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Residual concentrations of the most commonly usquosives 2,4,6-trinitrotoluene
(TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RPXand octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX) have been identifiedail and groundwater at military train-
ing ranges in Finland. Military training areas aften located at groundwater areas clas-
sified as important drinking water resources. Tine @f this thesis is to examine degra-
dation, migration, toxicity and environmental fafeTNT, RDX and HMX and to evalu-
ate remediation and treatment methods for explesteataminated groundwater.

TNT, RDX and HMX are degraded by biological, cheahi@nd abiotic processes. Disso-
lution and adsorption are important in determinatid migration but are largely site-
specific characteristics. Despite of different mas, TNT, RDX and HMX are all
found in groundwater. Possible treatment methodgfoundwater are pump-and-treat,
permeable reactive barriers and in situ chemicalation, but soil remediation has to be
coupled with water treatment.

The experimental part of this work contained twdexdreatment experiments and mon-
itoring abiotic degradation of TNT and RDX. Effiaey of UV irradiation in degradation
was tested with 407 Jfmand 550 J/mUV doses. UV irradiation was chosen as it is used
at some water work stations to ensure deliveryadhggen-free water. The aim was to
evaluate feasibility of UV irradiation in degradatiof explosives during standard water
treatment practices. As a result, 29.6% of TNT 38®% of RDX was removed under
407 J/m dose and 29.6% (TNT) and 46.7% (RDX) with 550%Jfdence, UV irradiation

is not efficient enough for explosives degradafisrsole method.

Removal of explosives from TNT/RDX containing walsr reverse osmosis (RO) was
tested using Karcher water purification system. &tpgéipment can be used for production
of drinking water at crisis management sites fdrtamy forces and civil population. As
a result, TNT, RDX and intermediates present weneaved below detection limit and
safe drinking water can be produced by RO from@sipeés contaminated water. Due to
quantity of reject water (60% of intake), methoch@ suitable for treatment at water
works.

Abiotic degradation was evaluated by monitoring oged of TNT and RDX from water
exposed to natural light and in dark conditionsdélmexposure to natural light, TNT and
intermediates were removed within first week, whatdy 3.7% (7 d) and 33.3% (14 d)
of TNT was degraded in dark. In contrast, only ¥6#&nd 28.6% of RDX was degraded
during first and second week. RDX was not degradwter dark conditions.
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Yleisimpien rajahdeaineiden 2,4,6-trinitrotoluee@iNT), perhydro-1,3,5-trinitro-1,3,5-
triatsiinin - (RDX) ja oktahydro-1,3,5,7-tetranitrg3l5,7-tetratsokiinin -~ (HMX)
jddnnospitoisuuksia on viime vuosien aikana todettaaperdsta ja pohjavedesta
Puolustusvoimien harjoitusalueilla Suomessa. Alsgeitsevat usein tarkeiksi pohja-
vesialueiksi luokitelluilla alueilla. Tyon tavoit@a on selvittda TNT:n, RDX:n ja HMX:n
hajoamista, toksisuutta ja kulkeutumista sek&a ataiokunnostus- ja puhdistus-
menetelmien soveltuvuutta rdjahdeaineita sisaltfadnaveden kunnostuksessa.

TNT, RDX ja HMX hajoavat biologisin, kemiallisin jabioottisin mekanismein.
Liukeneminen ja adsorptio ovat kulkeutumisen katanaderkittavimmat prosessit, mutta
ovat paikkakohtaisia. Huolimatta erilaisista omsuaiksista seka TNT, RDX etta HMX
voivat kulkeutua pohjaveteen. Mahdollisia pohjavekennostusmenetelmid ovat pump-
and-treat, reaktiiviset seinamat ja kemiallinen kstus, mutta myds maapera on
kunnostettava pohjaveden kunnostuksen yhteydessa.

Tyon kokeelliseen osuuteen sisaltyy kaksi vedenstinskoetta seka TNT:n ja RDX:n
hajoamisen seuranta. UV-sateilyn tehokkuutta r@jdbh hajotuksessa selvitetaan 407
Jin? ja 550 J/M sateilyannoksilla. Koska UV-kasittelya kaytetaanoillgkin
vedenpuhdistamoilla varmistamaan taudinaiheuttayiapaan veden tuottaminen, tyossa
selvitetadn UV-sateilyn tehokkuutta rdjahteidenohdgsessa vedenkasittelyprosessin
aikana. Kokeessa 29,6% TNT:sté ja 36,9% RDX:stasha&07 J/m UV-annoksella ja
29,6% (TNT) ja 46,7% (RDX) UV-annoksella 550 3/nSiten UV-sateilytys ei ole
riittdva ainoana menetelmana rajahdeaineiden Hegean.

TNT:n ja RDX:n poistamista vedesta k&anteisosmeonwnetelmalla tutkittiin Karcher
vedenpuhdistuslaitteiston avulla. Laitteistoa vaidakayttaa kriisinhallintakohteissa
turvaamaan Puolustusvoimien henkiloston ja sidA#iston puhtaan juomaveden saanti.
Kokeessa TNT, RDX ja TNT:n hajoamistuotteet poistivedesta alle toteamisrajan.
Muodostuvan rejektiveden suuren maaran (60% otetteiestd) vuoksi menetelma ei
kuitenkaan ole soveltuva vedenottamoilla veden mihkisessa kaytettavaksi.

TNT:n ja RDX:n luonnollista hajoamista selvitettisguraamalla aineiden poistumista
sekd luonnonvalossa ettd pimedssa sailytetyistdtemsty. Luonnonvalolle alttiina
sdilytetyista naytteitd TNT ja hajoamistuotteetosajat ensimmaisen viikon aikana
kokonaan, kun pimeadssa TNT:st& hajosi vain 3,7%rendisen viikon ja 33,3% toisen
viikon loppuun mennesséa. Sen sijaan RDX:sta valbagssi 16,0% ensimmaisen viikon
ja 28,6% toisen viikon aikana. RDX ei hajonnut piissA.
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1. INTRODUCTION

During the past over 100 years ammunitions andosxgs have been produced and pro-
cessed in large-scale. The vast production hawlegsposal of explosives and nitrated
organic by-products containing wastes into the remvnent all over the world. (Lewet

al. 2004.) Earlier practices in ordnance productiomewdischarging of wastewaters un-
treated into settling lagoons, drainage ditchegii@ctly to streams (Singét al. 1999).

In addition, outdated ordnance was commonly dispdseburying on the ground and
sinking into lakes and seas (Koponen 2016).

At present, the most commonly used military explesi2,4,6-trinitrotoluene (TNT), hex-
ahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and deyaro-1,3,5,7-tetranitro-1,3,5,7-te-
trazocine (HMX) end up in the environment mainhaaonsequence of military activities
(e.g. Pichtel 2012). The intended result of detedanilitary explosives is a complete
explosion of fired ammunition referred as high-ordetonation. However, the fired am-
munition can detonate only partially (low-ordera@wition) or not explode at all and re-
main on the ground as unexploded ordnance (UX®hkjds and Vogel 2014.) In some
parts of the world, UXOs exist as remains of theswanhile in other places such as Aus-
tralia, United States (US) and Canada, UXOs areltezs from military training and
weapon testing. (Pichtel 2012.)

During last couple of decades the public awareaessvironmental issues has increased.
At the same time, more knowledge has been obtabedt toxicity and mutagenic effects
of military explosives and their degradation praguéherefore, military agencies around
the world have started to identify explosives conteted sites and to evaluate the effects
caused by military activities on soil and aquiféfith the increasing knowledge, the will
and necessity has arisen towards remediation dbgxps contaminated areas. Also,
considerable effort has been put on developmeeffmient remediation technologies.
(Lewiset al. 2004; Pichtel 2012.)

TNT, RDX and HMX are secondary explosives (alseme&fd as high explosives) that are
generally used as bulk chemical component in expss Secondary explosives are sta-
ble and resistant to shock-induced unintention&brtion. Hence, primary explosives
are needed for detonation of secondary explosiwesddition, propellants are also used
in small arms, rockets, missiles as well as inlaryi and mortars. (Lewis et al. 2004;
Folly and Mader 2004.) Chemicals used as propallantiude 2,4-DNT, nitrocellulose
(NC), nitroglycerin (NG), nitroguanidine (NQ) anchenonium perchlorate depending on
propellant type (Jenkira al. 2006).



Ordnances used at military training ranges are Ijnémtg-range weapons. Hence, the
military training areas used for explosives firgg vast. Several hundred hectares sizes
are typical for antitank rocket ranges whereas/dhgest training ranges in military use
are artillery ranges, which typically span hundrefisquare kilometers (Jenkiesal.
2006). The firing points and target areas are séparby mostly uncontaminated land.
Therefore, from live-fire ranges the contaminatsonirces can be described as randomly
distributed point sources. (Pichtel 2012.) The enhbf energetic residues (ERs) found
in military training areas is dependent on theafdbe site. Afiring points the energetic
residues are originated from propellant formulagiand detectable contaminants are gen-
erally either 2,4-DNT or NG depending on the prégrelused. Atmpact areas, ERs are
from explosives used in ammunition warheads. (Jevetial. 2006.)

Recently residual explosive concentrations of TRDX and HMX have been identified
in soil and groundwater in some of the military stimg and training ranges and impact
areas administered by the Finnish Defence Fordesnilitary training areas are usually
located on sandy, permeable soils which are oftem@assified as important (class | or
II) groundwater areas. Military training and shagtranges are typically in use for long
periods of time even several decades. The disc@feryplosive residues in groundwater
has initiated research by Finnish Defence Forcesder to investigate the existence of
explosive concentrations in soil and groundwatet tandefine risk management objec-
tives. (Koponen 2016.)

The aim of this work is to study characteristicsgihdation and migration of the most
commonly used explosives, TNT, RDX and HMX, andtiady properties of these com-
pounds and their known degradation products. The olgective of this work is to ex-
amine possible remediation technologies and tatikyesuitable approaches for removal
of explosives from groundwater. In the experimeptat of this work, the efficiency of
treatment technologies readily available for Thenish Defence Forces are tested for
removal (filtration and reverse osmosis) and deagfiad (UV irradiation) of explosive
compounds TNT and RDX from water. The abiotic ddgteon of TNT and RDX kept
in dark conditions and exposed to natural lightadse monitored.

This work consists of comprehensive literatureeenvsection and of experimental water
treatment section (chapters 6 and 7). In chapteiofygical, chemical and abiotic degra-
dation of the most commonly used military explosiieNT, RDX and HMX are dis-
cussed. Chapter 3 summarizes chemical charaaterastd migration properties of these
explosives and designates the intermediates amlipi®formed in degradation. Toxicity
of explosives and degradation products are shdisigussed in chapter 4. Based on these
preceding chapters, the possible remediation tgalesi for explosives containing sites
and groundwater are presented and discussed itecttapn the experimental part of this
work, the performance (chapter 6) and obtainedltse¢échapter 7) of the designed ex-
periments, removal of TNT and RDX by UV irradiatjdreatment of TNT/RDX-con-
taminated water by reverse osmosis and monitormgtia degradation, are described



and discussed. The most important aspects of ik are discussed in chapter 8. Addi-
tional information has been included in appendixes,products formed in biodegrada-
tion of explosives, diagrams showing biodegradadiofiNT and a chart of samples taken

during water treatment experiments.



2. DEGRADATION OF EXPLOSIVES

The persistence of organic substances in soil gaifieat are dependent on degradation of
the compounds. In degradation, breakdown of théoskges can be complete resulting
to degradation end-products (mineralization) ottiphresulting to formation of other
substances. Degradation can be due to biologicakgses (biodegradation, biotransfor-
mation) or by chemical, biological or abiotic preses (transformation) (Juhasz and
Naidu 2007; Lawrence 2006.) The degradation ragdfested by contaminant type, en-
vironmental and biological factors such as tempeeatphysical and chemical properties
of the aquifer, soil properties and microbiota da.{Kalderiset al. 2011.)

Explosive compounds in soil and aquifer can be atdgpl by biological, chemical and
abiotic processes (Talmageal. 1999). Degradation products of TNT, RDX and HMX
identified in different processes based on litefire summarized in table 11 (appendix
1). The degradation processes are discussed nom@\cin following subchapters.

2.1 Chemical structure of the explosives and relate d com-
pounds

Energetic chemicals (explosives and propellantajain nitro -NQ -functional groups
and belong to nitroaromatic, nitramine or nitrattéee chemical groups (Jenkins and
Vogel 2014). Chemical structures of common explesi@nd propellants are presented in
figure 1.
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Figure 1. The chemical structure of explosive compounds A&)6-trinitrotoluene
(TNT); (b) hexahydro-1,3,5-trinitro-1,3,5-triazindRDX); (c) octahydro-1,3,5,7-
tetranitro-1,3,5,7-terazocine (HMX) and propellarit nitroglycerin (NG); (e) ni-
troguanidine (NQ) and (f ) nitrocellulose (NC) (Rtiel 2012).



TNT, RDX and HMX are chemically and thermally seabbmpounds, which are resistant
to accidental detonation due to insensitivity tggers such as shock and friction (Pichtel
2012). Atroom temperature, TNT, RDX and HMX hawéd; crystalline structures. TNT
is a nitroaromatic compound (Claustial. 2006), while RDX and HMX are heterocyclic
nitramines (Crockeet al. 2006), which do not have double bonds in theurcdtire. In-
stead, the N&@groups are bonded to nitrogen of an alicyclic riRgopellants such as
nitroglycerin (NG), nitroguanidine (NQ) and nitrdicdose (NC) are nitrate esters, with
NO:- groups bonded to oxygen attached to an aliphatizon (Jenkins and Vogel 2014).

2.2 Biological transformation and degradation

Biological degradation and transformation of pahis is dependent on micro-organism
population on site (Pichtel 2012). In addition,degradation pathways and subsequently
transformation products and intermediates vary betwaerobic and anaerobic conditions
and other prevailing conditions on soil and aquif@uhasz and Naidu 2007; Khetral.
2013) TNT biodegradation under aerobic and anaenditions is presented in figures
3-5 (appendix 2); RDX biodegradation by anaerobgugntial reduction of nitro groups
and by direct ring cleavage pathway in figures @gpendix 3); and proposed pathways
for HMX biodegradation in figures 8 and 9 (appendl)x

Cyclic nitramine explosives (RDX and HMX) can betbansformed to intermediates,
which are subsequently degraded to end-products asiqitrite (NQ@), nitrous oxide
(N20) formaldehyde (CED) and formic acid (HCOOH) by spontaneous deconmgpsi
(Crockeret al. 2006; Michalsemst al. 2016). Instead, TNT is readily transformed to amin
derivatives, but not mineralized (Khahal. 2013). As non-aromatic compounds, stable
amino derivatives are not formed in degradatioRDIX and HMX (Monteil-Riveraet

al. 2003).

The proposed pathways for degradation of cyclimmine explosives are mostly based
on identified end-products, since the hypothesinetbolic intermediates are unstable
in water and hence, not identified. The proposetvpays include 5 mechanisms which
are: loss of nitro groups due to nitramine freaaadormation; reduction of nitro func-
tional groups; direct enzymatic cleavagehydroxylation and hydride ion transfer.
(Crockeret al. 2006)

221 TNT

TNT can be used as carbon source and degradedibiy\va micro-organisms in aerobic
and anaerobic conditions. (Hawatial. 2000a; Anasonyet al. 2015) TNT is also de-
graded by cometabolic processes (Juhasz and Na@i).2As a result of TNT degrada-
tion, 21 products and intermediates produced iralsbe conditions have been identified
(Thiboutotet al. 2002). The most common transformation productBNdF are aminodi-



nitrotoluenes: 2-amino-4,6-dinitrotoluene (abbréxbas2-ADNT) and 4-amino-2,6-di-
nitrotoluene 4-ADNT). Also diaminonitrotoluenes 2,4-diamino-6-nitratehe 2,4-
DANT), 2,6-diamino-4-nitrotoluene2(6-DANT) are generally formed as a result of fur-
ther reduction of nitro groups to amino groups (l¢aiset al. 2011).

Degradation by bacteria

The ability of multiple bacterial species to degrddNT has been documented and several
enzymes responsible for TNT degradation identifiddanet al. 2013). TNT is biotrans-
formed by stepwise reduction of nitro groups torargroups resulting to amino deriva-
tives (2-ADNT, 4-ADNT, 2,4-DANT, and 2,6-DANT) both aerobic and anaerobic con-
ditions. Aerobic bacteria are unable to reducethirel nitro group of TNT (McFarland
2014), but in anaerobic conditions also triamina¢ole (TAT) may be formed (Pichtel
2012) and subsequently transformed at least byoimigr consortia (Crawford 1995).
However, TNT is generally not mineralized as a ltesfbacterial degradation. (Clausen
et al. 2006; Hawarkt al. 1999; Kaplan and Kaplan 1982).

In few studies, also formation of less frequendgritified products and intermediates of
TNT degradation has been shown. Denitration (igitoup cleavage and release as nitrite)
of TNT, trinitrobenzaldehyde (TNBA) and 2,4,6-ttma-benzyl alcohol (TNBAIC) result-
ing to 2-amino-4-nitrotoluene (2-ANT) has been shdw bacterial extracellular cata-
lysts in aerobic conditions (Stenuit et al 2009s0Aformation of 2,4-dinitrotoluene (2,4-
DNT) and nitrite as a degradation product of TNTblgteria Pseudomonas savastanoi)
has been documented (Mardral. 1997). Transformation of TNT to aminonitrotoluenes
and 2,6-dinitro-4-hydroxylaminotoluene (2,6-DHABRd further to tetranitroazoxytol-
uenes byPseudomonas sp. Y strain has also been reported. Further, somehaalso
produce Meisenheimer complexes, which are hydrid@-complexes resulting from ad-
dition of hydride to aromatic ring in TNT biotramsiation (Kharet al. 2013).

The enzymes involved in biotransformation of TNTHacteria include nitroreductases,
ring hydroxylating dioxygenases, hydrogenases antesflavoproteins such as pentae-
rythritol tetranitrate reductase and xenobioticuadse B (Anasonyet al. 2015; Kharet

al. 2013). Nitroreductases catalyse reduction of Tol@arhinodinitrotoluenes (ADNTS),
diaminonitrotoluenes (DANTSs) and hydroxylaminodiatbluenes (HADNTS) (Rylott

al. 2010). The flavoproteins identified act as nitchretases and catalyse the formation
of Meisenheimer complexes (monohydride MeisenheirHeNT, and dihydride
Meisenheimer 2HTNT) by addition of hydride to aromatic ring (Khaal. 2013).

According to current knowledge, the main end praslo€ bacterial degradation of TNT
in aerobic conditions are ADNTs, DANTs and tetrarazoxytoluenes. Mineralization
does not occur in significant amount. (Khatral. 2013.) Pathways for TNT biodegrada-
tion in aerobic (pathways | and Il) and in anaecatmnditions with the enzymes known



to catalyze the reactions according to Kleaal. (2013) are presented in figures 3-5 in
appendix 2.

Degradation by fungi and yeasts

Transformation of TNT can be also achieved by fungiarying culture conditions (e.g.
Hawariet al. 1999; Kalderiset al. 2011). Fungal degradation of TNT also starts with
formation of ADNTSs, but some fungal species hage &leen shown to mineralize TNT.
Litter-decomposing and wood-rotting fungi excrete&cellular enzymes that are able to
break the aromatic ring structure of the TNT degtimh products hydroxylaminodini-
trotoluene (HADNT) and ADNTSs. (Scheibnetr al. 1997; Anasonyet al. 2015). For
instance, mineralization of 36%&(opharia rugosa-annulata) and 42% Clitocybula
dusenii) of the TNT has been achieved. However, only fpacges are able to fully min-
eralize TNT in significant amounts over 10%. (Soheret al. 1997).

Some fungal and yeast species have been showarsfdrm TNT via formation of
Meisenheimer complexes (Khahal. 2013). Degradation of TNT by yeaMafrowia
lipolytica) has been shown to occur preferentially by diegommatic ring cleavage, but
also via nitro group reduction pathway as minohpaty. The direct ring cleavage pro-
duces hydride complexes of TNT while ADNTs and HADNare produced in nitro
group reduction. (Ziganshet al. 2007.)

Degradation by microbial consortia

Bacterial and fungal species alone have limitedusses for degradation of TNT but
degradation is enhanced by degradation of micrawiasortia (Crawford 1995). For in-
stance, TNT has been shown to be degraded to ietkates such as 2,4,6-trinydroxytol-
uene, para-hydroxytoluene (p-cresol) and acetataw{ford 1995; Funk et al. 1993),
which can be subsequently transformed by bioticaidtic processes (Pichtel 2012).

Degradation products resulting from TNT biotransfation by mesophilic consortium
of micro-organisms in a composting system utiliztf@-labeled TNT were studied by
Kaplan and Kaplan (1982). The compost containe@oIT®NT by dry weight. After 91
days of degradation, the products identified fraheg ethanol and acetone extracts were
4-ADNT and small amount of 2-ADNT (both presentaihextracts), polar metabolites
(2,4-DANT, 2,6-DANT) (present in ethanol and acetextracts) and more nonpolar me-
tabolites 2,2',6,6'-tetranitro-4,4'-azoxytoluened a2i,4,6,6-tetranitro-2,4'-azoxytoluene
(ether extract). 2,2’-Az isomer was not found. Ag@xoducts are formed by coupling of
hydroxylamino compounds, which are intermediategrafisformation of TNT to ami-
notoluenes. However, the 2-hydroxylamino-4,6-dotatuene (2-OHA) and 4-hydroxyl-
amino-2,6-dinitrotoluene (4-OHA) intermediates waog detected. In addition to prod-
ucts identified from the extract, a significant amb of }C-labeled material remained
bound to organic material and was not recoveresiabyent extraction. No indication of
mineralization was detected, since significant ant®wf “C-labeled CQ or volatile



amines was not recovered. The results were reptotbd similar with results obtained
from mesophilic systems. (Kaplan and Kaplan 1982.)

2.2.2 RDX

Completeanaerobic mineralization of RDX in laboratory experimentseeen reported.
In anoxic conditions, RDX can be degraded by eitlivexct ring cleavage dry sequential
reduction of nitro groups resulting to formationtiwézines. The triazines MNX (hexahy-
dro-1-nitroso-3,5-dinitro-1,3,5-triazine), DNX (haxydro-1,3-dinitroso-5-nitro-1,3,5-
triazine) and TNX (hexahydro-1,3,5-trinitroso-13t&zine) are then further degraded.
Via direct cleavage pathway, methylenedinitramM&DINA) and bis(hydroxymethyl)
nitramine are formed as intermediates and aresalssequently degraded. (Hawetral.
2000b; Sheremata al. 2001.) Common end products of RDX by combinatiobiofic
and abiotic degradation are NON2O, formaldehyde (CkD) and NH. (Crockeret al.
2006.) In addition, also formic acid (HCOOH), €&hd CQ are produced as end prod-
ucts of direct cleavage pathway (Haweiral. 2000Db).

