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ABSTRACT OF THE DISSERTATION

Performance Optimization of Metallic Iron and Iron Oxide Nanomatédioal$reatment
of Impaired Water Supplies

by

Yang Xie

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2011
Dr. David M. Cwiertny, Co-Chairperson
Dr. Mark R. Matsumoto, Co-Chairperson

Iron nanomaterials including nanoscale zero valent iron (NZVI), NZVisbase
bimetallic reductants (e.g., Pd/NZVI) and naturally occurring nanoscelerimeral
phases represent promising treatment tools for impaired water suppliescdfowe
guestions pertaining to fundamental and practical aspects of their rgaci@yitlimit
their performance during applications.

For NZVI treatment of pollutant source zones, a major hurdle is its limited
reactive lifetime. In Chapter 2, we report the longevity of NZVI towardsl,2-
tetrachloroethane (1,1,1,2-TeCA) and hexavalent chromium [Cr(V1)] in oxiygen-

systems with various anionic co-solutes (e.g,, €0, ClO;, HCO;, NO3). Trends in

Vi



longevity provide evidence that surface-associated Fe(ll) speeiessmonsible for
Cr(VI) reduction, whereas 1,1,1,2-TeCA reduction depends on the accessibilitPpf Fe(
at the NZVI particle surface.

In Chapter 3, we show that dithionite, previously utilized fitu redox
manipulation, can restore the reducing capacity of passivated NZVI traaggstems.

Air oxidation of NZVI at pH > 8 quickly exhausted reactivity despite a significant
fraction of Fe(0) persisting in the particle core. Reduction of this pasgmelds low
dithionite concentrations restored suspension reactivity to levels of unagddwWzvVv
multiple dithionite additions further improving pollutant removal.

In Chapter 4, measurements of solvent kinetic isotope effects revealptihatlio
Pd/NZVI reactivity results from accumulation of atomic hydrogen, wbialy occurs in
NZVI-based systems due to their higher rates of corrosion. However, dtgdnagen
formation only occurs in aged Pd/NZVI suspensions for ~2 weeks, after which any
reactivity enhancement likely results from galvanic corrosion of Fe(0).

Finally, the activity of hybrid nanostructures consisting of multi-walkxtban
nanotubes decorated with of hematite nanoparticldse{Os/MWCNT) is explored in
Chapter 5Sorption of Cu(ll) and Cr(V1) is enhanced in hybrid nanostructure systems
beyond what would be expected from simple additive sorption capacities of theingpuildi
blocks. The enhanced sorption capacity is in part derived from the greater steéaoé a
hematite nanoparticles immobilized on MWCNTSs relative to aggregatediteema

suspensions. The hybridFe,Os/MWCNT may also exhibit unique surface chemistry, as

vii



supported by the tunable values of zeta potential measured as a function ofstloéanas

FeO3; deposited on the MWCNTS.
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1. Introduction

1.1. Use of iron-based materials for environmental treatment

Iron is a versatile, naturally abundant element that plays criticalirotgs/erning
the environmental fate of pollutants in both natural and engineered systems. Occurring
predominantly in three oxidation states [i.e., Fe(0), Fe(ll) and Fe(llgjiced forms
including metallic [Fe(0)] and ferrous [Fe(ll)] iron are recognizedted@ donors (i.e.,
reductants; see equations 1-1 and 1-2) that are capable of reducing margdoxidiz
pollutant classes.

Fé' + 26 > Fe E®=-0.44 V vs. SHE (1-1)

F& + e F&* E®=+0.77 V vs. SHE (1-2)
For example, over the past 15 years granular forms of Fe(0) have been utilized i
engineered treatment strategies for groundwater contaminated vagehated organic
compounds [1], heavy metals including arsenic [2] and chromium [3, 4], and
radionuclides such as uranium [5]. Fe(0) is a moderately strong reductéeq [B]L) that
provides more reducing equivalents relative to Fe(ll), and thus has been broadigl appli
in the form of permeable reactive barriers (PRBSs) [7, 8] and, through recent innsvat
in the area of engineered nanomaterials, through the subsurface deliver)of Fe(
nanoparticles [9].

Although Fe(0) is limited entirely to engineered treatment applicatibas;alue
of Fe(ll) as a reductant (eq 1-2) is enhanced from its natural abundance in tivéasebs

generated through biogeochemical processes. Specifically, digsipil@n reducing



bacteria (DIRB) [10] utilize insoluble ferric (oxyhydr)oxides asrigal electron
acceptors during oxidation of organic matter, in turn producing a variety dof sjgéties
including dissolved and complexed forms of soluble Fe(ll) and ferrous iron-containing
solids including green rusts, siderite (Fefz@ackinawite (FeS), and magnetite {Bg
that are typically more potent reductants than aqueous Fe(ll). Many ofF@gbe
containing phases have been demonstrated to reduce oxidized pollutant classegincl
chlorinated solvents [11, 12] and heavy metals [13, 14], although typically at a tase tha
slower than Fe(0). Accordingly, several instances also exist wherputetimn of
subsurface redox conditions has been engineeredi(esdgu redox manipulation with
dithionite [15] or biostimulation of DIRB coupled with addition of ferrous sulfate)[t®]
increase the abundance of Fe(ll) phases in the subsurface in hopes of promoting pollutant
transformation in these enriched zones.

Ferric iron [Fe(lll)] has no readily available electrons to serve adutant, and
it also exhibits sparingly limited solubility in most environmentallyvatd (i.e.,
circumneutral) pH systems. As such, it commonly exists as iron (oxyhyaesox
including amorphous ferric hydroxide or ferrihydrite, or crystalline phasasiing
lepidocrocite {-FeOOH), goethite-FeOOH) and hematiter{Fe,O3) [17]. These
phases will hereafter collectively be referred to as iron oxides.

Aside from their critical role as a source for Fe(ll) production via theircteau
dissolution, the value of these Fe(lll) phases with respect to pollutant fateasgloirt is
derived from their role as sorbents. Most naturally occurring iron oxides ealzibrb-

point of charge around pH 7 or 8 [18], making them capable sorbents for both cationic



and anionic species over the range of environmentally pH values. For examitie, Par
observed the adsorption of phosphatéron oxides from natural soils [19], and Zhagig

al. demonstrated the capacity of natural iron ores for As(V) removal [20]. Given their
recognized role as sorbents in natural systems, engineered applicatiefi$l pbkides

also exist that try to exploit their sorbent activity for water treatnkemtexample,

granular ferric hydroxide (GFH® Media) is commercially availableulgh Siemens

Water [21] and marketed for the sequestration of arsenic during water ineatine

variety of support materials including activated carbon [22], clay [23], sandrij@4] a
polymers [25] have also been proposed for the manufacturing of composites with high
surface area iron oxides for use as sorbents in water treatment.

Work presented in this thesis demonstrates the application of each of the
aforementioned iron oxidation states for the treatment of impaired wafdresug@.g.,
groundwater and drinking water). A general theme for the Fe(0), Eefitrining solids
phases, or Fe(lll) oxides considered herein is how their reactivity can bezgatito
enhance pollutant removal in engineered treatment systems. This inclseieon
approaches to better predict, enhance and extend the reactivity of nanoscaéamalad g
Fe(0) particles, particularly through manipulation of their surfaeenistry and the
Fe(ll)-containing phases generated via Fe(0) corrosion, as well asgieesit of
innovative application platforms for nanoscale Fe(lll) oxides as high surfage ar

sorbents for heavy metals in water.



1.2. Granular iron PRBs for groundwater treatment

Over past two decades, Fe(0) has been widely applied to treat contdminate
groundwater in the form of a permeable reactive barrier (or PRB)ré~ig1) [8, 26-29].
In this technology, a trench is dug down gradient from a contaminant plume, and it is
subsequently filled with filings of granular Fe(0), typically on the ordesevkral
millimeters in grain size. This produces a permeable barrier in the fadestivat allows
contaminated groundwater to pass through via its natural flow gradient. Within the
barrier, the Fe(0) particles generate a highly reducing environmewchéraically
transforms and/or immobilizes many classes of oxidized pollutants, igeatlycing
more environmentally benign products. The treatment process thereby rgatds t

groundwater down gradient of the PRB installation.

PRB

L - S ‘\ e
Aquifer Contaminant plume \\\
Groundwater =

flow direction  mm Treated water

Agquitard

Figure 1-1. Conceptualization of an Fe(0) PRB for treatment of
contaminated groundwater.



Generally, Fe(0) PRBs are highly effective technologies for passisi¢y
groundwater treatment with low capital and routine operation and maintenance
expenditures [30]. These favorable attributes have resulted in more than 100 PRB
installations sites worldwide [31]. For example, at an installation in Elizabigy, North
Carolina, effluent concentrations of Cr(VI), TCE amsi1,2-dichloroethylenec{(s-DCE)
were maintained below Environmental Protection Agency (EPA) establishachuma
contaminant levels (MCL) for several years after PRB instafig8].

Among PRB applications, chlorinated organic solvents represent the primary
treatment target [7]. Chlorinated solvents are ubiquitous groundwater contandinants
to their extensive use and ultimate mishandling and disposal during industrial
applications as metal degreasers, dry cleaning solvents and adhesives [32sWsdd r
their greater density than water and their sparing agueous solubilityreaehtly exist
in the subsurface as a separate, pure organic phase, which can persist over long
timescales because they are relatively chemically inert andslbiwdegrade [32].

Chlorinated solvent degradation in PRBs occurs via a process in which Fe(0)
serves as the primary electron donor (eq 1-1), while the organohalide solvents are
chemically reduced to products with a lower degree of halogenations (i.e.,
dehalogenation). In addition, it is possible that other redox active speciestgg@ara
byproducts of Fe(0) corrosion can also act as reductants in PRBs [33]. Thees spe
include Fe(ll)-containing corrosion products such as magnetite [34] or sadaoetated
atomic hydrogen species [35], which are intermediates in the formation ofutanlec

hydrogen gas [k{Qg)] during Fe(0) corrosion in oxygen-free environments.



Two major reductive dehalogenation pathways are commonly observed for
chlorinated solvents. These are (i) hydrogenolysis, where a halogenusrtissit
replaced by hydrogen via a net two-electron transfer (eq 1-3); and (iitikeduc
elimination in which two halide ions are liberated via a net two-electron ¢éransf
Reductive elimination can proceed via eitheglimination, in which two halogen
substituents are lost from the same carbon center to yield a carbenedrdezi86] (eq
1-4), orp-elimination, where two halides are lost from adjacent carbon centeehyher
increasing the carbon-carbon bond order (eq 1-5). Vinyl [37] and alkyl polyhalides [38,
39] with halogen substituents on adjacent carbon centers undergo exclusive rg¢dductive
elimination, whereas-elimination and hydrogenolysis occur in parallel for species that

only possess multiple halogens on the same carbon center.

X-RH + H' + 26 > RHs + X (1-3)
X%RH; + 26 — [1H, + 2X (1-4)
BRX-H,RX + 2€ — H,R=RH, + 2X (1-5)

Another frequent target of Fe(0) PRBs is hexavalent chromium [Cr(VD].ICr(V
compounds such as chromate (¢fCHCrOy) and dichromate (GB;*) are used
extensively in industrial processes, and when discharged into the environmeghgre hi
soluble and mobile in water. Permeable reactive barriers minimize thetynobilir(VI)
by reducing it to Cr(lll), which is sparingly soluble in water and will g¢&s insoluble
Cr(lll) oxides. Notably, both Fe(0) and Fe(ll) are functional reductantSrpfl).

Reduction of Cr(VI) has been demonstrated for both granular [40] and nanoscale [41]



Fe(0), and Cr(VI) reduction has also been observed with aqueous Fe(ll) [42] and several
Fe(ll)-containing solids including siderite [43], pyrite [44], green ridt 5, 46],

magnetite [13], and iron sulfide [47]. In fact, the reactivity of Fe(Il)aahCr(VI) has
frequently been exploited for applicationsi&itu redox manipulation. For example,

Ludwig et al. [48] applied a combination of ferrous sulfate and sodium dithionite at a

field site to immobilize a dissolved Cr(VI) plume, observing 98% removal ohttiali

4-8 mg/L of Cr(VI) over 1000 days.

1.3. Nanoscale zero-valent iron as an innovative treatment

alternative to granular iron PRBs

Despite the success of Fe(0) PRBs, there are key shortcomings thdtdimi
application. Over time, Fe(0) corrosion products including magnetite, maghgarious
green rusts and siderite (Feg©an accumulate within the PRB [49-52], causing
reduction in hydraulic conductivity and reactivity loss by inhibiting etectransfer from
the underlying Fe(0) [8, 53, 54]. For example, an Fe(0) PRB constructed in Ohio for
TCE remediation ceased operation after only 6 months due to clogging [55]. Another
limitation is that PRB application is restricted to shallow, subsurfaceszwhere barriers
can be easily constructed. This prevents their use for plumes located deep in the
subsurface and diffuse pollutant plumes. It also prohibits their applicaticatit;msty
pollutant source zones, which require treatment options that can be deliveredapecific

to the location of contamination in the subsurface.



In recent years, zero-valent iron nanopatrticles (typically 10-100 nm in gigme
have shown much promise for groundwater treatment and source zone control [9, 56, 57].
Relative to traditional granular iron particles (typically 0.3-3 mm in dard@mmeter),
nanoscale zero valent iron (or NZVI) exhibits comparable or greatewegrefficiencies
for the broad spectrum of chemical contaminants reduced by Fe(0) [2, 9, 41, 58-60].
Their enhanced reactivity is often attributed to their larger specifiacgiarea (40-60
m?/g) relative to granular Fe(0) (typically < fy) and the potential for greater inherent
reactivity due to material and size-dependent reactive properties. Futketheir
nanoscale dimensions can potentially overcome many of the practical shagsomi
commonly associated with traditional granular iron PRBs; unlike largauignairon,
slurries of NZVI can be directly delivered into the subsurface at the point of
contamination, thereby enabling treatment of deep DNAPL plumes and source zones
(Figure 1-2). As of 2005, there were 25 field-scale applications (6 full-scalelo19 pi

scale) of NZVI for groundwater and soil remediation [61].



Figure 1-2. Conceptualization of NZMin situ treatment fol
contaminant source zol

Although early returns on NZ\field-scaleperformance have been encoura
[62-65], it is a developing technology and several quastjgersist that may hinder
growth into a mature treatment strategy. To date tradsntion has focused
preventing the aggregation of NZVI particles duragplication, whictlimits its delivery
in the subsurface [66]o address this problem, surface modifiers sctilblock
copolymers [67]poly(styrene sulfonat, polyaspartate anglrfactant sodium dodec
benzene sulfonate [68hvebeen used to stabilize NZVI pates. This keeps th
particles welldispersed and improves subsurface del [67-69], while only resulting ir

a modest decline in particle reactiv[70].



A concern that has received far less focus is the reactive lifetime ovitynge
NZVI in the subsurface. Due to its high reactivity, NZVI exhibits a low degree of
selectivity and will react readily with dissolved oxygen and water duringustace
application [9, 27]. These side reactions consume reducing equivalents and hasten
formation of passivating Fe(lll) oxides that ultimately shorten NZVgéonty.

Despite several field scale installations [61-65], data on the long-term
performance of NZVI (i.e., pollutant removal over periods longer than seveeds)
remains limited. Elliott and Zhang [64] observed that the reactivity of NZVéatdsv
TCE, tetrachloroethene (PCE), andg-dichloroethenedqis-DCE) was maintained for 4
weeks, although ORP (oxidation reduction potential) continuously increased over this
duration from -360 mv to -100 mv at the injection location. Besides this field agggssm
Zhang and co-workers [56] also conducted batch studies suggesting NZ¥ddedi 6-

8 weeks based on repeated spiking of reaction slurries with TCE. Longevity als@has be
estimated by measuring changes in the Fe(0) content within NZVI particdgsieous
suspensions over time. Fe(0) content dropped from 70% to 20% over 200 days in a
concentrated, alkaline slurry (pH 10.6) under anaerobic conditions [71]. In a similar
investigation, Fe(0) persisted as 30% of the particle composition after 6 nobatfiag

in an aerobic slurry, with the aged particles displaying weak reactwitgrtls carbon
tetrachloride [72]. Another complementary study observed ~40% Fe(0) was pteserv
after 6 month of exposure to anaerobic water in suspensions of 10 g/L NZVI patrticles,
although Fe(0) content was rapidly consumed via exposurgsatOrated water for 24 h

(~2 % Fe(0) remaining) [73].
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These works estimate that NZVI has a reactive lifetime anywletveebn 2-6
months in oxygen-free agueous systems, a value that is considerably shorter than
lifetimes reported or estimated for Fe(0) PRBs (with typical longsvirom years to
decades [74]). However, these reported longevities for NZVI likely reprédsebest
case scenario; longevity studies to date have largely been conducted under stric
anaerobic conditions and at relative high pH values that likely do not reflect the
variability of subsurface environments. Furthermore, laboratory longevityesttaddate
have used solution conditions that do not reflect the geochemical complexity of
subsurface systems. Specifically, studies have yet to consider how mézathe
conditions (e.g., anionic co-solutes) affect the corrosion products generatedsarfdbe
of NZVI particles and the implications of these corrosion products on NZ\dpeghce
and longevity.

For granular Fe(0) applications, the nature of the oxide layer initialbepte®n
the particle surface and how it evolves over time is recognized to definmsgshecing
capacity [6]. If the film is passive, it inhibits the access of electrore gett
contaminants in solution, acting as a barrier between the underlying Fe(0) aodsaque
phase targets. If the iron in the film is fully oxidized (i.e., typically found toasont
passive Fe(lll) oxides such as maghemite [17, 34, 75, 76]), the reducing capacity of the
particle will be lost entirely, and electron transfer will oabcur if localized defects (e.g.,
cracks or pits) exist in the passive layer [77]. If Fe(ll) cerdeggpresent via
incorporation into mixed-valent oxides (i.e., magnetite), the resistivityeobxide film

decreases, improving conduction of electrons from the Fe(0) particle cbee to t
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pollutants at the particle water interface. For instance, Stratmann waied M8]
suggested that the kinetics of electron transfer in Fe(0) systems is diegi@igdent on
the ratio of Fe(ll)-to-Fe(lll) in overlying oxide layer.

Based on this established behavior for granular Fe(0), the composition of the
oxide film that evolves on the NZVI surface will influence particle reggtand
longevity. However, very little remains known about how the corrosion products
generated in NZVI systems evolve over time, vary in response to solution phase
chemistry, and ultimately impact the reactivity of NZVI toward a broadtspa of
pollutants. In a noteworthy study, Letial. [79] investigated the effect of dissolved
groundwater constituents on NZVI reactivity toward TCE, observing the faipwi
reactivity trend (from least inhibitory to most inhibitory)” €1SQ? < HCOy < HPQ?".
However, the types of corrosion products generated as a result of changason sol
chemistry and the effect of these anions on NZVI lifetime were not deeslmn a
follow-up study by Reinscht al. [73], corrosion products formed in the presence of
selected anions were identified in NZVI suspensions aged over 180 days. However,
characterization over time focused on loss of Fe(0), and corrosion products were not
presented for all solution chemistries (e.g., products formed in the preseackarfate
were not presented). Moreover, complementary reactivity data toward a maddemol
were not collected by Reinsehal. [73], preventing any correlation between their
observed changes in NZVI oxidation and NZVI reactivity.

Ultimately, in the event of complete reactivity loss, current approach&&ziél

application would require multiple injections of NZVI to the subsurface to sustain
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reactivity [9], which would be expensive and will negatively impact hydraulic
conductivity. There are also growing concerns over potential adverse ingplscat
engineered nanomaterials in the environment [80, 81]. Thus, the high levels of NZVI
introduced into the subsurface to sustain reactivity may also be undesirabtadrom
perspective of human and ecosystem health. To improve the field-scale pedewha
NZVI, broaden the range of sites amenable to treatment and mitigatersoager

material cost and the fate of engineered nanomaterials, stratagiebardeveloped to
sustain the reactivity of NZ\Mh situ treatment zones and increase the extent of pollutant

removal per unit mass of NZVI applied in the field.

1.4. Bimetallic reductants for enhancing zero-valent iron

reactivity

Over the course of Fe(0) technology development, it has been noted that certain
environmental contaminants including polychlorinated biphenyls (PCBs) [82],
halogenated phenols [83], and most mono- and di-substituted methyl and alkyl
polychlorides (e.g., dichloromethane and 1,2-dichloroethane) [38] appear ranalcit
Furthermore, some pollutants may undergo only partial dehalogenation, whigsckn r
in the accumulation of more persistent byproducts, as is the case for chloi@3pand
1,1-dichloroethane [36] production from the reduction of carbon tetrachloride and 1,1,1,-
trichloroethane, respectively. A popular alternative to Fe(0) that can ovestmme of
these shortcomings is so-called bimetallic reductants. Iron-basetbbioreductants

are generated by the deposition of a noble metal additive onto the Fe(0) sarfmbte,
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which is typically accomplished using a plating reaction between Fe(0) aathhsait

of the additive (e.g., Pd, Pt, Ag, and Cu). Numerous studies have shown that bimetallic
reductants exhibit greater reactivity than Fe(0) (see Figure 1-3) [&B]8hile

evidence also suggests that bimetallic reductants alter product yieldsitonfane

completely dehalogenated daughter products [84, 86, 89, 90]. The promise of enhanced
reactivity and more environmentally benign transformation products has resulted in
multiple field-scale applications of Fe(0)-based bimetallic reductantsdatment of
contaminated groundwater and pollutant source zones [62, 64, 65, 91, 92].

Several factors are known to influence the reactivity of Fe(0)-based Bimeta
reductants. These include the identity of the additive [84, 85, 88], the amount of additive
deposited on Fe(0) [84, 87, 93-95], the nature (e.qg., alkyl versus vinyl polyhalides) [96]
and concentration [97] of the target pollutant, and relevant reaction conditions such as
solution pH [94, 98], temperature [87, 94, 97] and the extent of particle aging [99, 100].
For example, reactivity of bimetallic systems typically increagih additive loading,
ultimately reaching a point where reactivity either plateaus at somenonaxvalue [84]
or drops [87]. Chumat al. [95] found incorporation of metal additives into the Fe(0)
particle as an alloy resulted in lower reactivity relative to Feéicles with additives
deposited on the surface, consistent with dechlorination occurring at theanhitale
surface. Consistent with such a scenario, in another study [99] Pd/Fe paxiulated
an 80% decrease in reactivity toward trichloroethene over 24 h, over wheRdm
islands on the Fe(0) surface became completely buried underneath extemsosedes

that accumulated during aging.
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Despite great progress in the study of Fe(0)-based bimetallic rathyctaveral
fundamental questions about their reactivity and practical questions about their
performance remain, which may ultimately limit their field-scgdplication. For
example, Pd/Fe is perhaps the most popular Fe(0)-based bimetal becanisally ty

exhibits the greatest reactivity. However, a close examination ofe¢hakhaof prior
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Figure 1-3. Comparison of common Fe(0)-based bimetals for the reduction of 1,1,1-
trichloroethane. All reductants had a deposited additive mass q@imdlgs/g Fe.
Data for unamended Fe(0) is shown for comparison. From Cwietrahy[86].

results available for Pd/Fe reveals vast differences in reactivitgifispbly, reports of
the magnitude by which Pd/Fe enhances reactivity relative to Fe(8ywahge from 2-
fold [84] to more than 1000-fold [96], and the source of such variation is not known.

Another question pertains to the type of Fe(0) used to generated bimetalliaisiate
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there has yet to be a systematic study demonstrating the impact of & [gize on
resulting bimetal reactivity.

From a more fundamental perspective, the molecular-level processes it@dspons
for the enhanced reactivity displayed by bimetallic reductants remairy poatérstood.
One hypothesis [101, 102] attributes the enhanced reactivity of bimetallicaptiuict
the formation of a galvanic couple between Fe(0) and the noble metal surfane abidit
the couple, Fe(0) functions as the anode whereas the noble metal surfaceseepesit
as the cathode at which pollutant reduction occurs. In this scenario, Feff)dsec
preferentially oxidized, facilitating electron transfer to the solutionfexte through the
metal additive, in turn yielding higher reduction rates. Others [35, 84, 88, 102-104] have
postulated that the metal additives function as a catalyst for hydrogenatiahaa
adsorbed or absorbed atomic hydrogen species associated with the addéoes anar
the reactive entity responsible for pollutant transformation. To support sucthamszo
of rate enhancement, a prior study [84] reported a strong correlation betveseof ra
1,1,1-trichloroethane reduction in various bimetallic systems and measutesaf a
hydrogen solubility in the additives. In another study [102], a relatively largergol
kinetic isotope effect (defined as the rate of reactiom{D kormalized to the rate of
reaction in RO) for TCE reduction by Ni/Fe was interpreted as evidence for the

involvement of some form of atomic hydrogen.
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1.5. Formation and activity of nanoscale iron oxides and their

role in environmental quality control

Different types of nanoscale iron oxides including hemadiieg,03) and
goethite (-FeOOH) can be produced naturally in soils and surface waters through
mineral weathering, oxidation of ferrous iron [Fe(ll)] and, in the case dijfeeftaining
solids such as magnetite ¢B&), chemical and/or biological reduction of naturally
occurring ferric iron [Fe(lll)] oxides [105]. Nanoscale iron oxides, witleast on
dimension less than 100 nm, possess large surface area-to-volume ratios. Thus, although
they may not comprise a large mass fraction of a natural system, thesgilnmapresent
important phases for interfacial reactions occurring in the subsurface oreswers
[105]. Because of their nanoscale dimensions, there is also the potential for unique
surface activity relative to their larger scale analogues.

Notably, Fe(ll)-containing phases (e.g., iron sulfides) and iron oxides witdmix
valent oxidation states (i.e., Fe(ll)- and Fe(lll)-containing phasesgsept a route for
the natural attenuation and remediation of groundwater contaminants in subsurfac
environments with low dissolved oxygen. Previous work has shown that Fe(ll)-
containing and mixed-valent iron oxides represent functional electron donorshHiy hig
oxidized chlorinated solvents such as trichloroethylene and tetrachloroethyldg,
carbon tetrachloride [106] and hexachloroethane [12], nitroaromatic compounds
including chloronitrobenzene [12], and heavy metals such as hexavalent chromium [13].
Also, Fe(ll) associated with the surface of Fe(lll) oxides or solul{lé) Eemplexes can

exhibit reducing capacity towards many compounds including polyhalogemathanes
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[107], pesticides such as oxamyl and methomyl [108], RDX (hexahydro-1,3,5trinitr
1,3,5-triazine) [109] and nitroaromatic compounds [110]. For example, Klatiaen
observed Fe(ll) associated with goethite and lepidocrocite were abtuteere
nitrobenzene to aniline, while aqueous Fe(ll) phases or Fe(lll) oxides alonaedma
unreactive [111]. In addition, Amonetteal. [112] observed that Fe(ll) sorbed to the
surface of goethite actively dechlorinated carbon tetrachloride to chloraeioder
anoxic conditions.

With the advent of Fe(0)-based treatment technologies, it has become dlear tha
addition to the natural routes of iron oxide formation discussed above, a variety of redox
active iron phase can be produced at the Fe(0) particle-water interfacgresion.

