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Abstract:

Contamination of surface and subsurface environments with explosives such as 2,4,6-trinitrotoluene
(TNT) is a worldwide problem. The fate and analysis of TNT were investigated in numerous artificially
contaminated model systems. We developed a unique high performance liquid chromatography
gradient elution method for the analysis of commonly observed TNT metabolites and EPA explosives.
Column temperature was identified as the key parameter for optimal separation.

Iron (hydr)oxides play an important role in the reduction, sorption and fate of TNT in soil and
sediment. Consequently, characterization of the nature and properties of natural and synthetic Fe
(hydr)oxides is important for determining reaction mechanisms and surface-associated chemical
processes. This work thus summarizes the potential applicability of imaging and spectroscopic
techniques for eliciting chemical and physical properties of iron (hydr)oxides.

TNT is persistent in soils due to its low redox potential and sorption. Batch and column studies
revealed some of the first results on TNT desorption behavior in two well-defined model soil systems.
Biosurfactants were found to be the most promising technique for enhanced TNT desorption.

Batch studies with a Cellulomonas sp. in the presence of ferrihydrite and the electron shuttle
anthraquinone-2,6-disulfonate (AQDS) were conducted to reveal biotic and abiotic mechanisms
contributing to the degradation of TNT. Strain ES6 was found to reduce TNT and ferrihydrite with
enhanced reduction in the presence of AQDS. Ferrihydrite stimulated the formation of more reduced
TNT metabolites such as 2,4-diamino-6-nitrotoluene. Interestingly, a completely different degradation
pathway was observed in AQDS-amended iron-free cell suspensions, showing a rapid transformation
of TNT to 2,4-dihydroxylamino-6-nitrotoluene, which transformed into unidentified polar products.

The influence of iron phases (i.e. hematite, magnetite, and ferrihydrite) and secondary Fe mineral
formation on the degradation of TNT was also evaluated. The initial reduction of TNT was fastest in
the presence of hematite; however, the further reduction of hydroxylamino-dinitrotoluenes was fastest,
in the presence of magnetite and ferrihydrite (no AQDS). The impact of AQDS was predominant in the
presence of hematite resulting in the formation of 2,4,6-triaminotoluene. Ferrihydrite underwent
reductive dissolution with the formation of secondary hematite. The enhanced TNT reduction in
ferfihydrite-amended systems was therefore most likely due to redox-active Fe(II) rather than
secondary Fe phases.
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The formation of a secondary morphology is indicated with
the white arrow (c). High resolution SEM indicates that the
secondary Fe phase has a spheroidal structure with a diameter

of approximately 100 ~ 150 nm (d) .....ovoveveveeeereeeirererereeeeeieee e,

TEM i images of Cellulomonas sp. strain ES6 after 14 days of
inoculation in the presence of ferrihydrite. TEM micrographs
show whole-mount of strain ES6 encrusted in ferrihydrite (a)
and the formation of secondary hematite (b). Selected area
electron diffraction indicated that ferrihydrite (c) and hematite

- (d) was the most likely Fe phases. A higher fraction of hematite

particles was formed in the presence of AQDS some of which
were linked as chains (e). High resolution TEM revealed that
the hematite particles often had a rounded hexagonal shape W1th

a typical diameter of 50 =150 0 (£) oo SO [ER

X-ray diffractograms of samples with Cellulomonas sp. strain
ES6 after- 14 days of inoculation in the presence of ferrihydrite.
No secondary mineralization was observed under abiotic
conditions (a), but Hematite was formed in the presence of strain
ES6 (b). The addition of an electron shuttle.(AQDS) to the

_ biological samples increased the formation of hematite (<) J T




XVvil
ABSTRACT

Contamination of surface and subsurface env1ronments Wlth explos1ves such as
' 2,4,6-trinitrotoluene (TNT) is a worldwide problem. The fate and analysis of TNT were
investigated in numerous artificially contaminated model systems. We developed a
~ unique high performance liquid chromatography gradient elution method for the analysis
of commonly observed TNT metabolites and EPA explosives. Column temperature was
identified as the key parameter for optimal separation.
Iron (hydr)oxides play an important role in the reduction, sorption and fate of
TNT in soil and sediment. Consequently, characterization of the nature and properties of
natural and synthetic Fe (hydr)oxides is important for determining reaction mechanisms“
and surface-associated chemical processes. This work thus summarizes the potential
applicability of imaging and spectroscopic techniques for eliciting chemical and physical
" properties of iron (hydr)oxides. |
TNT is persistent in soils due to its low.redox potential and sorption. Batch and
column studies revealed some of the first results on TNT desorption behavior in two
well-defined model soil systems. Biosurfactants were found to be the most promising
technique for enhanced TNT desorption.

" Batch studies with a Cellulomonas sp. in the presence of ferrihydrite and the
electron shuttle anthraquinone-2,6-disulfonate (AQDS) were conducted to reveal biotic -
and abiotic mechanisis contributing to the degradation of TNT. Strain ES6 was found to
reduce TNT and ferrihydrite with enhanced .reduction in the presence of AQDS.
Ferrihydrite stimulated the formation of more reduced TNT metabolites such as 2,4-
diamino-6-nitrotoluene. Interestingly, a completely different degradation pathway was
observed in AQDS-amended iron-free cell suspensions, showing' a rapid transformation
of TNT to 2,4- d1hydroxylammo -6-nitrotoluene, which transformed into unidentified polar
products. :
The influence of iron phases (ie. hematlte magnet1te and ferrihydrite) and
secondary Fe mineral formation on the degradation of TNT was also evaluated. The
initial reduction of TNT was fastest in the presence of hematite; however, the further
reduction of hydroxylamino-dinitrotoluenes was fastest.in the presence of magnetite and
ferrihydrite (no AQDS). The impact of AQDS was predominant in the presence of -
hematite resulting in the formation of 2,4,6-triaminotoluene. Ferrihydrite underwent
reductive dissolution with the formation of secondary hematite. The énhanced TNT
reduction in ferrihydrite-amended systems was therefore most likely due to redox-active
Fe(II) rather than secondary Fe phases.




CHAPTER 1
. INTRODUCTION

We are challenged with water, air and soil pollution frbrn past and present
discharge of domestic and industrial wastes, accidental spills and intentional releases.
Nitroaromatic ‘compounds are released into the environment almost entireiy from
anthropogeni'c soufces; in'cluding chemicals used as pesticides, dyes and explosivas. Sites
used for manufacturing, loading and storage of muniﬁons in the United States and Europe
are often COntar’ninated witn explosives, especially from World War II [1]. 2,4,6‘-‘
tIinitrotoluané (TNT), 1§ the primary explosive used in munitions manufacturing and the .
,yearly.production is estimated at 1000 tons [2,3]. TNT is mutagenic, acutely toxic and
carcinogenid [4-9], consequently, the management of ﬁunitions waste prdducts and tné
: ramediation of contaminated sites are Vital to public | health. fhe removal and .'dr‘,
degradation of TNT from contaminated soils and ‘waters has becomé an impor;cant
prleem where-alternative’s must be evaluated in terms of the acceptability of the formed
metabolite, end—pfoducts, and cost [2]. | |

The degfadation of TNT by microorgdnisms has been evaluated under differént
environmental conditions and although Biotransfofmation is common, complete
" mineralization to CO, is generally not obserVed [10-12].  Corsequently, the
bioremediation of TNT musf, Be'understdod in_ the dontext of specific degradation
pathways and a Caref.ul' evaluation of the fate of several possible pathway intermadiates

[13,14]. The most commonly used method for the analysis of explosives and
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corresponding metabolites is high performanCe liquid c‘hromatogfaphy (HPLC) with UV
detection. However, the use of HPLC continues to present challenges [15] especially due
to difficulties in separating isorrfers and metabolites with a wide ‘ra‘nge of polarities“[16-
20]. ImprcVed methods of ahaly’eis of TNT pathway interfnediatee are mecessary to
evaluate mechanisms of TNT degradation. Therefore, one cf the g‘cale of the present
study was to develop an HPLC method capable. of separating the most 'c,omrhonly
observed explosives and TNT transformation products. Specific objectives were focused
on how column temperature and an ion-pair reagent (i.e. octahesuifonic acid) inﬂuence -
‘the chfomatographic Sepa‘ratien of TNT metabolites and explosives targeted in the
Envfronfnental Protection Agency (EPA) Method 8330. The improved ane‘lytical method
developed here (Chapter 2) provided an import‘ant‘ tool for analyzing the rnajority of the
relevant 'fNT intermediates and was use:d in all subsequent experirrfents eveluating the
degradation of TNT. o |

The impact of soil constituents Sech as soil organic rflattef (SOM) and mineral .
phases on the fate of TNT is :stfll inacleQuately understood. Consequently, conclusions
about the relative importance ef binding interactions, redcx—acti'vity; ‘and bioreduction of
various mineral phases with rescect to TNT transformation in the subsurface cannot yet
be drawfl. To this end, additional Work is neceseary to evaluate the complex interactions
among microorganisms and rmineral s'lfr'fa(:es and the subsequent effects on TNT
* degradation. In particular, the ﬁresence of Fe(II) associated with Fe (hy'c_ir)oxide‘ surfacee o
can play an fmpcrtant role in the reduction vof a variety of organic and inorganic

pollutants (e.g. U(VI)) in natural and engineered systems ‘[21-25]. A host of Fe
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(hydr)oxide mineréls are thus u’séd in research studies (e.g. 26,271 des_pit_e the actual
chemical and physical compIéXity ‘of natural minér_als [28]. Potential problems, such-as
poor estimation of sorptive pfoperties and surfaCe- reactivity, can arise ffom the use of
poorly characterized'Syntheti'c Fe (hyd.r)oxides as mineral an;logs or from the use of we‘:ll‘ )
characterized mineral analogs to modél very different natural minerals, as demonstrated )
by Perret et al. [29]. Although techniques exist to determine ma.ny chemical aﬁd physical

.properties of synthetic Fe (hydr)oxides [30-33], it is often difficult to represent naturally

~ occurring Fe oxides. The highly sorptive and redox-active iron (hydr)dxide solids often

develop surface layers with properties distinctly different from the bulk. Nevertheless,

the comprehensive investigation of model -Fe (hydr)oxide surfaces will improve our

'unde'rstanding of how different surface and structural properties of Fe (hydr)oxides

influence the biodegradation of TNT. Conséquently, prior to utilizing mddel Fe oxides in
TNT degradation experiments, several analytical techniques wére employed to compare
two selected iron (hydr)oxide mode;ls use:d ina prévious drir_ﬂdrig-waitér Sfudy on vbiofil_m .
control [34]. Thé ’two,‘ materials characterized were 1) cqrrosion’products from a water
system, and 2) a synt‘hetic Fe (hydr)oxide thin film formed on glass surfaces (500-um
beads and gl.ass cover slip.s). Specifically, the objective under this goél was to evaluate
the potential applicability of surface and bulk characterization techniques for eliciting
physical and chemical properties of Fe (hydr)oxide analogs. Results from this study
(Chapter 3) may be used to assist in the characterization of synthetic Fe phases (ihcllid-ing '
thin films), identification of environmentally relevant Fe phases, and to reveal seconc_lary'

mineralization pathways induced by microorganisms as demonstrated in Chapter 6.




Several bioremedlauon strategies for treatlng TNT contaminated soil and
_ sedrment have been evaluated both in the field and at the bench scale. The primary
remediation alternatives include incineration, composting,. chermcal oxidation, alkaline
hydrolysis, surfactant enhanced washing and biodegradation [35-39]. The high cost and
- modest effectiveness of several of these alternatives has prOmpted. the need for improved
remediation technologies ‘[40.]. In situ treatment is currently‘ the most cornmon strategy.
and generally meets  the criteria established for. successful application (i.e-
' implementability, performance and cost) [41]. Field bioremediation treatmeiits such as
excavation and ex situ composting are common, however no in situ processes have been |
developed for remediation of TN T [42].

The llrmted bioavailability to microorganisms and rheir subsequent persistence in
the subsurface [43] represents a major challenge for in situ treatment of TNT,and its
metabolites. The binding of TNT and its metabolites to soil conStituents such as SOM has‘
been well studied [19,44-47]. It was found that TNT binds to humic acids via
hydrophobic interactions by a slow kinetic process and that the sorption capacity of ’.SOM_
is significanrly less than that of clay.[46,48].‘Conversely, it is generally well accepted
that reduced metabolites of "TNT such as the amino de’rivativeslrnay bind covalently and -
in some cases irreversibly to SOM particularly under aerobic conditions [19,44,49,50l. It
was further illustrated that the binding capacity of hurnic acid for TNT ‘and" its reduced
metabolites was influenced by many factors,. including humic acid concentration, pI—l, and

ionic strength [46].
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One teéhnique for énhancing the desoiption and_p_i)tential bioavailgbility of TNT .,
is the use of surfactants. Taha et al..[51] reported enhanced desorption of TNT from a
contaminated soil when surfactants were adiied. In addition, the éurfactant Tween 80
enhanced the mineralization of TNT by Phanero'chaete‘ chrysosporium ‘[_‘52].'.. However,
there are potential limitations to the usé of éurfacténfs’ for‘vz'n and e)‘cvs’i‘tu -reme‘(i'iation‘
including the possible toxicity of sutfactants to certain microqr.ganisms' and the
bi_oavailabi]ity of surfactant inicelle-phaise contaminants [53]. Foi instance, some '
synthetic nonionic silrfactants have been shown to inhibit nﬁneraliéation of phenanthrene
[54]. HOWever, thé microbial production of i)iQSurfaciarit-like biqmoleculés (e.g.
glycolipids) has been shown to enhance the solubiii’iy and 'bioavailabi-lity of pyrene [55].
In addition, exogenously added biosurfactants (i.e. rhamnolipids) were found to enhance
the desorption of phenanthrene.and to stimulate uptake of hexadecane by Pseudomonas -
.aeruginosa [56,57]. Given the importance of surfactani-based remediation treatments and
ionic strength, one of the goals o,f“ this study was to ihVestigate the iﬁﬂuence of ionic
strength, primary cations, and biosurfacta'nts on the. deSC‘)rption of TNT in two model soil
systems. Specifically, important cﬁemical-physical factors that inﬂuence- the sorption of
organic. contaminants were identified based on a literature review; two mcidel porous‘
inedia using different.COmbinations of quartz sand, goethite.‘(oc-FeOOH) and humic acid
. were developed and the desofi)tion Qf TNT studied under liatch and column ‘transport
conditions. Results frcim this study (Chapter 4) improve ou’r.cui‘rent understanding by

revealing the affects of solution chemistry and surfactants on the equilibrium partitioning
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of TNT  in aqueous-solid phase environments and may .-bé ‘useful for optimizing
bioremediation strétegies.

Original studies on TNT‘biodegradabilit‘y suggested that anaerobic degradation
was not possible [58,59]; however, recent studies have shown that' anaerobic
biodegradation is mofe impprtant tha_n previously assumed [60]. One pfémising
mechanism has been based on the full reduction of TNT to '2‘,'4,6—triaminotoluene (TAT)
under anaerobic co,nditiOns, which may bind iﬁeversiblfi to soil! reducing bioavﬁilabilify, '
-mobility and- subsequent edes_ure to biota [19]. Conversely, amino derivatives formed
under ae'robic conditions are more susceptible to electrophillic attack by dioxygenases
| than TNT and may be biodegraded [60]. Prelinﬁpary investigations have indicated that
dissimilatory iron reducing b-acteria (DIRB) might play a si'gnificant "_role in the
transformation of nitroaromatics in the natural envirpnment ‘[22]7 Hofstetter et al. [22]
showed that a Geobact‘ei; .sp. indirectly stirmulated the‘-' transforrﬁation of 4-.
chloronitrobenzene to 4—ch‘101‘roanil’ine.‘_Th‘is conversion was thoﬁght to be fhe result of
biologically produced Fe(II), which can reduce the nitro groups abiotically [22].

Alternatively, DIRB have been shown to reduce quinone moieties in hurh.i_c acids
to form hydroquinones t61,,62]. H};droquinones can also reduce TNT abiotically as
shown recently in t’he presence of 8-hydroxy-1,4-naphthoquinone (juglone) [22,63]. Thé
- few studies investigating the impacf of qlllinc_)nes.(i.é. jﬁglon‘e‘) ‘énd DIRB (i.e. ferrogenic
consortia) on the fate of TNT have all resulted in fhg fofﬁation ‘o_f iénrii'no derivatives
[22,63]. In general, most research has shown that TNT'is‘easﬂ}’f Hansfoméd to numerous

substituted metabolites without significant loss in aromatic character (no ring cleavage) -
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[42]. However, recent studies By Hughes et al. [64] démons&ated the possibility for the
Bambergér,-reaﬁangement (e.g. ’the. acid-catalyzed Barﬁberger rearrangement of 2,4-
dihydroxylar’r_iino-6—nitr0toluene occurs with the hydroxyl addition para to the
participating hydroxylamine réSulting in the formation of 2-dnﬁno-4¥hy§1roXylgnﬂﬁo-5-
: hydroxyl—6-nitrotol'uene-) dﬁring TNT r'nétabolism by ‘Clostridium acetobutylicum. The
formation of phenolic amines via the Bamberberger refalrrangement of 2,4'-’
dihydroxylamino-6-nit;rotoluene (TNT ‘metabolite) is of particular interest since it may.
open the possibility for 'degfadation ‘_through the o-aminophenol extradiol-like ring
cIeﬁVage, pathway [64-67].

_The major éompoﬁent of my Ph.D. work was therefore inSbired by these -
promising preliminary studies documenting de?gradétion of TNT. in systems containing'
either fermenting bacteria, .D'IRB, ferrous/ferric iron and quinone strﬁctures [22,63,64].
To understand potential mechanisms and pafhways of TNT degfadation in compiex
mineral-aqueoﬁs environments more research is needed to systematically evaluate affects
of microbial processes, Fé surfaces, and humic-like substances_‘ Thé objectives of my
work were then focused on (ij‘ the degradation of TNT b.y a novel fermenting (Gram—‘ :
positive) bacterium '(i.e, Cellulomonas sp. ‘s.tra.in ES6) pre\}iOusly shown to reduce
nitrilotriacetic acid chelated Fe(III), Cr(VI) and U(VI) [68], (ii) the role of Fe(Il) on the
fate ‘o_f TNT under biotic and abiotic conditions, and (iii) the influence of anthraquinone-
2,6-di§u~1fonate (AQDS; he,rgiﬁ used as a model compound for thé quinone rmoieties in
HA and an electron shuttle) and soil HA én the fate of 2,4.6-trinitrotoluene under‘ biotic -

conditions. Results from this study (Chapter 5) provide a fandamental understanding of




how fermenting bacteria, ferrous iron, hydrous ferric oxide (HFO) and electron shuttles
_ inﬂuencé thé degradation o.f' TNT and the specific metabolites'foffnéd. ;

The bioreduction of dissolved Fe(IIl), and ‘am;)rphous or c'rystalline‘_ Fe
(hydf)oxides by‘ DIRB such as Gram-negative She’w‘ane'lla‘and Geobdcter spp. has been
studied extensively [69-77]. Fu.rthefmofe, DIRB may play an im];)or'tant role 1n reducing
toxic heavy metals and radionuclides, and in oxidizing aromatic compounds such as |
benzene [78-80]. Geobacter and Shewanella spp. ha\}e not been shown to re.duce TNT,
and Geobacter metallireducens was incapable of direct reduction of mononitroaromatic
compounds '.[22]. The bioreduction of amorphous Fe(IIl) phases (i.e. ferrihydrite) by
Shewanella and Geobacter spp. often leads to the formation of secondary ‘Fe mineral
phaSes such as goethite, sidetite, and magnetite, depending on the chemical énvirbnment
[69-71,77]. .Howev'er, the contrib'uti"On of abiotic“‘ versus biotic ‘faétors | on
biomineralization and the impacts of seconda’ry phases:‘ on degradaﬁion .processes are
poorly understood [69,711.