RDX degradation has been studied in varying coowitiutilizing mesocosms formed
from authentic RDX contaminated aquifer materidbXRwas degraded under methano-
genic and manganese-, iron- and sulfate-reducingditons, but not in nitrate reducing
conditions. Accordingly, sequential formation aa#ines MNX, DNX and TNX (RDX
degradation products) and subsequent reductidresétcompounds was detected in mes-
ocosms where RDX was degraded. However, RDX detjcadpattern varied in regard
to degradation rate, accumulation of triazinesauttbequent degradation of triazines be-
tween different conditions. Especially under s@fsgducing and methanogenic condi-
tions, RDX was degraded at high rate and alsoribeines formed were quickly de-
graded. (Cheat al. 2015.)

Sequential nitro group reduction is likely a predioamt pathway of RDX degradation in
manganese- and iron-reducing conditions while tnieg cleavage is probably the dom-
inant path in methanogenic and sulfate-reducinglitimms. Hence, the type of electron
acceptor available has a notable effect on degmadaf RDX. These results are im-
portant aspects to consider in remediation planrsimge environmental conditions fa-
voring ring cleavage -pathway are favorable in otdgrevent the accumulation of toxic
triazines. (Chet al. 2015.)

Substantially less is known about RDX degradatiogenaer obic conditions, since RDX
biodegradation has been studied mostly in anaemnditions (Kalderist al. 2011).
However, RDX can be fully mineralized due to ualibn of RDX as a nitrogen source
by bacteria in aerobic conditions (Fourngeal. 2002). According to the proposed path-
way for aerobic degradation, destabilization ofrilhg structure and subsequent sponta-
neous cleavage is resulted from removal of one gitoup. As a result, NO N2O,COp,



formaldehyde, ammonia and 4-nitro-2,4-diazabut@dBIAB) are formed. However, alt-
hough the formation of end products have been shonly the NDAB intermediate on
the pathway has been identified. (Fourrteal. 2002; Fourniegt al. 2005.)

2.2.3 HMX

Degradation of HMX is less well known compared tdTTand RDX. Degradation path-
ways have been proposed but most intermediategtbrvays have not been identified.
(Kalderiset al. 2011.) Although RDX and HMX are both cyclic nitrames and have
similar structure, HMX is more recalcitrant agaidsgradation especially in aerobic con-
ditions, compared to RDX (Fournieral. 2004). Although limited information exists on
HMX biodegradation by bacteria and fungi (Kaldestiisl. 2011), degradation and also
mineralization has been reported (Fourmteal. 2004; Monteil-Riveraet al. 2003).

Degradation of HMX has been shown in laboratoryditions. In a study observing sorp-
tion/desorption properties and long-term fate of XIM evaluate effectiveness of HMX
disappearance by natural attenuation, 60% degoadatiHMX has been observed during
20 weeks in non-sterile agricultural top-soil undeaerobic conditions. And full miner-
alization of 19% HMX in 30 weeks was observed ipexxments using uniformly radio-
labeled HMX, UL-F*C]-HMX. Four nitroso-derivatives of HMX were idefitid and
mineralization was observed as liberaté@t+labeled C@ The identified nitroso-deriva-
tives were octahydro-1-nitroso-3,5,7-trinitro-1,3%etrazocine, octahydro-1,5-di-
nitroso-3,7-dinitro-1,3,5,7-tetrazocine (or isomectahydro-1,3-dinitroso-5,7-dinitro-
1,3,5,7-tetrazocine), octahydro-1,3,5-trinitrosoiffe-1,3,5,7-tetrazocine and octahy-
dro-1,3,5,7-tetranitroso-1,3,5,7-tetrazocine. (MdlARiveraet al. 2003.)

Complete fungal degradation I/ chrysosporium have been shown to occur also via
nitroso intermediates, which are subsequently foamed by N-denitration ar-hydrox-
ylation to NDAB, nitrite, formaldehyde, 40 and further to C®(Fournieret al. 2004).
Further, biotransformation of HMX by anaerobic gacdas been shown to occur, appar-
ently via two distinct routes; by formation of meremd dinitroso derivatives and by via
ring cleavage producing methylenedinitramine (MEB)Nand bis(hydroxymethyl)-ni-
tramines. The intermediates were subsequently dedrto nitrous oxide and formalde-
hyde and finally, to C® (Hawariet al. 2001.)

2.3 Chemical and abiotic degradation

Explosive compounds are degraded chemically anatiahlly by hydrolysis, oxidation,

reduction and photolytic processes. In hydrolys&ctions, functional groups of the com-
pounds react with water resulting to formation efwncarbon-oxygen bonds and trans-
formation of the compound. Instead, in oxidationl aaduction reactions (redox-reac-
tions) transformation of the compounds are baseelesiron transfer between reactants.
As a consequence, electrons are donated in oxmdatid accepted in reduction of the
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compounds. By photolysis, compounds are chemiedtiéred due to direct and indirect
effects of light, as light energy adsorbs into devnole (or another photosensitive com-
pound transmitting the effect) causing irreversiiel@rganization of a molecule (McGrath
1995).

2.3.1 Hydrolysis

Nitroaromatic compounds, RDX and HMX are not readggraded by hydrolysis except
in highly elevated pH conditions (pH > 10) and temgtures, which are not relevant in
environmental conditions. (Balakrishnetral. 2003; Hwanget al. 2006; McGrath 1995)
Hydrolysis of HMX is slow at elevated pH conditioasd HMX is stable at neutral pH
range. In pH 10 the half-life of HMX is much long@88 days) compared to RDX (4
days). (Monteil-Riverat al. 2003.) In a study of alkaline hydrolysis of exples, RDX,
MNX and HMX were hydrolysed at pH over 10. As aule®f nitramines hydrolysis,
NO_", formaldehyde, BD, HCOO, NHs" and 4-NDAB was formed. (Balakrishnenal.
2003.)

TNT is not significantly degraded by hydrolysis egt at highly elevated pH 12. In a
study of TNT alkaline hydrolysis, over 95% degraatatin 24 hours (85-90% within 5
hours) on TNT in solution was obtained at pH 12ilevlegradation efficiency was below
25% (within 24 h) at pH 11. (Bajpei al. 2004.) As a degradation process, hydrolysis is
relevant under environmentally feasible conditiémsonly few explosives, including
TNT related explosive compound tetryl (2,4,6-trioghenyl-N-methylnitramine)
(McGrath 1995). However, hydrolysis at high pH @dike hydrolysis) can be used as
subsequent treatment method for explosives conttednwater after extraction of
groundwater (Hwangt al. 2005).

2.3.2 Photolysis

Photolysis is an important mechanism for TNT, RDXl &dMX transformation in the
environment (Talmaget al. 1999). Especially in surface waters, phototransétiom of
explosives is a significant process. Due to phatwformation, methyl groups are oxi-
dized, nitro groups reduced and dimer compounddcaineed. (McGrath 1995) In the
environment, 1,3,5-trinitrobenzene (TNB) is the msiiable product of TNT photolysis
(Jenkins and Vogel 2014), but in general, nitroleses, benzaldehydes, azoxydicarbox-
ylic acids and nitrophenols are formed as a reduURNT photolysis. (McGrath 1995.)
The photolysis of RDX and HMX results for productiof a variety of compounds such
as azoxy compounds, NHformaldehyde, N®, NO,-, nitrous oxide MO, n-nitroso-
methylenediamine (Glover and Hoffsommer 1979 adogrtb Juhasz and Naidu 2007).
In addition, also 4-nitro-2,4-diaza-butanal, megmddinitramine, nitramidedNINO. and
several other photodegradation products which @eatified by chemical formula has
been observed (Hawast al. 2002).
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Some phototransformation products have been ovartbin many studies due to scarce
commercial availability and special techniques meeefbr detection. For instance, 2,4-
dinitro-benzoic acid (2,4-DNBA) and 2-amino-4,64tlio-benzoic acid (2-A-4,6-DNBA)
are substances that have been found as abunddit eempound resulted from TNT
phototransformation. (Godejohasal. 1998)

Photolysis has been reported to result 22 houfdifefor 1.1 ppm TNT in pure water
due to direct photolysis in sunlight (at springe)mHowever, analysis of 1.1 ppm TNT
photolysis in filter-sterilized natural waters indtes 10 to 100 times faster photolysis
probably due to promotion of photolysis by natwathstances and photosensitized reac-
tions. Also presence of TNT degradation productsaanes TNT photolysis possibly by
indirect photosensitized reactions. Similarly, miydis of 1.3 ppm RDX resulted half-
life of 13 days as measured in distilled water attevr time. Due to bad weather, the
measurements were renewed at spring time, whemlybst experiments resulted half-
life of 1.8 days. With RDX, photolysis was not enbed in natural waters compared to
distilled water as was discovered for TNT. (Spamdg al. 1980.) In experiments of
photolysis by sunlight (at spring time) for 0.5 pptiX, the half-lives determined were
8.6 - 10 days for pure water and 8.3 - 9.3 daysiter water. HMX photolysis was not
affected by other compounds such as humic substa(eanggoret al. 1982.) All the
half-life values given above are for 12 hour sumtliger day.

In addition to transformation of explosives dudJXdg light, UV irradiation effects also
on dissolution and decomposition of explosivescditaminated sites, residual explosive
compounds are subjected to photodegradation. (Meirat. 2009; Tayloret al. 2010).
The effect of light and photodegradation has béedied with HMX by exposing HMX
containing sediment surface to UV irradiation ituoon experiments. As a result, disso-
lution of HMX was higher on soil exposed to UV coengd to soil without UV exposure.
However, the results are also affected by highaperation (and hence more concen-
trated solution) of the UV exposed soil (Arel 2Gtording to Marteét al. 2009).

2.3.3 Reduction

Nitro groups of aromatic explosives are reducedrtono groups by abiotic reactions.
(McGrath 1995). TNT reduction and affecting envirental factors has been widely
studied and the reduction rate in anaerobic catithas been found far greater than in
aerobic conditions. The production of 2-ADNT andBNT is energetically favorable,
but all transformation products from reduction ofeao three nitro groups are found.
(Pichtel 2012.) However, understanding and modgbifexplosives reduction under nat-
ural conditions is challenging because of uncetyaoh electron sources in reduction re-
actions. Also, distinguishing between abiotic andrabial reduction is very difficult.
(McGrath 1995).
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Reduction of RDX in anaerobic condition leads todurction of mono-, di-, and trinitroso

compounds (triazines). As a result of abiotic reidunc(for instance by iron) of explo-

sives, triazines from RDX reduction and polyamifresn TNT reduction can then be

further degraded by biological degradation proces&ecordingly, the use of iron as zero
valent iron (ZVI) has been applied for remedialimMNT and RDX reduction in soil and

aquifer. (Pichtel 2012.)

In contrast to TNT and RDX, abiotic reduction of bMloes not appear as a significant
process. (Parkt al. 2004; Spanggoret al. 1982) Accordingly, HMX is not readily re-
duced by ZVI. However, reduction rate of HMX canibereased by presence of certain
cationic surfactants (such as didecyl and hexatteogthylammonium bromide). Also
other surfactants and high temperature increase KMbility and hence, the amount
of HMX available for reactions, but does not hawe ¢atalytic effect of facilitating HMD
reduction. (Parlet al. 2004.)

2.3.4 Oxidation

Degradation of TNT in water by physical processesiot been extensively studied (Ay-
oubet al. 2010). However, degradation of TNT has been dootededuring removal of
TNT from water by activated carbon. During the tneant experiment, oxidation of TNT
to 2,4,6-trinitrobenzyl alcohol (TNBAIc) was evidgncatalyzed by activated carbon.
The TNBAIc was then subsequently oxidized to 2ijitrobenzaldehyde (TNBAId)
and 2,4,6-trinitrobenzene (TNB). (Vasilyesiaal. 2002.)

More efficient oxidation of explosive compounds d¢anachieved by Fenton reactions,
other Fenton related processes (such as photo+kevitere UV light is applied to Fenton
process) and advanced oxidation processes (AORsupft al. 2010; Liouet al. 2004).
However, as oxidation of compounds in these metlwddased mostly on unspecific
reactions due to radical formation, the reactiorsiaspecific, and the byproducts formed
during the reactions can be more harmful than tiggnal parent molecules (Pignatello
et al. 2006).

In a study of TNT oxidation by photo-Fenton pro¢dsemation of 1,3,5-trinitrobenzene
(TNB), 2,4-dinitrotoluene (2,4-DNT), 2,5-dinitrobesic acid (DNBA) and 1,3-dinitro-
benzene (DNB) was described as a result of oxidationethyl group, decarboxylation,
breakage of the aromatic ring structure and hydislgnechanisms. (Lioet al. 2004.)

Degradation of several explosives and related camg® (namely TNT, RDX, HMX,
2,4-DNT, 2,4,6-trinitrophenol, ammonium picronigand tetryl) by Fenton and photo-
Fenton (40W UV light source) processes have beamared and compared under same
experimental conditions. The susceptibility of deenpounds for degradation by Fenton
process were found to be in the decreasing ord2r4eDNT > trinitrophenol > ammo-
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nium picronitrate > TNT > Tetryl > RDX > HMX, withiIMX as the least prone for deg-
radation. The degradation of all compounds folloviest-order reaction behavior. For
TNT, photo-Fenton was slightly more efficient tHaenton process, with RDX both had
about the same efficiency, and with HMX, neithenté@ nor photo-Fenton resulted to
efficient degradation within the experimental tigfeover 120 minutes for HMX. In all
cases, increasing concentration of Fell in proeessnced the degradation rate. (Lébu
al. 2003)
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3. CHEMICAL PROPERTIES, MIGRATION AND
FATE OF EXPLOSIVES IN GROUNDWATER

Physical, chemical and toxicity characteristics iamportant in evaluation of migration
routes, environmental fate of the explosives arsksriformed by the substances
(Ymparistoministerio 2014, p. 48). The risks arpatedent on properties such as water
solubility, volatilization potential and factorsf@€ting bioconcentration, partitioning and
migration characteristics. (Juhasz and Naidu 26@rinington and Brannon 2002). The
highest risks for migration are among soluble datil® substances that are not easily
retained in soil. These are also substances teahast likely found in groundwater (Jen-
kins and Vogel 2014; Ymparistoministerit 2014, §.)4

Explosive characteristics are also affected by@sipé compositions. Generally, the ex-
plosives are used as mixtures (Jenkins and Vodk4)2ONT or Composition B (60:40
mixture of RDX and TNT) are generally used as egpies in artillery and mortar war-
heads (Jenkina al. 2006; Morleyet al. 2006). Plastic explosivé4 consists of military-
grade RDX (91%) and plasticizers (9%)tol is composed mainly of HMX and TNT in
different proportions (e.g. 75:25 or 70:30 ratigsvit % of HMX and TNT) including
also <1 wt % RDX as impurity (Monteil-Riverh al. 2003; Pichtel 2012). HMX is also
a component of all explosive mixtures containingd@®Bince military-grade RDX con-
tain 8 to 10% HMX as an impurity (Morleg al. 2006).

Chemical characteristics also affect degradatite, k&hich in turn is a major factor de-
termining persistence of organic contaminants ineswl aquifer (Juhasz and Naidu 2007;
Lawrence 2006). Toxicity and bioconcentration prtipe are also determined by the
chemical characteristics of the substances. Dejoadhas been discussed in previous
chapter and toxicity of explosives is discussedoitowing chapter 4. Further, under-
standing contaminant properties is also esserdrabdmpling and investigation of the
contaminated site (Thiboutet al. 2002.) and management of explosive contaminations
(Brannon and Pennington 2002). In this chaptermited characteristics and migration
properties of the TNT, RDX and HMX are discussed.

3.1 Solubility

With water solubility of 130 mg/L at 20°C (Thibottet al. 2002), TNT is soluble in
water according to classification used in evaluatdd environmental effects (Tyoter-
veyslaitos 2016; Ymparistoministerio 2014, apperiixRDX and HMX have lower sol-
ubilities (42 mg/l at 20°C and 5 mg/l at 25°C, extjvely) and hence, dissolve in water
less compared to TNT (Thiboutettal. 2002). At the same 20°C temperature, HMX sol-
ubility 3.34 (£0.12) mg/L was measured by Montel:&aet al. (2004). However, the
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dissolution rate is highly temperature dependentogasimented within the ambient tem-
perature range of 3-33°C, but dissolution is nqethelent on pH. (Lynch 2002; Monteil-
Riveraet al. 2004). For instance, in lower temperatures at T@gfi@sponding to ground-

water conditions, the solubility of HMX was onlyn2g/L whereas the solubility of TNT

remained high at 110 mg/L as measured in dissoltgist using octol (Martet al. 2009).

Variable dissolution rates for explosives have besgrorted in literature. However, the
results are not comparable, since varying matesiaih as pure compounds and explosive
mixtures have been used in the experiments undfareht experimental conditions
(Lynch 2002; Martekt al. 2009) However, based on dissolution studies ofl®jaat al.
(2006), the dissolution of TNT, RDX and HMX fromm&sive mixtures (C4 and Com-
pound B) is lower under both continuous and intéent flow conditions in soil columns
compared to aqueous solubility of the substancescel the highest steady-state effluent
concentrations remained low and reached only 60BXjR58% (HMX) and 19% (TNT)

of the aqueous solubilities of the compounds. (e al. 2006.)

Numerous dissolution studies of explosives have ldeme concerning individual explo-
sive substances and formulation in batch readttoaiever, the results may have limited
applicability for evaluation of the in situ disstin of explosives in training areas under
natural conditions. (Morlegt al. 2006) The explosive residues originate mainly from
unexploded ordnance (UXOs) and incomplete secoddraletonations, and are mixtures
of explosives and other compounds such as waxaslizers and binders added in man-
ufacturing processes. Therefore, the dissolutiopgrties may be significantly different
and dissolution rate slower than anticipated basethaximum solubility and batch stud-
ies in laboratory. (Morlewt al. 2006; Pichtel 2012).

The relevance of the explosive compound formulatoorsolubility is illustrated in stud-
ies conducted at Arnhem Anti-Tank Range in CanBdaed on estimated HMX mass on
site and observed HMX flux into the groundwater ZBD05), the estimated dissolution
rate for HMX was 250 mg/kg HMX from detonation ihses / day. In contrast, the dis-
solution rate previously determined by lysimetepaxments on the same site by Arel
(2004) was only 1.2 mg/kg/d. The conditions in bodkes were similar but dependent on
environmental conditions such as temperature anthta The large difference in solu-
bility was suspected to arise from difference itiahexplosive material which was octol
in both but in a form of detonation residues inithatu estimation and octol flakes used
in lysimeter experiments. In octol flakes, HMX iscapsulated in TNT. (Martek al.
2009.)

3.2 Volatilization properties

Volatilization capacity of the substance is indethby vapor pressure and Henry’'s Law
constant. Volatilization potential of explosivesnegligible according to Henry’s law
constant (K), describing volatilization from aquaeous phasthwalues ranging from
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Kn 107 to 10° atm n¥/mol and vapor pressures in the order of°16 102 atm (at
20°C) for TNT, RDX and HMX. Volatilization propeés are also very low for explosive
degradation products and other explosive associategpounds (Juhasz and Naidu 2007;
Thiboutotet al. 2002). Vapour pressures and Henry’s law constantexplosives and
related compounds have been shown in table 1.

Table 1. Vapour pressures and Henry’s law constants fotoskges (TNT, RDX and
HMX) and explosives related compounds and degraal@tioducts (4-ADNT; 2-ADNT;
2,4-DNT; 2,6-DNT; 1,3,5-TNB and 1,3DNB).

Volatilization

substance zlla;);:rzgzzs;sure 1 :tenr:r:": rI.ra:::‘n:_::onstant (Ku) ?
TNT 1) 1.5*%10° 1.1*1078 (at 25°C, est.) ?
RDX 1) 5.5%10? 1.96*10* (at 25°C, est.)?
HMX ) 4.3*%10Y 2.6*10% (at 25°C, est.)?

2-ADNT 1)5.3*10% -
4-ADNT 1) 2.6*10% -

2,4-DNT | D 2.9*%107 (at 25°C) 1.86*107 (at 25°C, est.)?
2,6-DNT | D 7.4*10% 4.86*1077 (at 25°C, est.)?
1,3,5-TNB | D 2.9*10" 2.21*107 (at 25°C, est.)?
1,3-DNB | 9 5.1*10° 8.01*107 (at 25°C, est.)?

1 Thiboutot et al. 2002 (Vapour pressures converted to atm according to 1 atm = 1/760 torr); 2
Rosenblatt et al. 1989 according to Brannon and Pennington 2002

Generally, K values greater than T0atm-nt/mol are considered to indicate potential to
volatilize from aqueous solutions. (Pichtel 20TPhe vapor pressures determined at 1
atm pressure and 20°C temperature are also verydioall explosive compounds. The
vapour pressures are in a range of 10’ for TNT, RDX and HMX (Thiboutokt al.
2002). Due to very low vapor pressures and Herirgls constants evaporation of the
explosives is negligible. Therefore, evaporationas a significant process determining
transport and environmental fate of explosivesaKiies and VVogel 2014; Clausehal.
2006.)

3.3 Adsorption

TNT has both hydrophobic and hydrophilic charactesrsndicated by measured octanol—
water partition coefficient (log dv = 1.6). Based on low dv, TNT is expected to be
relatively mobile in the environment and not strigrgprbed on soil or sediment. (Ayoub
et al. 2010.) However, adsorption properties of TNT remaontroversial in regard to
factors affecting affinity such as organic carbamtent in soil. Yet, adsorption is im-
portant process due to major impact for estimatdbmNT migration (Sharmat al.
2013).
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Generally, RDX and HMX are sorbed to soil partideesss than TNT as demonstrated by
sorption coefficients up to 68 L/kg obtained for Tnd below 9 L/kg for RDX and 3
L/kg for HMX obtained in the same study. And espbgifor RDX, sorption properties
seem weak based on column studies where breakthroag been fastest for RDX.
(Sharmaet al. 2013; Sherematet al. 2001.) Uncertainty exists also on HMX sorption
properties, but according to most studies, sorptioes not appear to be a significant
process for HMX. Sorption of HMX is apparently resible, although possibly slow
(Clausenret al. 2006; Xueet al. 1995 according to Clausehal. 2006). Also, the irre-
versibility of the sorption processes for TNT anB)Rare controversial. While some
authors state that TNT and RDX sorption is revéesithe results of others indicate al-
most full irreversibility of the process for TNT @fRDX. (Clauseret al. 2006; Pichtel
2012; Sherematet al. 2001). However, sorption of TNT degradation prdduare in-
creased and sorption becomes irreversible as gritnops become substituted by amino
groups (Hawaret al. 2000a.)

