ABSTRACT

WON, JONGHO Naturaland Enhanced Attenuatiaf High Explosivesn Soil (Under the
direction ofDr. Robert C. Borden and Dr. Detlef Knappe

The high explosive (HE) compounds 2:4r@itrotoluene (TNT), hexahydr@,3,5
trinitro-1,3,5triazine (RDX; royal demolition explosive), and octahyet(B,5, #tetranitre
1,3,5,#tetrazine (HMX; high melting explosive) are commonly used in military munitions
and can be deposited on military rangesing training activities. HEs deposited on ranges
can betransported into groundwater by rainfall andgrate off the rangespotentially
causing adverse health impactHowever, only limited research has been conducted to
identify cost effective technolagsfor treating explosives deposited on rangksthis study,
soil conditions controlling HE& natural attenuationwere investigated, andhe impact of
mixed orgar amendment (waste glycerin and lignosulfonatd)E leachingvasevaluated
to improve our understanding of processes controlling HE leadghigiggnade range soil.

Soil microcosms composed of grenade range soil amdter showedthat TNT
extensively degraded under both aerobic and anaerobic conditionsrwitithout organic
amendment addition. While RDX and HMX did not biodegrade under aerobditions,
they were significantly biodegraded under anaerobic conditions, without accumulation of
TNT or RDX degradation productdvlicrocosm results alsshowedthat addition of glycerin
(GL) and lignosulfonate (LSkignificantly increased oxygen consutop rates in sojl
indicating thataddition of organic amendmentan potentially be effective in generating

anoxic conditions and stimulating anaerobicstibdegradation.



Batch ®rption studies were performed to identify the extent ok KH&rption and
impact of LSaddition Experimenal results indicate that both LS and slgonlinearly sorb
to the soils examined in thistudy. Norlig A (NA, lignosulfonate) weakly binds to soll
initially, with potential desorption and migration into the deeper sditrazine CA (UCA)
more strongly sorbed titeld sand(FS)than NA. Greater sorption oRDX was observed in
range soil(RS) than in FS. RDX sorption was similar toTNT in both FS and RS,
inconsistent with prior researciNA amendmentvas not effective inrehancing overall TNT
and RDX sorption in botiFS and RS Nonlinear sorption of explosives needs to be
considered asan important factor in predicting transport sincesorption to soilis
concentration dependent.

Transport and fate of HEvereexamined ifaboratorycolumrs containingsoils from
two adjoininghand grenadéhrowing bays Experimental treatments included amendment
with GL + LS and paralleluntreatedcontrols. Experimental results showed extensive TNT
degradation under both aerobic and anaierconditions, consistent witprior microcosm
results. A portion of theRDX naturally attenuateth soil columns that wer@aerobicfor
much of the monitoring period However,RDX degradation was more extensive under
anoxic conditions In one column,he soil remainedanoxic for about a yeafteramendment
addition reducing RDX leachingRDX was reduced to lower concentrations wieévated
TOC concentrations were present in the column effluent

A 26-monthfield study was conducted to evaluate #féect of monitored natural
attenuation (MNA) and organic substrate enhanced attenuation (OSEA) oartsgott and

attenuation of HE®n two adjoininghand grenadéhrowing bays Field monitoringresults



demonstrated that relatively minor changes inl gobperties resulted insubstantial
differencesin geophysical and geochemical conditioms the ranges, influencing RDX
leaching. Occasional periods when the soil becomes anoxic can substantially reduce RDX
leaching. Addition of GL + LS resulted in trasition of redox conditions from aerobic to
arnoxic, redueng RDX leaching However, additional research will be neededdwelop this
technology andmprove our understandingf how soil properties and amendment addition

control leaching
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CHAPTER 1. INT RODUCTION

1.1 Problems andResearch Needs

2,4,6trinitrotoluene (TNT), Hexahydrd,3,5trinitro-1,3,5triazine (RDX; Royal
Demolition Explosive), and octahydfig3,5,7tetranitrel,3,5,#tetrazine (HMX; High
Melting Explosive) are high explosive (HE) compounds, commonly used for military
applications. HE compounds have been typically detedh areas where they were
manufactured, stored, disposed, or used in military training (Lynch et al, Béinon and
Pennington 2002). Groundwater contamination with HE compounds has been confirmed at
583 sites and suspected at other 88 sites in tBe Wani et al. 2003). Sites contaminated
with HE compounds have been observed all around the world, including Canada, Germany,
the U.K., Australia, and Asia. However to date, only few sites have been cleaned up (Spain
et al. 2000).

TNT, RDX, HMX, andtheir degradation products are the major source of explosives
related contamination in soil and groundwater due to their low soil partition coefficients and
limited biodegradation (Brannon and Pennington 20Davis et al. 2006). When the
explosives undgo highorder (complete) detonation, the mass of explosives deposited on
the ranges are low. However, lamder (partial) detonation of HE munitions and leaching of
HE from unexploded ordnance (UXO) are potential {ergn sources for the explosives
contanination in active ranges (Brannon and Pennington 2608er et al. 2004). HE

compounds can be transported to groundwater in permeable soils due to their moderate



aqueous solubility and weak binding affinity to soil. Exposure of humans to HE compounds
can generate significant health issues. TNT and RDX are classfipdsaible human
carcinogens (C classification) by U.S. Environmental Protection Agency (EPA 2014). In
contrast, HMX is not currently classified as a human carcinogen, but does remiNense
impacts to the liver and nervous system (ATSDR 1997).

Extensive research results have shown that HE compounds are biodegradable, but
rapid degradation typically only occurs under anoxic/anaerobic conditions. RDX and HMX
degradation were low or m®in aerobic environment (Boopathy and Manning 13®&wvari
et al. 2000 Pennington and Brannon 2QCRhushan et al. 200&Kwon and Finneran 2008
Kalderis et al. 2011). Sorption of RDX and HMX is typically lower than TNT sorption and
is less affected bgoil organic content and cation exchange capacity (CEC) (Brannon and
Pennington 2002Hatzinger et al. 2004Jaramillo et al. 2011). As a result, natural
attenuation of RDX and HMX is expected to be limited, especially in aerobic sandy soils.

Severalappoaches have been studitd remediation of HE compounds on military
ranges Lime application and peat moss/soybean oil (PMSO) addition were the most
effective approaches in degradation of HE compounds. Howédath remediation
technologies have som@erational issues. For the best performance of these technologies,
the lime and PMSO should be tilled into the soil, requiring UXO clearance with associated
cost and safety issues. Periodic reapplication of lime and PMSO is needed to maintain
performanceincreasing remediation costs.

For efficient management of explosives contaminated ranges, better understanding of

HEs transport and fate in soils is needed. This information can aid in identifying sites where



natural attenuation is sufficient to prexedverse impacts and to develop more efficient and
effective technologies for controlling BEeaching when natural attenuation is limited. This
need is especially critical to reduce the high costs and safety issues associated with treating

active rangs containing UXO.

1.2 ResearchObijectives

The overall objective of this study is to improweer understanding of processes
controlling leaching of high explosise(HE) on military training ranges and develop
remediation methods for reducing leaching and erihgmegradation of these compounds.
Specific objectives of this research include the following.

1) Evaluate the impact afrude glycerin GL) andlignosulfonate I(S) addition to

soils on HEs biodegradation under aerobic and anaecohdtitions

2) Determinethe kinetics of oxygen consumption by GL andddgéled tcsoils.

3) Determine the extent of TNANdRDX sorptionin representative soiland
evaluate the impact of LS addition on sorption of TNT and RDX.

4) Examine the transport and fate of HEs in hand greregesoil, andevaluatehe
impact of GL and LS addition on oxygen consumption and HEs biodegradation
using laboratory scale columns

5) Evaluate the transport and attenuatiot&s n variably saturated soils at a hand
grenade rangesing two different mangement approaches: a) monitored natural

attenuation (MNA); and b) organic substrate enhanced attenuation (OSEA).



1.3 Dissertation Organization

This dissertation is composed sfvenchapters. Chapter documents the@roblem,
research needand objectivef this study A literature review ofexplosives degradation
processes and current remediation technologepresentedn Chapter 2. Chapter 3
summarizes results of microcosm studyexamining the impact of organic amendment on
biodegradation of HEs in doi Sorption of lignosulfonate and explosives to soil is presented
in Chapter 4. Chapter 5 presents results of a laboratory column study of HEs degradation in
grenade range soils. In Chapter 6, natural and enhanced attenuation of explosives on a hand
grenade range is described. Conclusion and recommendations for future work are presented

in Chapter 7.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction of High Explosives

Explosives are classified in two groups, primary and secondary explosives, depending
on their initiation susceptibility. The HEs, TNT, RDX, and HMX, are classified as
secondary explosives that are ignited by primary explosives (Kalderis et al. Righfel
2012). HE compounds are ubiquitous in subsurface environments near military areas since
they have ben extensively used in military training with mortar, rockets, and hand grenades.
HE compounds remain in surface soil when munitions are incompletely detonated or
unexploded. The explosive residues and UXO are potentialtésngsources of explosive
contamination to soil and groundwater. TaBl& shows physical and chemical properties of
HE compounds. Their moderate solubility, low sorption coefficients, and low
biodegradability in typical condition have led to migration of these compounds into
groundvater (Spain et al. 200Brannon and Pennington 2Q0Ruller et al. 2004 Pichtel
2012).

According to Talley and Sleeper (1997), the U.S. Departments of Defense (DoD) and
Energy (DoE) have more than 21,000 contaminated sites with most sites contamvittated
explosives. Thiboutot et al. (1998) reported that the Department of Defense Canada has over
100 sites contaminated with TNT, RDX, and HMX. Figure 2.1 shows sites in the U.S. and
Canada where military ranges have been monitored for the presence oésldbes.

Contamination with explosives is not limited only to North America. Explosives



contaminated sites have also be identified in Germany, the U.K., and Australia. However,
few of these sites have been remediated (Spain et al. 2000).

Exposure ofhumans to these contaminants can generate significant adverse health
effects. TNT can cause liver and blood damage, anorexia, and anemia. RDX and HMX can
result in systematic poisoning generally affecting bone marrow and the liver (Lynch et al.
2001). These compounds are also toxic to mammalian system and bioaccumulate in crop
plants, leading to potential exposure by eating or direct contact (Spain et al. 2000
Pennington and Brannon 2002). TNT and RDX are classified as possible human carcinogen
by U.S.EPA (EPA 2014). In contrast, HMX is not currently classified as human carcinogen,
but does have adverse impacts on the liver and nervous system (ATSDR 1997).

The chemical structure of common HEs are shown in Figure 2.2. HE compounds
include three or for nitro functional groups-NO). During reductive degradation, the nitro
groups are often reduced to nitroso group&)), hydroxylamine {NHOH), and then amino
groups {NH2) by both biotic and abiotic processes (Hawari et al. 2000). Moreover, the
eledrons produced from microbial transformation facilitate the reduction of nitro groups
under both aerobic and anaerobic conditions (Spain et al. 2000).

TNT is one of the most common bulk explosives used in military ordnance and
mining/quarrying operationsué to its chemical/thermal stability and insensitivity to shock
and friction. TNT is used alone and in mixtures with other HE compounds (RDX and HMX)
in explosive formulations. TNT is moderately soluble in water (130 mg/L at 20 ) and
weakly sorbed toals due to its low octanelater partition coefficient (log & = 1.86).

RDX is a highly stable nitramine compound and generally used in mixtures with other



explosive compounds. RDX is slightly soluble (42 mg/L at 20 €C) than TNT. However, it

has a lover octanolwater partitioning coefficient (log 4 = 0.86) which explains the weaker

sorption of RDX onto soils. HMX is commonly used as burster charges for artillery shells

and a component of plastic explosives. HMX has a relatively low water sol\{bilig/L at

25 ) and octaneWwater partitioning coefficient (log 4 = 0.061) (Brannon and Pennington

2002 Pichtel 2012).

Table2.1. Physical and chemical properties of HE compounds (Brannon and Pemningt

2002 Pichtel 2012)

Compound TNT RDX HMX
Chemical formula C7H5N306 C3HsNeOs C4HsNgOs
Molecular weight 227.13 222.26 296.16
Melting point () 80-82 204 276280
Boiling point () 240 (exploded) (decomposes) (decomposes)
Solubility in water

(mg/L) 130 (20 ) 42 (20 ©) 5(25%)
Specific gravity 1.51.6 1.89 1.96
Vapor pressure 2 7

(1 bar, 20 ) 7.2 x 16 5.3 x 10 4.3 x 10
Henryoés La 457 x 10 6.3 x 16 26 x 1015
(bar n? mol?) to 1.1 x 16 to 1.96 x 161 '
Octanol/water 1.86 0.86 0.061
paritioning coefficient
Sorption coefficient 0 toll 0t08.4 11018

(L/kg)

HE compounds are subject to transport to groundwater in high permeable soils due to

their moderate aqueous solubility and weak sorption affinity to soils.

Sirye dte



carcinogenic and/or toxic, management strategies are required to reduce leaching of HEs to
groundwater, including identifying sites where HEs will naturally attenuate and developing

remediation technologies for sites where natural attenuationitedim
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Figure2.1. Major contaminated sites with explosives in the U.S. and Canada (Kalderis et al.
2011)
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Figure2.2. Structures of common explosiviEgsind on soil (Kalderis et al. 2011)

2.2 Sorption of High Explosives

Sorption processes results in accumulation of a dissolved solute on the surface of a
solid sorbent, including humic substances, metal oxides and hydroxides, and microorganisms.
Sorption praesses may include hydrophobic partitioning, hydrogen bonding, ion exchange,
and chemisorption (Pichtel 2012). These processes can be influenced by physicochemical
properties of the solute/sorbent, e.g., HE compounds and soils, and environmental factors,
such as ionic strength, pH, and cation exchange capacity (CEC), resulting in variable extent
of sorption (Kalderis et al. 2011).

TNT is reversibly sorbed to soils through hydrogen bonding and ion exchange
between the nitro functional groups and soil sw$a¢Pennington and Patrick 1990).
However, sorption of certain reduction products of TNT to humic acid and clay minerals is
irreversible (Spain et al 2000). Soil/water partition coefficient§ {& TNT in surface soils
ranged from O to 11 L/kg (Brannand Pennington 2002). RDX is generally more weakly
sorbed to soils than TNT. RDX sorption mechanisms have been described by linear

isotherms (Selim and Iskandar 1994; Myers et al. 1998; Brannon et al. 2002). Brannon and



Pennington (2002) demonstratduat sorption coefficient for RDX in surface soil ranged
from O to 8.4 L/kg. HMX sorption coefficients are varied, but it is obvious that HMX is less
sorbed to soils than TNT. HMX sorption coefficient in surface soil ranged from 1 to 18 L/kg
(Brannon andPennington 2002).

Sheremata et al. (1999) demonstrated that sorption coefficients increased with the
increase of the number of amino groups, for examplediamino6-nitrotoluene (2,4
DANT) > 4-amino2,6-dinitrotoluene (4ADNT) > TNT. Yamamoto et al. 4) showed
that organic carbon fraction influenced the surface partition coefficieptf@K TNT, 2,4
DNT, and RDX with higher sorption of TNT and ZDXNT than RDX. However, HMX
sorption was not significantly affected by soil organic carbon contertzirtdar et al. (2004)
showed that addition of peat moss enhanced sorption of TNT and RDX, resulting in
approximately 90 % removal.Cattaneo et al(2000) showed that clay minerals play an
important role in sorption of HE compounds, where sorption of TaNmantmorillonite was

two orders of magnitude greater than TNT sorption to kaolinite.

2.3 Biotic Degradation of High Explosives

Biodegradation is a remediation technique that uses microbial metabolism and/or
cometabolism to remove organic contaminants (lreeBrodman 2004). It has been widely
used to treat a wide variety of pollutants, including nitroaromatic compounds (NACS),
polychlorinated biphenyls (PCBSs), trichloroethylene (TCE), perchloroethylene (PCE), BTEX

(benzene, toluene, ethylbenzene, and xw@gnand other organic contaminants. When
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biodegradation results in the complete conversion of target compounds to their inorganic
components, the process is referred to as mineralization (Spain et al. 2000).

Lee and Brodman (2004) showed limited biodegtaxh of RDX under aerobic
condition. However, under anaerobic condition, RDX was biodegraded through initial
transformation of nitro groupsNO») to nitroso groups-NO) (Kwon and Finneran 2006).
Hawari et al. (2000) also demonstrated that RDX biodigian under anaerobic conditions
was faster than aerobic biodegradation. FigRi® shows the pathways of anaerobic
mineralization process for RDX. RDX is microbially transformed to hexah{drntrosc
3,5-dinitro-1,3,5triazine (MNX), hexahydrd,3-dinitroso-5-nitro-1,3,5triazine (DNX), and
then hexahydrd,3,5trinitroso-1,3,5triazine (TNX) sequentially.  These intermediate
nitroso compounds are eventually degraded to nitrous oxid®)(Mdnd formaldehyde
(HCHO).

Figure 24 shows the biodegradationatpways for HMX. Similar to RDX
biodegradation, HMX also can be degraded by reduction of nitro greN@®)(to nitroso
groups {NO). The intermediates can be subsequently transformed to nitrous ox@g (N
and formaldehyde (HCHO) that are indicatorging cleavage (Bhushan et al. 2Q0®6chtel
2012). Relatively less information on HMX biodegradation are available compared to RDX
and TNT degradation. HMX and RDX were effectively degraded in Makua Military
Reservation in Oahu, Hawaii, by applicationneblassesvater mixture as a carbon source
(Payne et al. 2013). Fournier et al. (2004) showed that 97 % of HMX was degraded after 25
days by reduction under nitrogémiting conditions. Morley et al. (2002) also demonstrated

use of HMX and RDX as a nd@gen source under anaerobic conditions.
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TNT can be biodegraded by a wide variety of microorganisms under both of aerobic
and anaerobic conditions. TNT can be used as carbon source and/or nitrogen source for
microorganisms (Kalderis et al. 2011). TNTnséormation is significantly enhanced under
anaerobic conditions compared to slow transformation under aerobic conditions (Pennington
and Brannon 2002). Under both conditions, TNT is generally transformed to amino
derivatives via nonspecific extracellulanzymes, such as nitroreductase. As shown in
Figure 2.5, the predominant derivatives ar@n@no4,6-dinitrotoluene (2ADNT), 4-aminc
2,6-dinitrotoluene (4ADNT), and 2,4diaminc6-nitrotoluene (2,4DANT). These
intermediate compounds can be furthensfarmed through biotic and/or abiotic processes.
However, mineralization of TNT is relatively low compared to RDX mineralization (Kalderis
et al. 2011).

Although the HEs can be used primary substrates by microorganisms, additioen of co
substrates may lead more rapid degradation (Boopathy and Manning 1996). TNT removal
was more effective when pyruvate was provided asutistrate compared to when TNT was
the sole carbon source. Various substrates, including acetate, glucose, volatile fatty acid,
formae, methanol, and soybean oil, have been used to stimulate microbial activities in the

presence of HE compounds.
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2.4 Abiotic Degradation of High Explosives

HE compounds can be degraded by both biotic and abiotic processes. As shown in
Figure2.6, HE compounds can be degraded by biodegradation; by reducing electron shuttles
that transfer electrons to the HE corapds; and by reducing Fe(lll) to Fe(ll) which is
reactive to the compounds (Bhushan et al. 2006). FRjdrshows abiotic RDX degradation

pathways by a series of twadectron transfer steps.

(@)

RDX, & ~f
“{Bacterial
HMX ool

() ‘

Fe(lll).==== o Reactive iron minerals
soluble or insoluble

b
—) Electron-shuttling _—

e RDX,
== COMPOUNA(S) —— HMX
(HA/AQDS)

A ¥

Degradation Degradation

\

Degraded RDX and HMX

Figure 2.6. Schematic representation of biotic and abiotic degradation pathways for
explosives (Bhushan et al. 2006)
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Figure2.7. A series of tweelectron transfer steps for RDX degradation (Kvaoal Finneran
200).
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2.4.1 Reductive Transformation of High Explosives by Reduced Iron Species

Severalstudies have demonstrated that Fe(lll) reduction had an important role in
abiotic reductive transformation of HE compounds. Brannon et al. (1998) showed that Fe(ll)
increased the ansformation rate of TNT with pH increase in the presence of
montmorillonite or kaolinite. Bhushan et al. (2006) showed that RDX and HMX were
abiotically degraded by microbially reduced Fe(lll), humic acid, and AH2QDS, resulting in
formaldehyde (HCHO) pituction. Boparai et al. (2010) showed that RDX, HMX, and TNT
were successfully transformed in iraoh contaminated sediments by dithionite treatment
and their transformation kinetics relied on the dithionite concentration-salition ratio,
pH, andthe buffer concentration. Thomas et al. (2012) found that RDX degradation was the
most efficient in acidic or neutral pH conditions when the soil contains sufficient iron oxides
and ironrbearing clay minerals. Hofstetter et al. (1999) concluded thateddsulfur and
iron species were the most important reductants for abiotic transformation of HE compounds
in anoxic subsurface environments.

Not all species of Fe(ll) are equally effective in abiotic reduction of the HE
compounds. According to Gregory ét @004) and Bhushan et al. (2006), free Fe(ll) alone
did not react with RDX or HMX, but Fe(ll) bound to specific minerals such as magnetite,
siderite, hematite, and goethite were reactive with both RDX and HMX. Elsner et al. (2004)
demonstrated that tHfee(ll)-bearing minerals such as siderite (FCQ g o eFe®AH), e ( U
and hematite (E©s) react with nitroaromatic compounds (NACs) and polyhalogenated
alkanes. Hofstetter et al. (1999) showed that reduction of TNT and other NACs by dissolved

free Fe(l) was extremely slow in columns containiigeobacter metallireducenand
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FeOOHcoated sand, whereas Fe(ll) surface species significantly contributed to the
degradation of NACs. These experimental results showed that reactive Fe(ll) surface species
can beformed by either adsorption of aqueous Fe(ll) to minerals including Fe(lll) oxides or

microbial/abiotic reduction of Fe(lll) (Hofstetter et al. 1999).

2.4.2 Abiotic Degradation of High Explosives by Electron Shuttles

In addition to direct abiotic reduction of Kby reduced Fe, certain compounds can
accelerate HE degradation by acting as shuttles to transport electrons from Fe(ll) and/or other
sources of reducing equivalents to the HE compounds (Lovley and-Bturis 1999).
Numerous studies have shown that lusubstances can act as electron shuttles, accelerating
reduction of soil and groundwater contaminants including chromium, arsenate, uranium, and
explosives (Bhushan et al. 2QQ8oferkamp and Weber 200&an der Zee and Cervantes
2009 Palmer and Wandraka 2010 Chen et al. 2013, Barlett et al. 2012).

Humic substances are chemically heterogeneous, polymeric organic compounds that
are ubiquitous in aquatic and soil environments. These materials contain redox active
functional groups that play a signéict role in the reductive transformation processes,
including cytochromes, flavines, cobalamins, porphyrins, pyridines, phenazines, and
quinones (Kappler et al. 200¥an der Zee and Cervantes 2009). Quinones are often the
most important redox mediatorrfoeductive biotic and abiotic transformation because they
are abundant, stable, and Aomic (Field and Cervantes 2005).

The abiotic degradation processes of HE compounds are strongly associated with

Fe(lll) reduction to Fe(ll) which can be acceleratged addition of humic substances or
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guinone analogues (Nevin and Lovley 20@@retyazhko and Sposito 20@akshit et al.
2009). Kappler et al. (2004) demonstrated numbers of humic reducing bacteria were two
orders of magnitude greater than Fe reducirgdre in lake sediments, indicating electrons
were initially transferred to the humic material, and then subsequently transferred from the
humic materials to Fe(lll). Jiang and Kappler (2008) showed that reduced humic substances
facilitated the microbiamediated reduction of poorly crystalline Fe(lll) oxide by shuttling
electrons from humic substances to Fe(lll). Iron complexation with humic substances is also
able to accelerate Fe(lll) reduction by expediting dissolution of Fe(lll) mineral and fonmatio
of readily reducible Fe(llhumic substances complexes. Furthermore, iron complexes
prevent coating the dissolved iron oxide surface by produced Fe(ll), further enhancing Fe(lll)
reduction (Royer et al. 2002).