It is now widely recognized that electron shuttling compOunds‘ such as humic
acids (HA) and AQDS ..rnay enhance bioreduction of iron(III)’ mineralls [61,81].
COnsequen_tly, quinone-mediated bioremediation strat!egies‘ have been proposed due to the
direct and indirect (by increased production of redox-.activé Fe(iI)) reduction of pollutant
- metals and (;‘fgani(:s [82-85]. The impact of du‘i‘nc‘)n‘e moieties on seéoﬁdary Fe nﬂﬂeral
formation is not well understood, and can potentially impa?‘:t ‘subsequent degradation
processes. For exami)le, the formation of magnetite may sequester most of the Fe(III) in

an aquifer to a form that is microbially unavailable and change the redox potential to a




point where conta’minant reduction reactions may be less favoraele [70]. One of the goals -
of this dissertation was ther‘efore to extaluate the influence of' three different Fe
(hydr)oxides (i.e. ferrihydrite, hematite and magnetite) on the microbial (ie..
Cellulomonas sp. strain ES6) reduction of TNT. Speeifi'cally, the objectives of this study
were to (1) deterrnine the role of bioreducible Fe phases on the_rate of TNT reduction ;,and
formation of metabolites in ttle preeence and absence of AQDS, and (ii) assess the role of
bionlirteralization processes. on the retluetion of TNT to gain insight into other potential
consequences of.u'sing strain ESG f(’)r‘bioremediation" purﬁoses ‘(Chépter’ 5 and 6). Results '
from this study (Chapter 6). provide insjghts .fegarding the affects of- Fe minetal
bioreduction and secondary Fe ﬁhase formation on the fate of TNT. |

Most of the dissertation work is either planned fer‘ submission to or already
published in peer-réviewed journals. Chapter 2 has just been published in the Journal of
Chromatography A (Borch, ‘T-and Gerlach, R. ,2004, vol. 1022, pp. 83-94). Chaptef 3
(Borch et.al)) has been submitted for publication in the journal of Water Research.
Chapter 5 (Borch et al.) and Chapter 6 (Borch et al.) will be submitted to the journal of
Environmental Science and Technology. Parts of the dissertation have also- been
pfesented at several national and international conferences such as at the American
Geophysical UniOns Fall Meeting (2002) in San Francisco, Californiat (please refer to Eos
Trans. AGU, 83(47), Fall Meet. Suppl., Abstract B22E-11, 2002) ‘a-_nd at the seventh
international symposium on In Situ and On-S'ite ‘B‘ioremed‘iati'on (2003) 'in Orlando,

Florida (pleaSe refer to session A4. Bioremediation of Energetic Corhpounds, in press).
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CHAPTER 2

USE OF REVERSED-PHASE HIGH—PERFORMANCE LIQUID
CHROMATOGRAPHY -~ DIODE ARRAY DETECTION FOR COMPLETE‘
SEPARATiON OF 2,4,6-TRINITROTOLUENE METABOLITES AND EPA METHOD
8330 EXPLOSIVES: INFLUENCE OF TEMPERATURE AND AN ION-,PAII.{ :

REAGENT
Introduction

The nitroéromatic compound 2‘,4,’6—trinitrotoluéne (TNT)‘, has been’\fo’und to
. contaminate soiis at formef and presént munitions manufacturing facilities, storage
depots, and former sites of @xplésives use [1,2]. Octahydro—_l,3.,5,7—tetranitro-1,3,5,7-‘

tetrazocirie | (HMX) and hexahydro—l,3,5—t1‘initro—1,3,5'—tridzifne '(RDX) are alsd
contamihants at these i'ocations as they are rouﬁﬁely components of T ﬁT—based explosive
mixtures [1,3,;1].

At ‘these sites,- TNT is often beiﬁg biologically reduced stepwise to
hydroxylanﬂnociinitrotoiuenes. " (HADNTsS), aminodinitrotoluenes (ADNTSs),
diamino'nitrqtoluenes (DANTsj, aﬁd '2,4,6-triaminotoluéne (TAT.) (Fig. 2.1).‘ The
HADNTS_, which are intermediates in tﬁe ‘tran_sfo‘rmation of | TNT, include ‘2'- ,
hydroxylamino-4,6-dinitrotoluene (2-HADNT), 4-hyd£oxy1a1mnééz,6-dinitrotoluene @4
HADNT), 2,4;diliydroxylanliné—6-nitrotoluene (2,4-DHANT) and (not shown in Fi,g.‘ 2’.1)
2,6—dihydfoxylanﬁno—4—nitrbtdluene (2‘,6—DHANT) [5]. The ADNTS are 2—amino—‘4,6‘-t‘

'dinitrotoluene (2-ADNT) and 4-amino-2,6-dinitrotoluene (4-ADNT). The DANTS are
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2-;4-diam‘ino-6—nitrot61uene (2,4-DANT) “and 2';6—diamino—4—nitfrotoluene (2,6-DANT)
[1,3,6]. The azoxy comp(jimds,.‘ such as 4,4”,6,6’-tetranitrq-2,2’-aioxythUene (2‘,2".—
azokyj anci 2,2’,6,6’atetranitro-4,4’-a.z()x?toIl:JeHe (4,4’-azoxy) are believed to be ‘the |
products of s'pont_aneo.us-'ébiotic hydroxylarhjnO—nitroso condensation reac_tiohs (Fig. 2.1)

[1,5,7].

‘CH3
0N NO3 CH3
02N NHCGH

. NOy ‘ 2,4-DHANT ‘
P o .
‘ ‘ : \ S NHOH. . - :
: ' e I < YA
g@S;N=N—§©§ <«—— ON NHOH : OZN\©/N02_>'H3C O—~=n O—cns

NO» CH3 ? NO7
NO7 CH3 NO;‘z’ 2-HADNT - NHOH4-HADNT - NOp i 4' XYN02
© 2,2'-A70XY ‘ TOZ l AZ0
. l : CH3 ' CH3 NO2 . '
) N02 CH3 NO2 O\ @ NHy , ‘ 09N | N=N CHs
' b\NéN—Q : ' "2-ADNT . . ADNT ;: :-<'<
: NO .
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Flgure 2.1. 2 4,6-trinitrotoluene (TNT) transformation pathways observed in so1l and
water. :
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Environmental conCerné stem from the mutagenic, carcinogenic, and toxic effects
of ni'troarom_atic and aminoaromatic compounds. TNT, 2-A_DNT, 4-ADNT, 2,4-DANT,
' 2,6-DANT and TAT have been found to be cytotoxic presumably due to induced

oxidative stress' [8,91. | _TNT, RDX, HMX, and the ’i‘NT-derived metéboliteg al-l
demonstrate mutagenic ca‘p'ability' [97 and the EPA classifies TNT and RDX as boséible
" human carcinogens [10].
In order i;o develop accurate metabolic pathway maps, HPLC methods (;apable of
analyzing énd sgparating all explosives and their transformation products~ rriust' be
available. The réduced .metabolites of TNT eXhibit varying :deg:ree"s‘ of polarity and
chemical stability making thel chromatographic sei)aration extﬁremely challenging. The
hydroxylamineé are known to be unstable in aqueous solution in the presence of
rr_;olecu’lar oxygen potentially forming azoxy compounds [5]. -A'zoxy compounds can
undergo further transformation to form 4,4’,6,6’—tetra_mitrb-2,2’-azotohiene (2,2’-azo) and
2,2’,6,6’-tetranitro}4,4’—azotoluene (4,4’-azo) [11]. The formation of HADNTS, azoxy,
~and azb compounds .may be the major cause of poor mass Balances obtained in
biofemédiatiOn systems, where only aminated prbducts lare monitbred [5,12]. |
. TAT is one .of the most unstable reduced TNT metabolites in aqueous séiutioné.
The three amino groups and the methyl group are all activating substituents; which
increase the reactivity .of the aromatic ring toward electrophiles such as ‘oxygen.
Consequently, TAT is highly oXygen sensitive and easily ‘de'graded under aerobic
conditions [1]..‘ However, even under anaerobic conditions, TAT can participate in

Xt

oxydimerization and polymerization to form azo énd poly-azo compounds [1,13].
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Although GC, ,’soli(.i‘—phase‘ microextraction (SPME)-GC;MS, CE-UV, and TLC
havé been used, HPL;C has .remained the major analytical tool for the detection and
quantification of nitroaromatic cbmpounds [1,3,7,11,12,14—18].‘ The most _cor_nmonly
used method for the anéllysis of nitroaromatics is HPLC with UV detection due to its
widesbréad .availability‘ [3,15], while HPLC ‘combinAed with MS; and electrochemical
detection (ED) are also viable but less frequeﬁtly available r.nethods‘ of détection
[13,14,19,20]. |

The analysis of explosives using HPLC continues to present challenges [3].
Previously publiéhed methods have focused _6n the use of C-18 RP-HPLC [3,5,20,21] alnd
acetonitrile as the organic mobile phase. Acetonitrile is of significant greater health and
environmental concern than -methandl aﬁd' therefqre methods .a'voidin-g the use of |
acétoniuile are desirable. Many previously‘p'l‘lblfisthed methods had (Iiifficulties With the |
separation of the following isomer pairs: 2- and 4—HADNT, 2- and 4-ADNT, 2,4- and
2,6-DANT, 2,2’- and 4,4’-azoxy [11,12,14,15,21,22]. Consequently, the identification of

the polar TAT and the less polar azoxy dimcrs‘ in TNT degradation studies has often been

performed in separate HPLC runs [23].

- The goal of the présent study was to separate TNT, HADNTS, 2,4-DHANT,
ADNTs, DANTs,. TAT, azoxy and azo compounds in a single HPLC run and to imprové
the chromatography of the 14 EPA Method 8330 compounds. The explosives ta’rgetéd in
EPA Method 8330 were included iﬁ the present studies due to the fact that they often

occur as co-contaminants in environmental samples containing TNT.  They could
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therefore potentially intetfere or co-elute with TNT or its reduced metabol‘ités during

HPLC analysis.

Experimental

- Chemicals and Sample Preparation

The TNT, ADNT, and DANT sfandards (1000 p;g/mI' in acetonitrile, purity > 99.0°
%) were obtained from‘ Supelco (Bellefonte, PA, USA). TAT*SHCI and 4,4°,6,6’-
tetranitro-2,2’-azoxytoluené wére obtained from Dr. R. J. S'panggord, SRI Intefnational, .
‘Menlo Park, CA. The chemicals included in EPA Method 8330 (all with a pﬁﬁty >96.8
%), 4—hydroxy1amino—2,6rdinitrotoluene (purity - 96.0 . %), 2-hydroxylamino-4,6-
dinitrotoluene (purity 97.1 %), 2,2’,6,6’—tetrjanitro-4,4’—azoxytoluene (pur’ityl 98.8 %),
2,2’,6,6’—tetranitro—4,4’—azotolﬁene (purity 90.7 %) and 4,4°,6,6 -tetranitro-2,2’-
| azotoluene (purity 94.7 %) wer‘e“obtained from AccuStandard (New Haven, CT, USA).
2,4—dihy’droxy1aminb—6—nit’r0toluene was synthesized biochemically and kindiy 'provide‘d
by Dr. J. B. Hughes, Rice University, Houston, TX [5]. 'fNT (neatg purity 98.0 %) for
the degradation studies was 6btain¢d from Chem Service (West Chester, PA, USA).
HPLC grade methanol (UV cutoff 205 nm) and Optima acetonitrilc (UV cutoff ‘1‘90 nm)
were pprc’haSed from Fishef. Scientific (Fair Lawn-, NJ, USA). HPLC grade dibasic
sodium vphOsphate hepta hydrate and ehzyme grade monobasic sodium phosphate were
obtained from Fisher Scientifié and Fisher Biotech, respectively (Fair Lawn, NJ, US‘A),.
The ion-pair reagent octanesulfonic acid (sodium: salt) was obtained from ACROS (New_ B

Jersey, USA). The ion-pair reagent Low-UV PIC B was obtained from Waters
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(Milford, MA, USA). The water used in the pr‘ep‘aration (;f mobile phases and standards -
was obtained from a Barnstead NANOpure system (resiétivity > 17.6 MQ-cm).
The TNT rﬁetabolite mixture waé preépared in a glovve box in the absence of
OX}.lgen (90 % Ny, 5 % CO3, 5 % Hy) and céncentrated by rapid evaporation of
.acetonitrile. TAT staridards have been found to easily degrgdé’ in HZO solutions [24].
However, degfadation of the oxygen and pH sensitive TAT standafds was prevented
when prepared in 0.025 M phosphat:e buffer (pH 7) as follows. The bﬁosPhaté buffer was |
boiled after preparation ar.ld cooled down on ice under a constant purge of nitrogen to
keep the solution free of oxygen. ‘The oxygen free buffer s:olution was transferred into the
anaexobic. glove box and aliquots were added to 15 ml vials containing defined amounts
of TAT*3HCl powder. The vials were capped with poly;c‘etraﬂuoroethyl'ene (PTFE) ‘
coated butyl rubber septa and crimp-sealed. The headspace was finally replaced with pu're; ‘
nitrogen. For analysis, al’iéuots of these solutioﬁs were transferred to HPLC vials in the
glove box and analyzed immediately. The TAT concentration in the stock“solut,ions‘ was

constant for a;[ least 10 days (data not shown).
HPLC

~ Apparatus. HPLC analyses were perfofmed using a Hewlett-Packard 1090 Liquid
Chromatograph equipped with an original autosampler and diode afra;y détector. . The
Agilent Cﬁe,mStation software "(Rev.v A.08.01 [783)]) was utilized for iﬂstrument control,
data acqﬁisiﬁon, and analysis. Although multiple Supelcosil octyl (C-8) 150 x 4.6 mm

© (5-um particle size) columns were uSed during the. method development, all data
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published herein were obtained using‘ the same column.” Guard columns used for the
method development included Supelcosﬂ LC-CN, LC-ABZ+, and LC-8 (20 X 4.6 mm; 5
um), but only the LC-8 guard column was used for the final data collection. The injection

volume was,-IO ul, with an initiél syringe draw speed of 83 ul/min.

Column Temperature, Diode Aﬁav Detection, and Mobile Phasgs. The column
temperature vs;as controlled using fhe block heater ‘bu‘iit into the HPLC system (circulating
heated air around "the column). Stainless steel tubing (35 cm .long,‘ 0.17 mm I.Dr) was
ﬁlaced upstream of the column inside the oven compartment. to ensure that the irﬂet
solvent was acclimatized in order to minimize “potentia-ll instrument-to-instrument
variation [25,26]. Oven t?emperaitufes frdm 35°Cto 55-°C'wére' investigatéd. ‘

Chromatograms were extracfed. at absorbe_;lcies of 220, 230, 254, 360, and 370
ﬁm. Peaks were scanned from 200 to 600 nm to obtain spectrochromatograms for
| cOmbound characterization. |
Two moBile phases were utilized to establish the gradieht system. The orgarﬁc _ '
~ mobile phase was HPLC—grade methanol. T he aqueous mobile phase consisted of either
_0.025 M sodium phosphate buffer (pH 7) with .or without 0.1 % or 0.5 % wiw 1-
octanesulfonic acid (ibn—pair .reagentri), or of a.phosphate buffer (0.0144 M Na,HPOy)
amended with Low-UV PIC B8 resulting in a 0.1 % ion-pair reagent solution with a pH
| of 7.v No significant differenceé were observea for lthe two differeiit aquedus ion—pair
reagent mobile phases. ,S‘incé the use of the Low-UV PIC B8 ion-pair reagent resulted in

significant time savings, all results presented herein were acquired using this phosphate -
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buffer solution. Mobile ph_ases were kept oxygen free by purging them with helium for at

least 30 minutes prior to the first sample run and continuously throughout analyses.

Gradient. The ﬂov;/ ra;te‘of the mobile phase was 1 ml/min. The mobile phase
initially consisted of 99 %- phosphate'buffer (vﬁth or without 01 % ion-pair reagent) and
1 % methanol. By utilizing thé Ag’ilenf: ChemStation ‘-‘nérrow. gradient range” optioﬁ, the
gradient was changed to 30 % methanol over 2 min, then to 43 % methanol over the next
13 min, finally increased to 100 % methanol over 12A.5 min, and held constant for 0.5
min. The solvent ratio was returned to the initial conditions over 1 min and heldfor an
additional 5 min before injectién of the next sample. The total run time including

conditioning time was 34 min.

| Detection and Peak Performance Parameters

Performance assessment .was 'Baséd -on calibration standards 'Qf autheritic
compou'rids and ‘multipoint standard calibration curves. All compoundé investigated had a
linear detection range of at leas_t 1 -100 mg/l and were easily detected in the range of 5-—
10 ng per injection. Standard solutions with a concentration of 10 - 25 mg/l were used to
generate the chromatograms with’ the exception of the aéo compounds, which héd a
concentration of up‘ to.40 mg/l. |

Retention time; (t), - retention timg factors (k’), and the chromatographic
resolution (Ry) were calcuiated for all compounds. k’ was calculated using a void time
which was deterrrﬁned- from the column parameters .suppliéd l(k’ = [tr - (Vm /)] /7 (Vm/

'F)), where Vm is the column void leume [L3] and F the flow rate [L3/t]. ‘The porosity of
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the column packing material was 0.71 based on information from Supelco ‘(Belle.fonte,
PA, U_SA). R and number of theoretical plates (N) were calculated using thé half-width’

method.

Results and Discussion

Analysis of TNT Metabolites

Separation of TNT and its reduced metabolites has been problematic due to the

co-elution of the isomers 2-ADNT and 4-ADNT, difficulties with the quantifiéation of

ionizable intermediates such-as TAT due to speciation, and poor retention [21].

Octanesulfonic acid has been used as an ion-pair reagent to increase the retention time of

the highly polar TAT [13].

The develépment .of a gradient elution method for the separation of the most

commonly reported TNT metabolites was accomplished after extensive investigation of -

various typés of chromatographic columns (including both C-8 and C-18 packing

materials), guard columns, and mobile phases (at various pH,'V’alues). This method was

then optimized further by the choice of temperature and addition of an jon-pair reagent. . .