3.3.1 Adsorption to organic carbon

Adsorption properties of substances are evaluatedfimity of the compounds to organic
carbon in soil and are indicated by organic canbantitioning coefficient (l&c) (Reini-
kainen 2007, p. 20). ¢ —values can be obtained from literature (expertaieand esti-
mated values) or coefficients can be calculatethfoxtanol-water partitioning coeffi-
cient (Kow) using suitable equation. The equations formedetribe relation between
Kow and Koc are based on experimental results obtained franilasi group of sub-
stances. (Clauseat al. 2006; Hemond and Fechner 2015).

TNT

Reported kc coefficients for TNT vary between 300 to over 1500literature and da-

tabases Kc values of 300 (US EPA TNT data sheet), 306.5 (CB@der database) and
1585 (as log Kc 3.2 in Ek 2005 according to Ayoud al. 2010) have been reported.
These values differ notably and indicate properiesn moderate to relatively strong
adsorption in soil and mobility properties fromgslily mobile to mobile compound.

(Ymparistoministerio 2014, appendix 5.)

Differences in koc coefficients are due to origins of the values difigérent methods for
determination of affinity to organic carbon. Sonfdle values are computational esti-
mates while others are based on experimental ddtaaiable experimental setups. (Ay-
oubet al. 2010; ChemSpider 2016; Ek 2005; Spanggsrd. 1985; US EPA 2012a).
However, original articles for cited literature wat are inaccessible. Compounds (or
groups of substances) used to generate the egsiaiemot identified in subsequent ref-
erences and hence, data used to generate the \zkie®t available for evaluation.
Therefore, it is difficult to assess and compagedbcuracy of reported values.
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RDX and HMX

Sorption parameters for RDX and HMX were determingionteil-Riveraet al. (2004).
Water-octanol partition coefficients were measunsohg water-octanol and nitramines
at different proportions. The coefficients deterednvere kw 8.0 + 0.6 for RDX and
Kow 1.46 = 0.02 for HMX. The results were reportethéan accordance with previously
reported values. (Monteil-Riveghal. 2004.)

The low Kow values are in accordance with Logd&values in a range of 0.89 — 2.43
(Koc 7.8 - 269) for RDX and 0.54 — 2.834K3.5 - 676) for HMX as reported in the
1980s based on estimations and measurements (Mcf385). The Log Kc values re-
ported denote very low to slight adsorption to aigaarbon and hence, indicate mobility
of the compounds (Ymparistoministerio 2014, appeili

3.3.2 Site specific adsorption

Although affinity to organic carbon andoK —values are characteristic to compounds,
sorption and retention of the contaminants to paiticles on each particulaite are
largely dependent on soil type and chemical pragge(such as cation content) of the soil.
Therefore, it is more useful to evaluate adsorptioaracteristics of the explosives with
soil/water partitioning cdécients (ki) specific to each site (Ymparistoministerié 2014,
p. 48-49, 99). The Kdistribution coefficient is expressed in L kgnd denotes the ratio
of the sorbed concentration (mgRaf the compound to dissolved concentration of the
compound in pore water (mgl.(Martelet al. 2009).

Kq —values for organic compounds in particular sis be calculated by multiplication
of measured organic carbon content on the site thé#hoc coefficient of the pollutant
according to equation 1 (Clausetral. 2006).

Ky = Koc * foc (1)

whereKaq = soil/water partitioning cdécient
Koc = compound specific organic carbon partitioning coefficient
foc = site specific organic carbon content

However, as noted in case of TNTedvalues obtained from the literature are divergent.
Hence, better approach to obtain reliable-alues representing the site would be ex-
perimental determination of the value.
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TNT

The Ky -values determined for TNT has varied from 2.31d_/kg in soil in most exper-
iments (Pichtel 2012). For surface soilg ¢oefficients between 2.7 to 3.7 L/kg (Xee
al. 1995 according to Pichtel 2012), 2.4 to 7.3 L/kg 41.3 L/kg for clay (Pennington
1987) have been determined. Recently, considerhlgiier soil/water partitioning
codficients have been reported for TNT ranging betwe&rs68 L/kg in soils rich in or-
ganic carbon and between 19-21 L/kg in clay rickssdhe values are expressed in
Freundlich coefficients ( since adsorption of TNT was better describeé&teundlich
isotherm (f 0.91 - 0.99 for different soils) than linear edols. (Sharmat al. 2013.)
For aquifer materials, Kvalues between 0.04 to 0.27 L/kg for TNT has begorted
(Penningtoret al. 1999 according to Pichtel). Similarly, high ¥alue 50 L/kg was re-
cently determined for TNT in aquifer materials or@ion batch test consisting of 1:10
stream sediment and stream water. The sedimehei®xtperiment was enriched with
nutrients (filter-sterilized waste water) to incseadissolved organic carbon content to
sediment naturally very low on organic matter. (@dnet al. 2009.)

The Ky values reported for TNT show large variability andicate marked differences
in transport capacities from extremely migrating fKalues <0.75) in aquifer to weakly
migrating (K¢ 30 — 75) compounds. The migration properties twben can be classified
as easily (K 0.75-2.25), moderately R2.25-7.5) and slightly migrating 7.5 — 30).
Only the class of not migrating {k-75) is not included in Kvalues reported for TNT.
(Ymparistoministerié 2014, appendix 5).

Adsorption properties of TNT are controversial adaay to results obtained by several
authors. Some studies indicate that for TN§ cKefficient is dependent on organic car-
bon content in soil (e.g. Sherematal. 1999; Yamamoteat al. 2004) and based on other
studies, organic carbon content is not a factoerd@hing TNT adsorption. Instead,
strong correlation with cationic exchange capaatgy and iron content was reported
(Brannonet al. 2002; Pennington and Patrick 1990). Further, ctaraation of interac-
tions between soil and TNT is especially difficidince TNT is often rapidly biotrans-
formed and reduced to amino derivatives, which lsindngly to soil particles (Brannon
and Pennington 2002; Thiboutstal. 2002).

The sorption capacities are enhanced as the nushlenino groups increase (Hawati

al. 2000a; Sheremata al. 1999). Accordingly, the degradation products of TAFE
sorbed on soil more strongly compared to TNT ardsthrption of diaminonitrotoluenes
is greater than of aminodinitrotoluene. In a stedySherematat al. (1999) sorption
properties of TNT and its degradation products vessessed for three different types of
materials; natural topsoil, illite shale (100% glaynd sandy aquifer. Sorption capacity
and Ky values decreases in the order of 2,4-DANT > 4-ADNTNT in natural topsoil
(8.4% organic matter, pH 5.6) with the correspogd{a values of 11.96, 7.91 and 6.38,
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respectively. However, sorption properties wereetielent on soil type, since the situa-
tion was reversed and the order of decreasingisarptas TNT (k 223.63) > 4-ADNT
(Kq 58.52) > 2,4-DANT (K 19.73) for 100% clay material (pH 6.0). TNT argldegra-
dation products were not sorbed on sandy aquifeenmaés (0.02 % organic matter, pH
8.4). The difference in sorption between top sod aandy aquifer soil were considered
to originate from difference in organic matter @ntt since mineralogy between the two
soils was similar. (Sheremadhal. 1999).

RDX

Reported K -values for RDX in soil have been in the rang®.06 to 8.7 L/kg (Pichtel
2012; Sharmat al. 2013). For instance, low sorption properties oDRRere indicated
by Kq 0.83 obtained for agricultural top soil (Sherensital. 2001) and K 0.3 L/kg for
sandy loam soil (Monteil-Riveret al. 2004). More recently, slightly stronger sorption
properties has been observed accordinggjtoaefficients 6.9—8.7 L/kg in organic carbon
rich soil and 2.5-3.4 L/kg in clay rich soil detened for RDX (Sharmat al. 2013). ky
value 2.2 L/Kgwas reported for RDX in river sediment enrichedhwititrients and dis-
solver organic carbon (Zhemgal. 2009).

Dependence of sorption properties from soil orgamaickoon content (Yamamot al.
2004) and irreversibility of the sorption proceBsannonet al. 2002 according to Pichtel
2012; Sherematet al. 2001) has also been reported for RDX. Accordingriceet al.
(1998), RDX sorption is also affected by soil amglifer oxidation/reduction potential
(aerobic/anaerobic conditions) and pH. In theidgilRDX sorption was lowest at highly
reducing conditions (-150 mV) and highest at pth8ar moderately reducing conditions
(+250 mV). Compared to optimal conditions, sorptieas also decreased in all pH con-
ditions under aerobic conditions (+500 mV).

HMX

Uncertainty exists also on sorption properties bPHand soil characteristics do not seem
to predict HMX distribution coefficients well (Braonet al. 1999). According to some
studies, HMX sorption appears slightly higher coredao RDX (Monteil-Riveraet al.
2003 and 2004). &—values for HMX has varied between 0.12 — 17.gldkpending on
soil properties (Brannoe al. 1999), 0.087 - 0.125 L/kg at Arnhem military triaig site
(Martel et al. 2009) and 0.7 L/kg for sandy loam soil (MonteikBiaet al. 2004). Sorp-
tion for aquifer material is weak, as indicateddy Ky —values between 0.09-0.37 L/kg
(Penningtoret al. 1999). However, notably higher sorption propergésiMX (with Kqg
2.9 L Kg') were reported to sediment containing high orgaaibon content. In sorption
batch test, sediment in 1:10 river sediment anef fivater set up was enriched with filter-
sterilized waste water in order to increase dissblearbon content in sediment. (Zheng
et al. 2009).
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Soil organic carbon content has some (althougtsigoificant according to authors) ef-
fect on HMX sorption, since Kcosdficient 2.5 L/kg was obtained for agricultural topsoi
containing 8.4% total organic carbon content (TQUE) 5.6 and only 0.7 L K¢ for sandy
soil with 0,33% TOC, pH 5.1. The results were aledi in otherwise same laboratory
conditions at room temperature. (Monteil-Rivetaal. 2003). Similar results were re-
cently reported for HMX with determinedsKalues 2.6—3.1 L/kg for organic carbon rich
soils and 0.9-1.2 L/kg for soil rich in clay (Shaetal. 2013).

Both HMX sorption and desorption are rapid processed equilibrium has been
achieved within 1 day in laboratory conditions. fogedly HMX is adsorbed mainly by
non-specific interaction, but also some form ofcéfie interaction between HMX and
soil containing high organic carbon content is @atled by sorption/desorption hysteresis
(desorption coefficient i 4.5-5.0 L kg' > sorption coefficient ¥ 2.5 L kg?). However,
covalent bonds apparently are not formed, sindettitaction of HMX has been obtained
in extraction process. (Monteil-Riveetal. 2003).

3.4 Migration

Migration properties of the explosive compounds araluated by water solubility and
potential to bind organic carbon in soils and sexhite. However, soil and aquifer prop-
erties, such as pH and redox potential, effect mmation and retention characteristics of
the explosives. Biological degradation and tramefiion of compounds are also depend-
ent on soil conditions. Therefore, the physical elnemical properties of soil and aquifer
need to be taken into account in evaluation ofspparnt and fate of explosive residues.
(Pichtel 2012; Ymparistoministerio 2014, p. 48,)54.

Explosives in soil and unsaturated zone of thefagend up in groundwater by dissolu-
tion to infiltration water. The rate of water flow soil pores effect on contact time be-
tween explosive compounds, water and soil parti¢@sparistoministerio 2014, p. 53-
54.) The partition of the contaminants is generaigumed balanced and concentration
of the contaminants approximately constant in gaite water and air in pores. Based on
known Kyq —value and the concentration of the explosive ammgs on site, the concen-
tration of the compound in pore water in balancemditions can be calculated.
(Ymparistoministerio 2014, p. 99.)

Migration properties and fate of the explosives banconsidered also by viewing the
explosive concentrations reported from soil, waterrces and sediments. Generally con-
centrations are very high on sites contaminatedgdsration ofammunitions plant and
ordnance disposal sites, while significantly lower contamination levels atetected due
to military training and explosives testing sites. Reported concentrations of TNT, RDX
and HMX due to ammunitions plant and ordnance diagpare presented in table 2 and
due to military training action in table 3.
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Table 2. Explosive concentrations in soil and water regbggVicinity of ammunitions
plant and ordnance disposal sites

Concentration

Characterization
of the site

References

TNT <0.1-10,056 mg/kg | Ammunition plant sites in US Pennington et
al. 1999
RDX 0.587 —-75,000 Ammunition plant sites in US US Army 2011 in
Soil mg/kg ATSDR 2012
<0.1-0.50 mg/kg Ammunition plant sites in US Pennington et
al. 1999
HMX <0.1 mg/kg Ammunition plant sites in US Pennington et
al. 1999
Sediment RDX 0.363 —-14,100 lowa Army ammunition plant US Army 2011 in
mg/kg site ATSDR 2012
TNT 3,400 + 140 pg/L Former ammunition production
site; and Godejohann et
34 +2 pug/L well near former production al. 1998
site, Germany
910-1,370 pg/L Former ammunition plant site Steuckart et al.
690 — 870 pg/L from WW Il in Germany 1994
<0.02 — 15,100 pg/L | Ammunition plant sites in US Pennington et
Ground- 7.51—12,130 pg/L al. 1999
water RDX < 50-18,000 pg/L Ammunition plant sites, US ATSDR 2012
2,380 - 3,800 pg/L Former ammunition plant site Steuckart et al.
310 -400 pg/L from WW Il in Germany 1994
7.97 — 25,500 pg/L Ammunition plant sites in US Pennington et
2.18-22.7 pug/L al. 1999
HMX <0.02 — 9,080 pg/L Ammunition plant sites in US Pennington et
<0.02 —2.04 pg/L al. 1999
TNT 4.0+£0.3 pg/L Former deposition site of neu- | Godejohann et
Surface tralization sludge, Germany al. 1998
water RDX 80 -120 pg/L Ammunition plant sites ATSDR 2012
up to 36,900 pg/L Closed army munitions plant
Porewater | TNT 180 + 7 pg/L Leachate at former ammunition | Godejohann et
leachate production site, Germany al. 1998
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Table 3. Explosive concentrations in soil and water regbeMilitary training and ex-

plosives testing sites

Concentration Characterization References
of the site
TNT 5.9 ug /kg Anti-tank range impact area, Wingfors et al.
Alvdalen, Sweden 2006
<0.01 - 36 mg/kg Hand grenade ranges, US Jenkins et al.
0.04 — 126 mg/kg Antitank rocket range 2006
<0.001 - 5.6 mg/kg Artillery targets
RDX 16,000 mg/kg US military training site oper- Morley et al.
ated for decades 2006
9.8 ug /kg Anti-tank range impact area, Wingfors et al.
Soil Alvdalen, Sweden 2006
<0.01 - 51 mg/kg Hand grenade ranges, US Jenkins et al.
<0.01-5.3 mg/kg Antitank rocket range 2006
<0.001 - 6.5 mg/kg Artillery targets
HMX 4,800 pg /kg Anti-tank range impact area, Wingfors et al.
Alvdalen, Sweden 2006
<0.01 -9.1 mg/kg Hand grenade ranges, US Jenkins et al.
23 - 987 mg/kg Antitank rocket range 2006
0.003 — 5.6 mg/kg Artillery targets
TNT 128 + 6 pg/L Military training site, Germany | Godejohann et
al. 1998
RDX 0.0087-86.4 pg/L Aberdeen Proving Ground in US | US Army 2011 in
ATSDR 2012
Ground- 50 pg/L shallow well (3-6 m) in silty Cho et al. 2015
water sand aquifer at US explosives
testing range (also contami-
nated by perchlorate)
21+ 1 pg/L Military training site, Germany | Godejohann et

al. 1998

Explosive contaminations have unusual nature ovemelistribution over large areas
with various sizes of the contaminating materiatj ¢he information obtained from dis-
crete soil samples may be misleading (Thiboat@i. 2002). Accordingly, from 3 fold
to even 315 fold variations in TNT concentratioaséibeen reported on same site within
122 cm distances (Jenkissal. 1996). Hence, screening of groundwater for expeosi
compounds and degradation products can be usedl iagliaation of possible site con-
tamination in case of scattered explosive contatimng (Thiboutott al. 2002).

The solubility of TNT is higher compared to RDX aHtX. Especially HMX tend to
retain in surface soils as a result of low aquesmhgbility. However, due to their weaker
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sorption properties (lower soil/water partition ffagent), the soluble part of RDX and
HMX are generally more mobile than TNT and are nfoeguently found in the ground-
water. (Groonet al. 2002; Penningtoét al. 2006.) The transport of TNT into the ground-
water can be decreased by transformation propesti@®NT and formation of products
that bind irreversibly to soil (Kaldert al 2011; Penningtomt al 2006). TNT is bio-
transformed, but not mineralized (Marétkl. 2009). Total of 21 metabolites and degra-
dation products of TNT with various characteristécgl migration properties are known
for TNT. For instance, aminodinitrotoluenes resigtirom biodegradation and photoly-
sis of TNT are considerably more soluble, but atained in soil by binding covalently
to humic acid. Therefore, aminodinitrotoluenes stebilized on organic material of the
soil and are not likely transported into groundwag€hiboutotet al. 2002).

Under aerobic conditions HMX is not biotransfornzednineralized in the aquifer and is
only weakly retained on soil by sorption. (Margell. 2009). However, HMX sorption
is increased at elevated pH 8 or under moderagelyaing conditions. RDX is also rela-
tively stable under oxidizing conditions and ngsficantly transformed, but the sorp-
tion of RDX is increased under aerobic conditioimsanaerobic conditions, however,
RDX is unstable and efficiently transformed and enatized under neutral pH conditions.
(Priceet al. 1998.)

The assumptions of prevailing balanced conditiarntaminated site and constant con-
taminant concentrations need to be made with ptecal/ariable water levels and tran-
sitions between saturated and unsaturated conslibetow military training areas may
result on significant variation with the seasonghgr mobility of explosive compounds
may be resulted from increased infiltration ratas, also dilution of the compounds is
possible. (Marteét al. 2009.)

In addition to migration as soluble substance, ibdigg of TNT colloidal transport has
been shown by observation of approximately 36% NT Tin colloidal fraction of the
samples in sorption experiments and 20% in theefi of the transport experiment. Also
RDX and HMX have been found in colloidal fractidit similar association of migration
within colloidal fraction has not been obtainedtiansport experiments (Sharreaal.
2013.) Instead, results indicating HMX tendencyeti@in in the uppermost soil layer has
been reported. In some cases with simultaneous RWK and HMX contaminated sites,
only HMX has resisted as a sole contaminant indibp&roomet al. 2002.)

3.5 Fate in the groundwater

In the vadose zone, contaminants are transportedhdatly by vertical flow, while hor-
izontal flow is more important in aquifer zone. 8e&lthe groundwater table, transport
mechanisms are dispersion, diffusion and advec#alvection is movement of com-
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pounds along water in direction of groundwater flalispersion longitudinal or trans-
verse spreading of compounds and by diffusion, @aam@ds are migrated from higher
concentration to lower according to concentraticadgent. (Clausest al. 2006.)

Based on results obtained by sorption and degm@detiperiments under variable condi-
tions, RDX is expected to be mobile and persisiergroundwater under oxidizing or
moderately reducing conditions. Instead, in higiryerobic conditions and neutral pH,
RDX is likely to be unstable and would not pers&tnilarly, HMX is most likely per-
sistent and mobile in groundwater, excluding highdglucing conditions with approxi-
mately pH 6. (Pricet al. 1998.)

As compared to RDX, TNT is likely to be less stahlgroundwater, since transformation
of TNT has been reported to occur in any conditiomduding groundwater and surface
waters. For TNT half-lives of the order of dayssimil and between 28 d to a year in
groundwater have been proposed. However, as TNfadation is generally not com-
plete, TNT and its degradation products can begierd in the environment. (Clausen
al. 2006.)

In accordance with predicted stability of explosiuegroundwater, RDX has been shown
to be stable in aerobic conditions close to neytkaland to form groundwater plumes
even thousands of meters long in 10-100 pg/L canggons (US Army Corps of Engi-
neers 2015 according to Michalsetral. 2016). (See also table 2 for detected RDX con-
centrations at former ammunition plant site from WM Explosives have also been
shown remain in soil and aquifer for a long tirag demonstrated by over 1 mg/L levels
of TNT and almost 4 mg/L RDX found in groundwateredo ammunitions production
during World War 1l (table 2 presented in chapteh) §Steuckaret al. 1994).

In addition to explosives in groundwater, also $fanmation products can be found in
significant amounts. Groundwater, surface watetslaeachate waters has been investi-
gated at known nitroaromatic contaminated formemamition sites in Germany. As a
result, samples that were contaminated by TNT afatead compounds, contained also
significant amounts of acidic transformation prautlence, samples contained also 2,4-
DNBA (4.5 ug/L in leachate and 16@0g/L in groundwater), 4mg/L 3,5-dinitrophenol
(3,5-DNP) in groundwater and 2-A-4,6-DNBA (8@/L in leachate, 3.8g/L in surface
water and 7.4 - 8@g/L in groundwater). The discovery of acidic protueas important,
because the presence of these compounds havebeftaroverlooked due to difficulties
of detection in routine investigation under standdeonditions. In addition, also dinitro-
toluenes, aminodinitrotoluenes, dinitrobenzene tamitrobenzenes were found at ele-
vated concentrations. (Godejohastral. 1998.)



26

4. TOXICITY OF EXPLOSIVES AND DEGRADA-
TION PRODUCTS

The greatest ecological risks are caused by pensjdtioaccumulative and toxic (PBT)
substances; very persistent and very bioaccumal@t®RvB) substances; and compounds
interfering hormone functioning. (ECHA 2016; Ymsdministerié 2014, p. 48). Seri-
ous health risks and long-term effects for humaesa#so caused by CMR-substances
which refer to substances that are Carcinogenidatyenic, or toxic for Reproduction
(ECHA 2012). None of the secondary explosives dised in this study (TNT, RDX and
HMX) have been classified into these groups of dbals.

Many of the explosive compounds, their degradatimaucts and related substances such
as production impurities have toxical propertiebdKet al. 2013). Of the explosive com-
pounds and related substances, assessment of RBTAdPoperties has been made for
2,4-DNT (CAS number 121-14-2) under previous EUngioals legislation. As a result,
2,4-DNT did not meet the criteria set for PBT/vRv&ibstances, since the B criterion for
bioconcentration is not filled (ECHA 2016).

4.1 Bioaccumulation

Bioaccumulation potential of the organic pollutantay be evaluated by octanol-water
partitioning coefficient (Kw). Kow is determined by the distribution of the compounds
between water and octanol and is used to illustetsolubility of the substance. (Reini-
kainen 2007, p. 40-41.) As discussed in chaptertBe8log Kow (and Kow) values are
approximately 1.6 (Kow 39.8) for TNT (Ayoudbal. 2010), 0.90 (Kow 8.0) for RDX and
0.16 (Kow 1.46) for HMX (Monteil-Riverat al. 2004).