During Fe(lll) reduction, irosreducing bateria utilize humic substances as electron
acceptor in the microbial oxidation of their substrates (Lovley and Blants 1999). Iron
or sulfurreducing microorganisms transfer electrons to dissolved humic substances,
including Geobacter metallireducs Geobacter sulfurreducens and Shewanella
putrefaciensfollowed by shuttling electrons to Fe(lll) for its reduction (Lovley et al. 1998
Roden et al. 2010). Soluble humic materials also increase the contact opportunity between
microorganisms and inadble Fe(lll) for its microbial reduction (Lovley et al. 1996). As
shown in Figure2.8, humic substances transfer electrons to Fe(lll) in tight pore spaces in
sediment, where irenor sulfurreducing microbes cannot approach due to their relatively

large s&ze (Lovley et al. 1998). In microbialyediated Fe(lll) reduction, electron transfer
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dominates initially, but Fe(ll) complexation dominates later (Royer et al.; Fkxhit et al.
2009).

Solid-phase humic substances in sediment can also enhance &e(#)reduction,
indicating identical ability with dissolved humic materials (Roden et al. 2010). Moreover,
chemical Fe(lll) reduction was approximateyo-fold higher than microbial reduction
(Roden et al. 2010). However, Jiang and Kappler (2008) dstnaded that biological and
chemical Fe(lll) reduction rates were almost same in the presence of dissolved humic

substances.

Oxidized Humics
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Humics

Reduced
Humics
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Figure 2.8. Model of humic material aid in Fe(lll) reduction in tight pore ssam soil and
sediments (Lovley et al. 1998)
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2.5 Current Remediation Technologies

Ex situ remediation technologies for soil and groundwater contaminated with
explosives include composting, bioslurry reactors, and-farding (Fuller et al. 2004).
However,these approaches are impractical and excessively expensive to apply over large
areas with explosives relatedntamination. Potential existence of unexploded ordnance
(UXO) also impedes the application of these technologies or requires additional rcost fo
UXO clearance. Two approaches that are potentially applicable to treatment of explosive
impacted ranges include application of lime to stimulate base hydrolysis and addition of peat
moss/soybean oil to enhance sorption and biodegradation.

Hansen et al(2003) showed that TNT and RDX were degraded within 24 hours in
soil microcosms amended with lime to increase the pH to over 10.5. Davis et al. (2006)
reported 99.9 % removal of TNT, 74 % removal of RDX, and 57 % removal of HMX within
21 days in soil sirry microcosms with pH > 12. In bensbale columns and mesocosm
scale laboratory lysimeters containing hadnade range soil, Martin et al. (2012) showed
hydrated lime addition reduced RDX leaching by over 90%. For the best performance, the
lime shoud be well mixed into the soil to bring the hydroxide ion into direct contact with the
explosive compounds (Brooks et al. 2008artin et al. 2012). However, mixing lime into
the soil may cause safety issues due to UXO or require additional costs forduX®al.
Furthermore, large amounts of lime are required to raise the soil pH to the optimum range for
effective alkaline hydrolysis, especially in acidic soils containing alussilicates and iron
hydroxides. According to Brooks et al. (2003), appratily 100 to 200 tons of hydrated

lime is required for an area of 100 m X 100 m to raise the soil pH for desired range.
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Additional lime must be periodically applied to maintain performance since soil pH
decreases over time due to downward transport bigratihg rainfall and reaction with
atmospheric carbon dioxide. Use of quicklime may reduce the required application amount
because quicklime raises the soil pH slightly higher than the hydrated lime. However, use of
quicklime can produce safety issukee to its large exothermic reaction (Brooks et al. 2003).

In soils with high clay content, the reaction rates of alkaline hydrolysis can be slow due to
high cation exchange capacity (CEC) in the soil (Martin et al. 20#®yeover, the high pH
conditionresulted from the lime treatment may kill most vegetation at the target site.

Addition of peat moss and soybean oil can also be effective in stimulating sorption
and biodegradation to reduce explosives leaching. Fuller et al. (2004) showed that
Sphagnunmpeat moss addition in soil slurry microcosm was effective in stimulating RDX
mineralization and crude soybean oil addition stimulated TNT, RDX, and HMX
mineralization. The combination of peat moss and crude soybean oil (PMSO) stimulated
removal of RDX andts degradation product MNX (Schaefer et al. 2005; Fuller et al. 2009).
However, application of PMSO to ranges has some operational issues including: a) increased
dust problems in arid areas; b) increased fire hazard; c) challenges in distributingethia ma
without exposing workers to UXO hazards; and d) disturbance of the PMSO amendment by
ordinance detonation, potentially reducing treatment effectiveness.

Ideally, remediation technologies for large, heterogeneously contaminated areas
should be effetive in reducing explosives leaching and be easy to applyucing

operational costs and potential safety issues.
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2.6 Proposed Remediation Approach
2.6.1 Proposed Remediation Technology

A potential alternative that overcomes some of the limitations of the PSM®Oaabp
developed by Fuller et al. (2009) is spray application of a mixture of water soluble, easily
biodegradable organic substrate and humic material, followed by water application to
transport the material into the soil.

Waste glycerin (GL), a byproduof biodiesel production, could be a useful soluble
substrate due to its low cost ($ 0.02 to 0.16.), high agueous solubility, relatively high
flash point (176 <), and high chemical oxygen demand (1.1 g/g). These characteristics may
lead to easy digbution of substrate, preventing fire hazards during open burn (OB)/open
detonation (OD) activities, and maintaining a relatively lagjing, reducing environment.
Behrooz and Borden (2012) showed that waste GL added to the acid mine tailing with a
single surface application resulted in strongly reducing conditions for over 15 months. From
this example, it is expected that GL could generate sustainable reducing condition in
subsurface environment, resulting in anaerobic biodegradation of HE compounds.

Humic materials will also maintain reducing conditions by slowly consuming oxygen,
increasing hydrophobic sorption and covalent binding of TNT, and may potentially serve as
electron shuttles, enhancing abiotic degradation by Fe(ll) (Kwon and Finneran. 2006
Lignosulfonates (LS) produced through reaction with metal bisulfites and other reagents
during wood pulping for paper production, could be good candidates for enhancing HE
degradation due to their low cost ($ 0.5 to 1.0%)/ high solubility, easygray application,

and low fire hazard. LS contains high molecular weight polymeric organic carbon, similar to
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natural soil humics, and this slowly biodegradable material could provide a large reservoir of
reducing power and electron shuttles to enhande&lziod abiotic HE degradation.

Transport of the organic amendments into the soil profile will be important. By
transporting these materials at least 15 cm into the soil profile: (a) fire hazards are reduced;
(b) oxygen flux is reduced resulting in neostrongly reducing conditions for contaminant
degradation; and (c) the lower oxygen flux limits aerobic degradation of the humic materials,

greatly increasing treatment longevity.

2.6.2 Prior Work

In prior work, Farling (2013) characterized different lignins iaentify
commercially available materials that could potentially be used to enhance HE
degradation and sorption. The humic substances characterized included Norlig A,
Ultrazine CA, Borresperse CA, BorreGro HA1, BorreGro HA 2, Dry Soluble 80, Organo
Liquid Hume, REAX 83A, REAX 85A, and Indulin AT. Dry Soluble 80 and Indulin AT
contain the lowest and highest TOC content, respectively, with a range from 0.32 to 0.62.
Indulin AT has the lowest moisture content (0.040) and Organic Liquid Hume has the
highest(8.538). The lignosulfonates Norlig A and Borrespe@# have the lowest
ambient pH (& 4.0) while the Kraft lignin
The test for pH effect on the aqueous solubility of humic materials showed that Norlig A,
Ultrazine CA, Borresperse CA, Dry Soluble 80, and Indulin Adumed significant
amounts of base to raise the pH, indicating these materials have a significant buffering

capacity. Complete solulmfation of Indulin AT required pH 10. Dry Soluble 80
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contained insoluble component over the pH range tested. Siludfilall other lignins
was over 95 % at the pH range et Y.

Leaching experiments conducted by Farling (2013) showed thastfiorlig A,
Ultrazine CA, and Borrespax CA) were more strongly retained (5@0% discharged)
than other materials testedhe soluble humates (Dry Soluble 80, Organo Liquid Hume,
and BorreGro HAL, HA-2) were very poorly retained, indicating these materials would
not be appropriate for our proposed application. Kraft lignins produced through reaction
with NaOH and Nz5 durng pulping processes, could also transported into the soil by
raising the pH to above 10 using a mixture of NaOH and Ca(OWhile this approach
can be effective in the laboratory, it will be more complicated to implement in the field.
Based on the eas# field implementation and retention in sdi$ appeared to be most
suitable for reducing leaching and enhancing degradation of HE compounds.

Laboratory soil column experiments monitored by Farling (2013) showed that
lignosulfonates wrestrongly retaied by the soil, but glycerin rapidly migrated through the
columns with 70 82 % of the applied GL discharged in the column effluent. TNT leaching
was significantly reduced in columns treated with GL alone and GL+LS treated columns,
resulting in dischargec 5 % of TNT amount applied. However, RDX degradation was
limited in all treated columns. Monitoring data showed that oxygen was rapidly transported
through the sandy solil, preventing establishment of anaerobic conditions required to enhance

RDX degrad#on.
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CHAPTER 3. IMPACT OF GLYCERIN A ND

LIGNOSULFONATE ON Bl ODEGRADATION OF HIGH

EXPLOSIVES IN SOIL

3.1 Introduction

The high explosives (HEs) compounds 2#igitrotoluene (TNT), hexahydr,3,5
trinitro-1,3,5triazine (RDX; royal demlition explosive), and octahydib 3,5, #tetranitre
1,3,5,#tetrazine (HMX; high melting explosive) are commonly used in military munitions
and can be deposited on military ranges as a result of training activities. While greater than
99.99% of the expkive load is consumed when munitions detonate as intendedaftigh
detonation), substantial amounts of HEs may remain on the range as unexploded ordinance
(UXO) or be deposited on the range as chunks or small particles following partial-or low
order dednation (Brannon and Pennington 2002; Fuller et al. 2004; Walsh et al. 2006). Over
time, the HE compounds can be dissolved by rainwater, infiltrate through the vadose zone,
and potentially migrate off the range with flowing groundwater. TNT and RDX are
classified as possible human carcinogens (C classification) by U.S. Environmental Protection
Agency (EPA 2014). HMX is not currently classified as human carcinogen, but exposure
can have adverse impacts to the liver and nervous system (ATSDR 1997).

Biodegradation can limit migration of dissolved TNT through the vadose zone. TNT
can be degraded by a wide variety of microorganisms under both of aerobic and anaerobic

conditions (Fuller and Manning 1997; Singh 2012). However, TNT degradation is often
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more @apid under anaerobic conditions (Pennington and Brannon, 2002). TNT is typically
degraded to amino derivatives includinguino4,6-dinitrotoluene (2ZADNT), 4-aminc2,6-
dinitrotoluene (4ADNT), 2,6-diamino4-nitrotoluene (2,60ANT), and 2,4diaminc6-
nitrotoluene (2,4DANT) (McCormick et al. 181, Hawari et al. 2000). These intermediate
compounds can be further transformed through biotic and/or abiotic processes.

In general, RDX is more resistant to aerobic biodegradation than TNT (Bradley and
Chapelle1995; Felt et al. 2009; Halasz et al. 2012). However, RDX can be utilized as a
source of nitrogen under aerobic conditions when other nitrogen sources are limited (Binks et
al. 1995; Fuller et al. 2010a).-tro-2,4-diazabutanal NDAB) and methylenediitramine
(MEDINA) are typically produced in aeot biodegradation of RDX associated with the
Xpl AuXpl B enzymes (Fournier et al. 2004; Ful
the potential for RDX biodegradation under aerobic conditions, several studies have reported
that aerobic RDX degrade may not be widespread in soil and groundwater, resulting in
little or no RDX degradation under aerobic conditions (Fuller et al. 2010b; Crocker et al.
2015; Fuller et al. 2015).

RDX is readily biodegraded under anaerobic conditions (McCormick et98ll;1
Hawari et al. 2000; Halasz et al. 2012). A common anaerobic degradation pathway for RDX
involves the reduction of nitro functional groupBlQ-2) to nitroso groups-NO) where RDX
is sequentially reduced to hexahydraitrose3,5-dinitro-1,3,5triazine (MNX), hexahydre
1,3-dinitrosa5-nitro-1,3,5triazine (DNX), and then hexahyddg3,5trinitroso-1,3,5triazine
(TNX) (McCormick et al. 1981; Fuller et al. 2004; Kwon and Finneran 2006). These

intermediate nitroso compounds can then be transformeirdoisioxide (NO) and carbon
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dioxide (CQ) (Hawari et al. 2001). Hawari et al. also reported that RDX can also be
degraded by direct ring cleavage, yielding MEDINA and bis(hydroxymethyl)nitramine. The
intermediate nitramines are further degraded toousiroxide (NO) and formaldehyde
(HCHO) by spontaneous chemical decomposition. However, the factors controlling these
degradation pathways are not well understood.

Redox conditions and the presence of different electron acceptors and donors can
influence RDX biodegradation rates. RDX biodegradation was faster under mixed electron
acceptor conditions compared to single select electron acceptor conditions including sulfate
reducing, fermenting, methanogenic, and nitrate reducing conditions (Boopathy. 2001)
Enhanced biodegradation was observed under conditions with electron donors producing
hydrogen (Adrian et al. 2003; Adrian and Arnett 2007) and under highly reducing conditions
(Price et al. 2001). However, the presence of nitrate inhibited RDX deigradaie to the
preferential microbial utilization of nitrate as a nitrogen source and/or an electron acceptor
(Cho et al. 2015).

Biodegradation of HMX is analogous to RDX biodegradation due to its similar
structure. HMX is resistant to aerobic biodegt#mh and its degradation is enhanced under
anaerobic conditions (Boopathy 2001; Singh 2012). Similar to RDX, HMX can be degraded
by sequential reduction of nitro groups to nitroso groups (i.e., transformation of HMX to
mononitrose, dinitrosa, trinitroso-, and tetranitrosét1MX) and by direct ring cleavage. The
nitroso intermediates can be subsequently transformed to nitrous oxid®) (@hd
formaldehyde (HCHO) that are indicators of ring cleavage (Bhushan et al. 2006; Pichtel

2012). The direct ring cleage pathway yields-BIDAB and MEDINA under aerobic

36



conditions, and MEDINA under anaerobic conditions (Zhao et al. 2004; Singh 2012).
Degradation of HMX is typically slower than RDX and high concentration of RDX can
inhibit biodegradation of HMX (Uchimiyat al. 2010). However, low RDX levels did not
inhibit HMX degradation (Fuller et al. 2009).

Hatzinger et al. (2004) and Fuller et al. (2004) showed that addition of peat moss and
soybean oil can also be effective in stimulating sorption and biodegradat reduce
explosives leaching. Sphagnum peat moss addition to soil slurries was effective in
stimulating RDX mineralization and crude soybean oil addition stimulated TNT, RDX, and
HMX mineralization (Fuller et al. 2004). The combination of peat namskcrude soybean
oil (PMSO) reduced leaching of both RDX and MNX by two orders of magnitude (Schaefer
et al. 2005; Fuller et al. 2009). However, application of PMSO to ranges may have some
operational issues including: a) increased dust problems inagems; b) increased fire
hazard; c) challenges in distributing the material without exposing workers to UXO hazards;
and d) disturbance of the PMSO amendment by ordinance detonation, potentially reducing
treatment effectiveness.

Farling (2013) proposedché use of lignosulfonate (LS) and glycerin (GL) as an
alternative to peat moss and soybean oil for enhancing HEs sorption and biodegradation.
The LS and GL could be mixed with water and spray applied to the range, eliminating the
need to remove UXO, gréatreducing worker exposure. Once applied, natural rainfall or
artificial irrigation would transport the amendments deeper into the soil. The readily
biodegradable GL was intended to consume available oxygen in soil, generating anaerobic

conditions and tsnulating anaerobic biodegradation of the HEs. The LS was expected to
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biodegrade more slowly, consuming oxygen, and helping to maintain anoxic conditions. GL,
produced as a byproduct of biodiesel production, is an attractive substrate due to it4,low cos
high solubility in water, and relatively high flash point (176 °C). LS is produced during
paper production through reaction with metal bisulfites and other reagents (Pearl 1967; Kirk
et al. 1980) and is commonly used as a dust control agent, additbemcrete preparation,
and dye and insecticides dispersant (Nelson and Northey 2004; Ouyang et al. 2006; Yang et
al. 2008). Laboratory soil column experiments monitored by Farling (2013) showed that LS
was strongly retained by the soil, but GL rapidlygraied through the columns with 70
82 % of the applied GL discharged in the column effluent. TNT leaching was significantly
reduced in columns treated with GL alone and GL+LS treated columns, resulting in
discharge < 5 % of TNT amount applied. HowewDX degradation was limited in all
treated columns. Monitoring data showed that oxygen was rapidly transported through the
sandy soil, preventing establishment of anaerobic conditions required to enhance RDX
degradation.

Objectives of this work are to)) Improve our understanding of HEs biodegradation
in soil at an active hand grenade range; 2) evaluate the impact of GL and LS addition to these
soils on HEs biodegradation under aerobic and anaerobic conditions; and 3) evaluate the
kinetics of oxygen consnption by GL and LS. This information can aid in identifying sites
where natural attenuation is sufficient to prevent adverse impacts and sites where GL and LS

addition might be effective imcreasing oxygen consumption rategontrol HEs leaching.
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3.2 Material and Methods
3.2.1 Chemicals

Calcium lignosulfonatesUltrazine andNorlig A) were purchased from Lignotech
USA (Rothschild, WI) and crude glycerin was obtained from Piedmont Biofuels (Pittsboro,
NC). Acetonitrile and toluene used for soil and water ekitas were HPLC grade and
purchased from J.T. Baker and Fisher Scientific respectively.

Analytical standards for TNT, RDX, 2BNT, 2,6DNT, 2-ADNT, 4-ADNT, and
HMX were purchased from AccuStandard, Inc. (New Haven, CT), and standards for RDX
nitroso dewatives (MNX, DNX, and TNX) were purchased from SRI International (Menlo

Park, CA). All standards were diluted in acetonitrile prior to use.

3.2.2 Active Range Soils Used in Experiments

Soils used in this work were collected from two hand grenade throwingabdyst
Bragg, NC (Bay C and Bay T). The most recent soil survey indicates that the native soils at
this site are primarily Vaucluse loamy sand. However, there has been signifigaadtlirey
of the site and much of the A soil horizon has been remavézih soil containment berms.
Solil for use in the biodegradation tests was prepared by blending soil obtained from 0 to 1 m
below ground surface (bgs) in the middle of each bay. Soil characterization results showed
that RDX and TNT concentrations werdatively higher in Bay T than Bay C soil, and TNT
concentrations were approximately an order of magnitude lower than RDX. While RDX
concentrations were 0.030.24 mg/kg in Bay T and 0.010.08 mg/kg in Bay C soil, TNT

concentrations were 0.008.012mg/kg in Bay T and 0.0050.008 mg/kg in Bay C soil.
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Both organic carbon (OC) and clay content were significantly higher (p < 0.05) in Bay C
(OC = 0.14- 0.23 % and clay = 1.82.6%) compared to Bay T soil (OC = 0.06.15 %,

clay = 1.4- 2.3 %). Howeer, Fe(ll) concentrations were significantly higher (p < 0.05) in
Bay T (1.5- 2.4 g/kg) compared to Bay C soil (1-11.6 g/kg). Soil pH (5.4 £ 0.2), silt

content (13.4 N 2.7 %), and median grain si

between Bay C and T soilSoil analytical methodsire described in Appendix |

3.2.3 Biodegradation of HEs in Soil Slurry Microcass

An initial set of aerobic and anaerobic microcosms were constructed with 50 g of
sand from a quarry neaof Bragg, NC, 100 mL of groundwater, and composited effluent
from laboratory columns amended with TNT, RDX, glycerin and lignosulfonates (Farling,
2013). Experimental treatments included: 1) autoclaved controls; 2) no amendment (live
controlg; 3) 0.256 g of glycerin (GL), 4) 0.032 g of Ultrazine CA (UCA), 5) 0.037 g of
Norlig A (NA), 6) GL + UCA, and 7) GL + NA.UCA is a higher cost material wheethe
lower molecular weight materials have been removed. NA is a relatively low cost
lignosulfonate that is commonly used for dust contiidie organic amendment loading rates
were determined from the amendment loading rates ifigliesand columns gwstructed by
Farling (2013). Aerobic and anaerobic microcosms were constructed and monitored
separately. Aerobic microcosms were shaken on a tumbler and the headspace was flushed
each week with 500 Inof pure oxygen. The anaerobic microcosms were fhliskigh
nitrogen gas for 30 min and incubated with no shaking since rapid oxygen exchange was not

required.
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A second set of microcosms were then constructed to simulate the transient aerobic
and anaerobic conditions that might occur in grenade range soill€rocosms were
constructed by addition of 50 g of blended grenade range soil, 10@fnpore water
collected from bucket lysimeters at the site, and RDX/TNT stock solutions to generate
approximately 1,000 pg/L of each component in the microcosm. Theriegntal
treatments included: 1) autoclaved control, 2) no treatment (live control), 3) 0.074 g of crude
glycerin (GL), 4) 0.074 g of Norlig A (NA, lignosulfonate), and 5) 0.074 g of both crude GL
and NA. All treatments were run in triplicate. The oigaamendment loading per g soil
was identical to the substrate loading used in a field evaluation of organic substrate addition
to the Fort Bragg hand grenade ranGédpter 6) Microcosms for the autoclaved controls
were constructed by placing soil andbgndwater into serum bottles, autoclaving at 121 €
and 20 psi for an hour to remove viable microorganisms, and then spiking RDX and TNT
stock solutions to avoid thermal decomposition of those explosives. Bottle controls were
constructed without sedimerity transferring groundwater and spiking explosives, and
operated in parallel with other microcosms. For the first 56 days, all microcosms were
shaken on a tumbler and the headspace was flushed each week with 50@ure oxygen
using a gas syringe toaimtain aerobic conditions in aqueous phase. At Day 56, all bottles
were flushed with pure nitrogen gas for 30 min to switch from aerobic conditions to
anaerobic conditions in microcosms. After 56 days, the microcosms were incubated with no
shaking sincerapid oxygen exchange was no longer required. Gas samples from each
microcosm were analyzed by gas chromatography (GC) with a thermal conductivity detector

(TCD) and flame ionization detector (FID) in series to monitor changes in oxygen, carbon
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dioxide, nitrogen, and methane concentrations. When gas samples were analyzed, gas
pressure in each bottle was neutralized using a gas syringe, followed by addingf pume
nitrogen gas into the bottle prior to collecting 8 wf gas sample for the analysisdarder to

avoid negative pressure inside bottles.

3.2.4 Oxygen Consumption in Soil Slurry Microcosms

Soil microcosms were constructed and monitored to evaluate the impact of organic
substrates (crude GL and/or NA) on oxygen consumption in microcosms using gedimen
collected from both Bays C and T at Fort Bragg. The soil microcosms were constructed by
transferring 100 g of aidried, mixed soil and 100 mL of pore water into three different 250
mL serum bottles for each treatment. The microcosm headspace wasl flvifh 500 mL of
pure oxygen to displace the air, sealed with a butyl rubber stopper, and shaken on a tumbler
for two days to saturate the liquid phase with oxygen prior to oxygen consumption
experiment. Each microcosm was flushed with another 500 murefoxygen, followed by
neutralizing gas pressure in bottles using a gas syringe. Experimental treatments were the
same as in the HEs biodegradation incubations. The only difference between the HEs
biodegradation and oxygen consumption experiments measide of greater amount of soll
with more amendment addition to evaluate the kinetics of oxygen consumption by organic
amendments more efficiently. Gas samples from each microcosm were periodically analyzed
by gas chromatography (GUGCD) to monitor changs in concentrations of oxygen, carbon
dioxide, and nitrogen. When gas samples were analyzed, gas pressure in each bottle was

neutralized using a gas syringe, followed by adding_3ofmpure nitrogen gas into the bottle
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prior to collecting 3 rh of gas anple for the analysiso avoid negative pressure inside
bottles. The added nitrogen gas was subtracted in the calculation of gaseous masses.

The amount of oxygen (P consumed and carbon dioxide (§@roduced in each
bottle was determined by accountiray the mass removed during sampling and correcting
for gas partitioning to the aqueous phase
concentrations (%) by volume determined by-GCD were converted to mass using the
molecular weight and ideal gas molar wole. Data collection ended once oxygen
concentrations dropped below a level that might limit oxygen consumption (assumed to be
10 %). Q consumption in bottles containing a sodium sulfite solution matched within a

range of 108 114% of the theoreticalaue, confirming the accuracy of this approach.