Trends in corrosion product formation in granular iron systems are well establistied, a
work on their production in NZVI systems is growing. Notably, as nanoscale aorrosi
products have been observed for granular Fe(0) [50], it is highly likely thatsamr
products of NZVI will also be of nanoscale dimensions. Harnessing the reactitigh
surface area, Fe(ll)-containing products of NZVI corrosion may, theretmesent a
viable route to sustaining the redox activityio&itu treatment zones long after Fe(0) is
lost from the system. These Fe(ll)-containing phases will be produced in langiiga
in NZVI systems due to the high corrosion rate exhibited by NZVI [113], and their lower
reactivity relative to Fe(0) should make them persist longer through siatesrof
reaction with non-target species in the subsurface such as water and oxygen.
Another promising application of nanoscale iron oxides arising from their high

surface area is as adsorbents, particularly towards regulated metatsschromium
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[114-116] and arsenic [117, 118], for which iron oxides are recognized to be efficient
sorbents. However, a common challenge encountered during the application of high
surface area nanopatrticles relates to their instability in suspsret environmentally
relevant pH values, which results in nanoparticle aggregation that constralablavai
surface area [119] and limits mass transport and surface activity [120]. Tomeetitis
shortcoming, a promising application route for iron oxide nanoparticles is through their
integration and immobilization on support structures. Traditional supports considered fo
Fe(lll) oxides include activated carbon [22] and clays [23].

A promising support material that has yet to garner much interest for
environmental treatment applications is carbon nanotubes. Carbon nanotubes (CNTSs)
exhibit several favorable properties as support structures including theindeghad
surface area and their mechanical strength, which should make them stabienee
chemical environments. Most importantly, several routes are availablefeymthesis
of hybrid nanostructures of CNTs decorated with metal or metal oxide nanigsartic
[121-123]. CNTs have been widely utilized as supports in catalysis for metaidinggl
Sn [124], Au [125], Pt [126], Ag [127]. These nanocomposites were synthesized through
established approaches such as an incipient wetness impregnation procedure [128], sol-
gel technique [129], chemical vapor deposition [130], ball milling [131] and electron
beam evaporation [132]. For iron oxides nanoparticles, magnetite has been most
extensively explored for growth on CNT surfaces [133-135].

A potential benefit of using CNT-supported iron oxides as sorbents is that the

distribution and size of the deposited oxides can be tuned during synthesis and post-
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processing, which allows unique control over the specific surface area and sorption
capacity of the hybrid nanomaterial sorbent. Furthermore, the use of CNTgpgme s
allows for various application platforms that are more ideal for large sckr

treatment than traditional sorbent particles suspensions. The ability to inradLiNITS

on membrane supports [136, 137] allows application in which a fixed bed of hybridized
CNTs sorbents can treat high flow rates of water while minimizing nanclpariease

into the treated product. Nevertheless, despite the great promise of hybrididt®n ox
CNT nanostructures as sorbent materials for environmental quality contrelighigle

work available on their synthesis, optimization and performance during wedgnént.

1.6. Thesis organization

This work contains four chapters of original research investigating routes to
optimize the application of NZVI, Fe(0)-based bimetallic reductants ¢edgFe), and
nanoscale iron oxides for treatment of impaired water supplies. The overathab{
this work is to increase the application and performance of Fe(0) and iron oxide
nanoparticles for treatment of contaminated groundwater and surface &paaific
objectives are detailed below for each chapter, which utilize a generalregptai
approach that couples reactivity studies with materials charati@niza develop
insights into the properties of iron-based nanomaterials most responsible for their
chemical activity.

The work in Chapter 2 aims to better predict the lifetime of NZVI over a range o

geochemical conditions representativeroditu treatment zones. Over one month,
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reactivity studies measured 1,1,1,2-tetrachloroethane (1,1,1,2-TeCA) demradtds,
hexavalent chromium [Cr(VI1)] removal capacities, values of oxidationetezh

potential (ORP) and rates of Fe(ll) production from NZVI corrosion. The suspeinsions
NZVI used in reactivity studies were aged under different geochemicatiomsdie.g.,
various co-solutes, pH values, redox environments), and changes in reactivity ever tim
were related to the evolving mineralogy of suspensions via charactarinati
transmission electron microscopy (TEM) and X-ray diffraction (XRD).

The co-solutes investigated in Chapter 2 were nitrate, carbonate, suliatieech
and perchlorate, which were chosen because of their environmental relevancerand thei
different degree of interaction with Fe(0) based upon trends establishadyfardcale
granular iron. Nitrate can be reduced by Fe(0) [138-140], whereas carbonatelinigpe
on its concentration, is reported to either enhance or inhibit Fe(0) reactivitythihroug
formation of redox-active carbonate green rust species [14] or passisialenige
[FECQOy(s)] [53, 141-143], respectively. Chloride and sulfate are corrosion promoters that
can also favor the formation of redox-active green rust species [77, 144-147].
Perchlorate was used as a control, as it is widely considered to interanaftyinvith
Fe(0) surfaces [148, 149]. Solution pH also plays a significant role in Fe(@yitgac
with several studies observing that the reactivity of micron-sized Be(@ases with
increasing pH, behavior that is likely linked to precipitation of passive iraesxhat
block reactive sites [150]. In Chapter 2, pH was maintained using pH buffers at

environmentally relevant values (pH 7 and 8), improving upon other studies that have not

21



stabilized pH and, in turn, achieved suspension pH values unrealistic for field-scale
treatment applications (pH ~10) during aging.

Chapter 3 explores simple, cost-effective chemical amendments that can be used
in tandem with NZVI to enhance the longevityin&itu treatment zones by transforming
passive corrosion products into Fe(ll)-containing phases that represerdrfahct
reductants for several common groundwater contaminants. The reductand utilize
Chapter 3 is dithionite, a strong reductdf(-1.12 V) and a sulfur-containing oxyanion
(S,04%) that has previously been used for groundwater remediation [15, 15f]sitia
redox manipulation. During application dithionite decomposes to two highly reactive
sulfoxyl radicals (eq 1-6) that can reduce Fe(lll) to yield various$amhsoluble,
complexed and solid-phase Fe(ll) (eq 1-7).

$0,” — 2SQ” (1-6)
SQ" + Fe (lll) + HO — Fe (Il) + SQ* + 2H' 1-7)

In Chapter 3, suspensions of NZVI were aged under a variety of aqueous
conditions, including in the presence and absence of oxygen over a range of
environmentally relevant pH values. Reactivity loss over time was monitoredd
1,1,1,2-TeCA and Cr(VI), and upon complete reactivity loss, passive NZVI suspensions
were reacted with various amounts of dithionite in an attempt to restorel tfoenige
capacity of the suspension. Reactivity studies with 1,1,1,2-TeCA and Cr(\d)omee
again conducted to assess the efficiency of dithionite in restoring reatditte

passivated suspensions, whereas materials characterization on the suspensidorboth be
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and after reaction with dithionite was used to determine the reactive phases ¢pnoduce
the regeneration reaction that were responsible for the restored redaxyca

The potential benefits of the work in Chapter 3 are great. Using dithionite as a
chemical regenerant of passivated NZVI treatment zones, site longamibe extended,
allowing lower amounts of NZVI to obtain clean-up goals. Furthermore, théydbili
sustain NZVI longevity may also facilitate a wider range of appbos, including the
use of NZVI injection at polluted environments that are not strictly anaerobic.

Chapter 4 aims to identify the optimal conditions for the field-scale apphcaf
Pd/Fe bimetallic reductants, while also exploring the underlying mecharsponsable
for the enhanced reactivity of Pd/Fe relative to unamended Fe(0). Experixeamised
the reactivity enhancement afforded by Pd/Fe relative to Fe(0) over aafdde
loadings, Pd/Fe reductant loading or concentration (in g/L), initial concemtiztthe
target chlorinated solvents (1,1,1,2-TeCA arsiDCE), anaerobic aging timescales (up
to one month), and solution pH. This work also represents the first to systematically
compare the reactivity of Pd/Fe generated from NZVI relative to largeromsized
Fe(0) particles, attempting to identify the impact of the Fe(0) substrttie overall
reactivity of the Pd/Fe reductant.

For mechanistic insights, the origin of reactivity enhancement in the Pd/Fe
systems was explored through measurement of solvent kinetics isotope bfesadtér
referred to as SKIES), defined as the rate constant for pollutant transéormnatvater
normalized to the rate constant in a corresponding system wixhik,{H.O)/

kobdD20)]. SKIEs were quantified as a function of Pd loading and Pd/Fe concentration,
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and significant SKIEs were interpreted as evidence for the involvement afesurfa
associated atomic hydrogen in pollutant transformation reactions. Prauiiabtions

for these mechanistic insights are presented in the form of SKIEs metmuPedNZVI
reductants that were aged over one month in anaerobic suspensions so as to simulate
field-scale application.

Finally, Chapter 5 develops novel hematite-coated multi-walled carbon nasiotube
(a-FeOs/MWCNT) and applies these hybrid nanostructures as high-surface areatsorbe
for heavy metals during water treatment. Hylriee,Os/MWCNT nanostructures were
prepared through the surface-assisted forced hydrolysis of ferric mittéie presence of
MWCNTs. The amount of depositedFeOs, which influences the nanopatrticle size and
coverage density, was tuned during synthesis and the sorption capacity of tiegresult
nanomaterials was examined toward Cu(ll) and Cr(VI) as a function of pH aatl met
concentration. Sorption properties of the hybrid nanostructures were then compared to
metal uptake in systems with the individual material components (e.g., disp@&fsions
nanoscale hematite particles or MWCNTSs) and observed sorption trends \atweé tel
material properties obtained through complementary materials charatiteri(e.g.,

TEM with selected area diffraction, total deposited iron through acid digesti

suspensions sedimentation rates and zeta potential analysis).
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2. Influence of Anionic Co-Solutes and pH on Nanoscale
Zero-Valent Iron Longevity: Timescales and
Mechanisms of Reactivity Loss Toward 1,1,1,2-
Tetrachloroethane and Cr(VI)*

2.1. Abstract

Nanoscale zero-valent iron (NZVI) was aged over 30 days in aqueous
suspensions with different anions (chloride, perchlorate, sulfate, carbonatérata], ni
anion concentrations (5, 25, and 100 mN), and pH (7 and 8). During aging, suspension
samples were reacted periodically with two model pollutants, 1,1,1,2-tetrachboree
(1,1,1,2-TeCA) and Cr(VI), to determine the timescales and primary modg\df N
reactivity loss. Rate constants for 1,1,1,2-TeCA reductionirSC}* and CIQ°
suspensions were essentially equivalent up to 100 mN and independent of pH, decreasing
by 95% over 1 month. In contrast, longevity toward 1,1,1,2-TeCA was concentration-
dependent for N©@ and HCQ', with complete reactivity loss over 1 and 14 days,
respectively, in 25 mN suspensions. X-ray diffraction suggests that reacsstjoward
1,1,1,2-TeCA results from Fe(0) conversion into magnetite ig NO, SO and
ClO4 systems, whereas formation of iron carbonate hydroxide is responsible ;i HCO
suspensions. Markedly different trends in Cr(VI) removal capacity werevelaiséuring
aging, exhibiting a pronounced pH-dependence and longevity that was generally

independent of anion concentration. A strong correlation was observed betweén Cr(VI

! An abbreviated version of this chapter has bebmitted for publication in Environmental Sciencelan
Technology. Y. Xie and D.M. Cwiertny, Influence Afionic Co-solutes and pH on Nanoscale Zero-
Valent Iron Longevity: Timescales and MechanismRe#ctivity Loss Toward 1,1,1,2-Tetrachloroethane
and Cr(VI)
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removal capacities and rates of Fe(ll) production measured in the abs&r¢eInf
While Fe(0) availability dictates longevity toward 1,1,1,2-TeCA, this caticei
suggests different entities, specifically surface-associated fairie(ll), are primarily

responsible for Cr(VI) reduction.

2.2. Introduction

Although nanoscale zero valent iron (NZVI) treatment zones are becoming a
popular alternative to permeable reactive barriers (PRBs) [1-4], goestirround the
reactive lifetime of NZVI during application. To date, available fist@le monitoring
data [5-8] are limited, and laboratory aging studies [9-11] have yet tarexNAVI
reactivity loss in geochemically complex systems representativantdroinated
subsurface environments. While generally accepted that the longevity of NAYhent
zones will be shorter than that of PRBs (operative from several years to dd@jyles
establishing timescales of NZVI reactivity loss in response to geachleronditions
will help to identify the optimal condition for application.

From established behavior of granular iron [13-18], the identity and concentration
of anionic co-solutes are expected to dictate NZVI longevity because ointhesnce
on the nature and stability of oxide layers at the particle-water ioéer@hloride [13, 15,
19] and sulfate [13, 20], corrosion promoters capable of destabilizing passive surface
films [21], have been reported to enhance granular iron reactivity. The influence of
(bi)carbonate has been extensively investigated in laboratory anddakel-

investigations [13, 22-27] [28, 29], typically revealing effects on granular iamtivéey
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that depend on (bi)carbonate concentration and exposure time. In a recent woek by Bi
al. [30], enhanced reactivity toward 4-chloronitrobenzene was observed at low carbonat
concentrations, where it was hypothesized that amorphous Fef@dipitates
preferentially relative to passive Feg@iderite), allowing free C§J to promote Fe(0)
corrosion. Klauseet al. [27] observed reactivity toward organohalides and
nitroaromatics in column studies that was initially enhanced (over 90 days)ét a hi
bicarbonate concentration (20 mM), but ultimately resulted in inhibited activéyto
formation of passive iron carbonate precipitates [31]. Unlike these other anioris, igitra
reducible by zero-valent iron [14, 32, 33], which promotes formation of passive ferric
iron (Fe(lll)) (oxyhydr)oxides that dampen reactivity and shorten longg\8tyl7, 18].
While the roles of anions as inhibitors or promoters should not change in NZVI
systems, NZVI performance is likely to be far more sensitive to thesepoe due to its
greater corrosion rate. Reardgral. observed the corrosion rate for commercially
available NZVI (~ 2 mol kdd™) [34] to be orders of magnitude greater than that of
commercially available granular iron samples (1.4 - 31.3*%m6l kg'd™) and
electrolytic iron powder (7.9 x mol kg'd™)[35, 36]. At such markedly higher
corrosion rates, solubility limits for passive phases (e.g., siderite insHg8ems) will
be achieved more readily, in turn accelerating NZVI reactivity losscéwosion
promoters (e.g., Cand SG*), enhanced corrosion rates may also shorten longevity by
increasing electron transfer to non-targets such as oxygen and wates.dasthi the

anions’ influence on surface oxide formation will be critical for longevity beedhis
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layer will regulate the rate of electron transfer from the metallicgi&acore to pollutants
at the particle-water interface [37, 38].

To date, timescales of NZVI reactivity loss toward model pollutants have only
been examined in idealized systems, not allowing to the influence anioniautesdol
be quantified. Multiple studies conducted in unbuffered, deionized water systemgeindica
that NZVI maintains reactivity toward common chlorinated solvents (e.g., carbon
tetrachloride and trichloroethylene) over 100-200 days [9, 10]. Because the pH in
unbuffered systems can increase to values not representative of the subsurface, we
recently aged NZVI in buffered suspensions at near-neutral pH [11]. At pH 7 and 8, we
observed NZVI longevity to be considerably less, with measureable atbwigyd
1,1,1,2-tetrachlorethane (1,1,1,2-TeCA) for only 1 to 2 months.

In a noteworthy series of studies, Liu and Lowry reported the followingivesact
trend (from most enhanced to most inhibited) toward trichloroethene (TCE) in NZVI
suspensions with 5 mN concentration of different anioris> S > HCO; > HPQ? ™
>NQO;s [39]. However, this trend reflects pseudo-first-order rate constants for TCE
reduction measured over relatively short periods of time (6 d). As such, it oelgtsefl
the immediate impact of these anions on NZVI reactivity while providirlg Irtlication
of how long the enhanced or diminished reactivity is sustained in each solution. A
follow-up study [40] characterized the NZVI corrosion products generated over Banont
in anaerobic, unbuffered suspensions with either 10 MNNCE, SO, HPQ; or
HCO;s'. After one month, the following trend in NZVI oxidation was observed based

upon the Fe(0) remaining in the particle as determined by EXAFS (from moasto le
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oxidized): NQ > CI > SQ? > HPQ, > HCO;y. However, the reactivity of these aged
NZVI suspensions toward a model pollutant target such as TCE was not simultaneously
measured. Because these same authors previously showed TCE reductiorbeates
independent of Fe(0) content in aged NZVI [9], it is not possible to relate the clianges
Fe(0) content to effective treatment lifetime.

Here, we simultaneously monitor changes in reactivity and material pespferti
NZVI suspensions aged up to one month in solutions oHTIO;, NOs, SO, and
ClO4 over a range of concentrations (5, 25 and 100 mN) and buffered at environmentally
relevant pH values (pH 7 and 8). Over time, reactivity loss in aged suspensions was
guantified via multiple metrics including rates of aqueous Fe(ll) production, ¢oelps
first order rate constant for reductid@y values) of 1,1,1,2-TeCA, hexavalent chromium
(Cr(VI)) removal capacity (in mg of Cr/g NZVI), and measurement odation-
reduction potential (ORP), which is often used to monitor NZVI performance fiel
scale installations [5, 8]. Inclusion of 1,1,1,2-TeCA and Cr(VI) as model pollutgetsa
allows the total reducing capacity available in aged NZVI suspensions tolbateda
from our prior work [11], 1,1,1,2-TeCA is only degraded over short timescales @y Fe(
whereas Cr(VI) can be reduced both by Fe(0) and forms of aqueous and solid phase
Fe(ll). Thus, differences in suspension reactivity toward 1,1,1,2-TeCA and Cr(VI)
provide an indirect measure of the relative amount of reducing equivalentblevaga
Fe(0) and Fe(ll) in aged NZVI particles. Finally, aged particles weaieacterized over
time using transmission electron microscopy (TEM) and X-ray diffra¢¥&D) to

relate measured reactivity loss to changes in corrosion products generatgadung.
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2.3. Experimental Section

Reagents

NZVI was purchased from Nanostructured and Amorphous Materials, Inc.
(Houston, TX). The nanoparticles are provided as a dry powder packaged ket isl
synthesized from the reduction of iron oxides by Although stabilized via partial
oxidation under 10% £the material remained highly reactive and ignited upon exposure
to air. The vendor reports an average particle size of 25 nm and a BET swefaoé 40-
60 nf/g. Characterization of this material in our previous work [1] suggests thelgsrti
consist of roughly 80% Fe(0) and 20% magnetite. Because of slight batch to batch
reactivity in the product supplied by the vendor, unless otherwise noted, aging
experiments were conducted with the same lot of NZVI powder.

For aging, NZVI suspensions were prepared in HEPES buffer (Sigma-Aldrich;
99.5%) with sodium chloride (NaCl, Aldrick,99.0%), sodium sulfate (NagQAldrich,
> 99.0%), sodium perchlorate (NaGl@cros, 99+%,), sodium bicarbonate (NaHO
Sigma, > 99.5%) or sodium nitrate (NapJ@ldrich, ACS reagent). All solutions were
prepared using deionized water (Milipore, Q-Grad 2) and were deoxygenateddggpa
with compressed nitrogen for at least 1 hr/L. Model pollutants used in reastivilgs
include Cr(VI) prepared from potassium chromateQ¥O,, reagent grade, Fisher
chemical) and 1,1,1,2-TeCA (~99%, Aldrich). Reagents used in colorimetric ianalys
aqueous Fe(ll) include 1,10-phenanthroline (Aldrich, 99+%), ammonium acetatea{Sigm

Aldrich, > 98%), glacial acetic acid (Fisher, certified ACS plus) and hydractderd
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(Fisher, trace metal grade). Reagents used in Cr(VI) asahgdude sulfuric acid (Fisher,

certified ACS plus) and S-diphenyl carbazide (Fisher; certified ACS).

Aging Protocol for NZVI Suspensions

Within an anaerobic chamber (97%,18% H,), 2 g/L suspensions of NZVI were
prepared by weighing 400 mg NZVI into a 250 mL Kimax bottle and combininght wit
200 mL of 50 mM HEPEs buffer with an appropriate ionic composition. The anion
concentrations were 5, 25 and 100 mN for 80 and CIQ and 5 and 25 mN for
HCOs and NQ@', and sodium salts of all anions were used..CMas included because
although it has previously been assumed to interact minimally with the grawoular i
surface [13], it is also known to be a weak oxidant for NZVI [41] and granular iron [42].
Thus, the extent of its influence on NZVI longevity remains largely unknown. BEPE
buffer (K, value of 7.55) provided reasonable buffering capacity at both pH 7 and 8. As
detailed in our prior work [11], suspension pH was not stable over time in the absence of
buffer, rapidly increasing due to water reduction.

After preparing the suspensions, the bottles were screw-capped, the cap was
wrapped in Parafilm, and the sealed bottle was briefly removed from th®licae
chamber for sonication (~10 s) to disperse the NZVI powder. The bottles then were
returned to the glovebox where they aged for 30 d while sealed. During aging,
suspensions did not contain a model pollutant, with water reduction (i.e., corrosion)
representing the only aging process. The suspensions were vigorously ynhaattb

daily, and when necessary, small amounts of 5 N HCI| were added to maintativalye
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constant pH of 7.040.2) or 8.0£ 0.2). Notably, HCI was used to maintain the pH of all
suspensions, even those with anions other thab&tause it achieved the necessary pH
adjustment with addition of relatively small volumes. In all cases, the lqGireg to
maintain suspension pH resulted in the addition of less than 1 mM afeZlthe

duration of aging.

Evaluation of NZVI Reactivity during Aging

The reactivity of aged NZVI suspensions was evaluated via measureikgjt
values for 1,1,1,2-TeCA reduction and the removal capacity of Cr(VI) (in mg @f Cr/
NZVI) according to procedures summarized in the S| and detailed in our previdus wor
[11]. Reactivity studies were conducted with samples of suspensions penodicall
withdrawn during aging. To remove any reactivity contribution from the aquex{u} F
that accumulated in suspension over time, these samples were centrifuged (BDfa® RP
5 min), and the supernatant was decanted inside anaerobic chamber. The agesl particl
were then washed twice with deoxygenated, deionized water prior to beungpexded
to the desired solid loading (typically 2 g/L) in the appropriate buffer amtiraty
studies. To monitor how the redox character of the suspension changed over time,
oxidation-reduction potential (ORP) was also measured periodically usingle: s
junction ORP electrode (Oakton Instruments).

For reaction with 1,1,1,2-TeCA, 22 mL of the aged NZVI slurry (2 g/L) was
directly added to a serum bottle and sealed with a Teflon-lined butyl rubberB&apta

volume resulted in no headspace within the reactor. After construction, reaeters
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removed from the glovebox and the reaction with 1,1,1,2-TeCA was initiated
immediately. To initiate the reaction, yQ of a 55.56 mM solution of 1,1,1,2-TeCA in
methanol was added to the reactor, producing an initial concentration ofiML75
Reactors were then placed on a Roto-torque rotator (Cole-Parmer), whkeh tine
reactors end over end at 60 rpm. During experiments, 10p4200aqueous sample was
extracted using a glass microliter syringe, and the reaction washgdaby extracting
1,1,1,2-TeCA (extraction efficiencies were essentially 100%) with bim-hexane
(Fisher Scientific; GC Grade). We note that no difference in reactiasyobserved
when reactors were conducted within or outside the anaerobic chamber. NZVI fre
controls were conducted in a manner identical to that described above.

Removal capacities of Cr(VI) were quantified through repeated addition ) Cr(
to a sample of aged suspension (with an equivalent of 1 g/L of NZVI) until Cr(VI)
removal was no longer observed. Because aqueous Fe(ll), which accumulateai®ver ti
during suspension aging, also represents a capable reductant for Cr(VIsfnpgles of
the aged NZVI suspension were processed to remove Fe(ll) prior to reaction.
Specifically, 8 mL of NZVI slurry was removed from the well-mixe@@guspension,
transferred to a centrifuge tube that was screw-capped and wrapped withmP aradi
then centrifuged (8000 RPM for 5 minutes using an Eppendorf 5840R Centrifuge) to
separate the aged particles from the aqueous supernatant. The aged N2¥s peaetie
then resuspended in 16 mL of fresh buffer with the same pH value and anionic
composition of the solution used to age the NZVI, producing a 1 g/L NZVI suspension.

To initiate reaction, 15QL of a 50 mM potassium chromate solution was added to the
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NZVI suspension, producing an initial concentration of ~0.5 mM and a distinguishable
yellow color in the suspension. The reactor was then placed on a roto-torque rotator
(Cole-Parmer), which mixed the reactors end over end at 60 rpm. Upon color loss, which
occurred relatively rapidly (typically on the order of 2 minutes), anoth&flCspike was
added to the suspension. This respiking procedure continued until Cr(VI) removal was no
longer measureable. Although reactors were assembled within the anakewbiec, all
reactions with 1,1,1,2-TeCA and Cr(VI) were conducted outside of the glovebox. No
difference was observed in suspension activity for experiments conducted insice ve
outside of the anaerobic chamber.

Experiments measuring Fe(ll) production were conducted in a similar fashion to
experiments with Cr(VI). Samples of aged suspension were pretreated viiugatbn
and washing to remove accumulated Fe(ll) and then resuspended in an appropeate buff
and anion solution to yield a 1 g/L suspension of aged particles. The reactor eeas pla
on a rotator and mixed end over end inside an anaerobic chamber to avoid oxidation of
aqueous Fe(ll) during sample collection. Samples were periodically withareer the
first 15 minutes of reaction so as to capture the initial rate of Fe(ll) produ&amples
were passed through a Quéh nylon syringe driven filter (Xpertek) to remove the aged
NZVI particles from suspensions. First-order rate constants for Fe(ll) pio @)

were then determined via linear regression analysis of the concentration wveesdata.

Analytical Methods
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Dissolved Fe(ll) was quantified using the 1,10-phenanthroline method [4, 5].
Within the anaerobic chamber, 1mL of reactor solution was passed througfna 0.2
syringe filter (PTFE) and added to g0 5 M HCI to preserve the samples for iron
analysis. Samples were removed from glovebox and diluted as appropriateionipete
water. For colorimetric analysis, 200uL of 1 g/L phenanthroline solution andl260a
100 g/L ammonium acetate buffer solution were added to the sample, and the samples
were allowed to sit in the dark for ~30 min prior to analysis. Absorbance meesise
were then performed on a Shimadzu UV-visible spectrophotomefet5a0 nm).
Standards for Fe(ll) were prepared from anhydrous beads of ferrous chl@@lg (F
99.9%, Sigma-Aldrich).

Dissolved concentrations of Cr(VI) were determined colorimetricallly thie
reagent diphenylcarbazide [6]. Briefly, 80 of filtered sample was diluted with 1 mL of
deionized water and then combined withydO5N sulfuric acid and 4QL of a solution
prepared bylissolving 250 mg of diphenylcarbazide in 50 mL acetone. The mixture was
allowed to react for 30 minutes in the dark, over which time a pink color developed if
Cr(VI) was present above the detection limits (~3mg&.). The solutions were
analyzed on a Shimadzu UV/visible spectrophotometerattd0 nm). Standards of
Cr(VI) were made from potassium chromate and were prepared for UV/Wsiana a
manner identical to the experimental samples.

The concentration of 1,1,1,2-TeCA and its sole reduction product 1,1-
dichloroethylene (1,1-DCE) were determined via gas chromatographghettron

capture detection (GC/ECD). During batch experiments, 100:P@3 aqueous sample
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was extracted with 1 mL of n-hexane (Fisher Scientific; GC ResoNowed by
subsequent dilutions in hexane. Diluted extracts were analyzed using an ZA890At
GC with micro-ECD that was equipped with an Rtx-1 column (30 m, 0.32 mm ID, 5.00
um film thickness, Restek) and autosampler (CTC Analytics, CombiPal). The
temperature program involved holding at the initial temperature ®€46r 0.5 min,
increase at a rate of A6/min to 150°C, then increase at 16/min to 250°C followed
by a hold for 2 min. Standards of all analytes were prepared in hexane and Weredana
in a manner identical to the experimental samples.