Octanol-water partitioning coefficients are genlgrakpressed as logarithmic values (log
Kow). The values are interpreted as log\KD meaning same proportions of a substance
in water and octanol. Logdt -1 indicate preference for water and the concaatraf

the substance is 1/10 in octanol from the conceatran water. High log Kw values
(>3) indicate lipophilic properties and the substaihas potential for bioconcentration.
Log Kow > 4 indicate moderate bioaccumulation and compsuvith log Kow> 5 are
extremely bioaccumulating. (Tyoterveyslaitos 20Y6&)paristoministerié 2014, appen-
dix 5.)

Uptake of RDX by many plant species grown at RDKtaminated soil or irrigated with
RDX contaminated water has been reported. Henc& &idcentrations corresponding
to soil or water levels have been shown with sogrealtural crop species (lettuce, corn
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stover, alfalfa) and aquatic plants (e.g. Elodestewstar-grass, sweet flag). Also signif-
icant bioaccumulation has been shown with agricaltlettuce and aquatic parrot-

feather. Exposure to RDX by eating agriculturalpsr@ontaining RDX is possible, but
estimates for oral exposure effects in humans atewvailable. Based on observations
from humans and animal studies, RDX is supposediyratied rapidly in the body.

(ATSDR 2012.)

Accumulation of HMX to different indigenous and &gitural plant species has also
been investigated in order to study phytoremediatiacremoval of HMX from contami-
nated soil. In the experiment, plants were growfiring-range soil containing HMX.
Indigenous plants were harvested on site and dgmalispecies were grown at green-
house. As a result, all 5 studied agricultural ggseand several indigenous species accu-
mulated significant amounts of HMX (up to 50 mgfkgsh material) in plant foliar tis-
sues. HMX was not degraded by plants. The onlyotiedeHMX transformation products

in plant tissues was mononitroso-HMX, which wagtsesent in soil. (Groorst al.
2002.)

TNT is also taken up by plant roots, but is eith@rtransported to leaves or is transformed
and immobilized as conjugates. However, TNT isddgi plants and hence, TNT is not
present in plants at high concentrations. (JerdnmsVogel 2014.)

4.2 Toxicity of the explosive compounds

Possible exposure routes of explosives for humenghalation, dermal absorption and
ingestion. Mostly health effect related data foplesives are based on observations of
munition plant workers and animal studies. Toxigatal data of TNT effects on micro-
organisms, invertebrates and plants are avail@blegata is scarce for other explosives.
(Kalderiset al. 2011.)

TNT

Toxicity of TNT and its degradation products haeeih extensively studied. During re-
cent years, the toxicity properties of TNT haverbegamined using aquatic and terres-
trial organisms including earthworms, mammals amahdn cells. The results of toxicity
analysis have been diverse indicating differenoesensitivity of the organisms to TNT.
(Ayoub et al. 2010.) In animal studies with mammals, wide variet adverse effects
have been noted including effects on gastrointaktrack, liver, kidneys and cardiovas-
cular, hematological, immunological, neurologiaaproductive, developmental, geno-
toxic and carcinogenetic effects. (Kaldesisl. 2011.)

In humans, association of TNT with liver damage andmia has been shown. TNT has
been classified as possible human carcinogen tapgs@according to classification of
US EPA (US EPA 2012b) and to Group 3 by the caiegtion of the International



28

Agency for Research on Cancer. The classificatioGmup C (according to original
1986 guidelines) refer to compounds with limiteddewce to cause cancer in animals
and little or no human data (US EPA 2016b). Sinilaglassification of Groups 3 (by
IARC) refer to compounds, which are not classiga#sé human carcinogen due to inad-
equate data (IARC 2016). US EPA has set a progosa Lifetime Health Advisory
level (LHA) of 2 pug/L and Drinking Water Equivalehevel (DWEL) of 20 pg/L for
TNT in drinking water. DWEL values describe exp@slavel at which no adverse effects
(other than carcinogenicity) is expected to ocawut are determined assuming 100% ex-
posure for substances from drinking water (US ERA2D). Hence, for TNT and other
explosive compounds, DWEL values can be considenédble in regard to health risks
caused by exposure from drinking water, since gdlyethere is no other exposure
sources in the environment for explosives and theeise effects caused by explosives
are other than carcinogenic.

RDX

RDX has no international (WHO) guidelines for airdsinking water quality and does
not have IARC carcinogenicity classification. HoweMUS EPA has classified RDX as
possible human carcinogen (Group C substance) etnprgposal for 2 ug/L LHA and
100 pg/L DWEL for RDX (US EPA 2012b). The US EPAa®aogenicity classification
is based on historical data which was interpregeiti@icating carcinogenicity at the time.
However, no evidence of RDX carcinogenicity hashbeletained from rats, and the pos-
sible evidence previously considered as indicaiiv@rcinogenicity in mice, is equivocal
and seems unlikely after re-evaluation of the stiitbnce, RDX carcinogenicity classi-
fication is currently under re-evaluation. (ATSDR12; Michalseret al. 2016)

The information about RDX toxicity for humans imlted and is based on individual

cases of RDX exposure and data inferred from angnalies. The effects reported for

humans are neurologic dysfunctions which occur arilyas convulsion and seizures.

Similar effects have been reported for differentraa species (rats, mice, dogs and mon-
keys) for acute and long term exposure. (ATSDR 2012

HMX

Limited data is available on effects of HMX to humaBased on animal studies, high
doses of HMX are hepatotoxic and have adversetsféeckidneys, gastrointestinal tract
and also mild hematological effects are possilldalderiset al. 2011.) The carcinogen-
icity classification according to US EPA is Group(ibt classifiable as to human car-
cinogenicity) and the LHA and DWEL values have bseifor 400 pg/L and 2,000 pg/L,
respectively (US EPA 2012b).
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4.3 Toxicity of the explosive degradation products and other
explosive associated compounds

Traditionally, only the toxicity of explosives hagen studied. However, during recent
years, more focus has been put also on toxicitlge@intermediates and degradation prod-
ucts of the explosive compounds. Available datdeftoxicity of explosives degradation
products has been recently reviewed by Kéteed. (2013). Toxicity to micro-organism,
algae, plant, invertebrate and vertebrate reporganisms was compared relative to the
toxicity of the parent compound TNT. Available toity data from published studies is
based on effects of the compounds to observed pdeasrsuch as mutation rate, growth,
reproduction, survival and mortality. As a restgtative toxicity of the degradation prod-
ucts is dependent on compound, organism and pagesrsttidied, but in many cases, the
toxicity of the product is within the same rangesgen higher compared to TNT. (Khan
etal. 2013.)

In addition to species sensitivity to substancégerénces in relative toxicity for explo-
sive compounds and degradation products obtaineeeba studies, can also be due to
variation in biotic and abiotic factors in soilds@ent or water used as exposure media
affecting the result (Lachanetal. 2004). However, relative toxicity of several known
TNT degradation products compared to TNT remainettatn, since comprehensive
studies with sufficient data has not yet been ghield (Kharet al. 2013).

4.3.1 Aminonitrotoluenes

The aminonitrotoluenes 2-ADNT and 4-ADNT are thestrebundant degradation prod-
ucts of TNT and are generally found in TNT contaabéd sites (Lachanat al. 2004).
Traditionally, TNT degradation products have beenstdered more harmless compared
to TNT. However, amino- and hydroxylaminonitrotahes has been found as less, even
or more harmful depending on organisms and paramstedied. (Khaet al. 2013.)

Indication of relatively slightly more ecotoxic grerties of TNT degradation products 4-
ADNT and 2-ADNT compared to TNT for cricket (Ache&tamesticus) reproduction (egg
hatching, but not egg production), has been regdKarnjanapiboonwonegt al. 2009).
Similar results for toxicity of 4-ADNT and 2-ADNTWere obtained in a toxicity test using
earthworms Eisenia andrei) grown in explosives amended sandy loam forest Bar-
ther reduced TNT degradation products 2,4-DANT ar&iDANT were not toxic for
earthworms. However, all substances were foundo@cbumulate in worms with bioac-
cumulation factors 6.4 (4-ADNT), 5.1 (2-ADNT), 52,4-DANT) and 3.2 (2,6-DANT).
(Lachanceet al. 2004.)

The data of toxicity properties éfydroxylaminodinitrotoluenes, triaminotoluene (TAT)
and azoxytoluenes is limited. 2-hydroxylamino-4i6xtotoluene and 4-hydroxylamino-
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2,6-dinitrotoluene seem to have similar toxicityperties than TNT while TAT and
tetranitro-azoxytoluenes seem less toxic comparddN(T. (Khanet al. 2013.)

4.3.2 Dinitrotoluenes

Dinitrotoluene (DNT) exist 95% of the 2,4-dinitrtdene (2,4-DNT) and 2,6-dinitrotol-
uene (2,6-DNT) isomers, while the remaining 5% ¢iesof 2,3-DNT, 2,5-DNT, 3,4-
DNT and 3,5-DNT isomers. DNT does not have a nadsgarce in the environment and
is generally found only at manufacturing or utitiva source areas. DNT is produced
commercially for TNT production and as an internagelin toluene di-isocyanate manu-
facturing. (ATSDR 2013.) 2,4-DNT is used in propalis of the energetic compounds
(Jenkinset al. 2006) and is also occasionally observed as detpadaroduct of TNT
(Liou et al. 2004; Martinet al. 1997).

In the environment, DNT is degraded at slow ratarigro-organisms and rapidly by
sunlight induced photolysis in surface waters diheven over 110 mg/kg concentrations
of DNT have been detected. (ATSDR 2013.) Dinitrotwles have also been found at
impact areas of anti-tank range at Alvdalen in Swedeobally due to incomplete com-
bustion at detonation. 2,4-DNT was found with 2@@kg and 2,6-DNT with 69g/kg
concentration. The concentrations were remarkaiglyen than of TNT and RDX found
at site, but less than of HMX (table 3). (Wingfetal. 2006). DNT is not strongly sorbed
to soil and therefore, can be transported to gravaibel. Concentrations as high as 10 000
Hg/L have been found in groundwater at a locatlosecto ammunition plant. (ATSDR
2013))

Both isomers, 2,4-DNT and 2,6-DNT are classifiedGioup B2: Propable human car-
cinogen by US EPA (2012) and possible carcinoggnsdency for Research on Cancer
(IARC). DNTs are also classified as priority podlat by US EPA (2016a). The assess-
ment of carcinogenicity is based on animal caroemagjity data and data concerning hu-
man carcinogenicity is not available (US EPA 199®)e short- and long-term effects for
DNT are similar based on animal studies. DNT inigeshas been reported to cause ane-
mia and damages in liver, nervous system and negieductive system. Exposure to
DNT by breathing can cause lung damages. Also,®xpato high doses on DNT may
cause death. (ATSDR 2013.)

In humans, data concerning exposure to DNT is el@hle and has been obtained from
occupational exposure studies prior to 1950s. Theskes lack knowledge of DNT con-
centrations, simultaneous exposure to other chédsniggossible and no control group
has been used. However, consistent hematologiwihfys of anemia and cyanosis with
animal studies as well as some neurological effetish as headache, dizziness, numb-
ness and pain) have been noted. Also, heart diseasecreased risk for urothelial can-
cer has been reported to be related to long-teqmesaxe to DNT, but no indication of
increased cancer risk for liver and kidney canbasbeen found. (ATSDR 2013.)
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4.3.3 Nitrobenzenes

Data concerning toxicity of 1,3-dinitrobenzene dn8,5-trinitrobenzene is scarce. Ac-

cording to toxicological profile of the substan€¢&995), nitrobenzenes cause similar ef-
fects and affect mainly blood oxygen carrying cayadlitrobenzenes can cause anemia
and also headache, nausea, and dizziness. Longticts in humans are unknown. In

animals, long term exposure has caused male regtiee lamages. (ATSDR 1995.)

US EPA has set proposal for 1 pug/L LHA and 5 pgMWIEL for 1,3-dinitrobenzene.
According to cancer classification, 1,3-DNB is agp D substance. No drinking water
advisory levels or cancer classifications has lsstrfior 1,3,5-TNB. (US EPA 2012b.)

4.3.4 Triazines

Triazines MNX, DNX and TNX are nitroso-metabolittmed as RDX degradation
products in anaerobic conditions. Studies concgrtomicity properties of triazines are
very limited, but possible indication of higheraizines toxicity compared to the parent
compound RDX was reported by Zhaetgal. (2006). However, as the current study is
the only one found relating to explosives, the itsstshould only be considered as indic-
ative for need of further study.

In a study of Zhangt al. (2006), the effects of MNX and TNX in soil to dastorm
growth and survival was examined. As a result, M&iXi TNX were found to reduce
growth of earthworms and were lethal at high cotregions. However, the toxicity of
the substances were dependent on soil type arefféets of compounds were higher in
sandy loam soil compared to silt loam soil. Accoglly, also faster degradation rate for
triazines were observed in silty loam soil. (Zhahgl. 2006).
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5. REMEDIATION OF GROUNDWATER

Explosives detected in groundwater are most comymndinated from military training
activities at shooting and training ranges. As sulte low concentrations of energetig
residues are transferred into the groundwater fsoattered sources spread out at wide
area. In contrast, contaminations due to previodsance disposal practices originate
from more concentrated point sources. (Clawsah 2006.)

Due to exceptional main contamination pattern gfl@sives,remediation of groundwa-

ter is inseparable from remediation of the explosives containing soil at site. This is be-
cause a continuous source of explosive compounagioundwater exists in compounds
bound to soil particles, and in scattered particlestaining explosives and additional
substances. The possible strategies for managevherplosives contaminated site are
1) remediation of soil and groundwater simultandowsgith an appropriatdn situ
method; and 2) remediation of soil and groundwaggrarately. Utilization of separate
methods enable selecting the best treatment ophaitu or ex situ) for soil and aquifer
and also taking site specific factors into accauote resiliently. When the concentra-
tions detected are low as generally is the cadarkin 3) observing the situation (moni-
tored natural attenuation, MNA) and preparing toifacecessary, is suitable option. Fur-
ther, in small scale, 4) water can also be treatede utilization site. This would permit
the safe utilization of water as drinking watethaligh remediation is not achieved.

The remediation and treatment technologies can\beed into separation, destructive
and immobilization processes. In methods utiliZegaration processes, the contaminant
is transferred from one media to another and furtreeatment of the contaminant is
needed. In contrast, no additional disposal prest@re needed after destructive pro-
cesses. Immobilization are based on stabilizattdheocontaminant in place and are not
considered as permanently effective solutions. (Waarenet al. 2002, section 3.)

The most frequently used approaches are pump-aat-ttechnology for contaminated
groundwater and excavation for contaminated sadthBapproaches are ex situ tech-
niques coupled with suitable method for subsequeatment of extracted material. (EEA
2014) As subsequent treatment method, incineragidine most frequently used for ex-
plosives contaminated soil. While incineration ffeetive and destructive method, the
major disadvantages are air emissions such asa@®NQ, production of unusable ash
by-product and high costs. (Snellieixal. 2002.) The costliness of incineration process
and the amount of adverse effects due to air eomssire clear considering the magnitude
of actual remediation process where the contanmdnatea may be vast. For instance, in
Nebraska at former military ordnance plant, the am@f soil requiring remediation was
10 kg soil. The estimated costs for incineration vdoliive been several million dollars
at the time. (Bieet al. 1999.)
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In contrast to common and possible practices desdgrabove, full-scale remediation or
treatment of explosive contaminated soil or grouaigwhas not been conducted in Fin-
land. So far, detected explosive concentration lien low and have not required re-
mediation activities. In Finland, the managemengxgilosive contaminations are based
on prevention of contamination formation in theffiplace, and techniques for prevention
of explosive transport are under survey. Howevegase remediation is needed, incin-
eration processes or any treatment requiring drastions do not seem likely methods
of choice in Finland. Instead, MNA and limited tm@&nt processes are likely actions.
(Koponen 2016)

Military training ranges in Finland are generalli{ed at sandy soils and according to
current knowledge, these locations often coincidl important groundwater formation
areas and drinking water sources (Koponen 201&) |8dislation concerning prevention
of groundwater pollution is very strict. Howevdrgroundwater contamination is never-
theless found, also the actions to correct theasdn are regulated and require risk as-
sessment. Hence, in addition to costs and techf@aalbility, the choice of remediation
method on site should include comparison betweeghads also on the basis of environ-
mental effects due to remediation. For instandézaiion of in situ techniques can re-
duce the amount of material to be further treated discarded, but also contain uncer-
tainty factors relating to outcome and length & temediation. However, possibility to
utilize in situ or on site methods (even partially) is recommertddok assessed. Hence,
the process to get authorization for remediatiamgrequires careful preliminary studies.
(Ymparistéministerio 2014, p. 26-27, 45, 134-1399)1

Due to requirements set for remediation, possyhititutilize active in situ management
strategies (i.e. chemical methods) is not self-@vidn groundwater formation zone and
spreading of chemicals inserted into aquifer hdsetprevented and carefully monitored.
Hence, utilization of separate approaches for enwrentally friendly remediation of soil
at site and temporary treatment of the groundwi@aerpump-and-treat technologies) un-
til the source has been treated, appears to bhégdsipproach.

In remediation of TNT and other nitroaromatics, tise of generally efficient air sparging
and soil vapour extraction methods are not optiolo@ to low volatilization properties
(Khanet al. 2013). Here, the possible techniques for simutiasdreatment of soil and
groundwater as well as the most important contatethevater treatment methods based
on pump-and-treat —approach are discussed. Iniaddhioremediation of explosives
contaminated soil is discussed, as bioremediasitime most important approach coupled
with pump-and-treat methods and is also a frequenifized component in reactive bar-
riers. As environmentally friendly method, biorenatwn would also be acceptable in
treatment of important groundwater at groundwatemftion areas.
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5.1 Pump-and-treat

Pump-and-treat technology has been used since Ed®Dss one of the most utilized
methods in groundwater remediation. (US EPA 1996mp-and-treat approach has been
used in several sites with explosives contamingtedndwater at former firing ranges,
military ammunitions plants and depots (Jenkins ¥odel 2014). The basis of the
method is extraction of the contaminated groundwhyepumping from groundwater
wells and treatment of the water above ground ltalske method. The treated ground-
water can be discarded or pumped back into agoyfenjection wells. (US EPA 1996.)

The greatest advantage of pump-and-treat methoakisbility for effective containment
of the contaminant plume (hydraulic control) andides restriction of contaminant mi-
gration. However, aquifer characteristics suchtesifcation, soil heterogeneity, water
flow rate and hydraulic conductivity effect on pwapd-treat —efficiency and need to be
taken into account in planning of the implementatiolreatment of the contaminated
water above ground also enables safe utilizaticeffettive contaminant removal or de-
struction technique (Jenkins and Vogel 2014.)

As a downside, the performance of the technologyoés remediation method is ques-
tionable, since the remediation goals set for gomated sites and reduction of contam-
inants levels for adequate levels has failed irD5/ar remediation times according to
evaluation reports of the method. The outcomeazitinent is not remediated groundwa-
ter, but instead, tailing, rebound and large remginontaminant concentration in aquifer
are typical for pump-and-treat. Tailing refers txlkihe of contaminant concentration at
progressively slower rate with continuing pump-aredt remediation, while rebound re-

fers to rapid increase of contaminant concentraditer pumping has been stopped. (US
EPA 1996.)

Rebound and tailing are due to storage depot afdhtaminants in soil, since pump-and-
treat does not remove the contaminant from soilaAsnsequence, the outcome of the
remediation often is not sufficient and depositirthe contaminant is left in soil. Hence,
to overcome rebound problems caused by continuouss of new contaminant from
soil, simultaneous source removal (e.g. by bioreateuh of the soil) is recommended
(US EPA 1996). Further, the remediation costs terae high due to high maintenance
costs combined with long remediation time typical fump-and-treat. (Jenkins and Vo-
gel 2014).

Still, pump-and-treat approach remain as impottetinology in remediation of contam-
inated groundwater and especially in plume con#slrestoration of the contaminated
site to achieve decline of contaminant concentnatizelow remediation goal is the ulti-
mate object, the primary goal of pump-and-treatydraulic containment and prevention
of contaminant spreading. For effective containméra hydrogeology and fracturing of
the aquifer should be well characterized and etitraavell placed accordingly to ensure
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effective contaminated water withdrawal to captomome of the extraction wells. The
pumping rate also needs to be sufficient to enalifledrawal all of the contaminant
plume instead of flow by the well. (US EPA 1996.)

In remediation of groundwater contaminated by TK@ &DX, groundwater extraction
and subsequent treatment with suitable method (oftest treatment with granular acti-
vated carbon) has generally been the applied mdttemkins and Vogel 2014).

5.1.1 Enhancement of pump-and-treat technology

In a broad sense of pump-and-treat technologidsgareements such as utilization of
physical treatment or chemical and biological ageain be included in pump-and-treat
techniques. Injection wells can be used for dejivadrreactive agents into aquifer and
contamination plume. The main objective is to emleamobility of the contaminants and
hence, increase recovery of the contaminants fretraced groundwater for further
treatment. Extraction wells are then used to watdboth the contaminant and the reac-
tive agent. (US EPA 1996)

Enhancement by physical processes include air sga(m situ aeration), which is not
discussed here, since as nonvolatile substancegaaging is not an efficient method for
explosives. Chemical enhancement processes inshitléushing and in situ chemical
treatment (which is discussed in chapter 5.3 fducéive processes and chapter 5.4 for
in situ oxidation). In biological enhancement prEsxs oxygen and/or substrates, such as
nutrients and other biodegradable compounds, atedaith order to facilitate subsurface
degradation of the contaminants by micro-organigsS. EPA 1996)

Biological enhancement processes such as addifiomaro-organisms and substrates
has been successfully used for treatment of TNTXRBd HMX contaminated ground-
water. However, enhancements for pump-and-treahasa adverse effects on ground-
water quality and require monitoring of groundwatéenkins and Vogel 2014.)

Soil flushing

In soil, TNT is rapidly transformed to productstthee adsorbed tightly on soil particles.
Soil flushing can be used to enhance recovery difegbcontaminants, residual contami-
nation and substances with low solubility to wakéence, cosolvents added to water in-
jected to aquifer can be used to increase solyliisubstances, or surfactants to increase
desorption of compounds. (US EPA 1996)

Soil flushing has been tested in laboratory foracaty to increase TNT extraction com-
pared to flushing with water, and to evaluate iaflce of flushing solution to treatment
of extracted water by AOP. As a result, 2.1 timesasced extraction of TNT was ob-
tained using 5mM methylated-b-cyclodextrin as flaghsolvent compared to water.
Also, degradation of TNT by photo-Fenton process arehanced due to flushing solution



36

by factor of 1.3. However, only extractability oNT was tested, since bioactivity and
TNT biotransformation to aminonitrotoluenes wasihited during the experiment.
(Yardin and Chiron 2006.) In a study of Sheremataldawari (2000), also extractability
of 4-ADNT and 2,4-DANT with cyclodextrind was tedtm addition TNT. According to
their results, extraction of 4-ADNT and 2,4-DANT svebower compared to TNT, but
some enhancement of nitroaromatics solubilizaticas vachieved by cyclodextrins.
(Sheremata and Hawari 2000.)