3.2.5 Sample Extraction and Analytical Methods

Water samples for explosives analysis were first extracted with toluene by frozen
micro-extraction (FME) following procedures described by Li et al. (2011) followed by
analysis of the toluene extract by GC with an electron captured detector (ECD) to minimize
interferences with humic materials and lignin present in soil and aqueopsesanWater
samples were first filtered ¢tligudextragedwith12 e m F
mL of both sample and toluepéacedin 4 mL Teflon-capped PTFE target vials, followed by
shaking on a vortex for 30 seconds and mixing on a &id&er for 2 hours after packed in
an insulated box filled with ice to minimize thermal decomposition of explosives. Vials were
placed in a 80 C freezer for 30 min to separate toluene by freezing water. The toluene was

transferred to amber target \8aand stored at 20 € until analyzed by GE CD . 2 €L
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extract in toluene was injected into an Agilent 7890A GC equipped with aoocemdlumn
inlet, 7.5 m long0.53 mm diametet . 5 e m f i | m5ms bolumrk and & = loyB
Restek retention gap column, with heliumtlas carrier gas (10 mL/min) and nitrogen as the
makeup gas (60 mL/min). The different analytes were separated with the following
temperature program: 75 € for 0.1 min, increased at 15 °C per min to 200 €, then increased
at 20 € per min to 300 °C, themeld for 5.5 min, and the detector temperature was 325 .
The coolon-column injector and the autosampler tray cooled to ~ 4 € were used to
minimize thermal decomposition of the explosive components.

Firstorder RDX and HMX degradation rates duringe tAnaerobic phase were
calculated for each microcosm using the equation:

In C = In Co - kt

where,C) = concentration at time Co = initial concentrationk = rate constant, artd
=time

In several of the incubations, there was a lag prior to teetaf degradation and/or
degradation slowed once concentrations dropped to near the analytical detection limit. To
provide a consistent approach for estimating lag periods and degradation rates, the data that
resulted in the highest-$tatistic were useth the regression. Data prior to the period were
assumed to be during the lag phase. FigutarSAppendix Ilillustrates how this procedure

was applied for a representative dataset.
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3.3 Experimental Results

3.3.1 HEs Biodegradation

A series of initial microcosnmcubations were conducted using sand from a quarry
near Fort Bragg, NC to evaluate the impact of glycerin and two different types of
lignosulfonate (Norlig A and Ultrazine CA) on TNT and RDX biodegradation. Figure
shows the effect of glycerin plusoNig A (GL+NA) and glycerin plus Ultrazine CA
(GL+UCA) on TNT and RDX biodegradation freld sand microcosms under aerobic and
anaerobic conditions. Under aerobic conditions, both GL+NA and GL+UCA stimulated
TNT biodegradation with TNT reduced to belowtection (< 1 pg/L) in 28 days. However,
in the live control incubations (no added substrate), degradation was more variable with TNT
reduced by over 99 % in two of three incubations in 28 days. TNT also declined in the
autoclaved incubations, eitheredto slow sorption to the soil or incomplete sterilization.

GL+NA and GL+UCA both stimulated TNT biodegradation field sand under
anaerobic conditions. However, TNT was also reduced to below detection in the live control
incubations, indicating rapidhiodegradation under anaerobic conditions with or without
substrate addition.

Figure S2 in Appendix Il shows TNT concentrations versus time in aerobic and
anaerobidield sand microcosms amended with GL, UCA, NA, GL+UCA, GL+NA, and both
live and autoclawé controls. Under aerobic conditions, all of the organic substrates
stimulated TNT biodegradatiop-{/alues < 0.05). However, degradation was more rapid in

treatments containing glycerin (GL, GL+UCA and GL+NA) than in those that only contained

45



lignosulfanate (UCA and NA). Under anaerobic conditions, TNT was reduced to below the

analytical detection limit withii4 days in all amended incubations.
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Figure3.1. Concentrations of NT and RDX in autoclaved, live (no added substrate) controls,
and substrategeated (GL+UCA or GL+NA) microcosms wifield sand under aerobic and
anaerobic conditions. Error bars represent range of values in replicate columns. Where not
visible, errorbars are smaller than symbol size.

Consistent with prior reports (Bradley and Chapelle 1995; Felt et al. 2009), RDX was
not aerobically biodegraded in afigld sand incubation. Under anaerobic conditions, RDX
was significantly degraded in all live mi@msms. Degradation was most rapid in the GL
only incubations followed by NA, UCA, GL+UCA, then live control and GL+NA

incubations. The apparently slower degradation in the GL+NA incubation may not be

significant, since RDX was reduced to below detedtiomvo of three bottles within 98 days.
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Based on the successful treatment of both TNT and RDi}¥lish sand microcosms
under anaerobic conditions, additional experiments were conducted using soils from grenade
Bays C and T at Fort Bragg, NC. In these expents, the microcosms had an init&-day
aerobic phase followed by @8b-day anaerobic phase. Treatments included autoclaved
control, live control (no added substrate), GL, NA, and GL+NA. A combination of glycerin
and lignosulfonate was selectedpimvide an easily biodegradable substrate (GL) to rapidly
consume oxygen and a more slowly degradable substrate (NA) to maintain anaerobic
conditions, while reducing the need for frequent substrate addition. NA was selected over
UCA because of its muchweer cost (approximately 38 % of UCA).

Figure 3.2 shows the variation in concentration of TNT, RDX, HMX and RDX
degradation products (MNX, DNX, TNX) over time. Based on prior results, the HEs and
degradation products were only monitored at the beginnidgead of the aerobic phase.
TNT was extensively degraded in soil from both Bays C and T under aerobic conditions. At
the completion of the aerobic phase,-@i@itrotoluene (2,ONT) and 2,4dinitrotoluene
(2,4DNT) were below the analytical detectiomit of 2.5 ug/L, whereas-ADNT and 4
ADNT were increased as TNT was degraded, followed by further degradation of the ADNTSs
under anaerobic conditions (data not shown).

Consistent with prior observations, RDX was not substantially degraded in the Bay C
andT soils during the aerobic phase. HMX, MNX, DNX and TNX were not added to the
incubations but were present at low levels in the soil used to construct the microcosms.
Small increases in aqueous phase concentrations for each of these compounds wex obser

in some incubations during the aerobic phase, presumably due to release of this material from
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the soil. There is no evidence of HMX, MNX, DNX or TNX degradation during the aerobic
phase.

With the onset of anaerobic conditions, both RDX and HMX werensively
degraded in the Bay C and T microcosms. Both compounds were rapidly degraded in the
soils amended with GL+NA and in the Bay T live control. However, degradation appeared
to be somewhat slower in the Bay C live control. MNX, DNX and TNX comagohs
increased during the period of most rapid RDX degradation, then declined as RDX became
depleted.

To provide a more quantitative evaluation of the data, lag periods andrtiest
degradation rates were estimated for RDX and HMX as described Mwalkeods and are
shown in Table 3.1. For the live control incubations (no added GL+NA), RDX and HMX
degradation rates were significantly highpsvalue < 0.05) in the Bay T soil microcosms
compared to Bay C soil microcosms, possibly associated with ¢inerhFe(Il) content of
this soil. Addition of GL, NA, and GL+NA all significantly increased RDX and HMX
degradation rates in the Bay C soil, but did not enhance degradation in the Bay T soil (Figure
S-3). The small difference between the live controbsaand amended rates is presumably

due to the high degradation rates in the live control T soil.
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Figure 3.2. Concentrations of high explosives (TNT, RDX, and HMX) and RDXositr
derivatives (MNX, DNX, and TNX) in autoclaved, live (no added substrate) controls, and
GL+NA added microcosms with Bay C and T soils respectively under aerobic and anaerobic
conditions. Error bars represent range of values in replicate columns. Wterisible,

error bars are smaller than symbol size.

ANOVA analysis showd no significant differencep{values> 0.05) in means of
RDX and HMX degradation rates across groups of different microcosms in both the Bay C
and Bay T soils, indicating that gpe of substrate added did not significantly influence
degradation rates, once anaerobic conditions were established. ANOVA analysis including

groups of untreated (live controls) and treated microcosms also showed no significant
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difference p-values > 0.6) in means of their degradation rates in Bay T and HMX
degradation rates in Bay C soils, but significant differepeea(ue< 0.05) in means of RDX
degradation rates in Bay C soil, suggesting enhanced RDX degradation with the presence of

organic substras even in anaerobic conditions in Bay C soil.

Table3.1. Average lag periods and degradation rates of RDX and HMX in Bay C and T soil
microcosms with different treatments assuming -firster degradation ahe components.
Values in parentheses are standard deviations of replicates. Bold values are statistically
different from live control §-value< 0.05).

RDX HMX
Treatment Lag (d) Rate () Lag (d) Rate ()

Autoclaved control| 21 (0) 0.010 (0002) 35 (0) -0.011 (0.003)

Live control 14 (12) | 0.050 (0.020) | 28(12) | 0.027 (0.003)

Bay C GL* 0 0.120 (0.020) | 14 (12) | 0.049 (0.006)

NA** 7 (12) 0.100 (0.030) | 14 (12) 0.050 (0.02)

GL + NA 0 0.110 (0.020) | 7 (12) 0.044 (0.005)

Autoclaved control  21(0) 0.010 (0.004) | 26 (8) 0.007 (0.011)

Live control 14 (12) 0.130 (0.040) | 14 (12) 0.076 (0.008)

Bay T GL* 0 0.147 (0.006) 0 0.100 (0.040)
NA** 5 (8) 0.130 (0.040) 0 0.058 (0.001)

GL + NA 12 (11) | 0.155(0.007) | 14 (12) | 0.070 (0.010)

* GL - glycerin

** NA T Norlig A lignosulfonate

3.3.2 Oxygen Consumption in Soil
The HEs biodegradation microcosms with Bay T soil described above showed that

addition of GL, NA, or GL+NA did not significantly increase degradation rates in
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comparison to untreated live control mianems, once anaerobic conditions were established.
However, addition of these substrates could increase oxygen consumption rates, increasing
the likelihood of anaerobic conditions.

Laboratory soil microcosms were constructed with blended soils plus wtey
collected from Bay C and Bay T and monitored to estimate oxygen consumption in untreated
and organic substratéieated soils. Cumulative masses of oxygen consumed and carbon
dioxide produced in untreated and amended microcosms with Bay C or &rgogdsown in
Figure 3.3. Overall, all three replicate microcosms for each treatment exhibited the same
behavior in oxygen consumption. In untreated microcosms (live controls), cumulative mass
of oxygen consumed was low (< 1.0 mmol), indicating low oxygensumption by natural
carbon and microbial respiration in soils. However, oxygen consumption was significantly
enhanced by addition of GL+NA, resulting in increases of 367% in Bay C and 232% in Bay
T soil microcosms. The increased oxygen consumpticssubstratesreated microcosms is
primarily due to addition of GL rather than NA. Microcosms treated with GL only showed
286% and 195% increased oxygen consumption in Bay C and T soils respectively, whereas
NA-treated microcosms showed 33% higher and|@#er oxygen consumption in Bay C
and T soils compared to untreated live controls (data shown in Figdje SDxygen
consumption in the GL+NA treated Bay C soil was significantly higher than in the treated
Bay T soil, possibly due to the higher initiaganic carbon content of the Bay C soil.

Carbon dioxide (Cg) production followed the same general pattern as oxygen
consumption in both the untreated and treated microcosms. Addition of GL+NA to soils

significantly enhanced COproduction compared to treated microcosms, resulting in
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higher production rates in treated Bay C soil than in treated Bay T soil (RBd)te In
microcosms treated with NA only, however, £@roduction was significantly higher than
live controls although ©consumption was natonsiderably different between live controls

and NA treated microcosms (data shown in Figu.S
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Figure 3.3. Cumulative oxygen consumption and carbon dioxide production in gas phase in
live control (unreated) and GL+NA treated microcosms with Bay C or T soils. Error bars
represent range of values in replicate microcosms. Where not visible, error bars are smaller
than symbol size
As shown in the equations below, complete mineralization of GL shesldt in

production of 0.86 moles of Ger mole Q@ consumed while mineralization of NA should

result in 0.82 moles C{per mole Q.
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GL: GHgO3 + 3%2 QA 3

NA:

CO+4 HO
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Figure 3.4. Correlations between cumulative masses of oxygen consumed and carbon dioxide

produced in untr
treated with

linear correlation for each treatment.

Figure 3.4 shows the relationship between the cumulative masses obri3umed
and CQ produced in microcosms for each treatment.

conaimed for GL was 0.84 in Bay C and 0.74 in Bay T, consistent with near complete

eat ed mi crocos ms
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mineralization of the GL. The CG{D- ratio for NA was 1.06 in Bay C and 0.96 in Bay T
which are higher than expected based on complete mineralization. The cause of this higher
than expected ratio is not known, but it may be associated with earlier release of carboxylic
group (COOH) during aerobic degradation, ultimately producing carbon dioxide by
decarboxylation, and accumulation of partially degraded intermediates of NAdedagrer

than expected oxygen consumption (Wang et al. 2013). Several studies showed increase of
reactive phenolic intermediates during aerobic lignosulfonate degradation, which could be
further biodegraded by oxidative aromatic ring cleavage (Colbergvandg 1985; Bugg

and Winfield 1998). This postulation can be supported by decrease of th@.C&dio for

NA over time. In Bay C soil microcosms, the ratio was 2.01 during first 21 days, but it
decreased to 0.83 during last 57 days of the monitoringdyeconsistent with theoretical

ratio by complete mineralization of NA (data shown in Figu#®i8 supplementary material).

To aid in planning substrate application to stimulate HE biodegradation, oxygen
consumption over time was fit t6'drder (eq. Land 29order (eq. 2) models of substrate (S,
mg/L in aqueous phase) and oxygen,(@g/L in aqueous phase) consumption over time,
wheref is the ratio of oxygen to substrate consumkd(d?) andk. (L mg?! d?) are the T

and 29 order degradationoefficients, respectively.

1Order: dS/dt=-kS  and dOJdt=-fdS/dt  (eq. 1)

2Order: dS/dt=k:S O and  d@dt=-fdS/dt (eq. 2)
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f was estimated assuming complete mineralization of orgsustrates since the

correlation of CQ produced and ©consumed indicated that mineralization was the primary

mechanism in substrate degradation.
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Figure3.5. Experiment and modeling results of cumwlatbxygen consumption in gas phase
under1st and 29 order degradation of organic substrates in Bay C and T soil microcosms
treated with crude glycerin (GL), Norlig A (NA), and crude glycerin + Norlig A (GL + NA).
Error bars represent range of valuesaplicate columns. Where not visible, error bars are
smaller than symbol size.

Figure3.5 shows a comparison of simulated and observecb@sumption over time

in the Bay C or T soil microcosms. Valueskafandk. for GL and LS were obtained by

fitting the simulation model to the observed oxygen consumption in thenGiLand NA
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only microcosms using the GRG Nonlinear solver in MS Excel to minimize the root mean
squared error (RMSE) between simulated and obseryedr@umption. @consumption in
the GL+NA microcosms was then predicted using the best fit valuksarfdk.. Estimated

model parameters and error statistics are presented in3able

Table 3.2. First and seconarder degradation coeffemnts, ratios of oxygen to substrate
consumed, and RMSE between observed and modeling results assuming complete
mineralization of organic substrates. The best fit parameter values for each treatment are
shown in bold

First-order Secondorder
Soil | Constant | GL* NA** | GL+NA Constant GL NA GL+NA
ki(dY) | 0.042] 0.002| N/A |k2(Lmg'd?}| 1.8E3 | 6.8E5 N/A
Bgy f 1.22 | 1.48 N/A f 1.22 1.48 N/A
RMSE | 6.56 | 5.62 | 10.61 RMSE 3.66 4.96 8.68
ki(d1) | 0.026| 0.002| N/A |[k2(Lmg'd}| 1.0E3 | 5.7E5 N/A
ny f 1.22 | 148 | N/A f 1.22 | 1.48 N/A
RMSE | 7.65 | 550 | 17.83 RMSE 5.19 4.99 15.67
* GL: Glycerin

** NA: Norlig A lignosulfonate

Both 15t and 29 order models provided a good fit to measured experiment results
(Figure35). However, the secormtder model provided slightly better fit to the oxygen
consumption results with smaller values of RMSE. As expecteaind 29 order rates were
higher for GL than NA.Values ofk; andk. for GL were relatively lower in Bay T soik{ =
0.026 d' andkz = 10% L mg? d!) than Bay C soilki = 0.042 ¢! andk. = 1.8*10% L mg* d}).
Predicted @ consumption in the Bay C microcosms with GL+NA closely matched observed

values indicating the models have some predictive ability. However, the model prediction
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was not as goodof the Bay T microcosms treated with GL+NA. Actual oxygen
consumption in GL+NA treated Bay T soil microcosms were significantly lower than oxygen
consumption predicted by the best fit valueskofndk. for GL+NA treated microcosms,
resulting in approxirately twafold higher RMSE (15.67) than in GL+N#eated Bay C soil

microcosms (8.68).

3.4 Discussion

Microcosm experiments using botreld sand and soil from two active grenade
throwing bays showed aerobic biodegradation of TNT, consistent with priotsgpaitier
and Manning 1997; Singh 2012). There was no evidence of RDX, MNX or HMX
biodegradation under aerobic conditions. Biodegradation of RDX, HMX and RDX
degradation products was enhanced under anaerobic conditions. Further, anaerobic Bay C
microcams showed enhanced RDX degradation in the presence of GL+NA (Bgyre
The enhanced RDX degradation with organic substrates is consistent with the prior work by
Fuller et al. (2004; 2009), which showed enhanced mineralization of RDX and HMX by
addition of molasses, crude soybean oil, and peat moss + soybean oil. In untreated Bay C
soil microcosms (live controls) under anaerobic conditions, RDX was degraded with the rates
of 0.05 + 0.0, however, the degradation rates were significantly increased 0.11 +
0.02d* by addition of GL+NA. HMX degradation rates were also enhanced from 0.027 +
0.003d™ to 0.044 + 0.00%I* by GL+NA addition (Table3.2). These rates are much higher
than the 1 order natural attenuation rate for RDX in groundw#8x10°® d1) reported by

Pennington et al. (2001). Thé' brder decay constant for RDX of 0.17 deported by
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Galloway (2015) by photosynthetic bacteria under anaerobic conditions is consistent with
RDX degradation rates (0.155 + 0.08%) in GL+NA treated Bay T soils during anaerobic
phase.

Several previous studies have reported that HEs degradation products are resistant to
further degradation in oxic conditions and can be accumulated in the environment although
the parent compounds are degradeorlfgck et al. 1998; Singh 2012). Formation of these
intermediates in degradation processes has become health and safety concerns due to their
toxic potentials. It has been reported that TNT degradation products inclucibiNZ, 2,6
DNT, 2-ADNT, and 4ADNT were also toxic to most microorganisms and some species of
both invertebrates and vertebrates (Dodard et al. 1999; Lachance et al. 2004; Lotufo and
Lydy 2005; Karnjanapiboonwong et al. 2009). Zhang et al. (2008) showed toxicity to
earthworms by the RRnitroso derivatives (MNX, DNX, and TNX).

In this study, while 2DNT and 2,6DNT were not detected-2DNT and 4ADNT
increased as TNT was degraded during the aerobic phase, then these intermediates were
further degraded during the anaerobic phasd,were reduced below 2.5 pg/L within 42
days (data not shown). RDX nitroso derivatives initially increased then declined during
anaerobic RDX degradation, resulting in final concentrations of DNX and TNX below 1 pg/L
at the end of monitoring period (Figu8.2). MNX concentrations were still detected at the
end of monitoring in all microcosms. However, MNX concentrations were significantly
lower in the GL+NA treated microcosms than the live controls, and MNX concentrations
were continuing to decline. €&wsum of MNX, DNX, and TNX were always less than 10 %

of the initial RDX concentration, with the exception of a single sample (data not shown).
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Other RDX degradation products were not monitored in this study. However, MEDINA is
not expected to accumulaie the environment since it is unstable in water and readily

decomposed to nitrous oxideAD) and formaldehyde (HCHO) (Halasz et al. 2010).

25

: -+25% NA
N r
o | o Glycerin - 50% NA
--100% NA
15 F —200% NA

0, Consump. Rate (g/m3/d)

0, Consump. Rate (g/m3/d)

Figure 3.6. Predicted oxygen consumption rates over time wittyimg amounts of glycerin
(GL) and Norlig A(NA)

The oxygen consumption experiments demonstrated the benefit of providing a
mixture of a rapidly biodegradable substrate (GL) to quickly generate anaerobic conditions
and a more slowly biodegradable sulistréNA) to slowly consume oxygen over time

(Figure3.5). The amount of GL and NA requiréal generate anoxic conditions wilepend
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on site specific conditions including the initial oxygen content of the soil and the rate of
oxygen entry into the soil ovéime. Figure3.6 shows oxygen consumption rates (gn@
soil/day) in Bay C soil versus time for different amounts of GL and NA predicted with the
first order model. Substrate loading rates used in these simulations are reported relative to
the base lading rates used in the oxygen consumption studies (FRjByewith substrate
reapplication every other year. When only GL is added, oxygen consumption rates spike
immediately after GL addition then decline rapidly, dropping below 1.5%d/ifoxygen
consimption rate by natural soil with no amendment) within 100 days. When only NA is
added, oxygen consumption rates are more uniform, declining by 21 % ousvotyear
reapplication cycle. In some cases, it may be desirable to add a small amount of GL to
rapidly consume oxygen, and then maintain reducing conditions with a larger amount of NA
(illustrated in Figure3.6). The amount of GL and NA required to generate and maintain
anaerobic conditions will be site specific and depend on the soil characseaust air filled

porosity.

3.5 Conclusions

TNT rapidly biodegraded under aerobic and anaerobic conditions in microcosms
constructed with botfield sand and soil from two grenade throwing bays with and without
organic amendments. However, there was no ecel®f substantial RDX, HMX, or RDX
daughter products biodegradation under aerobic conditions. Under anaerobic conditions,
RDX, HMX and RDX daughter products were biodegraded. Addition of crude glycerin (GL)

plus Norlig A (NA, lignosulfonate) resulted more rapid RDX degradation in Bay C soil.
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TNT and RDX daughter products-&DNT, 4-ADNT, MNX, DNX, and TNX) did not
substantially accumulate and were degraded under anaerobic conditions.

The organic substrates (GL+NA) applied in this study increasggleoxconsumption
rates and can potentially be used to generate anaerobic conditions in the field. The ratio of
CO, produced to © consumed indicates both materials are mineralized. Mathematical
model simulations indicate that oxygen consumption ratéstof20 g/ni/d can be achieved
with reasonable amendment application ratdewever, further work is needed to determine

the oxygen consumption rates required under field conditions.
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CHAPTER 4. BATCH STUDIES OF TNT AND RDX

SORPTION IN NATURAL AND LIGNO SULFONATE

AMENDED SOILS

4.1 Introduction

2,4,6trinitrotoluene (TNT) and hexahydib3,5trinitro-1,3,5triazine (RDX; royal
demolition explosive) are representative explosive compounds typically found on military
training ranges. They can be deposited on range soils afteyrtev(partial) detonatios
and can slowly leach fromnexploded ordinance (UXO) (Brannon and Pennington 2002;
Fuller et al. 2004; Walsh et al. 2006). TNT and RDX deposited on the ranges can be
transported to groundwater bifiltrating rainfall.

TNT and RDX ae moderately soluble in wat€t30 and 42 mg/L, respectively) and
are reported taveakly bind to soil(Brannon and Pennington 2Q03atzinger et al. 2004
Jaramillo et al. 2011). Brannon and Penningto(2002 reported soil/water partitioning
coefficients(Kq) of 0- 11 L/kg for TNT and O 8.4 L/kg for RDX in surface soil. TNT is
biodegradable under aerobic condition, while RDX is resistant to aerobic biodegradation
(Lee and Brodman 2004). Biodegradation of both TNT and RDX is enhanced under anoxic
condtions (Hawari et al. 2000; Kwon and Finneran 2006).

When biotic and abiotic degradation rates are slow, sorption can enhance removal by

providing additional contact time for degradation to occur. TNT and/or RDX sorption can
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potentially occur through hydphobic partitioning, hydrogen bonding, ion exchange, and
chemisorption (Pichtel 2012) andan be influenced bythe soil and pore water
physicochemical propertiescludingclay content, soil organic carbon (SO®@pic strength,
pH, cation exchange capac{CEC),and pore water compositi¢Kalderis et al. 2011).

TNT and RDX sorption are reported to be correlated with the soil organic carbon
fraction (Yamamoto et al. 200Dontsova et al. 2009; Sharma et al. 2013). Dontsova et al.
(2009) and Sharma et.a]2013) also suggested that SOC was more important than clay
content in sorption of TNT and RDX. Howevdfaderlein et al. (1996) showed the
importance of exchangeable cationsToMil sorptionto clays, with increased sorption in the
presence of Kor NHs* compared tdNa*, C&*, Mg?*, and APF*. Cattaneo et a{2000)found
that TNT sorption was two orders of magnitude greater for montmorillonite than kaolinite,
demonstrating the important role of clay mineralogy in HE sorption.