UV-Spectra’ of all investigated TNT metaboliteé‘ were compared to published

spectra - [21,24] for positive identificétion, except for the UV-absorption spectra of

' 4,4’,6,6’—tetran'itro-2,2’-azotoluehe and 2,2°,6,6’-tetranitro-4,4’-azotoluene, which are to |

our best knowledge shown here, for the first time (Fig. 2.2).
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200 250 300 350 400 nm

Figure 2.2. UV- Spectra of 4,4°,6,6’-tetranitro-2,2’- azotoluene (dashed line) and 2,2°,6,6’-
‘ tetranitro-4,4’-azotoluene (solid 11ne)

The highest UV absorption \;VAS obtainéd at a wayeleﬁgt‘h of 250 nfn f0r t‘he‘ ‘
maj(.)rity of TNT metabolites. H_owever, TAT,‘ DAN’vl‘s‘, ‘4,4’-a‘z‘oxy, and 4,4’;azo had'é
higher absorption at 220 nm and 2,2"-azoxy and 2,2’-azo a sl'ig.ghtlvy increased absorption
at 254 nm (Fig. 2;2‘ and 2.3a)'[21,24]. Most chromatograrﬁs shown herein are given at
" 254 nm unless otherwise noted, since it is the wavelength échievable, on most HPLC-UV

systems and the detector Waveiength suggested by the,EPA [27].

Influence. of Temperature and an Ion-pair Reagent. The impact of temperatufe, on
the separation of TNT metabolites in the absence of an ion-pair reagent is shown in Fig.
2.3a-b and.in the presénce of ion-pair reagent in Flg 2.4. Although. a temperature

. increase from 35 °C to 55 °C decreased the overall separation time by less than one
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minute, the retention time of compounds such as the ADNTs decreased b'y apprbximately
four minutes which resulted in a drastically improved overail separation of the
compounds. |
The isocratic retentién as a function of temperaturevc‘an loften be described by the
van’t Hoff relationship (log k’=a+b/T,aand b afe constants for a given compouﬁd and
T is thé absolute temperature). [28]. The followiﬁg empirical relatioﬁship, t = a’- ¥
hb’(i/T) where a’ and b’ are constanté-fOr a given solute as T is varied and all other
.conditions aré Kept constant, was derived by Zhu et aI. [29] from the van’t Hoff
relationship based on assumptions such as ky >> 1 (value of k’ at start lof separation) and
that S does not vary with temperature; S is a soi‘ute parameter (please refer to Zhu et al.
 [29] for further details). -
. A linear 'rel_;ltionship (R? >0.99) was obtained when plotting the t, as a function of ‘
T for the herein investigated compounds. The following order of temperature sensitivity
was obsetved based on the calculated slopes (b*): 4-ADNT (b’ =21738) > 2-ADNT (b’ =
21231) > HADNTs >> TNT >> 2,4-DANT (b’ = 3581) > 2,6-DANT (b’ = 2464) (Fig.
2.3b). The linear rela_tionship" for the studied explosives can' potentially be used to predict
the retentioﬁ time as a fﬁnction of t,er.nperature, and thereby help improving the ;separatibm
of closely eluting compounds, which is in agfeement with de‘tailed studies by Zhu .et al\.

[29,30].
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Figure 2.3. (a) Optimal separation of TNT metabolites in the absence of an ioﬁ—pair'

reagent at 37 °C (1 = 2,6—DANT; 2 =24-DANT; 3 = 2—HA_DNT;_4 = TNT;
5 = 4-HADNT; 6 = 2-ADNT; 7 = 4-ADNT; 8 = 2,2’-Azoxy; 9 = 4,4’-

Azoxy; 10 = 2,2’-Azo; 11 = 4,4’-Az0). Note the improved separation of the

azoxy and azo compounds with increased temperature and baseline

separation of all compounds at 52.5 °C (see inset). 37 °C was chosen as the -
best column temperature ‘d'ue to the potential for larger instrument-to- |
instrument variation at higher temperatures. (b) The retention time (tr) as a

function of the absolute temperature for selected compounds.
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Figure 2.4. Optimal separation of TNT metabolites in the presence of an jon-pair reagent
at 44 °C; the peak labeled “IP” is an inherent peak caused by the addition of
the ion-pair reagent (1 = 2,6-DANT; 2 = 2,4-DANT; 3 = 2-HADNT; 4 =
TNT; 5 = 4-HADNT; 6 = 2-ADNT; 7 = 4-ADNT; 8 = 2,2’-Azoxy; 9 = 4,4’-
Azoxy; 10 = 2,2’-Azo; 11 = 4,4’-Az0). Note the co-elution of TNT and 2-
HADNT at 35 °C (see inset). '

In a recent review by.Dolan [25] it was reported that a change of temperature
especially influenced the selectivity of iohizablé and polar compounds due to a possible
concurrent change of the pK,, which is consistent with the results. obsérved in this study.
The impact of témperatﬁre on the DANTs was attenuated compared to the ‘ADNTs
possibly due to a significantly higher pK, value or other physical-chemical interactions,
which were not further investigated as part of this study [25,29-32]. However, when
comparing the relative shift in retention time of the polar TAT with TNT and 4-ADNT as

a result of an increase in column temperature from 37 °C to 52.5 °C similar relative shifts

were observed (i.e. 13 %, 16 %, and 19 %, respectively).
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The increased temperature sensitivity of 2- and 4-HADNT, as compared to TNT,
was used to optimize the peak separation (Fig. 2.3b). Most compounds were separated
With baseiine resolution (i{s > 1.5) at a temperature of -37'°C except for-2,2’-azo and:4,4"— '
azo which had R; values of 1.3 and 1.2, respectively (Fig. 2.3a). The resolution éf the azo
isomers was improved to Ry > 1.4 by increasing the column temperature to 525 °C (inset
in Fig. 2.3a and Table 2.15. However, 37 °C waﬁ chosen as the best-suited

‘chromatography temperature due to potentially increased relative staﬁdard deviation, and
potentially larger instrUmeht-to-insuument variation at elevated column temperatures
(Table 2.1) [26]. |

Increased temperature decreased the peak width (W) of' all peaks and increased
the number of theoretical plates (V) for the maj ority of peaks. In a few cases a décrease of
N was obserVeci. In the absence of an ion-pair reagent fér instance, a temperatute increase
froﬁ 35 °C to 52.5 °C resulted in an approximately 33 % increase in N for 2,6-'D‘A'N;I‘,
but a 13 % decrease in N fc;r TNT.. N should in theory increase as teméérature incfeases,
howevér, experimental studies.have.shoWn that this is "not alWays the case in .gradient
elution [29].

-An ion-pair reagent hgs often ‘becn used for the chromatography of TNT -
metabolites in order to prolong the retention time of the polar TAT [13]. The addition of
an jon-pair reagent to the aqueous mobile phase in tﬁe present study resuited in the co-
elution of 2—HADN_T and TNT at thé Acomrmnlly uséd colﬁmn temperature of 35 °C (inset
in Fig. 2.4). However, the co-elution was completely ayoided by increasing the

tempetature to 44 °C (Fig. 2.4).
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Table 2.1. Retention time factor (k’) and peak resolution (Rs) calculated for the TNT -
metabolites (37 °C; Fig. 2.3a), EPA Method 8330 compounds (50.5 °C; Fig.
~ 2.7a), and TNT metabolites combined with the EPA Method 8330

-compounds (50.5 °C; Fig. 2. 8a)

Metabolites.and

Compound TNT . EPA . 7
n=6) metabolites” compounds® EPA compounds® . -
k® R - k® RS k® R?
TAT® 1.055 >15 - 0.83 >1.5
2,4-DHANT? 1.95 n.a. T
2,6-DANT 205 >15 . 1.91 > 1.5
HMX ' 1.89 >1.5 1.91 0.0
2,4-DANT 232 >I.5. 211 >15
RDX 2.74 >1.5 2.74 >1.5
1,3,5-TNB 3.46 >1.5 347 >1.5
1,3-DNB 4.17 >15 419 - >1.5
'NB : . 4.94 >15 497 = >15
. 2-HADNT 627 >15. : o " 5.08 082

Tetryl 5.27 >1.5 5.28 >1.5"
4-HADNT 677 >15 : 5.49 14
TNT 6.51 . >15 5.61 >15 5.63 - 0.94
2-ADNT 727  >15 5.89 >1.5 5.91 >1.5
4-ADNT 753 >15 6.13- >1.5 6.14 >1.5
2,4-DNT 6.36 >1.5 638 . >15
2,6-DNT 6.60 >1.5 - 6.62 >15
2-NT 7.52 >15 755 . >1.5
4-NT 773 - 1.3 775 13
3-NT 8.06 >15 8.08 - >15
2,2’-Az0Xy 11.7 >1.5 114 >1.5
4,4’-AZoxy 122 >15 11.8 >1.5
2.2'-Azo 12.3 1.3 11.9 1.4
4,4’ -Az0 124 12 12.0 >1'.5

*Ranges of relatlve standard dev1at10n (R.S.D.) of the retention time (tr) T =37 °C (0. 01

—006%) T=150.5°C (0.01 - 0.17 %).
Relatlve standard deviation (RSD) of k” and R << 1 % for all compounds

° TAT was measured at 220 nm and run separately (n = 7).
¢ 24-DHANT was run separately because the chemlcal was obtalned Just before

submission of thlS manuscript (n = 3).
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A rélatively low shift in retention timé was observed in the presence of an ioﬁ—pair
reagent compﬁed to previously published resqlts with Supeléosil C-18 and ABZ+
columns (_25‘ cm by 4.6 mm; S—LLm particles) v[1.3,24]'ﬁ The  relatively low .shift in t;
- compared to these results could be due to a lowér ibn—pair reagent affinity to the (15 cm
loﬁg) C-8 column packing material, differences in the mébﬂe phase, or differences in the
gradient elution. HoWever, the exact reasons remain unknown and were beyond thé scope
of this inves‘tigation.l The retention time of TNT decreased by 2.6 % in the presence o"f thé
ion—péi-r réagent possibly due to a change of polarity in either t'he:'motlﬁle phase or the
stationary phase. The temperature sénsitivity in the presence of ‘an ion-pair reagenf
decreased by 8 % to 17 % for ali compounds bésed on comparisons of the calculated
slopes (1.9’).(4—ADNT (b’ = 19985) > 2-A]5NT‘ b= 19483) > 4.—HADNT ® = 18‘1(53) >
2-HADNT (b’ = 16269) > TNT (b’ = 12014) > 2‘,4—DANT b = 3631) > 2,6-DANT (b =
2054)) witfl the calculated slopes in the absence Qf an ion-pair reagent (see e‘lbox'ze‘and
Fig. 2.3b). | |

The use of an ion-pair reagent for irmproved.cémpound selectivity often. has an
unfavorable impact on various factors. such as slow colurin equilibration and.method '
ruggedness, however it is still one of the favored ways' to inc’rease the selectivity factor
(o of ionizable dompounds_‘ in RP—HPLC [29]. The use of an ion—pair reagent in this ‘
“study resulted in the appearance of an inhérent peak (IP). In this case the iﬁhefe”nt peak
did not interfere with other péaks of interest (e.g. 'IP‘ observed at 8.45 min in Flg 2.4),
however the ‘prese;nCe of such an IP could complicate -the detection of TNT related

compounds in certain situations. Since the overall chromatography was not improved by
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use of an ion-pair reagentv in the aqueous mobile phase it is suggested to perform the

chromatography in its absence, which will result in a significant cost reduction.

Method Performance. An accep‘;able level of reproducibility must be estabiished
before any separation method can be applied to the analysis of intr'ica.te environmental
:§amples. ‘Tﬁéréfore, the chromatographic -performance and reproducibility -of .the ’
. developed grédient miethod for the analysis of TNT and its metabolites Was invesﬁgated ‘
at 37 °C and 52.5 °C (data not shown), which had demohstrated optimal separation in the
absence of an ion-pair reag_ent.,. and at ‘44 °C (data not shown) in the presence of an ion-
pair reagent. A mixture of TNT and its metabolites (solubilized in acetoﬁiuiie)' "w.as
repeatedly injected and monitored for variability in retention time (t), rqtention,time
factor (k’), and peak resolution (R;) (Table 2.1). TAT was run separétely, due to its poor
solubility and stability in acetonitrile. | |

The retention time factors &) fér .the less polar aZoXy and azo compounds were
significantly higher than for the other metabdl'ites (Tabie 2.1). However, in order to
obtain suffic;ient separation of the azoxy and azo compounds a slow increase of th‘e‘
methanol concentration was néces‘sary. If the chromatography of the azo or Both the azo
and azoxy coﬁpounds is not desired the total run time can be significantly ‘decreaséd' by
use of a steeper final gradient. If the' chromatography of the .a..ZO éompounds is not
desired, the metﬁaﬁol concentration can be increased to 100 % over 8.5 minutes instead
of 12.5 minutes, if neither“ a-zo nor azoxy compounds are of interest, the metﬁainol

concentration can be increased over 1 min, -
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Very good reproducibility and performance was obtained under all three
conditions, however asliéhtly increased variation in the retention tiﬁes was observed at
52.5 °C (range of RSD: 0.02.— 0.27 %; n = 3). The retention time factors Were less than
12.4 and the resolution was bet.ter than 1.2 for all compouncis with baseline resolution (Rs
> 1.5) for most of the investigated compounds (Table..2‘.1).'

Sincé sérption of an ion—pﬁr reagent to the column pacl_cing material can change
the characteristics of a column, the reproducibility of the presented results was tested by

‘reconfirming the quality of separation with a new Supelcosil LC-8 column. The new
column had never been exposed to ion-pair reagent. Th‘e retention times of the 14 EPA
8330 coml;ounds at' 50.5 °C changed by less than 2.2 % between the columns and the
resolption was of the“'same quality a.sA with the LC-8 column that had been éxposed to ion-
pair reagent. The slight change in t; fnay be: due to column aging rather than sorption of ‘.
the ion—pair.

In order to test the developéd method in a real case scenario Sampies were taken
from a TNT biotfansfbnngﬁon .experiment [33] and analyzed using the developed
gradient fnethOd at 37 °C. No significant retention time shift was observed over a period
of 86 days after analysis of more fflan'SOO samples from 'varioué TNT degradation studies
using thé samé Supeléosil LC-8 . chromatography column. The two chrofnat;)grams i_nj
Figure 2.5 démonstr'ate th.e‘ degradation of TNT by 'strélin ES6 in the presence of hydious

ferric oxide and the electron ..shuttling compound 9,10—anthraquinOne-Z,6=disulfoﬁat_e
(AQDS). TNT was completely transformed via the HADNTs and ADNTSs metabolites to

2,4-DANT and TAT after 86 days.
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Figure 2.5. Randomly selected chromatograms from the analysis of aqueous samples of a
"TNT biodegradation experiment [33]. Test tubes contained synthetic ground
water [34], carbonate buffer (pH 7), hydrous ferric oxide, 9,10-anthraquinone-
2,6-disulfonate (AQDS), sucrose, and strain ES6, tentatively identified as a
Cellulomonas sp. [33]. The test tubes were injected with 52 uM of TNT after.

14 days of inoculation and TNT transformation and metabolite patterns were
observed over time. The solid line and the dotted line show TNT and its
metabolites after 3 days and 86 days of incubation, respectively. The
chromatograms are shown at 230 nm and were obtained using the developed
gradient elution method at 37 °C. M: microbially related metabolites, U:
unidentified peaks, I: sample inherent peaks.

 Analysis of EPA Method 8330 Explosives

Fourteen. explosives, octahydro—l,3,5,7;tetranifr0—1,,3,5,7-tetrazocine (HMX),
hexahydro—1,3,5—trinitro—1,3.,5-triazirie (RDX).,.' 1,3,5-trinitrobenzene (INB), 1,3-
dinitrobenzene (DNB), nitrobenzene (NB), TNT, 2,4-dinitrotoluene (2,4—DN:T ), 2,6~

dinitrotoluene (2,6-DNT), 2,_4,6—trinitrophenylmethylnitramin (Tetryl), . 2—ADNT’, 4-
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ADNT, 2-nitrotoluene (2-NT), 3-nitrotoluene (3-NT), and 4—nitr0£ol-uéne ‘(4‘-NT:)‘- are
included in the EPA Method 8330 [35]. | |
The main difficulty with the isocratic EPA Method 8330 is the reportéd c:_o;elution
of the DNTs and ADNTs ‘when employing the récomrﬁended primary C-18 (250 X-'4.6 .
mm, 5 um) RP-HPLC column [3,27,35].. . Conéequer_lﬂy a second confirming run isA
needed for the. separatioﬁ 'of the DNTs anci ADNTS, which is commonly perfoerd by
utilizing a CN (250 X 4.6 mm, 5 pm) RP-HPLC column [27,35]. The co-elution problem
of DNTs and ADNTs was solved in a recent study by use of a two—phase approach in a
| smgle RP- HPLC run. Lang and Burns [3] used a CN guard column in series with a C-18
column, while keeping the EPA Method 8330 ‘specifications. Lang and Burns [3]
demonstrated that, although, the tWo—phasé approach resulted in a total Tun time pf :
épproximately 32 min compared to approximately 24 min for the EPA,Méthod 8330, it
only réquired one HPLC run s;nce the co-elution ‘c;f the DNTs and ADNTSs was avoided "
3,35]. |
The goal of this part of the study was to develop an alternative method, that v/vould :
, de'c_:reas.e. the total run time, reduce | the consumption of solvents (ﬁobile p‘hases)_
compared to the discussed methods, and still baseline separate' all 14 EPA Mefhod 8330

compounds.

Influence of Temperature and an Ion-Pair Reagent. Baseline resolution was

achieved for aﬂ compounds (except for 4-NT; Rs = 1.3) by optimiziﬂg the column
temperature of the described gradient elution method. Fig. 2.6 illustrates how the

increased teniperatun: sensitivity of the ADNTSs can be used to separate them from the
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DNTS. 4-ADNT and 2,4-DNT cc;-eluted at42 ;C but were cc;mpletcly separated at 50 °C,
The higher tempefature sensitivity of the ADNTs might be due ‘t‘(.) the ionizable character .
of these compounds [25]. An optimuml temperature of 50.5 °C was found to rapi.dly‘ (18 |
~ min), reliably (RSD < 0.2 %), and fully sepérate all the EPA Methoa 8330 compounds

(Fig. 2.7a and Table 2.1).
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Figure 2.6. Influence of tempetature (42, 47, and 50 °C) on the separation of selected
EPA Method 8330 chemicals in the absence of an ion-pair reagent. Note the
co-elution of 4-ADNT and 2,4-DNT at 42 °C and the improved separation
with increased temperature. -
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Figure 2.7.

The

(a) Baseline separation of EPA Method 8330 compounds at the optimized
temperature of 50.5 °C (mo ion-pair reagent added). (b) Separatlon of the
fourteen EPA Method 8330 chemicals in the presence of an ion- palr reagent
at the optimized temperature of 41.5 °C. Note how the ion- pair reagent
prevents baseline separation of several compounds.

flow rate in this study was 1 fal/min as compared to 1.5 ml/min used in the

EPA Method 8330 and the method proposed by Lang and Burns [3,34]. Additionally, the

" total run time in this study was reduced by approximately 7 min (= 22 %) compared to

Lang and Burns [3], based on a seven minutes column conditioning time following the

elution of 3-NT. The combined decrease in_ total run time and flow rate resulted in an
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approximately 48 % reduction in solvent consumption as compared to Lang and Burns

~and a30 % reductibﬁ compared to the EPA Method 8330 [3,34]".