A small number of studies examined the fate of nitrate in NZVI systematdNitr
and nitrite, a likely reduction product, were analyzed using an lonPac AS14 column on a
DIONEX 1000 ion chromatography. The DIONEX IC requires samples to bedpasse
through a 0.1 micron filter prior to injection to prevent organic matter buildup in the
column. Samples were automatically injected using an AS 40 liquid autosantyder.
method utilized an eluent of 3.5 mM M}&0s/1.0 mM NaHCQ with a flow rate of 1
mL/min. The method detection limit was 2Q@/L for nitrate (as N) or nitrite (as N).

ORPmeasurements were made by placing the electrode into a well-mixed
suspension of 2 g/L NZVI with at least 25 mL of total volume. Stable readings were
typically achieved after 1 minute. The probe was calibrated with satw@ltgtns of

quinhydrone at pH 4 and 7 according to procedures recommended by the manufacturer.

Materials Characterization
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Changes in NZVI mineralogy during aging were investigated with powdesyX-r
diffraction (XRD) using a Bruker D8 Advance Diffractometer with Curddiation { =
1.54 A). The tube current was 40mA with tube voltage of 40 K\afged from 5° to 80°
with a scanning rate of 0.5 min/step and a step size of 0.02°. As in our prior work [11],
samples of aged suspensions for XRD analysis were deposited on a standarepgcrosc
slide and allowed to dry overnight within the anaerobic chamber prior to analsied. D
samples were then analyzed immediately, with a typical analysiofiB@min. Notably,
the effect of oxidation during XRD analysis was found to be negligible, with analys
select samples prepared in 10-50% glycerol by volume, which inhibits oxidggtied
identical diffraction patterns to the same samples prepared without dglysesample
size was often limited for XRD analysis, the majority of samples wereucteu without
added glycerol so as to optimize the diffraction signal during analysis.

The morphology of materials was examined using transmission electron
microscopy (TEM; FEI Tecnai 12 G2 equipped with a LaB6 electron gun) epeatait
120 kV. Prior to characterization, materials suspensions were centrifuggxhtateghe
solids from the supernatant and then resuspended in DI water (for XRD) or metbanol (f
TEM). This procedure limited interference from buffers and salts pressospension
during analysis. For TEM, a drop of diluted sample was dried on a carbon-coated Cu gri

(300 mesh). All samples were stored in glovebox until analysis.

2.4. Results and Discussion

Trends in Reactivity Loss toward 1,1,1,2-TeCA
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Figure 2-1 illustrates the changesips values for 1,1,1,2-TeCA reduction
(kopd1,1,1,2-TeCA)) as a function of suspension aging time in the presence of 5 mN
(Figure 2-1a) and 25 mN (Figure 2-1b) anionic co-solutes at pH 8. Data agatptes
from at least duplicate aged suspensions. In all systems, 1,1,1,2-TeCA cormentrati
exhibited exponential decay, thkigd1,1,1,2-TeCA) values were obtained from the
slopes of semi-log plots of 1,1,1,2-TeCA concentration versus time. Minor 1,1,1,2-TeCA
losses occurred in NZVI-free controls, attributable to sorption on the septa usal to se
reactors. The loss coefficient measured in these controls is represgtiteddashed
horizontal line in Figure 2-1. Aged NZVI was assumed to possess no further geducin
capacity toward 1,1,1,2-TeCA wh&g,d1,1,1,2-TeCA) values were equivalent to the
value measured in controls (representing >99% loss relative to the makijwadue).
When 1,1,1,2-TeCA loss exceeded that in controls, 1,1,1,2-TeCA transformation
occurred via reductive dechlorination; 1,1-dichloroethylene was the only degectabl
reaction product and sorption-corrected carbon mass balances were greater than 90%

In all 5 mN suspensions (Figure 2-1a), reactivity increased by roughly32fotd
over the first two days of aging. Previous studies [10, 39] have attributed such behavior
to autoreduction of the passivating oxide layer initially present on the pattithee.
Another notable feature is the very modest reactivity differences observied aging in
most 5 mN anion suspensions. Suspensions o€, , and HCQ yielded essentially
equivalento,d1,1,1,2-TeCA) values, whereas SGxhibited slightly depressed
reactivity during moderate aging times (5-14 days) relative to these aibasaNitrate-

containing suspensions exhibited appreciably lower reactivity than other systgm5
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MmN NO; immediately dampening NZVI reactivity and yielding8s value roughly an
order of magnitude less than other systems. The reactivity yngy€iems slowly
rebounded over the first 5 days, increasing by roughly a factor of 5 attriburtgdale to
autoreduction. Reduction of Nbccurred readily in these systems (Figure 2-2). Thus
the reactivity enhancement may also reflect consumption gf &W@r time, thereby
increasing the reducing equivalents available for 1,1,1,2-TeCA. Exposure to 5 giN NO
ultimately shortened NZVI longevity, with complete reactivity loss obskbye30 d at
pH 8. All other anion suspensions, including HC@aintained measurable reactivity
over this period, with 1,1,1,2-TeCA loss greater than that in controls, although the extent
of reactivity loss was substantial (~95%).

For 25 mN suspensions at pH 8 (Figure 2-1b), D and CIQ revealed the
same relative reactivity as at 5 mN, whiyig(1,1,1,2-TeCA values ) for Cand CIQ
were equivalent, while comparatively $Qwas slightly less reactive. Also for C8Q*
and CIQ/, kopd1,1,1,2-TeCA) values were approximately equal to those measured in 5
mN suspensions, exhibiting roughly 95% reactivity loss over 30 d. Additional
experiments revealed that trends in NZVI reactivity and longevity toward L 1eC2A
were unaffected by concentrations up to 100 mN for these anions (Figure 2-3). The
comparable reactivity of ClDsuspensions to Chnd SG at all concentrations suggests
minimal reduction by NZVI occurred; notably, NZVI loadings used herein (2 g&.) a
considerably less than those found to achieve 60% @@uction over 28 days (20 g/L)

[41].
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At 25 mN, NZVI longevity was shortened considerably in both H@G@d NQ
systems. After an initial increase in reactivity over 2 days from autdreducalues of
kobd1,1,1,2-TeCA) in 25 mN HCOsuspensions decreased suddenly, with reduction of
1,1,1,2-TeCA not observed beyond 21 days. Reactivity loss occurred most rapidly in 25
mN NO;s™ systems, in which there was no increasiedgvalues from autoreduction and
1,1,1,2-TeCA loss attributable to reduction ceased after 1 d. Only ~20% of available
NOs was reduced by NZVI prior to complete reactivity loss (Figure 2-2), stigges
consumption of reducing equivalents by excess N@ited activity toward 1,1,1,2-
TeCA.

Values ofkypd1,1,1,2-TeCA) as a function of aging time at pH 7 are shown in
Figure 2-4. At 5 mN, a minimal pH effect was observed over the duration of agiald for
anions, although in a few instances the gegkl,1,1,2-TeCA) value achieved after
autoreduction was notably higher at pH 7. This behavior is most noticeable for NO
systems, but also observed for &d CIQ" suspensions, suggesting the rate and extent
of autoreduction reaction is pH dependent. At 25 mN, there also was little, if any,
discernible pH effect in S&, HCOy, and NQ'. For 25 mN Cland CIQ’, on the other
hand ko{1,1,1,2-TeCA) values over the aging period were smaller at pH 7. This pH-
dependence is counter to that commonly observed for NZVI [11] and granular iron
reductants [46], and as a result led to slightly greater rates of realdsstin 25 mN CI
and CIQ’ systems relative to pH 8.

Despite these few notable differences observed between pH 7 and pH 8

suspensions, most observable pH effects exerted little impact on the related@tpof
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different anionic suspensions of NZVI toward 1,1,1,2-TeCA. In comparing Figlire
and 2-4, reactivity loss generally occurred to the same extent over companaisieates

in all systems, except high concentration HCEhd NQ" systems.
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Figure 2-1. Change in thé , values for 1,1,1,2-TeCA reduction over time in the

presence of C_?,ISO42_, ClO,, HCO, and NQ at pH 8 (a) at 5 mN and (b) at 25 mN

concentration. Comparable reactivity trends and timescales for rgaliss were
observed at pH 7 (see Figure 2-4). Dashed line represents the rate constant
corresponding to the extent of 1,1,1,2-TeCA loss in NZVI-free controls, as described
in the text. Uncertainties represent 95% confidence intervals from regresslyses
performed on semi-log plots of 1,1,1,2-TeCA concentration as a function of time, the
slopes of which were used to obtain Kje values shown.

55



o
S

b)

25 <>
~i- Nitrite pH & RO/_,’A
@ Hitrite pH 7
SR 20

—
E
 adl
c
o 15 —
-
o
LS.
E 10 —
Q
Q
c
] _ 5 — —{—25mM pH8 NO;,’
O —O- 5mM pH 7 NO, -9~ 25mM pH8 NO,’
L+ 5mM pH 8 NO,"
I { 094 T ) ¢ T
3 4 0 1 2 3 4

Aging Time (d)

Figure 2-2. Reduction of nitrate and production of nitrite in suspensions of (a) 5 mN and
(b) 25 mN nitrate at pH 7 and 8. In 5 mN suspensions, production of nitrite is shown as
an inset, whereas nitrite in 25 mN nitrate suspensions, while observed, was atloe near t
limit of analytical detection with our ion chromatography method. Expersneete
conducted in a manner analogous to the reactions with 1,1,1,2-TeCA using a fresh NZVI
suspension of 2 g/L in 25 mM HEPES buffer at the appropriate pH and initial nitrate
concentration.
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Figure 2-3. Change irkypsvalues for 1,1,1,2-TeCA reduction as a function of NZVI

aging time in pH 7 and pH 8 suspensions with 5, 25 and 100 mN concentrations of Cl
SO and CIQ . As noted in the main text, the dashed line represents the rate constant
observed for 1,1,1,2-TeCA loss in NZVI-free controls, in which a small amount of
1,1,1,2-TeCA loss was observed as a result of sorption to the septa used to seal the
reactors. Experiments were conducted in suspensions with an equivalent of 2 gdhof fr
NzVIin 25 mM HEPES and the appropriate anion composition. We note that these
experiments examining NZVI reactivity loss at 100 mN anion concentratieres w
conducted with a new lot of NZVI powder from Nanostructured and Amorphous
Materials because the original lot was consumed during the aging studiestpdein
Figures 2-1 and 2-4. Notably, this newer lot exhibited initial reactivity toiedl,1,2-

TeCA that was less than the lot of NZVI used in the majority of the experiments
presented herein. Moreover, this newer lot also exhibited slightly eleedésdof

reactivity loss toward 1,1,1,2-TeCA. As data from 100 mN systems were notydirect
comparable to data previously presented at 5 and 25 mN concentrations in Figure 2-1 and
2-4, additional experiments with the new NZVI lot at 5 and 25 mN were conducted and
are the data shown. As is clearly evident from the results with the new NZtédre

was not obvious change in the rate of reactivity loss toward 1,1,1,2-TeCA over the enti
range of anion concentrations considered.
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Figure 2-4. Change in thé,svalues for 1,1,1,2-TeCA reduction over time in pH 7
suspensions of GISQ?, ClO,, HCO; and NQ' (a) at 5 mN and (b) at 25 mN
concentration. The dashed line indicates the rate constant for the amount of 1,1,1,2-TeCA
loss observed in NZVI-free controls, in which a small amount of loss was observed as a
result of sorption to septa used to seal the reactors. Reactors containediareduct
loading equivalent to 2 g/L of fresh NZVI, 25 mM HEPES buffer to stabilize pH at 7.0 +
0.2, and the appropriate anion composition. As is our previous work [1], decay of
1,1,1,2-TeCA was consistent with reductpselimination to produce 1,1-

dichloroethylene (1,1-DCE) in all systems. Reduction of 1,1,1,2-TeCA followed
exponential decay, and thus for this system we report pseudo-first-oeleonatants

(kops values) for 1,1,1,2-TeCA reduction as a function of aging time for each suspension
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Trends in Reactivity Loss toward Cr(VI)

Measured Cr(VI) removal capacities (in mg of Cr(VI) per g of NZVIaas
function of aging time for 5 and 25 mN anionic suspensions at pH 7 and 8 are shown in
Figure 2-5. In Figure 2-5, y-axes share the same range to facibtafgaason between
different systems. Based on evidence presented in our earlier work [11]joeduct
represented the primary mechanism of Cr(VI) loss in our systems.

Unlike kopd1,1,1,2-TeCA) values, Cr(VI) removal capacities exhibited a much

clearer pH-dependence. Generally, suspensions aged at pH 7 exhibited abhsidere
removal than those aged at pH 8, behavior most easily observed forS®OHCQ
suspensions. Rates of reactivity loss toward Cr(VI) were also differenttfrose
observed for 1,1,1,2-TeCA. First, no influence of autoreduction was observed, as removal
capacities either were constant or decreased slightly during initiatlpef aging.
Another key difference from 1,1,1,2-TeCA was that removal of Cr(VI) wasuredae
in nearly all suspensions over the entire duration of aging. Notably, 25 mN HCO
suspensions that were passive toward 1,1,1,2-TeCA after two weeks maintained
relatively high reactivity toward Cr(VI) over 30 d.

Trends in Cr(VI) removal were also far less sensitive to anion concentiation.
SO and HCQ systems, for example, no appreciable differences were observed
between 5 and 25 mN at either pH, and Cr(VI) removal remained roughly constant over
time. While the concentration of @lid not affect Cr(VI) removal, the rate of reactivity
loss was greater at pH 7 relative to pH 8. As the exceptions, anion concentration

influenced NZVI performance in CIQ and NQ'-containing systems. For CJOhigher
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concentration hastened reactivity loss in pH 7 suspensions, yet exerted no irdlygifce
8. Although removal of Cr(VI) was generally suppressed in af N@spensions (near
10-15 mg of Cr/g NZVI), complete reactivity loss was only observed in the 25 mN at pH
8 after 5 d.

Because of the numerous differences exhibited between aged suspensiohs of ea
anion, it is difficult to develop generalizable trends for NZVI reactivity angévity
toward Cr(VI). However, the generally disparate behavior observed toward) @nV/|
1,1,1,2-TeCA (Figure 2-6) support unique reductants for each species in aged NZVI
suspensions. Notably, our data suggest that the species primarily respon<ii(¥ lfior

removal persists over longer timescales and exhibits a greatensgnsitsolution pH.
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Figure 2-5. Change in Cr(VI) removal capacity (in mg of Cr/g NZVI) as a function of
aging time in 5 and 25 mN suspensions of sulfate, chloride, perchlorate, carbonate and
nitrate at pH 7 and 8. Data are shown on the same y-axis scale for the purpose of

comparison.
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Figure 2-6. Reactivity loss in (a) 25 mN chloride, (b) 5 mN bicarbonate and (c) 25 mM
bicarbonate system at pH 7 and 8. Rather than showing abisglutelues for 1,1,1,2-
TeCA reduction and Cr(VI) removal capacities (as presented in Figures\@-2-4, and
Figure 2-5, respectively), reactivity data are presented agfradftthe maximum
reactivity measured toward each target compound. For 1,1,1,2-Te®&Asallues were
normalized the maximurk,,s value measured, which typically was measured after 1 or 2
days of aging due to the autoreduction reaction. In contrast, the maximum removal
capacity for Cr(VI) was sometimes observed early in the aging prazgss25 mN Cl

at pH 8), but in other instances maximum removal capacities were measured\adtat
days of aging (e.g., 25 mN HGGystems at pH 7 and pH 8). While there are certain
instances where rates of reactivity loss were comparable in systémnis iyl,2-TeCA

and Cr(VI), for the overwhelming majority of systems reactivity losswaie rapid and
extensive toward 1,1,1,2-TeCA. This is particularly evident in the carborsttarsy
shown, where fractional reactivity loss toward Cr(VI) was in most instanoemal
relative to 1,1,1,2-TeCA.
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Role of Corrosion Products in Reactivity Loss Toward 1,1,1,2-TeCA

Trends in corrosion product formation most readily explain reactivity loss
observed toward 1,1,1,2-TeCA. For example, characterization results of NZVhaged i
25 mN NQ at pH 7 are shown in Figure 2-7. Diffraction patterns (Figure 2-7b) reveale
rapid loss of Fe(0) accompanied by magnetite formation over 2 h, yet consiskent wi
other reports [26], TEM images (Figure 2-7a) revealed no significant morptallogi
changes over 30 d. For 25 mN N®uspensions, timescales associated with Fe(0)
consumption closely parallel reactivity loss toward 1,1,1,2-TeCA (see Figltesizd
2-4Db), suggesting that 1,1,1,2-TeCA reduction is closely linked to the availabikg(0f
in suspension. Thickening of the magnetite surface layer, promoted by nitradets iaoh
oxidant, depresses reactivity toward 1,1,1,2-TeCA until the near-complete consumption
of Fe(0) ultimately entirely suppresses 1,1,1,2-TeCA reduction.

Conversion of Fe(0) to magnetite also appears to be the primary mechanism for
reactivity loss toward 1,1,1,2-TeCA in'C8Q? and CIQ" suspensions. Characterization
results for 25 mM Clsuspensions at pH 7 and 8 are shown in Figure 2-8, and aging
products in pH 7 suspensions of, Q? and ClQ" are compared in Figure 2-9. In all
instances, diffraction patterns show loss of Fe(0) and predominance of magnetite over
time. Notably, an Fe(0) signal was apparent in XRD characterization sfisgplensions
aged for 30 d at pH 8 but not at pH 7 (Figure 2-8), likely due to the greater rate of Fe(0
corrosion at lower pH values. TEM images reveal that while aged NZV| partarigely
retain their initial morphology during aging, secondary phases with hexagoteal pla

morphologies consistent of green rust [47] are observable after 30-40 d (FRjure 2-
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Although the rate of Fe(0) consumption appears to explain reactivity loss SIS

and CIQ suspensions, in our previous work [11] air-oxidized NZVI suspensions retained
a significant portion of Fe(0) but were unreactive toward 1,1,1,2-TeCA because of a
passive ferric oxide coating formed during air oxidation. Thus, for transfanmati
1,1,1,2-TeCA, Fe(0) must not only be present in the particle core, but its reducing
equivalents must also be accessible to solution via a conductive oxide surfacadbyer s
as the magnetite observed in suspensions p8QI* and CIQ'".

For HCQ;" suspensions, the formation rate and nature of corrosion products were
essentially independent of pH (see Figure 2-10) but were strongly influeypced b
bicarbonate concentration. At 5 mN, TEM images (Figure 2-11a) collectedhavirst
week reveal small amounts of a secondary mineral phase associated with NZVI
aggregates that has the characteristic hexagonal plate morphology oltardp@en rust
[47]. This phase was not present at sufficient quantities to observe via XRD, with
magnetite and residual Fe(0) representing the only detectable phases g-1L1b).

After 30 d, TEM images show the formation of another secondary phase with aosheet-
plate-like morphology. The XRD pattern for this new phase is most consistentosith i
carbonate hydroxide, which possesses a distinct diffraction pattern redatitrest iron-
carbonates including green rust and siderite [31]. Iron carbonate hydroxide ((ICH,;
[Fes(OH),.,CQO3]) has previously been observed in field-scale PRBs [48] and in
laboratory column studies with Master Builder granular iron [31]. In the latigt,w

SEM imaging of particle cross-sections revealed a surface-asmbphase with needle-

like or thin platelet morphology consistent with the phase identified with TEMyur&i
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2-11. At 25 mM HCQ@, TEM (Figure 2-11c) and diffraction patterns (Figure 2-11d)
indicate that ICH formed more extensively and over shorter timescalegeAsn TEM
images, ICH phase tends to generate in close proximity to NZVI aggsegatie most
NZVI aggregates being enveloped by the sheet-like morphology of ICH.

These characterization results provide evidence that ICH formatiomiarpyi
responsible for shortening the longevity of NZVI towards 1,1,1,2-TeCA in suspensions of
HCO;s'. Suspensions of 5 mN HGQvere largely free of detectable ICH over 30 d and
exhibited comparable reactivity to GJOSQ? and Cl systems. In contrast, the extensive
ICH formation over two weeks in 25 mN suspensions coincides with reactivity loss
toward 1,1,1,2-TeCA. Given the manner in which ICH grows on and around NZVI
particle aggregates, a probable mechanism for reactivity loss toward T,&(4%is
steric blocking, in which the relatively large ICH crystals limitegscto reactive sites on

the NZVI surface.
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Figure2-7. (a) TEM images and (b) XRD patterns collected as a function of aging time
for NZVI particles aged in pH 7 suspensions with 25 mMgN®@/hile TEM images
revealed no clear changes in particle structure or morphology over the fisst 8fda
aging, XRD patterns reveal that the signaldeffe(0) is lost over this same timescale
while the signal for magnetite (§&4 characteristic diffraction lines are noted by “M”)
persists. No other iron-containing phases were observed via XRD. Notably, sver thi
same timescale of 3 d, reactivity toward 1,1,1,2-TeCA is entirely lost. Howbesg t
aged materials exhibit measurable, albeit inhibited, removal capaciti€s(¥d) (~15

mg of Cr(VI) per gram of NZVI) for up to 30 days of aging. The measurablevamf
Cr(V1) suggests that oxidation products produced in nitrate-containing suspensions of
NZVI must be of possess redox activity, as would be expected from the persadtence
mixed valence magnetite observed with XRD.
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Figure 2-8. (a) TEM images collected as a function of time for NZVI suspensions aged
in 25 mN Clat pH 8. Corresponding XRD patterns (b) are shown as a function of aging
time for 25 mN Clsuspensions aged at pH 7 and pH 8. Relative modest changes in
particle morphology were observed over time with TEM images, while XRErpatare
consistent with magnetite (indicated by “M”) as the dominant corrosion produatdior

in NZVI suspension aged in the presence af i btably, a the characteristic diffraction

line for a-Fe(0) persisted over the entire 30 d aging period at pH 8, whereas a signal for
o-Fe(0) was not detectable at pH 7 over the same timescales. The persistefe(0)

at pH 8 likely results from the lower Fe(0) corrosion rate at this higher |uid via
combination with the less reactive magnetite surface layer, therebygloates of Fe(0)
consumption in the NZVI particle core.
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Figure 2-9. TEM images and X-ray diffraction patterns collected as a function ofjagin
time in pH 7 suspensions of (a) 5 mN,@) 25 mN S@, and (c) 25 mN CIQ.

Generally, comparable time-dependent trends in corrosion product formation are
observed for these anions. In all instances, TEM images show clear evidethee for
formation of secondary mineral precipitates. Notably, the observation of |axggdmal
platelets is consistent with green rust formation in all suspensions, alth@sghrgst

was not detectable with XRD. Rather, XRD patterns indicate magnetiteatiedioy

“M”) is the dominant corrosion product formed in all systems. The similaritieged

Cl', SQ7, and CIQ suspensions is consistent with their near equivalent reactivity toward
1,1,1,2-TeCA, which we proposed is reduced via electron transfer from available Fe(0) at
or near the particle-solution interface.
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Figure 2-10. Comparison of corrosion production formation in aged suspensions of (a) 5
mN HCG; and (b) 25 mN HC@ at pH 7 and pH 8. As shown in TEM images and
supported by XRD analysis, the formation rate and nature of corrosion products in
carbonate systems were essentially independent of pH but strongly influenced by
carbonate concentration; with the formation iron carbonate hydroxide (ICH) iogcurr
more extensively and over shorter timescales in 25 mN suspensions. As shown in the
TEM images, this phase tends to generate in close proximity of NZVI agesegaih

NZVI aggregates being enveloped by the sheet-like ICH morphology. The fonnoéti

this secondary mineral phase in 25 mN suspensions coincided with loss of NZVI
reactivity toward 1,1,1,2-TeCA but not Cr(VI). Thus, the phase must be redox active but
not sufficiently so as to facilitate electron transfer from the Fe(@icfeacore to 1,1,1,2-
TeCA at the particle-solution interface. Given the manner in which ICHggoovand

around NZVI particle aggregates, a possible mechanism responsible fontyebss

toward 1,1,1,2-TeCA is via steric blocking of reactive sites on NZVI particieghich

the relatively large ICH crystals generated during aging lingess of 1,1,1,2-TeCA to

the NZVI surface. Notably, in 5 mN suspensions that remained active toward 1,1,1,2-
TeCA over the duration of aging, ICH formation is largely absent in 5 mN conbensra
until day 30.
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Figure 2-11: Development of corrosion products for NZVI suspension at pH 8 in 5
and 25 mN HCQ suspensions. For each respective concentration, TEM images (a

and c, respectively) and XRD patterns (b and d, respectively) are showmnasi@nf
of aging timescales. In XRD patterns diffraction lines associatddsp#cific phases
are identified, and select phases are indicated by arrows in TEM in&gss.
includea-Fe for Fe(0), M for magnetite, and ICH for iron carbonate hydroxide.
Diffraction lines were identified based upon comparison to d-spacingaralugs
provided by Kohret al. [31] and references therein.

Influence of Corrosion Products on Longevity Toward Cr(VI)

Unlike longevity toward 1,1,1,2-TeCA, the nature of corrosion products cannot
explain the trends in Cr(VI) removal capacity observed for aged NZVI suspsnsi
HCO; systems, for example, the timescales and nature of corrosion product formation
were independent of pH, yet Cr(VI) removal capacity was almost two fineeser at pH
7 than pH 8 (Figure 2-5). Also, despite rather considerable differences inethamd

extent of ICH formation in 5 and 25 mN Hg@uspensions, Cr(VI) removal capacity
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was essentially constant over time and did not vary with H€éhcentration (Figure 2-
5). Trends in Cr(VI) removal, therefore, provide new insight into the nature of$@H a
redox active phase; although it does not facilitate electron transfer frdreeparticle
coreto 1,1,1,2-TeCA, it is sufficiently redox active to sustain Cr(VI) remdved
comparable corrosion products observed in®D* and ClQ" systems also fail to
explain the unique differences in Cr(VI) removal capacity, rates of véagdtiss toward
Cr(VI), and pH dependence for Cr(VI) removal in these systems. In the toh@x V1)
removal, therefore, characterization results further support a scenaricchntivbisource
of reactivity and pathways responsible for reactivity loss differ subaligrfiom 1,1,1,2-

TeCA.

Correlation of NZVI Reactivity with ORP and Fe(ll) Production Rates

ORP proved to be a poor indicator of suspension reactivity toward 1,1,1,2-TeCA
and Cr(VI) (Figure 2-12). For nearly all anions and aquatic conditions, ORP values
remained between -600 and -700 mV over the duration of aging. Over time, significant
changes in ORP were only observed in 25 mNyNQGspensions, which achieved more
positive ORP values (roughly -200 mV at pH 7 and -400 mV at pH 8) after 30 d of aging.
Generally, the relative insensitivity of ORP in suspensions with anions b#renitrate
may reflect the measurement conditions; recent work bet$hi{49] found that above
NZVI concentrations of 200 mg/L, particle attachment to the electrodengessasitivity

to changes in solution chemistry.
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A strong indicator of NZVI reactivity toward Cr(VI) was the rate of Be(l
production; plots of Cr(VI) removal capacity as a function of measured pegtction
rate produced a positive, linear relationship (Figure 2-13). We reiterateetibt
production rates were measured in the absence of 1,1,1,2-TeCA and Cr(VI) using NZVI
particles that were water-washed to remove any Fe(ll) accumulated dging. Thus,
this relationship is no way reflects the reactivity of Fe(ll) tmauaulated in the
suspension during aging. We note that Fe(ll) was not measurable in reattidins
with Cr(VI), which we attribute to the ability of soluble Fe(ll) to reduceDrdirectly
[30]. Also in Figure 2-13, Cr(VI) removal data in N@ystems are shown along the y-
axis (i.e., corresponding to a Fe(ll) production rate of zero) because rated)of Fe(l
production were not measurable in these suspensions. While most systems showed the
anticipated initially linear increase in Fe(ll) concentration over tiagufe 2-14a),
soluble Fe(ll) concentrations in 5 mN Bl@vere essentially constant over time (Figure 2-
14b), while in 25 mN N@ system aqueous Fe(ll) was below detection in all samples,
which we attribute to its consumption via reaction with eitheg ®its reduction
products (e.g., nitrite) [27].