Several different modelingpproaches have been employed to desdfbX and
TNT sorption. Selim and Iskandaf1994, Myers et al.(1998, and Brannon et al(2002)
reported that a linear model provided a good fit for RDX sorption to soil. However, other
investigators reportechonlinear sorptionof RDX to clayey soil and activated carbon
(Townsend et al. 1996; Morley and Fatemi 2010; Hatzinger et al. 2004). Similarly,
Yamamoto et al. (2004) and Chappell et al. (2011) demonstrated linear sorption @ TNT
soils, while other studs (Pennington and Patrick 1990; Selim and Iskandar &&zinger
et al. 2004 have reported nonlinear sorption

Farling (2013 proposed the use of aixture of waste glycerin (GL) and

lignosulfonate (LSps an alternative for stimulating bioremedatof explosives in soilGL
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and LScould be spray applied to the contaminated range without exposure of worker to
UXO since thee materialsare highly water solubleLS is produced through reaction with
metal bisulfites and other reagents during woolpipg for paper production and contains
high molecular weight polymeric organic carbon, similar to natural soil humi¢e GL
would be rapidly consumed in soil due to its ready biodegradability. However, the slowly
biodegradable LS would be present lenm soil andbotentially sorb to soil during transport
throughthe vertical soil profile. The sorbed LS was hypothesized to increase soil organic
carbon, enhancing HE sorptionHence, it is important to understand the impact of LS
addtion to soil on ™NT and RDXsorption andransport of explosives in soils treated with
the substrate mixture.

Objectives of this work are to: 1) understand sorption behavior of LS in
representative soils; 2) determine the extent of TNT and RDX sorption in soils3)and
evaluate the impact of LS addition on sorption of TNT and RDX in soils.s&i@sultswill
improve our understandingf explosivestransport in rangesoils and the impact of LS

amenanents on transpart

4.2 Material and Methods

Two soils collected fronmearFort Bragg, NC were used in thigork. Grenade range
soil (RS)used in the sorption experimemss collected from 0 to D.m below the ground
surface (bgs) ilBay C withinhand grenadeange RG4@t Fort Bragg.Field sand (FS) was
obtained fromthe FourO-One Sandjuarry, located approximateB7 km from the RG40

grenade rangat Fort Bragg. Soils were ahdried, passed through Bo.4 (4.76 mm)mesh
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sieve and homogenized prior to use. Selected propenérs measured on homogenized
samples Table 4.1). Soil organic carbon (OC), cation exchange capacity (CEC), humic
matter (HM), and siitlay fraction were higher in RS than those in FS. Explosive
concentrations wer@.012+ 0.005mg/kg for RDX and).015+ 0.006mg/kg for TNT in RS,

while all explosivesvere below the detection limis 0.002 mg/kg)n FS.

Table4.1. Selected properties of soils used in sorption isotherm study.

Properties Field Sand (FS) | Range Soil (RSY
Organic Carbon (%) 0.06 0.19
Cation Exchange Capacity (meg/100cm?3) 0.9 1.6
Base Saturation (%) 48 44
Humic Matter (%) 0.04 0.12
Sand (%) 96.3 85.0
Silt-Clay (%) 3.7 15.0
pH 4.6 4.9

Y Average values for range soils from 0 to 1 m bgs.

Calciumlignosulfonats (Ultrazine CA and NorligA) used in this study were from
Lignotech USA (Rothschild, WI). TNT and RDX were from AccuStandard, Inc. (New
Haven, CT) and prepared by dissolution in deionized water prior to use. Artificial
groundwater was used for the sorption isotherm to mininmeesffect of carbon present in
actual groundwater. The chemical composition of artificial groundwater used in this study is

shown in Tablet.2.
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Table4.2. Chemical composition of artificial groundwater

Chemical mmol/L
Ca(NG)2*4H20 0.136
MgCl2*6H20 0.080
Al2(SOy)3*18H20 0.001
FeSQ*7H20 0.001
Mn(NOz)2*4H20 0.003
NaHCQG 0.300
KHCOs 0.030
CaSQ*2H20 0.076

Sorption isotherm experimenfisr Ultrazine CA (UCA) were conducted in both field
sand (FS) andange soil (RS) taestimatesorption coefficients an@valuatethe effect of
UCA doseand equilibrationperiod. UCA sorption isotherm bottles were prepared by
addition of 100 g of FS or RS, 100 mL of artificial groundwater, and varying amounts of
UCA (0001 to 0.1 g).To examine the effect of biological activity WCA sorption, a group
of bottles was autoclaved prior to UCA addition at 121 € and 20 psi for an hour. Bottles
were then shaken on a tumbler for 1, 7, 14, or 30 days to examine the e#gqailiiration
period. Sorption isotherm were measured f&®S with 1, 7, and4-dayequilibration periods
The sipernatanfrom eachbottle was collected, centrifuged at 2500 rpm for 20 min, and
passedhrough 0.4 m P TFE s y.r Thendissolved iorganie garbon (DOC) content
of the filtered supernatants was measured witBhimadzu TOEO000A Total Organic
Carbon. Bottle contros without sediment wre also prepared and operated in parakeit
sorbed amountvas negligible. A measurable amount of DOC was released from the soil in

sediment controls constructed with sediment and groundwater without LS ad@uobed
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LS concentration was calculated as (initial DOCsupernatant DOCG sediment control
DOC))/il mass.

For the Norlig A (NA) sorption experiments, only the effect of NA dose was
examined. To improve the convenience and effectiveness of separating supernatant from
sediment, 50 mL disposable glass centrifuge tubes were used for NA sorptionstesis af
500 mL amber borosilicate bottles. NA sorption tubes were prepared by addition of 25 g of
FS, 40 mL of artificial groundwater, and varying amount of NA (0.001 to 0.Tgfpes were
mixed on a tumbler for 14 daybased on results from the UCAste which showeado
significant difference between ddhy and30-dayequilibration periods

Sorption isotherm experimenfisr TNT and RDX were conducted using both FS and
RS with and without Noilg A (NA) to evaluatehe effect of NAon HEsorption. Anended
field sand was prepared by addition of 500 g FS and 500 mL of 1,000 mg/L NA solution into
a 1 L borosilicate bottle, and mixing on a tumbler for two days. Washed field sand was
prepared in parallel by mixing 500 g of FS with 500 mL deionized watetwio days. To
removeNA that had not sorbed to the soil, the supernatahbtif bottlesvasreplaed with
fresh 500 mL deionized water and mixing for another two dayss process was repeated
three times, thethe liquids were drained off and sedinte were ahndried. In preliminary
work, addition of 1000 mg/L of NA to RS resulted in relatively small increase in soil organic
carbon. Consequently, the TNT and RDX sorption measurements were conduRt@than
was treatedvith a higher concentratioaf NA (70,000 mg/LDOC), and thebottleswere
mixed for a weelprior to removal of the supernatanthe washing process® remove NA

that was not sorbed to the Rfas repeateden times,until DOC concentration in the
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supernatant wakess than 20 mg/L In washing process, liquids were gently decanted to
minimize loss of clay or silt material. WashB&$ was prepared in parallébllowing an
identical washing procedureAfter washing, liquids were drained off and sediments were
air-dried.

Explosive sorpbn measurementsvere conducted in 50 mL disposable glass
centrifuge tubes containirgp g of soil, 40 mL artificial groundwater, and varying amsunt
of TNT and RDX ( MWhentsmpkindo TNT @@l RI2Xg TNT )degradation
products 2-aminc4,6-dinitrotoluene (2ADNT), 2,6-dinitrotoluene (2,@ONT), 2,4
dinitrotoluene (2,4DNT)) were also added since explosives mixture was used in this sorption
test. To inhibit biological activity all tubes were autoclaved at 121 € and 20 psi for an hour
prior to spiking TNT and RDX. Triplicate tubes were prepared for each concentration in each
soil. Tubes were capped, sealed with parafilm, and shaken on ketuorbl4 days, then
centrifuged at 2500 rpm for 20 min, followed by decantation of aqueous phase. The
collected water samples at 0 and 14 day were extracted using toluene by the modified frozen
micro extraction (FME) method (Li et al. 2011). The exsaecere analyzed bpgilent
7890A gas chromatograph (GC) with an electron capture detector (ECD). The detailed
procedures for FME and analytical method by-BCD are described in Appendix The
amount sorbed to soils was determined by mass lost froragiheous phase. The extracts
were stored at- 20 € until analyzed by GECD. Tube controls weregun in parallel
containing40 mL artificial groundwater antl0O0 pg/L of explosives, but their sorption was

negligible. The amounts of explosives releasednfisediment itself was also negligible.
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Sorbed concentration was calculated as (initial aqueous concentrafioal agueous
concentration)/soil mass
Desorptionof TNT and RDXwas notevaluateddue to loss of clay and silt material
while supernatant wasemoved after centrifugation, and difficulties in resuspending
sediment with fresh water. The Linear, Freundlich, and Langmuir isotherm model&twere
to experimental results folignosulfonates (LS) and explosivesorption The Linear
isotherm has thiorm:
S = KdCi
whereSi s the sorbed €odomscedrmter atqgiucro u(se g/loql).ent r at
is the linear sorption coefficient (mL/g). The Freundlich isotherm has the form:
S = KeG"
whereSi s t he sorbed Ciastheeeqnueamus omoncagntgrkat i on
is the Freundlich sorption coefficient (5L §"g), and n is a constant. The Langmuir
isotherm has the form:
S = (KG)/(1 +nCj)
whereSi s the sorbed coscéemer agiuemwmulec gogitheen€r at
ratio of sorbed and solute concentrations,
Coefficients for Linear, Freundlich, and Langmuir isotherms were obtained by fitting the
model to the observed sorption restitis each soil using the GRG Nimear solver in MS
Excel to minimize roemeansquare error (RMSE) of log transformed sorbed concentrations.
RMSEwas def i n e gimadrdog[SEddm]y® wech gives approximately equal

weight to low and high concentration dat&oodnes of fit was determined by the Nash
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Sutcliffe model efficiency coefficientd) indicating that the highe$ is considered as the

best model lash and Sutcliffe 1970Bolster and Hornberger 2007)95 % confidence
interval (Cl) and test with 95 % confidece level were applied to determine the statistical
significance. 95 % CIl was defined ass®atedt critical t x residual sandarderror (SE) of
Sobserved.  SE was computed by dividing the sum of squares of the residuals by the degrees of
freedom, anctritical t-value was calculated by Excel buiiit function (TINV) to minimize

underestimation of the true uncertainty in nonlinear estimation (Hossain et al. 2013).

4.3 Experimental Results
4.3.1 Sorption of Lignosulfonates in Soils

Sorption isotherm experimentsr two lignosulfonates (LS), Ultrazine CA (UCA)
and Norlig A (NA), were conducted using field sand (FS) and range soil (RS) obtained from
the sandquarryandFort Bragg, NCrespectively to determinghe extent of Lorption and
identify the effect of LRIoseand equilibratiorperiod.

Figure4.1 showssorbed concentrations as function of equilibration time for varying
initial UCA concentrationgn field sand (FS). At initial concentratisfess than 100 mg/L,
sorption equilibrium for UCA was reached withl day. Howevera 14-day equilibration
period was requiredt initial concentrationabove500 mg/L. Autoclavingdid not influence
UCA sorption to FS at concentrations over 500 mg/L, with overlapping 95 % confidence
intervals (CI) for UCA sorbed to &aclaved and untreated FBigureS-8). However, at low
initial concentrations < 500 mg/L, UCA more weakly sorbed to autoclaved FS. This result is

consistent withprior studies which foundecreased sorption capacity in autoclaved soils for
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chemical compunds and bacteria (Won et al. 2007; Serrasolses et al. 2@¥jed on these

results, all further sorption isotherms were developed wittd-day equilibration period

using autoclaved soil.
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Figure 4.1. Concentration®of Ultrazine CA (UCA)sorbed to field sand (FS) for varying
equilibration times and initial concentrations

The sorption data for UCA and NA in soils were used to estimate parameters for
Linear, Freundlich, and lceymuir sorption isotherm modeg($able 4.3 andrigure4.2). The
isotherm model that provided the best fit was identified using the model efficiEh@s (
described byBolster and Hmberger(2007). Sorption of UCA and NA irFS wasbetterfit
with the Freundlich modekesulting in highelE values than Linear and Langmuir models
indicating that the Freundlich is the superior model (Table 4.3). Isotherm models for UCA
sorption to RS could not be compared dusrtall number of valid measurements.< O,
i.e., negative values, for the Linear UCA and NA sorption isotherms indt&tes that an

average of the measurementaild provide a better prediction compared to mdBelster
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and Hornberger 2007)Previous investigator@Grigg and Ei 2004;Bai et al 2009 also
found that theFreundlich isothernprovided a better fit foadsorption of calcium LS on
Berea sadstone and dolomite However,Qui et al. (2009 reported that a.angmuir
isotherm provided a better fit foradsorption of LS on Ti® particles. The values of
Freundlich constan{n) in both UCA (n = 0.8 + 0.09 and NA (n = 0.6 + 0.04) were

significantly different from 1§-value< 0.05) indicatingconcentration dependesdrption

Table4.3. Regession parameters for Ultrazine CA and Norlig A sorption to field sand (FS)
and/or range soil (RS) with4-day equilibration period £ 95 % confidence limit) Bold
values are parameters for the model with the best fit.

Model Linear Freundlich Langmuir

LS | Soid K ES Kre n E K N Sex E

UCA| FS | 189+81 -21| 762223 043+007 098| 120+181 0.23+038 525 0.73

UCA| RS |530+103 1 |475:NA 104+NA 1 51+ N/A -0.003tN/A 15397 1

NA | FS | 27£09 -4 | 227+123 056+004 098 10+16 0012+002 849 0.65

LS = lignosulfonate, UCA = Ultrazine CA, NA = Norlig. A
Y FS = field sand, RS = range soil
8 E = model efficiency; 1 = perfect fit to the measuremefisc 0 = average of the
measurements better than model prediction.
iUnit; Ke=L/kg, Ke=mL"e §V g, K = L/ kg, LSaargmuwi/rg.n = mL/ ¢
# Cls for Freundlich and Langmuir isotherms in UCA sorption to RS were not applicable due

to lack of sample population.
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UCA appears to sorb more strongly to RS tis (Figure 43), probably due to

Figure4.2. Freundlich and Langmuirosption isotherra for Ultrazine CA (UCA) and Norlig
A (NA) on field sand (FS)

higher OC, CEC, aridr clay content in RS (Tablé.1). At initial concentrations over 500
mg/L, linear partition coefficientsK() for UCA were six to tenfold higher in RS (52 -

53.8L/kg) than that in FS (8 - 8.8 L/kg) (data not shown Freundlich model parameters
could not be reliably estimated for sorption RS due to small number of valid

measurementsE values forUCA sorptionto RSwas 1 in all isotherm models, indicating a

80



perfect fit to the measurementgcausenly two data pointsvere available for parameter

estimationafter data correctiofor contrds.
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Figure4.3. Freundlichisotherms ér Ultrazine CA (UCA) and Norlig A (NA) on field sand
(FS) and range sqiRS).

Freundlich Kk values for UCA sorption to FS were sigodntly greater than NA
sorption (Table 4.3-value< 0.09, indicating stronger sorption of UCA, especially at lower
concentrations Kigure 4.3). Howeverat concentrations > 1,000 mg/L, the sorption
isotherms converge and no significant difference igeeted betweeMNA and UCA, as
indicated by the overlap in the 95 % FsgureS-9).

The differences in UCA and NA sorption to FS may be due to differences in the
chemical properties of these lignosulfonates. NA is a full sugar, hardwood lignosulfonate
that contains a mixture of low and medium molecular weight materials. UCA is a spruce
wood lignosulfonate that has been fermented to remove sugars and other more readily

biodegradable low molecular weight materialghe higher UCA sorption wdskely due to
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the higher concentration of high molecular weight materialsarling (2013) showed
relatively higher molatJV absorptivity at 280 nm(gsq) of UCA (269 L/cm/mol) than that of
NA (148 L/cm/mol), which is positively correlated with the degree of aromaticity (Chin et al.
1994). Increasing aromaticity and decreasing polaigtyreported toresult in increased
sorption of aromatic compound soil (Liu et al. 2002).

Zeta potential measurements were conducted on FS, UCA and NA for pH values
from 2 to 12 (Figure %). The zeta potential of both UCA and NA was negative throughout
the measured pH rangensistent with prior researcWéng et & 2013) The zeta potential
of FS varied from +10 mV at low pH t&l0 mV at high pH, with a point of zero charge
(PZC) of 4.0 to 4.5 consistent with isoelectric values for gibbsite anthtite (ParkL965.

The ambient pH of FS is 4.6 so UCA additioR(p 5.8) should result in a pH greater than or
equal to the PZC, and the FS would have a net negative charge. Under these conditions,

anion exchange of the negatively charged UCA would be limited.

4.3.2 TNT and RDX Sorption to FS and RS

Sorption of TNT and RDXo field sand (FS) and range soil (RS) with and without
NA amendmentwas examinedo determine sorption extent and identify the impact of NA
additionon HE sorption. Sorbed concentrations and modeling resiatsTNT and RDX in
FSand RSare shown in Fige 44 and 4.5 respectivelyThe best fit sorption isotherms for
both TNT and RDX are strongly ndmear (Table 44) consistent with prior research
(Ainsworth et al. 1993; Selim and Iskandar 1994arma et al. 20)3 Based on th& values,

the Freundth model provided the best fit for both TNT and RDX sorption to RS, while the
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Langmuir model provided the best fit for TNT and RDX sorption to FS. However, the 95%
confidence intervals overlap for most of the measured concentration range (Fitu@n8

S-11), indicating one model is not significantly better than the other.

Table 4.4. Regression parameters for TNT and RBfptionto field sand (FSandrange
soil (RS) with 14-day equilibration period £ 95 % confidence limit) Bold values are
parameters for the model with the best fit.

Linear Freundlich Langmuir

HE | Soi ‘_
Kd E KFr n E K n S E

FS 1172052 -6 |084+054 080+016 033 | 215107 094+062 228 0.96
TNT

RS [10.98:5.0: -110 |2.16+6.09056+029 092 | 22.83t19.76 6.65t663 343 0.85

FS |116£054 9 |0.73t039 0.73+014 049 | 260+128 1.83+113 142 097
RDX

RS |937/£384 -21 |306+275067+05 096 |1825t2.38 46/+7.77 391 0.75

FS = field sandRS = range sail

Y E = model efficiency; 1 = perfect fit to the measuremefiss 0 = average of the
measurements better than model prediction.

SUnit; Ke=mlL/g, Ke=mL" §Vg,K=mlL/g,Langmui r nmx= @ma/ gg, S
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Figure 4.6. Freurdlich sorption isotherra for TNT and RDXon field sand (FS) and range

soil (RS). Dotted lines are upper and lower 95 % confidence intervals for each estimated

Freundlich isotherm model.
Figure 4.6 shows the Freundlich isotherms and 95% confidence isté@ia for

TNT and RDX sorption to FS and RS. TNT appears to sorb more strongly to RS at initial

concentrations < 0.4 gnL without overlap in 95 % ClsHowever, at higher concentrations,

the sorption isotherms converge and there was no significaeratiffe in TNT sorption

between FS and RS with overlapping 95 %.CRDX also sorbed more strongly to RS

compared to FS for most of the observed concentration rakg&alues for both TNT and
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RDX were approximately threld higher in RS than in FSKr values were2.16 + 6.09
mL%>% §*Yg for TNT and 3.06 + 2.75mL°%®% §3¥g for RDX in RS, but0.84 + 0.54
mL%% §%gfor TNT and0.73 + 0.39nL°%"% §27g for RDX in FS (Table 4.4). The greater
scatter in the data at low concentrations in RS resulted in higher 95 % Cls foatedtim
parameters (Table 4.4) and wider 95 % Cls for sorbed concentrations (Figure 4.6). The
stronger sorption of TNT and RDX to RS could be associatedhigtier OC, CEC, ardr

clay content in R8€ompared to F&Table4.1).

TNT and RDX sorption were natignificantly different from each other for the
measured concentration range for each soil. Figure 4.7 shows observed TNT and RDX
sorption in both FS and RS and model simulation results with 95 % CI. The best fit model
based orkE was plotted. The 95 % I€ for partition coefficients (Kand K) and sorbed
concentrations overlapped (Table 4.4 and Figu®@, 4ndicating no significant difference
between TNT and RDX sorption in both soilsi RS,Kr of TNT andRDX were2.16 +6.09
mL%%% §*Yg and3.06 +2.75mL%%e §3¥g respectively. Similarly, K of TNT and RDX
were 2.15 +1.07 and2.60 + 128 mL/g respectively in FS. Thetdst analysis for the
measurements also showed no significant difference in concentrations sorbed to RS between
TNT and RDX atnitial concentrations less thare1gnL (p-values> 0.05) but significantly
higher RDX sorbed concentrations than TNT at initial concentrationsba/egnl. (p-values
< 0.05) However, the inverse trend was observed in FS presenting higher TNT sorbed
corcentrations at high initial concentrations.

There was more scatter in the data at low concentrations in RS than in FS (Hyure 4.

indicating more variability in RS. This is not clearly explainable, but may be associated with
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higher soil heterogeneity @RS compared to FS (Sana and Jalila 2016), or due to lower
relative precision of the GECD measurements near the detection limite(§ J. LThe
greater spread in the data was probably not the result of desorption of HEs from the RS since

preliminary dissolution tests using the same soil for 7 days showed no detectable HEs.
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Figure 4.7. Sorption isotherra for TNT and RDXon field sand (FS) and range soil (RS).

Dotted lines are upper and lower 95 % confidence intervals for each estimated Freundlich
isotherm model.
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In this work, sorptionof RDX was found to & similar toTNT in both FS andRS
This differs fromprior researctwhich reported greatéFNT sorption than RDX (Brannon
and Pennington 2002; Hatzinger et al. 2004; Yamamoto et al. 2004; Jaramillo et al. 2011;
Ariyarathna et al. 2016).Sheremata et a[1999) proposed that decreased TNT sorption
might be associated witbompetitive sorption of TNT in the presence & diegradation
products. They demonstratedhat sorption capacity increased with the increase of the
number of amino groups (NMH Sorption capacity wa 2,4diaminc6-nitrotoluene (2,4
DANT) > 4-amina2,6-dinitrotoluene (4ADNT) > TNT (Sheremata et al. 1999)n this
study, no substantial difference was observed in between TNT and its degradation products
sorbed to RS (Figure-8 and Tale S4). However, TNT sorption could have been reduced
by competition for available sorption sites on the soil surface, since TNT degradation

products were present in the mixture.

4.3.3 TNT and RDX Sorption td_ignosulfonate Treated Soill

Lignosulfonate (LS) adition to soil was hypothesized to increase sorption of TNT
and RDX by increasing soil organic carbon (SOC). To examine the impact of LS addition,
TNT and RDX sorption isotherm experiments were conducted in FS and RS amended with
NA. Washed FS and RS veerlso examined to control for the loss of fines when the
sediment was washed to remove aqueous NA.

Measured concentratioasid Freundlich modeling resuitsth 95 % Cisfor TNT and
RDX sorption inintact (IRS) and amended range soils (ARS) are presemtEgjure 4.8.

NA addition did not have a substantial impact on TNT and RDX sorption at most
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concentrations, with the overlapping 95 % Cls (Figure 4.8) and no significant difference in
Freundlich partition coefficients Kin Table 4.5). No significant difference was also
observed in the estimated sorbed concentrations of both TNT and RDX in between ARS and
WRS over all concentration range (Figureld. In addition, washing treatment did not
impact TNT and RDX sorption in RS (FigurelS and $14). It appears that NA
amendment could not increase OC sufficiently to enhance sorption capacity for TNT and
RDX sincemost OC initially sorbed to RS was desorbed during repeated washing, resulting
in no significant OC mass loss in aqueous phase after washingeS15).

In FS, no significant impact of NA amendment was also observed in TNT and RDX
sorption over all measured concentrations (Table 4.5 and Figure 4T8¢ lack of
measurable impact on TNT and RDX sorption in FS is probably due to the negligible

increase in the OC to FS after washing (data not shown).
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Table4.5. Regression parameters of TNT and RBotption towashed (WFS) andmended

field sand (AFS), intact (IRS), washed (WRS), and amended range ABif) (= 95 %
confidence limit) Bold values are parameters for the model with the best fit.