Optimal chromatographic separation in the presence of an ion-pair reagent' was

“obtained at 41.5 °C (Fig. 2.7b). The ‘terriperature selectivity of the ADNT‘s‘ relative to the

DNTs was decreased in the presence of an ion-pair reagent, exemplified by the reverse '

elution order of 4-ADNT and 2,4-DNT (Fig. 2.72-b). The affinity of the ion-pair reagent -

for the ADNTSs resulted in increased retention times and consequently a poor separation

of 2-ADNT, 2,4-DNT (R = 0.83), and 4-ADNT (R; = 0.63) (Fig. 2.7b). Hence, it is not
recommendable to use an ion-pair reagent for the separation of compounds included in

the EPA Method 8330.

Combined Analysis of TNT Metabolites.
and EPA Method 8330 Compounds

Soils and water contaminated with TNT and its metabolites often -contéin co-
contaminants such as the compounds included in EPA Method 8330 [18,27]. Thus? it is
in{portant to minimize the potential for co-elution of chemicals to prevent false pOsiﬁve

results when analyzing complex environmental samples. It was therefore tested whether

" the developed gradient method would be capable of separating all 23 chemicals

investigated in this study ranging from the very polar TAT to the less polar nitrotoluene,
azoxy, and azo compqunds ina single Tun.

Various temperatures were invéstigatéd (data not shown)' and it was found that the
same temperature used for the optimal ‘sepvarati‘on of EPA Methqd 8330 compounds (50.5 .

°C) gave the most satisfying chromatogréphic separation (Fig. 2.8a and Table 2.1). 2,6-
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DANT and HMX c;o—eluted and Z-ﬂADNT and TNT had a peak re.solution of less than 1.
Neverthelesé, reiiable identification was obtained for the majority of the _inveSt’igated’
compounds including the 7 pairs of isomers containéci in the analyte mixfure (Table 2.1).

Decreasing the steepneSs of the proposed initial methanol gfadient can preverit the
co-elution o'f 2,6-DANT and HMX. However, this will result in a poor separation of
compounds with longer retention times (data not shown). The use of an ioh-pair reagent
in the aqueoué mobile phase at 41.5 °C allowed for a slightly better separatioh of 2,6-
.DANT and HMX (Rs ~ 0.7), however, it also. resulted in an overall decreased
chrbmatographic resolution (Fig. 2.8Db). -

The peak labeled IMP wéé an inherent impurity (IMP) ori'ginating from thé 4-
HADNT standard. The peak labeled A in the chromatogram is a possible transformation-
‘ product, which accumulated over time. It is bélieved, based on previous .studies [5,36], -
that the degradation product (A) originated from the spontaneous dimerization of the '
oxygen sensit’iv__e HADNTs potentially producing an 2.1dditiona.1 azoxy-isomer (e.g.
2,4’,6,6’-tetranitro_—‘Z’,4-azoxytolﬁene or 2",4,6,6’itetranitro-2,4’-azoxytqluene). This was
support.ed by an abiotic expeﬁment investi‘gatiﬁé the‘re'sulting transformation product
after oxygen-purging a standélrd mixture containing only 2- and 4-HADNT by

comparison of the. DAD spectra (data not shown).
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Figure 2.8. (a) Separation.of the 23 TNT metabolites and EPA Method 8330 compounds
-at 50.5 °C in the absence of an ion-pair reagent. (b) Separation at 41.5 °C in
the presence of an ion-pair reagent. Note the slightly improved separation of

" 2,6-DANT and HMX in the presence of an ion-pair reagent but the overall
decreased chromatographic resolution. “A” is a possible transformation
product (probably 2,4°,6,6’-tetranitro-2’,4-azoxytoluene, see text -for
discussion) and “IMP” is an inherent impurity contained in the 4-HADN
standard. '
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Conclusion

This study demonstrates for the first ﬁme the importance of optimizing the
| temperéture for the improved separation of complex mixtures céntaining expioéives—
related compounds. The findings herein evoke that colurﬁn temperature should not
always be used as the last parameter to optimize RP-HPLC methods. Addi’gionally, this
work is a supplement to research illustrating thé importénce of column temperaturé f;)r
the improved separa;cion of compounds like chlorophylls, herbicides, pgptides, and drugs
(e.g. anticancer agents) [25,30,37,38]. ' | | A
The developed gradient method islunique because the same method at different
terhpera‘pures can be used to completely separate TNT and 12 of its reduced metabolites
as well as the compounds targeted in the EPA Method 8330. The TNT metabolites
included 2,4,67triarr1inotoluene (TAT), the DANTS, ADNTs, HADNTS, 2,4-DHANT,
tetranitroazoxytoluenes, and te&ani&oazotoluenes. |
The proposed chromatographic method for the EPA-Method 8330 compounds
does not only provide improved separation of the 1;1,target compc;unds but -éls’o a
sjgnificant reduction of total run time and soivént consumption when compared to
previous studies [3,27,35]. | | |
The use of an ion-pair reagent fof increased sel'ectiyity was also investigated. .
However, the use of the costly ion-pair reagent could be totally ax}oided by optiﬁﬁzing the
column temperature. |
| Finally, the gr’adieﬁt method prov¢d ‘.[ov bé 'capabl_e of separating all 23 explosives-

',relafed compounds, including: the 12 reduced TNT metabolites tested, and the EPA
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Method 8330 compounds in a single run except for 2,4-DANT and HMX, which -co-
eluted. Thus, the gradient ehitibn method described here can beCorf;e’a valuable tool for
‘the fast and reliable analysis of complex samples containing mixtures of nitrearomatics,

aminoaromatics, and nitramines.
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CHAPTER 3

CHARACTERIZATION AND COMPARISON OF IRON (HYDR)OXIDE ANALOGS |
FOR WATER RESEARCH BY USE OF IMAGING AND ANALYTI’CAL :

TECHNIQUES
Introduction

In the United States approximately.15 % of all pipelines éupplying drinking water
are unlined cast iron pipe [1]. Corrosion producté (CP) easily form at the iron-water
interfaéé and can lead to undesirable changes-in the drinking Watér quality within the
_distribution system.- CP react with chloriﬁe based disinfectants resulting in a reduction of
disinfectémt residual [2]. The presence of unlined cast iron pipe has been correlated with
an increase. in total co_liforms’ [3], which are ‘indi.cator‘s of possible microbial
contamination. It has been shown that biofilm that fonné' on the Walls of pipelines can .
contain a number of undesirable organisms, and that biofilm forms mofe readily when Cf’
and natural organic mater (NOM) are present [4]. The adsorption of NOM to CP ‘is
| believed to promote biofilm gr.onwth. Therefore, it has been recognizéd that in oréier to
understand the complex interactions between CP, b];.Ofﬂm,’ N‘OM and other water
constituents, it is yital to charactériZe the minerals that comprise the CP [2,5].
S}'Inthetic iron (hydr)bxides have ofteﬁ been .‘used as rﬁodels for iron CP for
~ improved homogeneity in experimental systéms (4], howéyer, ;Sofential problems: can
arise from‘oversimpli'fi_cation ‘of natural .iron (hydr)oxide mixtures being modeled as

demonstrated by Perret et al. [6]. In addition, applficétion of synthetic iron (hydr)ox‘idé's to
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granuiar filter media has been used for the removal of particulates [7] and organic matter
[8,9] and for the immobilization of metals (e.g. arsenic) and radionuclides (e.g.
strontium) from wasté'—, drinking-, and ground-wafer [10-12]. |

Cp are composed primari.ly of iron (hydr)oxides [2]. The complexities of iron
(hydr)oxide CP make it .diffi(:ult‘ to select appropriate anal‘ogé for elucidation of the
interactions between CP, bioﬁlm and NOM.. The dvifferen't (lvlydr)oxid:e phases cémpﬂsing
CP possess diffefeﬁt chemical properties such as free energy of formation, crystél
structure, morphology, and sorptive properties. The role of these differeﬂt phasé's in

biofilm formation and HA adsorption requiré‘s a better understanding of the properties of

these phases. The highly reactive nature of iron (hydr)oxides often results in Ithe '

formation of surface layers with properties distinctly different from the bulk. A
systematic 'investigation of model iron (hydr)dxide surface prOperties should lead to a
better understanding of how iron (hydrjoxi.dés control biofilm and HA interactions with
CP.

In the present investigation, a variéty of bulk and sﬁrfac.e énalytiCal techniqués

were evaluated for the characterization of two iron (hydr)oxide CP ‘analo'gs; crushed

tubercles from the interior of a corroded drinking water pipe and a synthetic mineral

analog. These results are important in interpreting the response of engineered and
experimental systems where interactions between iron oxide phases and disinfectant,

natural organic matter, and biofilm growth are investigated. = .
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Experimental Section

Iron (Hydr)Oxide Analogs

The two iron (hydr)oxide analogs investigated weré the safne as tholse-used in a
water di‘stn'bﬁtiori study described elsewhere [4]. The first anélog was crushed corrosion
producté (CP) from én unlir;ea caét iron pipe, while the second consisted of a synthetic
iron oxide; deposited as a‘thin‘film ona glass su'bétrétum. CP were_qbtainéd from an iroﬁ
pipe recovered from a water distriiaution system in the greater Boston area
(Massachusetts, USA) that had been in operation for app'r&_ximately ‘80 years. .-CP were
dried under 2 flow of N, and crushed. Parﬁélés analyzed passed a No. 10 (2.06-&1@) |
sieve. CP were subsequently Washed using Nanopﬁre (Barnstead-Thermolyne, Dubu'q‘l'le‘,
IA) reagent-grade Water, dried and stored under N,. During thc_a.rer‘noval, crushing, and
sieving processes the CP were éxposeci to ‘atm()-sphc'riC‘ oxygen and some oxidation may
have occurred because of exposure to the ambient atmosphere. Howevér, the aim was “not
to qharactei‘ize the CP in its pure nafural- state as attempted préviouély by Sarin et al. [2],
but rather to compare and characterize t\;vo iro;jl (hydr)oxide CP rtr'lodels for §imple use in
the labo;atory and total oxygen elinﬁnation was not feasible in the present studies. Glass
beads (GB) with a nominal diameter of 0.5 mm (Biospec Products, Inc., Bartlesville, OK)
were coated with iron oxides (IOCB) using a forced acid hydrolysis ‘te'chnique similar to
the pr(.)tocols of Rieke et ‘al'.' [13]- with exce_pﬁon bf the sulfonated self—assemll)léd
monolayer. IOCB vs’/ere ﬁnsed‘ with Nanopﬁre water, dried at room teﬁlperature, and

stored under N,. The same iron oxide coating technique was applied to glass cover slips
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(IOCC) (Fisher Scientific, 0.13-0.17 mm thickness). IOCC were analyzed by AFM and

GID to avoid geometric constraints of spherical IOCB. '

Reference Iron Oxides

Five iron oxides in powder form were used as reference cdrﬁpounds in this
investigation: hematite (0-FexOs), goethite (a-FeOOH), magnetite (FesOs) and
maghemite (y-Fe,03), all commercial products (Alfa Aesar, Ward Hill, MA), and 2-line

ferrihydrite (Fe; 5501.66(OH)1.33) synthesized aCcording_ to Corriell and Schwertmann [14].

Bulk Properties

The total iron conteht of the CP and IOCB was detérmined (Hach Method 8147-
FerroZine Me-thod) by digestio:n in concentrated HCI and subsequent spectrophotofngtric
analysis [4]. Specific surface area of GB, IOCB, and CP samples was m_easu,red witha
FlowSorb 2300 (Micromeritics, Norcréss, GA) using a thrée—poir;t Brunauer, Emmett and
Teller (BET) N2 sorptic;n isothe_rm; Anvacid-base titration modiﬁed from Chang [15] was
used to estimate the proton-binding >capacity'.

Scanning Electron Microscopy (SEM) and
Energy Dispersive Spectroscopy (EDS)

SEM and EDS was app}ied to obtain high resolution 3D ifnagés and the elemental
composition. The instrument used was a JEOL 6100 SEM with a LaBs sourc_é (JEOL
USA Inc., Peabody, MA) coupled to a Noran Voyaéer )\(—ray detector for elemental

“analysis (1-pm spot size, Thermo NORAN Inc., Middlétén, WI) and a Ronfec Xflash

detector for elemental mapping (Rontec USA, Inc., Acto’n,f_MA). EDS spectra in the
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range of 0-10 éV were obtained using an accelerating voltage of 15 kV. The working
distance was 8-39 mm for high—_resolution‘ imaging and 39 mm for EDS analysis and
elemental mapping. All samplés were carbon-coated before SEM and E],)S ahalysi_s.
Digital imaging (using both secondary électron and backscattered electron _signals),‘ EDS
spot analysis, and _2—_c_1imer.1$iona1 elemental mapping were used to distinguish mineral

phases and characterize their morphology, texture and composition.

Atomic Force Microscopy (AFM)

AFM waé used to obtain 3D topégra’phic imaiées. Image analysis pfovided
‘roughness and surface areél inférmation with sub-nanometer height resolution undér both
wet and dry condifions. IOCB and GB were carefully pressed into soft indium foil bef§rc
" they were mounted to the sample stage. CP provéd toro‘ rough for our instrument. ‘IOCC
samples were mounted with double-sided tape to the sample disc, and an uncoated glass
cover slip (UC) was used as' a reference. All AFM images were obtained u.sing a
Nano‘sc_dpe Illa Extended Multinﬁode AFM from Veeco:Metroiogy (Santa Barbara, CA)..
Tapping mode images in air were obtained using silicon tips and cantilevers (TAP 300
HD with a nominal tip:‘radius_.of less than 10 nm and a specified nominal cantilever spripg
éonsta‘nt of 40 N/m from Nano-Devices, Santa Barabara, CA). Contact mode images, in
both éir and liquid, were‘ ‘obtained using silicpn ‘npitride tips .and cantilevers (TM-
microscopes (NPS 20) with a specified nominal cantilever spring coné_tant.‘of 0.3 N/m).
Height images were minimally processed ﬁsing a 1% order ﬂatten procedure to preVent'

introduction of artifacts [16].
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Depth Profiling by Time of Flight

(Dynamic) Secondary Ion Mass:
~ Spectrometry (ToF-SIMS)/AFM

ToF-SIMS was used to recover fragrents of ionized molecules from the-
outermost atomic layer of the surface. ToF-SIMS/AEFM for depth proﬁfling. has - the
advantage of sample imaging, spatial resolution and high surface sensitivity [i7]. Thé
IOCC coating was depth profiled using a TRIFT I Time—of—Flight Sééoﬁdary Ion Mas§
Spectrometer (ToF—SIMS., PHI—EVans, Eden Prarie, MN) with a pulsed .gallium liquid
.metal ion gun fired ‘at 25 keV‘With a 10-kHz repetition rate, éérving as the prir,ﬁary ion
source. IOCC and UC samples were s'puttgr coated with gold (less than 10 nm) to -
prevent charge buildup and then introducéd into a vacuum o‘f- lésé than 1’_ x 10°® torr. The |
raster area for sputtering was 40 pm?, while the raster area for anélysis of seéondary ions
was 25 pm?” in the center of the sputtered area. Sputt'eriné intervals ;f0r dépth proﬁling,
were 15 s, and secondary ion collectioﬁ inte.r'.vals were 60 s. The boundar.y between the -
glass and the.iron oxide coating of IOCC was located by sputtering the surfgce aﬁd
monitoring iron and silicon peaks until the counts for silicon ceased to iricréase with
further sputteriﬂg. The depth of the ablation pits was directly measured using the section
analysis mode of the AFM. |
Transmission Electron Microscopy

(TEM) and Selected Area Electron
Diffractometry (SAED)

TEM-SAED was applied to obtain aténlic—resolution images and crystal
information on selected areas. Specimens of the synthetic coating were prepared by

sonication of IOCB in deionized water and collection of the suspended material onto a C-
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coated Cu grid with a formvar support film. CP v&;ere deposited directly onto the Cu gnd -
Imaging and analyses were performed using a JEOL 2010 high resolution TEM (JEOL.

- USA Inc., Peabody, MA), equipped with a LaB6 filament, operated at 200 kV with a
resoiutio'n of 1.9 A. The JEOL 2010 was‘coupled to a Oxford EDS system using Link
ISIS analytical software..' Images were analyzed using Digital Micr‘ograph software
(Gatan Iﬁc.', Pleas‘anton‘, CA). Selected afea_electron diffraction (SAED) ring patterns
formed by nanoparticles were collected and evaluated by Desktop Microscopist software -
(Lacuna Laboratories, ‘Tempe, AZ). The nominal accuracy of the d-spacings was

approximately 0.1 A.

X-Ray P_hotoelectron Spectrosc_omi (XPS)

XPS ‘was applied tb achieve. infofination of binding eﬁer’éies,' elémgntal’ |
compositi_on, and oxidation states. IOCC, UC samples, and the reference samples Qf“
hematite, goethite, mag‘netit.e, and ferrih&drite Wére analyzed directly. The CP were
- ground toa powder with a Diar_ponite (sapphire) mortar and pésﬂe and‘iinser‘ted rgpidl‘y (<
5 min) under ambient cohditions. Spec‘tra were collected with .'a Model 5600ci
spectrometer (Perkin Elmer Corp.) emi)loying a monochromated Al K & X-ray source
(1486.‘6 eV)at300 Wanda5s éV flood gun. Pass energieé of 58.7 eV were used for broad
scans and 5.85 (IOCC/UC) and 23.5 (CP) eV fo; high res_olution scans: -Binding energie,s‘
were referenced to -t.:.he adventitioﬁs carbon peak (Cls) at 285..0.eV; Cdmpénent positions
were determined by the location of individual Gaussian-Lorentzian peaks, obtaine_d by
deconvolution of the XPS spectra using ‘a nonlinear léast squares fitting routine with

adjustable polynomial baseline.using RBD AugerScan 3.0.1 software.
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Powder and Grazing Incidence (GI)
X-Ray Diffractometry (XRD) "

XRD was applied for bulk characterization of crystalline materials. The X-ray .
diffraction apparatus used 1n this study was a Philips X'Pert MPD system: The X—ray
source was operated at 40 kV, 50 mA (LAMBDA = Cu Kal, 1.5406 A). The sfudy
specirhen was examined in Bragg-Brentano parafocusing geometry on a 1‘90—mrh 2—.théta
goniometer radius using incident- and ciiffracted-beam soller slits (0.04 radians),
automatic divergence and anti-scatter slits, and a O.2—min receiving slit. Wavelength.
selection was achieved with a graphite diffracted beam monochromator; %md ‘tI"le detector
was a Xe-filled proportional counter. The specimen holder was a single-crystal quértz
plate. The diffractometer was controlled using the Philips X'Pert software suite -(X"Pe,rt
Data Collector, V1.3d). Data analysis was accorﬁplished using Jade V6.5.7 ‘(Materials”
Data, Inc., Livermore, CA) and the Powder Diffractidn File database (PDF-2, 2002 ~
Release,' Intérnational Centre; for Difffaction ’Data, Newtown Square, PA). The Cp w.ere
ground to a pqwde'r‘ with a Diamonite mbrtar and péstl‘é‘. Scan Parameters W_eré: 2-theta = |
5.00°-75.00°, and the scan rate was 0.02°/5s. The iron oxide thin film -was‘ ex'amined in .-
grazing-incidence geometry on a 220-mm 2~,theta gon.ion;etgr radius. The incident-beam
(’optic was a Gdl?el mirror (pérallel beam). The L‘receiving optics were a 0.27 rac‘liar‘l‘
parallel plate collimator and a flat graphite monochromator. The incident-beam angle
(OMEGA) was fixed atv.2.50°, and the scan axis was 2-theta. The scan range was 15.-00“;—
75.00°, a;nd the scan rate was 0.05°/45s. The beam spot was approximately 20 mm wide

and, at OMEGA = 2.50°, apprdximately 27 mm long.
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Results and Discussion

Characterization of the CP and IOCB surfaces was done for' two reasons. . The
fi_rs't was to provide information on the nature of these two iron oxides using é suite of
tools to reveal similarities and differences in cdmposi-tion and reactivity. Secondly, the
data were useful in giving insight on the manner in which these two materials interacted
with environmental conditio‘ns used to test the ability :of' bacteria to form biofilms in
sirﬁuiated drinking water systems. Knowledge of the material characteristics allowed for

, .
comparison and contrast of the'.results obtained in these experiments and provides a basis

for selection of relevant analogs for investigating iron oxide interactions in other complex

environmental systems.