Upon examination, this linear relationship is independent of anion identity and
concentration, as data from all anion systems are distributed randomly oweangbeof
Cr(VI) removal capacities and Fe(ll) production rates reported (FiguBaR-Ihis is
also the case when data is categorized based upon the extent of aging2(&ig)ire
which also produces a random distribution. In contrast, the key suspension variable

governing Cr(VI) removal by NZVI is pH; when Cr(VI) removal date elassified by
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suspension pH (Figure 2-13b), clear clusters in the relationship with Fe(ll) porduc
rate are observed. Low pH values correspond to the highest rates opFe(ligtion and
the greatest Cr(VI) removal capacities, and vice versa. Additiofel)Gemoval studies
spanning a broader range of suspensions pH values (suspensiorsnof 0% aged
over 7 days at pH 6 and 9) also followed this relationship. Thus, regardless of the anion
identity, anion concentration, and the duration of aging, Cr(VI) removal by Zivbe
predicted entirely from the rate of Fe(ll) production, which is a mefrkee(0) corrosion.
In Figure 2-13, a noteworthy feature is the y-axis intercept. Excludiragenitr
suspensions, this corresponds to a Cr(VI) removal capacity of ~25 mg Cr(¥Ngdhn
Fe(ll) production was not measurable, as was typical for suspensions agddd.hig
We hypothesize that this lower limit of Cr(VI) removal reflects thelalbe density of
Fe(0) sites initially exposed at or near the NZVI particle surface. Wtpsed to
solution at corrosion pits, cracks or defects in the surface oxide layer, Fe@jhe
reduce water to generate soluble Fe(ll) or transfer electrons dir@€lyVI). At high
pH where Fe(ll) production is slow, Cr(VI) receives the majority of reduemqmagvalents,
but subsequent precipitation of Cr(lll)-Fe(lll) hydroxides blocks theseait@gprevents
further Cr(VI) removal. At low pH values, in contrast, these surface sibelsipe
relatively high concentrations of ferrous iron species that are also eagabducing
Cr(VI) directly. Because soluble Fe(ll) was never measurable in tsergre of Cr(VI),
these reactive forms of ferrous iron must exist entirely in the nearesurégion of the

NZVI particle. Although the exact nature of these ferrous iron species knowan, they
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appear to be the dominant entity responsible for Cr(VI) reduction in NZVI ssigpes at
pH values less than or equal to 8.

Finally, values ok,,{1,1,1,2-TeCA) revealed no relationship with Fe(ll)
production rate (Figure 2-16), regardless of whether data were evaluatateasaan fof
the anion identity, anion concentration, system pH or duration of aging. Thus, we propose
that while Cr(VI) reduction is largely dominated by Fe(ll) speciesegeed from
corrosion, 1,1,1,2-TeCA reduction is controlled by the availability of Fe(0) atZvé N
particle surface. This scenario would explain why 802, CIO, and even low
concentrations of HC{all exhibited essentially equal reactivity toward 1,1,1,2-TeCA
but divergent reactivity toward Cr(VI). Cr(VI) removal will be sensitiven® nature of
the Fe(ll) species produced on the NZVI surface during aging, whereas 14CA2-T
reduction will only be affected by the ability of these phases to block Ref@gs sites.
The latter scenario is consistent with increaség,il,1,1,2-TeCA) values observed in
response to autoreduction, during which thinning of the overlying surface oxide makes

reducing equivalents from Fe(0) more accessible to solution.
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Figure 2-12. Values of oxidation-reduction potential (ORP) measured as a function of
aging time for NZVI suspensions containing, §IQ*, CIOy, HCO; and NQ . ORP
values are shown for suspensions with the respective anion concentration and pH values
of (@) 5 mN and pH 7; (b) 5 mN and pH 8; (c) 25 mN and pH 7; and (d) 25 mN and pH 8.
ORPmeasurements were made with a commercially available ORP dieéowell-
mixed suspensions of 2 g/L NZVI with at least 25 mL of total volume. Genc@Rfp
values were insensitive to the extent of aging in nearly all anion systémas. C
differences in ORP over time were only measured for 25 mN nitrate systewit) i
ORP increased to less negative values over the 30 day aging period. Giveatitre rel
insensitivity of suspension ORP to suspensions aging time, ORP proved to be a poor
descriptor or predictor of reactivity loss toward 1,1,1,2-TeCA and Cr(VI).
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Figure 2-14. Production of aqueous Fe(ll) as a function of time in 1 g/L suspensions of
NZVI containing (a) 25 mN Clat pH 7 and (b) 5 mM NQsystem at pH 7. In each case,
data are shown as a function of duration of aging. As shown for chloride-containing
suspensions, concentration profiles for Fe(ll) in chloride, sulfate, perchéordte
carbonate-containing systems followed expected initially linear behavioat\aging
timescales, thereby allowing the rate of Fe(ll) production to be detednty linear
regression (typical linear regression fits are shown in (a)). In gbifitcna5 mN nitrate
suspensions, Fe(ll) concentrations over time did not follow expected dissolution behavior
Rather, as shown in (b), Fe(ll) concentration was initially relative higariy aging
timescales, and subsequently decreased with time. Over longer periodsgotiagi
amount of Fe(ll) produced initially decreased, and Fe(ll) concentrationmedna
relatively constant or slightly decreased over time. We believe that the utezkpe€l!)
concentration profiles in 5 mN nitrate systems reflect the ability of aquewlsurface-
associated Fe(ll) to reduce nitrate and/or the products of nitrate reductiiMbye.q.,
nitrite, which was detected in nitrate-containing NZVI suspensions; see )t

Recall, as we described in the main text, that Fe(ll) production ratesneasaired in

the absence of Cr(VI) or 1,1,1,2-TeCA, and that Fe(ll) was not measurable during
reaction between aged NZVI particles and Cr(VI). We also note that aque@dls F
concentrations were below our limit of detection (~ 1 mM) in 25 mN nitrate andenitrat
suspensions at pH 8.
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78



-
-

1O pH75mM

a) 3 O chioride 2
) 1 O Sulfate b) 1@ pH725mM
4 /A Perchlorate A 1O pH85mM ®
71 & Carbonate n 1@ pHs825mM OO
2 SN ANS
0.1 4 5 0.1
] % o A@o@@ o8 ]
] < m Va4
1Y Og A
° B
0.01 o U 0.01 5

K, for 1,1,1,2-TeCA (in min-')

l]llloll
o
o
>
o)
g ¢
o
> o
&>
®

0-001 T T |||||| T T T |||||| T T 71 0'001 X % l'l'l!ll‘l T TTIT1'| L& L
0.001 0.01 0.1 0.001 0.01 0.1
Fe(ll) production rate (mM/min)
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reactivity loss toward 1,1,1,2-TeCA and Cr(VI), indicate a difference in tligesnt

primarily responsible for their reduction of in NZVI systems.
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2.5. Environmental Implications

Unlike previous studies conducted under more idealized conditions, results herein
show that NZVI reactivity toward chlorinated solvents such as 1,1,1,2-TeCA igtikel
be exhausted over one month in circumneutral pH environments, and potentially far
shorter timescales in environments impacted by M@d HCQ'. Fundamentally, several
lines of evidence presented herein also suggest that 1,1,1,2-TeCA (solution accessible
Fe(0)) and Cr(VI) (surface-associated ferrous iron) are reduced pyilmadifferent
reactive entities in NZVI suspensions, and that these reductants specieg difégtent
timescales and mechanisms of passivation during aging. Consequently, theoimpac
anions and anion concentrations on NZVI longevity is difficult to generalize broadly
across contaminant classes, as is the influence of solution pH, which also weglynar
different for 1,1,1,2-TeCA and Cr(VI). The impact of specific corrosion products on
NZVI longevity is also difficult to predict; the onset of ICH formation ultietg killed
NZVI activity toward 1,1,1,2-TeCA, but exerted little influence on Cr(VI) renhova
capacity. Perhaps the only generalization safely made is largely@taio-solutes that
accept reducing equivalents from Fe(0) (e.g.sIN@ampen reactivity and shorten
longevity more so than species that only alter the rate and products of NZVI@orrosi

Given concerns over materials cost and potential negative consequences of
engineered nanomaterials in the environment, NZVI should only be used when it holds a
clear and obvious advantage over more traditional granular iron technologies. Given its
notably higher rate of corrosion, NZVI is by far the best choice for pollutasteptible

to reduction not only by Fe(0) but also by Fe(ll). This point is clearly denadedtwith
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Cr(VI), which appears to be primarily reduced by ferrous iron species irxperimental
systems. A notable limitation of our study, however, is that we have largeledytiaat
role played by Cr(lIl)-Fe(lll) phases generated via Cr(VI) reductiomiting NZVI
longevity during application. Our work, which focuses on NZVI reactivity lossnarisi
from corrosion (i.e., water reduction), is not meant to imply that treatment zdhetawi
active toward Cr(VI) over several months; in actuality, their lifetimé lvélheavily
influenced by the available Cr(VI) concentration. Thus, ideal treatmehtaipms for
NZVI are those pollutant targets such as nitroaromatic compounds, which are readil
reducible by ferrous iron but only yield soluble reduction products.

A notable finding of this work is the correlation illustrating the strong link
between Fe(ll) production rate and Cr(VI) removal (Figure 2-13), suggekan Cr(VI)
removal is primarily driven by Fe(ll) species rather than Fe(0) in N¥Stess. This
relationship needs to be further explored for other commercially available &drm
nanoscale and granular zero-valent iron. If the relationship is also observetefor ot
types of zero-valent iron, it should prove useful for identifying materials egtimal
Cr(VI) removal capacities and best suited for application at Cr(VI) contded sites.
The ability to predict zero-valent iron treatment efficiency from a xedbtieasily
measurable property such as Fe(ll) production or corrosion rate should also guide the
development of more reactive iron-based reductants that improve upon current

commercially available formulations.
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3. Use of Dithionite to Extend the Reactive Lifetime of
Nanoscale Zero-Valent Iron Treatment Systems2

3.1. Abstract

Nanoscale zero-valent iron (NZVI) represents a promising approachuimeso
zone control, but concerns over its reactive lifetime may limit appicakiere, we
demonstrate that dithionite £3:>), a reducing agent fon situ redox manipulation, can
restore the reducing capacity of passivated NZVI. Slurries of NZvé waged in the
presence (3 days) and absence (60 days) of dissolved oxygen over a range of pH (6-10).
Upon loss of reactivity toward model pollutants (1,1,1,2-tetrachloroethane, hextaval
chromium (Cr(V1)), nitrobenzene), aged suspensions were reacted with dithéonite
the composition and reactivity of the dithionite-treated materials wesentieed.
Products of aging generally depended on pH and the presence of oxygen, while the
amount of dithionite influenced the identity and reducing capacity of productsatgshe
from reaction with aged NZVI suspensions. Notably, air oxidation at Biuickly
exhausted NZVI reactivity despite preservation of significant Ha(fhe particle core.
Under these conditions, formation of a passive surface layer hindered the complete
transformation of NZVI particles into Fe(lll) oxides, which occurred at |quiter
Reduction of this passive layer by low dithionite concentrations (< 1 g/g NZtoresl
suspension reactivity to levels equal to, and occasionally greater than, thaged una

NZVI. Multiple dithionite additions further improved pollutant removal, allowing at

? An abbreviated version of this chapter has beetighdd inEnvironmental Science and Technology. Y.
Xie and D.M. Cwiertny, Use of Dithionite to Extetitk Reactive Lifetime of Nanoscale Zero-Valent Iron
Treatment Systems. Environ. Sci. Techi26iL0, 44, 8649-8655.
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least a 15-fold increase in Cr(VI) removal (~300 mg of Cr(VI)/g NZViatree to fresh

NZVI (~20 mg of Cr(VI)/g NZVI).

3.2. Introduction

Although subsurface delivery of nanoscale zero-valent iron (NZVI) is an
emerging treatment technique for pollutant source zones and deep pollutant gh8hes [
concerns over the reactive lifetime or longevity of NZVI may hinder gas/tr into a
reliable technology. Because of its high reactivity, NZVI exhibits loectwity, also
reacting with non-target dissolved oxygen and water during applicatioh$e side
reactions consume zero-valent iron (Fe(0)) and its reducing equivalen¢s tiest
formation of passive ferric iron (Fe(lll)) oxides, and ultimately cause cetefidss of
reducing capacity [4].

Indeed, growing field- and laboratory scale evidence suggests thahteity
of N2Vl is rather limited when compared to lifetimes associated withuggairon
permeable reactive barriers (PRBs), for which several exampksaath reported or
estimated longevities of several years to decades [5]. In an early N&Mihgg&ation,
Elliott and Zhang [6] observed a 50% decrease in trichloroethene (TCE) lemova
efficiency over 22 d. More recently, Henn and Waddill [7] observed reductive
dehalogenation of TCE and 1,1,1-trichloroethane (1,1,1-TCA) attributable to NZ\A for 6
9 months, but removal over longer timescales was attributed to biotic processes
stimulated by favorable redox conditions post-NZVI delivery. Using ex@etiaty

measured rates of anaerobic iron corrosion, Reasidalin[8] estimated NZVI half-lives
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around 80 d in water, although greater longevity was reported in slurries with sand due t
silica’s role as a corrosion inhibitor. In a noteworthy study by Liu and L{®rypseudo-
first-order rate constantkfsvalues) for TCE reduction decreased by roughly a factor of

6 over 10 days. Although reactivity was essentially stable over the nextt@srin their
deoxygenated, unbuffered (pH 6.9-8.9) experimental systems, the authors concluded that
the reactivity of NZVI at neutral pH would be consumed over a few weeks a8imil

Sarathyet al. [4] found that reactivity towards carbon tetrachloride in unbuffered,
deoxygenated systems was gradually lost over a few hundred days due to the formation
of a passivating, mixed-valent Fe(ll)-Fe(lll) surface film.

To increase application and improve long-term performance, strategies for
sustaining the reactivity of NZVI treatment zones must be developed. Conventional
wisdoms call for the delivery of additional NZVI upon reactivity loss, but this may be
prohibitive depending on material costs and also will increase the likelihood tdraqui
clogging. Alternatively, chemical regeneration, an approach widelyediliz catalysis
[10], represents a promising yet largely unexplored route for sustainitgérgazone
activity. For example, strong acid has been used to destabilize passivedxa{ds on
Fe(0), thereby restoring reactivity to once exhausted granular iron [tiHtsChave
attempted regeneration with sodium borohydride [12], a strong reductant capable of
returning oxidized iron to a zero-valent state. Although likely impraaticalto the
impact these aggressive reagents will exert on subsurface environmentgBoelcizes
demonstrate that chemical agents capable of altering the surface camnpafsiti

passivated iron particles may provide a route to sustaining NZVI longevity.
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A logical candidate for chemical regeneration of passivated NZVI is dithionit
(S,04%). Previously used in groundwater remediationimisitu redox manipulation
(ISRM) [13], dithionite is a potent reductant in alkaline soluticEaé’Z(: -1.12 V [14]) in
which it reversibly dissociates to form highly reactive sulfoxyl radi¢at| 1) that can
reduce Fe(lll) to ferrous iron (Fe(ll)) (eq 2) [15].

$04” > 28G" (1)

SO, + Fe(lll) + HO — Fe(ll) + SQ* + 2H" (2)
Some have also suggested that at very basic pH (> 10), dithionite reduce® Fef(0)t
yielding a highly reactive form of NZVI comparable to material geedr&iom
reduction with borohydride [16].

Based upon observations during ISRM [13, 15, 17], it can be anticipated that
dithionite will reduce passive products of NZVI oxidation to yield varioush$oof
agueous, solid-phase or surface-associated Fe(ll), many of whiclpaldeceeductants
for common groundwater pollutants [18]. In addition to generating new Fedbeb
reductants from Fe(lll) corrosion products, dithionite may also restore Nea¢tivity
by re-exposing Fe(0) trapped underneath passive Fe(lll) oxide surfdiceyso@ther
practical advantages of dithionite stem from its use for treatment of hemaigaromium
(Cr(V1)) via ISRM at the DOE Hanford Site [19], as many of the logastand
regulatory aspects of its subsurface application already have been address

In the current study, we demonstrate the feasibility of dithionite as a cilemi
regenerant for the reducing capacity of passivated NZVI systemgeSlofia

commercially available NZVI were aged in the presence (3 days) anacel&® days)
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of dissolved oxygen over a range of pH (pH 6-10) in buffered systems. Notably, most
previous aging studies have utilized strict oxygen-free conditions and male ra
controlled suspension pH during aging. The latter is particularly importanideetze
amount of NZVI typically delivered into the subsurface will likely be too lowter pH
values poised by the high buffering capacities of most soils [9]. Thusystesrs
employed herein are intended to more accurately reflect the range oiffaobs
conditions likely to be encountered at treatment sites.

Upon loss of reactivity toward a range of different model pollutants incudin
Cr(VI), nitrobenzene, and 1,1,1,2-tetrachloroethane (1,1,1,2-TeCA), passivated NZVI
suspensions were characterized by an array of techniques to identify pafdagitsy
and subsequently reacted with dithionite solutions. The products from the reaction
between dithionite and aged NZVI were then identified through further material
characterization, and their reactivity was measured in additional batchregptsiwith
our model pollutant suite.

The specific goals of this study were to establish the timescales of NZV
longevity and the products of particle aging at different pH values for redox iooisdit
favorable (anaerobic) and potentially unfavorable (aerobic) for NZVI agic
Another aim was to determine whether the repeated use of dithionite represabts a vi
step toward sustainable and long-temsitu groundwater treatment with NZVI. This
entailed identifying the optimal operational parameters for restogihgcing capacity
with dithionite and linking changes in reactivity resulting from the reacti@ged

NZVI with dithionite to changes in suspension composition and mineralogy.
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3.3. Experimental Methods

Reagents

NZVI was purchased from Nanostructured and Amorphous Materials, Inc.
(Houston, TX). This material is a dry powder packaged undéhad is synthesized from
the reduction of iron oxides by,tnd stabilized via partial oxidation under 10% O
The material was highly reactive, igniting upon exposure to air. The vendorsraport
average particle size of 25 nm and a BET surface area of 46/4§0Additional
characterization suggests the particles consist of roughly 80% Fe(0) and 26%titeag
(Figure 3-1).

Sodium dithionite (Nz5,04; ~85%; Sigma-Aldrich) solutions were prepared in
either 50 mM sodium carbonate (NaH§B®IPLC Grade; Fisher) at pH 11, 0.001 N
sodium hydroxide (NaOH; 97+%; ACS reagent grade), or DI water. Reactivitgstudi
were conducted with 1,1,1,2-tetrachloroethane (1,1,1,2-TeCA; ~99%; Aldrich),
nitrobenzene (reagent grade; Sigma-Aldrich), and hexavalent chromiuvI{Cr
prepared from potassium chromate@O,; reagent grade, Fisher). The buffers use to
maintain system pH in aging and reactivity studies were either Trizdradhjoride
(Reagent Grade, > 99% redox titration), MES hydrate (99%, for biochgmaatr
HEPES (minimum 99.5% titration) and NaCl (ACS reage$§.0%) was used to poise
ionic strength. All solutions were prepared in deionized water (Milliporey&+@) and
were deoxygenated by sparging with (8t least 1 h/L). NZVI and all solutions were
stored within an anaerobic glovebox (95% B&P6 H, Coy Laboratory Products) until

use.
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Figure 3-1: (a) Scanning electron microscopy, (b) transmission electron microscopy,
(c) powder X-ray diffraction and (dJFe Mossbauer spectroscopy analysis of NZVI
from Nanostructured and Amorphous Materials. MGssbauer spectrum wasecoéect
13K. The data collected during Méssbauer analysis are shown as open cinelegsy
the solid line represents the model fit to the experimental data (see detan3. iKey
features associated with the different phases present in the matenalieated in the
XRD pattern and Moéssbauer spectra.
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Aging of NZVI Suspensions

Within an anaerobic chamber, 2 g/L suspensions of NZVI were prepared in 125
mL Erlenmeyer flasks using deoxygenated buffers at pH 6 (MES), 7 (HEPES) and 8
(HEPES or Tris). The buffer concentration was 50 mM, and ionic strength wasl pois
with NaCl. Experiments found no impact on aging and reactivity for NaCl coatiens
ranging between 5 to 100 mM NaCl. Aging studies were also conducted with unbuffered,
higher pH (pH 10-12) suspensions adjusted to the desired value with 0.5 M NaOH.
Suspensions were removed from the glovebox, briefly sonicated (~10 s) to disperse the
NZVI, and allowed to oxidize in air for 3 d on an incubator shaker &C2assuming a
dissolved oxygen concentration of 0.26 mM from atmospheric equilibration. Perigpdical
the suspension pH was measured and, if necessary, adjusted to its original value wi
either 5 N NaOH or 5 N HCI.

NZVI was also aged in the absence of oxygen. Suspensions (2 g/L) were prepared
as described previously and transferred to 250 mL bottles. Bottles werecsqrped,
wrapped in Parafilm and removed from the glovebox for brief (~ 10 s) samcafier
which the suspensions were returned to the chamber. Suspensions were aged up to 60 d,
during which they were gently mixed by hand once a day.

Periodically, the pH was measured and adjusted as needed. Suspensions were
allowed to oxidize in air for three days while agitated on an incubator shaker (New
Brunswick Scientific), which mixed the flasks at 200 RPM. During this time, the
suspension pH was measured periodically and, if necessary, adjusted toritd valgie

with either 5 N NaOH or 5 N HCI. Typically, the pH of NZVI suspensions agpti &
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and 7 were relatively constant over the 3 days of air aging, while 1-2 @rds.L) of 5

N NaOH were added to the pH 8 suspensions after approximately 5 h to return the pH to
its original value. After this pH adjustment, the suspensions remained relatiziely at

pH 8.0 for the remainder of the aging time.

While open to the atmosphere, evaporation caused the total suspension volume to
decrease over time, in turn slightly concentrating the NZVI suspension. abevexume
of solution lost to evaporation was determined from the difference in suspens®n ma
measured over time, thereby allowing the exact concentration of NZVIdaltidated at
the conclusion of air oxidation.

For anaerobic systems aged up to 60 d, evaporation was not an issue as the aging
vessels were sealed over this time period. Some pH drift was observed in atégmssys
While suspensions at pH 8 system were relatively stable over this period, 1-2-dr@ps
uL) of 5 N HCIl was added to pH 7 suspensions over the first few hours of aging to
maintain pH around 7.0-7.2, after which the pH was essentially constant for the

remainder of the aging.

Reaction of Dithionite with Aged NZVI Suspensions

Dithionite solutions for ISRM were prepared in alkaline 0.4 M carbonate baffer t
slow disproportionation [19]. The majority of our experiments used sodium dithionite in
a 50 mM sodium carbonate buffer adjusted to pH 11. Because high carbonate
concentrations could promote siderite (FeCfOrmation, solutions also were prepared in

either 0.001 N (pH 11) sodium hydroxide or DI water. These alternative solutidehedyie
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identical results to solutions prepared in 50 mM sodium carbonate, suggesting diderite
not play an important role in our systems.

Because dithionite reacts quickly with dissolved oxygen, air-aged NZVI
suspensions were first degassed vigphrging and transferred into the anaerobic
chamber prior to reaction. This limited the amount of dithionite necessamafciran; in
the presence of oxygen, greater concentrations could be used to scaxenge O
Suspensions aged inside the anaerobic chamber were reacted directlyhiatiitelit

Reaction with dithionite was initiated by adding 2 mL of various dithionite stock
solutions to 15 mL of aged NZVI suspension, producing concentrations ranging from 0.5-
80 mM (or 0.02 — 3.6 g dithionite/g NZVI) in the reactor. The reaction proceeded for 24 h
with mixing, during which the reaction rate was determined from the changéiond#
concentration over time. The rate of reaction between dithionite and aged N&VI w
determined by measuring the change in dithionite concentration and the production of
dissolved Fe(ll) over time. Suspensions samples were removed periofitarallthe
reactor using a 1 mL disposable syringe, passed through a 0.2 um PTrandlite
analyzed as described below. Control experiments were also conducted vwathitebitimi
solutions free of oxidized NZVI, as well as in systems with as received Naiticles.

In all instances, solution pH was monitored with time after the addition of therdte
solution to the aged suspension, with minimal change being observed in all instances.
Thus, for suspensions aged at pH 6, 7 and 8, the reaction with dithionite could be

assumed to occur at the same pH at which the suspension was aged.
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To avoid the contribution of residual dithionite in subsequent reactivity studies,
suspensions were centrifuged (8000 RPM for 5 minutes) at the conclusion of reaction,
and the supernatant was decanted. The reduced solids were then washed twithimes
deoxygenated, deionized water, and finally re-suspended in the appropriatédsuffer

reactivity studies.

Reactivity Studies with Model Pollutants

The reactivity of as received NZVI, aged NZVI, and aged NZVI after @acti
with dithionite was determined via experiments with Cr(VI), nitrobenzene, and 1,1,1,2-
TeCA. As the rate of Cr(VI) reduction was too fast to furnish a rate caeftjaive report
Cr(VI) removal capacities determined from experiments in which 0.5 mM Dw&4
added repeatedly to the reactor until removal was no longer observed. Nitrobemdene
1,1,1,2-TeCA exhibited exponential decay during reaction, thus reactivity towaged thes
compounds is described wikh,s values.

Reactors were constructed inside the anaerobic chamber by adding the aggpropria
mass of as received NZVI particles, or an appropriate volume of eitreeNaQd or
water-washed, dithionite-reacted NZVI suspensions to a 20 mL reactor.hdiniie-
treated materials were resuspended in fresh, deoxygenated buffer of theHsassal for
aging. A reductant loading equivalent to 2 g/L of NZVI was used in all expetgwith
1,1,1,2-TeCA and nitrobenzene, while a reductant loading equivalent to 2.8 g/L of NZVI

was used in reactions with Cr(VI).
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More details about sample collection are referred to chapter 2, for nitrobenzene,
70 uL from a 30 mM solution of nitrobenzene in methanol was injected into prepared

reactors (resulting in an initial concentration of 10\0).

Materials Characterization

The composition of NZVI, aged NZVI, and aged NZVI after reaction with
dithionite was investigated with X-ray diffraction (XRD). Changes in partic
morphology were examined with scanning electron microscopy (SEM) and isaitsm
electron microscopy (TEM). The iron phases present in all samples werg@Eizee
via >’Fe Mdssbauer spectroscopy. Surface chemical composition for dithionitsitreat
samples was obtained via X-ray photoelectron spectroscopy (XPS).

The morphology of materials was examined using scanning electron microscopy
(SEM; FEI/Philips XL30-FEG) operated at acceleration voltage of 10 kV Ebt, S
samples were prepared by placing a drop of suspension on a SEM pin stub. Tin@lmetha
was allowed to evaporate, and the sample was then sputtered with a thin PtfRabfilm
to analysis. The sample preparation protocol and XRD, TEM system employhd for
study are identical to those described in chapter2.

Mdssbauer spectroscopy was performed in the laboratory of Dr. MichelleeGcher
at the University of lowa. Aqueous suspensions of fresh NZVI, as well as NZVI
suspensions aged in air for 3 d at pH 6 and 8, were shipped overnight to the University of
lowa in air tight containers under a nitrogen atmosphere, and were analyzedriyabn ar

The samples were opened within an anaerobic chamber (958¢d\H,) and patrticles
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were collected on 13 mm filter discs and mounted as a wet paste between t&oflaye
Kapton tape for analysis. Méssbauer spectra were collected at 13 angsitiynethods
described in Larese-Casanova and Scherer [20]. All spectra are repodfeaienae to
a-Fe foil calibration spectrum taken at room temperature. To obtain ediaste the
relative concentration of the phases present in each sample, spectra wsng fRecoll
software package (University of Ottawa, Ottawa, Canada) with a lzeaannhodel.
Parameters were set initially to reference values for solid phasepateticin each
sample based on XRD analysis, and then allowed to vary using a least-squares
optimization.