. Freundlich Langmuir
Sail | Treatment
Kr n E K n Sex E
Washed | 084+054 080016 033 215:107 094+062 228 096
s Amended| 095050 068+012 063| 450+391 232+28 194 094
TNT Intact | 216£6.09 056+029 092| 2283:19.76 6.65+t663 343 0.85
RS| Washed | 253t4.70 053023 0.68| 40357689 15.08:3267 268 064
Amended| 207£386 0.8+029 060, 885+t745 235t234 376 086
Washed | 0.73+039 0.73+014 049| 260+128  183t113 142 097
s Amended| 079+060 084+018 012 181+122 091+086 199 092
RDX Intact | 3.06£2.75 067+05 096| 18252538 467777 391 075
RS| Washed | 298380 0.72£02 0.86| 11841538 262+415 451 0.78
Amended| 341+320 0.77+40B 097 994+997 156+211 636 085

FS = field sand, RS = range soil
Y E = model efficiency; 1 = perfect fit to the measuremeisg 0 = average of the
measurements better than model prediction.

8 Unit; Ka= mL/g, Kk=mL" §"g, K=mL/g,Langmui r myg/ gg, S

Nmax =

4.4 Discussion

Batch ®rption measurementshowed onlinear sorption of lignosulfonate (LS)
indicating LS sorption in salwith higher partition coefficients at loweoncentratioa LS
sorptionrequired 14 days teeach equilibum and a longer equilibration period (30 day) did
not result in a measurabincrease in sorbed LS concentratio&rigg and Ei (2004) and
Bai et al. (2009alsoreportednonlinear sorption ofalcium LS (CLS) on different sediments.
UCA and NA sorption to FS and RSk 23 - 76 mL/g or 0.06 - 0.20 L/cm®, n = 0.8 -

1.05) wassimilar to CLS sorption to Berea sand stofié= = 0.031 L/cni rock, n = 0.49,
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Grigg and Bai 2004), but much stronger than CLS sorption to dolomite (1 L/g, n =
0.67,Bai et al. 2009). Bai et al. (2009) alsgportedconsiderable desorption of CLSMm
dolomite. In this study, desorption of LS was not examined dsgtoficantloss of clay
and silt material wén supernatant was removed, and difficulties irsuspending sediment
with fresh wateafter centrifugation.

Linear dstribution coefficiens for TNT and RDX sorption to FS and RS (Table 4.4)
were in the range of values previously repo(teg)= 0.1- 16.6L/kg for TNT, Kq = 0.12- 8.4
L/kg for RDX, Brannon et al. 1992; Ainsworth et al. 1993; Townsend and Myers 1996;
Pennington et al. 199%amamoto et al. 2004)However, the measuredikalues for TNT
were generally on the low side of the reported range and RPb¥akies were on the high
side.

The nonlinear Freundlich and Langmuir models provided a significantly bettepAit (
value < 0.05)than the linear model for bofiNT and RDXsorption to FS and RSThe
observed concentration dependsatption behavior will result in increased retention at the
low concentrations itypical training rangesEquilibrium retardation factor Ror non-linear
sorption with the Freundlich isotherm can be calculated as (Zheng and Bennett, 1995)

R = hKeG"Yd)
where Keis the Freundlich distribution coefficient, n is a constant, and C is the aqueous
concentrationy  is the soil bulk density, ardlis thewater filled porosity.

Figure 4.10 shows computed Retardation factors (R) for vamyamgentrations of
TNT and RDX in range soil (RSyith jp = 1.90andd = 0.27 (Chapter 5). At aqueous

concentrations near solubility, R values approach 1 and sorption has minimal impact in
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slowing TNT and RDX transport. However at the concentrations wéxsen the field at Fort
Bragg (0.001 to 0.06 gnL for TNT, 0.001 to 0.4% gnL for RDX), retardation factors are
much higher and may significantly reduce leaching.

Selim and Iskand&{1994 showed impact of linear and nonlinear TNT sorption in its
leaching behavior presenting deviation from the breakthrough curve resulted from their
column study. Spurlock et al. (1995pemonstrated that assuming linear sorptiory ma

generate considerable errors in predictions of solute transport in soil.

200

—TNT --RDX

150

100

50

Retardation Factor (R)

0
0.001 0.01 0.1 1 10

Figure 4.10. Retardation factors for varying concentrations of TNT and RDX in range soill
(RS) which were computed with regression parameters determined by Freundfitbns

isothermmodel.

Prior sorption studies reported that TN®rbedmore stronglyto soils than RDX
(Brannon and Pennington 2002; Hatzinger et al. 2004; Yamamoto et al. 2004; Jaramillo et al.
2011;Ariyarathna et al. 2016)However in RS RDX sorption was similar tdNT soiption.

This might be associated witielatively higher affinity of RDX sorption to clayninerals

compared to TNT Sunahara et al. (2009) suggested that interactions with minerals in clay
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might govern RDX and HMX sorption rather than association with ©Goil. Monteil-
Rivera el al. (2003) also showed positive correlation between HMX sorption and clay content.
Cattaneo et al(2000) reported that the clay mineralogy could influence on RDX sorption.

Additional research is needed to identify the caudegifer RDX sorption in RS.

4.5 Conclusions

Batch sorption experiment and isotherm model simulation clearly showed that both
lignosulfonate (LS) and explosives examined in this study followadimear sorption in
field sand (FS) and range soil (RS). Samptcoefficients for UCA were sixto tenfold
greater in RS than in FS, and UCA sorbed more strongly to FS than NA.

RDX sorption was stronger in RS than in FS at most concentrations, presumuably
to the higher OC, CEC, and clay contemt RS. RDX sorpbn was similar to TNT in both
FS and RS, inconsistent with prior research results. NA amendment did not significantly
increase TNT and RDX sorption to either FS or RS.

Nonlinear sorptionshould be considered whepredicing transport of LS or
explosivesin soil. Nonlinear sorption is concentration dependethstantially mfluencing

distribution coefficierd and retardation factors of solutes

4.6 References

Ainsworth, C.C., Harvey, S.D., Szecsody, J.E., Simmons, M.A., Cullinan, V., 1993.
Relationship beveen the leachability characteristics of unique energetic compounds and

soil properties. Battelle Memorial InsPacific Northwest Labs.

96



Ariyarathna, T., Vlahos, P., Tobias, C., Smith, R., 2016. Sorption kinetics of TNT and RDX
in anaerobic freshwatemd marine sediments: Batch studies. Environ. Toxicol. Chem.,
35(1), 4755.

Bai, B., Wu, Y., Grigg, R.B., 2009. Adsorption and desorption kinetics and equilibrium of
calcium lignosulfonate on dolomite porous media. J. Phys. Chem. C. 113(31),- 13772
13779.

Brannon, J.E., Adrian, D.D., Pennington, J.C., Myers, T.E., 1992. Slow release of PCB, TNT,
and RDX from soils and sediments. WES/TR/&-38. Army Engineer Waterways
Experiment Station. Vicksburg, MS.

Brannon, J.M., Pennington, J.C., 2002. Environmental dad transport process descriptors
for explosives. Final report for Strategic Environmental Research and Development
Program. ERDC/EL TR2-10. U.S. Army Engineer Research and Development Center,
Vicksburg, MS.

Brannon, J.M., Price, C.B., Hayes, C., Y&1.., 2002. Aquifer soil cation substitution and

adsorption of TNT, RDX, and HMX. Soil Sediment Contam. 11(3);329.

Cattaneo, M.V., Pennington, J.C., Brannon, J.M., Gunnison, D., Harrelson, D.W., Zakikhani,
M., 2000. Natural attenuation of explosives remediation of hazardous waste
contaminated soils. Marcel Dekker, New York, NY.

Chappell, M.A., Price, C.L., Miller, L.F., 2011. Solhase considerations for the
environmental fate of nitrobenzene and triazine munition constituents in soil. Appl

Geodem 26, S336S333.

97



Dontsova, K.M., Hayes, C., Pennington, J.C., Porter, B., 2009. Sorption of high explosives to
waterdispersible clay: Influence of organic carbon, aluminosilicate clay, and extractable
iron. J. Environ. Qual. 38(4), 1488165.

Farling,S.R., 2013. Generation of biodegradatsmmption barriers for munitions constituents.
MS thesis. North Carolina State University, Raleigh, NC.

Fuller, M.E., Hatzinger, P.B., Rungmakol, D., Schuster, R.L., Steffan, R.J., 2004. Enhancing
the attenuation oéxplosives in surface soils at military facilities: Combined sorption and
biodegradation. Environ. Toxicol. Chem. 23(2), 3231.

Grigg, R.B., Bai, B., 2004. Calcium lignosulfonate adsorption and desorption on Berea
sandstone. J. Colloid Interf. Sci. 279(36-45.

Haderlein, S.B., Weissmahr, K.W., Schwarzenbach, R.P., 1996. Specific adsorption of
nitroaromatic explosives and pesticides to clay minerals. Environ. Sci. Tech. 30(2), 612
622.

Hatzinger, P.B., Fuller, M.E., Rungmakol, D., Schuster, R.L., SteRal., 2004. Enhancing
the attenuation of explosives in surface soils at military facilities: Sorg#sorption
isotherms. Environ. Toxicol. Chem. 23(2), 38862.

Hawari, J., Beaudet, S., Halasz, A., Thiboutot, S., Ampleman, G., 2000. Microbial
degradéion of explosives: biotransformation versus mineralization. Appl. Microbiol.
Biotechnol. 54(5), 60%18.

Hossain, M. A., Ngo, H. H., Guo, W2013. Introductory of Microsoft Excel SOLVER
function-spreadsheet method for isotherm and kinetics modellingetdlmbiosorption in

water and wastewater. \Water Sustain3(4), 22337.

98



Jaramillo, A.M., Douglas, T.A., Walsh, M.E., Trainor, T.P., 2011. Dissolution and sorption
of hexahydrel, 3, 5trinitro-1, 3, 5triazine (RDX) and 2, 4, -@initrotoluene (TNT)
resdues from detonated mineral surfaces. Chemosphere, 84(8},10658

Kalderis, D., Juhasz, A.L., Boopathy, R., Comfort, S., 2011. Soils contaminated with
explosives: Environmental fate and evaluation of stitine-art remediation processes.
Pure Appl. Gem. 83(7), 140-1484.

Kwon, M.J., Finneran, K.T., 2006. Microbially mediated biodegradation of hexatlydss
trinitro-1,3,5triazine by extracellular electron shuttling compounds. Appl. Environ.
Microbiol. 72(9), 59335941.

Lee, S.Y., Brodman, B.W., 2@0 Biodegradation of 1,3;%rinitro-1,3,5triazine (RDX). J.

Environ. Sci. Health A Tox. Hazard. Subst. Environ. Eng. 39(1),%1

Li, M.Y., Conlon, P., Fiorenza, S., Vitale, R.J., Alvarez, P.J.J., 2011. Rapid analysis of 1,4
Dioxane in groundwater by feen micreextraction with gas chromatography/mass
spectrometry. Ground Water Monit. R. 31(4); 7&

Liu, X., Song, C., Xing, B., 2002. Characteristics of the natural organic matter sorption
affects of organic contaminants. J. Environ. Sci. 14(3)-Z0

Monteil-Rivera, F., Groom, C., Hawari, J., 2003. Sorption and degradation of oxtahydro
1,3,5, #tetranitrel1,3,5, #tetrazocine in soil. Environ Sci Technol. 37(17): 38B84.

Morley, M. C., Fatemi, M., 2010. Adsorption of RDX and its nitroso metabolitée o
activated carbon. Practice Periodical of Hazardous, Toxic, and Radioactive Waste

Management, 14(2), 997.

99



Myers, T.E., Brannon, J.M., Pennington, J.C., Davis, W.M., Myers, K.F., Townsend, D.M.,
Ochman, M.K., Hayes, C.A., 1998. Laboratory studies dfssption/transformation of
TNT, RDX, and HMX. Tech. Rep. IRRP8-8. US Army Engineer Waterways Experiment
Station. Vicksburg, MS.

Nash, J.E.Sutcliffe, J.V. 197Q River flow forecasting through conceptual models parl
discussion of principles, Blydrol. 10 (3), 282290.

Parks, G.A., 1965. The isoelectric points of solid oxides, solid hydroxides, and aqueous
hydroxo complex systems. Chemical Reviews, 65(2); 194

Pennington, J.C., Gunnison, D., Harrelson, D.W., Brannon, J.N., Zakikhani, M9, 199
Natural attenuation of explosives in soil and water systems at Department of Defense sites.
WES/TR/EL-99-8. Army Engineer Waterways Experiment Station. Vicksburg, MS.

Pennington, J.C., Patrick, W.H., 1990. Adsorption and desorption of Zriditétoluene by
soils. J. Environ. Qual. 19(3), 55%7.

Pichtel, J., 2012. Distribution and fate of military explosives and propellants in soil: A review.
Appl. Environ. Soil Sci. 2012,-33.

Qiu, X., Yan, M., Yang, D., Pang, Y., Deng, Y., 2009. Effect of gtrachain alcohols on
the physicochemical properties of calcium lignosulfonate. J. Colloid Interf. Sci. 338(1),
151-155.

Sana, D., Jalila, $.2016. Combined effect of unsaturated soil condition and soil
heterogeneity on methylene blue adsorption/desor@ia transport in fixed bed column:

Experimental and modeling analysis. Journal of King Saud Unive3signceln press.

100



Selim, H.M., Iskandar, 1.K., 1994. Sorptiaiesorption and transport of TNT and RDX in
soils. CRREL94-7. Cold Regions Research dadgineering Lab, Hanover, NH.

Serrasolses, I, Romanya, J., Khanna, P.K., 2008. Effects of heating and autoclaving on
sorption and desorption of phosphorus in some forest soils. Biol. Fert. Soils, 44(8), 1063
1072.

Sharma, P., Mayes, M.A., Tang, G., 20Rble of soil organic carbon and colloids in
sorption and transport of TNT, RDX and HMX in training range soils. Chemosphere,
92(8), 9931000.

Sheremata, T.W., Thiboutot, S., Ampleman, G., Paquet, L., Halasz, A., Hawari, J., 1999.
Fate of 2,4,@rinitrotoluene and its metabolites in natural and model soil systems. Environ.
Sci. Technol. 33(22), 4002008.

Spurlock, F.C., Huang, K., van Genuchten, M.T., 1995. Isotherm nonlinearity and
nonequilibrium sorption effects on transport of fenuron and monuron incslimns.
Environ. Sci. Technol. 29(4), 10a®0O7.

Sunahara, G.I., Lotufo, G., Kuperman, R.G., Hawari, J., 2009. Ecotoxicology of explosives.
CRC Press.

Townsend, D.M., Adrian, D.D., Myers, T.E., 1996. RDX and HMX sorption in thin disk soll
columns.IRRP-96-8. US Army Engineer Waterways Experiment Statiditksburg, MS.

Townsend, D.M., Myers, T.E., 1996. Recent developments in formulating model descriptors
for subsurface transformation and sorption of TNT, RDX, and HMX. WES/TRABRP.

Army Engineer Watrways Experiment Station. Vicksburg, MS.

101



Walsh, M.R., Walsh, M.E., Ampleman, G., Thiboutot, S., Walker, D.D., 2006. Comparison
of explosives residues from the blomsplace detonation of 15&,m highexplosive
projectiles. ERDC/CRREL TR6-13. U.S. Army Egineer Research and Development
Center, Hanover, NH.

Wang, Z., Zhu, J. Y., Fu, Y., Qin, M., Shao, Z., Jiang, J., Yang, F., 2013. Lignosuifonate
mediated cellulase adsorption: enhanced enzymatic saccharification of lignocellulose
through weakening nonprodue binding to lignin. Biotechnol. Biofuels, 6(1), 1.

Won, J., Kim, J.W., Kang, S., Choi, H., 2007. Transport and adhesi&sabferichia coli
JM109 in soil aquifer treatment (SAT): Odemensional column study. Environ. Monit.
Assess. 129¢B), 9-18.

Yamamoto, H., Morley, M.C., Speitel, G.E. Jr., Clausen, J., 2004. Fate and transport of high
explosives in a sandy soil: adsorption and desorption. Soil Sediment Cdi3gn 361-

379.
Zheng, C, Bennett, G.D. 1995. Applied Contaminant Transport Modelinghebry and

Practice, VanNostrand Reinhold, New York, NY, 840

102



CHAPTER 5. LABORATORY COLUMN EV ALUATION OF

HIGH EXPLOSIVES DEGR ADATION IN GRENADE

RANGE SOILS

5.1 Introduction

High explosives (HEs) including 2,4tfinitrotoluene (TNT), hexahydrel,3,5
trinitro-1,3,5triazine (RDX; Royal Demolition Explosive), and octahydr8,5, #tetranitre
1,3,5,#tetrazine (HMX; High Melting Explosive) are deposited on military ranges as part of
training activities and have the potential to adversely impact groundwater (Brannon and
Pennington 2002; Fuller et al. 2004). To daiely limited research has been conducted to
identify cost effective remediation technolegfor treating explosives deposited on ranges

Prior toactiveremediatiorof HEs contaminated sitewie shouldfirst determine if the
HEs will naturally attenuate under ambient site conditior®wever, the conditiongnder
which HEsnaturaly attenuag¢ have not been sufficiently studied. TNT and its degradation
productshave been shown to naturally attenuategroundvater at thelLouisiana Army
Ammunition Plant (LAAP), marine sediment, asgdiment from apond treatment of
wastewatefrom explosives production(Harrelson et al. 1997; Pennington et al. 2001; Yang
et al. 2008; Amaral et al. 2016).he high potential fof NT natural attenuation is due its

easy biodegradability under aerobic conditions and high sorption capBoityever.there is
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limited evidence of RDX or HMX natural attenuation due to their resistance to
biodegradation under aerobic conditions (Ribgig et al. 2003; Bordeleau et al. 2013).

Previous researchas identified conditions that are eithfavorableor unfavorable for
natural attenuation of explosives. Ringetbet al. (2003) showed RDX attenuation in sandy
loam (siltclay content = 426) under saturated conditi®swith a maximum degradation rate
of 0.15 mg/L/d. Photolysis @n potentialf lead to RDX attenuation #he surface sojl with
over half ofthe initial massremoved when there waw shielding of sunlight and small
explosive jrticles (Bordeleau et al. 2013). Pennington et al. (2001) suggested that
abundance of sulfateiron-, and sulfitereducing bacteria in soil could enhance TNT and
RDX mineralization. However, soils with very low organic carbon (OC, < 0.1 %) and high
sard content (> 90 %) could lead &dow partition coefficient, resulting in low attenuation of
explosives in soil Rennngton et al. 1999). Bradley and Chapell¢1995) suggested that
natural attenuation of explosives unlikely due to theinhibitory impad of high explosive
concentrationon bacterial populationin the severely contaminated soiln sandy soils
from Massachusetts Military Reservation (MMRjyoundwaterdissolved oxygen (DO) and
oxidation reduction potential (ORRyere the most importanfactors influencingRDX
attenuation (Morris and Fallin 2008).

Prior researchsuggeststhat soil type could bean important factor in natural
attenuation of HEs by influencing on geophysical and geochemical properiéser
saturation, OC sand content, ron-reducing conditions, DO, and ORP can be directly
influenced by soil type. Therefore, different transport behavior of explosives is expected in

varying soil types. In clayey soilhe pores arelikely water saturated leading to reducing

104



conditions low DO and ORP, potentially enhang natural attention of explosives. Further,
higher surface areaf clayey soi provides greater available sisdor sorption of explosives.

Soil type could also influencéhe impactof organic substrataddition on oxyge
status Oxygen transport in soil is influenced by pore size and moisture retention, which are
dominated by soil type. In sandy soil, application of organic substrate may not be effective
in reducing oxygen concentration in soil due to rapid oxygersp@m from atmosphere,
resulting innegligible enhancement of explosive degradation. Farling (2013) showed no
significant oxygendepletionin sandy soilswhen glycerin was added,with no substantial
increase irRDX degradation.

In batch microcosms usimgrenade range soil from Fort Bragg, NC, a mixed organic
substrate of crude glycerin (GL) and lignosulfonate (LS) was effeetiviacreasing the
oxygen consumption rat@ soil. Anaerobic soil conditions could be established by rapid
oxygen consumption oéasily biodegradable GL, and then maintained by slow oxygen
consumption with more slowly biodegradable LS. TNT was rapidly biodegraded under both
aerobic and anaerobic conditions. RDX, HMX, and RDX daughter products did not
significantly degrade undeesobic conditions. However under anaerobic conditions, RDX
and HMX biodegraded, without accumulation of daughter prod@ttater 3.

In this work, we examine the transport and fate of HEs in soil from an active hand
grenade range, and the impact of Gida.S addition on oxygen consumption and HEs
biodegradation using laboratory scale columns. These results provide informationron whe
natural attenuation of HEs is likely and how organic substrate can be used to limit HEs

leaching.
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5.2 Material and Methods

Cdcium lignosulfonates (Norlig A) was purchased from Lignotech USA (Rothschild,
WI) and crude glycerin was obtained from Piedmont Biofuels (Pittsboro, NC). Acetonitrile
and toluene used in soil and water sample extractions for explosives were HPLC grade an
purchased from J.T. Baker and Fisher Scientific respectiveldrdghloric acid (HCI) and
hydroxylamine hydrochloride (NdDH-HCI) used in soil Fe(ll/lll) extraction were ACS
grade and purchased frdfisher Scientific and Acros Organics.

Analytical standards for TNT, RDX, 2DNT, 2,6DNT, 2-ADNT, 4-ADNT, and
HMX were purchased from AccuStandard, Inc. (New Haven, CT), and standards for RDX
nitroso degradation products (MNX, DNX, and TNX) were purchased from SRI International
(Menlo Park, CA) then prepad by dissolution in acetonitrile.

Soils used in this laboratory column study were collected froni.6 m below the
ground surface (bgs) of two adjoining hand grenade throwing bays at Fort Bragg, NC (Bays
C and T). Overall, the physical and chemicalgarties of Bays C and T were similar. Soils
in both bays were primarily sand with-28% silt and 1.4 2.6% clay. Soil pH varied from
5.0 to 5.6. Soil pH, silt content, and median grain sizg)(@ere not statistically different
between Bay C and 3oils, showing averages of 5.4 + 0.2 in soil pH, 13.4 + 2.7 % in silt
content, and 296 sNTofllronsontert varied feochil.B9etn7t62 @Kg
with most of the iron present in the crystalline form. The majority of thecngstalline ion
was present as Fe(ll) indicating the bays underwent periods of anoxic conditions. The only

significant differencef-values< 0.05) between soil in the two bays was the higher organic
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carbon content and clay content of the Bay C soil (OC = 0.20 + €l&6= 2.3 £ 0.3 %)
compared to Bay T soil (OC =0.08 £ 0.03, clay = 1.9 £ 0.3 %).

RDX concentrations ranged from 0.03 to 1.03 mg/kg in Bay T and 0.01 to 0.04 mg/kg
in Bay C soil. TNT concentrations varied from 0.009 to 0.018 mg/kg in Bay T and from
0.008 to 0.021 mg/kg in Bay C soil. While average RDX concentrations in Bay T were
somewhat higher, the mean concentrations were not statistically diffprealugs> 0.05).

TNT and RDX concentrations of both Bays C and T were lower than averatgce
concentrations previously reported by Jenkins et al. (2006) for grenade bays (3.3 mg/Kg TNT
and 5.8 mg/Kg RDX). Due to the comparatively low TNT and RDX concentration in the
surface soil (Jenkins et al. 2006), the surface of each column was amended with $oil
containing TNTandRDX associated with Comp B high explosive.

Experimentacolumns were constructed with 5 cm diametdr.5 m long clear PVC
and packed with 0.15 m of coarse sand and 0.1 m of washed fine sand as a water drainage
layer, followed by 1 m of soils from 0 t@.2 mbgs in grenade throwing bays (Bays C and T)
at Fort Bragg, NC. Prior to use in columns, soils were passed through a No. 4 (4.76 mm)
sieve to remove clumps. Soils were packed with 0.25 m vertical incrémidnat samerder
asthe grenade range. 0.64 cm inner diame&t€&.2 m long LDPE tuing connectedhe
bottom of columns antb sampling vias to minimize oxygen inflow from the bottom. Soil
gas sampling ports were installed at 0.25, 0.5, 0.75, and 1 m below therfsaé suFour
replicate columns were prepared for each throwing bay soil (Bays C and T), followed by
biweekly NC groundwater application. Three months after water application, all columns

received 50 g of contaminated soil prepared by mixing with compod&iexplosive (Comp
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B) in the laboratory. The columns were wrapped with aluminum foil to prevent the
photoreduction of Fe(lll) and photodegradation of explosive compo(Bcsinon and
Pennington 2002). Two leaching columns were prepared with a wateagidayer (0.15 m

coarse sand + 0.1 m fine sand) and received the same amount of Comp B contaminated soll
as other columns. These leaching columns were operated and monitored in parallel with the
columns containing active range soilsmeasurehe expbsives concentrationgleasedy

the Comp Bcontaminated soil. Photographs of laboratory soil columns are shdwgure

S-16 in Appendix IV.