Bulk Properties

The iron coﬁtent of the IOCB Was 7.35 mg Fe (coating)/m> beads.. This result is
similar to that ;epdrted for sand coated by baking with FeCls sludges (9.33 mg/m?) [9]
'and fhree timeS“ lower than.that' reported for the adsorpti.on of goethite crystals to sand
(24.2 mg/mz) [18]. Iron content of the CP was 22.;1 mg Fe/m® CP, approximately 3 times
greater than that of the IOCB. Reactive 'sqrface area.‘s for IOCB anci.GB W‘er_e 0.068 +
, 0.0i m*g and 0.064 + 0.02 m*/g, respectively, based on BET analysis. On a pef'gram _
basis, BET areas for IOCB are fdrty times lo.wer than those reportéd for sand coated by
baking with FeCls sludges [9]. The measured surface area of 26.2 + 0.69-m?/g for CP fell
‘within the range of values reported from Va-rious. studies of natural and synthetic' iron

(hydr)oxide crystals as reviewed by Cornell and Schwertmaﬁn [14] and comparable to the
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| ~area (21.3 m%/g) bf goethite reported by‘Scheidegger et al. [18], which was lafer observed
to be the major iron phase. These results were -jﬁst below the range of 32 -to 82 m*/g
reported for corrosion séalés from old iron drinking water pipes in the Boston area [2].
The hiéher surface area observed by ‘Sérin et al [2] might be due to the pulveﬁzation
proéess during sample preparation; this study selected patticles of é ce.rtain sievg size.
The surface site density estimated by acid titration to pH 3.00 was 14 meqg/g Fe
for IOCB and 0.714 meq/g Fe f‘ot CP, indicating that IOCB had approximatély 20 times
the capacity to accept prOtdns under these‘ titration conditions on a per gram of iron b;sié.
The usefulness of this titr’aﬁon experiment‘was to demonstrate thét IOCB had bctween
one and two orders of magnitude greate'r‘proton binding capacity per unit masé of iron
_ ‘thlan CP over a time scale of séveral days. Normalization of IOCB and CP site densities
to their respective BET areas shbws that IOCB have an approximately 6.5 times gre_ater
~ site density pef unit area. ‘Caution should be lised in extr_apolating sﬁch bulk results since
maj‘oi differences in sorptivé capacity may exist for other sorbates and conditions [19]. -
This Waé evident in the 'expclariments where these materials 'Were' exposed to  humic
substances and disinfectants where the CP had a Higher reactivity to both. [4]. .

Scanning Electron Microscopy (SEM) aiid
Energy Dispersive Spectroscopy (EDS)

Representative secondary electron images are shown in Figure 3.1. Comparison
of the GB image (Fig. 3.1a) with the IOCB imége (Fig'. 3:1b) shows limited impact of the
coating on the overall physical structure of the surface (due to the inherent roughness of '

the GB), which is consistent With,th_e BET results. For CP, most images could be
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d_ivided into feur distinct -morphological types (Fig. 3.1c-f), which were similar to those :
found in other published SEM images of corroded irorr pipes [20].

Visual identification of the morphologies pres’ent in the CP preVed fchallengtng,
however, the crystals observed in Fig. 3.1c appear like multidomainic or bipyramidal

crystals (e.g. goethite) or the structures.could alternatively be octerhedral crystals (e.é.

magnetite) [14]. The hexagonal structures in Fig. 3.1d may be green rust and appears to
| be covered with needle shaped goethite [14,21,22]. The gldbrllar structures in Fig. 3.1e
are likely rhegnetite [14,23]; interestingly, cecci—shaped bacteria were found inside some
of these glebules (data not shown) similar to studies by Dong et al. [23]. ‘Fig. 31f seems
to represent micro-crystalline materials or amorphous iron such as hydrous. ferric oxides
[14]. SEM proved to be a.useful‘ tool for visual comparison of naturel and synthetic iron
(hydr)oxide surfaces. CP appeared very rough, with a large densrty of macropores wh11e.
- 1JOCB had much less Varlatron in partlcle size; although SEM is not an 1deal tool to
elucidate roughnes‘s CP clearly contained a large portion of crystalline materral while
IOCB coating appeared .as a thin scattering of spheres on the order of 100- 500 nm in
diameter. Although SEM was able to document the presence of several distinct crystal
* morphologies on the surface of CP, such images -cannot be used independently for
mineral identification. ‘

EDS elemental analysis results are shown in Table 3.1 for CP IOCB, and GB.
The CP results were s1mllar to those reported by Sarin et al. [2] for corrosion scales in old
iron pipes from the Boston area. Addltlonally, the authors reported between 1 and 4 atom

"~ % Al and between 1 and 11: atom % Si as Well as sporadrc f1nd1ngs (<2 atom. %) of Ca
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.‘ Cu, and Zn. In this sfudy Ca, Al Si, Na, and Mg were all pr’esent in less than 1 atom %.
It is known that the équeous composition and other factors impact the formation of
éry‘stals, which may explain some of the obsefved differeﬁcés _‘[13.,,14].-‘Recent water
quality data for the two systems are comparable, with the exception fhat the CP used in
tﬁ,is study were from a system with higher mean sulfate levels (32.0 mg/l compared t§ 5.6

mg/l). The sulfate form of gréen rust was later suggested by XRD

Table 3.1. Electron Dispersive Spectroscopy (EDS) elemental composition: of corrosion
products (CP), iron oxide coated beads (IOCB), and a glass bead (GB). All
values are in atom %. Reported values .are normalized and values of less
than 1% are reported in the text. Numbers of replicates analyzed are based
on vanablhty found in prehmmary 1nvest1gat10ns

Sample _ Replicates  Ca _ Fe ~Na_ Mg A S S

CP 8 - 923 - - - - 77
I0CB . 3 77 35 99 51 23 715 -

GB 1 87 - .92 60 19 743 -

EDS of GB showéd typical glass: combosition including a majority of ‘Si with
small amounts of Na, Mg, Al, and Ca. EDS of IOCB showed a similar composition to
GB, with tﬁe addition of a small amount of Fe,‘ demonstrating that thé, 1 fo 2 ym -
excitation depth under the elec}:roﬂ beam exceeded the thicknéss of the iron oxide coating
or suggesting that the Fe surfaée coverage was incomplete.

Rastering of the EDS bea’rﬁ (1 uM spot size) across the sample surfa'(:es: yielded
elemental méps that exhibited little spatial Vaﬁation in elemental composition for any ‘of

the samples. For IOCB this result indicated the presence of a well-distributed coating of

relatively uniform thickness.
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' Atomic Force Microscopy ( AFM)

Atomic force nﬁCroécopy is suitable for qu:antifyiﬁg roughness of relatively
smooth, ﬂ-at surfaceé (e.g. thin films). Scans of various randomly selected regions on UC
(n > 45) were obtained with gbod data agreemént (i.e. similar roughness of the regioné
(see below)); scans of randomly chosen areas on IOCC (n > 150) also resulted' in'gopd
reproducibility. Therefore, the AFM images and their cotresponding cross-sections N
shown are representative of the sample surfaces of UC and IOCC, respecti\}eiy (Fig. 3‘.éa-
b). Comparisons of an UC (F1g 3.2a) with an IOCC (Fig. 3.2b) show hQW the coating
physicall‘y alters the relatively flat glass surface. The AFM image of an IOCC (Fig. 3.2b)
and the SEM image of an IOCB (Fig. 3.1b) both suggest that the coating cbvered the
surface with af‘scatteﬁn.g of micrOn‘ and sub—.mic'ro‘n domains. It ié _app‘arent,“based on the
section analysis,‘ that the doméins had a substantial range in height and d'i‘ametef (Fig.
3.2b). The surfac'es‘ of the GB and IOCB samples .proved to be near the li@t of our AFM |
capabilities with regard to vertical relief (~ 6 pm), and only a portion of the selected
| regions yielded ngd—qqality scans (data not shown). Shellénbergér and Logan [24]
presented AFM scans of giass beadé, however it was not Speciﬁed _Whethér they were
universally successful or, if they wére forced to find viewable areas by trial and error.

Additional capabilities of AFM include-célculation of roughness parameters and
estimation of the 3-dimensiona1 surface area. These parameters are presented for uc aﬁd
I0CC iﬁ Table 3.2. The root mean square (RMS) roughness is th(; standard deviation of
the Z values (heig’hf mee_lsurements) within é given area, and mean roughnésé '(Ra)

represents the arithmetic average of deviations from the center plane [16]. The iron
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Table 3.2. Surface area and roughness of a glass cover slips before (UC) and after iron
" oxide coating (IOCC). IOCC were analyzed in three different AFM modes
for comparison: dry Tapping, dry contact, and fluid (in NanoPure water)
contact. n = number of analyzed areas, RMS (root mean square) is the
.' roughness and Ra is the average roughness

2D Area 3D Area RMS Ra -

Sample n. AFMmode () (Mm) ~ (hm) (nm)

UC 45  DryTAP  100.00  100. 03:0.01 0.9+0.2  0.6£0.2
IOCC 45 DryTAP . 100.00 105.9i0.9 . 273152 162131
10CC 10 DryContact 100.00  106.6+0.7 24:3+7.0 14.1%2.8

IOCC 5 Fluid Contact 100.00 1105.9+0.4 22.‘8i4.‘2‘ 13.2+2.2

The AFM images contained a high level of detail and the image analysis software
provided powerful anaiysis tools. Data such as those 'shown in Figure 3.2a-b and Table
321s of great value for comparison and for improved knowledge of iron (hydr)ox1de thin
films For methods to combine the strengths of SEM and AFM techniques in surface

studies refer to Russell et al. [25].

Depth Profiling by ToF-SIMS/AFM

Fourteen depth measurernents of the coating on IOCC resulted in an average
thickness ofl 124.6 .i 1.3 nm (mean * 95 % confidence) including the Au lay'er.
Subtracting the Au sputter coat of 6.4 nm as determined’ by analysis of a gold coated UC,
the estimated thickness of the iron oxide coating'formed by 9 hours of forced thermal

~ hydrolysis on & glass cover slip was approximately 118 nm. The combination of ToF-
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SIMS and AFM offered a powerful method to measure the depth of the iron (hydr)’oxide'\
coating with high surface sensitivity and spatial resolution: Alternative techniques for

“depth measurement of thin films include XPS and grazing-angle X-ray analysis [26].

- Transmission Electron Microscopy (TEM)

In addition to SEM and AFM, TEM offered another method to visually inspect -

the syn’;hetic coating and the CP (Fig. 3.3a-b and 3.4’a—c). TEM images‘of the coating.
revealed the occurrence of domains of approximately_S—SO nm, typically 10-20 nm in
size (Fig. 3.3b). ‘Estimates obtained by using the AFM particle anaiysis tool s_howed- that
th_e majority of the domain sizés'ranged from 30-120 nm (d.ata-not shownj. Someilar'ger‘
domains may havé been dest;foyed in the process of abrading the coé:ting for deposition
on the carbon coated Cu grid. Rieke et al. [13] reported domain sizes ranging from 10-70
nm using TEM on samples of synthetic iron (hyar)oxides, a result whié’h is comparable to

ours. Lattice fringing in thickér particles was indicative of a crystalline thin film “(Fig.

3.3b). Elemental analyses of the coatings were similar to the results from SEM-EDS

(data not shown).

The electron diffraction. pattern (Fig. 3.3c) indicates crystalline and potential

amorphous phases, however, the measure;i d-spacing (A) revealed the presenéé of

hematite (Fig. 3.3d). The presence of ferrihydrite was also suggested by particulaily the
diffuse broad nature of the diffraction pattern at 1.49 A (Fig. 3.3c). Comparison of the

sample diffraction data with standard data for maghemite, magnetite, lepidocrocite, and

goethite suggests that these minerals are absent. This is in contrast to '
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X-ray Photoelectron Spectroscopy (XPS)
The Fe(2p3/2) and O(1s) core regions proved difficult to use for iron (hydr)oxide
- characterization since the binding energies for the iron (hydr)oxides are very ‘s'i,miliar',

Even though the O(1s) region of oxyhydroxides is unique due to the ]ér'esence‘ of two

different oxygen binding energies (i.e. Oy and OH)), care should be taken to prevent |

confusion between OH from physically adsorbed H,O and FeOOH [27]. “Thus, the_F’e?)p‘ '

region from IOCC samples was studied and a spectral line Valué of 55.62 eV was
measured. According to McIntyre and‘-‘Zetaruk [27], both hematite and maghemite

possess Fe3p spectral lines at 55.7 £ 0:15 eV, while goethite has ifs_ spectral line at 56.6 +

0.2 eV. 'Bbth.Fe(2p) and Fe(3p) spectfa for the CP indicated the presence of Fe>*

(~712.0, 710.8, and 56.6 V), Fe** (~708.0 and 54.0 V), arid Fe® metal (~706.6 and 53.0

eV) due to peak-broadening and consequently the need for more bands to fit the spectral -

peak envelopes (data not shown). The observed binding energies of the major core lines

are in agreement Wifh published values for oc—FeOO_H, Fe3O4, and Fe métal‘ 271.

However, to characterize the mineralogy of CP by XPS is not an easy- task without some

knowledge of the sample history and good assumptions. An elemental survey scan

indicated furthermore the presence of sulfur.and a minor contribution of calcium.

Powdér and Grazing Incidence XRD

Powder XRD patterns of bpth‘intact and crushed IOCB and IOCC samples were
negaﬁve for oryétalii.ne minerals, showing only ‘t.he amc’;rphous “hump”‘ clllaractéristi.c of
silic_a glass. Hdwever, the presénce of herﬁatite as the sole crystalline phase was revealed

by analyzing the thin film with a slow scan rate in gfazing incidence mode (Fig. 3.52)..
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Powder XRD analysis‘ of CP showed a cOrhplex mixture of three different iron
(hydr)oxides: goethite (Ioc—FeOOH orthorhombic), leI’jiddcroéite (y-FeOOH face-centered
orthorﬁombfc), | and magnetite (Fe_o,Q4 " isometric) and likely green rust
(F€3.6Feo.9(O,OH,SO4)9) and calcite _(CaCOg; trigonal) (fig. 3.5b).

The presence of green rust has previously been reported in CP [21,28]. The
weight percent of mineral phases can be semi—quantitativély determined based on their
reference intensity ratio (RIR); however, no RIR reference data exist for green rust. This
fufthermOre preventé senﬁ-guantitative analysis of the other phases sin.ce one cannot

“ignore the contribution to ‘the X—ray «diffractc;gram‘from gréen rust. Nevertheleis& a rough
estimate of the weight percent indicated the relative abundance of the following phases:
oc-FeOOH.69 * 14 %, Fe30418 =4 %, 6 + 1 % (y-FeOOH), and 7 + -1 % CaCO3 where
the contribution of green rust was ignored. The obsérved iron (hydr)oxide minerals and
their weight perCents‘ Were in good agreement with results obtained previously from both
iron and steel water pipes [2,29]. It sﬁ_ould be noted that thése CP samplles,,though‘dried
and stored under INZ, were at s.ome'times exposed to air during handling. and analysis, and
that reduced or mixed-state iron oxide forms can oxidize with exposure to atmospﬁeric
air. However, complete OXygen-free conditioﬁs aré nc;t feasib_le whén ‘con‘dlic‘ting studies

of the kind shown herein.
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Figure 3.5. (a) GI-XRD pattern of the 118 nm thick synthetic iron oxide thin film .
(IOCC) after background subtraction of the amorphous glass. (b) Powder
XRD pattern of the CP compared to the f1ve most probable minerals based
on a database 1nvest1gat10n -
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Surface Analytical Techniques and their Relevance
for Characterization of Iron (Hyd e

This siudy focused on the application cif bulk and surface analytical techniques for
the characterization and' comparison of iron (hydr)oxide analogs. Table 3.3 summarizes
‘the key results of these t‘ech'niqlies and Suggests their appropriaie application tciWards
either minergl identificaiion or evaluation of physico-chemical prciperties of | iron
(hydr)oxides. ‘

The BET surface areai, total iron content, and reactivity measured bif aéid—'
neutralizing capacity were _éimple to ‘(')btain, thoﬁgh caution should be used in
extrapolating these results. For instance, we found that the BET area (0.068 riizlg) and
the Fe surface cover (7.4 ‘mg Fe /m*) of the IOCB were significantly smaller tiiari for the
CP (BET = 26.2.m2/g; 224 mg Fe/mz), but that the proton-active surface-site .'density of
the'.IOCB was larger .fhan foi _the CP. These results illustrate the need for'asseésingl
reactivity by a variety of techniques. As mentioned eariiéi, in a parallel study, 1t was
found that the CP had a highgr capacity for adsoiﬁption of hurnic_ substances and a greatei
' reac.tivity with chlorine than the IOCB even though the iatter had greater surface site
densit)i [4]. |

XRD, XPS, EDS, and TEM-SAED were caipable of identifying several Crystal-l-ine
| phases, oxidation states, and the elemenial composition of the corrosion products Without
extensive sample preparation. XRD proved to be the most useful technique for crystal
phase identification of the CP- and revealed the presence of goethit_g and maé‘netite as

inajor phases and lepidocrocite as a minor phase. These results are similar to those. of
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Table 3.3. Summary of the key results that each technique prov1ded for the study of iron
oxide coated beads (IOCB) or iron oxide coated cover slips (IOCC) and -
corrosion products from a water dlStI‘lbllthIl system (CP)

Technlque

IOCB/IOCC results

CP results

Abplicability and
expecte_d results

Fe by ferrozine

method

Acid-base
titration

BET

SEM

EDS
AFM

XRD

GID

"XPS

TEM/ED

ToF-SIMS

7.4 mg Fe/m

Z'|OCB

72 sites 'n‘m'z; IOCB

0.068 m?/g; IOCB

Thin scattehng of spheres
100 — 500 nm-in dlameter
[OCB

Ca, Fe, Na, Mg, Al arid Si;

I0CB

Ra(nm)=16.243.1 and
uniform coating thickness

=118 .nm; |IOCC

coating too thin for
analysis; I0CC
O(."FGQO(;; 10CC -

probable phases hematite
or maghemite; IOCC

domain size 5-50 nm;

phase ID of a-Fe,0g3;
[0OCB

depth profiling determined -
~ coating thickness in

combination with AFM;
10CC

224 mg Fe/m?