All XPS analyses were conducted in the laboratory of Dr. Howard Fairbmithe
Johns Hopkins University. Aqueous slurries of samples were shipped overnight to Johns
Hopkins University in air tight containers with a nitrogen atmosphere. Alpkss were
analyzed immediately upon arrival so as to minimize the possibility of changes
introduced during transport, storage and handling. Samples were opened in air, mounted
onto stainless steel sample stubs using double-sided adhesive copper conducting tape
(3M® Code 1182), and then transferred to a fast load lock introduction chamber prior to
entry into the XPS analysis chamber. XPS analysis was conducted using a PHI 5400
system (Base<3 x 10° Torr). Spectra we acquired using Mg X-rays (1253.6 eV) from
a PHI 04-500 Dual Anode X-ray Source operated at 15 kV and 300 W. All XP spectra
were acquired at 15 kV and 300 W. Full surveys (1100-0 eV) were carried out with a pass
energy of 178.95 eV and a step size of 1 eV. Elemental scans were acquired with a pass

energy of 44.75 eV and a step size of 0.125 eV. Ejected photoelectrons were analyzed
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with a PHI 10-360 Precision Energy Analyzer operated at a pass-energy of 8.95 e
and a 45° takeoff angle. Atomic concentrations were determined by photoeleckkon pea
integration. The position of adventitious carbon (284.8 eV in the C(1s) region) was used

to calibrate the XPS binding energy scale for all substrates [21].

Analytical Methods

Dithionite concentrations were quantified using direct UV/visible absoebanc
(6=6900 mot'cm™ atA= 315 nm [15]). Dissolved Fe(ll) and Cr(VI) concentrations were
guantified colorimetrically using 1,10-phenanthroline and diphenylcarbazide,
respectively. The concentration of 1,1,1,2-TeCA and its sole reduction product 1,1-
dichloroethylene were determined via gas chromatography with elecpturea
detection (GC/ECD). Nitrobenzene was quantified using HPLC with diodg arra
detection.

Dithionite concentrations were quantified using direct UV/visible absorbance
(6=6900 mofcm™ atA= 315nm [15]). Samples were prepared within an anaerobic
chamber, and cuvettes were capped with parafilm and analyzed via UV/visintes
revealed that the rate of dithionite oxidation in these capped cuvettes wa®sipared
to the timescales necessary for UV/vis analysis (< 1 min). Dithiomitelatds from
sodium dithionite were prepared in carbonate buffer (pH=11) and analyzed imarma
identical to the experimental samples.

Analysis of nitrobenzene and its reduction products were performed via HPLC

with diode array detection (Agilent 1200 series) using a Zorbax C-18 columailsDet
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regarding the system and conditions used for nitrobenzene analysis can be found
elsewhere [22]. Other measurements for dissolved Fe(ll) concentration andsque
Cr(VI) concentration were according to the procedure outlined in chapter 2. The
concentration of 1,1,1,2-TeCA and its sole reduction product 1,1-dichloroethylene (1,1-
DCE) were determined via gas chromatography with electron captureatetect
(GC/ECD). The analytical methods and GC/ECD used for this study arecaldatthose

presented in chapter 2.

3.4. Results and Discussion

Characterization and Reactivity Loss of NZVI Suspensions Aged in Air

At pH 6 and 7, air oxidation caused the color of suspensions to change from black
to brown over 3 days (Figure 3-2a). Results from XRD (Figure 3-3a), Mossbauer
spectroscopy (Figure 3-4a), and TEM (Figure 3-4b) support the near completesmmver
of NZVI into the ferric oxide lepidocrocite, with traces of magnetite aéteaed. In
contrast, suspensions aged in air abpBimaintained their initial appearance (Figure 3-
5a), and characterization indicated a considerable fraction of Fe(Onhregiiai the
particles after 3 d of air exposure. The primary phase identifiable with X&do\ve
(Figure 3-5a), and estimates from Mdssbauer spectroscopy suggest theatageadsm
consisted of ~30% Fe(0) (Figure 3-4a). Both XRD and Mdssbauer spectrotsmpy a
revealed the presence of magnetite. Furthermore, although no additional phases we

detectable via XRD, Mossbauer spectra were consistent with the formatipoafiya
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ordered Fe(lll) phase resembling lepidocrocite. Despite these compositiangles, the
morphology of the aged materials (Figure 3-4c) was comparable to thagloNZY/|
(Figure 3-1hb).

Batch studies with 1,1,1,2-TeCA conducted as a function of exposure time to air
showed rapid reactivity loss for all suspensions in a matter of hours (Big)re
Reactivity loss toward Cr(VI) and nitrobenzene occurred over a similas¢atee While
reactivity loss was expected for low pH suspensions consisting primarilgsif/pderric
oxides, it was unexpected for NZVI aged atpH8; despite the persistence of Fe(0) in
these suspensions for 3 d, reduction of 1,1,1,2-TeCA ceased after 3 h. At or above pH 8,
therefore, exposure to air must have produced a passive surface coating thatislowed o
altogether inhibited further oxidation of the Fe(0) particle core. Notdisyfarmation of
such a passivating oxide layer that protects the underlying metal frorarfaridation is
commonly observed during the corrosion of iron and steel in basic aqueous media [23].

Our observation of atmospherically stable NZVI particles in suspensionaBpH
is similar to the recent report by Kiehal. [24], who produced atmospherically stable
NZVI via the controlled exposure of dried nanopatrticles to air. Here, we showthat a
alternate route to atmospherically stable NZVI is air oxidation in basttanThis
behavior has negative implications for NZVI performance, however, because high pH,
partially oxidizing environments will likely cause a significant fractof reducing
equivalents in NZVI to go unutilized, trapped as Fe(0) in the particle core by an

unreactive oxide shell.
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Figure 3-2. Appearance of NZVI suspensions (a) aged for 3 days in air at pH 6, 7 and 8
or (b) aged for 60 days at pH 7 and 8 within an anaerobic chamber (988 9% H).
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Figure 3-3. (a) X-ray diffraction patterns for NZVI suspensions aged in air for 3 days at
pH 6 before and after reaction with various dithionite solutions. Values of dithioaite ar
reported per unit mass of NZVI initially present in suspension. Identifralvieral

phases are indicated, where L represents lepidocrocite based on esfereder

diffraction file ICDD 9-88 [25] and M and GR represent magnetite and gregn rus
respectively, based upon previously reported d-spacings for these spétigs)[Total
Cr(VI) removal exhibited by products of the reaction between dithionite and NZVI
suspensions aged in air for 3 d at pH 6. The total amount of Cr(VI) removed at pH 6 is
reported per unit mass equivalents of NZVI present in the system (2.8 tgb). A
indicated (dashed horizontal line) is the removal of Cr(VI) exhibited biz ik8/1 at the
same mass loading and pH. Passivated NZVI showed no measurable removal of Cr(VI
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Figure 3-4. (a)°’Fe Mossbauer spectra for fresh (as received) NZVI, and NZVI aged in
a suspension exposed to air for 3 d at pH 6 and 8. Corresponding TEM images of the
products of NZVI aging at (b) pH 6 and (c) pH 8 are also shown. Méssbauer speetra we
collected at 77 K, and spectral features associated with specific irors phaseere
detected are noted. Identification of different iron species was based upos oésul
Lorentzian model fits used to describe raw data, in complement with resultXR&m

At pH 6, TEM images revealed that the originally spherical NZVI pagittnsformed

into a mixture of nanoscale phases, one of which exhibited the lath-like morphology
characteristic of lepidocrocite [26]. At pH 8, the morphology of the aged Natyély
resembled that of the as received material (see Figure 3-1)
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Figure 3-5. (a) X-ray diffraction patterns for NZVI suspensions aged in air for 3 days at
pH 8 before and after reaction with various dithionite solutions. Values of dithioaite ar
reported per unit mass of NZVI initially in suspension. Diffraction linesbatizble too.-

Fe are noted. Identifiable mineral phases are also indicated, where M, GR aaré BeS
diffraction lines we attribute to magnetite, green rust and iron sulfidesataply.

Measured reactivity of the products of the reaction between dithionite and NZVI
suspensions aged in air for 3 d at pH 8 shown (b) as valkeg fufr 1,1,1,2-TeCA

reduction and (c) as values of total Cr(VI) removal. Both reactivity metreeshown as

a function of dithionite concentration, and the total amount of Cr(VI) reduced is reported
per unit mass equivalents of NZVI in the systems (2.0 g/L and 2.8 g/L for 1,1,1,2-TeCA
and Cr(VI) reduction, respectively). Also indicated, where appropriate, isatigvity
exhibited toward these species by fresh and air-aged NZVI. All reactiudies were
conducted at pH 8 in 50 mM Tris.

106



R

b)

-
o

Lo
©
|

o
o
|

—@- NzVi-free control

0.4 — -\~ 3 days 0.4 — S
~ 3.5hr \
<} 2hr -@- N2Vli-free control
- 1hr -3 days @ Q
0.2 -O-0hr 0.2 -7 35hr

[1,1,1,2-TeCA]/[1,1,1,2-TeCA],

F 2nhr
~>-1hr
-O-0hr
0.0 , = 0.0 | T | T T T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (min) Time (min)

Figure 3-6. Concentration profiles for 1,1,1,2-TeCA in NZVI suspensions (2 g/L) aged
in air (a) at pH 7 and (b) at pH 8. Kinetic data are shown as a function of sogpensi
exposure time to air. Also provided are 1,1,1,2-TeCA concentration data obtained in
NZVI-free controls, in which a small amount of loss was observed as a resulptdrsor

to septa used to seal the reactors. When concentration profiles in NZVI-amgptaini
systems were equivalent to those measured in the NZVI-free controls, dssamed

that NZVI reactivity toward 1,1,1,2-TeCA was lost due to passivation promoted via
reaction with dissolved oxygen. NZVI suspensions showed comparable longgkty’at
and 8 when aged in the presence of air, with complete reactivity loss after 3.5 in eac
system.

107



Solution pH is the critical variable governing the formation of plaissive coating.
We propose that the different aging products observed as a function of pH refleté the f
of Fe(ll) produced via Fe(0) corrosion. At pH 8 and above, the rapid oxygeaht-e(Il)
before it can diffuse away from the particle surface produces the preteatface film.
In contrast, slower rates Fe(ll) oxygenation at lower pH allow foelease into bulk

solution and the subsequent homogeneous oxidation to yield new Fe(lll) phases.

Characterization and Reactivity Loss of NZVI Suspensions Aged in the
Absence of Oxygen.

NZVI suspensions aged under thgl$ atmosphere of an anaerobic chamber lost
reactivity much more slowly than air-aged materials. At all pH valuestigaésd, no
visible color changes were discerned, with suspensions maintaining thelibiaitia
appearance through 60 d of aging (Figure 3-2b).

To avoid contributions in reactivity from aqueous Fe(ll) generated during aging,
only the reactivity toward 1,1,1,2-TeCA was examined for suspensions aged within an
anaerobic chamber. In pH 7 suspensions, reactivity toward 1,1,1,2-TeCA decreased
steadily over time until little reducing capacity remained after 60 di(€ig-7). After 30
d at pH 7, XRD analysis lacked a clear diffraction linedidfe (Figure 3-8a), suggesting
that water reduction consumed the majority, if not all, of the Fe(0) initialsepten the
system. Beyond 30 d, only a relatively weak diffraction pattern indicative ghetite
could be discerned, with TEM images (Figure 3-8b) of 60 d aged materialsgdéate

resemblance to fresh NZVI.
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At pH 8, reactivity loss was more immediate initially, with nearly a 6-fos lin
activity over 0.5 d (Figure 3-7). Reactivity loss ultimately slowed, however, and
measurable reduction of 1,1,1,2-TeCA was still observed after 60 d. Unlike pH 7, XRD
analysis of NZVI aged for 30 and 60 d at pH 8 indicate the persistence of Fe(0 (Bg
8a). TEM images also clearly indicate the formation of a new surface phalse
nanoparticles (Figure 3-8b). Although not identifiable via XRD, this surface phase i
probably redox active (e.g., Fe(ll)-containing) due to the reactivity tolvard,2-TeCA

measured in these samples.
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Figure 3-7. Change in initiakyps values for the reduction of 1,1,1,2-TeCA with respect to
the aging time of NZVI suspensions within an anaerobic chamber. NZVI suspersions (
g/L) were aged at pH 7 (50 mM HEPES) and pH 8 (50 mM Tris) for up to 60 days.
Uncertainties represent 95% confidence limits on at least triplicpgriments. Also

indicated as a dotted line is tkgsvalue obtained in both passivated and NZVI free

control studies; loss of 1,1,1,2-TeCA in control systems is attributable to a sorption of
1,1,1,2-TeCA to septa used to seal the reactors, which resulted in approximately 10-15%
loss of 1,1,1,2-TeCA over a typical experiment (~2 h).
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Figure 3-8. (a) X-ray diffraction patterns for NZVI suspensions (2 g/L) aged inside an
anaerobic chamber (95%N6% H,) for 30 and 60 days at pH 7 (50 mM HEPES) and pH
8 (50 mM Tris). (b) Corresponding TEM images of NZVI aged for 60 days in agqueous
suspensions at pH 7 and pH 8. In XRD patterns, the only detectable iron-containing
phases were-Fe, magnetite, and green rust, as indicated. Notably,-#e signal was
considerably greater in the pH 8 suspensions both at 30 and 60 d of aging. For the 60 d
samples, diffraction lines observed nedw2alues of 32, 44 and 78 are indicative of

NacCl, which was present in our systems to poise ionic strength and was not slyfficient
removed from these particular samples via washing with DI water prior ligsendor

TEM images at pH 8, a new yet unidentified phase was observed on the surface of the
aged NZVI particles. At pH 7, on the other hand, particles showed little resemblaas
received NZVI particles, and appear considerably smaller than the unatgina

(Figure 3-1b).
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Characterization and Reactivity of NZVI Aged in Air at pH 6 and 7 after
Reaction with Dithionite.

Dithionite reacted quickly with pH 6 and 7 air-aged suspensions, with decreases
in dithionite concentration over time accompanied by Fe(ll) production (Figdag. 3-
The reaction also produced Fe(ll)-containing mineral phases (Figune 8s3&pected
from established trends in dithionite reactivity with ferric iron oxides [18¢ i@entity of
these Fe(ll) phases depended strongly on the concentration of dithionite. X-ray
diffraction patterns were consistent with low concentrations of dithionite (g HGVI)
transforming lepidocrocite, the primary NZVI oxidation product, into magnetitget
concentrations (2.5 g/g NZVI) yielded diffraction patterns consistent with
hydroxycarbonate green rust formation, presumably from the carbonagatgrethe
dithionite solution. The highest dithionite loading investigated (3.7 g/g Nyi¥ljled a
similar, but not identical, diffraction pattern to that of hydroxycarbonate gosén r
perhaps indicating differences in anion substitution. For example, sulfate greerayus
be generated from products of dithionite oxidation. In support of this scenario, XPS
analysis (Figure 3-10) indicated the presence of oxidized forms of sulfur (¢fate ®r
sulfite) on the surface of these dithionite-treated solids.

Products of the reaction with dithionite at pH 6 and 7 were unreactive toward
1,1,1,2-TeCA over the timescales for reduction by fresh NZVI, consistent \wwgh m
Fe(ll)-containing solids representing weaker reductants for chlorinalteehss than
Fe(0). In contrast, these phases exhibited considerable reaiwayd nitrobenzene [27]

and Cr(VI) [28], species known to be reducible by Fe(ll). Nitrobenzene (Figiit¢ &d
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Cr(VI) (Figure 3-3b) were quickly degraded with dithionite-treated suspes, and the
extent of pollutant removal increased with increasing dithionite loading. No@igI)
removal capacity (in mg of Cr(VI)/g of NZVI initially present in suspenyat higher
dithionite concentrations approached and in some cases exceeded the removsl capaci
measured for fresh NZVI. Magnetite [29] and green rust [30] have both been shown to
reduce Cr(VI) in laboratory studies, and we reiterate that any resiidoiainite was
removed via washing of the reduced materials prior to reaction with Cr(VI), éheis
though Fe(0) is no longer present in these systems, reducing equivalents provided by
dithionite generate Fe(ll)-phases of sufficiently high reactivity so aghibit

efficiencies comparable to fresh NZVI.
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Figure 3-9. Change in dithionite concentration over time during reaction with air-aged
NzVI (a) at pH 6 and 7 and (b) at pH 8. At all pH values, there was a nearly
instantaneous drop in dithionite concentration upon its addition to the aged NZVI
suspension. As shown in panel (a), this dithionite decay was accompanied by the
concurrent production of dissolved Fe(ll). Because dithionite concentration atgetgl
stable over 24 h in NZVI-free controls (see panel b), the initial drop in concentration is
attributed to a rapid reaction with the Fe(lll) produced via air-oxidation of thd NZ
suspension. In (b), the more gradual rate of dithionite decay over longeradleses

likely indicative of dithionite reaction with the underlying Fe(0) trappethénciore of the
particles air-aged at pH 8 to yield iron sulfides. This scenario is suppgresgbriments
with fresh NZVI in which dithionite was consumed at a rate similar to that oluseves
longer timescales in the aged NZVI systems.
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Figure 3-10. X-ray photoelectron spectra of air-aged NZVI suspensions (2 g/L) after
reaction with dithionite. Shown are spectra for NZVI suspensions agedanpair6 (a, b)
and pH 8 (c,d) after reaction with 0.9 and 3.6 g dithionite/g NZVI. As detailed in the
manuscript, air-aging of NZVI suspensions at pH 6 yielded mostly lepidceradiich

upon reaction with dithionite yields Fe(ll)-containing phases and higher valalice
species (e.g., sulfite and sulfate) arising from dithionite oxidation. In supptbiit of
scenario, only higher binding energies (166-173 eV) in the range previously reported f
sulfite and sulfate in iron systems [31, 32] were observed in spectra of thesals &t

and b). In contrast, a significant fraction of Fe(0) was preserved in NZVIrsisps

aged in air at pH 8. As a result, reduction of dithionite by Fe(0) produced reduced forms
of sulfur, as indicated by the broad peak at lower binding energy (160-165 eV), which
was only observed for aging and reaction at pH 8. These lower binding eneggies ar
consistent with those reported for species such as monosulfide and disulfide in iron
systems [33]. We also cannot rule out the possibility of elemental sulfur on theesof
dithionite-treated materials. The relative amounts of these reducedfeutfisrwere not
guantified.
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Figure 3-11. Change in nitrobenzene concentration over time in suspensions of air-aged
NZVI particles after reaction with the concentrations of dithionite noted. For tpegmur

of comparison, concentration data are normalized to the initial reactor c@tioenin

each case. Suspensions (2 g/L) were aged for 3 d in air at pH 6 (50 mM MES).
Experiments with nitrobenzene were also conducted at pH 6 with an initial nitrobenzene
concentration of 10QM. Although not shown, aniline was detected as the primary
reduction product, and mass balances were typically greater than 90%ingicag

NZVI at pH 6 primarily yielded the ferric oxide lepidocrocite, and agedesusions

showed no reactivity toward nitrobenzene. Reduction of the aged suspension with
dithionite produced Fe(ll)-containing phases such as magnetite and greés relsbwn,

the rate and extent of nitrobenzene reduction increased with respect to the amount of
dithionite reacted with the air-aged NZVI, suggesting Fe(ll) spgearsrated from the
reduction of lepidocrocite by dithionite are responsible for nitrobenzene reduction.
Notably, all residual dithionite was removed via centrifugation and washing of tde soli
phase prior to the addition of nitrobenzene to the reactor. Although not shown in the
figure, the reactivity of the dithionite-treated materials was coraitieless than fresh

NZVI, which resulted in the near complete decay of nitrobenzene in a few minute
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Characterization and Reactivity of NZVI Aged in Air at pH 8 after Reaction
with Dithionite.

Suspensions of NZVI aged in air at pH 8 also reacted nearly instantaneously with
dithionite (Figure 3-9b). Again, the dithionite loading was critical in deiteng the
identity and reactivity of the reaction products. Diffraction patterns ireticdutato-Fe
remained the dominant identifiable phase after reaction with low concentrations
dithionite (< 1 g/g NZVI) (Figure 2a). At higher concentrations, however, evidenc
suggests that excess dithionite oxidizes the residual Fe(0) in the atigléstr produce
new phases. Intermediate dithionite loadings (1.8 g/g NZVI) generated a pnottuat
large d-spacing (7.44 A) indicative of green rust [26]. The highest concentration
investigated (3.7 g/g NZVI) yielded a poorly crystalline phase with a rmhi
diffraction line at a d-spacing of 5.4 A (Figure 2a), which is approximate taighest
intensity d-spacing previously reported for a synthetic nanocrystaitinesulfide [34]
and for substituted iron sulfides such as tochilinite [25]. XPS confirmed the presence of
reduced sulfur in these samples, with low binding energy peaks in the S(2p) region
consistent with the presence of poly-, di- or monosulfide, and potentially eleméhital s
(see Figure 3-10).

Not surprisingly, the dithionite concentration also had considerable implications
for the reactivity of the treated suspensions. For 1,1,1,2-TeCA, 0.2-0.4 g dithionite/g
NZVI producedkqps values that were statistically equivalent to that of fresh NZVI (Figure
3-5b). Below these concentrations, degradation of 1,1,1,2-TeCA was enhanced relative t

passivated NZVI, but it remained less reactive than fresh NZVI. Above this optimal
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dithionite dosek,s values decreased with increasing dithionite concentration. Ultimately,
at the highest concentration of dithionite investigated (3.7 g/g NZVI), no removal of
1,1,1,2-TeCA was observed relative to minor losses measured in reductant-free control
arising from sorption to the septa.

Slightly different behavior was observed for Cr(VI) reduction at pH 8 (Figure 3-
5¢). The lowest dithionite concentration considered (0.11 g/g NZVI) produced nsaterial
with a removal capacity identical to fresh NZVI. A steady increase Mio€moval
was observed with increasing dithionite concentration, culminating in a maximum
removal capacity of nearly 150 mg Cr(VI)/g NZVI at a dithionite load of 0.7 ggINZ
Above this concentration, Cr(VI) removal in the regenerated systems decretised wi
increasing dithionite, but all removal capacities remained greatettibafor fresh NZVI.

Reactivity trends toward 1,1,1,2-TeCA and Cr(VI) at pH 8 correlate to the
products of the reaction between dithionite and air-oxidized NZVI suspensions. For
1,1,1,2-TeCA reduction, we interpret the optimal dithionite load around 0.2-0.4 g/g NZVI
as the amount necessary to thin the passive layer generated by air oxidatibg, there
exposing Fe(0) at or close to the particle surface so as to facilitatéioadéd¢ higher
dithionite concentrations, the oxidation of available Fe(0) by dithionite to yididesils
likely responsible for the decreased activity. Hanssg@h [35] found that the formation
of iron sulfide films on Fe(0) surfaces inhibits charge transfer, resulting i fewes of
chlorinated solvent reduction. Moreover, while iron sulfides are capable of rgducin
halogenated solvents [36], they will do so at a much slower rate than Fe(0).

For Cr(VI) reduction, all dithionite concentrations yielded greater removal
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capacities than fresh NZVI. Removal capacities even exceeded previous fepother
forms of NZVI, such as borohydride generated nanoparticles [37]. In R3gbithe
maximum Cr(VI1) removal capacity occurs at a dithionite loading of 0.7 g/g/kieh is
nearly two times greater than the dose producing the maxikgydnalue for 1,1,1,2-
TeCA reduction. Notably, Fe(0) is the dominant phase identified via XRD for conditions
yielding maximum reactivity toward both species. We hypothesize that suifide
formation on Fe(0) surfaces inhibits chlorinated solvent reduction, it promotes Cr(VI)
removal by enhancing Fe(0) corrosion. Hansgtah. [35] observed that the corrosion
rate of high purity iron increased with increasing exposure te.M&Saqueous forms of
Fe(ll) [28] and the observed Fe(ll)-containing solid phases [38, 39] representesuitabl
reductants for Cr(VI), this enhanced rate of corrosion would ultimately peo@rgV1)

removal relative to systems with slower Fe(ll) production rates.

Reactivity of NZVI Aged in the Absence of Oxygen after Reaction with
Dithionite.

For NZVI suspensions aged at pH 7 for 7, 14, and 30 d within an anaerobic
chamber, products of the reaction with dithionié (02 g/g NZVI) were less reactive
toward 1,1,1,2-TeCA than the aged material (Figure 3-12). The inhibitory role of
dithionite in 1,1,1,2-TeCA reduction can be inferred from trends established for air-
oxidized NzVI; oxidation of Fe(0) by dithionite consumes reducing equivalents Wkile t
formation of surface iron sulfides accelerates passivation.

In contrast, the reactivity toward 1,1,1,2-TeCA of NZVI suspensions aged in the
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absence of oxygen at pH 8 could be restored via reaction with dilute solutions of
dithionite (Figure 3-13). Reaction of NZVI aged 30 d at pH 8 with 0.02 g dithionite/g
NZVI resulted in a rate of 1,1,1,2-TeCA reduction equal to that measured for fr&8h NZ
Notably, higher dithionite concentrations resulted in reactivity loss, as obssrpel 7.
Because appreciable Fe(0) was identified via XRD for the aged particledithaoonite
concentrations must promote reactivity by destabilizing the oxide layer @arttee
surface, in turn increasing the amount of Fe(0) at or near the solution iatékfac

propose this behavior only occurs at higher pH values where the surface oxide layer is
sufficiently thick due to Fe(ll) solubility limitations; consumption of dithientia

reaction with the oxide layer prevents extensive passivation of the unddtg(@g

120



~—~
E 200 200
3 _a  Anad 14 dave + 0 2 o Dithignitala Fa —o— Aged 30 days + 0.2 g Dithionite/a Fe
= —&— Aged 14 days + 0.2 g Dithionite/g Fe Aged 30.d
—0— Aged 14 days a —O— Aged 30 days

c K R

(@) \ N -
© \ aa @

=RECEA LR -\ e N S
—_ P'S (0N N\ 7

= 4 ~o_ @

c \

[¢D] \ A

o !

c 04 W a 160 — \o\ ~

o \U//v\‘.\.__—_. ‘l_)\‘()
O S o _
<
O Q. 50

1<} ~—
I_I ‘U\
N o
— N —0O
- 0 T T T T T T 0 T T T T | T
— 0 20 40 60 80 100 120 0 20 40 60 80 100 120

Time (minutes)

Figure 3-12. Inhibitory influence ofdithionite on the reactivity toward 1,1,1,2-TeCA of
NZVI suspensions (2 g/L) aged at pH 7 (50 mM HEPES) within an anaerobic chamber
for (a) 14 d and (b) 30 d. Open circles correspond to the change in 1,1,1,2-TeCA
concentration over time resulting from reaction with the aged NZVI suspension. Solid
circles show 1,1,1,2-TeCA decay after the aged NZVI suspensions were reaot@®wit
g dithionite/g NZVI. Generally, the reaction with dithionite inhibited the odtg, 1,1,2-
TeCA reduction. In panel (a), the dithionite-treated materials exhibitegaraivlie
reactivity to the aged suspension, at least initially. The loss in reactftéty
approximately 30 minutes for the dithionite-treated material is consistdnswiace
passivation, presumably from iron sulfides generated via the reduction of daHgnit
Fe(0) that inhibit further 1,1,1,2-TeCA reduction.
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Figure 3-13. Change in 1,1,1,2-TeCA concentration as a function of time in fresh NZVI
suspensions (solid circles), NZVI suspensions aged 30 d inside an anaerobic chamber
(open squares), and products of the reaction between 0.02 g dithionite/g NZVI and the 30
d aged NZVI suspension (open circles). For the purpose of comparison, the concentration
of 1,1,1,2-TeCA measured over time was normalized to the initial reactor coticaentra

(~170uM). All experiments were conducted at a reductant mass loading of 2 gi{_&t
in 50 mM Tris.
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Sustained Suspension Reactivity via Multiple Reactions with Dithionite.