40.6 mL of NC groundwater was applied biweekly on the soil surface in columns,
which is equivalent to 52 cm pgear. At 56 days after addition of the Comp B amended soil,
0.15 g/cn crude glycerin (GL) and 0.15 g/élorlig A (NA, lignosulfonate) were applied
to the soil surface. The GL and NA loading rates are the same as employed in a field
evaluation of subsite addition being conducted at the grenade range at Fort BZhgptér
6). Experimental treatments evaluated include: 1) Bay C soils with no amendment, (2) Bay
C soils with GL + NA, (3) Bay T soils with no amendment, and (4) Bay T soils with GL +
NA. Duplicates were prepared for each treatment. Column effluents and soil gases were
monitored monthly for explosives (RDX, TNT, HMX, and their degradation products),
anions (Cl, N@, Br, NO;, and SQ), cations (Mn and Fe), total organic carbon (TOC), pH,
and gas concentrations §NO;, CO, and CH). At the end of column operation, columns
were cut into 0.1 m sectioneomogenizedand soils were analydefor explosives, TOC,

Fe(l1/111), moisture, volatile solig, and ash contents.
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Analytical methods wereas described in Appendix |.  Briefly, explosives
concentrations were determineddms chromatography (GC) with electron captured detector
(ECD) following U.S. Environmental Protection Agency (EPA) Method 8095 to minimize
interferences with humic materiadsd lignin present in soil and aqueous samples. Prior to
GC-ECD analysis, water samples were extracted in toluene by the modified frozer micro
extraction (FME) method (Li et al. 2011). 300 g soil samples were dried at room temperature,
ground by puck nlii for 60 seconds to reduce the particle size to less than 75 um,
homogenized by random subsampling, and then extracting with acetonitrile For ih8a
cooled ultrasonic bath. The filtered supernatant was then analyzed #5COGC Total
organic carborfTOC) was analyzed using Shimadzu 5000A TOC analyzer. Anions (GJ, NO
Br, NO;, and SQ) were analyzed by ion chromatography (IC) following EPA Method
9056A (SW846). Cations (Fe and Mn) were analyzed on a Pdtkier Plasma Il
Inductively Coupled PlasenAtomic Emission Spectrometry (IGAES) following methods
equivalent to EPA Method 6010C (S846).

Soil particle size distribution was measured using a Beckman Coulter-B301iaser
particle size analyzer equipped with a Universal Liquid Module. $tall tcarbon (TC)
content was analyzed using Perkin EImer 2400 CHNS Analyzer. Soil moisture content and
volatile solids were determined by weight losses on drying at 105 °C for 24 hours and
ignition in a muffle furnace at 550 °C for 2 hours respectivelWater retention was
measured at 0, 30, 60, 100, 333, and 500 cm.6f. HSaturated hydraulic conductivity was
determined usingepackeding samples with dimensions @f6 cmdiameter by7.6 cmtall.

Soil samples for iron analysis were extracted using Mzydrochloric acid (HCI) for Fe(ll)
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and 0.25 m HCL + 0.25 M hydroxylamine hydrochloride ¢@H-HCI) for total Fe(ll + III).
Extractions were performed in 40 mL EPA vials flushed with nitrogen gas to minimize Fe
oxidation, then the extracts were anatyzsy ICRAES. Samples were extracted for 30
minutes to measure poorly crystalline and sedirbenind iron oxides, and for 96 hours to

measure crystalline reactive iron oxides.

5.3 Experimental Results
5.3.1 Leaching Columns

Two leaching columns were constructed wia water drainage layer (0.15 m coarse
sand + 0.1 m fine sand) and 50 g of the Comp B impacted soil. Two centimeters of water
(40.6 mL) was applied to the column surface biweekly. The leaching columns were operated
and monitored in parallel with the @thsoil columns to distinguigbetween the HE leached
from the added Comp B and from the Fort Bragigge soils.

Figure5.1 shows the averadmweekly effluent volumend average concentrations of
total organic carbon (TOC), nitrate (MO nitrite (NOQ), RDX, and TNT in effluents of
duplicate leaching columng-HMX concentrations (data not shown) reached a maximum of
0.23 mg/L at about 150 days and then gradually declined with time to 0.05 mg/L (average
over monitoring period = 0.11 mg/L).

Effluent flowrates varied seasonally with the lowest flowrates observed during the
winter when the evaporation from the open columns was a maximum, due to the dry indoor
air of the laboratory.66 % of water applied was recovered as effluent in leaching columns

with 3 % of water retained in soil and 31 % of water evaporaiedC, NG, TNT and RDX
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concentrations varied with effluent flowrate, reaching a maximum when evaporation was
highest. However, the mass of these constituents did not vary with effluent volume
indicating most of this variability was associated with concentration of the solutes by
evaporation. Approximately 51 % of the TOC released from the leaching columns was
dissolved TNT, RDX, HMX, andnonitoreddegradation products. Nitrate (NQnitially
presat in the soil was quickly leached from the soil and then remained below the detection
limit (0.5 mg/L) for the most of monitoring period. In contrast, N@as continuously
observed in the leaching column effluents, potentially associated with lossoofunittional
groups {NO2) from the TNT aromatic ring under aerobic conditions (Martin et al. 1997;
Stenuit et al. 2006; Smith et al. 2015b). TNT concentrations varied from 5.7 to 56.4 mg/L
(ave. =23.4 mg/L). Some portion of the TNT likely degradedcsinfNT degradation
products (ADNTs and 2;BNT) were consistently observed in the efflueltg(ire S-19).

RDX concentrations varied from 6.0 to 31.4 (ave. = 27.8 mg/L). MNX, DNX, and TNX
gradually declined over time, suggesting these degradation pradeicsnitially present in

the soil and leached out over time.

Figure 5.2 shows the cumulative mass of RDX, TNT, HMX, and RDX/TNT
degradation products discharged in the effluent and mass present in the soil at the end of the
leaching column experimentslTotal mass recovered in the duplicate columns was similar,
but not identical. This is not surprising given the high variability in HE concentrations in
explosive impacted soil, even after soil mixing (Jenkins et al. 1997; Crockett et al. 1998;
Clausen etal. 2004;USEPA 2014b). Masses of RDX and TNT degradation products were

0.6 % and 1.2 % of their parent compounds respectively, indicating very limited degradation
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of RDX and TN in leaching columns. However, amount of inorganic nitrogen{NG
NOz-N) in effluent (0.10 mmol N) was somewhat higher than N mass derived from TNT and
RDX degradation products (0.04 mmol N). The higher N mass might be associated with
degradation of TNT or RDX to other degradation products which are not monitored in this
study, or further mineralization of degradation products observed in this study. HMX

degradation products were not monitored in this study.
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Figure 5.1. Average biweekly effluent volume and average conceotratbf total organic
carbon (TOC), nitrate (N§), nitrite (NO&), RDX, and TNT in effluents of the duplicate
leaching columns. Error bars represent range of values in duplicate columns. Where not
visible, error bars are smaller than symbol size.
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Figure5.2. Masses of RDX, TNT, HMX, and degradation products in effluent and soils of
duplicate leaching columns. HMX degradation products were not monitored in this study.

5.3.2 Soil Column Hydraulics

Two centimeters of water was applied to the surface of saitbbolumn every other
week over the course of the experiment. The applied water was not allowed to runoff and
remained on the column surface consistent with the observed predegmoeded water in
numerous craters on the Fort Bragg grenade ranges. After 26 to 86 weeks after start of the
experiment, water began to pond on the surface of the Bay C columns. The greater ponding
in the Bay C soils is consistent withe higher compet hydraulic retention times (HRT)
that were associated witthe lower saturated hydraulic conductivity sgK of the soils.
Average column hydraulic properties are shown in Taldle The lowerKsatcan be inferred

from the much lower effluent volumes Bay C columns.The lower kg of the Bay C soils
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is probably due to the somewhat higher clay content and higher bulk density. The same
procedure was used to compact the laboratory test cylisleys, t h e p df thgBag C |

soils suggests greater ease of compaction.

Table5.1. Average column hydraulic properties

Columns Control Treated Control Treated
Bay C Bay C Bay T Bay T
Replicate Units A B A B A B A B
Sum HO Leached| c¢m 234 | 187 | 94 | 16.0| 545 | 551 | 48.1 | 50.3
Ave. Porosity - 028 | 026 | 026 | 0.27 | 0.30 | 0.30 | 0.29 | 0.29
AVG'Png‘Jgirt;"'ed - | 027|026 026| 026 021 | 021 023 | 023

b g/cm® | 1.87 | 191 | 193 | 1.89| 1.83| 1.83 | 1.86 | 1.84
V during lastyear | cm/yr | 179 | 125 59 | 94 | 359 | 375 | 29.1 | 335

HRT during last
year

d 699 | 966 | 1,972| 1,273 273 | 258 | 366 | 314

Tot al porosi tiyi | (éd @omtre saldlaged ffoch soil bulk
density, moisture content, and specific gravity measatdble end of the monitoring period
(Figure5.3 and Table %) . d was relatively consistent i
0.34), but more variable in the Bay T columns (0.24 to 0.41). The reason for this variability
is not known, since identicpafrocedures were used to pack all the columns.

At the end of the monitoring period, the Bay C soil columns were nearly saturated
witwhdd> 95% t hroughae/ud wes lpealodw |82 % wthh rl ceu gfh
col umns. Wi Bay @ ile wasa gigeificahtly higher than Bay T soils at the end
of column experimenfp-values< 0.05) resulting in lower afilled porosities (< 0.02). The

higher wateffilled porosities in Bay C soils are probably associated with relatively higher
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clay andorganic carbon fraction leading to lower saturated hydraulic conductivi€iag. (
Rawls et al. (2003) reported a positive relationship between organic carbon content and water

retention in soil, exhibiting higher correlation in sandy and silty soils.

Control Bay C Treated Bay C Control Bay T Treated Bay T

| % |

E—/_,,
120 T T T T T T T T T T T T

0 01020304050 010203204050 01020304050 0102030405
Porosity Porosity Porosity Porosity

20 A+

40

60 -

Depth (cm)

80 ~

100

Figure5.3. Total porosities (closed marks) and wdited porosities (open marks) along the
vertical soil profile in soil columns at the end of monitoring period. Error bars represent
range of values duplicate columns. Where not visible, error bars are smaller than symbol
size.

Organic amendment addition gietheuupperehdf i n a
of the Bay T columns, with the greatest increase in the top lay&Q@m) p-values< 0.05),
presumably due to enhanced water retention and/or loweadsociated h lignosulfonate
addi tion. 4 and seduced eifillesl pEasity is éxpected to have reduced
oxygen transport through the soil surface of the amended Bay T columns, increasing the

likelihood of anaerobic conditions. Amendment addition ditl mve a substantial impact

onwidh the Bay C columns, puviretselBayLltdntyolsdue t o t
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Figure5.4. Soil column water balance over 695 day operating period. [Evaporated red\ppl
-(ef fluent + Ponded + & Soil moi sture)].

Figure54 and Table § present results of a water balance for each column for the
695-daymonitoring period including the initial water present in the soil, water applied, water
discharged in the column eiént, ponded water, water present in the soil at the end of the
experiment, and water lost due to evaporation. Water lost due to evaporation was calculated
as the difference between the water applied and total water recovered.

The presence of ponded watincreased evaporation from the Bay C columns,
reducing the total amount of water discharged in the effluent, compared to the Bay T
columns. Similarly, the higher water retention in the surface layer of the amended Bay T
columns appears to have somewhalhanced evaporation and reduced the amount of water

discharged from these columniSiqure S-17 and Table &). During the last year of the
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experiments, the average flowrate was 15 cm/yr (range = 11Z.®) in the Bay C columns
and 37 cml/yr (35.9 375) in the Bay T columns. These values are reasonably consistent
with the net groundwater recharge rate of 32 cm/yr for the Fort Bragg area reported by Heath
(1994).

Average hydraulic retention times (HRT) during last year were 265 days in the
control BayT columns, 340 days in the amended Bay T colum88,days in the control
Bay C columns, and 128 days in the amended Bay C columns. The larger HRTs were the
result of higher water retention in these columns combined with greater evaporation (reduced

discharge).

5.3.3 Oxygen Distribution in Soil Columns

To identify the impact of soil texture and organic amendment addition on redox
conditions, sil gases were monitored monthlyFigure 5.5 illustrates variation in oxygen
(O2) concentrations at four depths dbtaatory soil columns over the monitoring period.

In the bothduplicate control Bay T column®xygen concentrations remained close
to atmospheric throughout the nitmming period. In botlduplicate treated Bay T columns,
oxygen concentrations rapidlyedinedat a depthof 50 cm following organic amendment
addition. In one of the treated Bay T replicates (columA),Toxygen concentrations
remained below 5 % by volume at the 75 and 100 cm depths for over 280 days. However, in
the treated Bay-B replicate column, oxygen levels rebounded to near atmospheric levels by
200 days. The large difference in observed oxygen levels in the duplicate soil columns may

be associated with more rapid oxygen transport through slightly highfteairporosities in
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the top layer (G 30 cm) of the treated Bay-B column (0.09 0.14) compared to the treated
Bay T-A column (0.05- 0.08). However, aifilled porosities at the end of the monitoring

period were not significantly different at the 95% leyeVéalues= 0.05).

30
® Bay C BayT
= !. & e
S 20 | | ’ A0 OO0
£ GL+NA GL+NA
S addition addition
210 A b
38 @-ControlBayC-A -O-Control BayC-B <#-ControlBay T-A <>-Control BayT-B
o 0 - Treated BayC-A {3 Treated BayC-B Treated Bay T-A Treated BayT-B

-100 100 300 500 700 -100 100 300 500 700
30
5
0l Be |
|

[s0em ]
0, concentration (%)
=
o
1

o

-100 100 300 500 700 -100 100 300 500 700

w
o

e

[y
o
L

1

[75em ]
0, concentration (%)
S
i (e}
n|
|
g
Ig
[4
EE
>
¥
q
g
;s
>§
®
R ")
P
4
K.

-100 100 300 500 700 -100 100 300 500 700

w
o

&

| e s et aaas i TN VPN
MAAdAd . Al

)
o
1

100 cm |
0, concentration (%)
=
1

[} T T T T T T T T T T T T T

-100 100 300 500 700 -100 100 300 500 700
Days since addition of Comp B impacted soil Days since addition of Comp B impacted soil

Figure5.5. Oxygen concentrations at 25, 50, 75, and 100 cm below the soil surface in soil
columns over the monitoring period

In Bay C soils, gas samples could not be collected from the 25 cm CGaran5

sampling ports due to nearly water saturated soil conditibigaure 5.2). The measured
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oxygen levels at 75 and 100 cm depths in Bay C soils were close to the atmospheric,
probably due to air entry through the bottom of columns. Oxygen transpougththe
upper portion of the Bay C columns was limited due to the high water saturation, greatly
increasing the potential for development of anoxic conditidiewever, the bottom half of

the Bay C columns remained aerobic for the most monitoring period.

5.3.4 Soil Column Geochemistry

Column effluents were monitored monthly to evaluate the impact of organic
amendment addition on geochemical parameters including TOC, pH, anions (IBNO
NO2, and S@), and cations (Mn and Fe). Carbon content and Fe(llIfil§oils packed in
columns were also measured at the end of monitoring pefibd.averag@H of the column
effluents was pH 8.0 = 0.2 over monitoring period, which is comparable with pH of
groundwater applied (7.8 £ 0.1) (data not shown). One of tlneated Bay C soil columns
showed pH decline up to 6.4 then rebounded back up to a pH range close to the groundwater
applied, probably due to combined influence of low water transport and initial soil pH (5.4 +
0.2).

Figure5.6 showsthe variationin chloride (Cl), TOC, nitrate NOs), and manganese
(Mn) concentrations in the soil column effluents. TOC concentrations were initially elevated,
potentially due to release during column packing. In the treated Bay T columns, average ClI
present in the waste glgrin(2.7 %Cl) began aiive in the effluent at 280 days, increasing to
a maximum of 283 mg/L at 420 days (364 days after glycerin addition), which is consistent

with the computed average HRT of 410 days. By this time, TOC concentrations were low
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(0.9 to 12.7 mg/L) indicating negligible organic carbon transport through the columns.
However, there wersignificantvariatiors in Cl migration between duplicate treated Bay T
columns as shown ifkigure 5.6. CI concentration in effluent reached a maximum more
rapidly in the FA column (283 mg/L at 420 days) compared to thB dolumn (151 mg/L at
588 days) This difference mighyatthedop layerssails ®e d f r ¢
30 cm) in the 1B column (ave. = 0.18, range = 0.198.22) than the JA column (ave. =
0.20, range = 0.180.23) since CI migrates through the wdied potion ofsoil pores.
In the treated Bay C columns, low concentrations cafflearedo break through in
the treated Bay C columns at 504 days after amendment addition, which is much more rapid
than would be expected based on the computed HRT86f Hays. Sinlar to the other
columns, organic carbon breakthrough in the Bay C columns was negligible. In all treated
columns, less than 1% of the added carbon was discharged in the effluent. In contrast, over
60,000 mg/L of TOC was discharged in the effluent of hedssand (3.7 % sittlay)
columns amended with glycerin (Farling 2013). The much more limited TOC breakthrough
in the Fort Bragg soil columns is presumably due to the higheclaytcontent (15.1 +
3.5 % siltclay) and longer HRT.

Nitrite (NO2) was intially detected in the effluent of all columns at concentrations
ranging from 0.7 to 1.8 mg/L and then declined below detection (< 0.5 mg/L) within 168
days (data not shown). N@oncentrations in the leaching column effluent varied from 0.5
to 5.5 mg/L,indicating substantial Nattenuation in Bay C and T columns, either by

oxidation to NQ or anaerobic N@reduction.
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in effluents of soil columns over monitoring period
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In both control Bay T columns and one treated Bay T column (B)z NO
concentrations increased over the course of the experiment, presumably due to oxidation of
NO:> released rom the Comp B on the column surface. However, in the treated Bay T
column, NQ concentrations slightly increased by 252 days then declined over time,
presumably due to denitrification under anoxic conditions (FidghBg. Initial NOs
concentrations iboth the treated and control Bay C effluents were much higher than in the
Bay T columns. The reason for this difference is not obvious, but it might be associated with
deposition of considerable amount of Ni@ the Bay C soil through NOrelease during
natural explosives degradation followed by nitrification under aerobic condition. Over time,

NOs concentrations in all the Bay C effluents declined.
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Figure5.7. Organic carbon (OC) contents along theicattsoil profile in columns at the end

of monitoring period. Error bars represent range of values in replicate columns. Where not
visible, error bars are smaller than symbol size.
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Manganese (Mn) concentrations were increased from 336 days since addition
organicamendment at 56 days in treated Bay Tolumn, consistent with the breakthrough
of Cl. Thissuggestshe establishment of Mn reducing conditions in the treated Bay T soils,
but not Fe reducing conditions demanding much negative redox pbteria higher
reducing power.

Organic carbon (OC) levels in soil at the completion of the experiment are shown in
Figure5.7. Amendment addition appears to have increased the soil OC content in the upper
portion of both the Bay C and T soils, commhte the controlsptvalues< 0.05). The
greater increase in the Bay C columns is likely due to the reduced water flow and oxygen
transport in these columns.

Figure 58 and Table 8 present an analysis of the cumulative mass of nitrogen
present in the éfient and soils for the leaching columns and soil columns. Inorganic N
includes NQ and NQ. ExplosiveN includes TNT, RDX, HMX and their degradation
products. Most of the nitrogen present in the leaching column soil was present as TNT with
much loweramounts of RDX. The mass of nitrogen recovered in the Bay C and Bay T
effluents and soils was much lower, due to extensive leaching and degradation of both TNT
and RDX. The mass of inorganic nitrogen @)l@eleased from the all Bay C and Bay T
columns wa greater than that released from the leaching columns)(NfDpporting
oxidation of the HEs or their degradation products. However, a substantial portion of the N
present in the leaching columns could not be accounted for. The unaccounted for Necould b
in the form of NHs, NHs, N2O, and N produced through explosives degradation and/or

denitrification processg®husharet al. 2002; Smith et al. 2015a; Smith et al. 2015b).
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Organic amendment addition did not result in a measurabtease in dissolved Fe
in either the Bay C or Bay T columns, with dissolved Fe concentrations remaining below the
analytical detection limit of 0.05 mg/L in all column effluents throughout the monitoring
period (data not shown). However, organic amemdraddition did result in a statistically
significant increasepfvalues< 0.05) in levels of poorly crystalline Fe(ll) in the upper 50 cm
of the Bay C columns and a small increase in poorly crystalline Fe(ll) fron88@m in the

Bay T columnsFigure5.9). Amendment addition did not result in a measurable increase in

crystalline Fe(ll) for either soil.
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Figure5.9. Concentrations of poorly crystallized and crystallized Fe(ll) along the vertical soll

profile in columns at the end of monitoring period. Error bars represent range of values in
replicate columns. Where not visible, error bars are smaller than symbol size.

5.3.5 Explosives in Soil Columns

Colum effluents were analyzed monthly by €RTD after liquid-liquid extraction in
toluene to evaluate the impact of soil texture and organic amendment addition on changes in
explosives concentration&igure5.10). At the completion of the experiment, the columns
were cut into 10 cm intervals, dried at room pemature, ground by puck mill, extracted in
acetonitrile, then analyzed on &LTD. Figure5.11 shows vertical distribution of HES in
column soils at the end of monitoring periodun@lative masses of HEs and degradation
products in the effluent and softs each columrare presented iRigure5.12 andTable S9.

TNT was extensively degraded in both Bay C and T soils with effluent concentrations

consistently below the detection limig 1 pg/L) Figure S-19). TNT daughter product
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concentrations also remad low. DNTs (2,4DNT and 2,6DNT) were below the detection

limit (< 2.5 pg/L) and concentrations of ADNTs-ADNT and 4ADNT) were less than 10

pg/L in all columns over the most monitoring periéigre S-19). The total mass of TNT
discharged in th8ay C and Bay T soils was less than 0.1% of the mass released from the
leaching columns for both organic amended (treated) and control colkignee6.12).

TNT concentrations in soil were highest at the soil surface and then declined with
depth in all olumns Eigure5.11). In both the Bay C and Bay T soils, soil bound TNT levels
were significantly lower g-values< 0.05) in the columns treated with the amendment than
the untreated, indicating organic substrate (GL + NA) addition enhanced TNT degradatio
both Bay C and T soilsThese low levels of TNT and its degradation products in the effluent
and soil are consistent with results from biodegradation experiment in microcosms using Bay

C and T soilsChapter 3.
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Figure 5.10. Concentrations of RDX and RDX nitroso degradation products (MNX, DNX,
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RDX leachingbehavior was significantly different between Bay C and T soil columns.
Figure5.10 shows variation in concentrations of RDX and RDX nitroso degradation products
(MNX, DNX, and TNX) in column effluents over the monitoring period.

In the treated and cowir Bay T columns, RDX, MNX, DNX and TNX were
relatively consistent over the first 250 days, reaching a maximum at approximately 100 days
and then declining. In the control Bay T columns, RDX concentrations began to increase at
250 days to 350 days, reaabia maximum of ~10,000 pug/L by the end of the experiment,
similar to the RDX concentrations discharged from the leaching columns. In the treated bay
T columns, RDX concentrations began to rebound at about 450 days in treatedBBay T
column and at 550 dayin treated Bay -A column. The more rapid rebound in column B

was likely due to the more rapid return to oxidizing conditions in this collfigure5.5).
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Similar results were observed for MNX and DNX, where organic amendment addition
appeared to delagegradation product increases in the Bay T column effluents by about 200
days.

There was much more variability in RDX concentrations in the Bay C column
replicates. In one control column (A) and one treated column (B) with Bay C soil, RDX
concentratios were relatively high (100 1000 pg/L) and remained almost constant with
time. In the other replicate Bay C column, RDX concentrations were lower and declined
more rapidly with time. As a result, total mass of RDX released from the Bay C treated and
control columns were similgiFigure5.12 and Table 9).