11 sites nm“'2

+ 26.2 m?/g

- Rhombohedral, hexagonal
' plates, needle, globular

and amorphous
morphologies

Feand S
too rough for analysis ‘

major phases: a-FeOOH,
FesO4; minor phase: y- -
FeOOH: probable phases:
green rust and CaCQOj,

. phases identified by XRD

probable phases: o~
FeOOH, Fés0,, and Fe
metal

miXture of iron (hydr)oxides
(e.g. a-FeOOH)

not applicable

' widely applicable,

iron content:

widely applicable,
proton-active
surface-site
densities

widely applicab_ie,
surface area

widely appllcable '

imaging tool

widely applicable,
elemental
information

limited applicability,

precise morphology

of smooth surfaces
identification of
crystalline
materials, semi-
quant. analysis
identification of -
crystalline thin films

difficult for mixtures

“of iron minerals.

Oxidation
state/binding

. energies | ‘
- HR-imaging and d-
- §pacing of.crystals

'sp'atial surface
" composition (m/z),

depth profiling

|N)
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Lin et al. [29] and Sarin et al ‘[2]. whq determined that their corrosion products consiﬁst-éd‘
of goethite, magnetite and lépidocrocit’e. In our study, green rust and calcite were
suggested as a probablé phases. The presence of greén rust and calcite ';:buld bé important
since green rust is a ,V.ery redox-active phase [30] and calcite is a good sorbent for many
contaminants such as lead [31]. The presence of carbonates on Fe-oxides _ca'l_n also modify .
the activity of the oxide; surfacés [5]. The use of XPS and SAED. for CP chéracteriZatiOn
is not a simple task based on the cdmplexity :of CP and thérefdre not recommended. "’.l"he
nano-crystalliné hematite structure of the iron oxide thin film was reveéle_d distinctively
using GI-XRD and this result was partly supported by TEM-SAED, which identified
hematite and potentially ferrihfdrite, and XPS, which identified hematite or maghemite. |
Consequently, 1t 1S recommended -to use the grazing incidénce ﬁode of XRD for pha,se
identific;ation of nanometer thin iron oxide coatings.

Imaging techniques including AFM, SEM and TEM were useful in providing
gross comparisons of crysta-llir;ity, roughness, domain size, and surface area (Table 3.3).
SEM may be used on a Vallrie’-W of samples (e.g. IOCB and CP) f'or bull"( c-ofnpariSon,
~while APM can provide detailed information such as roughness in the nano-scale range
of relatively smooth coatings with a Ver‘tical relief of a few micrometers. TEM r‘equires a
tﬁin sample made either by sectiorﬁng ‘or By déposition‘of sfnall pértic_:les onto a Cu grid.
TEM proved to be a powerful tool for detailed imaging particﬁlarly in combination with
SAED for phase identification and EDS for identification of the elemental composition.
.If the th‘ickness of a very thin qoating is of interesi, it may be measured wi’sh high surface

sensitivity and spatial resolution by the combined appIi_cation of ToF-SIMS and AFM;
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this depth profiling technique revealed the presence of a 118 nm thick Fe coating on the |
glass cover slips. -
Relating Surface Analysis Results to

Iron Oxide Behavior in Simulated
Drinking Water Conditions.

A coinrnon problem faced. by many drinking Wa‘ter‘studies is thta choice Of a
material that will -best simulate iron pipes in older municipal drinking water systems.
There has been significant interest in understanding interactions between CP in pipelines
and chlorine disinfectants [5] In this and other drinking water related studies [7-12] 1t has
become important to cnaracterize the iron (hydr)oxides if relevant re_sear_cn is to be
performed. Yet, Whten considering actual CP from cast iron pipes one must take into
account the varying. water environment and assess the ~chare_lcteristic.:s oi the action CP.
This paper. serves t(i‘ desci’i.b'e and ‘c'omparie a number of techniques "available v‘for
characterization and .provide a guide for future research by indicating the techniques most
appropriate for the ‘d‘esired result.

The reductive approach .of using a single Fe (hydr)oxi(ie phase is typical in
environmental investigations W.here the native matérial is complex and the usé of defined
materials leads to quéntitative‘ information and better understanding of reaction
mechanisms. For éxample, Vikesland and Valentine [5] used pure iron oxide-phaSes to
study a surface-catalyzed oxidation of ferrous iron by rnonochloramine. However, it is
well recpgnized that this apprciaéh may lead to erroneous ‘extrapolatic‘)ns Wh‘en complex

Fe (hydr)oxideS‘ are present.
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To compare and contrast the results obtéjncd using a model oxide and complex

oxides from the natural environment in a simulated drinking water system [4], it was

necessary to use a suite of tools capable of describing the nature and reactivity of the two

. surfaces. IOCB (hematite) was used as a defined iron oxide ‘anal.og for comparisoﬁ to the

heterogeneous CP (magnetite, goethite, lepidocrocite, green rust and calcite, Table 33) -

The corrosion products were rougher and had highér surface BET surface area than the |

analog, but lower proton ac‘tiye surface arcéi. However, thé CP had higher chlorine

demand and capacity for humic adsorption than the IOCB [4], dembnstféting that proton

active surface area alone is not predictive of these behaviors. When biofilm accumulation .

in the présence of chlorine with and without the addition of a phosphate corrosion

inhibitor was evaluated, growth on the JOCBs was less prOﬂoﬁnced, suggesting that this.

-

surface was impacted by the inhibitory action of phosphate to a greater degree than thé =

* CP. These results illustrate that the complexity or type of oxide will have an impact on

the results. However, it was also of interest to note that the simple présence of an iron

- oxide, either as the analog or in the corrosion products, had a profound impact on the -

ability of a biofilm to gfow with humic substances as the sole carbon énd energy source.
These results and those of .others illustrate the need for both approaches; defined

- materials to understand results in depth and ‘complex materials to simulate reality. )

Ll.L. ~
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CHAPTER 4

THE EFFECT OF CATIONS AND SURFACTANTS ON 2,4,6-TRINITROTOLUENE

DESORPTION IN TWQ MODEL SOILS
Introduction

Soil contamination by 2,4,6-trinitrotoluene (TNT) and its amine métabol-ites has
been identified by the Department of Defense as one of their most critical em‘lircmmentafl
concerns. TNT is a mutagen, listed as a suspected‘ carcihogen, and is .tox'ic at
‘concentrations as low as 2.5 rﬁg/L [1-5]. TNT contaﬁﬁnration' has occurr'ed prifnérily
through production; léading, and disposal of .eprOSives' at U.S. Army ammunition sites
[6]. The U.S. Army Environmental Center has identified many -TNT contaminated sites in
the U.S. [7]. Soil COnt.a'rrﬁnate_(-i with TNT is, however, even more problematic in other
countries such as Germany‘ where exﬁlosives manufacturiﬁg sites weré demoli‘shéd‘at the
end of World War II. Most of thése Gerﬁlan sites have since been used for industry and
housing [8,9]. | |

Hydrophobic organic contaminants often exhib‘it‘ limite(i bioavailability to
‘microorganisms and can persist in the subsurface for extended"periods [10]. The Iinaifed
bioavailability may be due to binding to soil organic matter (SOM) since SOM is one of
the primary adsorbents for organic chemicals in the environment [11]. The most
commonly studied fractions of SOM are humic and fulvic acid, which are isolated from

soils and’ sediments by simple extraction techniques [12]. The main reason for the

persistence of TNT in soil environments is due in part to its low redox potential and or
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sorption to organomineral surfaces [13-15]. The bipding of TNT and ‘its metabolites fo‘
soil constituents such as SOM has been well stud'ie’d and it was found that TNT binds. to
humic acid in a slow kinetic process and that the sorption bapacity of SOM is less
significant than that of clay and iron oxides [15-20]. Conversely, it is geneféllyrw_ell
af:cepted ;chat reduced mefabolites of TNT such as the _.-amino derivatives can bind
co;/alently and in'some éasés irreversibly fo SOM particularly u‘nder aerobic conditions
‘[16‘,17,21,22‘]‘. Nitroaromatics bind to SOM mainly‘ through covalent binding, ion binding, -
or via hydrophobic interactions [19,23]. It was further reported that the binding capacity

: of humic acid for TNT and its. reduced metabolites was influenced by several factors,

including humic acid concentration, pH, and ionic stréngth [19]. However, binding_of

TNT and especially its amiﬁo derivatives (e. g, 2,4,6—triaminotoluene) to mineral surfaces

happens through dipole-dipole inte;actions, Loﬁdon van der Waals forces, hydrogen

bondirig, and other intermolecular interaction inechanisms [23].

Various rerﬁediatiOn strategies for treating TNT contaminated soil and sediment
have been evaluated both in the field and at the bench scale. The primary remediatioﬁ
stratégies 1include incineration, compostiné, chemical oxidation, electrochenﬁcal
treatment, alkaline hydrolysis, surfactant-enﬁanéed washing, and bior’émediation 1[24—31_-‘1.
The associated cost and 'modést effectiveness has prompted the need for imﬁrov‘ed
remediation technologies [13,32]. Field bioremediation treatments such as excayati'on :
witﬁ subsequent ex situ composting are Common, hoWevpr, no in situ processes have been
developed for the remediation of TNT contanﬁnét,ed soils [33]. The limited

bioavailability of TNT and its metabolites to microorganisms and their subsequent -
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persi‘stenpé in the subsurfaée [34] represents a major .chall‘enge for in situ treatment. One
technique for enhancing the desorption ahd potential bioavailability of TNT and or TNT
metabolites is- the use of surfactants. Taha et al. [35]“reported enhanced desorption of
TNT from a contaminated soil when surfactants were added. In additio’n, the surfactaﬁt ‘
Tween 80 eﬁhanCed.the mineralization of TNT by .Phanero.chaete chrysosporium [25]._
However, there are po.tential ,linﬁtations to the uée of surfactants for in and ex si;u
remediation inclﬁding the possible toxicity of surfactants to specific pbpulations and the
bioavailability of surfactant micelle-phase contaminants [36,37]. For instance, sé}n@
synthetic nonionic surfactants have been shown to inhibit mineralization of .phenanth,ren_ge
[36,38]. However, the microbial production of biosurfactant—liké biomolecules .‘(e:g.
glycolipids) has been shown to enhancé the solubili_ty and biéavaﬂability of pyrene [3.9‘];
In éddition, exogenbuély added biosurfactants (i.et rthamnolipids) were found to enhance
the desorption of phenanthrene and to stimulate uptake of hexadecane by Pseudomonas
aeruginosa [40,41]. | |

Given the importance of surfactant-based remediation trea'ltments‘ and ionic
strength, we hypothesized that biosurfactants would result in enharicéd deso’rptiOnl‘and :
ph_at the c.oncentration and valence state of cations would affeét the ‘équilibrium |
_ partitioning of TNT in aqueous-solid phase environ,menté. Expeﬂﬁlents were conducted
to evaluate the influence of ionic strength, primary cations, and bi§Surfac§ants on the
- desorption 6f TNT in two model systems.-.Importént cheﬁﬁcél—physic-al factors ‘thét |
inﬂuenpe the sorption of- organic contaminants were identified based on a literature.

review; two model porous media using different combinations of quartz sand, goethite
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(0-FeOOH). and humic acid were developed and the desorption of TNT studied in batch .
and colu@ systems. Specifically, a batch z‘xnd a column 'study were designed which
included the two developed model-soils; hurpic acid (HA) l(:o'ate.d" goethite' was used in
batch studie;s and quartz sand coated with both HA -and goethite was used in column
studies. The desorption-potential of TNT was; investigated in these systems under a.
variety 9f phenﬁcél conditions @) 19w (I = 0.005 mol/kg) Veréus high ‘(I = 0.1 mong) ,
ionic stfength, (ii) monovalent (Na") versus divalent cations (Caz+j, and (iii) presence
Versué absence of biosurfactants’ (thamnolipids). Desorption of Tl\.IT' in the flow-through
column experiment was further modeled using .the convective-dispefsioh equation -

(CXTFIT) and the results of this modeling exércise is discus_éed.

Backg round

Sorption of Organic Contarnina_mts

Sorption of organic contaminants with soil phases is referred to as sorption (éither
adsorption onto a two-dimensional surface, or absorption into a three-dimensional
matrix). Sorption processes involve aﬁ'array of phenomena that "cén alter tﬁe distribution 7
Qf contaminants among the cons‘tituént phases and inteljfaces of subsurface systems .[42].
Low solubility organic contaminants may partition into hydrophobic domains such as soil :
organic matter. Additionally, _contaminan'ts. as. may displace ‘Water near- the rhineral
surface to some extent and thereby be bonded to the surface via fiipoléhdipole '
interactions, van der Waals forces, hydrogen bonding and other 'intcrmole’cular ‘int‘eract‘_ion‘ :

mechanisms [23]. .
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In general, most soil rrlinerals are polar and expose a cémbination of hydroxy- and
Oxy-moieties at their surfaces (e.g., FeOOH and SiOz). These polar surfaces favor polar
interactions, which. allow them to form hydrogen bonds. Replacrng water molecules from
a mineral surface by non-polar orgamc contammants is' not energetlcally favorable.
Organic contaminants can also diffuse into the porés of a soil mineral as illustrated in ‘
Figure 4.1. Sr)il mineral pore diffusion céh occur in pdre' Ii(iuids or along prbre ‘wal-.l
surfaces. Liquid arrd surfar:e diffusion may ar:t at the same time and are difficult to
distinguish [42,43]. Diffusion into mesopores (2 — 50 nm) can be retarded by sorption to |
surfaces or partitioning into SOM coatings. Tortuosity, _VariabIg pore diameter and dead
end pores, can give lower apparent difquivity [44]. Diffusicrn rntb microp'or‘,,es (< 2'nm)
will have the same factors applied as diffusion into mesopbres, but tortuosity is more |
severe. Additionally, diffusion in micropores will be retarded by steric hrndrance from

| pore walls and sorption may be increased by simultaneousl;r binding with adjacent
surfaces [44]. |

Hydrophobic i'nterar:tions comprise the primar.y' motivation for al large class of ’
sérptron reactions ilr th¢ subsurface. ‘The aséociation of Ireutral, reiativeiy non-pr)lar
organic contaminants with soils often resulté in' quasi-linear equlibrium sorption pattérn_s,'
and 'the magnitude .of the associated coefficients .o'ften vary with the brg-anic carbpn
content of the soil [42]. Diffusiorl of organic contaminants into hydrophobic domains of '
organic martter (e.g. humic Substances) does not require dis‘plaCemgnt of tightly bound

water molecules. SOM is pictured to exist in large part as organic polymers coiled into’
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some abiotic processes inﬂuenced‘ the SOM structure (time dependent processes) with a
consequently decreased biovailability of phenanthrene.

Soﬂ organic matter evolves from oxidized amorphous biopolymers (e. g .
cellulose) to relatively reduced and condensed humic macromolecules and then further to.
highly reduced and condensed kerogens [53 55]. These different types of SOM can have

a significant influence on the diffusion rate of organic contarmnants D1ffus1on is

generally slower in “glassy” (condensed) than in “rubbery” (amorphous) polymers [56].

.Sorbing molecules can diffuse freely into and out of highly oxidized local SOM regions,

regions that are completely hydrated, swollen, and amorphous. Pores within such

.amorphous matrices are sufficiently flexible to accommodate hydrophobic organic solute’

molecules (e.g., phenanthrene) as their aqueous phase concentration increase [49].
Conversely, more reduced and condensed local SOM .domains favor solute-sorbent
interactions dominated by van der Waals forces rather than interactions with polar water
molecules [49].

Chemical Factors that Influence the
Sorption of Orgariic Contaminants _

Much research has shown that changes in. the aqueous chemical environment
surrounding the soil organic matter can significantly affect the sorption kinetics of

contaminants. Chemical factors such as jonic strength, divalent cations (e.g., Mg, Ca®)

" and the presence of surfactants have been recognized to have major impact on the

sorption behavior of organic contaminants (e.g. TNT) and thus the focus of this chapter -

[19,25,35,40,57].
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Humic acid is considered a flexible, linear polyelectrolyte at low concentration (<

3.5 g/L), above a certain pH (pH > 3.5), and at modera‘te ionic strength (< 50 mM).

-Beyond these conditions, HAs behave like rigid, uncharged colloids [58,59]. Under .

~conditions where HA behaves as a linear polyelectrolyte, the configuration of HAs is -

- strongly affected by its concentration, pH, and ionic strength [58-61].
Li et al. [19] observed a nearly 2-fold increase in binding of trinitrotoluene (TNT)

. to HA for a 5-fold increase in ionic strength of phosphate buffer. Since solvated inorganic

ions would not be expected to interfere or compete with the penetration of non-polar |
organic compounds into SOM, one can reasonably assume that salts affect the value of

the organic matter - water partition coefficient (Kom) primarily through the contaminants

aqueous activity coefficient (yw) [23]. Changes in salt concentration may also impact
other factors like the coﬂiﬁg of SOM and t-he.:; contaminants -sol‘vency‘ for SOM (.e.,
chénging the contaminants organic niattef' activity coefficient, Yom) and thereby ipcreﬁse
or decrease the sorption of an organic contaminant. This postulate agrees with Murpﬁy et
: al. [57], who observed, that peat ﬁumic gcid (PHA) was coiled in solution at high ionic
_strength and elongated at low ionic strength. Li et' al. [19] speculated that the presence of
.significant levels of carboxyl functional groups and ‘phenolic structures in HAs were
likely involved in some of the bi,rllding reactions with 2,6—dianﬁr;o—4:ﬁitrotoluene (2,6—
" DANT). Thus, the charge, cpﬁfiguration,‘ and aggregation of HA wﬂl be differént
depending on its ionic and . pH environment 5ﬁd its own concentraﬁon. At high HA
concentration, HAs tend to be coiled and aggregated .[58],. leading to a decrease in the

available exposed binding sites, which can explain the binding increase with decreasing
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HA level. Experimental evidence shows that the intrinsic viscosity of HAs énd fulvic
acids (FA) is more sensitive to changes in salt level than to changes in pH [59,62]. Reuter

[63] used a combination of V-iscbmetry and gel permeation chromatography to

demonstrate that the size of dissolved humic substances is reduced with increased salt

content of the water. At high pH, the HA molecules may shift to a more open

configuration in the solution due to the charge repulsion between ionized functional

groﬁps [57,64]. Li et al. [19] observed that the binding level of TNT to HA was higher at

pH 6.8 than pH 4.6, however, the opposite pH dependence was observed for 2,6-DANT.