A final set of experiments examined the reactivity of an NZVI suspension toward
Cr(VI) over the course of sequential reaction cycles with dithionite (Fjl4). NZVI
oxidized in air at pH 8 was reduced with 0.7 g dithionite/g NZVI and subsequently
reacted with Cr(VI) until exhaustion, at which time the reaction with dithiorate w
repeated. After 5 instances of reaction with dithionite, the total Cr(VI) remasl
approximately 300 mg of Cr(VI)/g NZVI, a 15-fold increase relative to fresWINZ pH
8. For comparison, this sequential regeneration procedure was also explored for oxygen
free NZVI suspensions that were passivated via reaction with Cr(VH 8t fphis
scenario assumes that for treatment systems with high Cr(VI) cortmemtraduction of
Cr(VI) to a passivating Cr(lll)-Fe(lll) solid phase [37] is the priynarechanism
responsible for NZVI reactivity loss. Again, the repeated reaction of the Ginptel
NZVI with 0.7 g dithionite/g NZVI increased the total removal of Cr(VI)rbughly a
factor of 3 relative to the fresh NZVI. Thus, Cr(VI) removal efficiencygram of NZVI
can be considerably enhanced through the use of dithionite to restore systengreduci
capacity. Further work is needed, however, to confirm that repeated dithioniteradditi
does not extensively mobilize Cr(lll) produced from Cr(VI) reduction.

Interestingly, Figure 3-14 shows that dithionite enhanced the reactiity \6F
passivated via air oxidation to a far greater extent than NZVI passivateshetgon with
Cr(VI). This suggests that differences in the nature of the passive Eyerated via
reaction with @ and Cr(VI) in turn affect the passivated materials’ subsequent reactivity

toward dithionite. While suspension aging in air produces a particle with andee¢0
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surrounded by magnetite and a passive ferric oxide shell, XRD charaaeraaCr(VI)
passivated materials also indicates the presence of largely Fe(Ophaskawith d-
spacings comparable to magnetite [26] (Figure 3-15). Others have showedticiian
of Cr(VI) by NZVI produces a stable, alloy-like Cr(lll)-Fdjlhydroxide shell on NZVI
particles [37]. Accordingly, the nature of the passivating layer on Fe(0) ssiniagst be
viewed as an important variable in the efficiency of dithionite as a regerera

treatment system reactivity.

3.5. Environmental Implications

Depending upon geochemical conditions, our results suggest NZVI reactivity
ranges anywhere from several hours to a couple of months, and thus concerns over its
longevity during application may be warranted. To counteract the effectangf ags
show that dithionite can be used to restore the reactivity of passivated NAxienta
systems, and that its repeated use can sustain the system’s reducirty faagaeyond
timescales achievable with NZVI alone. Optimal performance of ditlkioeduires,
however, an understanding of the mechanism responsible for NZVI reactivity loss;
dissolved oxygen concentrations, solution pH, and likely the presence of other co-solutes
will not only influence the reactive lifetime of NZVI but also the products ofgagnd
the reactivity of species formed via reaction with dithionite. Identifylvegnajor
products of NZVI passivation will be critical for process efficiency,afee, because it
will dictate the amount of dithionite necessary to optimize performance of the

regenerated treatment system. The pH-dependent aging and products of dithionite
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reaction proposed for aerobically and anaerobically aged materials araspethn

Schematic 3-1 and 3-2, respectively.
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Figure 3-14. Cumulative Cr(VI) removal as a result of multiple, sequential reactions of
passivated NZVI suspensions with 0.7 g dithionite/g NZVI. Cumulative Cr(VI) reimova

is reported on a per mass basis with respect to the mass equivalents of NaN{l ini
present in suspension. Removal capacities are shown for NZVI suspensions aged in air
for 3 d at pH 8 and for fresh NZVI passivated through reaction with excess Cr(%4). Al
shown is the removal capacity determined for fresh NZVI. All experiments we
conducted at a reductant mass loading of 2.8 g/L at pH 8 in 50 mM Tris.
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Figure 3-15. X-ray diffraction (XRD) patterns for NZVI suspensions (a) passivated by
reaction with excess Cr(VI) in the absence of oxygen and (b) passivateddsyexto

air for 3d. Suspensions (2 g/L) were prepared at pH 8 (50 mM Tris). For panel (a),
solutions of Cr(VI) were added repeatedly to a deoxygenated 2 g/L NZpgssion

until no further loss in aqueous Cr(VI) was measured. The solids were then skparate
from the supernatant via centrifugation and washed several times with deatedje
deionized water before drying the wet slurry on a microscope slide foratRDsis.

After passivation by Cr(VI), the only phases detected via XRD were magnetit
(diffraction lines noted with M), and-Fe. Thus, NZVI passivation induced by reduction
of Cr(VI) preserved a considerable portion of Fe(0) in the particle corgaret (b),
results are the same as those shown in Figure 3-5 of the manuscript text. NZVI
passivation via suspension exposure to air also resulted in a considerable portion of Fe(0)
preserved in the particle core, although no secondary phases resulting figemaiion
were detectable via XRD.
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Schematic 3-1. Product summary proposed for the aging of NZVI suspensions in equilibrium
with air (i.e., in the presence of dissolved oxygen) and the subsequent redtttioariable
loadings of dithionite.

e Low dithionite .

Dissolution
consumes Fe(0)

Low dithionite .

Dithionite thins oxide
layer, enhances reactivity

Oxide coat thickens but
remains redox active

Schematic 3-2. Product summary proposed for the aging of NZVI suspensions in the absence of
dissolved oxygen and the subsequent reaction with low (< 0.1 g/g NZVI) dithioaidings. At
both pH values, more concentrated dithionite solutions would primarily aferievn sulfides.
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The most promising use of this approach appears to be for sites contaminated with
pollutants prone to facile reduction not only by Fe(0), but also by various form§lipf Fe
For example, we show that nitroaromatic compounds and Cr(VI) are readilybieduc
nearly all of the products generated from the reaction of aged NZVI suspenglons w
dithionite, regardless of whether Fe(0) is present in the passivatedepeotiel
Furthermore, the amount of dithionite can be tailored to control the reactive phases
generated and tune the reducing capacity of the system.

Other potential benefits of dithionite as a regenerant of iron-based treatment
systems merit further exploration. First, it may be feasible to coupliemiite application
with stimulated biogeochemical processes that promote pollutant natunalsditba. In
iron-rich environments, microbiological respiration of sulfate results ingptaton of
FeS, a process previously exploited for treatment of groundwater contaminateglby vin
halides [40]. In a similar fashion, stimulation of sulfate-reducing baatetild be used
to sequester dithionite oxidation products as FeS, thereby further increasirmptbk si
the reducing zone in the subsurface.

Our results also have potential implications for the storage and handling of highly
reactive NZVI materials prior to application. This work and others [24] have shotvn tha
atmospherically stable NZVI particles can be prepared as a powder suspension via
controlled exposure to oxygen. Kim et al. [24] found, however, that stabilization leads to
less reactive materials. One way to help alleviate concerns assodiht&NZ I
reactivity loss during storage, handling, subsurface delivery and transport ningy be t

application of these atmospherically stable NZVI particles in tandeimdithionite.
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After particle delivery, subsequent application of dithionite could be used to riéstore
reactivity to levels comparable to fresh NZVI.

Finally, the outcomes from this work should be directly applicable to larger scal
iron particles, including micron and millimeter-sized particles commosdg in PRBs.
There is potential, therefore, for dithionite to serve as a mechanism forngstori
reactivity to exhausted PRBs whose treatment efficiency has been caosgudin

buildup of passive oxidation products on the reductant particle surface.
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4. Chlorinated Solvent Transformation in Palladized
Zero-Valent Iron Systems: New Insights from Rate
Dependence on Reductant Loading and Solvent Kinetic
Isotope Effects

4.1. Abstract

Palladized nanoscale zero-valent iron (Pd/NZVI) has grown in popularity for
source zone control, yet the entities responsible for pollutant transfornratioese
systems and the optimal conditions for their subsurface applicagqroarly understood.
Here, trends in Pd/Fe reactivity toward 1,1,1,2-tetrachloroethane (1,1,1,2-TeCA3-a
dichloroethenedis-DCE) were examined as a function of pH, chlorinated solvent
concentration, Pd loading and reductant mass loagipgdlues) for bimetals prepared
from both nanoscale and micron-sized Fe(0). Mechanistic insights were ditaimegh
measurement of solvent kinetic isotope effects (SKIES) via paraperiexents in HO
and BO. Collectively, our data support two pathways for chlorinated solvent reduction in
Pd/NZVI batch systems. Most notably, SKIEs for 1,1,1,2-TeCAc@mBDCE reduction
by Pd/NZVI [kopdH20)/kond D20)] increase substantially with Pd loading and Pd/NZVI
concentration. At low Pd loadings and Pd/NZVI concentrations, modest reactivity
enhancements occur via galvanic couple formation. In contrast, the magnitidH=sf
(up to 100) in the most reactive Pd/NZVI systems suggests the involvement of atomic
hydrogen. However, evidence of atomic hydrogen participation was not observed for
Pd/Fe prepared from larger Fe(0) particles, nor for any size of non-patldee(0).

SKIEs for 1,1,1,2-TeCA reduction decrease during anaerobic aging of Pd/NZi¢lgzart
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revealing that atomic hydrogen is likely to persists only over one to two weeks during

Pd/NZVI application.

4.2. Introduction

Since its inception [1], application [2-4] of palladized nanoscale zerowviabe
(Pd/NzVI) for source zone control has grown rapidly. Pd/Fe is typicallynibst reactive
of iron-based bimetallic reductants [5-7], achieving greater rateslafgulremoval [1,

5, 8] and more fully dehalogenated products [5, 9] than zero-valent iron [Fe(0)].eDespit
growth in its application, the wealth of literature on Pd/Fe reductantdseedstively
divergent performance. Specifically, a common metric for Pd/Fe readtitg extent to
which it enhances pollutant transformation relative to Fe(0), a value typatddined by
normalizing the pseudo-first-order rate constégys/alues) for pollutant reduction by
Pd/Fe kon{Pd/Fe)] to the corresponditkg,s value from an identical system with Fe(0)
[KondFe)]. For Pd/Fe, reported rate enhancement factors (hereafteeddfens REFS)
range between 2 [5] and 1000 [10]. To date, the source of such variation is not entirely
understood, although during application it is clearly desirable to optimize Pd/Fe
characteristics and treatment zone conditions to yield the largest Riekadide.

It is tempting to attribute variations in performance to differences in theePd/
particles prepared in different studies. For example, increasing the aamousurface
coverage of Pd on Fe(0) particles increases Pd/Fe reactivity [5, 8, 11], supaorting
scenario in which pollutant transformation is suggested to occur on the Pd surface [12-

14]. However, several studies have systematically varied Pd loading ane sunvacage
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while holding other system variables constant [5, 8,ddsferving maxima in Pd/Fe
reactivity that typically limit REFs toward the lower end of the aforgioaed spectrum.
Other currently unrecognized factors must, therefore, contribute to the obsergedr
Pd/Fe performance.

One possible explanation is that the mechanism of pollutant transformation,
specifically the nature of the reductant, differs between Fe(0) and $dteans. Two
pathways for rate enhancement by Pd/Fe have gained popular acceptancediivesisy
[2, 16, 17] involves the formation of a galvanic couple between Fe(0) and Pd, in which
iron functions as the anode where oxidation of Fe(0) to Fe(ll) occurs while Pd asrve
the cathode at which pollutant reduction takes place. In the couple, Fe(0) becomes more
easily oxidized, in turn increasing the rate of electron transfer to thegllat the Pd
surface. Others have postulated [5, 6, 17-19] that Pd functions as gdmnation catalyst,
such that adsorbed or absorbed atomic hydrogen species associated with the®d surfa
are the responsible entities for pollutant transformation. Evidence for both pathway
exists, although it remains unclear as to which is dominant in Pd/Fe systemstbelow
relative importance changes in response to reductant characteristicenscheatmistry,
or the evolving Pd/Fe surface during particle aging.

Mounting evidence suggests that the chemical processes controlling pollutant
transformation in Pd/Fe systems is distinct from Fe(0). For example,tGyweal. [10]
observed that the same Pd/Fe formulation that enhanced 1,1,1-trichloroethane (1,1,1-
TCA) reduction 10-fold also enhance@-dichloroethylenedis-DCE) reduction by more

than 1000, indicating a strong dependence of Pd/Fe reactivity on the target axslant.
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DCE also exhibited a far greater increask,jvalues per unit of deposited Pd on the
Fe(0) surface. Becaugg,{Pd/Fe) andk,,{Fe) used to determine REFs are measured in
identical experimental systems, it is often assumed that REFs do nat sgétsm

variables such as reductant loadipg (n g/L), target pollutant concentration, and pH.
However, such assumptions are rarely tested and, most importantly, aréolifal if
different mechanisms exist in Fe(0) and Pd/Fe systems, and in turn would intradace la
variations in reported REFs for Pd/Fe systems.

In this study, we explore REFs achieved in Pd/Fe reductant systems over a range
of experimental conditions. Pd/Fe reductants were prepared via a displaceriept pla
method using a commercially available NZVI powder (referred to as PA)NEVI
subsequent reactivity experiments with 1,1,1,2-tetrachloroethane (1,1,1,2-TeGA#9-and
dichloroetheneqis-DCE), we examined how REFs for Pd/NZVI changed over a broad
range of Pd additive loadings (0.05-0.35% Pd by mass), solution pH (6-8), reductant
mass loadingsd, values of 0.03-5.68 g/L), target pollutant concentrations (3 — 2000
uM), and suspension aging time (0-30 days). Additional studies were perforthed wi
several Pd/Fe reductants prepared from micron-sized Fisher elactiroly (hereafter
referred to as Pd/ZVI), allowing the influence of Fe(0) particle size orthlmeactivity
also to be assessed directly for the first time. Collectively, our approaohigdielps to
identify the optimal reductant characteristics and application conditionsifee P
performance, but changes in REFs in response to these variables would provide indirec
evidence that different pollutant transformation mechanisms are at playOnand

Pd/Fe systems.
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In complementary experiments, new insights into the mechanism of pollutant
transformation in Fe(0) and Pd/Fe systems were obtained through measurement of
solvent kinetics isotope effects (SKIESs) via parallel reactions with 1,1, T2 &adcis-
DCE conducted in BD- and HO-based buffer systems. When a solvent is replaced with
an isotopically substituted analogue, SKIEs occur when the solvent is a reactden
there are significant interactions between the solvent and transition stsugémnerated
via reaction [20]. SKIE values are quantified by normalizgngvalues measured in,B
[KondH20)] to thekyps Value measured in an identical system witkd [k,,dD,0)], with
larger values indicating a role for solvent molecules in the reaction.

As a mechanistic tool, SKIE values have rarely been explored for bimetallic
systems, with two reports producing conflicting results. Schatiek [17] observed a
large SKIE of 14 for trichloroethene (TCE) reduction by Ni/NZVI, which wasrpreted
as evidence for the involvement of atomic hydrogen. In a later examination of SKIE
values for 1,1,1-TCA reduction with Cu/Fe prepared from Fisher electrolyti¢Aign
relatively small SKIE values (1.62 + 0.08 and 1.34 + 0.08) were observed at two different
Cu loadings (5 and 125mole of Cu/g Fe, respectively), suggesting a minimal role for
atomic hydrogen in these systems. In this work, SKIE values were measure(ijor F
and Pd/Fe systems with 1,1,1,2-TeCA ar®eDCE over the range of aforementioned
reductant and system variables (e.g.,. Pd coverages.ptdjues, Fe(0) particle size) to
explore conditions that may promote atomic hydrogen involvement during pollutant

reduction.
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4.3. Experimental Section

Reagents

NZVI was acquired from Nanostructured and Amorphous Materials, Inc.
(Houston, TX). Characterization of this material has been previously des@jed |
Fisher electrolytic iron powder (100 mesh; hereafter abbreviated ama¥I)ised as a
representative granular iron. Reactivity studies were conducted in bufldERES
(Sigma-Aldrich; 99.5%) or MES (Sigma-Aldrich; 99.7%) with sodium chloride (NaC
Aldrich, > 99.0%). Buffer pH was adjusted with hydrochloric acid (Fisher, tracd meta
grade) and sodium hydroxide (NaOH; 97+%; ACS reagent grade). Potassium
hexachloropalladate (V) (6K2Pd, Aldrich, 99%) was used to generate Pd/Fe reductants.
Aqueous solutions were prepared using deionized water (Milipore, Q-Grad 2, whil
SKIEs were measured in systems with deuterium oxid® (Bldrich, 99.9 atom % D).
All solutions were deoxygenated prior to use by sparging with compresdeddt least
1 hr/L. Reactivity studies used 1,1,1,2-tetrachloroethane (1,1,1,2-TeCA; ~99%, Aldrich)
andcis-1,2-dichloroethenec(s-DCE; 97%, Aldrich), with stock solutions prepared in
methanol (certified ACS, Fisher Scientific). Aqueous samples from expetisnvere
extracted and diluted in n-hexane (GC-Resolv, Fisher Scientific). Reageatsn
colorimetric analysis of aqueous Fe(ll) include 1,10-phenanthroline (Aldrich, 99+%)
ammonium acetate (Sigma-Aldrich, 98%), and glacial acetic acid (Fisher, certified

ACS plus).

Pd/Fe synthesis
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Pd/Fe reductants were prepared via displacement plating within an anaerobic
chamber based on procedures modified from previous work [5]. For plating of NZVI
particles, NZVI suspensions (2 g/L) were prepared in deoxygenated, DI water and
sonicated for 30 seconds. Displacement plating was accomplished by addinfi@ spec
volume (between 100 — 7QQ.) of 0.5 mM K;PdC} stock solution prepared in 0.01 N
HCIl to 5 mL of the dispersed NZVI suspension. For plating of ZVI particles, betiwee
50 mg of ZVI were weighed into 20 ml serum bottles (Wheaton) and washed with ~0.1-1
mL of 1 M HCI (keeping a constant ratio of ZVI to acid volume) for 10 minutes while
stirring by hand, followed by two washes with deoxygenated, deionized water.
Displacement plating was accomplished by adding an appropriate volume (1-10 mL
again keeping a constant ratio of ZVI to plating solution volume) of 0.5 Rt &k
stock solution prepared in 0.01 N HCI to the acid-washed and water-rinsed iron. Stock
solutions of Pd were prepared fresh daily.

After addition of Pd, slurries of NZVI or ZVI were mixed vigorously by hand for
5 min, over which time the initially orange supernatant became clear, indiPatitogs
from solution. Mass ratios of Pd to Fe(0) (either as ZVI or NZVI) werearthbased
upon previous work [5, 10] to coincide with complete deposition of Pd from solution to
the Fe(0) particle surface over this timescale. A magnetic stirykgehen used to
collect the Pd/Fe particles on the reactor bottom, the supernatant was degaiped b
so as to minimize loss of Pd/Fe, and a small fraction of the supernatant wasddtec
ICP-MS analysis to confirm complete Pd deposition during plating. Freshly pdepar

Pd/Fe particles were then rinsed twice with deoxygenated, DI water.wdshing,
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Pd/Fe particles were resuspended in an appropriate buffer solution for ussiuityea
studies. As a control for reactivity studies, ZVI and NZVI samples weeepsed in a
similar manner, including the addition of the appropriate volume of 0.01 N HCI free of
Pd, although these simulated plating and washing processes had no observalle effec

their reactivity.

Reactivity toward Chlorinated Solvents

The reactivity of NZVI, 0.05% Pd/NZVI and 0.35% Pd/NZVI, as well as ZVI and
1% Pd/zZVI was examined toward 1,1,1,2-TeCA arsDCE. For Pd/NZVI, a specific
volume of a 2 g/L suspension of freshly prepared particles was added to a nomihal 10 m
vial (Wheaton), the vial was filled with an appropriate buffer until free of Ipsaes and
the vial was then crimp-sealed with a PTFE-lined butyl rubber septa. Bygahg
amount of Pd/NZVI stock suspension initially added to the reactor, diluting with buffer to
a final total volume of 10 mL allowed us to conduct reactivity studies over a cange
reductant solid loadings (@¥, values) from 0.03-0.6 g/L. For Pd/ZVI, we varied the
mass of ZVI plated with Pd and then diluting freshly prepared Pd/ZVI partaxcke$inal
volume of ~9 mL to result ipr, values ranging from 0.6 — 5.7 g/L. For both Pd/NZVI
and Pd/zVI, experiments with variabbg were conducted at a fixed initial concentration
of 175uM. To examine the influence of the initial 1,1,1,2-TeCA concentration on
Pd/NZVI reactivity, a constant volume (4Q) of a 1,1,1,2-TeCA methanolic stock
solution with concentration ranging from 0.45 - 22.1 mM 1,1,1,2-TeCA was added to

reactors with 0.05 g/L Pd/NZVI, producing initial concentrations in the reactor 3 —

141



2000uM. HEPES buffer was utilized for experiments within the pH range of 7 to 8,
whereas MES was utilized in a few studies conducted between pH 5 and 6.5. The buffer
concentration was 25 mM, and 25 mM sodium chloride was used in all solutions to poise
ionic strength.

After construction, all reactors were removed from the glovebox and placed on a
rotator (Cole-Parmer) that mixed the vials end-over-end at 60 RPM. Reactilbbns w
1,1,1,2-TeCA andis-DCE were initiated immediately via addition of methanolic spike
to achieve the initial reactor concentrations listed above. Reactors weredgampl

periodically over time according to the procedures described in chapter 2.

Measurement of Solvent Kinetics Isotope Effects

To measure SKIEs, reactivity studies were conducted in parallel w@haHd
D,0O. Solutions of 25 mM HEPES/NaCl were preparedj@®,using the following
correction [23] to pH meter measurements to account for differences in the i and
scales.

pD = pH meter reading + 0.40 (4-1)

D0 solutions were adjusted to the appropriate pD value using concentrated NaOH
solution, which also was prepared ip SKIEs were measured as a function of Pd
loading on NZVI and ZVI and over a rangemf values. In systems with variabbg
values, initial concentrations of 1,1,1,2-TeCAcxDCE we chosen so that a constant
molar ratio of 0.02 of organohalide oxidant to iron-based reductant was employed in all

systems to avoid any surface site limitations or competition effectmthabccur at
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elevated chlorinated solvent concentrations. The magnitude of SKIEs weratealc
from the reactivity disparity between these two sets otoesgi.e. kond H20)/ kopdD20)/)
that were prepared under otherwise identical conditions (e.g. Pd loading, Ril/€ame

concentration, pH and chlorinated solvent initial concentration).

Pd/NzVI Aging Studies.

Within an anaerobic chamber (97%,18% H,), 2 g/L NZVI and 0.35% Pd/NZVI
were prepared in 25 mM HEPES/NacCl solution at pH 8 and placed in a sealed 10 mL
(Wheaton) vials with 5 mL of headspace. These suspensions were allowed to age for 30
days, mixing each by hand once a day. Periodically during aging, a portion of the
suspension was withdrawn and diluted with fresh buffer preparegrida final
concentration of 0.22 g/L. In parallel, another sample of suspension was diluted to the
samepn, value with buffer prepared in D, such that analysis of 1,1,1,2-TeCA decay
rates in both systems would allow the magnitude of SKIE to be evaluated as@nfohct
reductant particle aging. To avoid any contribution from th@ present in the sample of
the aged stock suspensions used4@ Bystems, care was taken to remove residp@l H
was removed via pipette prior to addition o Reactivity studies with 1,1,1,2-TeCA
were then conducted with aged particles of NZVI and 0.35% Pd/NZVI according to the
aforementioned procedures. We note that in complement to reactivity studies,
transmission electron microscopy (TEM) images were also collémté&t/Fe reductants

during aging.
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Measurement of Fe(ll) Production

For iron-based reductants, aqueous Fe(ll) production was measured as an
indicator of corrosion rate. Freshly prepared and washed reductant paréotes w
suspended in fresh 25 mM HEPES/NaCl solution at pH 8 to achieve a total reductant
concentration of 1 g/L. As Fe(ll) production commenced upon buffer addition, reactors
were placed immediately on a rotator that mixed the vials end-over-end at 60rfdPM a
samples were withdrawn over 15 min via a plastic syringes to measurditieate of

Fe(ll) production. More experimental details are referred in chapter 2.

Analytical Methods

Concentrations of 1,1,1,2-TeCA aad-DCE in samples were determined via gas
chromatography with electron capture detection (GC/ECD). The analytathods for
1,1,1,2-TeCA andis-DCE shared the same column and temperature program, and all
details were presented in chapter 2. Reduction products for 1,1,1,2-TeCA (1,1,-
dichlorethene) ands-DCE (primarily ethane and ethane) were identified and quantified
via headspace analysis and gas chromatography with flame ionizagotiate
(GC/FID). Headspace analysis used an HP-Plot Q column (30m x 0.32 mpms 2
W Scientific) and a temperature program beginning at 50 °C, then incr@asing
30 °C/min to 240 °C before holding for 10 minutes. For product analysis, 2 mL of
agueous sample was withdrawn from the reactor and stored in 20 mL headspace

autosampler vial with magnetic screw cap. Samples were incubated at@®G°@in
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(longer incubation times produced little difference in response), while mixin@maope
gas-water partitioning prior to injection of 30Q gas phase onto the column.
Measurements for dissolved Fe(ll) concentration were according to ttedpre
outlined in chapter 2. The morphology of aged NZVI and 0.35% Pd/NZVI was examined
using transmission electron microscopy. Further details of our TEM amalydisample

preparation are provided in chapter 2.

4.4. Results and Discussion

Influence of Solid Loading on Pd/Fe Reactivity toward 1,1,1,2-TeCA

In all reductant systems, 1,1,1,2-TeCA was transformed to 1,1-DCE, consistent
with reductivep-elimination as the only loss pathway. Loss of 1,1,1,2-TeCA exhibited
exponential decay, witky,s values obtained from the slopes of semi-log plots of 1,1,1,2-
TeCA concentration versus time. Valuekgt for 1,1,1,2-TeCA reduction as a function
of reductant solid loading values) are shown in Figure 4-1 for reductants prepared
with Fisher electrolytic iron (hereafter referred to as ZVI) and iron reatiofes from
Nanostructured and Amorphous Materials (hereafter referred to as NZ2AHIe3/0kps
are shown for both unamended iron (hereafter referred to as Fe(0)) and edlisexhz
(hereafter referred to as Pd/Fe) systems, with 1% Pd (bg)roa ZVI and 0.05% or 0.35%
Pd (by mass) on NZVI.

As expected from previous reports for ZVI [5] and NZVI [8, 24], Pd/Fe was more
reactive than Fe(0) and reactivity increased with Pd loading. However, gmtuce of

REF in Pd/Fe systems varied not only between ZVI and NZVI, but also as a function of
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pm Values. In ZVI systems (Figure 4-18&),s values exhibited a non-linear dependence
0N pm (Kobs o o>} as determined from the slope of kag versus logn, plots, similar

to behavior previously observed with this ZVI batch [21]. Addition of 1% Pd, however,
alters this functional relationship, wikig,s values exhibiting a nearly first-order
dependence opm (Kobs < pm’ 203, as expected for surface reactions.

Unexpectedly in NZVI systemEkgps values were essentially independent of solid
loading &opsoc om0 see also Figure 4-2), whereas addition of 0.05% Pd produced
dependencekfps o« pn™>9 that was statistically equivalent to first-order. Interestingly,
for 0.35% Pd/NZVI, the rate of change fQpsincreased with reductant loading, yielding
a reaction order ip, of 1.6 (£ 0.2), significantly greater from unity.