In Bay C columns, RDX concentrations were highest near the soil surface and
declined rapidly with depthF{gure 5.11). Mass analysis results shown Rigure 5.12
demonstrate that RDX was extensivelggraded in both the control and treated Bay C
columns, with 10 to 22 % of the RDX recovered as nitroso degradation products. RDX
removal was slightly higher in the treated columns than the controls. However, RDX
degradation product mass was higher m titeated columns so overall removal of RDX and
degradation products was similar in the treated and control columns. The large majority of
the degradation products recovered were sorbed to the soil with TNX present in the highest

concentrations, followedy MNX and DNX.
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The distribution ofRDX and its degradation products in the Bay T soil at the end of
the experiment was similar to the Bay C columigyre 5.11). The highest RDX
concentrations were present near the soil surface, and levels declined rapidly with depth. 13
to 33 % of the BX mass was recovered as nitroso degradation products sorbed to soil
(Figure 5.12), with TNX present in the highest concentrations. In the Bay T columns,
amendment addition reduced both the mass of RDX released in the column effluent and the
mass of RDX dgradation products in the soil.

Amendment addition did not have a significant impact on HMX leaching or final
HMX concentrations in the soil, for either the Bay C or Bay T sdéilgure S-22). The
limited HMX removal is probably due to high RDX concetitias which inhibit

biodegradation of HMXUchimiya et al. 2010).

5.4 Discussion

High concentrationsf TNT and RDXwereleached from Comp B impacted saifs
laboratory leachingcolumns. TNTleaching was more limitedh the leachingcolumrs
compared to RDXconsistent with prior research results (Furey et al. 269&tt et al.

2011). Extensive leaching of TNT and RDX could be a contaminagroundwater (Spain

et al. 2000; Lynch et al. 2001; Pennington and Brannon 2002). TNT and RDX degradation
producs are alsa concerrdue to their toxic potentials (Lachance et al. 2004; Lotufo and
Lydy 2005; Zhang et al. 2008). Clausen et al. (2004) showed widespread contamination of
soil and groundwater by leaching of explosives and their degradation productsnat C

Edwards, Massachusetts Military Reservation (MMR).
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In columns packed with grenade range soils, TNT leaching was extensively reduced
and a small amount of TNT remained in surface soil regardless of soil type and organic
substrate addition, possibly dtenatural attenuation. However, natural attenuation of RDX
was quite variable with minor differereén soil properties. Control Bay T soil columns
were unsaturatednd remaired aerobic, resulting in low Mn concentrationstire effluent.

RDX concentations reached the concentrations discharged from the leaching columns after
approximately 546 and 430 daysthe relicates, which are somewhat later than computed

HRT during last year (273 and 258 dayslhis later RDX breakthrough is not surprising

since its average retardation fag@R) are37.0at | ow concentra®Bvons (=
at high concentrations (= 12,345 =¢€g/ L), w h
coefficient (ke = 3.06 L/kg, n = 0.6) for RDX sorptionto Bay C soils(Chapte 4),

indicating increased retention at low concentrationkst RDX residual was discharged in

effluent with small portion of RDX sorbed onto soils. On the contrary, significant portion of

RDX degradation products were observed in soils rather thareeffliFigure 5.12). The
considerable amount of MNX and TNX present in soil indicates that RDX was degraded in
control Bay T soils, probably occurred in ngawater saturated segment at-500 cm depth

wi t h awedr axg eRgide 38). (RDX concentrations were highest at top soil and
declined rapidly with depthgure5.11).

In control Bay C soils with relatively higher clay and organic carbon cttéan
Bay T soils, it appears that anoxic condition was established in upper portion of columns by
nearly water saturated soil conditions, while the lower portion remained aefFaduce5.3

and Figure5.5). Very little RDX was discharged in effluert 0.5 % of leaching column
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effluent) with small amount sorbed to Bay C soildg@re 5.12). The massof RDX
discharged in effluentvas expected to be lowased on théong HRT of the column(833
days). Howevetthe mass remaining in the soil walsolow, indicaing the majority of RDX
wasdegraded As a result of RDXdegradationRDX degradation produstvere elevatedh
soil (FigureS-21). MNX and TNX were distributed throughout vertical soil profile, while
DNX rapidly declined with depth with hightesoncentration at top soil§igureS-22).

Mass balanceresultsshowedsignificant RDX removalFigure 5.12)in the control
Bay T columnsthat were aerobic for the most monitoring period (Figure 5The observed
RDX degradatiommight be associated thithe short term anoxic condition®espite RDX
degradation potential under aerobic conditions, RDX degradation was significantly enhanced
under water saturated soil conditions presumably generating anoxic conditions. Prior
research also showedone extensive RDX attenuation in sandy loam (sikhy content =
42 %) under the saturated condition compared to limited degradation under unsaturated
conditions (Ringelbgr et al. 2003). RDX is typically pre resistant to aerobic
biodegradation than TNT (Bradleand Chapelle 1995; Hawaet al.2000; Felt et al. 2009).
Farling (2013) showed extensive TNT removal and no substantial RDX degradation in his
aerobiccolumns study using sandy soil.

The mixture of cude glyerin (GL) and Norlig A (lignosulfonate, NAyas selected
as an organic amendment in this study. The readily biodegradablgr&dyced as a
byproduct of biodiesel production, was intended to rapidly consume oxygen in solil,
generating anoxic conditions and leading to enhanced anaerobic biodegraflatiplosives.

The NA, produced during paper production, was expected to much slowly consume oxygen
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due to its slow biodegradability, helping to maintain anoxic conditions established by GL
degradation. GL and NA are highly water soluble and couldopbeal to the contaminated

site by spraying without entering the range to remove unexploded ordnance (UXO). The
amendment applied would be transported into the soil by rainfall or artificial irrigation.

The inmpact of amendment addition was variablewsstn replicates in Bay T soil
columns. In one replicate {A), organic amendment rapidly migrated through the column
with a travel time of 36 days, generating anoxic conditions at the bottom half of the column
for about a yearHigure5.5 andFigure5.6). With the arrival of Cl present in the GL at the
bottom of column, TOC and Mn concentrations increased, while RDX and its degradation
products substantially declined with significant Nf&crease, indicating that enhanced RDX
biodegradation under the gmated anoxic conditions. In contrast, another replicatB)(T
showed no establishment of anoxic conditions, with oxygen levels close to atmosphere for
the most ofthe experiment Figure5.5). Cl was much gradually discharged with negligible
TOC and lowe Mn concentrations in effluent. NGnitially increased with Cl breakthrough
then gradually declined, but the concentration was still high at the end of moniteigoge(

5.6). RDX was discharged with some delay compared to control Bay T columns.vétowe
advantageos impact of amendment was limited, presenting two orders of magnitude higher
concentration in effluent at the end of experimé&mngre5.10).

In Bay C columns, amendment addition was not effective in reducing RDX leaching
sincevery little amount of RDX was discharged even in controls. However, it appears that
amendment led to enhanced reductive degradation of RDX, exhibiting smaller amount of

RDX, similar MNX, smaller DNX, and higher TNX present in treated soils compared to
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controls atthe end of experimenEigure5.12 andFigure S-21). There was no evidence of

benefit by amendment addition in reducing HMX leaching and enhancing degradation.

5.5 Conclusions

A laboratory column evaluation demonstrated theaemrsive TNT degradationcan
occu underboth aerobic and anaerobic conditionssoil, and TNT degradation idess
sensitive to changes in spitoperties Experimentatesults also showed that some RDX will
naturally attenuate even soils that appear to be aerabielowever, naturahttenuation of
RDX is moredependent on site characteristics, especially soil moisture staiisnsive
RDX removalcanoccur under saturated soil conditions, typicaltgurringin soils with high
silt-clay content. Further researishneededo betterunderstand sttconditions controlling
monitored natural attenuation (MNA).

Application of substrate mixtumntainingwaste glycerirandNorlig A was effective
in generating anoxic conditions in grenade range sghificantly redueng RDX leaching.
The best RDX removal occurred when easily biodegradable carbon pentteseiliprofile.
For the successful remediation of range soil, carbon needs to be transported with water to

contaminated area before completely consumed.
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CHAPTER 6. NATURAL AND ENHANCED ATTENUATION

OF EXPLOSIVES ON A HAND GRENADE RANGE

6.1 Introduction

Military personnel routinely train on use of hand grenades on small ranges that are
few hectars in size, containing several throwing bays. In the th®, M67 fragmentation
grenadeis common,containing 185 g of Composition BComp B) high explosive(HE).

Comp B contains approximately 59.5% RDXhekahydrel,3,5trinitro-1,3,5triazine or

Royal Demolition Explosive)39.4% TNT(2,4,6trinitrotoluene), 1% wax binder, and HMX
(octahydrel,3,5,#tetranitre1,3,5, #tetreazocing a major imputy in commercial RDX.
Whenthe grenadefunction as designed and undergo a high order detonation, greater than
99.99% of the explosive is consumed and very little is deposited oartge Penningtoret

al. 2003 Hewitt et al. 2005). Howevewhen themunition undergoes a lowarder partial)
detonationthena substantial portion of the explosive load may be deposited on the range as
particles of explosive material as urexploded ordinance (UXO) (Jenkins et al. 2006)

Jenkins et al(2006) measuretHE concentrations in surface soil at multiple active
and closed hand grenade rangés.the more highly contaminated sites (9 out of 15), TNT
levels varied from 0.12 to 36 mg/Kg (ave. = 5.5) and RDX varied from 0.45 to 51 mg/Kg
(ave.=9.6). Howeverin 6 out of 15 sites, contamination levels were much lower. (BN&

= 0.04 mg/Kg, RDX=0.01 mg/Kq).
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Accumulation of TNT and RDX on ranges is a concern, since both compounds are
classified a possible human carcinogens (C classification) by U.S. Envirotainrotection
Agency(EPA 2014) witharecommended lifetime drinking water levels of 2 uglINT and
RDX are moderately soluble in water (130 and 56 mg/L, respectively) and weakly bind to
soil (Brannon and Pennington 2Q0Ratzinger et al. 2004Jaramilb et al. 2011). At the
Massachusetts Military Reservation, large plumes of RDX contaminated groundwater have
been identified. While concentrations in groundwater areaypid vy | ow ( RDX < 2
concentrations approaching 400 e€g/L have bee

TNT and RDX transport to groundwater can be limited by natural and enhanced
biodegradation. TNT is biodegradable under both aerobic and anaerobitacts. Under
aerobic conditions, TNT can serve as both a carbon and nitrogen source (Kalderis et al. 2011).
Under anaerobic conditions, transport is limited by covalent binding of transformation
products to soil surfaces (Szecsody, et al. 200alderis et al 2011). In laboratory
microcosms, extensive removal of TN¥as observedinder both aerobi@and anaerobic
conditions(Chapter 3)

Under aerobic conditions, RDX can be used as a nitrogen source by certain organisms
(Stenotrophomonasmaltophilia, Rhodococcus sp. Strain  DN22 andRhodococcus
rhodochrousstrain 11Y) under aerobic conidis Cupples et al. 2010Kalderis et al. 2011).
However, RDX removal rates are often low or zero in aerobic environments (Boopathy and
Manning 1996 Hawari et al. 2000Pennington and Brannon 2Q0Bhushan et al. 2006
Kwon and Finneran 20Q0&alderis et al. 2011). Under anaerobic conditions, RDX can be

degraded by (a) reduction to hexahydraitroso3,5dinitro-1,3,5triazine (MNX),
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hexahydrel,3-dinitrosa5-nitro-1,3,5triazine (DNX), and hexahydfb,3,5trinitroso-1,3,5
triazine (TNX) followed by ring cleavage (Hawari et al. 2000); and (b) direct ring cleavage
producing methylenedinitramine (MEDINA) and bis(hydroxymethyl)nitramine that can be
further degraded to tnous oxide (NO) and formaldehyde (HCHO) by spontaneous chemical
decomposition (Hawari et al. 2001).

In microcosms constructed with soil from Grenade Bays C and T at Fort Bragg, NC,
RDX did not significantly biodegrade under aerobic conditi@isapter 3) Howeverunder
anaerobic conditionsRDX rapidly biodegraded without accumulation NX, DNX, or
TNX. RDX half-lives varied from 5 to 14 days with more rapid degradation with added
glycerin (GL) and/or Norlig A (NA) lignosulfonate. In variably satted column
experiments without added organic amendments, exteRd»é removalwas observedn
columns containing Bay C solbut lower removal in columns with Bay T sdiChapter 5)
Addition of GL and NA to the surface of the Bay T columns, signifigamtreased RDX
removal.

While there is extensive research demonstrating that TNT and RDX are
biodegradable, there is only limited information on the natural and enhanced attenuation of
these compounds in the environmentn this project, we evaluate theansport and
attenuation of TNT, RDX and HMX in variably saturated soils at an active hand grenade
range located at Ft. Bragg, NC. Two different management approaches are evaluated: a)
monitored natural attenuation (MNA); and b) organic substrate enthattemuation (OSEA).
MNA is most effective in fine textured soils that occasionally become saturated during high

rainfall periods, reducing oxygen transfer through gas filled soil pores. OSEA involves

144



addition of soluble, biodegradable organic subsirateat increase oxygen consumption.
Both approaches can resultanoxic periods that stimulate HE biodegradatipotentially

reducing leaching to the water table.

6.2 Material and Methods

This field evaluation was conducted in active hand grenade throwysydn Range
RG40 at Fort Bragg, NC. The spatial distribution of HEs in the soil immediately surrounding
the grenade targets in each bay was first determined by excavating a 0.4 m wide x 9 m long x
1.5 m deep trench down the approximate centerline ofthreving area(Figure S23).
Throughout the excavation process, the soil was monitored for the presence of unexploded
ordinance (UXO). Soil samples collected from these trenches were analyzed for explosives,
metals, and soil characteristics. During exteon, the soil was segregated in 0.3 m lifts,
then backfilled in the same sequellfeggure S24). During backfill, instrumentation clusters
were installed at four locations along the length of each tréfighire S24). Each cluster
consisted of two heket lysimeters (Soil Moisture Equipment, CA, top of bucket at 0.9 and
1.5 m below ground surface (bgs)), one suction lysimeter with the intake at 1.2 m bgs (Model
1922 Ultra Soil Water Samplers, Soil Moisture Equipment), two electrical resistance
moisturesensors (Irrometer Model 200SS WATERMARK at 1.2 and 1.5 m, lags) two
oxidationreduction potential (Eh) probes at 1.2 m and 1.5 m bgs (Vepraskas and Cox 2002)
(Figure S25). No instrumentation was installed shallower than 0.9 m bgs to prevent damage
by grenades during ongoing training exercises. Sampling and monitoring lines were run to

the central berm to allow contied monitoring withouéntering the throwing baysSamples
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could not be collected from some bucket lysimeters during certain mogitevants due to
low water volume. During those events, averages were computed from the lysimeters that
could be sampled.
After monitoring pore water for 3 months to establish baseline conditions, a 15 m x
30 m area in one of the bays (designated Bawas$ treated by spray application 435 kg
of crudeglycerin (Piedmont Biofuels, Pittsboro, NC800 kg of Norlig A lignosulfonate
(Lignotech USA, Rothschild, Wisconsin.) abd2 L of water, resulting in a net application
of 1.7 kg/m? of lignosulfonate,1.6 kg/n? of glycerin and 0.5 cm of fluid (mixture of
lignosulfonates,glycerin and water)(Figure $26). Another throwing bay (Bay C) was
treated with an equal volume of NaBr solution and served as an untreated control to evaluate
natural attenuation ofxplosives under ambient conditions. Several hours after amendment
addition, there was an intense summanstorm and a portion of the applied amendment
might have run off. Bay T was selected for amendment addition because the initial Eh, TNT
and RDX cogentrations were higher.NaBr was not added to the organic amendment
applied to Bay T since the crudgycerin contains a substantial amount of KCI that can be
used as a tracer. After monitoring soil pore water concentrations for 24 months, the trenches
in both bays were rexcavated and sampled to evaluate changes in HE in the soil. Saturated
hydraulic conductivity (Ka) was measured in tHaboratory(Mohanty et al. 1994on intact
7.5 cm dia. x 7.5 cm long cores collected at two locatiodglanree @pths within each trench
Analytical methodsare describedn Appendix | Briefly, explosives concentrations
were determined bygas chromatography (GC) with electron captured detector (ECD)

following U.S. Environmental Protection Agency (EPA) Method 8Q85 minimize
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interferences with humic materials and lignin present in soil and agueous samples. Prior to
GC-ECD analysis, water samples were extracted in toluene by a modified frozen micro
extraction (FME) method (Li et al. 2011). 300 g soil samples dreed at room temperature,
ground by puck mill for 60 seconds to reduce the particle size to less than 75 pum,
homogenized by random subsampling, and then extracting with acetonitrile for 18 hr in a
cooled(< 4 °C) ultrasonic batHollowing EPA Method 833b. The filtered supernatant was
then analyzed by GECD. Total organic carbon (TOC) was analyzed using Shimadzu
5000A TOC analyzer. Anions (Cl, NOBr, NG, and SQ@) were analyzed by ion
chromatography (IC) following EPA Method 9056A (S8¥6). CationgFe and Mn) were
analyzed on a PerkiBlmer Plasma Il Inductively Coupled Plasma Atomic Emission
Spectrometry (ICFAES) following methods equivalent to EPA Method 6010C (848).

Soil particle size distribution was measured using a Beckman Coulter-B&18ser
particle size analyzer equipped with a Universal Liquid Module. Soil total carbon (TC)
content was analyzed using Perkin Elmer 2400 CHNS Analyzer. Soil moisture content and
volatile solids were determined by weight losses on drying at 105 °@4onours and
ignition in a muffle furnace at 550 °C for 2 hours respectively. Soils samples for iron
analysis were extracted using 0.25 M hydrochloric acid (HCI) for Fe(ll) and 0.25 m HCL +
0.25 M hydroxylamine hydrochloride (NM@H-HCI) for total Fe (Il + Ill). Extractions were
performed in 40 mL EPA vials flushed with nitrogen gas to minimize Fe oxidation, then the
extracts were analyzed by IG¥ES. Samples were extracted for 30 minutes to measure
poorly crystalline and sedimebbund iron oxides, antbr 96 hours to measure crystalline

reactive iron oxides.
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6.3 Experimental Results
6.3.1 Field Site Characteristics

The field demonstration was conducted at hand grenade range RG40 at Fort Bragg,
NC, which has been in active use for over twenty years. The twoitiydays (Bay C and
Bay T) monitored are ~15 m wide by ~60 m long and separated by a single ~15 m wide soil
berm. Throwing targets are typically located in the approximate center of each bay, 30 m
from the throwing box. Soils in the area are mapped agl\Mse loamy sand (filwamy,
kaolinitic, thermic Fragic Kanhapludults). A typical profile for Vaucluse loamy sand
consists of sandy loam (0 to 0.4 m), sandy clay loam (0.4 to 1.5 m), underlain by sandy loam
(USDA, 2022). However, much of the Ap and Brzons have been removed from the bays
and used to form blast containment berms.

At the start of this project, trenches were excavated down the approximate centerline
of two throwing bays with the middle of each trench coinciding with the grenade targets.
The trenches were excavated in lifts with composite samples collected at each depth and
analyzed for a range of physical and chemical parameters. The first throwing bay was
designated as Bay C and was operated as an untreated control. The 2nd dpagtedeBay
T, was treated with glycerin (GL) and lignosulfonate (LS).

Figure 6.1 shows soil characterization results including saturated hydraulic
conductivity (Ksag, Silt fraction, clay fraction, organic carbon content, poanystalline and
crystalline Fe(ll) fraction and total Fe concentratianer the vertical soil profile. Overall,
the physical and chemical properties of Bays C and T were similar. Soils in both bays were

primarily sand with 3 16% silt and 1.4 2.6% clay. Soil pH varied from.8to 5.6. Soil pH
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(5.4 £ 0.2), silt content (13.4 + 2.7 %), and median grain Bige=296 + 70c myvere not
statistically different between Bay C and T soildowever,organiccarbon (OC), and clay
content were significantly higher in Bay @-Yalues< 0.05. Total iron content varied from
2 to 8 g/Kg with the large majority of the iron presentha crystalline form(Table S10).

Much of the poorly crystalline iron was present as Fe(ll) consistent with the soils undergoing

periods of anoxic conditions.

Ksat (cm/d) Silt (%) Clay %)  Carbon (%)
0.1 1 10 0O 10 20 0 1 2 0O 02 04
0
5 50
e
%— 100
()]
150

Fell(%) Tot. Fe (g/Kg) Fell(%) Tot. Fe (mg/Kg)
0 255075 0 0.2 04 0255075 02468

0
E 50
=
o 100
(|

150

—e— BayT —#— BayC

Figure6.1. Saturated hydraulic conductiyi(Ksay, silt fraction, clay fraction, organic carbon

content, poorlycrystalline and crystalline Fe(ll) fraction and total Fe versus depth in Bays T
and C.
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6.3.2 Site Hydrology and Biogeochemistry

Temporal variations in precipitation and evapotranspirati@a la significant

influence on infiltration and soil moisture. This in turn, influenced oxygen transfer through

air filled soil pores and soil redox potentiaFigure 6.2 shows cumulativeainfall and

cumulativeinfiltration rates over time in the buckigsimeters installed in Bay C and Bay T.

Infiltration rates were measured by monitoring the total volume of water recovered from each

bucket lysimeter normalized to the bucket surface area. Rainfall and evaporation data are

from weather station NFBR Fort Bragg, located .2 km north of RG4(Qdatafrom the State

Climate Office of North Carolina (SCONK)
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Figure 6.2. Cumulative infiltration measured in bucket lysimeters in throwing bays in
comparison ta@umulative rainfall

There were large variations in infiltration rates within each bay and between the two

throwing bays.
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Measured infiltration rates in Bay T bucket lysimetessaBd D5 were



very high, equivalent to 6070% of cumulative rainfall, wite other Bay T lysimeters 3,

A-5, B3, G3, G5, and D3) were much lower (equivalent to 126% of rainfall). The

cause of the large differences is likely the result of grenade detonation craters that formed
over different lysimeters, focusing irtfidition in different locations.

In Bay C, there were also significant variations in infiltration between the different
bucket lysimeters. However, total infiltration rates were much lower, with cumulative
infiltration varying from less than 1% to up®6 of cumulative rainfall. The low infiltration
rates in Bay Grepresumably due to the lower permeability of soils in this bay.

Figure 6.3 shows precipitation, reference crop evapotranspiration (ET) and soil
moisture for the study periocElectricalresistance in the moisture sensors was converted to
water tensiorusing a standard curve generated viftéir correlation. Climate data are for
weather station NFBR Fort Bragg. ET was estimated using the Modified Peniianteith
equation (Allen et all998).

High rainfall and low ET in winter and spring of 2013 resulted in high soil moisture
contents in both Bays C and T. June 2013 was very wet (total precipitation = 27 cm)
resulting in near saturated soil conditions during substrate applicaflaer conditions in
August through October 2013 allowed the soil in Bay T to drain, while moisture content
remained high in Bay C. High ET and relatively low rainfall from April 2014 through
October 2014 resulted in a decline in soil moisture in both Bagsd T. Higher rainfall

with low ET caused soil moisture to rebound in Winter and Spring of 2015.
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Figure6.3. Precipitation, potential ET, and soil moisture for December 200R2ne 2015

Figure6.4. shows average concentrations of Cl and Br in bucket lysimeters at 0.9 and
1.5 m bgs and suction lysimeters at 1.2 m. In the treated bay, Cl and Br present in the waste
glycerin began to breakthrough at 1.2 m after 90 days, irepehpeak at one year after
amendment addition. In the control Bay, Br breakthrough from the tracer addition was more
variable with two separate pulses observed in the 0.9 m bucket lysimeters. Samples could

not be collected from the control bay 1.5 ntket lysimeters during most sampling events,
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so Br breakthrough could not be monitored at this depth. Cl was not applied to the control
bay, so concentrations remained lowt(8 mg/L).