5.1.2 Treatment technologies for extracted water

Possible treatment methods for extracted explosisesaminated groundwater include
biological, chemical and physical methods of wisome are destructive and others non-
destructive. Contaminants can be treated bioldgi¢albioreactors (Van Deureet al.
2002 sections 2.10 and 4.47); chemically by allealwydrolysis (Hwang et al. 2005);
oxidative processes such as AOPs (discussed bef@mon processes (discussed as an
in situ remediation method, chapter 5.4) and Usdration (US EPA 1996); and removed
by physicochemical adsorption processes e.g. ugiagular activated carbon (GAC)
(Van Deurenet al. 2002 section 4.47; US EPA 1996) and pine bark rghfeim and
Odlare 2008). Explosives can also be removed bipalyseparation processes using
filtration or reverse osmosis (Van Deustral. 2002 section 4.50; US EPA 1996). Below,
of the most utilized methods GAC and AOP technolagg developmental method of
adsorption to biomaterials have been discussedlybrie

GAC

Activated carbon has high capacity for adsorptib@ T and its degradation product
TNB based on results obtained by Vasilyeval. (2002). The K values obtained for
adsorption to activated carbon were 6800 + 150@ kdk both TNT and TNB indicating
strong adsorption. In addition, most of the attalchHT (62% for 0.5% solution and 95%
for 1.0% solution) was not extractable by acetdaiind hence, was irreversibly sorbed.
Activated carbon also catalyzed oxidation of TNTTtéBAIc, TNBAId and TNB. (Va-
silyevaet al. 2002.)

Adsorption to biomaterials

The major disadvantage in utilization of GAC asatsg material is the need for sub-
sequent transport and destruction or regeneratiaeeal GAC (Jenkins and Vogel 2014;
Nefrenheim and Odlare 2008). Therefore, organiodmsts such as pine bark have been
studied, as the material can possibly be degradabjcally along with adsorbed explo-
sives. Pine bark is also an abundant and low castnml obtained from forest industry
and has been successfully tested for removal e @itganic and inorganic contaminants
as well. The efficiency of pine bark has been teébe TNT removal, and approximately
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80% of the TNT (with initial 21.7 mg/L concentratipwas adsorbed within 5 second
contact time in a laboratory scale study. (Nefremh&nd Odlare 2008.)

AOP

AOP methods can be utilized as in situ treatmenhatefor remediation of aquifers (Pig-
natelloet al. 2006). However, as AOP has been extensively testdgroved as efficient
method for destruction of explosives (Ayoettal. 2010), it appears as AOP has not been
utilized in large scale remediation processes,esguch reports have not been found
within literature survey of this work. Applicatiaf AOPs for soil remediation has been
problematic because hydroxyl radicals are inefficigith contaminants sorbed on natu-
ral organic matter of the soil or clay (Lindsey aratr, 2000; Yardin and Chiron 2006).

In utilization of AOPs as in situ method, difficielé exist also due to short life-time of
ozone. Hence, ozone needs to be produced on sitalsm efficient delivery of ozone
spread over large areas is challenging (Clagtat. 2011). The processes utilizing UV
are not even feasible for in situ treatment (Pigihat al. 2006). However, AOPs are
suitable for on site treatment of extracted explesi AOP-technologies include pro-
cesses based on Hydrogen peroxide (combination,©f EHnd UV, Fenton reactions,
Photo-Fenton and Fenton-like processes); Photgs&aDzone (@alone and in combi-

nation with UV); and Electrochemical processes (#yet al. 2010).

5.1.3 Example of utilization of pump-and-treat technology

Pump-and-treat has been used for explosives comdéea groundwater remediation in
US at Umatilla Chemical Depot, which is a formesita explosives wash out plant. Dur-
ing 15 years of plant operation prior to 1965, ¢hie was used for recovery and washing
of the explosives. The process waters were disdarde unlined lagoons resulting to
contamination of soil and groundwater. (Zheng areah@/2003.) Based on preliminary
investigations the contaminants of concern weretitied as TNT, TNB, DNB, nitro-
benzene (NB), 2,4-DNT, 2,6-DNT, tetryl, RDX, and XMThe most abundant and mo-
bile contaminant was RDX with concentrations u @16 pg/L. The site was included
on USEPA’s National Priorities List in 1987. (USmy Corps of Engineers 2010.)

Remediation of the site after preliminary studisted in 1993 for soil and in 1995 for
groundwater. The full operation of the pump-an@itieystem was reached in the begin-
ning of 1997. Groundwater table on site is at 18¥89ers below ground surface. The
original pump-and-treat system on site include@ehextraction wells (with total flow
4.92 n¥/min), treatment of the contaminated groundwategtanular activated carbon
(GAC) (with 9,100 kg GAC filter) and infiltrationfdhe treated water back into the ag-
uifer from infiltration basins. In addition, in-gitflushing was applied for a year (com-
pleted in 2000) to enhance remediation of the stibse soils beneath the lagoons used
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for disposal of process waters. The estimatednresat time for pump-and-treat system
was 10 to 30 years. (US Army Corps of Engineer9201

The remediation of soil ended in 2001, but remealdiion of groundwater was still on-
going at the time of third five-year report in 20Turing remediation, almost 6,000 kg
of explosives was estimated to be extracted frarctntaminated water (approximately
2.5x10°L treated) by 2008. Expectedly, the removal efficigand contaminant removal
rate has decreased over time: During first yedhefoperation in 1997, the removal rate
of the contaminants was 25 pounds/day, 16 poungsédgear later and only 0.4
pounds/day in 2004. Due to observed rebound effetse-pumping (cycling the extrac-
tion wells on and off) has been tried to increamet@minant mobility and concentration
in groundwater, and hence, to improve recoverya Assult, pulse-pumping did not result
increased efficiency in a long run, but a revisidmpulse-pumping has been planned for
time of higher groundwater level. During the lagtear reported period, the contaminant
concentrations have remained at the same leveVen mcreased in some monitoring
wells, and the concentrations at some monitorintisweave still exceed 100 pg/L for
RDX and TNT. The yearly operation, maintenance @moaitoring cost are estimated to
be around $440,000. (US Army Corps of Engineer©9201

5.2 Bioremediation

Bioremediation can be utilized in groundwater tneent as enhancement in pump-and-
treat and in permeable reactive barrier —techneto@lenkins and Vogel 2014). Also, an
efficient method for soil remediation is neededgsiextraction and treatment of ground-
water is insufficient for site remediation due ¢éoaining depository of contaminants in
soil. (US EPA 1996.)

During recent years, bioremediation has emergeuh adternative approach in treatment
of explosives contaminated sites instead of trawl#i combustion processes for exca-
vated soil with the advantage of bioremediationcpsses are environmentally friendly
approach (Anasonyat al. 2015). However, challenges for bioremediationcaesed by
simultaneous contamination by several substanddsugh RDX and HMX can be min-
eralized under suitable conditions, degradationMT is more challenging. TNT tend to
be reduced and bind irreversibly on soil. (Jenkind Vogel 2014.) Also, possible solid
contaminant particles in soil cause difficultiesbremediation, since solid particles act
as constant supply of the contaminant. As a coreseg) the concentration remains high
and can be toxic to micro-organisms on site affigchiotransformation rates and sup-
press in situ bioremediation. (Bieral. 1999).
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Fungal bioremediation

Although promising results has been obtained foil Td¢gradation and mineralization

by fungi, most of the experience so far has beem flaboratory and small-scale experi-
ments. Therefore, more experience is needed and poactical aspects solved before
application of fungal degradation to large-scalerdinediation of TNT contaminated

sites. In actual remediation sites, the chosendlsygecies (strains grown in laboratory),
should be able to degrade and mineralize TNT wdige tolerating explosives (and pos-
sibly other simultaneous contaminants) in high emmi@ations and also compete and
thrive with the indigenous micro-organisms on ifsmasonyeet al. 2015).

Fungal treatment of highly TNT contaminated soiked with composted green waste
was recently examined in pilot-scale. The resuitsased that an elevated degradation of
TNT within 50 days of incubation was obtained vl presence of one of the examined
species (804 % degradation compared to initiateatrationP. velutina) while the deg-
radation rate was 50+£14% for the soil containinty @amdigenous micro-organisms and
no added fungus. No advantage was obtained usiey species. Even negative effects
were observed with presencekofmutabilis (0% degradation), possibly due to intubjit
effects of the strain to indigenous organisms. H@xesuccessful scale-up from labora-
tory usingP. velutina for degradation of high TNT concentration was shoiowever,
the results obtained do not correspond to conditwinnatural environment, since the
experiment was conducted in a greenhouse at cdnstaperature of 25°C. Soil was also
aerated and protected from drying during the expemnt. As a further downside for fun-
gal applications it has been noted, that to endageadation of the contaminants, nutri-
ents should be added to obtain balance betweewrcand nitrogen, phosphorous and
minerals (Anasonyet al. 2015).

Biostimulation

In biostimulation, the growth of indigenous micraganisms able to degrade contaminant
compounds is enhanced by adding exogenous sulssimébethe aquifer on site. For in-
stance, degradation of RDX can be enhanced in alpi@econdition by addition of or-
ganic substrates in order to generate reducingittons! (Michalseret al. 2016). By ad-
dition of suitable substrates, prevailing condiion soil and hence, prevalent degrada-
tion pathways, can be influenced. For instancantdycing suitable sulfate-reducing or
methanogenic conditions in soil, possibly accumaitadf nitroso-intermediates as a re-
sult of RDX degradation can be avoided by favoring-cleavage pathway. For this pur-
pose, good results have been obtained by utilizati@mulsified vegetable oils as carbon
substrates. (Chet al. 2015.)
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5.3 Permeable reactive barriers (PRBs)

Permeable reactive barrier (PRB) technology utilitoe explosives is generally based on
in situ chemical reduction of contaminants. Sinegallopment of PBRs in 1990s, the
technology has been successfully and cost-effdgtused for treatment of contaminated
groundwater by more than 200 installed PRB sys{@&nf®C 2011; Kalderigt al. 2011).
PRBs have also been applied to treatment of congsocontaining multiple nitro groups
including TNT, RDX and HMX. The reduction rate dfiT is fastest and as a result, TAT
is formed via ADNT and DANT. Subsequent natura¢mtiation of TAT is presumed.
(Jenkins and Vogel 2014: Tratnyek and Johnson 2@&I1X is reduced to triazines (Pich-
tel 2012) while HMX is not readily degraded by aldaeduction (Park et al. 2004).

PRBs are defined as “in situ permeable treatmems zesigned to intercept and remedi-
ate a contaminant plume”. PRBs are developed fesipa action by allowing contami-
nated groundwater to flow through PRBs utilizingiiéey hydraulic conditions and with-
out mechanical assistance. (ITRC 2011.) The mararadges of PBR technology is pas-
sive remediation after installation of the barri&so, pumping of groundwater and sub-
sequent treatment and disposal of extracted mhtemet needed. (Jenkins and Vogel
2014.) Despite of utilization of PRBs as establisbechnology, PRBs are still being
evolved. Hence, new reactive materials are beiptpgted and new construction methods
developed. (ITRC 2011.)

5.3.1 Elemental iron in PRBs

Iron is often used in chemical reduction, sinceatlietiron (zero-valent iron, Feis an
avid electron donor in water. Hence’Bet as strong reductive agent. Advantages of Fe
are also nontoxicity and low cost of the mate(@IRC 2011; Wilson 1995 according to
Singhet al. 1999.)

The effectiveness of Fe0 in remediation is depenolesoil conditions. pH and reduction
potential (Eh) effect of dissolution of iron whighcoupled to reduction of suitable com-
pounds. The purpose is reduction of contaminantpoamds, but the presence of com-
peting oxidants such as inorganic N@nd SG* act as electron scavengers. (Snoeyink
and Jenkins 1980 according to Sirgglal. 1999.) Fe corrosion results to increasing pH
which favors Fe hydrolysis reactions subsequermiylting to precipitation of iron(lll)
hydroxide (Fe(OHy) unavailable for reductive degradation (Snoeyindé denkins 1980
and Schwab and Lindsay 1983 according to Setgth 1999).

In general, degradation of RDX is enhanced as pHeENdecreases and is highest at very
low pH (at pH 2), but the method is applicable &fiicient also at neutral pH range
(Singhet al. 1999). Utilization of neutral pH in Beemediation has an additional ad-
vantage of promoting subsequent bioremediatiomainéralization. In studies witHC-
labeled RDX, enhanced production’¢€-labeled CQ@ has been detected following°Fe
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treatment of RDX. The result indicates better bgyddability of Fé&-treated RDX com-
pared to untreated RDX. (Singhal. 1999)

In laboratory, 95% reduction of RDX of @M solution within 4 h and complete reduc-
tion in 8 h with pH 7 and -150 mV reduction potahtias been reported. Similarly, 99%
RDX degradation from soil slurry was achieved ini2#h buffered pH 7 and Eh —150
mV conditions. The result was enhanced by 24% coeapto unbuffered control. As a
result, the authors concluded, that utilizatiofréfin RDX remediation can be enhanced
by promoting conditions with neutral pH and lowerigh. (Singhet al. 1999.)

In degradation of TNT using F°RB, complete conversion of TNT to TAT in column
studies has been reported. Not any of the TNTtéopartial reduction products) were
found in effluent of 15 cm long column even at hilglw rates and only TAT was found

in the effluent. As TAT is transformed rapidly iarabic conditions with low to moderate
pH, TAT is expected to be passed into downgradaenifer in full scale PRB systems
and to become readily further degraded by natutahaation. (Tratnyek and Johnson
2011.)

5.3.2 Coupling bioremediation with PRBs

A major advantage of PRB technology is a possyhititcombine different methods with
remediation. Hence, both chemical reduction by mod bioremediation of explosives
can be coupled and included in PRBs as simultangeasment. (Jenkins and Vogel
2014.) Zero-valent iron has been tested in rentiediaof explosives-contaminated
groundwater using integrated bioremediatioA-Fgystem for treatment of RDX. The
combination of zero-valent iron and bioremediatgystem was found more efficient
compared to either treatment ffe bioremediation) alone. (Widman and Alvarez 2001

As a downfall with iron containing PRBs is ageirfgron materials and decrease of the
contaminant destruction rates over time. As a ptsgxplanations for observed ageing
is accumulation of precipitates blocking the baraed corrosion of iron. (ITRC 2011,
Tratnyek and Johnson 2011.) Also, utilization of88Rs generally limited to shallow
aquifers with maximum depth of approximately 12 enet The PRB has to be set on path
of groundwater flow and fitted to hydraulic condiis to prevent bypass of water around
or beneath the barrier. Gates consisting of impabieematerial can be set as funnel on
sides of the barrier to aid in guiding of groundsvaihrough the barrier. (Jenkins and
Vogel 2014.)

5.4 In situ chemical oxidation (ISCO)

The basic idea of ISCO technologies is to transgodt release oxidative agents directly
into the contamination zone in groundwater and sadmne. Due to high oxidation po-
tentials, the most commonly utilized oxidants ifC{3 are hydrogen peroxide {Eb,
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which oxidation potential is 1.78 V), Fenton’s reaj(combination of kD, and Fé"),
ozone (@, 2.07 V), permanganate (MaQ1.68 V) and persulfate §8s>") (Kalderiset
al. 2011).

Challenges in ISCO technologies are on efficiefivdiey of an oxidizing agent and the
effects of soil heterogeneities for uniform deliwefUS Department of Energy 1999).

Fenton reactions

Traditionally, Fenton reagent (combination of Fend HO,) has been used for degrada-
tion of wide variety of persistent organic composimttluding nitroaromatics, PCBs and
compounds existing as LNAPL and DNAPL phases (Kadde al. 2011). The effect of
Fenton reagent is based on production of highlgtrea hydroxyl radicals (OHs) as a
consequence of series of reactions involving adtigon of iron between oxidative states
(Fell and Felll), formation of superoxide anion (§2nd hydroxyl radicals. OHs is non-
specific strong oxidant (E= 2.73 V) capable of oxidation of wide variety afganic
compounds (Bieet al. 1999; Pignatell@t al. 2006).

The advantage of Fenton reactions is rapid degmadat pollutants but the reaction ef-
ficiency depends on pH and concentration &f Bad HO, (Bieret al. 1999). Utilization

of Fenton method is limited to conditions with p&hge 3-7 (while the best results are
obtained within pH 3-5). The effectiveness of thetimod is also decreased remarkably
with presence of free radical scavengers suchrascate (Kalderigt al. 2011; Siegrist

et al. 2001 in Kalderist al. 2011). However, applications of Fenton reactioagehthe
advantage of suitability for simultaneous remedmatf soil and water (Petet al. 2011).

Bier et al. (1999) studied treatment of RDX-contaminated wated soil using Fenton
reagent. Degradation of high concentration of R (ng/L) was observed utilizing
1C- labeled RDX. Also the influence of pH and valeaboncentration of F&and HO;
were assayed. As a result, complete RDX destrustemobserved within 24 hours and
the fastest rate for RDX destruction occurred at3plAccording to mass balance exper-
iments usingd“C-RDX, 76% of!‘C disappeared from the solution within 12 h. Mdst o
the'C lost from the solution was identified 4€0; (68%) indicating full mineralization.

Requirements groundwater characteristics for eifficutilization of Fenton reactions are
maximum alkalinity 400 mg/L (expressed as CaC@H under 7.8 and sufficient hy-
draulic conductivity (over I8 cm/s). (Kalderist al. 2011).

Ozone

Recently, @ has been utilized for in situ treatment of grouatkv and the vadose zone.
The advantage in exploiting ozone in ISCO is, Hwdh soil in vadose zone and saturated
groundwater zone can be treated simultaneouslyn©vented in porous soil reacts with
organic material and iron oxides in the soil pradg®H radicals, which in turn are able
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to degrade explosives. In additiorns © able to degrade organics directly in acidic-con
ditions. (Kalderiset al. 2011). On the other hand, the downfall is thabighly reactive
and short-lived gas, ozone has to be producedterf\é&an Deureret al. 2002).

Utilization of ozone for treatment of RDX in soh& been demonstrated by column stud-
ies. Degradability of RDX by ozone was observea@$iC labeled RDX by treatment
of authentic contaminated soil in columns with wagywater contents. The results
showed that 50% mineralization was obtained indaeand over 80% of the initial RDX
was mineralized within 7 days. The water contenthefsoil had minimal effect on the
results. During the study, also increased biodeaigity of RDX was observed. (Adam
et al. 2006.)

Fleminget al. (1997) used ©in combination with HO. (peroxone technology) in pilot
system for treatment of TNT, RDX, HMX and othero#@romatics in groundwater. With
the best treatment technique used, removal rat@8-608% for TNT, 90 - 98% for RDX,
69 — 88% for HMX for three treatment wells was népd. The initial concentrations
varied between 11.5 — 1,3jdg/L for TNT, 13.6 — 97.@g/L for RDX and 2.8 — 16.phg/L
for HMX. Although the removal rate was high for TNdoncentrations below required 2
ug/L was not reached at the most contaminated well.

Permanganate and per sulfate

A pilot scale ISCO process utilizing permanganatetifeatment of RDX contaminated
groundwater was tested by Albano (2009). In thesgrpent, a current of permanganate
was created on site by injecting the permanganébetie groundwater via injection well
and extracting the plume from downstream extractiel. The process and degradation
of RDX was observed by electrical resistivity imagvia field of monitoring wells cov-
ering the site. In the experiment, 70-80% of theXRizas degraded in the vicinity of the
injection wells but even distribution of permang@naas challenging. Due to stratifica-
tion of aquifer, the injected permanganate followkdv paths not concordant with
groundwater flow leading to fingering of the plunj&lbanoet al. 2010.)

Among most commonly used agents in ISCO, persutfasethe advantageous capability
to produce highly reactive sulfate radicals in &ddito direct oxidation. The production
of radicals can be initiated with heat, alkaling, fief* or H,O2. However, persulfate has
been used very little for destruction of explosi&alderiset al. 2011.)
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6. TREATMENT EXPERIMENTS OF THE TNT/RDX
-CONTAMINATED WATER

During recent years, along with improved sensigiat available analysis methods, re-
sidual concentrations of the most commonly usediosies TNT, RDX and HMX have
been identified in soil and groundwater in militargining ranges in Finland. Permeable
and sandy soil types are preferred as military shgand training sites, but such soils
are also ideal for groundwater formation. Hencditany training areas are often located
at groundwater areas classified as important drgkvater resource. Due to recent find-
ings of trace concentrations, the Finnish Defermeés have started investigation to ex-
amine and monitor explosive residues in groundwateraining ranges and to create
strategy to manage possible findings. Detectederttrations have been at low (at 1 pg/l
order of magnitude) level and assessed to caukamoto health and environment. (Ko-
ponen 2016.)

Feasible strategies for the Finnish Defence Farcemnagement of removing explosives
concentrations from groundwater could be limitedev&reatment strategies at individual
groundwater wells or at water works stations, plesive traces are found from ground
water used as drinking water by a larger commuiitgddition, applicability of possible
remediation methods is under evaluation, althoufjhient remediation of vast areas
would be challenging. Further, current trainingaarare in operation and possibly differ-
ent strategies need to be considered for situabbh®atment due to past activities and
for areas still in utilization. (Koponen 2016.)

In this study, the efficiency of pump-and-treatséad groundwater treatment methods by
readily available equipment of The Finnish DefeRoeces are tested for TNT/RDX con-
taining water. As the experimentsutilization of reverse osmosis (RO) with prefittom

is tested for removal of explosives from water; &ritie efficiency of UV irradiation is
evaluated for degradation of TNT and RDX in wateraddition,® rate of natural atten-
uation and abiotic degradation of TNT and RDX ialeated by monitoring degradation
of TNT and RDX from water in dark conditions andoeged to natural light for two
weeks.

The experiments for treatment of the explosivedaromated water were conducted at
Finnish Defence Forces Logistics School in Riihindiking 8.-9.6.2016.
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6.1 Sample preparation

In the water treatment experiments, TNT and RDXewnesed as explosive compounds.
Authentic explosives containing groundwater was anatilable with sufficient concen-
trations of the explosive compounds for the expents. Therefore, the experiments were
conducted using synthetic samples containing TNOTRIDX dissolved in test water from
Riihimaki water supply network.