As a practical consequence of these relationships, the REFs provided by Pd/Fe
depend strongly on the experimenpalvalue. For example, REF for Pd/ZVI relative to
ZV1 ranges from 3 to 10-fold over th®, valuesinvestigated (up to 5.68 g/L), whereas
with Pd/NZVI REFs span from 2- to 300-fold (up to 0.56 g/L). The observed dependence
of REF onpn, values likely explains the majority of scatter that exists in repdierFs
for Pd/Fe.

From a fundamental perspective, the non-linear dependekgg @ o, in Fe(0)
systems suggests some system variable limits reactive surfade argreater extent at
high pom. In contrast, the near first-order dependendegbn pr, values for 1% Pd/ZVI
and 0.05% Pd/NzVI suggest that Pd deposition overcomes this limitation of Fe(0)

systems and makes the reductant surface more uniformly active. Such behavior is
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consistent with Pd deposition producing new sites for 1,1,1,2-TeCA reduction. For 0.35%
Pd/NZzVI, the unique parabolic dependence betwggand o, is consistent with
multiple mechanisms for 1,1,1,2-TeCA reduction, with the relative importancesef the

pathways depending on Pd and Pd/NZVI loadings.

Trends in mass-normalized rate constants for 1,1,1,2-TeCA reduction by

NZVI

For Fe(0)-based reductant systems, mass-normalized rate cofistatsies), as

defined in equations 4-2 and 4-3, are frequently reported.

WA CETN(e 4-2)
= Koos 4-3)
Pm

Values ofk, for 1,1,1,2-TeCA reductiorkf(1,1,1,2-TeCA)]are shown for NZVI, 0.05%
Pd/NzVI and 0.35% Pd/NZVI in Figure 4-3 as a function of the molar ratio of 1,1,1,2-
TeCA to NZVI-based reductant (i.e., [1,1,1,2-TeCA]/[Reductant]). Valuég(&f1,1,2-
TeCA) in Figure 4-3 were calculated using data in Figure 4-1, whenealues in
equation 2 were measured experimentally by vargin@.03 — 0.56 g/L) and holding
the initial concentration of 1,1,1,2-TeCA constant (tk9 (data shown as solid

symbols in Figure 4-3). Alternatively, valueslafwere also calculated usikg,s values
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measured in experimental systems where the initial 1,1,1,2-TeCA concentragion wa
varied (3.5 — 200QM) at a constandy, (0.05 g/L) (data shown as open symbols in
Figure 4-3).

For NZVI, as a consequence of the non-linear dependerngg(@f1,1,2-TeCA)
on pm shown in Figure 4-Xk(1,1,1,2-TeCA) values differed depending on the approach
used to measulgpsvalues. For experiments varyipg but using a constant initial
1,1,1,2-TeCA concentratioky(1,1,1,2-TeCA) decreased as the molar ratio of 1,1,1,2-
TeCA to NZVI decreased (i.&kn(1,1,1,2-TeCA) decreased with increasimg. In
contrastkm(1,1,1,2-TeCA) values from experimental systems with varying 1,1,1,2-TeCA
concentration and constgm were nearly constant over the molar ratios explored.
Consequently, at low 1,1,1,2-TeCA to NZVI molar ratiog1,1,1,2-TeCA) values
varied by a factor of 20 depending on the experimental approach for measuring

kobd1,1,1,2-TeCA) values.
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Figure 4-1. Change in th& _values for 1,1,1,2-TeCA reduction as a function of solid
loading (o values) in systems with (a) ZVI and 1% Pd/ZVI and (b) NZVI, 0.05%

Pd/NzVI1 and 0.35% Pd/NZVI. Reactions were at pH 8 in 25 mM HEPES buffer with
25 mM NaCl. Uncertainties represent 95% confidence intervals from regressi
analyses performed on semi-log plots of 1,1,1,2-TeCA concentration as a function of
time, the slopes of which were used to obtairkthevalues shown. Typical reactor-
to-reactor variability is shown for NZVI, for which data represents kobs véiomes
duplicate experiments.
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Figure 4-2. Change in thé,,{1,1,1,2-TeCA) values over time for NZVI at

pH 6 and 8. The functional relationship betw&gy1,1,1,2-TeCA) ang

is shown, obtained from best fit linear regression ofldgg(versus logém)

plots. A decrease from pH 8 to pH 6 not only increases the rate constant for
1,1,1,2-TeCA transformation, it also increases the linearity of the
relationship betweeky,d1,1,1,2-TeCA) values angl,, consistent with a

more uniformly reactive NZVI surface at lower pH values.
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Figure 4-3. Change in mass-normalized rate constants for 1,1,1,2-TeCA reduction
[k.(1,1,1,2-TeCA) values] as a function of the molar ratio of the initial 1,1,1,2-TeCA

concentration and iron-based reductant in NZVI (red symbols), 0.05% Pd/NZ¥h(gre
symbols) and 0.35% Pd/NZVI (blue symbols) systems. Open symbols represent
k (1,1,1,2-TeCA) values calculated frdq) 5(1,1,2-TeCA) values measured

experimentally by holding the initial concentration of 1,1,1,2-TeCA constant atNl75
while varying the reductant mass loading gorvalue) between 0.03-0.6 g/L. Solid

symbols represeikt (1,1,1,2-TeCA) values calculated frd(gg)s(l,l,Z-TeCA) values
measured experimentally by holding fhevalue constant at 0.05 g/L and varying the

initial 1,1,1,2-TeCA concentration from 3-20QM. All experiments were conducted at
pH 8 in 25 mM HEPES buffer.
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This difference irky(1,1,1,2-TeCA) values indicates that conditions unique to
experimental systems with high, must limit NZVI reactivity. We attribute the
diminished reactivity at higj, to the disproportionate formation of inhibitory corrosion
products in such systems. In closed systems with high NZVI concentrations, golubili
limits for ferrous (Fe(ll)) and ferric (Fe(lll)) iron corrosion productd e achieved
quickly, in turn causing greater accumulation of passive corrosion products on the NZVI
particle surface. This scenario is also likely responsible for the non-telesionship
betweeno, andkgysin granular ZVI systems observed herein (Figure 4-1a) and
elsewhere [25]. In fact, the greater independendg,g¥alues onp, in NZVI systems is
likely due to the orders of magnitude greater corrosion rates reporte@derrttaterials
relative to larger Fe(0) particles [26-28].

Evidence supporting greater NZVI passivation in systems with djghas
obtained by examining the influence of pH on the relationship betkyggmd on.

Figure 4-2 shows thdtns values exhibit a greater, albeit still non-linear, dependence on
NZVI loading at pH 6, at which the solubility of Fe(ll) is orders of magnitudeatgr

than pH 8. This behavior agrees with reports for Fisher electrolytic iron [25]iahwhe
relationship betweekypsfor 1,1,1-trichloroethane reduction apnd became essentially
first-order at low pH. Thus, as pH decreases, the constraint of Fe(ll) sglabitiighon,
values is relieved, slowing corrosion production accumulation on the NZVI surfdce a

in turn producing a more linear, near-first-order dependenkgan pm.
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Trends in mass-normalized rate constants for 1,1,1,2-TeCA reduction
by Pd/NZVI

For 0.05% Pd/NZVI, relatively constak(1,1,1,2-TeCA) values were measured
over the entire range of molar ratios investigated. Moreéwét,1,1,2-TeCA) values in
0.05% Pd/NZVI systems were essentially equivalent whether data wieretedlby
experimentally varying, or initial 1,1,1,2-TeCA concentration. Notably, the agreement
in kn(1,1,1,2-TeCA) values holds even at low [1,1,1,2-TeCA] to [0.05% Pd/NZVI] ratios
wherekn(1,1,1,2-TeCA) values from NZVI systems diverged considerably [e.g., compare
kn(1,1,1,2-TeCA) values for NZVI and 0.05% Pd/NZVI at a molar ratio of 0.02-0.03].

The consistency dé,(1,1,1,2-TeCA) values measured in 0.05% Pd/NZVI
systems suggests that addition of Pd makes the reductant surface lesthéusudipe
passivation mechanisms occurring in highNZVI systems. Because rates of Fe(ll)
production were equivalent in the NZVI and Pd/NZVI systems explored herein (Bigure
4), the extent of insoluble corrosion production formation should be comparable in both
systems. However, the corrosion products appear less effective at pragsha0.05%
Pd/NZVI surface relative to NZVI, at least over the timescales of querarents
exploring the influence g,

Finally, becaus&,ps values increase in a parabolic fashion with respegt, io
0.35% Pd/NZVI systems, valueslaf(1,1,1,2-TeCA) decrease as the molar ratio of
[1,1,1,2-TeCA] to [Pd/NZVI] increases. Valueskp{1,1,1,2-TeCA) were in agreement

regardless of whether initial values of [1,1,1,2-TeCApgewas varied experimentally.
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Consequently, the reactivity of 0.35% Pd/NZVI is greatest with excess Pdahdv
diminished in systems with excess 1,1,1,2-TeCA.

From a practical perspective, Figure 4-3 shows that in systems with roughly
equimolar concentrations of 1,1,1,2-TeCA and NZVI-based redu&tgil,1,2-TeCA)
values are roughly equivalent for all reductants. We acknowledge that under such
conditions, assumptions of the pseudo-first order model used to kfptfinl,1,2-TeCA)
values from which,(1,1,1,2-TeCA) fail, but comparison of 1,1,1,2-TeCA concentration
loss over time (Figure 4-5) clearly reveals equivalent reactivity of Pdildnd NZVI as
the molar ratio of 1,1,1,2-TeCA to reductant approaches unity. Thus, little, if any,
reactivity enhancement is provided by Pd/NZVI when it is not present in excesbld’0ss
explanations for the equivalent reactivity of Pd/NZVI and NZVI could be surfeze si
limitation resulting at such high solvent concentrations, or that Pd/NZV| aadscire
more susceptible to surface passivation in the presence of such high comrenafati

1,1,1,2-TeCA, which represents a relatively strong oxidant.
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Figure 4-4. Change in Fe(ll) production rate for NZVI and 0.35% Pd/NZVI as a
function of o, value. Fe(ll) production rates were determined from the slopes of
best-fit linear regression analyses of Fe(ll) concentration overitirh g/L

suspensions of each material at pH 8. Fe(ll) concentration data were collected ove
the first 15 minutes of NZVI-based reductant dissolution, such that rates reflect
initial rates of Fe(ll) production. Regression analyses typically exsuitbest-fit

linear relationships with Rvalues greater than 0.95. Essentially no difference in
Fe(ll) production rate was observed for any of the NZVI-based reductqitsed

in this work.
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Figure 4-5. Change in normalized 1,1,1,2-TeCA concentration as a function of time in
NZzVI, 0.05% Pd/NzVI, and 0.35% Pd/NZVI suspensions. Data are shown for an initial
1,1,1,2-TeCA concentration of (a) M and (b) 33QuM. All experiments were

conducted at @, value of 0.05 g/L and at pH 8 in 25 mM HEPES/25 mM NacCl solution.
Data are also shown for NZVI-free control reactors, in which small amoutt§,af2-

TeCA loss were observed due to sorption to the septa used to seal reactors. Where a clea
influence of Pd loading on 1,1,1,2-TeCA decay rate is observed in reactors witlyinitial

30 mM 1,1,1,2-TeCA, the reactors with a higher initial concentration exhibit no clear
influence of Pd on the reactivity of NZVI-based reductants toward 1,1,1,2-TeCA.
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Solvent Kinetic Isotope Effects for 1,1,1,2-TeCA Reduction by NZVI
and Pd/NzVI

Figure 4-6 shows plots of In[1,1,1,2-TeCA] versus time in NZVI, 0.05% Pd/NZVI
and 0.35% Pd/NZVI systems i@ and BO at pH 8. Semi-log concentration versus
time plots are shown for two differept, values (0.03 and 0.6 g/L) for each reductant. No
significant SKIE was observed in unamended NZVI systems at.tlralues explored,
with essentially equivalent loss of 1,1,1,2-TeCA over timeJ@ End DO solutions. For
0.05% Pd/NZVI, systems at@, value of 0.03 g/L also did not exhibit an appreciable
SKIE, although at the higher reductant loading of 0.6 g/L a clear readlifféyences
was observed between® and DO systems, resulting in a measured SKIE
[KobdH20)/kond D20)] of 4. For 0.35% Pd/NZVI, both low and high, values produced
obvious SKIEs, but the magnitude of the effect was considerably grealé&r ¢6&20)
at 0.6 g/L relative to 0.03 g/L (SKIE of 2.3).

These SKIE measurements clearly indicate that different procgsses
1,1,1,2-TeCA reduction in NZVI and Pd/NZVI systems. Moreover, the range in
magnitude of SKIEs observed for Pd/NZVI systems as a function of Pd loadipg, and
value support a scenario in which multiple mechanisms or reactive entitidsebre
responsible for 1,1,1,2-TeCA reduction by Pd/NZVI, and that system conditions appear
to influence the relative contribution of these parallel reduction pathways.

Figure 4-7 presents measured values of SKIEs as a function of the corresponding
REF observed in different Pd/NZVI systems. Data are shown for 0.05% and 0.35%

Pd/NzVI reacted over a range of values at pH 8. In Figure 4-7, two distinct regimes
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for SKIEs as a function of REF are observed. The first regime is chéazadtby a
relatively slight rate of increase in SKIE for REFs up to ~100, whiledbersl regime
displays a much steeper rate of increase in SKIE as REFs exceed 100.

We believe the regime of large magnitude of SKEE4) corresponds to
conditions where some form of atomic hydrogen (i.e., adsorbed or absorbed H) is
primarily involved in 1,1,1,2-TeCA reduction. As in Figure 4-5, the largest SKHte
observed at high Pd loadings and highvalues. In closed batch systems, these
conditions promote the formation and accumulation of atomic hydrogen, a product of
iron corrosion and intermediate i Hroduction, at the reductant particle surface. Indeed,
the much smaller to non-existent SKIE values observed at REFs up to almost two order
of magnitude suggests that some other mechanism must also be able to enhaoice rates
1,1,1,2-TeCA reduction by Pd/NZVI under conditions when accumulation of H on the
reductant surface is less favorable (i.e., at low Pd loading ang,Jealues).

We propose that rate enhancement in the lower SKIE regime arises from the
formation of a galvanic couple between deposited Pd and the underlying mezadlic N
particle core. As shown in Figure 4-8, displacement plating produces numerous 3-4 nm
Pd nanoparticles widely distributed on NZVI particles at both 0.5 and 0.35% Pd
concentration. On freshly prepared Pd/NZVI, these Pd nanodeposits represent more ideal
sites for electron transfer to 1,1,1,2-TeCA than surface oxides, which will preakenoin
NZVI particles at pH 8. Thus, their addition to the NZVI surface should enhance 1,1,1,2-
TeCA reduction without the involvement of atomic hydrogen species. A line of eeiden

in support of such a scenario is a relatively strong, first-order coorelagitween
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kobd1,1,1,2-TeCA) values and measured Fe(ll) production rates for Pd/Fe systems wi
the low SKIE value regime (Figure 4-9), behavior that was not observed for NZVI.

This scenario is also analogous to the rate enhancement typics#igved in Fe(0)
systems pretreated via acid-washing or in response to a decrease in snggénboth
of which will thin the surface oxide layer so as to enhance electron transfethizom
metallic Fe(0) core. For sevea), values of NZVI at pH 6, we examined SKIEs as a
function of the rate increase achieved from a decrease in suspension pH from pH 8 to pH
6 (defined as REJr = koodPH 6)KkondpH 8)). Over theny, values investigated, a decrease
from pH 8 to 6 produced as much as a 6-fold increase in reactivity. Notably, however,
SKIEs did not increase significantly above 1, indicated as the dashed lilgeiia &7,
which is comparable to those values observed for Pd/NZVI systems with low Pd and low
Pm Values.

The shiftin 1,1,1,2-TeCA reduction from primarily a galvanic couple promoted
pathway to a reaction with atomic H likely depends on the available mass of Pekto se
as a reservoir for atomic H. The average size of Pd deposits (determineMpwag&
identical for 0.05% and 0.35% Pd/NZVI (Figure 4-8), although the Pd distribution on
0.05% Pd/NZzZVI was generally more heterogeneous (see white arrdwgure 4-8b
where little to no Pd islands were observed for 0.05% Pd/NZVI) relative to more
uniformly coated 0.35% Pd/NZVI particles. Collectively, TEM analgsiggests that the
total of mass of Pd in the system and not the size of individual Pd islands dictates

accumulation of H in Pd/NZVI systems.
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Figure 4-6. Semi-log plots of 1,1,1,2-TeCA concentration versus time for (a) NZVI, (b)
0.05% Pd/NZzVI, and (c) 0.35% Pd/NZVI. Data are shown for experiments conducted in
H,0O and DO solutions, as well as for twe, values (0.03 and 0.5 g/L). All experiments
were conducted at pH 8 using the same molar ratio (0.019 M:M) of initial 1,1,1,2-TeCA
to NZVI-based reductant. Data at eagfvalue are shown on the same y-axis scale for
ease of comparison. Measured SKIEs and REFs are provided for each systéyn, clear
illustrating the lack of solvent isotope effects in NZVI systems and thegase in
magnitude with increasing Pd loading amgvalue.
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Figure 4-7. Correlation between solvent kinetics isotope effegi{H,0)/k.,{D-,0)] and
reactivity enhancement factdof{Pd/Fe)k.p{Fe)] for (a) the reduction of 1,1,1,2-TeCA
and (b) the reduction @is-DCE (note that data for 1,1,1,2-TeCA are also shown for
comparison). Data presented were collected at diffgrgmtlues in a variety of Fe(0)
and Pd/Fe based reductant systems, as indicated in the key. The majority ofrelata we
collected at pH 8, although in panel (a) data for NZVI are also presentadstoaiik the
SKIE achieved with a the rate increase associated with a changpHr@&no pH 6 (open
circles in green). For this data collected at pH 6, the magnitude of ratecentent
(shown on the x-axis) was by normalizing #3e(1,1,1,2-TeCA) value at pH 6 to the
corresponding value measured in an otherwise identical pH 8 suspension.
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Figure 4-8. Representative TEM images of (a) NZVI, (b) 0.05% Pd/NzVI, and (c) 0.35%
Pd/NZVI. Images are shown for freshly prepared NZVI and Pd/NZVI redts(left

panel) as well as after 40 days of aging in 2 g/L suspensions at pH 8. The pd of age
suspensions was maintained with 25 mM HEPES buffer prepared in 25 mM NacCl.
Arrows for freshly prepared 0.05% Pd/NZVI indicate regions on the particlecsurfa
where surface deposits of Pd were not evident, supporting a more heterogeneous
distribution at lower Pd loadings. Notably, the diameter of Pd depdsitsétermined

from sizing of at least 100 particles with TEM) was equivalent for both 0.05 and 0.35%

Pd/NZVI patrticles.
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Figure4-9. Plot ofk,,{1,1,1,2-TeCA) as a function of Fe(ll) production rate for NZVI
and 0.35% Pd/NzVI shown on (a) linear and (b) logarithmic scales. Values of
kond1,1,1,2-TeCA) and Fe(ll) production rate were measured at pH 8 over a ramge of
values from 0.03-0.7 g/L, for which only the subset of data (from 0.03-0.15 g/L)
producing a linear, first-order relationship between these variables foZYdaxe

shown. The correlation betwekgd1,1,1,2-TeCA) and Fe(ll) production rate at |pw
values is consistent with a mechanism for rate enhancement of 1,1,1,2-TeCi#oreduc
involving formation of a galvanic cell between deposited Pd and Fe(0) in the NZVI
particle core.
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Figure 4-10. Concentration profiles for 1,1,1,2-TeCA decay and formation of 1,1-
dichloroethylene (1,1-DCE), the only reduction production observed from 1,1,1,2-TeCA
transformation in both Fe(0) and Pd/Fe systems. Concentration data for 1,1,1,2-TeCA
and 1,1-DCE are shown for (a) NZVI and (b) 0.35% Pd/NZVI at pH 8 angvalue of

0.22 g/L. Also shown are carbon mass balances over time in these systems, wich wer
generally greater than 95% for experiments conducted herein. Thus, 1,1,1,2-TeCA
transformation occurred entirely by reductBelimination in all reductant systems,
regardless of the presence of Pd on the Fe(0) particle surface.
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Finally, we note that despite strong evidence for multiple mechanism for 1,1,1,2-
TeCA reduction in Pd/NZVI systems, there was no observable change in reduction
product formation. Reduction of 1,1,1,2-TeCA vyielded 1,1-dichloroethene via
reductivep-elimination in NZVI and all Pd/NZVI systems (Figure 4-10). The only
difference for Pd/NZVI was that 1,1-DCE was then rapidly degraded tnestira

ethylene, which was not observed in unamended NZVI systems.

Solvent Kinetic Isotope Effects for cis-DCE Reduction by NZVI and Pd/NZVI

For cissDCE reduction by NZVI, a solvent isotope was observed but was not
guantifiable. As shown in Figure 4-11 for a 0.6 g/L NZVI suspensitDCE decay
was observed in ¥, but thecis-DCE loss in RO was equivalent to that observed in
NZVI-free controls, in which modest loss@§-DCE (~ 1% per h) occurred via sorption
onto septa used to seal our reactors (Figure 4-11). This observation is in contrast to
1,1,1,2-TeCA, for which SKIEs were not observed during reduction by NZVI.

In Pd/NZVI systems, significant SKIEs were observedcistDCE reduction. As
with 1,1,1,2-TeCA, SKIEs were not constant, but rather increased with increasing Pd
loading and Pd/NZVI concentration (Figure 4-12). Using inkig{cis-DCE) values
measured in NZVI systems (the first 60 minutes of decay as shown in Figure 4-11),
measured SKIE values fors-DCE reduction by Pd/NZVI were also evaluated as a
function of the REF achieved with Pd/NZVI relative to unamended NZVI. Figure 4-7b

shows that SKIE values fars-DCE as a function of REF agree well with the trends

165



observed for 1,1,1,2-TeCA, with low SKIEs corresponding to relatively low RidFs a
SKIE values increasing rapidly as REFs exceed 100.

The general agreement in SKIE data as a function of REF for 1,1,1,2-TeCA and
cis-DCE suggests that the same reduction mechanisms are operative for both compounds;
as previously hypothesized, low SKIEs likely corresponcd¢®CE reduction primarily
via galvanic electron transfer through Pd from Fe(0), whereas largBis@ié consistent
with atomic hydrogen as the primary reductantcfetDCE. However, measured SKIE
values at a specific Pd loading amglvalue were consistently considerably greater for
cis-DCE than 1,1,1,2-TeCA. For example, in 0.5 g/L suspensions of 0.35% Pd/NZVI,
SKIE values for 1,1,1,2-TeCA anmik-DCE are 20 and 400 respectively. Thus, in
otherwise identical experimental systems, in which we assume equal catioasatof
surface associated atomic hydrogen are availail#CE appears most prone to
reduction. This could simply reflect a greater affinity for atomic bgdn reaction at a
sp? hybridized carbon center arising from théond ofcis-DCE relative to the fully

saturated sphybridized carbon center on 1,1,1,2-TeCA.

Solvent Kinetic Isotope Effects in ZVI Systems

For comparison to NZVI-based reductants, a limited number of experiments
explored SKIEs for 1,1,1,2-TeCA awts-DCE reduction in ZVI and Pd/ZVI systems.
For 1,1,1,2-TeCA reduction by ZVI, equivalent rates of 1,1,1,2-TeCA decay were
observed in KO and DO systems (Figure 4-13a), consistent with results for NZVI.

Values of SKIE were also measured for 1% Pd/zZVI, which enhanced 1,1,1,2-TeCA
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reduction by roughly 10-fold (an REF comparable to that reported by Cwatrahy{10]
for Pd/ZVI toward 1,1,1-TCA, also an alkyl polyhalide). In 1% Pd/ZVI systengu(Ei
4-13b), an essentially negligible SKIE of 1.6 was observed, in good agreement with
trends in SKIE as a function of REF developed for Pd/NZVI systems (Figtag 4-
Unlike Pd/NZVI suspensions, however, Cwierstyl. [10] showed that this 10-fold
REF for alkyl polyhalide reduction represents a maximum for this partiedlaV |
formulation. Thus, Pd/ZVI reactivity toward 1,1,1,2-TeCA appears constrained ltoathe
SKIE regime in Figure 4-7a, consistent with atomic hydrogen playiagsaitportant
role in ZVI suspensions relative to NZVI systems.

As reported previously [10], the rate@$DCE reduction by this lot of Fisher
electrolytic iron was too slow to furnish a measurable rate constant, thus B&i&sot
measurable in ZVI suspensions. However, in systems with 1% PdiZsADCE was
rapidly degraded, exhibiting a half-life of 6 minutes. Using estin@tdse rate constant
for cissDCE reduction by ZVI described by Cwiertatyal. [10], this corresponds to a
REF of at least 3000, a value far exceeding the REF for 1% Pd/ZVI reductigh bP-
TeCA and any REFs previously reported herein for 1,1,1,2-Te@S-®CE reduction
by Pd/NZVI. Despite this large REF, a relatively small SKIE of 5.3 waasured via
comparison otis-DCE decay in KO and DO suspensions (Figure 4-14). In Figure 4-7b,
this SKIE and REF value deviate considerably from the trend developed for NZ&t-ba
reductants, suggesting different molecular-level processes gosdd&E reduction in
NZVI- and ZVI-based reductant systems, although the same reduction preadboatee(

and ethane) were observed in each case. Based on trends in SKIE values, it agtpears th
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reduction ofcis-DCE by Pd/ZVI proceeds primarily via appears via a pathway that does
not include atomic hydrogen. Although the mechanistic detaild$adCE in Pd/ZVI
and Pd/NZVI suspensions are not yet entirely clear, distinct ratexdetieg steps must

governcis-DCE reduction in each system.

5.3

(O N2ZVI-free Control
@ NzvID,0
@ NzVIH,0
5.2

Slope = 1.6 x 10 min-!
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Figure 4-11. Plots of IncissDCE concentration as a function of time in NZVI suspensions,0f H
and DO. Experiments were conducted at 0.6 g/L NZVI with initiglDCE concentration of 176
uM in 25 mM HEPES/25 mM NacCl solutions at pH 8. Data are also shown for &8/

control system, in which a modest amount of loss (~1% by mass per h) was dloserve
sorption to septa. Loss afs-DCE in NZVI H,O systems was significant (an order of magnitude
greater than loss in controls based on slopes obtained from linear myessayses). However,
loss ofcis-DCE in NZVI D,O systems was equivalent to controls. The observation of a solvent
kinetic isotope effect foris-DCE reduction by NZVI is in contrast to results for 1,1,1,2-TeCA,
for which a lack of SKIE was observed via reduction by NZVI in identical raxpatal systems.
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Figure 4-12. Semi-log plots otis-DCE concentration versus time for (a) 0.05%
Pd/NzVI and (b) 0.35% Pd/NZVI. Data are shown for experiments conductegDin H
and DO solutions, as well as for tw®, values (0.03 and 0.5 g/L). All experiments were
conducted at pH 8 using the same molar ratio (0.018 M : M) of inis®)CE to NZVI-
based reductant. Data at eaglvalue are shown on the same y-axis scale for ease of
comparison. Measured SKIEs and REFs are provided for each system, tlesdrating
the increase in SKIE magnitude with increasing Pd loadingranélue.

