed no TOC removal after oxidation (Figure 5.5).

1.8
£
= 1.5
_ )
£
g 1.2 "1
= =8-NTO
S 09 4
‘q:'; ) ATO
§ 0.6 - =©-Mass Balance
{A‘
(@) it
0.3 A
0.0 4- . ' H]
0 10 20 30

Reaction Time (min)

Figure 5.2 Disappearance of NTO and formation of its reduction product, ATO,
with 2.0 g/L of Nanofer STAR at Pilot Scale. The initial concentration
was 1.60 mM. Solution pH was constant at 2.0£0.1.
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Figure 5.3 Disappearance of DNAN and formation of its reduction products, with
1.2 g/L of Nanofer STAR at Pilot Scale. The initial DNAN concentration
was 0.5 mM. Solution pH was constant at 2.0+0.1.
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Figure 5.4 Disappearance of NQ, with 2.0 g/L of Nanofer STAR at Pilot Scale. The
initial NQ concentration was 2.5 mM. Solution pH was constant at
2.0£0.2.

32


file:///C:/Users/ELIJAH%20O.%20AKANBI/Downloads/ESTCP%20Project/SpreadSheet%20Data/Pilot%20Study%20(New%20Mixer).xlsx

N Control
B After Reduction
F3 After Oxidation
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Experiments at Pilot Scale before reduction (Control), after reduction
(After Reduction), and after oxidation (After Oxidation). Reaction times
were 30 min for reduction and 20 min for oxidation. pH was 2.4+0.1 for
all solutions.
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Chapter 6

CONCLUSION AND FUTURE RESEARCH

In this study, it was demonstrated that sequential nZV1-H2O; treatment process
can rapidly and fully degrade three insensitive MCs that are major constituents in IMX
formulations and production wastewaters. Mass and electron balances for NTO and
DNAN reduction by nZV1 were established. Results obtained with individual IMCs
and with a synthetic wastewater are consistent with respect to transformation rate,
extent of mineralization, and nitrogen product distribution. Hence, it may be possible
to predict the treatment performance of the nZVI-H20O> process based on wastewater
MC composition. This is the first report of NTO reduction by nZVI, and the first
report of rapid NQ degradation by any abiotic or biological agent. The ability of nZVI
to rapidly and simultaneously degrade all three MCs (as well as RDX (Oh et al.,
2005), a constituent in IMX-104) makes nZV1 an attractive candidate for munitions
wastewater treatment. The results from the pilot study tests further validate the ability
of nZVI-H.0: technology to degrade MCs rapidly and completely on a large scale and
volume. The data heightens the feasibility of using this technology at military facilities
where large volumes of IMX wastewaters (hundreds of gallons) will need to be

treated, regularly.

Future work should focus on identifying NQ reduction product(s) and
establishing mass and electron balances. In addition, as mineralization of MC
reduction products was incomplete and a significant portion of the bound nitrogen
species was unknown, it would be necessary to evaluate the toxicity and

biodegradability of both MC reduction products and their Fenton oxidation products.
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Lastly, key process parameters such as pH, mixing rate, nZV1 dosing, etc, should be

assessed to optimize the technology.
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Appendix

SUPPLEMENTARY FIGURES
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Figure A1  Structures of the insensitive munitions compounds- NTO, DNAN, and
NQ. The molecular masses of NTO, DNAN, and NQ are 130.06, 198.13,
and 104.07 g/mol, respectively.
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Control (no nZV1) for reduction experiments. Solution volume was 40
mL, pH was 2.0+0.4, and initial concentration of each MC was 0.5 mM.
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Figure A3 Concentrations of MCs in synthetic wastewater before (control, magenta)
and after (blue) Fenton oxidation. Solution volume was 30 mL. FeSO4
and H20, were added to give initial aqueous Fe(ll) and H>O>
concentrations of 42 mM and 84 mM, respectively. Reaction time was 20
min and pH was 2.0+0.4. Error bars are based on duplicate reactors.
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Figure A4

Aqueous Fe(Il) and Fe(I11) concentrations after reduction and oxidation
of three MCs individually. Reaction times were 10 min for reduction and
20 min for oxidation. pH was 2.0+0.4. Error bars are based on duplicate

reactors. Visible precipitates were observed in some reactors after
oxidation, which will be Fe(ll1)-minerals. This would affect the actual
amount of aqueous Fe(ll1) in solution after oxidation.
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Figure A5 DNAN (0.5 mM), NTO (1.75 mM), and NQ (3.5 mM) and their
reduction products (DAAN and ATO, green bars) in synthetic wastewater
before reduction (Ctrl), after reduction by nZVI (Aft. Red.), and after
oxidation following H20- addition (Aft. Oxi.). pH was 2.0£0.4. Error
bars are based on duplicate reactors.
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