The water in Riihimaki Garrison is provided by Rifden Vesi and is pumped from
groundwater wells from Piirivuori in Hausjarvi. Véatis treated at Haapahuhta water
works, where pumped groundwater is aerated, akdlizy NaOH and treated with UV
irradiation prior to distribution into water supphetwork. The Haapahuhta station has
capability for water chlorination if needed, butla time of the experiments, no chlorin-
ation has been conducted. Hence, additional sutetanterfering the experiment have
not been added to water supply. (Ramo 2016.)

The samples were manufactured on site by dilutiiogiats of predissolved TNT/RDX —
solution concentrate into tap water in temporanytamers. The predissolved sample was
prepared in The Finnish Defence Research AgencRE&)y dissolving 1,0011 g TNT
into 10 ml acetonitrile and 1,0113 g RDX into 10 dmnethylformamide. As a result,
100.11 mg/ml TNT and 101.13 mg/ml RDX concentrates obtained. 1 ml of each
concentrate was mixed to 50 ml acetone yieldingtgmi containing 100.11 mg/ml TNT
and 101.13 mg/ml RDX. In preparation of the sampdeshe experiments, the aim was
to obtain final concentration 50 pg/L for TNT an®R Therefore, 1 ml of the solution
was diluted with heavy mixing (caused by water fioo container) into 2 Awater for
reverse osmosis experiment and 0.5 ml into*Amatter for UV-degradation experiment
to obtain desired concentration. The 2aeontainer used was fully closed and protected
from light, but the 1 rhwater container was filled up from top, and herthe, sample
was partially exposed for natural light for a shtorte during filling the container.

The solubility of the RDX is significantly lower ogpared to TNT especially in low
groundwater temperatures (see chapter 3.1). Ther waed for the experiment was taken
from fire hydrant and was cold (below 9 °C). Theref the possibility of RDX (and also
TNT) to precipitate in sample preparation was sageke To avoid precipitation, the con-
centrate was added slowly into large quantity ofewavith heavy mixing by water flow
into container. However, from a closed containesgiiae precipitates were undetectable.
Hence, the final concentrations of RDX and TNTritial samples were determined in
laboratory and were not known at the time of peniog the experiment.

6.2 UV-degradation experiment

Generally, groundwater delivered by water supplyvoek in Finland is clean and free
from pathogens and other contaminants (Vesilaitdisyys 2014a). However, according
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to Finnish legislation concerning water qualitypaeity for water disinfection has to be
arranged at water works (STM 1352/2015; Vesilaitostys 2014b). Therefore, UV ir-
radiation is used as precautionary measure to emgiivery of pathogen free water for
consumers at many groundwater stations (Vesilditisyys 2014a). UV irradiation is
rarely in constant use, but if needed, the capdoifast deployment of the disinfection
methods has to exist according to STM 1352/201&rge groundwater station or at sta-
tions, where higher risk for water contaminatiofstex Since UV irradiation is also an
effective method for degradation of wide variety affemical contaminants and the
method is already available at many groundwatéiosis, the efficiency of the method
for degradation of explosives (TNT and RDX) wagddsThe purpose of the experiment
was to determine, whether UV irradiation aloneusiisient for degradation of TNT and
RDX concentrations from the test water during sated standard water treatment prac-
tices at water stations prior to delivery of theavdo water supply network.

Degradation of explosives by UV-light irradiatiorasvtested in two experiments, sub-
jecting the sample for UV-irradiation with approxtely 407 J/rhand 550 J/mUV dose.
The UV dosages used were chosen to correspondaeat water stations. At minimum,
400 J/m dosage is used at water stations to ensure disiorieof (99.99% elimination of
B. subtilis representing disease causing bacteria) (Vesildithstys 2014a). The 550
JIn? dosage represent situation at lower water flosigh UV equipment or deployment
of new UV lamp resulting to higher UV dosage.

6.2.1 Calculation of UV intensity

In the experiment, Wedeco Aquada proxima 7 —UV ap@nt was used. The recom-
mended maximum flow for the equipment is 5.%mwhen the 400 JAdosage for
slightly turbid water source (with transmittancé&8dr higher) is achieved according to
manufacturer (Wedeco 2016). The water volume indiddehamber is 6.3 liters (cylinder
water volume), but the inside diameters (lengttheflight path) of the UV chamber were
not known for calculation of UV intensity. HenceVWosage was calculated using a
chart determining relations of UV dosage, watebitlity and water flow rate provided
by equipment supplier. Since there were no knovdenfgactual TNT/RDX -water sam-
ple turbidity and determination of turbidity wastpossible at site, the UV dosages were
calculated presuming UV transmittance 94%, whichymcal for Finnish tap water
(Viiala 2016).

According to manufacturer chart, 400 3/bV dosage is achieved at flow rate 6.2m
when UV transmittance (1 cm in %) is 94% and wims transmittance, 300 JtdV
dosage results from 8.3%h flow rate. Dose calculations in the manufactsiehart are
based on average intensities obtained by pointceosmmmation —method. (Wedeco
2016). Neither Aquada proxima 7 or the pump usedMrexperiment set up are equipped
with built-in flow rate meter, so adjusting flowteafor desired values were not feasible.
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Therefore, the cylinder water volume 6.3 L andittiermation obtained from manufac-
turers chart were used for calculation of UV intgn@N/m?) for 94% transmittance ac-
cording to equations 2 - 3.

] _ cylinder volume 6.3L ~ 3.66 )
contact time [s] = Flow rate = - i ) 1000 L ) o ~ 3.66s (2)
“ h m3 60 x 60 s
400 J_
UV intensit [W] UV dose m2 109.2 w 3
intensi —| = = ~ 2
Y [m2 contact time 3.7s m2 (3)

The calculations of contact time and UV intensigrevdone similarly for 300 JAV
dosage. The values used for UV intensity calcutatiare shown in table 4.

Table 4. UV intensity calculation based on information aibed from manufacturers
chart.

Flowrate | m3/h | L/h | L/s | Cylinder water | contact uv UV intensity
volume time dose [W/m?]
[L] [s] [/m?]
6,2 m3/h 6,2 6200 | 1,72 6,3 3,66 400 109.2
8,3 m3/h 8,3 8300 | 2,31 6,3 2,73 300 109.9

Avg. 109.6 = 110

Based on information obtained from manufacturehart average UV intensity 110
W/m? was obtained and used for calculation of UV dosdigected for samples during
the experiments.

6.2.2 Experimental procedure

In the UV experiment, UV dosage directed to samplas regulated by adjusting the
water flow through the UV equipment. The experinaéset did not include flow meter,
but the pump efficiency and output of the hose grassly adjustable. Measurements of
flow rate were achieved by taking time of tripliedilling up of 65 L tub. Prior the UV
experiment, adjustment of flow through was test&t ywure water and the adjustments
were made, until flow was close enough to planraddes of 6.2 fih (resulting UV dose
407 J/n) and 4.5 i¥h (UV dose 550 J/A).

RDX/TNT containing water sample for UV degradatexperiment was prepared into 1
m?® container, from where the sample was conductétM@quipment using preadijusted
flow rate. From the UV equipment, the irradiatedhpée water was conducted to tubs
and the tub filling was timed. The tub filling tirend tub volume 65 L were used to
calculate the realized flow rate of the experimenitee tub filling times and realized flow

rates are shown in table 5.
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Table 5. Determination of flow rates in the experimentsrbgasurement of 65 L tub

filling time.
Experiment | Test | Tub filling time | Tub volume | flow | flow flow
[s] [L] L/s | m3/s m3/h
Tubl 37.1 65 1.8 | 0.0018 6.3
) Tub2 37.2 65 1.7 | 0.0017 6.3
407J/m* "3 39.4 65 1.6 | 0.0016 5.9
avg. 37.9 65 1.7 | 0.0017 | avg. 6.2 m3/h
Tubl 49.2 65 1.3 | 0.0013 4.8
, Tub2 50.6 65 1.3 | 0.0013 4.6
S504/m* b3 52.9 65 1.2 | 0.0012 4.4
avg. 50.9 65 1.30 | 0.0013 | avg. 4.6 m3/h

Subsequently, realized sample contact time wasiledésl from flow rate (6.2 #h and
4.6 n¥/h) and UV chamber volume 6.3 L (as described umatiqn 2). Finally, the UV
dosage directed to the sample was calculated althulated contact time and UV inten-
sity (equation 4).

w
UV dose [Lz] = contact time [s] * UV intensity [—2] (4)
m m

Determined UV dosages under experimental conditiere 550 J/rhfor UV experiment
1 and 407 J/ifor UV experiment 2. Measurements of UV dosagesriplicate samples
are presented in table 6.

Table 6. Determination of UV dosage directed to samplesthas realized flow rates in
the experiments.

UV chamber Contact | UV-intensity
Flow rate Flow rate . 2
m*/ h /s water volume | time [W/m?]
[L] [s] (UVT 94 %/ 1 cm)
407 J/m? | 6.2 1.7 6.3 3.7 110
550J/m? | 4.6 1.3 6.3 5.0 110

Duplicate samples for explosives compound analygie taken as collection samples
from three tubs right after the experiment and semanalysis.

6.3 Treatment of explosives contaminated water by r  everse 0s-
MOosis

Treatment of TNT/RDX contaminated water by predifion and reverse osmosis (RO)
was tested using Karcher WTC 1600 GT -modular waiefication system. The Karcher
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system has been developed for utilization as melaker purification system transported
on trailer and equipped with electrical power gatar The equipment is feasible for
production of drinking water from natural raw waseurces such as lakes, rivers and sea,
and is efficient in removal of biological contamiiioa (bacteria, viruses and toxins),
chemical contamination (organic compounds and gigsalts), minerals, particles and
even salt from seawater. Water purification is dase RO, but the equipment also has
prefiltration module with 0.5 um filter and an atilohal UV treatment module (UV can
be turned off) as back up precaution measure. Wilates through the system at maxi-
mum rate of 4 rfih in WTC 1600 models, of which up to 1.6/mpurified drinking water
can be produced depending on water source purtyemperature. The rest of the source
water is discarded as reject from RO membranesc(ied 2011).

The Finnish Defence Forces have Karcher WTC 160G&fEr purification systems to
ensure availability of drinking water for militafgrces where ever needed. Hence, the
equipment can be used at sites where crisis maragasineeded. In such destinations,
drinking water sources may be scarce and heavilytpd by biological or chemical
agents including munitions and explosive compouhdsto military action at site. (Ko-
ponen 2016) Here, utilization of reverse osmost preceding filtration step is tested
for the equipment efficiency for removal of TNT aR®X from water. The purpose is to
show the safety of the drinking water treated baerse osmosis and the equipment uti-
lized by The Finnish Defence Forces. Reverse osmnssilso a method, which can be
utilized in water works for water treatment, espégiin production of drinking water
from sea water (ref?). Hence, the purpose of tipexent is also to evaluate suitability
of the method for water treatment in case of péssiplosives contamination at water
stations.

The water sample containing TNT and RDX was prepamto 2 n? container. In the
experiment, sample water was pumped directly fioencontainer to prefiltration unit by
pump and hose included in Kéarcher water treatmystés. The 0..um prefilters are bag
filters and hence, no reject is formed. All theefied material is retained in the two sets
of bag filters and water passing the filters isdiorted to parallel sets of RO membranes
(RO1 and RO2). All the water passing the first R@mbranes are directed to third RO
membrane (RO3). The purified water passing RO8hsaquently conducted to drinking
water output through UV unit of the system. Durthg experiment, the UV system was
turned off. The reject from RO1-3 is discarded frosject water output. A diagram of
water treatment in Karcher system is shown in gaur
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Figure 2. Diagram of water treatment in mobile Karcher WI&D0 GT water purifica-
tion system. RO 1-3 are separate reverse osmeaisitent units (modified from Karcher
2011).

Both the prefiltration and RO treatment start imnagaly after turning the equipment on.
The water treatment system was prepared for uizeaafter storage and maintenance
using tab water (which was used also in sampleapation) from separate 11°mon-
tainer. After initialization, equipment was ran lvgample water for ten minutes before
directing the output hoses for separate tubs wkemgles were then collected for analy-
sis. Duplicate samples were taken after prefittrafrom hose attached to additional wa-
ter input valve, after reverse osmosis treatmemb fdrinking water output and from reject
water output.

6.4 Abiotic degradation of TNT and RDX

Abiotic degradation of TNT and RDX was monitoredidg two weeks. The TNT/RDX
water sample used in the experiment was an aligutite sample, which was prepared
for UV degradation experiment. The purpose of tlilew-up experiment was to monitor
abiotic degradation rate representing natural agtgan of TNT and RDX in water. Deg-
radation of TNT and RDX was compared between darklitions and exposed to natural
light from samples kept outdoors for two weeks.

Samples were stored in 65 L tubs of which the othes tightly covered by black plastic
protecting sample from natural sun light and raid also preventing evaporation. The
UV protection capacity of the plastic used to cawer sample was not tested and hence,
it is possible that some of the UV radiation pagbedugh the plastic. The other tub was
kept under shed roof next to wall giving some ptte from possible rain. Otherwise
the sample container was open and directly affebteeveather conditions similar to
ponds and other surface waters. The follow-up saswkre taken from both containers
at 7" and 14" day and sent for analysis.
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6.5 Analysis

All samples were kept in dark and packed in cooldsowith coolers right after the sam-
ples were taken. Samples were shipped instanigltoratories to ensure the quality of
the samples. Table summarizing all samples takemglexperiments is presented in
table 12 in appendix 5.

Water quality parameters were analyzed from Riitkinvéater used for dilution of the
samples before addition of TNT/RDX —solution cortcate. The analyses were made at
accredited Finnish laboratory, SGS Inspection $es/Oy in Kotka, where the samples
were transported by bus. Water was analyzed folgudording to ISO 10523:2008),
oxygen content (based on inoperative SFS 3040:1@8&)trical conductivity (SFS-EN
27888), chemical oxygen demand (C@P(SFS3036), hardness (modified SFS 3003),
dissolved organic carbon content (DOC) (SFS-EN L484d additionally dissolved met-
als according to EN ISO 17294-2. Temperature wasraleasured from the solution con-
tainers prior the experiments.

Duplicate samples were taken from two initial seerglutions prepared for UV degra-
dation and reverse osmosis experiments. The samplessent to laboratory for analysis
of the final concentrations of the explosives alifamples. From the 13montainer used
for sample preparation for the UV irradiation tesdso sample from the bottom of the
container was taken after UV-degradation testsdeioto detect possible precipitation of
RDX or TNT during the test in the container.

The analyses to determine concentrations of TNTXRBd TNT degradation products
from UV irradiation, reverse osmosis experiments fmlow-up study of abiotic degra-
dation were made at accredited laboratory SGStungtresenius in Dresden, Germany.
The samples were sent to laboratory by airmailv@eck received in destination the fol-
lowing morning each time after sampling. Samplggration and analyses were initiated
instantly. The samples were analyzed by high pevéorce liquid chromatography
(HPLC) with UV detection according to DIN EN ISO4ZB. The method is intended for
determination of explosives (nitrotoluenes, nitra@@s and nitrate esters) and related
compounds (frequently surveyed by-products andatkgion products) in groundwater,
surface water and drinking water (EN 1ISO 22478:2088 samples were taken and an-
alyzed as duplicates and a total of 23 explosiatyais were made.

In addition to samples analyzed in SGS laboratdBL(C with UV detection), 3 samples
from UV-degradation, 2 samples from reverse osmosé&ment experiments and 2 fol-
low-up samples were analyzed at The Finnish Def&ss®arch Agency (FDRA) to ver-
ify the results using another analysis methodhérhethod used by FDRA, the samples
were preserved immediately after sampling usingusodisulfate(NaHSQ) and con-
centrated using solid phase extraction prior tdysie The samples were analyzed by
Liquid chromatography—mass spectrometry (LCMS) aithospheric pressure chemical
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ionization (APCI). The analysis was also confirnbydHPLC after US EPA 8330b. The
intent of using two different analysis techniquesswo determine equivalence of the two
methods and evaluate correspondence between rebtdised by different methods for
future use.
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/. RESULTS OF WATER TREATMENT EXPERI-
MENTS

All 25 samples analyzed in SGS laboratories wesdyaed as duplicates, water quality
parameters from 2 samples in Finland and 23 sangblegplosive compounds in Ger-
many. In addition, analysis results were confirrbgdnalyzing 9 samples for explosive
compounds in The Finnish Defence Research AgeraRf) (data not shown).

All duplicates analyzed with the same method hdldcturespondence indicating high
reproducibility of the ISO 22478 analysis methoawéver, a difference in explosive
compound concentrations was observed between semudilyzed by different methods
throughout all experiments. The concentrationsiobthby LCMS analysis with APCI
in FDRA, were consistently higher than results otgd from SGS laboratory using ISO
22478 analysis method. The issue will be examinddture studies, but possible expla-
nations are differences in sensitivity between méshor occurrence of some degradation
within the samples during transportation to Germaltye samples were air mailed in
cooler boxes without preservation of the samplesqalingly to standardized ISO 22478
method), but possibly the boxes were not suffityemtaintained at 4C temperature to
prevent sample degradation.

Successful sample preparation and sample stabliliting experiment was shown by
samples taken before and after the UV experimemb flop and bottom of the sample
container. The concentration of TNT and RDX werghme indicating that no explosive
compounds precipitation on bottom of the contaowurred during sample preparation.
Also, no degradation products of TNT appeared éencitntainer during the experiment.

Concentration of TNT and RDX were slightly highethe sample prepared for RO treat-
ment (32.Qug/L and 37.Qug/L, respectively) compared to sample in the UVerkpent
(27.0ug/L and 35.7ug/L, respectively). The sample concentrate usec \wex same in
both cases but notable differences are resultely é@sn taking aliquots of highly con-
centrated sample. Also, lower concentration in Xgegiment samples can be resulted
from short exposure of the sample for natural lightle filling the container.

7.1 Water quality parameters

Water quality parameters (pH, oxygen content, gtadtconductivity, chemical oxygen
demand (CORn), hardness (total Ca and Mg content), dissolvegadmc carbon content
(DOC), iron and manganese content and dissolvedis)etere analyzed from the water
of Riihimaki water supply network used in sampleparation. The results of the analysis
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compared with water quality parameters set in Bimtegislation (STM 1352/2015) are
presented in table 7.

Table 7. Water quality parameters determined from Riihimékier and water quality
parameters according to Finnish legislation (STNM2(3015).

Units DL* iamp'e ;amp'e Avg. +S.E. ig/l/zo "
pH pH unit 2 7.80 7.90 7.85+0.07 | 6.5-9.5
Oxygen mg/| 0.5 12 11 11.5+0.71 | 5.0
Electrical conductivity | mS/m 0.5 17.50 17.50 17.50+0.0 | 2.5
CODwn mg/| 1 <1.0 <1.0 <1.0 5.0
Iron ug/l 20 <20 <20 <20 200.0
Manganese ug/l 10 <10 <10 <10 50.0
Hardness mmol/| 0.05 0.52 0.52 0.52+0.00 | -
?;:sb‘;'r“":g (‘)’ga“'c me/| 03 12 12 124000 |-
Dissolved metals
As ug/l 0.4 <0.4 <0.4 n.a. 10.0
cd ug/l 0.1 <0.1 <0.1 n.a. 5.0
Co ug/l 0.2 <0.2 <0.2 n.a. -

Cr ug/| 0.3 <0.3 <0.3 n.a. 50.0
Cu ug/l 1.0 <1.0 <1.0 n.a. 2,000
Ni ug/l 1.0 <1.0 <1.0 n.a. 20.0
Pb ug/| 0.5 <0.5 <0.5 h.a. 10.0
Vv ug/l 1.0 <1.0 1.1 n.a. -

Zn ug/l 5.0 <5.0 <5.0 n.a. -

Sb ug/l 1.0 <1.0 <1.0 n.a. 5.0
Fe ug/l 10.0 <10 <10 n.a. 200.0
Mn ug/l 3.0 <3.0 <3.0 n.a. 50.0

* DL, Detection limit; n.a., not available

Based on results obtained from water quality anmslyise Riihiméaki water used for sam-
ple preparation is good except in regard to eleaiticonductivity and dissolved organic
carbon, which are exceptionally high. The maximwatug for electrical conductivity ac-
cording to Finnish legislation (STM 1352/2015) jS@ pS/m (2.5 mS/m) is significantly
lower than the value determined for Riihimé&ki wafEne maximum value has not been
set for DOC, but the value obtained is approxinyadel order higher compared to typical
groundwater.

According to records of Riihimaki water quality2015, the value for electrical conduc-
tivity varied between 163 — 286 uS/m at differeatev works. DOC content has not been
reported. (Riihimaen vesi 2016.) Despite of high@®@etermined, COlh was low in-
dicating that humic material was not present atiSgant amount. Therefore, the source
of contamination in water may be from rarely usiee liydrant line of in the container
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used for storing the water. However, the contaivees large, with 11.5 fivolume making
the source from container walls resulting as higlues unlikely. However, since labor-
atory results were obtained a month after the exygants, further clarification and anal-
yses were not possible. Also the effects on reseitsain questionable.

7.2 Degradation of TNT and RDX by UV irradiation

TNT and RDX containing water was exposed to 55¢ aimd 407 J/rhUV radiation in
two UV degradation experiments. The temperatuth@tample was 8.8 °C as measured
from the solution container prior the experimertte Tesults of the experiments for sam-
ples analyzed according to ISO 22478 as averagevalf the duplicate samples are
presented in table 8.

Table 8. Concentrations of TNT, RDX and associated compsatfiger UV irradiation at
407 J/n% and 550 J/mUV doses. The concentrations given are averageesaif dupli-
cate samples (with standard deviations) excephftal TNT and RDX concentrations,
which are averages of triplicate samples. (All sipig/1).

DL* Initial conc. 550 J/m? 407 J/m?
2,4,6-Trinitrotoluene (2,4,6-TNT) 0.1 27.00 +1.00 19+1.41 19+ 0.00
Hexogen (RDX) 0.2 35.67+0.58 | 19+1.41 | 22.5+0.70
Octogen (HMX) 0.2 - - -
1,3-Dinitrobenzene (1,3-DNB) 0.1 - - -
1,3,5-Trinitrobenzene (1,3,5-TNB) 0.1 0.93+0.04 | 3.25+0.07 | 3.2+0.14
2,4-Dinitrotoluene (2,4-DNT) 0.1 - - -
2,6-Dinitrotoluene (2,6-DNT) 0.1 - - -
2-Amino-4,6-dinitrotoluene (2-ADNT) 0.1 - - -
4-Amino-2,6-dinitrotoluene (4-ADNT) 0.1 0.14+0.02 - -

* DL, Detection limit

Initial concentrations were 27.0 ug/L for TNT ansl&/ pg/L for RDX in the sample
prior the experiment. Also 1,3,5-TNB and 4-ADNT, iath are degradation products
TNT, were present at low concentrations 0.93 pgd.@&14 pg/L, respectively. Although
RDX generally contain 10% HMX as impurity (Thibot& al. 2002), HMX was not
present in the sample, since pure TNT and RDX weeel for sample preparation.