Organic carbon breakthrough in the treated bay followed a simitearpao Cl and
Br, with peak TOC concentrations observed at about one year after amendment application
(Figure6.4). TOC concentrations in the control bay were more variable and did not follow
any clear patternThe elevated levels of TOC in BaydCepresumably associated with the

higher organic carbon content of these s@ilgure 6.1)

Bay T (Treated) Bay C (Control)

—&— 09 m
—H8— 12m
—&— 15m

|

Br (mg/L)

R~ NN
O U1TOU1OUOORLNWAO

TOC (mg/L)

-250 0 250 500 -250 O 250 500 750

Days since amendment application

Figure6.4. Temporal variations in chloride (Cl), bromide (Br) and TOC in throwing bays at
0.9,1.2 and 1.5 m bgs
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Figure 6.5. Temporal variations in Eh, nitrate (N manganese (Mn), and iron (Fe) in
throwing bays at 0.9, 1.2 and 1.5 m bgs
Substantial variations in soil oxidatigaductionpotential (Eh), N@, Mn and Fe
(Figure 6.5) were observed in response to variations in soil moisture and amendment
application. In Bay C (control), Eh initially declined (reducing conditions) with a concurrent

drop in NQ, presumably due to the high sailoisture, warmer summer temperatures, and



higher organic carbon content of the Bay C soils. In Bay T, Eh declined with the arrival of
organic carbonKigure6.5) following organic amendment application, and then rebounded as
TOC declined. N@followed asimilar pattern to Eh in Bay T, but changes inN&gged Eh

by several months. Mn increased in Bay T concurrent with the dKaline. Fe
concentrations in Bay T remained below 0.15 mg/L throughout the monitoring period,
indicating only moderately redung conditions. In Bay C, Mn and Fe were occasionally
elevated, indicating more strongly reducing conditions. However, there was no obvious
pattern to the variations in Mn and Fe over time. There was no significant change in the
fraction of Fe(ll) presat in the poorlycrystalline or crystalline phases in either bay, in soil
profiles measured in March 2013 (prior to amendment application) and July 2015 (two years

after amendment application) (data not shown).

6.3.3 Explosives

Figure 6.6 presents the number gfenades thrown pdiay per monthand a linear
trend of the numbers. Much higher number of grenades were tlthorng the periods of
installation of monitoring and sampling instrumentation (Mar 2013) and organic substrate
application(July 2013). lessthan average number of grenades (158.5) were thrown on the
Bays C and T during 71 % of the entire monitoring period. However, the amount of
explosivesdeposited on the surface soil is not proportional to the number of grenades thrown
on the bayssince thg aretypically deposited on the range when grenades undergo-a low

order (partial) detonatiofJenkins et al. 2006).The exact amount oHE deposited is
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unknown. However, a substantial amount of HE was likelyosited on the Bays C and T

due to constanise of the Bays for the military training.
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Figure 6.6. Number of grenades thrown per Bay per month. Dashed line presents a linear
trend of the numbers.
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Figure 6.7 shows the v@aation in the average concentrations of TNT, RDX, HMX,
MNX, DNX and TNX in the bucket lysimeters (0.9 and 1.5 m) and suction lysimeters (1.2
m) in Bays T and C. Detectable levels of TNT were initially observed in several different
lysimeters in both baysHowever, TNT levels dropped below the detection limit (1 pg/L) in
all samples by 100 days, and concentrations remained near or below the detection limit for

the remainder of the project.
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Figure 6.7. Temporal variations in TNT, RDX, HMX, MNX, DNX, and TNX in throwing
bays at 0.9, 1.2 and 1.5 m bgs
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RDX was also present in pore water samples collected throughout both Bay T and C
at the start of the project. In Bay C, RDX levels declined with the onsetdoicing
conditions and remained low for the duration of the project. In Bay T, RDX levels declined
with the arrival of TOC from the organic amendment and depletion af N©Ow levels of
RDX nitroso degradation products (MNX, DNX and TNX) were deteckedughout the
monitoring period in both bays, indicating anaerobic biotransformation of RDX. HMX
levels varied throughout the monitoring period in both bays and did not follow any obvious

patterns.

Bay T (Treated) Bay C (Control)

TNT (n9/Kg) RDX (ng/Kg) TNT (hg/Kg) RDX (ng/Kg)
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Figure6.8. TNT and RDX concentrations in soil in Bays T and C in Marcy 20fp8or to
amendment application and July 2Q1&vo years after amendment application.
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Figure 6.8 shows average TNT and RDX concentrations in soils from Bays T and C
in March 2013 prior to amendment addition, and in July 201%o0 years after amendment
addition. In March 20B, average RDX and TNT concentrations were higher in Bay T than
Bay C soil p-value< 0.05. However in July 2015, there was no significant difference
betwesn the two bays. Between 2013 and 2015, average TNT concentrations declined in Bay
C (p-value< 0.05, but there was no significant change in average RDX in Bay C or average

RDX and TNT concentrations in Bay T.

6.4 Discussion

Ongoing use of hand grenade ramd@er training can result in accumulation of TNT,
RDX, and other material in surface soil. While the Comp B explosive present in
fragmentation grenades is approximately 39% TNT, TNT concentrations in pore water were
below detection (<1 pg/L) for most ohd monitoring period. This is consistent with
laboratory microcosm results which showed extensive removal of TNT in both aerobic and
anaerobic laboratory microcosms containing soil from Bay C, Bay T and a nearby sand
quarry (Chapter 3) Similar results wre found at two grenade bays at Fort Jackson, SC
where TNT concentrations in soil were very low and TNT in pore water samplers were
consistently <L pg/L(Larsen et al. 2008).

RDX, the other major component of Comp \Bas initially detected at significant
concentrations in both Bays C and T. During the first 3 months of monitoring, RDX levels in
bucket and suction lysimeters varied between 1 and 454 pg/L. In control Bay C, reducing

conditions resulted in a rapid decline in jl@crease in dissolved Mand decline in RDX.
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Similar results were observed in laboratory column experiments containing Bay C soil,
where saturatednoxicconditions reduced RDX leaching by 93%h@pter 5) Larsen et al.
(2008) observed similar results at Fort Jackson, SC, wRiei¢ levels varied from <4 pg/L

to 3,200 pg/L (ave. = 435 ug/L) in suction lysimeters installed below an untreated grenade
bay. Similar to Bay C at Fort Bragg, RDX levels were high in winter and spring, declining to
low levels in summer. Concurrent withe decline in RDX, redox potential decreased and
soluble Fe increased (Larsen et al. 2008).

In Treated Bay T, Cl, Br and TOC associated wgitycerin (GL) and Norlig A (NA)
lignosulfonate addition was observed in bucket and suction lysimeters sewethisnafter
amendment application. With the arrival of TOC, the pore water became reducing with a
decline in Eh and N§)increase in Mn and decline in RDX. Similar results were observed in
Bay T soil column experiments, where Cl and small amounts of @S¢harged in the
column effluent at 6 12 months after GL and NA additio€lgapter . Shortly after TOC
breakthrough, N@declined, Mn increasednd RDX declined. Howeveronce TOC was
depleted, N®@ recovered, Mn declined, and RDX started to rebouNdhile the GL+NA
addition did not provide permanent treatment, the total mass of RDX discharged was reduced
by an average of 76% compared to untreated control columns.

The average annual mass loadings of RDX collected in the deep bucket lysimeters
varied from 8 to 63 pg/iyr in Bay T (ave= 40 pug/m/yr) and from 1 to 56 pg/fyr in Bay
C (ave = 15 pg/mlyr). Average RDX concentrations were somewhat higher in Bay T, much

of this variation was associated with the higher infiltration rates at som@léR1 to 85
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cm/yr in Bay T, 6 to 35 cm/yr in Bay C) believed to be associated with blast craters that

formed around the grenade targets.

6.5 Conclusions

Relatively small differences in soil physical and chemical properties between the two
bays, resultedni large differences in infiltration rates, biogeochemical conditions, and RDX
leaching. Additional research is needed to better understand the interrelationships between
these processes and develop methods to identify when natural attenuation proeesses ar
sufficient to control RDX leaching.

Addition of GL and NA resulted in anoxic conditions and reduced RDX leaching for
about one year after amendment addition in Bay T. Additional research is needed to identify
soil conditions where this approach will kfective in reducing leaching and to identify

alternative substrates that are more effective andllstomg.
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CHAPTER 7. CONCLUSION SAND RECOMMENDATIONS

FOR FURTHER RESEARCH

7.1 Conclusions

Soil microcosm,batchsorption,laboratorysoil column, andfield pilot studies were
conductedo improve our understanding of processes controlling leaching of high explosives
(HE) at grenade rangeincluding heimpact of crude glycerin (GL) and lignosulfonate (LS)
addition on HE biodegradatipsorption of TNT ard RDX tofield sand and range spind
theimpact of LS addition on sorption.

Microcosmresults demonstratepid TNT biodegradation under both aerobic and
anaerobic conditions regardless of organic amendment additimler aerobic conditions,
there was no significant biodegradation of RDX, HMX,or RDX degradation products.
However,RDX and HMX were significantly biodegraded under anaerobic condition, without
accumulation of TNT or RDX daughter productaddition of GL and LSenhanced oxygen
consunption in microcosms containing grenade range soil, inorgagthe oxygen
consumption rate more than 200 &wer untreated soils. Results indicate that organic
amendmen{GL + LS) additioncan potentiallybe dfective in generating anoxic conditions
and stimulating anaerobic HE biodegradation.

Sorption batch studieshowedthat both LS and HE sorption followetbnlinear
sorptionin soils used in this study. Greater sorption of Ultrazine CA (UCA) was observed in

range soil (RS) compared to field sand (FBYCA also more strongly sorbed ES than NA.
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NA wasweakly bound tdRS, anddesorbedkasilyduring repeatedvashingof the sediment
indicating itcould potentialy migrate deeger into thesoil stimulatingbiodegradation.RDX
more strongly sorbed to RBanFS, with similar sorptioncapacity toTNT. NA amendment
did notsubstantiallyincreaseoverall TNT and RDXsorption to both RS and FNonlinear
sorption needs to be consideredamsmportant factor iluencing HEtransport sinceHE
retentionis corcentration dependent.

Soil column experiment resultshowed that TNT was rapidly and extensively
degraded under both aerobic and anaerobic conditions, consistent with resutisefiomor
microcosm study. Although some RDXnatural attenuatiomvas obsesed in columnsthat
were usuallyaerobic,removal was more rapid under anoxic conditions. Soil moisture status
is a major control on the development of anoxic conditions and resulting RDX
biodegradation.However, futher researcls needed tdetter unérstandthe impact ofsite
conditionson monitored natural attenuation (MNAJ HEs

The experimental resulshowed that organic amendmd@L + LS) addition was
effective ingenerating anoxic conditionia one soil columpsignificantly reducingRDX
leaching However, the added organic amendment was consummedbout one year.
Extensive RDX removabccurredwhen TOC from amendment additionas present ithe
column effluent Further researchvill be necessary to improve treatmdaonhgevity and
reduceamendmenteapplicatiorfrequency

Field monitoringresultsdemonstrated that relatively minor changes in soil properties
resulted in major changes in geophysical and geochemical condititwe grenadebays

influencing RDX leaching. When range sqgieriodically becomeanaerobic, RDXeaching
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will be reduced However, further researdh needed to improve our understanding of the
factors controlling natural attenuation. Organic amendmengpplication reduced RDX
leaching inonegrenadebay, concurrehwith transition from aerobic to anaerolzionditions
However, theamendment addition only reduced soil redox for about g geasistent with
the column resub. Additional reseah is needed to improvamendmeniongevity and
identify soil conditios where this remediation technology will be effective in reducing

explosivedeaching.

7.2 Recommendations for Further Research

The olumn and feld study showedthat soil moisture status ia major factor
controling natural attenuation of HE in soiPrior research has shown thaepipitation and
clay content carstrongly influence soil moisture. Numerical modelingstudies would be
usefulto evaluate the impact of soil properties, climate and organic amendment addition on
redox status and RDX attenuationmportant @rameters required fanodel simulatiors
were generated as part tfis study. The conditions which can lead to saturated soll
conditions could be determined by simulating various scenamduding varying clay
contents and precipitatior’he model results could then be validated by comparison with the
column or field resultgeneratedh this study.

This studydemonstratedhat addition of GL + LS was effective generating anoxic
conditions andeducing leaching of HEin soil. However,column and field evaluation
results showed that theorganic amendment anthe associated reduction in explosive

leaching lasted about one yeaAdditional researchs neededo identify soil conditions
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where this amendment will be more effective in redgdHEs leaching and improve the
longevity of treatment.For better treatment longevijtglternative organic substratssould
be considered. GL is rapidly biodegradable and LS is slowly biodegradabl®rganic
substrate thabiodegrade at a rate interthate between GL and LSwvould be useful
Potential alternatives could be evaluategdaon microcosm studs and compared txygen
consumptiorby GL.

Amending soil withGL and LScould alsobe appliedo treatother contaminants that
aremoredegradal®# under anoxic conditions. However, site characterizatithioe required
prior to thefield application. Oxygen consumption and transport rates should be determined

for thetargetsite todetermine an appropriate loading ridetheorganic amendment.
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APPENDIX I. Experimental and Analytical Methods
I.I. WaterSample Extraction and Analytical Methotbr Explosives

All explosives concentrations were determined by gas chromatography (GC) with an
electron capture detector (ECD) following U.S. Environmentateetimn Agency (EPA)
Method 8095 to minimize interferences with humic materials and lignin present in aqueous
samples. Water samples containing explosives were extracted prior t&GQ analysis by
the revised frozen micrextraction (FME) method.Approximately 5 mL of water sample
was filtered through a 0j2m PTFE syringe filter and the first 2 mL of filtrate was discarded.
The remained 1 mL of the filtered sample was transferred into a Fefibn-capped target
vial followed by addition of 1 mL toluen Vials were mixed by a vortex for 30 seconds and
shaken on a table shaker for 2 hours after packed in an insulated box filled with ice to
minimize thermal decomposition of explosivegials then were placed in-a80 € for 30
min to separate tolueneydreezing water. After freezing, the toluene was transferred to
amber target vials and stored &0 < until analyzed by GECD.

Explosiveswere analyged by GGECD by injecting2 pL extract in toluene into an
Agilent 7890A GC equipped with a ceoh-coumn inlet, 7.5 m long.53 mm diametet.5
pm film thickness DB5ms column, and 1.0 m Restek retention gap column, with helium as
the carrier gas (10 mL/min) and nitrogen as the makeup gas (60 mL/Mh®.detector
temperature was 325 €. The different analytes were separated with the following
temperature program: 75 € for 0.1 min, increased at 15 °C per min to 200 €, then increased

at 20 € per min to 300 °C, then held for 5.5 mifihe autosampler tray was cooled to ~ 4
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to minimize thermal deconagition of the samplesThe cooton-column injector was used to
minimize decomposition of RDX and HMX.However, some losses still occurred.o
further minimize this effect, a series of stock standards in toluene were analyzed to fill any
active sites orthe column prior to running any experimental samplédl experimental
samples were run in duplicaté. the differences between duplicates were greater than 10 %,
the samples were rerun until consistent results were obtaiAedlytical standards and

blanks were analyzed at the beginning, middle, and end of each run.

I.Il. Analytical Methods for Carbon, Anions, and Cations

Total carbon and inorganic carbamere analyzed using Shimadzu 5000A TOC
anal yzers foll owi ng rAaans(itrate, hiwite, enoddgbromidles t r uc t i
and sulfate)were analyzed by ion chromatograpkiC) following EPA methods 314.0 and
SW-846 9056. CationgFe and Mn)were analyzed on a Perkins Elmer Plasma Il lon
Coupled Plasma Atomic Emission Spectrometer {KES) following methods equivalent to

SW-846 6010C.

L.IIl.  Analytical Methodsfor Gas Samples

Soil gas samples were collected by attaching a sysiie3-way valve opening the
valve to collect gasandthen closing the valve.Soil gas samples were analyzed by gas
chromatography(GC) with a thermal conductivity detectqifCD) and flame ionization

detector (FID)
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Head space gas samples were collected by attaching a syringewathvalve to the
rubber stopper on a serum bott@ening the valve to collect gasdthen closing the valve.

Head space gas samples were also analyzed by@&Cand FID.

[.IV. Column Destruction andAnalytical Methods for Soil Samples

All columns were cut inteeleven,10 cmlong segmert, using a large pipe cutter,
including drain layer composexf fine and coarse sands at the bottom of each colubo.
samples collected from each section of columwese homogenized and stored in clean
mason jars. Samples for Fe(ll/lll) analysisvere subsampled intod0 mL EPA vials
immediatelyafter soil sampleollection from the column destruction, flushed with nitrogen
gas to minimize oxidation of iron content in soil, and stored in a freezer for later pretreatment
and analysis.

Moisture contentvas measured on the same day of column destruction to minimize
experimental errors by change in moisture over ti2@g of each soil sampMasplaced in
aluminum weighing dishes and moisture conteas determined by measuring weight loss
on drying at 105 °C for 24 hourslO g of the soil samples dried at 105 Wwassubsampled
into crucibles and volatile solidgasmeasured by weight loss on ignition in a muffle furnace
at 550 °C for 2 hoursAsh contenivasdetermined by measuring the remaining solid content
after ignition at 550 °C.Total carbon content of easlil sectionwasanalyzedusingPerkin
Elmer 2400 CHNS Analyzeby Environmental and Agricultural Service (EATS) in
Department of Soil Science atO$U. Organic carbon content of soil was analyzed by the

same method for total carbon after inorganic carsas removed by solution containing
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sulfuric acid (HSQy) and ferrous sulfate heptahydratee§Q*7H20). All sampleswere
analyzed in duplicate and samplesrereanalyzed if difference in duplicate is over 10 %.

For explosive analysisapproximately 300g of each sample was dried at room
temperature. The dried samples were ground by puck mill for 60 seconds to reduce the
particle size to less than T8n. The entire ground sowasspread out on a clean aluminum
foil, and then 10 g of the ground sweibs subsampled by randomly collecting more than 30
increments. The subsamplevas placed in 40 mL Tefloitapped EPA vialfollowed by
addition of 20 mL acetonitrile Vials were placedin a cooled(< 4 °C) ultrasonic bath and
sonicded for 18 hours, and thewereallowed tosettle for 30 min.Supernatantvasfiltered
through 02 um syringe filters and collected in 2 mL clear target vials after discard of 5 mL
filtrate. Then the extracvasstored at 20 °C until analyzed by GECD.

Samples for Fe(ll/lll) malysis were extracted using HClI and HAHCI reagents,
following the method used by Farling (2013)etailed extraction method is described below.

The extractsvereanalyzed byCP-AES.

I.V. Characterization of Soil Samples

Particle size distribution wasieasued using a Beckman Coulter LS-330 laser
particle sizeanalyzer equipped with a Universal Liquid Modblethe Department of Marine,
Earth and Atmospheric Science at NCSUotal carbon wasnalyzed usindgerkin Elmer
2400 CHNS Analyzer Heavy metals wee measured by acid digestion following method
EPA 3050 B using a 1:1 ratio of 12.1 N HCI16.8 N HNQ and 30% HO., followed by

ICP-AES analysis. The Fe(ll/ll) contentwas determined by extraction usifig25 M
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hydroxylamine hydrochloride in 0.25 M HQHAHCI) and0.25 M HClwith two extraction
periods (30 minutes and 96 hours), then the extracts were analyzEOPHES. The
different extraction techniquesere applied forthe following iron forms: (1) 30-minute
extractionsi poorly crystalline and s#mentbound iron oxides(2) 96-hour extractions
crystalline reactive iron oxide§3) HAHCI extractions total [Fe(ll) and Fe(lll)] iron oxides
and (4)HCI extractions ferrous [Fe(ll)] iron oxides Water retention was measured at 0, 30,
60, 100, 33, and 500 cm of #D. Saturated hydraulic conductivity was determined using
intact ring samples with dimensions 06 cmdiameterby 7.6 cmtall. TC, heavy metals,
Fe(ll/111), water retention, and saturatégidraulic conductivitywere measured by EAT®

the Department of Soil Science at NCSUOation exchange capacitZEC) was determined

by the Agronomic Services Division in NC Department of Agriculture and Consumer

Services.

[.VI.  Monitoring Instrumentation at a Hand Grenade Range

Thebucketlysimeters (Rrt 1960, Soil Moisture Equipment, CA) consist &-gallon
pail with a porous top allowing infiltrating water to enter the bucket and collect over time,
allowing estimation of infiltration rates and to monitor chemical constitueftse suction
lysimete (Model 1922 Ultra Soil Water Samplers, Soil Moisture Equipment) is a cylindrical
device consisting of a porous ceramic cup (to withdraw soil pore water using a vacuum); a
reservoir; and @wo-hole stopper assembly for pulling a vacuum and retrievingstmaple.
After installation below ground level, vacuum is applied to the bucket and suction lysimeters

through tubing leading from the lysimeter to the sampling station located between the
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throwing bays at ground surfaceThe negative air pressure createdide the lysimeter
draws pore water into the lysimeter through the porous section of the lysimétesr
allowing the sample collection reservoir to fill with water for several hours, the pore water is
transported to the surface by applying positivespure to the lysimeter through a second
tube. At the surface, the pore water is collected directly into a laboratory prepared sample
container appropriate for the analytical method being us&te moisture sensors are
Irrometer Model 200SS WATERMARK gsors with 25 ft long leadsThe redox probes
were custom manufactured as described by Vepraskas and Cox (2002) and were installed in
parallel with a Ag/AgCI reference electrode (Fisher Scientific) and monitored by measuring
the voltage generated betwe#re redox probe and reference electrode with a standard
voltmeter (Fisher Scientific).All monitoring equipment was assembled and tested prior to

installation in the field.
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APPENDIX II.  Supplementary Material for Batch Study
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Figure S-1. Example of firstorder RDX degradation rate estimated bgarching for
regression that generated highesttétistic
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Figure S-2. Concentrations of TNT and RDX ifield sand microcosms with avious
treatments under aerobic and anaerobic conditions. Error bars represent range of values in
replicate columns. Where not visible, error bars are smaller than symbol size.
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range of values in replicate columns. Where not visible, error bars are smaller thah symb
size.
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APPENDIX IIl.  Supplementary Material for Sorption Study

TableS-1. Main physicochemical prapties of Ultrazine CA and Norlig A (Farling 2013)

Compound Ultrazine CA (UCA) Norlig A (NA)

Chemical formula

7
7

CooH24Ca010S2
Molecular weight (g/mol) 528.6
Water solubility at 20 € (mg/L) > 95 % > 95 %
Bs® (L/cm/mol) 269 148

Downloaded fronwww.chemspider.com
Y Molecular weight for an average calcium lignosulfonate.
8 Molar UV absorptivity at 280 nm
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Table S-2. Main physicochemical properties of TNT and RDBrgnnon and Pennington

2002).
Compound TNT RDX
T o0
0% "o N
Chemical formula 7 o N‘?"O"\Nv"-
oo 5 5
C7HsN306 C3HsNeOs
Molecular weight (g/mol) 227.13 222.26
Water solubility at 20 € (mg/L) 130 42

Specific gravity 1.51.6 1.89
Octanol/water partitioning coefficient 186 0.86

(Kow)

Downloaded fronwww.chemspider.com
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Figure S-6. Zeta potentialof field sand(FS) and lignosulfonates (Norlig A and Ultrazine
CA) overpH2- 12
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FigureS-7. pH effect in sorption of Norlig A (NA) irfield sand(FS). Low pH; Initial pH =

2.53 £ 0.05 (after 2hrs for equilibrium), final pH 4.14 + 0.09 (afteday sorption period).
High pH; Initial pH 7.89 + 1.10, final pH 6.59 + 0.55.
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TableS-3. Regression parameters foperimental lignosulfonate sorption resultdieid
sand(FS)and range soilRS).

. Linear Freundlich Langmuir
LS Soil Sorp_tlon
period 5
Kd E Kr n E K n E
(au%o?:?gve d) 236 03 | 389 085 0.77 | 404 0.005 0.96

1day 5B -16 | 56.26 040 0.99 | 4294 0.083 0.94

FS 7 days 765 -11 | 6438 041 088 | 39.03 0.062 091

UCA
l4days |1887 -21 | 76.16 043 0098 |119.80 0.228 0.73

30days |11.00 -2 3501 0.60 099 | 2517 0.032 0.90

RS l4days |5295 1 4752 1.04 1 5054 -0.003 1

NA FS l4days | 2.8 -4 2266 056 098 | 1019 0.012 0.65

LS = lignosulfonate, UCA = Ultrazine CA, NA = Norlig.A

YFS = bulk field sand, RS = grenade range. soil

8 E = model efficiency; 1 = perfect fit to the measuremeiiss 0 = average of the
measurements better than modeldiction.

¢ Unit; Kd = mL/g, KF=mLne @-n/g, K=nL / g, Langmuir n = mL/¢gg.
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Figure S-8. Freundlich srption isotherma for Ultrazine CA (UCA) on autoclaved and
untreated field sand (FS). Dotted lines are upper and lower 95 %eocd intervals for
each estimated Freundlich isotherm model
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Figure S-9. Freundlich srption isotherra for Ultrazine CA (UCA) and Norlig A (NA) on
field sand (FS). Dotted lines are upper andidr 95 % confidence intervals for each
estimated Freundlich isotherm model.
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Figure S-10. Freundlich and Langmuirosption isotherra for TNT and RDXon field sand
(FS). Dotted lines are upper canower 95 % confidence intervals for each estimated
isotherm model.

189








































