The sﬁuctures of the contaminants have also beern shown to have important
effects upon binding. Li et 4al. [19] observed a decreasihg HA binding «capacity for the
following three compbunds 2,6-DANT > 2-aminodinitrotoluene (2-ADNT) = TNT. The

_measurements are consistent with TNT being uncharged while 2-ADNT aﬁd 2,6-DANT

possess partially uncharged amines. Potential binding sites for these positive charges are

located at the numerous negatively charged carboxylic aéid-derivatiZed phenolic rings

found in HA.
Soil organi¢ matter may also control the metal ion concentration in soils and

waters thereby affecting the mobility of cations in soils and aquifers _[65,66], although the

exact impact of metal ions (e.g., Mg? and Ca®) on the structure of HA is not well

understood. However, ‘En‘gebretson and Von Wandruszka [67] reported a cation-

enhanced fbnnation of hydrophobic domains'in aqueous humic acids. They observed that

added divalent cations (e.g., Mg™) first associate with anionic groups on the HA

polymer, partially neutralizing them and cau.sing bridging interactions between different
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’ Materials and Methods

Batch Experiment

The .obj'ective was to coat goethite (irreversibly) with humic acid (HA) and to }Isé
this two-component solid to represent -nafurally occurring Fe (hydr)oxides for batch
studies of TNT desorption. The desorption-potential of TNT ‘was inve_stjigated as a-
function of (i) low ‘VCI‘SHS high ionic étrength, (ii) monovalent versus divalent cations, and
| (iiij the presence versus the absence of bios'uffactants in batch vessels containing the
humic-coated goéthite. |

Initial pfeparations for _fhe coatin;g' of hurrﬁc acid to goethité required the removal
~of background carbon from a11 labware: Glassware was first dishwas’hed, tﬁen soaked (24
hrs) in a Nochromix® 36N sulfuric acid solution from Godax Laboratories. Residual acid
was thoroughly ﬁnsed from the glassware using reverse osmésis purified water at 17.4 |
MQ-cm from a Barnsted Nanc;pure system. ‘Thé glassware was éovered with aluminum
foil and carbon contamination was removed by heéting to 550°C (3 hrs) using ‘a‘Cress
Electric Furnace. The; baked glasswaré was allowéd tolcool down sl.ovx./ly (5 hrs), then

stored in a low-dust area. |

Carb.on removal from less durable labware required alternate carbon elimination |
"techniques. Carbon was removed from the glass pipettes, plasfic syringes, and stainless |
steel needles by purging with 30 mL of 1 % HCl followed by three 30 mL rinses with

nanopure water. The removal of carbon from the syringe filters was done by purging
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30 mL of nanopure water through the 0.2 um filter based on a carbon flushing study

(Figure 4.5).

0.2 um Fisher nylon filter flushed with x times 10
ml nano-pure water

3.00

Concentration of
carbon in ppm

Number of flush

—e— Cppm

Figure 4.5. Carbon removal from a nylon filter. Illustrating that the carbon removal
ceases after flushing with 30 mL of nano-pure water.

The removal of organic carbon from 250 ml Nalgene Teflon FEP bottles (Fisher
Scientific) first involved filling the bottles with 1% HCl. Caps made of Tefzel ETFE
were then screwed onto the top of the Teflon coated bottles and the solution was shaken
vigorously. The 1% HCI solution was decanted and the residual HCl was removed
through repeated rinses of nanopure water. Sterile Teflon coated stir bars (35 x 6 mm)
from Fisher scientific were added to two FEP bottles. Dry weights of the capped Teflon
bottles with Teflon coated stir bars were measured using a Metler Toledo AE200 Scale

with an accuracy of + 0.0001g.



9%

Goethite Preparation. Twenty-five grams of goethite powder (0-FeOOH) from

Alfa Aesar Co. was added to the two FEP bottles: Calcium perchlorate (Ca(ClOy),) was

mixed with nanopure water to give an eleétrolyte with an ionic strength of 0.001 mol/kg-

(important background electrolyte for optimal results). The unbuffered electrolyte was
ad‘juste‘d‘ to a pH of 7.8 using drop-wise additibns of a 02M NaOH solutién.‘ All pH
measurementsgwere rneide using a calibrated Corning pH Probe connected to a Model 50
Accumet Transmitter. Both FEP bottles, each containing a stir bar and 25 g of og—FéOOH,
‘received 200 ml of eleétrolyte solution. A é.tir plate was ﬁsed to keep the oc-FéOOH-
electrolyte mixture homogenized. This solution was adjusted to apH 6.8 using drop-wise

additions of concentrated (50 % by weight) NaOH solution. |

Humic Acid Adsorption. One gram of Elliott soil humic acid from the

International Humic Substanceé Society (IHSS) was added to 100 ml of (Ca(ClOy)7)
‘electrolyte to create a 10,000 mg/L. HA stock solution. ;The HA stock solﬁthn Wﬁs
| -adj_usted to a pH of 6.8 and was allowed to equilibrate ovemight and réadj_usted after 24
hrs. |

The technique used to adsorb HA onto o.-FeOOH first in_volvéd centriﬁlging the

FEP bottles containing the equilibrated OL-FeOOH-eléctrolyte mixture with a Sorvall

RC5C Centrifuge at 2980 RPM for 20 ininutes. .A carbon-free glass pipette was used to |

extract 8 mL of superhatanf from each FEP bottle. This extraction was then filtered
through a pre-cleaned 0.2 ym syringe filter to remove 0-FeOOH and non-soluble carbon

particles. This filtrate was stored in a carbon free scintillation vial and used as a measure
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for the carbon background. The first hunﬁc acid addition involved the a,d'dition' of 8 mL of
the agitated HA stock solution.(34.17 mg HA-C) to both FEP bottles. T’he bottles were
~ tightly capped, aﬁd the solution was agitated by hand to hoﬁogenize the solution. A .
Glas-Col Laboratory Rotator ‘(M.odel 099A) ét 18 rotations per lminute was used to
equilibrate the a-FeOOH/HA solutions. The first HA addition was allowed to equilibréte |
for two hours base& on studies by Mu‘fphy ét al [57]. The procedure for the next foﬁr
huﬁlic acid additions. proceeded in the same manner, and each éxtraction was saved in a

scintillation vial for carbon analysis.

Humic Acid Desorption. Soluble and reversibly bound HA was removed from the

systems by centrifﬁgving the bottles and then fully decanting the supernatant. The wet- |

mass of the bottles was measured to determine the residual water saturation. Each bottle

was then filled ‘with 200 mL of electrolyte and rotated for two hours. The procedure for ‘

the next two carbon desorptions prOceeded": in the same manner and 10 mlL samples were

saved in scintillation vials for carbon analysis.

Carbon Analysis. A Shimadzu TOC-5000A Carbon Analyzer was used to-

determine the amount of HA carbon (HA-C) in solution.

“C.INT Adsorption. The prepar’ation. of the 2,4,’6-trinitrotdluéne solution
involved mixing of "“C-labeled TNT (20,000 dpm/miL) frfo_rﬁ ChemSyn Laboratories with
“cold” TNT. (38 mg/L) from Chem Services in 500 mL of n_anopuré water. 14C-TNT.W.as,‘
used to provide measuréments of the TNT bonded fo the humic-coated goéthite by use of

a biological oxidizer and a scintillation analyzer. Cold TNT was incorporated in this
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solution to create a realistic TNT concentration close to what can typically be observed at
contaminated sites around the U.S. and to provide a sufficient concentration so that
HPLC could be used to verify the  potential formation of metabolites during

experiinentation [79].

- The FEP bottles containing waterless HA coated o-FéOOH were filled with 225

b, -

mL of the “C-TNT solution, the bottles were capped, fully agitated, and the mixtures “

were allowed to rotate for 24 hours. Upon equilibration, the slurry was set on a stir plate
at high speed, and 9 mL of this slurry (con.taining. 1.0 g of TN’I‘-HA coated o-FeOOH)
was equally delivered by glass pipette to 10 mL éentrifuge Vials‘(in‘ triplicates). HPLC
analysis verified the presence of TNT and the absence of TNT metabolites during the

entire experiment.

MCINT Desorption Experiment. Twenty-four centrifuge vials were used to test
the impact of adding salt solutions of 0.1 mol/kg and 0.005 mol/kg jonic strengths, and by
adding 2.5 and 25 times the critical micelle concentrations (CMC ~ 40 mg/L) of

rhamnolipid biosurfactant on the desorption of “C-TNT. The rhamnolipid (microbially

produced by Pseudomonas aeruginosa; 50 g/L.) was obtained from Aventis Research and

. Technologies, Frankfurt, Germany, for further details please refer to the review by Lang

and Wullbrandt [80]. One mlL-test solutions containing nanopure Mv'vater (as-‘

reference/control), Ca2+,' Na+,_ and biosurfactants were added individually to each of the .

vials that contained 9 mL (1.0 g TNT-HA coated o-FeOOH) of slurry. The samples were

then equilibrated for 12 hours and the presence of aqueous ““C-TNT and cold TNT Were .
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evaluated on a Packard scintillation analyzer and by a Hewlett Packard 1090 ﬂPLC with

a diode array detector (see Chapte_r two and five for further experimental details). T’hf‘:‘ '
~ amount of “C-TNT on the solid phase was Iﬁeasured by combusting subsarﬁpies in a
Harvey Instruments OX500 Biological Oxidizer. ‘The HC released &I.Jring‘ oxidation was
trapped in a basic Harvey's *C cocktail and‘c'our‘l'ted on a 1900 TR Liquid S‘cintillétio_n

Analyzer (Packard Instrument Co., Downers Grove, IL.

. Column Experiment

The objective was to coat quartz sand (irreversibly) with first‘ goetﬁite and
then HA and to use this three-component solid to represent naturall.y occurring pordus
media for column s_tud'ies of TNT desorption. The desorption—potential of TNT was
investigated as a function of (i) ionic strength, (ii) divalent cations (i.e. Ca”"), and (iii) the
_presence and the absenc;e of biosurfactants under flow conditions in columns containing ‘
the goethite-HA coated quartz sand. D'esorption of TNT in the cdlumn experiment was
rﬁodeled using tﬁe CXTFIT model.

Carbon removal of the glassware, Teflon bottles, and plastips was performed
using the same procedures aé described in the matéﬁals and methods section ’for the batch
experiment. ’i“he 1000 ml glass pressure flask used 1n this expériment was only acid
washed (not baked) by washivng the interior of the bottle with 1 % HCI for five minutes

then rinsing with nanopure water four times.

Preparation of Column Packing Material. Industrial quartz sand from Unimen

‘Corporation with an effective size of 0.1 mm and 30 % retained on ‘;7'0 Mesh or coarser
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was prepared for use in the column experimenté as follows. Quartz sand was first soaked
gnd agitated in ZM HCI for one hour in a baked 1000 ml glass flask to remove organic

and inorganic contamination. The HCI was decanted and the quartz sand was ’repea'tedly

rinsed with nénopure water to rémove the residual acid. The“acidity of tﬁe quartz sand

slurry was measured and then adjusted to a pH of 7.0 usin"g a solution of 0.8M NaOH.

The quartz sand was dried at 110 °C for thn—“;e days in a Fisher Scientific (Model 655 F) -
Isotemp Oven. .

The goethite coating procedure was a modified V;arsion of a previously buf)lished
métﬁod [81]. Goethite ;Sreparation 'for the quartz coating experiment was done in the
cleaned pressure flask by adding 264 g of a-FeOOH to 132 mL of a 0.01M NaNO;
solution. The solution was adjusted to a pH of 7.0 with a concentrated solution of NaOH,
and equilibrated on a shaker tray at 60 cycles/minu_té for 24 hours at 21 %3 °C. Aft;ar
equilibration, 220 g of quartz sand was added to the suspension, pH adjustéd to 7.0, and
was further eqlllilibrated on the shaker tray for 24 hours. The tightly sealed pressu‘r._e flask
(providing a pressure above 1 atm) was then i)ut into _the Isotemp o;/en at 120 °C for 24
hours, and the flask was occasionally inverted to ensuré optimal adsorption of 0-FeOOH
to the qﬁaftz sand.

The pressure flask was removed from the oven and allowed to cool down siowly.

~ The slurry contents of the pressure flask were emptied out on a 75 wm stainless steel

sieve, and the o-FeOOH-coated quartz was rinsed with nanopure water until the unbound
fraction of o-FeOOH was removed. The coated sand was then rinsed with a one liter.

NaNO; solution (1.0M, pH 3.0) to remove weakly bound o-FeOOH from the quartz sand
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surface, and was finally rinsed .With‘ nanopﬁfe water until all (visible) réversibly bound o~
.FeOOH was removed. The sieve tray containing the "0-FeOOH-coated quartz was.
covered with alunﬁnum foil'and dried at 110 °C for 24 hours in tﬁe Isotémp oven.

' Scanmng electron micrbscopy (SEM) was pérformed on' a JEOL JLM-6100
Scanning Microscope (see chapter thrge for expe;rimental c_letailsj to confirm that the-
characteristic crystal structure of o-FeOOH was maintained aftgr §'orption to the quartz
sand. A spectrophotometer (Spectronic Instruments 'Geﬁcsys 5) determined the iron
content (e.g. sorbed a-FeOOH) by-use of the Ferrozine method (see chapt.er 5 and 6 for
experimental details). The o-FeOOH-coated ql.lartz Wés divided into‘ foﬁr FEP bottles and
then cc;ated.with HA using similar pr‘ocedu;es as -d‘eSCribed in tﬁe mat¢rials and meth6d§

section for the batch experiment.

Preparation of Column System. anifit columns ﬁoﬁ Supelco were used for the
column 'experiments. The bor;)silicate glass column (100 mm long, 25 mm 'innér
diameter) had PTFE end-fittings, viton O-rings, and PTFE frits with a nominal pore’size
of 10 um. "A HPLC pump (Accuflow Series III) was used to pump quuid through lthé
coluﬁm to a programmed :Spectra/Chrom CF-i F;aétion Collector. TFE tubing (1/32”
inner diameter, 1/16” outer diameter) was used to connect the pump tc the column and

the column to the fraction collector. A simplified version of the porous media column

‘apparatus is illustrated in Figure 4.6.
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coated quartz in 1 cm increments to ensure uniform packlng of the column. Two pore
volumes (40 mL) of electrolyte were then pumped through’ the packed- column at 0.1

ml/min to remove loose particulate matter and to standardize the system before use. .

Tritiated H,O and "C-TNT Breakthron,qh Curr/es.'Tritiated water CH,0; 4.0 x
10° dpm/mL) from Perkin Elmer LifeScicnces was used as a conservative column tracer;,
and introduced to the column at 0.1 mL/min for a]‘pproximatell‘y 400 minutes. The fraction
collector collected 1.0 mL samples with a le'—rninute resolution, and the amount of 3H20‘
in effluent fractions was determined using scintillation analysis. Electrolyte (Ca(ClO4),; I
=0.005; pH 6.8) was then introduced to the column at 0.1 mL/min for approxrmately 400'-
minutes to flush out the *H,O and to obtain information of the desorption behavior of the
conservative tracer. The solvent in the feed reservoir was then changed to a solut1on
containing (el TNT (7300 dpm/mL) The column was loaded with 14C—TNT at 0.1
mL/min for 800 minutes while the fraction collector collected 1.0 mL samples with a 10-

minute resolution.

e TNT .Desorption. The C-T NT desorptron procedures were different for each

of the four columns. Desorptron of TNT from the f1rst and second column was done by
‘pumping Ca”*-electrolyte solutions with fonic strengths of 0.001 mol-/kg and 0.1 mol/kg,
Irespec-tively, at 0.1 mI/min for 800 minutes through the columns.. Desorption of TNT
from the third and fourth columns was donc by 7pumpiné solutions containing 2.5 ‘and 25

times the CMC (CMC ~ 40 mg/L), respectively, of rhamnolipid biosurfactant at 0.1
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1

mL/rrlin for 800 minutes through the columns. Aque.ous concentrations of 14C—T1\~IT and
cpld TNT for e.ach column were evaluated on the scintillation anal&zer and‘HPL(‘Z“,,
respectively. Sémpl‘es of solid phase bound **C-TNT from t;:ach column were bumec.l off
using the biologiéal oxidizer and the produced 14C02 was captured in a basic scintillation

cocktail and determined using the scintillation analyzer.

Results and Discussion

Batch Experiment

" The amount of HA-C adsorbed to oc—FeQOH was déterfninedﬁom an isothermal
plot, which indicated that approxima:tely 8 mg 6f HA-.C' was adsorbed per grém of
goethite. This corresponds to a fraction of or-g‘;mic carbon (f,c) of 0.8 % (wt/wt) in 'this
two-component solid, which is within.the range of commonly observed -fo. in clay
" minerals and some topsoils  (Figure 4.7) [22,82]. The sorbed HA wés appérently
irreversibly bound baéed on desorption data showing that the same amount of | H A'_C'WaS
adsorbed to the a-FeOOH surféée even aftef washing with an electrolyte solution (Figure
4.7 and data not shdwn). The determination of maximum humic acid loading was an
important parameter to ensure tﬁat the frabtion of organic matter on the a-FeOOH was

optimized for TNT adsorption.
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Humic Acid Adsorption to a-FeOOH

After one desorption

|

mg HA-C / g o-FeOOH
O —-=2NWhAhOOO N WO

0 50 100 150
mg of HA-C / Liter of Solution

—&— Experiment 1 —&- Experiment 2

Figure 4.7. Sorption isotherm of soil humic acid to goethite.