The concentration of TNT decreased to 19 pg/L @9.6 both experiments with expo-
sure to 407 J/AMUV dose and 550 JAWV dose. The degradation rate of RDX under UV
exposure was even higher with final concentratmfra2.5 pg/L (36.9% decrease) when
exposed to 407 JAUV dose and 19 pg/L (46.7% decrease) under expadis50 J/rh
UV dose. Also the concentration of 4-ADNT decreabetbw detection limit in both
experiments. Instead, concentration of 1,3,5-TNBeased during the experiment by the
factor of ~3.5 indicating that 1,3,5-TNB is formasl UV induced degradation product of
TNT.
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7.3 Treatment of TNT and RDX contaminated water by  reverse

osSmosis

Treatment of TNT and RDX contaminated water byifirafion and reverse osmosis was
tested using mobile Kércher water purification egst The temperature of the TNT and
RDX containing water prior to reverse osmosis expent was 8.6 °C as measured from
the sample container. The results of reverse osnmsatment experiment are given in
table 9.

Table 9. Results of reverse osmosis treatment of TNT an R@ntaminated water by
Karcher water purification equipment. Concentradiare averages of two duplicate sam-
ples with standard deviations. (All units pg/l).

DL Initial 0,5 um pre- | Reverse | Reject wa-
conc. filter osmosis ter

2,4,6-Trinitrotoluene (2,4,6- 0.1 32+2.383 24.5+0.71 - 100 £ 0.00
TNT)
Hexogen (RDX) 0.2 37 +£0.00 31.5+2.13 - 110 £ 0.00
Octogen (HMX) 0.2 - - - -
1,3-Dinitrobenzene (1,3-DNB) 0.1 - - - -
1,3,5-Trinitrobenzene 0.1 0.83+0.14 0.75+£0.07 - 1.8+0.14
(1,3,5-TNB)
2,4-Dinitrotoluene (2,4-DNT) 0.1 - - - -
2,6-Dinitrotoluene (2,6-DNT) 0.1 - - - -
2-Amino-4,6-dinitrotoluene 0.1 - - - -
(2-ADNT)
4-Amino-2,6-dinitrotoluene 0.1 0.15+0.01 - - 0.32+0.04
(4-ADNT)

* DL, Detection limit

The performance of reverse osmosis in removal of BNd RDX from water was as
expected, and all of the examined compounds weneved under detection limit in the
experiment. Accordingly, the concentrations of TNRDX and TNT degradation prod-
ucts were increased in reject water, with TNT amXRapproximately by 3-4 fold. The
degradation products of TNT were concentrated wffdy, but these compounds may
also have been formed or degraded during the erpati Especially 1,3,5-TNB is a abi-
otic degradation product of TNT and formed alsopbgtolytic processes, as seen also
here in the UV degradation experiment. Hence pbissible that under experimental con-
ditions of RO treatment, TNB has been formed afterexperiment during the short ex-
posure to natural light in sample collection tubs.

The concentrations of TNT, RDX and TNB (degradajwaduct of TNT) are lower in
samples taken after prefiltration compared toahitoncentration. The concentrations are
decreased by 10 — 15% indicating that some of ttemal is retained in the 0.5 pum filter.
The most likely explanations are that 1) Despiteaseful sample preparation, some pre-
cipitation has occurred and the precipitates hatgassed filters; or 2) TNT and RDX
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compounds were adsorbed on organic particles cwdan water that were capable to
form aggregates large enough to be retained natiitn.

However, humic substances were absent in the waéest for sample preparation accord-
ing to water quality analysis (CQ42 below detection limit). The possible source of-par
ticles in the water may be due to same unidentifiggin as high COD and electrical
conductivity noted in water quality analysis. Neg@pitation of TNT or RDX to previ-
ously filtered material contained in filter baggowoed here, since the Karcher equipment
was recently maintained after storage and thelfmefiand RO membranes used in the
experiment were new.

In addition to decreased TNT, RDX and TNB concdiurs after prefiltration, also 4-
ADNT seems absent in prefiltered material, althodghDNT is observed both in initial
sample and in reject water. However, 4-ADNT is preesn initial sample in low concen-
tration close to detection limit. Hence, detectid-ADNT after prefiltration may have
failed due to low concentration. Another possibiilhstead on retention of the com-
pounds to prefilter, is adsorption of the compoutadihe output hose used. In the exper-
imental set up, the hose utilized in prefilter autpvas new and composed of different
material than other hoses used. Also the water ftom this output was very low, since
the vent used as output here, is intended forzatibn as alternativieput of the source
water. The water flow was kept very low to enswiicent water pressure for RO mem-
branes. Therefore, under the experimental conditiadsorption to hose material was
possible.

7.4 Abiotic degradation of TNT and RDX

Abiotic degradation of TNT and RDX were monitoredrmh samples kept outdoors in
conditions exposed to sun light and protected flight and rain for 2 weeks. The results
of explosives and related compound analysis frompéas taken during the experiment
are presented in table 10.
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Table 10. TNT and RDX degradation under natural light anckdaonditions during 2
weeks period. Samples were taken at days 7 an@inik4concentrations are averages of

two duplicate samples with standard deviationsl. @Aits pg/L).

DL* Initial Light Light Dark Dark

conc. 7d. 14 d. 7d. 14 d.
2,4,6-Trinitrotoluene (TNT) 0.1 27.00 - - 26 18

+1.00 +0.00 +2.83
Hexogen (RDX) 0.2 35.67 30 25.5 37 37.5

+0.58 +0.00 +0.71 +141 +0.71
Octogen (HMX) 0.2 - - - - -
1,3-Dinitrobenzene 0.1 - - - - -
(1,3-DNB)
1,3,5-Trinitrobenzene 0.1 0.93 - - 0.87 0.86
(1,3,5-TNB) +0.04 +0.01 +0.01
2,4-Dinitrotoluene (2,4-DNT) 0.1 - - - - -
2,6-Dinitrotoluene (2,6-DNT) 0.1 - - - - -
2-Amino-4,6-dinitrotoluene 0.1 - - - 0.23 0.52
(2-ADNT) +0.04 +0.06
4-Amino-2,6-dinitrotoluene 0.1 0.14 - - 1.3 2.5
(4-ADNT) +0.02 +0.14 +0.00

* DL, Detection limit

From the results, comparisons of degradation tzéseen RDX and TNT can be made
within the samples from the same tub. However, lalbsaalculations of degradation
rates cannot be made due to lack of informatiorutboginal and final sample volume.
The samples kept in dark conditions were weatheofpd by plastic cover, but the sam-
ple tub exposed to natural light received only iphdover from shed corner and roof.
Hence, the sample tub was exposed to weather camgliand evaporation during the
experiment.

Based on the results, RDX is degraded at slower campared to TNT in follow-up
samples exposed to natural light. 15.9 % of RDX degraded after 1 week and 28.5 %
in 2 weeks whereas TNT was completely disappearddnithe first week. In addition
to TNT, also 1,3,5-TNB and 4-ADNT present in inlisample were completely removed
from the sample under light exposed conditionsrdytine first week, and no degradation
products appeared during the second week.

In contrast to light exposed sample, degradatioi\doF was very slow in dark conditions
and also accumulation of TNT degradation products abserved. TNT was reduced by
3.7 % during the first week and by 33.3 % withia ttvo weeks experiment. At the same
time, the concentration of 4-ADNT was increaseanfrt@.14 pg/L to 1.3 pg/L (1 week)
and 2.5 pg/L (in 2 weeks). Also another aminodité@nsomer 2-ADNT appeared during
the experiment and was present in the sample at0gA. and 0.52 pg/L after weeks 1
and 2. The concentration of 1,3,5-TNB remained lsinthroughout the experiment in
dark conditions.
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In dark conditions, concentration of RDX increasedy slightly by the factor of 1.05

(from 35.7 pg/L to 37.5 in two weeks). The possiplanations are sampling errors,
analysis variation and also some evaporation ofstmaple despite of plastic cover is
possible. The difference as a result of evaporataaly, would mean evaporation of 2
liters from approximately 40 liters initial samplelume, which does not seem plausible.
However, evaporation from open container has begrifisantly higher compared to

covered sample. The sample tub may also have etaidditional water due to occa-
sional rains despite of moderate cover from shedercand roof during the experiment.
Also, records of weather and temperature at tlieec$ithe experiments are not available.
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8. DISCUSSION

Large-scale production, utilization and disposaxjblosives during last 100 years have
led to contaminations of soil and groundwater (leet al. 2004; Pichtel 2012). In re-

cent years, trace amounts of TNT, RDX, and HMX hlagen found also in Finland at

military training ranges, which are often locatédyeoundwater formation areas classi-
fied as important drinking water resources. Herstedies concerning energetic com-
pounds, their environmental fate and best availabEment methods are currently un-
der examination by Finnish Defence Forces. (Kop&@46.)

8.1 Literature review

Degradation of explosives has been extensivelyiedudnformation of resulting degra-
dation products has been obtained by studies intjlilabeled C or N incorporated to
explosives ring structure or nitroso groups. Howetdeae to standardized analysis meth-
ods, mostly appearance of only previously iderdifed often detected products are mon-
itored. Hence, more rarely detected or previousigentified products may remain un-
noticed in degradation studies and in environmentatitoring.

TNT, RDX and HMX are degraded by biological, chemhiand abiotic processes (Tal-
mage et al. 1999). Of these compounds, RDX and Hik&Xdransformed to intermediates,
which can subsequently be fully mineralized by &gital processes (Crocker et al. 2006;
Michalsen et al. 2016) Instead, TNT is highly redehnt for degradation and is mostly
transformed to amino derivatives and not minerdli@gehan et al. 2013). Of the abiotic
degradation processes, hydrolysis is not signifipancess for any of the explosives ex-
amined, except at high pH conditions (Balakrishearal. 2003; Hwang et al. 2006;
McGrath 1995). Instead, photolytic degradatiommpartant transformation mechanism
for TNT, RDX and HMX in the environment (Talmageakt1999). By abiotic reduction,
TNT is reduced to amino derivatives and RDX tozinas (Pichtel 2012), but HMX is
not readily reduced by abiotic processes (Park €084). Further, TNT is transformed
by abiotic oxidation, while RDX is more recalcittaand HMX is not degraded in oxida-
tion processes (Liou et al. 2003).

The most important properties affecting explosiwegration are solubility and adsorp-
tion characteristics. Volatilization is not sige#int for any of the explosives (Thiboutot
et al. 2002). Solubility properties of explosives alear, TNT is the most soluble and
HMX the least soluble of the compounds (Thiboutodle 2002). However, dissolution
of explosives from solid particles, which contalsceother substances such as binders, is
more complex process under environmental conditidesace, variability exists between
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experimental results. Adsorption properties arenbet controversial and uncertain char-
acteristic of TNT, RDX and HMX, even though ads@pthas been extensively studied
due to its major impact on migration propertiesll,Siffinity of explosives to organic
carbon and implications of soil properties, suchai®nic and clay content, to adsorption
remain uncertain.

TNT, RDX and HMX are often found in groundwatereaplosives contaminated sites.
RDX is possibly the most abundant due to low digsoh of HMX and high transfor-
mation rate of TNT to amino derivatives, which rémaound to soil particles. However,
the explosives migrated to aquifer may remain stédol a long time as demonstrated by
high concentrations detected from groundwater kafber termination of pollution such
as operation of ammunition plant (Steuckart e1894).

Removal of explosives and their degradation praddmm contaminated soil and

groundwater is important when the concentratioeshégh enough to cause harmful ef-
fects on environment or human health. Most of tixécity data is based on animal studies
and toxicity and carcinogenicity for humans is @acl The available data con-cerning
toxicity of explosives degradation products is ewssre limited. However, un-derstand-
ing of relative toxicities and environmental effeof degradation products would be im-
portant in order to be able to choose remediatiethods leading to less harmful sub-
stances.

In remediation, the reality of actual contaminaaeelas is simultaneous contamination of
soil and aquifer by multiple compounds and thegrddation products. The contaminat-
ing compounds involved have different chemical phgsical characteristics and are de-
graded at different rates. Hence, portion of thetmminants are readily mobile and mi-

grating to groundwater, while other substances reayain mostly as solid particles on

top soil or tightly bound to soil organic materilvarying depths. The compounds also
differ in reactivity and respond variably for trewnt methods. This causes multiple de-
mands for the chosen remediation strategy to meet.

The emission pattern of explosives is generallfed#ht compared to single point con-
tamination source. Explosive sources are typicgpead over large areas and have im-
plications to remediation method chosen. Due tadigpry of explosives in soil, reme-
diation of soil at site has to be included in tneant of contaminated groundwater. In
groundwater remediation, pump-and-treat approach suitable treatment method for
extracted groundwater has been traditionally uSedtaminated soil has been most often
treated by excavation and subsequent incineratiocegses.

Pump-and-treat technology is efficient in prevemtd contaminant spreading, but reme-
diation time is long and remaining residual contzation often high due to tailing and
rebound. However, the approach is suitable foranlye explosives, since above ground



62

treatment method can be chosen freely. Extractiohramoval of explosives can be fur-
ther enhanced by physical, chemical and biologecdlancements injected to aquifer to
improve mobility and degradation of compounds. Biediation is important and
emerging environmentally friendly technology, whicain be coupled with pump-and-
treat technology and permeable reactive barrielterdatively bioremediation can be
used as sole treatment method on site. Many migganisms are capable for transfor-
mation and degradation of explosives, but typiealediation duration is long. Also, dif-
ficulties exist from simultaneous contaminationdfferential substances and competi-
tion of explosive degrading strains with indigenonganisms. PRB technology utilizing
ZV1 is efficient for remediation of TNT and RDX, binefficient for HMX. However,
the advantage of the method is possibility to ceupfferent reactive media together,
including combining of bioremediation with ZVI-PRB. situ chemical oxidation (ISCO)
utilizing Fenton reactions, ozone, permanganateeosulfate is efficient in treatment of
explosives, but even and efficient delivery of taacagent is challenging, especially in
wide areas. Further, although promising result Hsaen obtained in laboratory and pilot
scale treatment experiments, published results fotnal remediation projects for ex-
plosives using ISCO for soil and aquifer contarmedaby explosives are scarce.

Due to typical pattern of scattered point sourcesr wast areas from several hundred
hectares to even hundreds of square kilometetgrsbgroundwater remediation appears
challenging by any of the techniques introduced helence, developing solutions and
practices for prevention of contamination of growater should be a priority in future
military training action. In regard to existing gredwater contaminations, pump-and-
treat seems to still have importance in mitigabéthe effects of the contamination and
in restriction of contamination plume, although thethod is inefficient in reaching the
ultimate goal of fully remediated site. Howevergcwupled with simultaneous soil treat-
ment, pump-and-treat seems efficient and suitateediation approach. On sites with
adequately shallow aquifer and well characterizedigdwater conditions, groundwater
flow rate and direction, PRB technology appearsmniust effective taken into account
efficiency, cost and passive action in remediatifier setting up the barriers. The effi-
ciency of the barriers can be further increasea@yylying different layers, which also
enables simultaneous biodegradation and sorptimcepses with chemical reduction.

In Finland, environmentally conscious military treug strategies together with inclusive

monitoring and investigations of the heavy weapgwrosing and training sites have ena-
bled the sufficient level of environmental proteation those sites. Thus to date, no re-
mediation projects have been conducted due todughentrations of energetic materials
in soil or groundwater.

8.2 Water treatment experiments

The experimental part of this work contained UV rdeigtion and reverse osmosis treat-
ment experiments and monitoring of TNT and RDX &bidegradation.
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The efficiency ofUV irradiation in degradation of TNT and RDX was tested with 407
J/n? and 550 J/hUV doses. As a result, 29.6% of TNT and 36.9% bXRvas degraded
under 407 J/fmdose and 29.6% (TNT) and 46.7% (RDX) with 5502J/he results
showed that UV irradiation is not efficient enoughbe used as sole method for explo-
sives degradation.

UV irradiation is generally used for oxidation ofpdosive compounds in combination
with strong oxidizers such as® or Oz (AOP-techniques), or TiEXphotocatalysis) ra-
ther than alone as sole degradative agent (Agbaib2010; Vasilyevat al. 2002). How-
ever, in studies concerning explosives degraddiloAOP and Fenton processes, UV
degradation has often been used as control andddxadation rates can be referred from
these studies. In a study of Lieual. (2004) concerning TNT oxidation by photo-Fenton
process, degradation rate constant for TNT was20t0@r under UV irradiation with
2.4 mW/cn? intensity. For comparison, degradation rate camstavere higher in other
experiments, 0.007 minfor UV/ H2O, (2.4 mWi/cn3), 0.014 mint for Fenton process
and 0.025 mir for photo-Fenton (2.4 mW/cin TNT degradation rate followed pseudo-
first-order kinetics in all experiments. Lietial. (2004)

In previous work of Liouwet al. (2003), UV irradiation as sole degrading agent used
for comparison in experiments of explosive degriaddty Fenton and photo-Fenton pro-
cesses. As a result, UV radiation alone was ndatiefit (during experimental time of 60
— 120 min.) for degradation of any the compoundslistl, including TNT, RDX and
HMX. (Liou et al. 2003)

However, photolysis o$olid explosive residues may have been significantlyeoesti-
mated according to recent findings on Taybel. (2010). According to their study of
phototransformation by sunlight using chunks of T&fld RDX during three years, the
loss of material was significantly higher than wasovered in dissolved mass taking into
account possible error sources, such as handivadysis and material sublimation. Only
20-40% of the material was recovered indicatingnfation of other compounds that are
not detected by standard detection methods. Heigrigficant amounts of products may
be formed also in natural systems that are noeatigr known. (Tayloet al. 2010.)

The UV degradation experiment performed here pes/idformation mainly about dis-
appearance of the explosive compounds TNT and RIdXited information is obtained
about products formed as a result of UV degradasorce only the products listed in
table 8 (chapter 7.2) were detected with the amaly®thod used. Based on literature,
1,3,5-TNB which was also detected here, is the n@mduct of TNT photolysis (Jenkins
and Vogel 2014), However, also formation of othempounds such as nitrobenzenes,
benzaldehydes, azoxydicarboxylic acids and nitraptsee(McGrath 1995) and acidic
products such as 2,4-DNBA and 2-A-4,6-DNBA (Godajonet al. 1998) can be formed
due to TNT photolysis. Instead, photolysis of R[24ds to formation of variety of com-
pounds such as azoxy compounds sNidrmaldehyde, N®, NO>, nitrous oxide MO
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and n-nitroso-methylenediamine (Glover and Hoffsan@®79 according to Juhasz and
Naidu 2007), which could have been formed herewmre unnoticed with the analysis
methods used.

In reverse osmosis experiment, removal of explosives from TNT/RDX contaminatea-w
ter was tested using Karcher water purificationesys The result was as expected; TNT,
RDX and intermediates present were completely reatiday RO. Hence, safe drinking
water can be produced by RO explosives containiaigiv The method is reliable in re-
moval of contaminants from water, but the methodh(wrtilized equipment) is not suit-
able for utilization in water works at constant dse to quantity of reject water produced
that would need further treatment. With the north@00 L/h water flow, the amount of
purified water is 1,600 L at maximum. Hence, astéq400 L of reject water is produced
for each 1,600 L purified water. Further, adjustinginpH and mineralization of water
purified with RO is required after treatment. Conmrapproach in utilization of RO at
water works, is mixing of treated and untreatedewat adequate proportions to obtain
desired water quality parameters. (Liikanen 2007.)

With the results obtained from RO experiment, theability of the two analysis methods
was visible. As noted previously, the two methoskscdufor analysis give variable results,
and the concentrations obtained by LCMS/APCI béiggper compared to HPLC analy-
sis according to ISO 22478 (data not shown). Howefe difference between two anal-
ysis methods is not straightforward as demonstrayethe pattern how compounds are
concentrated on reject water. The flow rate passiéngher equipment is 43 at max-
imum of which at least 2.6 {h reject water is formed. Hence, the compoundseprigin
source water were expected to concentrate at byaite factor of 1.54. According to
analysis made in FDRA, the explosive compounds ENd RDX concentrate by the
factor of 2 from initial sample to reject water dngdthe factor o~3 according to analysis
made by ISO 22478. However, 4-ADNT and 1,3,5-TN8 @ncentrated differently and
are found in reject water concentrated by x2.2tl@nother hand, these compounds are
not detected at all with FDRA analysis method,@ltjh the concentration of 1,3,5-TNB
exceeds the detection level (ud/L). These results may be explained by differéntia
sample processing and storing and will be examimégture studies.

Abiotic degradation of explosives was examined by monitoring degradedf TNT and
RDX. Degradation was evaluated by monitoring dis@pance of TNT and RDX from
water exposed to natural light and in dark condgidAs a result, TNT and intermediates
were completely degraded within first week undguasure to natural light, while little
of TNT was degraded in dark conditions. In conttasTNT, RDX was degraded only
little during first and second week in light andsv@ot degraded at all under dark condi-
tions.

Similar results as was obtained here for TNT phegoddation in water was recently
reported by Imet al. (2015) using low UV intensity (0.12 to 4.2 mW/®nand 352 nm
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wavelength representing natural light intensity. TTékegradation was negligible in dark
and only 10-20% TNT degradation was observed uiogelight intensity 0.12 mW/cf
However, degradation on TNT was almost complet&iwié to 12 hours under higher
light intensities 1.2 and 4.2 mW/énThe results indicate that degradation is higldy d
pendent on light intensity and hence, time of thg @ahd season. (let al. 2015.)

Although RDX was degraded less than TNT (15.9 % ohays and 28.5 % in 14 days)
under natural light in our study, RDX has been regabto adsorb radiation at wavelengths
as high as 330 nm. Hence, RDX could be suscepiibl@hotodegradation by wave-
lengths (UVB 280 — 315 nm and UVA 315-400 nm) pnese natural light. However,
sunlight intensity varies with latitude and studiesicerning photolysis by sunlight have
been conducted mostly at southern locations. (Beadet al. 2013). Information con-
cerning weather conditions at experiment locatioth sample storing site during the two
weeks of monitoring is not available. Accordingstatistics, the amount of solar intensity
is approximately 1000 W/fthour at noon between May and July in Finland (8kmb
2010). However, samples were stored under roohantto shed wall during the exper-
iment and hence, the amount on direct sun lightleas greatly reduced.