Approximately 26 % of the added TNT was sorbed to the HA-coated o-FeOOH
after one day of reaction time. The desorption of “C-TNT from the HA-coated -
FeOOH was observed to be most significant with the addition of rhamnolipid
biosurfactant compared to the increased sorption induced by the addition of Ca** and Na*
relative to the aqueous controls. Figure 4.8 represents aqueous '*C-TNT fractions
(normalized to the aqueous reference sample) after 12 hours of gquilibration in the
presence of biosprfactants, Na* or Ca* using a scintillation analyzer. Figure 4.9
represents the physically bound fraction of '“C-TNT on the HA-coated o-FeOOH
(normalized to the reference sample), which was measured by use of a biological oxidizer

with subsequent quantification of the produced “CO, on a scintillation analyzer.
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biosurfactants [25,35,83]. However, surfactant enhanced deserption of TNT‘ frorn | -
contaminated soils at a military site was recently rf'eported( by Ta:he et al. [3:5] who
investigated, anionic (SDS and DOWFAX 8390), cationic ‘(CTAC and CTAB), an_d
nonionic tTween_80 and Brij 35) s_urfactants at concentra.tions- ranging frorn 0.1 to 1%..
Anionic surfactants pfovided significantly increased desorption of TNT from the soil, but
‘there was no increase in TNT desorption for the "nonionic or cationic surfactants et
concentrations rangingbetween 0.1tol % ‘L35]. The competition ef the negatively
charged soil surfaces for the positively charged cétionie and the neutral nonionic
surfactants was postulated as a potential reason ‘fof‘ this phenomenon. TNT was
significantly desorbed when the concentrations of Tween 80, -DOWFAX‘80 and SDS
were increased to 10 % and.they emphaéiz’ed the importance of surfactant concentrations
" above the CMC for significant desorption enhancements. Rhamnolipids consist of
Inultiple anionic components [71] and was emended in concentrations of 1 % and 10 % in
.this study which reinforces that anionic surfactants are promoting TNT desorption. |
Monovalent and divalent cations can impact the strncture and eorption ‘
behavior of humic acid [57]. -At low ionic strengths, charge repnlsion occurs betweén
humic acid functional gfoups, resulting in an uncoiled humic strueture, which may
increase the adsorption of compounds such as the amino derivatives produced during the
biotnansformetion of TNT. At high ionic strengths charge neutralization occurs between
humic acid functional groups, resultiné in a coiled hunlic structure and the possible
formation of divalent eatiOn induced bridging between functional groups [84].‘ These

bridging comblexes may form hydrophobic domains that can potentially enhance the
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adsorption characteristics of hydrophobic contaminants such as TNT (Figuré 4.2).' In
contrast, Murphy et al. [5‘7] inciicat'ed that a coiled humic acid structure occupies half the
mineral surface area at an ionic strength of -0.1 mol/kg ;ofnpared' to thé humic acid : |
sfructure at an ionic strength of _‘0.0(‘)l mol/kg, énd that this coiling might decrease the
sorption of organic contaminants. In additioh, Schl‘autn.lan and Morgan [68] have shown
"that the addition of di-vale;nt caﬁoﬁs (i.e. C_a%) gen‘efally increased the biﬁding of PAH to
humic substances, which was hypothesized to be caused by the formation of hydrophobic
cavities. Conversely, increas_es in pH and ionic strength (i.e. Na* concentration) generally
decreased the PAH binding [68]. | | |
At lea_st two types of TNT binding might have occurred in the inglestigated batch
study binding to soil HA and or to the a-FeOOH, ﬁowever it is not possible to identify
the exact underlying mechanisms for'th'e increased Sor:ﬁtibn in the present sﬁidy based on
the obtained data. Previous sorpti_én studies by us showed tﬁat sorptien of gpproximately
0.03 mg TNT per gram of o-FeOOH was possible, which indicates that up'to 8 % of the
TNT in the present study may have s\o’rbed.‘ directly to gqethite. ‘The high ionic strength in
the system will decrease the équeous activity of ‘TNT énd may‘ result in an ionic strength-
controlled phase partitioning of TNT. In additiqn, Liet a-l.! [19] h_ypothésized that the less '
hydrophiljc configuration of HA with increasing‘ ionic strength would bind the
hydrophobic ligand TNT more effectively.' Thus, the i)in;iin’rg level is relatéd to on.e factor
| being more dominant than anofher (e.g. HA hydrophilicity vs HA cpiling/aggregatidn).
Our results indicate that. the mode of TNT adsorption to tflé HA-coated oc—-FeOOH may bg

a combination of phase partitioning and hydrophobic sorption. ‘
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Humic Acid Adsorption to a-FeOOH Coated
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Figure 4.11. Adsorption isotherms for humic acid adsorption onto o-FeOOH-coated
quartz sand. This porous media was used in all column studies.

Tritiated water breakthrough curves (BTCs) were used to obtain column
parameters (Figure 4.12). The calculated column parameters were based on a column
loaded with 50 g of quartz sand with a particle density (p,) of approximately 2.65 g/em’,
a bulk density (py) of 1.52 g/em® [py = massg/V], and a porosity () of 043 [n =1 -
(pv/pa)].  The average linear velocity (v) of the mobile phase was 2.87 cm/h [v =
g/(A*n)] at a flow rate (q) of 0.1 mL/min. This system had flow and soil (sediment)

characteristics comparable with the U.S. Geological Survey Cape Cod Research Site [85].



112

*H,0 Breakthrough Curves
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Figure 4.12. Tritium breakthrough curves for all four columns; electrolyte (Ca(ClO.),; I
= (0.005 mol/kg; pH 6.8) was added after 405 (C1), 425 (C2), 294 (C3), and
355 (C4) minutes to flush out tritium in the columns.

The conservative *H,O tracer indicated that breakthrough for all columns
occurred at 205 minutes (corresponding to a pore volume of 20.5 mL). The FORTRAN
based program CXTFIT Version 2.1 [86] was used to fit "H,O BTCs to physical
equilibrium and physical non-equilibrium models based on the advection-dispersion
eqliation (ADE, equation 1):

R¢ (dc/ot) =D (aiclaxz) — v (dc/dx) (equation 1)
which describes the change in solute concentration (c) as a function of time (t) and depth
(x), where D = dispersion coefficient (cm2 hr'l), Rf = retardation factor (unitless), and v =
average linear velocity(cm hr'). The CXTFIT models transport phenomena using a
nonlinear least-squares parameter optimization method. The physical equilibrium models

of the *H,O BTCs produced dispersion coefficients (D) (Table 4.1) for each of the

columns (Figure 4.13).
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Table 4.1. CXTFIT-estimated dispersion coefficients (D) for the columns

Tracer Results Fixed R D (¢cm*h) R?
Tritium Tracer C1 1.0 0.0551 0.994
Tritium Tracer C2 ' - 1.0 0.0572 0.987
Tritium Tracer C3 1.0 0.0727 0.996
Tritiurn Tracer C4 | 1.0 0.0706 0.992
Column 1 Column' 2
1.2 1.2 q
1.0 : 0 1.0 1
0.8 1 % 0.8 -
8 s 8 o061
5% 2 . hy
- 04 : A 0.4 1
0.2 2 .é 0.2 4
0.0+ - : A . , 0.0 -hoses —r .
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" Figure 4.13.

Modeled tritium tracer curves fitted to éxperimental data for each column.
Desorption of tritium with Ca**-electrolyte was started after approximately

1.95 pore volumes (see figure 4.12 for details; one pore volume
corresponds to 205 min). : ‘
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4

Mechanical dispersion in a ﬁomogeneously packed column ir‘lcludes‘
hydrodynamic dispersion and molecular diffusion [87]. Dis‘persion coefficients from
conéervatiVe tracers can be applied to dilute solutions when hydrodynamic dispersion,
inﬂuenced by turbulent eddies, dominates over molecular diffusion.

A ‘physical nonequilibrium CX".[“FIT modei \g/as used to obtain més's tr,ansfer
coefficients for the various test solutions used for desorption of *C-TNT in the saturated-
- column systems. .A logistic approach using the dispersion coefficients'f-r‘om the *H,0
BTCs and retardation factors (Ry) from a physical equilibrium model based on
experimental TNT data were used to find the best data fit. Correlation coefficients
indicated that bettef modeling was obtained by a non—eq.uilibriﬁm fit (Figure 4.14) rather
than equil‘ibﬂurri based fit (data not shown). The incfease in YC-TNT conéentr,ation for
- column 2 was a physical phenomenon that occurred due to a two hours lag time between
solvent reservoir changes. The solvent changes for the other colﬁmn_s took b_lace within -
20 mi,nutesﬂ. :

TNT desorption characteristics for low .and high ionic stréngth calf:ium
perchlorate solutions (Figure 4.15) aré similar to their respective desorption curves of
tritium. Results from the batch expgfimeﬁt can be correlated to the discussion of TNT
desorption- behavior in fhe column expeﬁmeﬁts. The high ionic strengtﬁ test ~solution‘
consistently resuited in lowér TNT effluent coﬁcéntraﬁons ‘cor-npared to desorption l‘JSil’lg‘
the low ionic strength solution. This phenomenon could be due to inéreased formation of
hydrophobic domains or a Ichr aqueous activity of TNT because of the higher ibnic

strength.
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Column 1 - TNT Desorption ( | =0.001 Ca2+ ) Column 2 - TNT Desorption (1 = 0.1 Ca2+)
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Figure 4.14. Step curves for experimental and fitted TNT adsorption and desorption
using various solvents for each column.

Tritium Tracer & TNT Desorption with Calcium Perchlorate Electrolyte and Rhamnolipid Surfactant

0:0’ T T T T T T 7 O T C T C T O T
150 170 190 210 230 250 270 290 310 330 350
Desorption Time (min)
-6~ Tritium —&- TNT Ca(C104)2 [ = 0.005] -B- TNT Ca(C104)2[1 =0.1]

—&— TNT Rhamnolipids 2.5 CMC —4— TNT Rhamnolipids 25 cme

Figure 4.15. Tritium desorption curve from column two, and TNT desorption curves for
various test solutions. One pore volume corresponds to 205 min.
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Figure 4..15- _indicateé. that the | additior‘l‘ of 2.5 and 25 tirﬁes the CMC of
rhémnolipid biosurfactants prc_)ducéd a TNT desorption phenorﬁena different from .the
columns added ‘Ca2+—electrolyte. TNT desorption using biosurfactant at 2.5 times the
CMC produced an initial decrease in TNT effluent .conce.nt.ration,- followed by a rise in

_ TNT effluent concentra;tion. This fall and rise pﬁenomenon could have Been attﬁButéd to

~ dispersed surfactants first forming a TNT sorbing monolayer on the ‘sdlid .phase (Figure

. 4.3). The subsequ.cnt.rise in TNT concentration occurréd néar the first pore Volﬁme (195
minutes). This iﬁdicates that as ‘surfactant concentration increased in the column the

critical micelle concentration Was. reached resulting in the formation of a surfactant

_bilayer and micelles. This change in_surface and aqueous 'surfactar_lt' chemistry appearé to

favor TNT desorption from the column systems. | |

An increase in initial TNT effluent concentration was observed with the addition
of biosurfactant at 25 times the CMC. A potential rapid formation of a surfactant Bilayer_ |
with a concurrent production of miéelles may have accelera‘te& the solublization of TNT
in the -aqueous phase and reéulted in the observed increased desorption kinetics. The
Qbserved desorption characteristics were in agreement with phenanthrene 'studies By.
Noordman et al. ‘[401. Who showed that the removal ‘t‘ime' of 90 % of the initially added .
phenanthrene from artificially- contaminated soil columns was reduced up to 3.5-fold
when elution was performed wi,th an ‘electrolyte soluﬁbn containing '500 mg/L (~ 13 x
CMC) rhamnolipid as corﬁpared to the treatment without rtholipid.

First-order desorption mass tr;lnsfer rate coefficients (k) for TNT were determined

 from the non-equilibrium transport parameters (Table 4.2). The obtained transport
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parameters included Ry (retardation factor; see définitibn aBove), B (the distribution of
soil water between mobile and immobile domains; whep B=1, thén no pref;:rential ﬂo‘w),
and o (the relative méSs t.ransfer. ra.te befween the mobile and immobile domains; when ®
= 100, then indicative of equilibrium). Equati'oﬁ 2 v?as used in determining k for ‘the
Various' test solutions used in the desorption of TNT (v = average linear VélOCity‘ (i.e.2.87
emhrl; L= characteriétic length of column (i.e. 6.7 cm)) [86]:

| K = 0 v/((1-B)*Re*L) * (equation 2, [86])

- Table 4.2. CXTFIT estimated first-order desorption mass transfer rate coefficients and
non-equilibrium parameters for experimental columns (values of R; and D

obtained independently). .
Solvent Usein INT __ Fixed D. Fixed Re Beta Omegra R* k(h’l)
Desorption (cm?/h)

Ca®;1=0.001 mol/kg  0.0551 1126 0949 0433 099 32
Ca®*; 1= 0.1 mol/kg 00572 1103 0907 3204 097 135
Rhamnolipid; 25x CMC 00727 ~ 1.117 0895 5336 096  19.3

Rhamnolipid; 25 x CMC  0.0706 * 1.123  0.891. 10740 094 369

Desorption rate coefficients indicate that the addition of biosurfaétants decrease
the removal time of TNT from the saturated poroﬁs medium up to 10—fold as compared to
- the treatments containing various ionic strengths: of calciﬁm—ions (Table 4;‘2).- The
estimated desorption rate coefficients of TNT in the preseﬁge of biosurfactants appears

overestimated when compared to the observed increase in TNT desorption (Figure 4.15).
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Several factors may Have contributed to the appérent variations between
experimental and fitted TNT BTCs (Figure 4.14). ’I‘he first factor is that *H,0 dispersion
| coefficients were similar for columﬁs one and two and 25 % hi-gher for columns three and-
foﬁr. In theory,.the di;%persion ‘coefficients should be the same for similar columns when
using a conservative tracer. This 25 % deviation in dispersion constants may be
attributed to an unintentional difference in the Way.each column was packed and might be
a source of error.

Figure 4.14 ill‘uétrates ‘that CXTFIT was especially not éapable of éccuratel‘y
fitting the tqi-lir;g resolution when desorbing TNT for all columns, and.did not fit the rise
and fall characteristics of the TNT desorption when using biosurfactants. These
inaccuracies influence the correctness of the transport parameters Rg, B, and 'tha;c were
used to calculate k: Noordman et al; [40] reportéd that the effect Qf rhamnolipid on‘tﬁe
removal of phenanthrene was satisfactorily simulated‘ using independently- o‘btainéd
parameters with a two-component advective-dispersive model aqcoﬁntir;g for micellar -
solubilization and admicellar sorption. They concluded that rhamnolipid enhanced 'the'
removal of phénanthrene ma.irﬂy by micellar solubilization and by iriﬂuenéing sorption

kinetics.

This study demonstrated the impact of various solution chemistries on desorption
" of 2,4,6-trinitrotoluene from HA-coated 0-FeOOH and 0-FeOOH-HA-coated quartz

sand. The batch experiment demonstrated that biosurfactants increased TNT desorption
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from HA-coated o-FeOOH by approximately 20 %. Solutions cdntainihg divalent and
monovalént catioﬁs (ie. Ca® z.md Na") decreased the amount of TNT desorbed from'thé
HA-coated oc;FeOOH relative tq .clontrols, indicating a cation/ionic strength-controlled“
phase partitioning. Additionélly, the-‘ célumn experiﬁents indicatea that TNT.mass'
trénsfer from o-FeOOH-HA-coated quartz sand is increased in the pfesence of
' biosurfactarits compared to mass transfer in ionic solutions. o

_'Th_e' CXTFIT program was-a useful tool in defining transport pafameters for
desorption of TNT from the poréus mediﬁm in packed columns. Howevgr, a more
sens_itive_ experiméntal system 1s needed to provide results that are more significaﬁf.

In summary, de.sdrption characteristics of TNT from HA-coated o-FeOOH and oc;
FeOOH;HA-coated quartz saﬁd is dependent on the surrouﬁdin.g aqueous chemistry.
Phase partitioning was the dominaht mode of TNT masé transfer when adding ionic
solutions to the model‘syste.ms. Rhamnolipid (biosurfactant) enhanced TNT desorption
‘was observed and Wa's_probabl_y a result of competitixlze- sbrption or micelle solﬁbilized '
| TNT. The smell fraction of HA on the solid phases may have caused the relative short'
retardation of TNT thus making it difficult to compare the desorption kinetics as a

fanction of solution chemistry.

Perspectives

Future investigations should invoiVe solid phases or real soil (é,g.:topso‘il) with a
significantly higher TNT s&)fption capacity to increase the sensitivity of the experimental

system towards changes in solution chemistry. The objective of this study was to _
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invcstigate the inﬂuence of cations and surfactants on the (de)sorption behavior of TNT
under abiotic conditions. Ho‘wev.er,‘ extrapolation of the findings -herein to an actual
contaminated site has | to in;:lude an ev.alvuation of the"- potential inﬂuence_ of
microorganisms. - ' ;

Therefore, the 'hypothetiqal role of biofilm is briefly evaluated in ‘the,‘follbwi_;ng“
paragraphs based on‘.a literature study. IV\Iutrientv ﬂux across the biofilm—Water interface
[88] and:slo.w mass transport in the biofilm rﬁatrix [89] results in the accumulation of
ionic species that hincrease the ionic streflgth in the microenvi’roﬁment at tﬁe solvid-v;/ater
- interface. T,ﬁis could induce structural c;hanges in SOM that could affect the association |
of  contaminants with soil surfaces (and thus, their subsequeht bioaVailability)
[19,84,90,91]. ‘.

Biéfilms are complex physical structures [92] that maintain their ;trchitectqré by a
- matrix of both inorganic and organic constituents that include exopolysaccharides, or
EPS [93]. EPS has a tremendous capacity for cation exchaﬁgé and is responsible for the
accumula_tion of divalent metals in biofilms [94]. Consequently, biofilm activity promotes
the accumulation of divalent metal cations (e.g., Ca’* and Mg™) at the soil-water
interface. Soil organic matter caﬂ also form strong complexes with .divalent cations [95].
Engebretson and von Wandruszka [;67] investigated the effects of Mg.g2+ on the kinetiés df
aggregation of dissolved humic acid, as diScuséed earlier (see abové). Cation effects of
SOM structure could likewise i.nﬂuence the bioavailability of SOM-aésociated

contarninants.
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A characteristic of V‘aribus. microorganisms is their ability to produce
biosurfactants (e.g. Pseudomonas aeruginosa). Not all ;.nicr,o‘bes have this ability, ;cm‘d
those that do may produce surface-active compounds ‘whose functions are dramatically
different. S«urfactants possess both hydrophilic and hydfophobic structural moietiés;
v\v‘hi'ch. impart unusual properties, inpluding an ability to lower the “surface_ tension of
. water and the ‘emulsification of water with watereimirﬁscible' s'ubst'ratesy [96j. Thé
production of biofilm.‘surfactants, may solubilize hydfophobic ‘compouncjls and "chang'e
their bioavailability [70]. Major classes of bipsurfactants include: 1) glycolipids, 2)
phospholipids and fatty acids, 3) lipopeptideﬂipOproteinS, 4) polymeric surfactants, and
5) particulate surfactanfs., These classes are differentiated based.on their biochemical
* nature and the microbial species producing them. Surfactin, a cyclic lipopeptide -produced
by Bacillus subtilis, is an example of a Véry effective biosurfaetént that reduces slurface
tension at very IQlW‘ concentrations [96]. Finally, recent studies by us. _[3‘9]'Hindicated that
HAs might have sﬁrfactant;like behavior. Our étudy_ [39] 'Showed" tilat the presence éf }
Elliot soil humic acid resulted in significantly increased bioavailabity of pyreﬁc as
compared to unsaturated systems containing the bare ma;gnetite minéral_.

| Thoﬁgh the findings in this study suggest iﬁcreased bioavailability in the preéence
of biosurfactants, one would have to test that hypqthesis in a 1t.‘)iodtef,rrading system to

confirm that micelle-solubilized TNT islbioavailable.
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