In a study of Bordeleagt al. (2013), an average half-life of 1.1 day (in Jugd 3.6 days
(in October) was estimated for RDX dissolved initkéxl water due to photodegradation.
The experiments were conducted at MOatitude in natural sunlight with 20.8 M#m
(July) and 6.6 MJ/m(October) average daily radiation. For comparisam,experiment
site was located further north, at latitudé BO Hence, the low degradation rate observed
for RDX in our study, was possibly due to weathanditions and partial coverage pre-
venting direct sunlight.

Most likely light intensity is also the factor rdtng for differences in RDX degradation

by UV irradiation and under natural light observedte: RDX was found to be degraded
at higher rate compared to TNT in the UV degracdaérperiment but only little under

natural light. The wavelength used by UV lamp ind&eo aquada 7 is low (240 nm)
compared to wider range (up to 400 nm) in natugatkl It seems likely, that degradation
of RDX needs higher light intensity and lower warajths compared to TNT.

Based on results obtained here, both RO and plsiddy UV irradiation appears to have
potential to be further improved as methods of chdor explosive removal depending
on situation. RO is reliable for removal of exples and would remove any other com-
pound present as well. Further, RO is a ready igaerand can be readily deployed with
mobile system, but for large scale treatment, blétaractice for reject water treatment
would improve the method. Also UV irradiation coudd sufficient for degradation of

low explosive concentrations. The results obtaire hedicate, that further studies with
more photolytic degradation products included ialgsis would be worthwhile.
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9. CONCLUSIONS

The aim of this thesis was to examine degradatibaracteristics and migration of TNT,
RDX and HMX, and to study toxicity of explosivesdatineir known degradation prod-
ucts. The main objective was to examine suitalbiieedkation technologies for sites con-
taminated by explosives and to identify suitab&atment technologies for explosives
contaminated groundwater. In the experimental phthis work, the efficiency of two
water treatment technologies, degradation of TN@ RDX by UV irradiation and re-
moval of TNT and RDX from water by reverse osmosias tested. The purpose was to
evaluate possibility for utilization of these medlsoat water works as part of standard
water treatment practices. In addition, abioticrddgtion of TNT and RDX was moni-
tored from samples exposed to natural light and ikegark.

TNT, RDX and HMX are degraded by biological, cheahigand abiotic processes. TNT
is highly recalcitrant for degradation by biolodipeocesses and is transformed to amino
derivatives, but not mineralized. Instead, RDX &MX are biotransformed to interme-
diates, which can be further degraded and min@@liZhemical and abiotic degradation
processes are hydrolysis, photolysis, chemical atealu and oxidation processes. Of
these, photolytic degradation is important transfmion mechanism for TNT, RDX and
HMX in the environment, while hydrolysis is not sificant process under environmen-
tally relevant conditions for any of the examinednpounds. Abiotic reduction processes
are similar to biological reduction. TNT is redudedcamino derivatives and RDX to tri-
azines, but abiotic reduction is not significant M X. Abiotic oxidation is relevant for
TNT, RDX is more recalcitrant and HMX is not degeddn oxidation processes.

Solubility and adsorption are the most importanygatal and chemical characteristics
affecting migration of the explosives. However, l@hsolubility of pure compounds is
simple, dissolution of explosives from solid pdegunder environmental conditions is
more complex. Adsorption properties remain evenemaorcertain despite of extensive
research on subject. Hence, implications of sghaic carbon content, clay content and
other soil properties to adsorption of explosive®ain uncertain. Therefore, migration
appears to be strongly site-specific. However, TRDX and HMX are all found from
groundwater, with RDX most commonly. Explosives also stable in groundwater and
may remain as contaminants on site for a long pesfdime.

Traditionally only explosive compounds have beensttered toxic for humans and the
environment. However, although available data éxidity is still scarce, many of the
explosives degradation products and explosivesegklsubstances also have toxicologi-
cal properties, even with the same magnitude aksixps. Hence, toxicity of degrada-
tion products and product formed by different degteon methods should be taken into
account in planning of remediation.
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In treatment of explosives contaminated groundwaitiep remediation of contaminated
soil is needed, which can be challenging due teating of contaminant source over vast
areas. Generally utilized and efficient methodsréamediation of explosives from soil
are bioremediation and also traditional approacexafivation of contaminated soil with
subsequent treatment of extracted material. In déatien of groundwater, pump-and-
treat —approach and PRB systems are the most cortreaiment methods. Also ISCO
has been used, but efficient and even deliveryefréacting agent is challenging over
large area. None of the methods is suitable foofathe contaminants at every contami-
nated site. Hence, choice of the remediation methadmbination of methods is affected
by nature of simultaneous contaminants on sitesrdxaf the contamination and site ge-

ography.

In the experiment of explosives degradation by Wediation in this work, both TNT
and RDX were degraded under 407 24nd 550 J/mUV doses. However, the degrada-
tion rate was not high enough (29.6% TNT and 368I9% with 407 J/m) for utilization

of UV irradiation as sole method for explosives @degtion from groundwater for high
concentrations during standard water treatmentipescat water works. Instead, removal
of explosives from water by reverse osmosis wasptet® and showed safety of the
method in production of drinking water from expless contaminated water for instance
at crisis management sites. However, with the eqgaig used in this study, the quantity
of reject water produced is high (60% of water fioto treatment) and hence, the method
is not suitable for large scale water treatmemwatier works without further treatment
practice for reject water.

Abiotic degradation was examined by monitoring T&Od RDX degradation from water.
Two samples were kept outside, of which the otlmerwas exposed to natural light and
the other kept in dark. TNT and its degradatiordpiis were completely degraded within
first week from the sample exposed to natural Jightile only very little was degraded
in dark during the first week and third of the i@iamount by the end of the second week.
In contrast, less than third of initial RDX was deded in light during total two weeks
and no degradation occurred in dark. The resultsirndd from UV degradation experi-
ment and photolysis under natural light indicaltat fight intensity and wavelength has
major impacts on photolysis of TNT and RDX.
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APPENDIX 1: DEGRADATION PRODUCTS OF TNT, RDX AND
HMX FORMED IN DIFFERENT PROCESSES

Table11. TNT, RDX and HMX degradation products formed ialbgical, chemical and abiotic

degradation processes.

Substance abbr. Degradation process Reference
TNT degradation
Fungal degradation by P. chrysosporium Hawari et al. 1999
Bacterial degradation by P. Savastanoi Martin et al. 1997
Degradation by yeast Y. lipolytica (nitro Ziganshin et al.
. o group reduction) 2007
2-amino-4,6-dinitrotoluene | 2-ADNT . .
Biodegradation Kaplan and
Kaplan 1982
Microbial transformation Vorbeck et al.
1998
Fungal degradation by P. chrysosporium Hawari et al. 1999
Bacterial degradation by P. Savastanoi Martin et al. 1997
Degradation by yeast Y. lipolytica (nitro Ziganshin et al.
. o group reduction) 2007
4-amino-2,6-dinitrotoluene | 4-ADNT . .
Biodegradation Kaplan and
Kaplan 1982
Microbial transformation Vorbeck et al.
1998
ADNT acyl derivatives (or- Fungal degradation by P. chrysosporium Hawari et al. 1999
tho, para)
2,4-DANT acyl derivatives Fungal degradation by P. chrysosporium Hawari et al. 1999
Biodegradation Kaplan and
I . Kaplan 1982
2,/4-Diamino-6-nitrotoluene | 2,4-DANT Microbial transformation VoFr)beck etal.
1998
Biodegradation Kaplan and
2,6-Diamino-4-nitrotoluene | 2,6-DANT Kaplan 1982
. - UV/Os process Schmelling and
3,5-dinitroaniline /Osp Gray 1995g
1,3-dinitrobenzene DNB Photo-Fenton process Liou et al. 2004
2,5-dinitrobenzoic acid 2,5-DNBA photo Fenton process Liou et al. 2004
2,4-dinitrotoluene (1-me- 2.4-DNT Photo Fenton process Liou et al. 2004
thyl-2,4-dinitrobenzene) Bacterial degradation by P. Savastanoi Martin et al. 1997
2,6-dinitro-4-N-acetylami- 4-N- Fungal degradation by P. chrysosporium Hawari et al. 1999
dohydroxytoluene AcHDNT
2,6-dinitro-4-N-acetoxytol- | 4-N- Fungal degradation by P. chrysosporium Hawari et al. 1999
uene acoxyDNT

2,4-dinitro-6-hydroxy-ben-
zaldehyde or 2,6-dinitro-4-
hydroxy-benzaldehyde

Fenton reaction

Ayoub et al. 2011
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ortho-acetylamido-4,6-dini-

Fungal degradation by P. chrysosporium

Hawari et al. 1999

2-N-AcDNT
trotoluene
para-acetylamido-2,6-dini- Fungal degradation by P. chrysosporium Hawari et al. 1999
4-N-AcDNT
trotoluene
4-N-formamido-2-amino-6- | 4-N-FmANT | Fungal degradation by P. chrysosporium Hawari et al. 1999
nitrotoluene
4-N-acetylamino-2-amino- 4-N-AcANT | Fungal degradation by P. chrysosporium Hawari et al. 1999
6-nitrotoluene
2-formamido-4,6-dinitrotol- Fungal degradation by P. chrysosporium Hawari et al. 1999
2-N-FmDNT
uene
4-formamido-2,6-dinitrotol- Fungal degradation by P. chrysosporium Hawari et al. 1999
4-N-FmDNT
uene
Fungal degradation by P. chrysosporium Hawari et al. 1999
. L Degradation by yeast Y. lipolytica (nitro Ziganshin et al.
2-Hydroxylamino-4,6-dini- .
2-HADNT group reduction) 2007
trotoluene . . .
Microbial transformation Vorbeck et al.
1998
Fungal degradation by P. chrysosporium Hawari et al. 1999
. L Degradation by yeast Y. lipolytica (nitro Ziganshin et al.
4-hydroxylamino-2,6-dini- .
4-HADNT group reduction) 2007
trotoluene . . .
Microbial transformation Vorbeck et al.
1998
3-hydroxy-2,4,6-trinitro- photo Fenton process with cyclodextrin Yardin and Chiron
phenol (assumed) flushing solution 2006
HADNT acyl derivatives (or- Fungal degradation by P. chrysosporium Hawari et al. 1999
tho, para)
2-hydroxylamino-4-amino- Fungal degradation by P. chrysosporium Hawari et al. 1999
6-nitrotoluene acyl deriva-
tives
Nitrite NO2 Bacterial degradation by P. Savastanoi Martin et al. 1997
2,2',6,6'-tetranitro-4,4'- Biodegradation Kaplan and
azoxytoluene Kaplan 1982
2',4,6,6-tetranitro-2,4'- Biodegradation Kaplan and
azoxytoluene Kaplan 1982
2-nitroso-4,6-dinitrotolu- 5 NsT Fungal degradation by P. chrysosporium Hawari et al. 1999
-Ns
ene
4-nitroso-2,6-dinitrotolu- ANST Fungal degradation by P. chrysosporium Hawari et al. 1999
-Ns
ene
Sorption on activated carbon and subse- Vasilyeva et al.
- guent oxidation 2002
g;jitzr;ltrobenz TNBAId Fenton reaction Ayoub et al. 2011
y UV/Os process Schmelling and
Gray 1995
Sorption on activated carbon and subse- Vasilyeva et al.
guent oxidation 2002
1,3,5-trinitrobenzene TNB Photo-Fenton process Liou et al. 2004

UV/0s process

Schmelling and
Gray 1995
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2,4,6-trinitrobenzyl

Sorption on activated carbon and subse-

Vasilyeva et al.

alcohol TNBAIc guent oxidation 2002
Fenton reaction Ayoub et al. 2011
. L UV/Os process Schmelling and
2,4,6-trinitrobenzoic acid /Osp Gray 1995g
2,4,6-trinitro-cyclohexa-2,4- Fenton reaction Ayoub et al. 2011
dienol
. photo Fenton process with cyclodextrin Yardin and Chiron
2,4,6-trinitrophenol . .
flushing solution 2006
Eight TNT hydride com- Degradation by yeast Y. lipolytica (direct Ziganshin et al.
plexes (1- H-TNT, two 3- H- ring cleavage) 2007
TNT isomers, 3,5-2 H-TNT
and three 3,5-2 H-TNT-H*
isomers)
hydride-Meisenheimer H™-TNT Microbial transformation Vorbeck et al.
complex 1998
dihydride-Meisenheimer 2H-TNT Microbial transformation Vorbeck et al.
complex 1998
. photo Fenton process with cyclodextrin Yardin and Chiron
Oxalic acid . .
flushing solution 2006
Formic acid photc') Fenton' process with cyclodextrin Yardin and Chiron
flushing solution 2006
4,4’,6,6’-tetranitro- TN-2,2'- Fungal degradation by P. chrysosporium Hawari et al. 1999
2,2'-azoxytoluene AzoxyT
2,2’,6,6’-tetranitro-4,4’- TN-4,4'- Fungal degradation by P. chrysosporium Hawari et al. 1999
azoxytoluene AzoxyT
4,4',6,6’-tetranitro- TN-2,2'- Fungal degradation by P. chrysosporium Hawari et al. 1999
2,2’-azoxytoluene AzoT
2,2’,6,6'-tetranitro-4,4’- TN-4,4'- Fungal degradation by P. chrysosporium Hawari et al. 1999
azotoluene AzoT
(4',6,6'-tetranitro-2,2'-hy- TN-2,2’-Hy- | Fungal degradation by P. chrysosporium Hawari et al. 1999
drazotoluene) possibly drazoT
(2,2',6,6'-tetranitro-4,4'-hy- | TN-4,4'-Hy- | Fungal degradation by P. chrysosporium Hawari et al. 1999
drazotoluene) possibly drazoT
RDX degradation
hexahydro-1-nitroso-3,5-di- | MNX Anaerobic biodegradation (reduction of ni- Hawari et al.
nitro-1,3,5-triazine tro groups -pathway) 2000b
hexahydro-1,3-dinitroso-5- | DNX Anaerobic biodegradation (reduction of ni- Hawari et al.
nitro-1,3,5-triazine tro groups -pathway) 2000b
hexahydro-1,3,5-trinitroso- | TNX Anaerobic biodegradation (reduction of ni- Hawari et al.
1,3,5-triazine tro groups -pathway) 2000b
nitramide H2NNO:2 Photolysis Hawari et al. 2002
methylenedinitramine MEDINA Anaerobic biodegradation (direct ring cleav- | Hawari et al.
age -pathway) Strong evidence. 2000b
Fenton oxidation Bier et al. 1999
Photolysis Hawari et al. 2002
bis(hydroxymethyl) nitra- Anaerobic biodegradation (direct ring cleav- | Hawari et al.
mine age -pathway) Strong evidence. 2000b
4-nitro-2,4-diazabutanal 4-NDAB Alkaline hydrolysis (pH 10) Balakrishnan et

al. 2003
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Photolysis Hawari et al. 2002
Nitrous oxide N.O RDX degradation end products (anaerobic) Hawari et al.
2000b
Alkaline hydrolysis (pH 10) Balakrishnan et
al. 2003
Photolysis Hawari et al. 2002
Formamide NH.CHO Photolysis Hawari et al. 2002

Formic acid HCOOH

RDX degradation end products (anaerobic)

Fenton oxidation

Hawari et al.
2000b
Bier et al. 1999

HCOO" Alkaline hydrolysis (pH 10) Balakrishnan et
al. 2003
Photolysis Hawari et al. 2002
Formaldehyde CH,0 RDX degradation end products (anaerobic) Hawari et al.
2000b
Alkaline hydrolysis (pH 10) Balakrishnan et
al. 2003
Photolysis Hawari et al. 2002
CH4 RDX degradation end products (anaerobic) Hawari et al.
2000b
COz RDX degradation end products (anaerobic) Hawari et al.
2000b
Fenton oxidation Bier et al. 1999
NOz Alkaline hydrolysis (pH 10) Balakrishnan et
al. 2003
Photolysis Hawari et al. 2002
NOs Fenton oxidation Bier et al. 1999
Photolysis Hawari et al. 2002
NHs* Fenton oxidation Bier et al. 1999
Alkaline hydrolysis (pH 10) Balakrishnan et
al. 2003
NO2NHCH2NHCHO Photolysis Hawari et al. 2002
NO2NHCH2NHNO:2 Photolysis Hawari et al. 2002
HMX degradation

octahydro-1-nitroso-3,5,7-
trinitro-1,3,5,7-tetrazocine

Aerobic degradation

Anaerobic biodegradation by sludge

Monteil-Rivera et
al. 2003
Hawari et al. 2001

octahydro-1,5-dinitroso-
3,7-dinitro-1,3,5,7-tetrazo-
cine or octahydro-1,3-di-
nitroso-5,7-dinitro-1,3,5,7-
tetrazocine"

Aerobic degradation

Anaerobic biodegradation by sludge

Monteil-Rivera et
al. 2003
Hawari et al. 2001

octahydro-1,3,5-trinitroso-
7-nitro-1,3,5,7-tetrazocine

Aerobic degradation

Monteil-Rivera et
al. 2003

octahydro-1,3,5,7-
tetranitroso-1,3,5,7-te-
trazocine

Aerobic degradation

Monteil-Rivera et
al. 2003
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methylenedinitramine MEDINA Anaerobic biodegradation by sludge (direct | Hawari et al. 2001
ring cleavage -pathway) Strong evidence.
bis(hydroxymethyl) nitra- Anaerobic biodegradation by sludge (direct | Hawari et al. 2001
mine ring cleavage -pathway) Strong evidence.
4-nitro-2,4-diazabutanal NDAB fungal degradation Fournier et al.
2004
Alkaline hydrolysis (pH 10) Balakrishnan et
al. 2003
Nitrite NO2 fungal degradation Fournier et al.
2004
Alkaline hydrolysis (pH 10) Balakrishnan et
al. 2003
Nitrous oxide N2O fungal degradation Fournier et al.
2004

Anaerobic biodegradation by sludge
Alkaline hydrolysis (pH 10)

Hawari et al. 2001
Balakrishnan et
al. 2003

Formaldehyde CH.0O

fungal degradation

Anaerobic biodegradation by sludge
Alkaline hydrolysis (pH 10)

Fournier et al.
2004

Hawari et al. 2001
Balakrishnan et
al. 2003

Formic acid HCOOH

Anaerobic biodegradation by sludge

Hawari et al. 2001

CHa

Anaerobic biodegradation by sludge

Hawari et al. 2001




86

APPENDIX 2: TNT BIODEGRADATION UNDER AEROBIC AND
ANAEROBIC CONDITIONS
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>
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1 e Yy
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TNT pathway CH. .
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Figure 3. 2,4,6-Trinitrotoluene biodegradation pathway | erakrobic conditions (Khanet al. 2013).
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CH.
m@ma.
NO,

2,4,6-Trinitrotoluene

nitroreductase

______________________________

: : 2H,0 1/20,
Z }'“ =$< ; Tt

NHOH
To the anaerobic
4-Hydroxylamino-2,6- TNT pathway
dinitrotoluene
ON CH N, | 2-Amino-4-nitrotoluene |
HC .D—N = 'T/ -@
ON 0 NO, 3
HN NH,
2.4, 6,6'-Tetranitro-4,2’ -azoxytoluene
NO,
| 2I&Diamino—4—nitrotoluene I

Figure 4. 2,4,6-Trinitrotoluene biodegradation pathway Itlanaerobic conditions (Khanet al. 2013).
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Figure5. 2,4,6-Trinitrotoluene biodegradation pathway urateaerobic conditions (Khanet al. 2013).
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APPENDIX 3: RDX BIODEGRADATION BY ANAEROBIC SE-
QUENTIAL REDUCTION OF NITRO GROUPS AND BY DIRECT

RING CLEAVAGE PATHWAY

0N, ON _NO,
|

NO,
RDX

|

OQN\N/\'N"NOE DZN\N/,\\N/ND ON\\N/\N,NO
R) + kN) + R)
Yo o Yo

MNX DNX THX

|

NO,  OpNa AN\ ANHOH - ONS AN NHOH

DTG

NHOH NO
[ Ring cleavage products]
H,M — NH, l
H,N — NH, +
e H.C H.C
hydraxine HCHO ON-NH, \NH—NH\
. formaldehyde H.C CH.
MeOH 1,1-dimethyl-hydrazine 1 2-dimethyl-hydrazine
methanal MeOH

Figure 6. Anaerobic degradation of RDX: reduction of RDXhitroso derivatives before
ring cleavage and the formation of hydrazines (Sulzand Naidu 2007).
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DEN\N/\N’*NDE

()

RDX

|

ON_ NO, NO,
NN + N
| I FARN
H H HOH.C CH.CH
I Decomposition
Hy0 I‘I\IDE r;"lc'g Hydrolysis
NQO * IN'\ + HN\
H H CH,OH
Mitramine Hydroxymethylnitramine
o NO, l NO,
N,O 45— /‘N + HCHO HCHO + N
H H H H
Mitramine Acet Mitramine RO
cetogens N,0
w L i
HCOOH HCOOH
Methanogens
L ] L 4
cO + CH

Figure 7. Biodegradation of RDX via direct ring cleavagehpedy (Juhasz and Naidu
2007).
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APPENDIX 4: PROPOSED PATHWAYS FOR HMX BIODEGRADA-
TION

ON
rN—\N,NO
N

oN” \—N)
\
N

2
HMX O,

O=N DEN\
rN—\N.‘“,,|“~l{'.:1"2 rN—\N,N=
N ) N
0=N" “\—N 0=N" “— \
NO, NO,
Octahydro-1,3-dinitroso-5,7- Octahydro-1,5-dinitroso-3,7-
dinitro-1,3,5,7-tetrazocine dinitro-1,3,5.7-tetrazocine

Figure 8. Proposed pathway for HMX degradation (Juhasz aaidiN2007).
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H H H H
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Figure 9. HMX ring cleavage pathway (proposed by Hawarilef2000a) according to
Juhasz and Naidu 2007).
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APPENDIX 5: ANALYZED SAMPLES DURING WATER TREAT-
MENT EXPERIMETS

Table 12. Samples taken during water treatment experiments.

Water quality parameters Samples analysed
SGS FDRA
Analysis of the water quality parameters from the wa- X2
ter used in sample preparation (alkalinized groundwa-
ter from water supply network)
Explosives and related compounds

UV degradation experiment
TNT and RDX initial concentration in prepared sample X2 x1
UVtestl x2 x1
(4,6 m3/h flow rate, UV dose 550 J/m?)
UV test 2 x2 x1
(6,2 m3/h flow rate, UV dose 407 J/m?)

Reverse osmosis treatment
TNT and RDX initial concentration in prepared sample X3 x1
Sample after prefiltration X2 x1
Sample after prefiltration + reverse osmosis X2 x1
Reject water x2 x1

Follow-up, abiotic degradation
1 week in dark X2 x1
1 week in light X2 x1
2 weeks in dark X2
2 weeks in light X2