169



a) ZVI b) 1% Pd/ZVI

200 200

k(H-0)/k({D-0) = 0.8 k(H,O)k(D,O)=1.6

@ H,0
@ b0
0 T T T T T T

0 10 20 30 40 0 5 10 15 20 25 30

[1,1,1,2-TeCA] (uM)

Time (min) Time (min)

Figure 4-13. Change inl1,1,1,2-TeCA concentration as a function of time in suspensions
of (a) ZVI and (b) 1% Pd/ZVI. Reactions were conducted in 5.7 g/L suspensionseprepar
at pH 8 in HO and DBO. Experiments used an initial 1,1,1,2-TeCA concentration of 176
pM.
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Figure 4-14. Natural log ofcis-DCE concentration as a function of time for 1% Pd/ZVI
prepared in KO and DO suspensions of 5.7 g/L. Experiments used an initial
concentration ofcis-DCE at 175uM at pH 8 (25 mM HEPES/25 mM NacCl).
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4. 5. Implications for Pd/NZVI Applications

Our results support multiple mechanisms for chlorinated solvent reduction, either
involving direct electron transfer or via reaction with atomic hydrogen, oogun
Pd/NZVI systems. To evaluate if the relative importance of these megisaei®lves
over time during Pd/NZVI application, we measured SKIEs for NZVI and 0.35%
Pd/NZVI particles aged for up to one month at pH 8. As shown in Figure 4-15, the
reactivity of 0.35% Pd/NZVI, measured in botBkHand DO solutions, decreased nearly
50-fold over two weeks and then remained essentially constant for the remairiaer of t
month long aging study. In contrast, the reactivity of bare NZVI, while lyitiar less
than 0.35% Pd/NZVI, exhibited only modest amounts of reactivity loss over 30 days.

As anticipated from eatrlier results, negligible SKIEs were observed i NZ
systems over the duration of aging. In contrast, significanESkKiere measured in 0.35%
Pd/NZVI systems during the first 10 days of aging, but the magnitude of SKIE sledrea
over time, ultimately approaching the magnitude of SKIEs observed in NZ\énsyst
Notably, the decrease in SKIE for Pd/NZVI coincides with the timMesaa greatest
reactivity loss.

If we use measured SKIEs to assess the dominant mechanism of 1,1,1,2-TeCA
transformation, atomic hydrogen species only appear to be active inVAdii)stems on
the order of one or two weeks. The concomitant decrease in reactivity and SKIEs ove
this time likely arises from the growth of surface oxides on the reductdatetinat
bury deposited Pd and in turn limit the production, accumulation and access to solution of

atomic hydrogen at the Pd surface. Such a scenario is supported by TEM imguges (Fi
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4-8); although aged 0.35% Pd/NZVI maintained greater reactivity than aget thgV

Pd deposits initially visible on the NZVI surface were no longer apparenéafays of
aging, coated by oxides that accumulated on the reductant surfadar@eAccordingly,

the long-term reactivity of 0.35% Pd/NZVI1 is likely derived from an enhandecdfa

electron transfer from the underlying metallic iron core to the oxide-solutierface of

the aged patrticles. Electron transfer from Fe(0) through a conductiveesaxide is also

the most probable mechanism responsible for 1,1,1,2-TeCA reduction in aged NZVI
systems, consistent with the negligible SKIE measured over the duration dfalyifg.

A schematic of the proposed mechanism and aging pathways as a function of Pd loading
is shown in Figure 4-16.

Consequently, during application of Pd/NZVI, multiple mechanisms for
chlorinated solvent transformation in are potentially at play, and the nature of the
reductant particle (e.g., Pd loading), the type of pollutant target (e.g. valisyls vinyl
polyhalide) and characteristics of the subsurface treatment systedzZ{Rd/
concentration) will dictate the relative importance of each mechaRkigm a practical
perspective, the mechanism involving atomic H is most desirable, as it coinlddise
greatest rates of pollutant transformation. Participation of atomic gdraill be
favored at early timescales in treatment systems utilizing redsatatht high Pd
loadings and very high Pd/NZVI subsurface concentrations such that excessntaducta
present within the treatment zone. All indications herein also support atomic Hiforma
only occurs extensively in NZVI-based Pd/Fe systems and not for unpalladizedoNZVI1

larger ZVI particle sizes. The role of atomic H is prominent in NZVI sgstpresumably
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due to the enhanced rates of corrosion exhibited by these materials relageto |
commercially available iron particles.

However, many of our results raise questions as to the valuere# Bgplications.
It is noteworthy that in order to achieve the best performance of Pd/NZ\@nsyst
attributes long thought to be disadvantageous from the standpoint of economics (e.qg.,
high Pd loading and highy, values will produce high material costs) must be embraced.
Further, our results show that at high solvent to reductant ratios, which would be typical
of most saturated contaminant plumes, there is little reactivity differlestveen
Pd/NzVI and NZVI, potentially indicating surface site limitation in PAXN systems
that may negate any benefit of their use. A final point of concern relateaddions
required for atomic H formation. All results presented herein were conduatkxsau
batch systems, which allow Fe(0) corrosion products such as atomic or molecular
hydrogen to accumulate. During field scale applications, it remains &ebdfdevels of
atomic hydrogen needed to attain optimal reactivity can be achieved in naraidy
flow-through, open systems that might alter the driving force for H accuorulan or
within Pd. Thus, while the results herein shed new light on the mechanisms driving
contaminant transformation at palladized-iron surfaces, future efforts nmenhdeate
that the favorable Pd/Fe reactivity achievable in the laboratory is td&wadie in the
field. To date, the limited availability of data from Pd/NZVI field4ecastallations

precludes such an analysis.
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Figure 4-15. Change in thé&ysvalues for 1,1,1,2-TeCA reduction over time for bare
NZVI (blue data) and 0.35% Pd/NZVI (red data) in the presence®f(kblid symbols)
and DO (open symbols) during anaerobic aging. Measured solvent kinetic isotope
effects as a function of time are provided for Pd/NZVI (red numbers) and NA4 (bl
numbers). Suspensions of 2 g/L were aged over one month in pH 8 solution. The
reactivity of aged NZVI-based reductants was measured periodicalpy-ataue of 0.22

g/L and an initial 1,1,1,2,-TeCA concentration ofyM at pH 8. All solutions were
prepared in 25 mM HEPEs and 25 mM NacCl.
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Figure 4-16. Schematic of the dominant reaction pathway responsible for organohalide
(RX) reduction in Pd/NZVI systems. (a) At relatively low Pd loadings andd,, values,
deposits of Pd represent more favorable sites for electron transfererédatine passive

iron oxide film typically coating the NZVI particle surface, therebympoting RX

reduction via the galvanic flow of electrons from the underlying Fe(0) to tiselBtion
interface. Over time, growth of passive iron oxide covers the Pd islands, ujimatel
inhibiting RX reduction. (b) At high Pd loadings and hjghvalues, sufficient Pd exists

to serve as a reservoir for accumulation of atomic hydrogen, which représeptsnary
reactive entity under these conditions. During aging, growth of the passivexide

begins to limit the accessibility of Pd to the solution interface, in turn slowing the
production and storage of atomic hydrogen. Aging studies revealed thatitgatt
Pd/NZVI was greater than NZVI over the entire duration of aging. Wéuatttrithe
enhanced reactivity of Pd/NZVI over longer timescales (i.e., > 2 weeks) ¢altrenic
corrosion mechanism postulated in (a), where the small amounts of Pd left exposed to
solution represent more ideal sites for electron transfer than the surfaeelutkening

iron oxide film.
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5. Hybrid hematite/multi-walled carbon nanotube (a-
Fe,O3z/MWCNT) nanostructures as sorbents for Cu(ll)
and Cr(VI)

5.1. Abstract

Major hurdles in the application of nanomaterials for water treatment include loss
of reactive surface area from particle aggregation and the developmenticéiaqpl
platforms that limit the potential release of nanomaterials into thiedreaater supply.
Here, we develop a novel class of hybrid nanostructures through the growth atdhemat
(a-Fe03) nanopatrticles, which are recognized sorbents for heavy metals, on multi-
walled carbon nanotubes (MWCNTSs). The hybrid nanostructures were synthesized via
the hydrolysis of ferric nitrate in the presence of carboxylated MWCai& their
activity as sorbents toward Cu(ll) and chromate (£j@vas examined as a function of
pH (i.e., pH edge experiments) and initial metal concentratian gdsorption isotherms).
Characterization afi-Fe;Os/MWCNT nanostructures revealed that the amount (0.07 and
0.5 g/ga-Fe0Os/MWCNT) and size [5.9 (+ 1.1) and 8.9 (= 1.5) nm, respectively] of
hematite nanoparticles immobilized on MWCNT surfaces were tunable dyntigesis.
Generally, mass normalized concentrations of adsorbed Cu(ll) and @e®e greatest
for a-Fe&Os/MWCNT relative to adsorption on either MWCNTSs or freely suspengded
Fe,Oz; nanoparticlesThe enhanced sorption capacity of the hybrid nanostructures is due,
at least in part, to their greater available surface area of MW@MTobilizeda-Fe,03

when compared to extensively aggregatefe,O; hanoparticles in suspension.
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Differences in the pH-dependent trends of Cu(ll) and.£n@take oru-
FeOs/MWCNT nanostructures also suggest that the immobikiz&&,0; nanoparticles
exhibit unique and enhanced surface reactivity relative to their freely suspended

nanoparticle analogues.

5.2. Introduction

Since their discovery by lijima [1], carbon nanotubes (CNTs) have received
considerable research focus because of their unique properties includitggtine
mechanical strength [2], large external specific surface areanfBElactrical and
thermal superconductivity [4]. CNTs consist of one or more graphene shesdsmtdl a
cylinder with a nanoscale diameter that is several microns in length [5].cBhegxist as
single-wall (SWNT), double-wall or multi-wall (MWNT) varieties depamg on their
number of graphene layers. Their unique morphological, mechanical, physicochemical
and electrical properties have led to their extensive industrial afpmtiGss sorbents [6-8],
catalyst supports [9], construction materials [10], and in drug delivery fitli$ensor
development [12].

As sorbents, CNTs are gaining popularity. Previous bench-scale experiments have
demonstrated their superior sorption capacity toward gases (e.g., hydrogen {hd@heme
[14], argon [14] and xenon [14], N@L5] and CO [15]) and aqueous phase organohalides
(e.g., trihalomethane [16] and dioxin [17]) and metals (e.g., Pb(ll) [18],)d8])I
Am(l11) [19], Ni(ll) [20], Zn(ll) [21] and Cu(ll) [6]). For metals, in partidar, CNTs

represent promising sorbents because oxygen-containing surface funati®aalted to
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promote their aqueous solubility and dispersivity also represent sites for meta
complexation. However, their application is likely limited to cationic mspakies only,
as most of these oxygen containing surface moieties will be negativelydrarer the
range of environmentally relevant pH values [22, 23], and thus adsorption of anionic
species will be limited by unfavorable electrostatic interactions.

Iron oxides are recognized sorbents for both cationic and anionic metal species,
and they too are growing in popularity as nanoscale adsorbents [24-29]. Nanoparticles of
iron oxides such as hematite-Fe03) and goethiteq-FeOOH) are ideal sorbents
because they possess large surface area-to-volume ratios, arelyetaisy and
inexpensive to synthesize, and, as earth abundant materials [30], poseditti@thr
adverse environmental impacts. The application of iron oxide nanoparticles as sorbents
may be hindered, however, by their limited stability in suspension [31], wéscits in
extensive aggregation that consumes reactive surface area [32, 33]. One approach t
overcome the limitations of nanoparticle aggregation is to immobilize the irde oxi
nanoparticles on a support structure, thereby preventing nanoparticle-natepartic
interactions. Examples of support materials previously employed for varamssos iron
oxides include activated carbon [34], clay patrticles [35] and sand [29].

Multi-walled carbon nanotubes (MWCNTS) represent a promising new support
material for iron oxide nanoparticle sorbents. CNTs have been successfulédagmpli
nanoparticle supports in catalysis [36-39] and numerous methods are availdhée f
synthesis of CNTs decorated with metal and metal oxide nanoparticles [40-47@fmos

which are tunable for systematic variation of the distribution and sithes afanoparticles
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deposited on the CNT surface. To date, the most common iron oxide immobilized on
CNT surfaces is magnetite @&&) [48-51] because of its magnetic nature, which may
enable CNT recovery via collection in a magnetic field. Notably, some stualies
focused on the application of &£&/CNT hybrid nanostructures as sorbents [48, 52, 53],
although these studies have failed to establish if CNT-immobilizgd,FFanoparticles
hold any clear advantage as sorbents relative to the individual components from which
they are constructed. FurtherzBg may be a poor choice of sorbent material for water
treatment, as it is also redox active and therefore unstable in the preEerggen.
Nevertheless, hybrid CNTs prepared with more traditional iron oxide sorbentsssuch a
hematite or goethite have not been investigated.

In this study, we prepare MWCNTs decorated with hemaitee,03)
nanoparticles and demonstrate the application of these hybrid nanostructaréeais s
for metals in water. Hybrid-FeO3/MWCNT nanostructures were prepared via the
forced hydrolysis of a ferric nitrate precursor solution in the presencedtzedi(i.e.,
carboxylated) MWCNTSs. The synthesis products were extensivelgatkared to
examine how the amount and sizenelFe,0O; nanoparticles on the MWCNT surface
could be tuned during synthesis. Subsequently, the activity of these hybrid nancesruct
as sorbents for Cu(ll) and chromate (GfDwas examined as a function of suspension
pH (i.e., pH edge) and metal concentration (i.e., adsorption isotherm). A key objective of
this work was to determine if the F&O3s/MWCNT hybrid nanostructures exhibited
unique and different reactivity from the sum of their individual nanomaterial components

(i.e., suspensions of MWCNT andFe,0O3; nanoparticles).
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5.3. Experimental Section

Reagents

MWCNTSs synthesized by chemical vapor deposition (CVD) were acqinoed
CheapTubes.com. These MWCNTSs have a vendor-reported purity of >95%, with an outer
diameter (OD) of less than 8 nm, an inner diameter (ID) of 2-5 nm, a lengtk36fiA,
and a specific surface area of 508gnFerric nitrate nonahydrate (Fisher; 100%) was
used as an iron precursor in the synthesis of hematite nanoparticles and heraigite-c
MWCNTSs. Adsorption experiments were conducted with hexavalent chromium [Cr(VI)
prepared from potassium chromate@O,; Fisher; reagent grade) and copper(ll)
chloride dihydrate (CuGlH,O; Acros Organics; 98%). Reagents used for,£rO
colorimetric analysis included diphenyl carbazide (Fisher; Certifié& grade) and
sulfuric acid (HSQ,, Acros Organics; 95-98%). Zincon monosodium salt (Fluka
Analytical) was utilized for measurement of aqueous Cu(ll) concentr&aarimetric
analysis of aqueous Fe(lll) utilized 1,10-phenanthroline (Aldrich, 99+%), ammonium
acetate (Sigma-Aldrich; >98%), hydroxylamine hydrochloride (Stgtaaich; 99%) and
glacial acetic acid (Fisher; ACS grade). Sodium chloride (NaCl; A@§ant>99.0%)
was used to poise ionic strength and all solutions were prepared in deionized water
(Milipore, Q-Grad 2). Solution pH was adjusted via hydrochloric acid (Fislaee metal

grade) and sodium hydroxide (NaOH; 97+%; ACS reagent grade).

Oxidation of MWCNTSs
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As received MWCNTSs were treated prior to use with concentrated (FAOD)
according to established protocols [54, 55]. Briefly, 100 mg of as received M\W@&BIT
dispersed in 250 mL of 70% HN@nd sonicated for 1 h. The dispersed suspension was
then refluxed for 1.5 h at 14Q@ in a temperature controlled oil bath while stirring. After
cooling overnight, the acid-treated tubes were then collected oruanirocellulose
filter and washed extensively with deionized water until the wash solutionectaéh5.
Washed MWCNTSs were then dried at®Dovernight and ground via mortar and pestle
prior to suspending in DI water at a final concentration of 1 g/L. Suspensions were the

sonicated for 20 h to promote oxidized MWCNT dispersion prior to use in synthesis.

Preparation of hematite nanoparticles

Hematite nanoparticles were synthesized according to “Method 4” in
Schwertmann and Cornell [56]. Adapted from the work of Sorum [57], this approach is
known to produce unidimensional crystals with diameters between 7-10 nm. Briefly, 60
mL of 1 M ferric nitrate solution was added drop-wise via peristaltic punig ¢feD.5
mL/min) into 750 mL of boiling water that was well-mixed with a magnetrcest At
early stages of ferric nitrate addition, the boiling water was red in batdransparent.
Eventually the solution thickened to form a suspension with red particles. Afteofie dr
wise addition was completed, the nanoparticle suspension was removed from the hot
plate and allowed to cool overnight. Once cool, the suspension was loaded into dialysis
tubing (MWCO of 3500) and dialyzed against DI water, with the DI water being

exchanged 3-4 times a day over a period of 4 days. After dialysis, the suspension was
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dried in air via partitioning suspension aliquots into several plastic weogits. After
drying, the particles were ground with mortar and pestle and passed througha 53

sieve.

Synthesis of MWCNTSs decorated with hematite nanoparticles

2 mL of 1 g/L oxidized MWNTSs were added to 40 mL of boiling water that was
well mixed with a magnetic stir bar and stir plate. After stiyior 5 minutes, either 0.8
or 3.2 mL of 0.016 M Fe(N¢); was added drop wise to the boiling mixture. These
volumes of ferric nitrate were selected based upon their mass relatieestiatting mass
of MWCNTSs; assuming complete conversiorutde,03, these conditions would produce
final mass ratios ofi-Fe,03; to MWCNT of 0.5:1 and 2:1, respectively. The mixture was
stirred for an additional 10 min. The mixture was allowed to sit overnight prior to
separation of the solids via centrifugation, followed by several washesl@rinized
water to remove any residual aqueous Fe(lll) or Fe(lll) oxide partceassociated
with the MWCNT surface. Finally, the washed material was resuspended iro2DiL
water to produce a 1 g/L suspension based on the available MWCNT mass, which was

used as concentrated stock suspension in subsequent adsorption experiments.

Quantifying total iron mass deposited on MWNTs
The total mass of iron deposited on MWCNTSs was determined via acid digestion
of a-Fe0s-MWCNT hybrid nanostructures. For acid digestion, 1 mL of a 0.5 g/L

suspension (based on available MWCNT mass) of hybrid nanostructures wasrgdnsfe
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to a 2 mL microcentrifuge tube, centrifuged at 10000 RPM for 10 min, and the
supernatant was removed via pipette and discarded. To the solids residual in the
centrifuge tube, 1 mL of 5 N HCl was added and the acidified tubes were allowiéd t

for 24 hr, over which time the deposited oxide was solubilized. Longer dissolution times
(e.g., 48 h) produced identical results. After 24 h, centrifugation was used to sé¢parat
MWCNTSs from the acidified solution containing dissolved ferric iron. An aliquaiOof

uL was taken and diluted into 1 mL of DI water and immediately analyzedtédr t

dissolved iron via the colorimetric methods described below.

Adsorption experiments

Adsorption experiments with nanomaterials were conducted with a model metal
cation, Cu(ll), and an model metal anion, Cr(VI1) as chromate £gr®oth of which are
regulated by EPA in drinking water [58]. For all nanomaterials, Cu(ll) and’CrO
sorption was examined as a function of initial metal concentratmngorption isotherm)
and as a function of the suspension pH (i.e., pH edge experiment).

For sorption experiments with Cu(ll), sorption isotherms and pH edge
experiments with freely suspended hematite nanoparticles used a solid loaglthgrof
0.05 or 0.1 g/L. For MWCNT-based sorbents (i.e., oxidized MWCNT and hgbrid
Fe,0O;-MWCNT nanostructures), sorption experiments used a solid loading of 0.05 or 0.1
g/L based upon available MWCNT mass.

For Cu(ll), pH edge experiments were collected over the range from pH 3to 7

with an initial Cu(ll) concentration of 80M (5.1 mg/L). This concentration of Cu(ll)
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represented the maximum value that was stable at pH 7 in homogeneous controls
conducted in the absence of nanomaterial sorbents; at higher concentrations and pH
values, loss of Cu(ll) over time was observed in sorbent-free controls cohgigtethe
precipitation of copper hydroxide. Sorption isotherm experiments were condtuptéda
with initial Cu(ll) concentrations ranging from 5 to 108 (0.3-6.4 mg/L), with all
sorbent-free controls exhibiting stable Cu(ll) concentration over time.

Sorption experiments were conducted in solutions of 25 mM NaCl and without
any pH buffer, with all pH control achieved through the addition of weak acid @1Cl)
base (NaOH) to achieve and maintain the desired pH value. For experintarizii),
a small volume (between 5-2pQ) of a10 mM CuCistock solution prepared in pH 3 DI
water was delivered via pipet to 10 mL of pH-adjusted 25 mM NaCl to produce the
desired initial Cu(ll) concentration. The initial Cu(ll) concentmativas then measured
and an aliquot of sorbent stock suspension was added subsequently to the Cu(ll) solution
to initiate the sorption experiment. After sorbent delivery, the suspension$H wa
measured again, and, if necessary, adjusted immediately to the desiredealngiél
pH + 0.1 unit). The pH value was also measured at the end of the sorption experiment (1
h). Typically, the pH was relatively constant over the duration of the sorption reveperi
(within = 0.2 pH units of the initial value). On a few occasions, larger pH drifts were
observed. In these instances, reported pH values represent the averagdiofahes
measured at the start and end of the adsorption experiment, and the standaom deviat

presented as a measure of the uncertainty associated with the ghistem
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Sorption experiments were conducted in 20 mL vials that were crimp-sealed with
grey butyl rubber septum coated with PTFE. Once assembled, these vigidageczon
an apparatus that mixed the reactors end-over-end at 60 RPM for 1 h, which was
sufficient for sorption equilibrium to be achieved. After 1 h, the vials were remowed f
the rotator and 1 mL of suspension was withdrawn for analysis. To remove the solid
phasesamples were passed through @2 syringe-driven filters (PTFE). All samples
were analyzed via the colorimetric methods described below, and the amount ofc&dsorbe
metal was determined via mass balance from the difference betweaitidily i
measured metal concentration and the dissolved phase concentration measured at
equilibrium.

Sorption experiments with Cs® were conducted in a similar fashion, using the
same sorbent loadings as in experiments with Cu(ll). These experimedts s®ck
solution of 10 mM of Cr(VI) prepared from potassium chromate in DI water. pH edge
experiments were collected over the pH range from 2 to 10 at an initigl CrO
concentration at 1pM (1.7 mg/L). Sorption isotherms were collected at pH 2 and pH 6
at initial CrQ? concentrations ranging from 5 to 2081 (0.6-23 mg/L). Other

experimental details are as previously described for sorption experimémSwyil).

Materials characterization
Nitric acid treated MWCNTSs were characterized with X-ray photoaactr
spectroscopy [54, 55] to determine total surface oxygen content and the fractitad of t

oxygen content attributable to specific oxygen-containing surface dmadties. The
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morphology of MWCNTsa-Fe,O3 nanopatrticles, and hybrigdFe&Os/MWCNT
nanostructures was examined via transmission electron microscopy (TENeé&ifdi 12

G2 equipped with a LaB6 electron gun) operated at 120 kV. Prior to characterization,
agueous samples of nanomaterial suspensions were centrifuged to sepadditésthe s

from the supernatant and then resuspended in methanol. This procedure limited
interference from NaCl originally present in suspension during TEM imagorgsample
preparation, a drop of diluted nanomaterial suspension was dried on a carbon-coated Cu
grid (300 mesh). Higher resolution TEM images with electron energy losscguapy

were conducted using a JEOL JEM-2100F field emission microscope operating at 200 k
High contrast imaging was performed using a HAADF detector and a 0.2 nnorlec

probe operating in scanning mode (STEM). Images were acquired using aatisner
available Digital Micrograph software.

Nanomaterial suspensions were characterized via measurements of eetialpot
collected over pH values ranging from 2 to 9. Suspensions of each hanomaterial (i.e
hematite, MWCNT and hybrid hematite-MWCNT nanostructures with differediriga
of deposited iron) were prepared via dilution to produce an absorbarce4ét nm
between 0.3 to 0.35. These suspensions were allowed to equilibrate overnight prior to
zeta potential analysis so as to produce steady-state conditions in the suspensi
Approximately 1.5 mL of well-mixed suspension was then transferred to a 3 mL
microcuvette for analysis using a ZetaPals zeta potential anaBoakhaven

Instruments Corporation, Holtsville, NY).
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Nanomaterial suspension stability was also examined via measurement of
sedimentation rates. Suspensions of each nanomaterial were prepared at pH 6.0 in 25 mM
NaCl. A portion of the suspensions was transferred to a quartz microcuvette with 1 cm
pathlength, and the change in suspension absorbahed 840 nm was measured over
one hour. For suspensions of hematite nanopatrticles, a 20 mg/L solid loading was
employed. For MWCNT-based sorbents (i.e., oxidized MWCNT and hyhFeOs-

MWCNT nanostructures), sedimentation experiments used a solid loading of 20 mg/L

based upon available MWCNT mass.

Analytical methods

Total dissolved iron was quantified using the 1,10-phenanthroline method [59, 60].
Briefly, 40 uL of acidified supernatant from digestion of hematite-MWCNT
nanostructures was diluted with 1 mL of DI water. For colorimetric anaB@igL of a
10 g/L hydroxylamine solution was first added to the diluted sample to reddeIH)
to Fe(ll). Then, 200 pL of a 1 g/L solution of 1,10-phenanthroline, which complexes
Fe(ll), and 200 uL of a 100 g/L ammonium acetate buffer were added to the .sdingle
mixture was allowed to sit in the dark for ~30 min prior to analysis. Absorbance
measurements were then performed on a Shimadzu UV-visible spectropleotaimet
A=510 nm. Standards for Fe(ll) were prepared from anhydrous beads of ferroidechlor
(FeCh, 99.9%, Sigma-Aldrich).

Dissolved concentrations of Cr(VI) were determined colorimetricallly thie

reagent diphenylcarbazide [61]. Briefly, 8D of filtered sample was diluted with 1 mL
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of deionized water and then combined withydOof 5N sulfuric acid and 4QL of a
solution prepared by dissolving 250 mg of diphenylcarbazide in 50 mL acetone. The
mixture was allowed to react for 30 min in the dark, over which time a pink color
developed if Cr(VI) was present above the detection limits (tg@6). The solutions
were analyzed on a Shimadzu UV/visible spectrophotomeiesd0 nm. Standards of
Cr(VI) were made from potassium chromate and were prepared for analgsmanner
identical to the experimental samples.

Dissolved concentrations of Cu(ll) were measured colorimetricatly 2carboxy-
2’-hydroxy-5’-sulfoformazylbenzene (also known as Zincon [62]). The procexdlies
for 0.130 g of Zincon powder to be dissolved in 2 mL of 1 M sodium hydroxide and
subsequently diluted to a final volume of 100 mL with DI water, yielding & Zimeon
concentration of 0.002 M he solution was deep red in color and tests showed it to be
stable for one week. A Gl aliquot of the Zincon solution was added to $40of
filtered sample, and the mixture was allowed to react for 40 min in the dark, ovér whic
time color developed if Cu(ll) was present above the method detection limit (~0.L mg/L
The color of the sample changed from red to dark brown with increasing dissolved Cu(ll)
concentrations. The samples were analyzed on a Shimadzu UV/visible spectragaiotom
atA = 600 nm. Standards of Cu(ll) from copper(ll) chloride dihydrate (£2840) were

prepared for UV/vis analysis in a fashion identical to the experimental sample

5.4. Results and Discussion

Morphology and Size Characteristics of a-Fe;Oz/MWCNT Nanostructures
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TEM images of nitric acid oxidized MWCNTSs aneFe,O3; nanoparticles
synthesized via hydrolysis of ferric nitrate in the absence of MWCNTsharen in
Figure 5-1. Products of the hydrolysis of ferric nitrate in the presenc8\6ELNTT's are
shown in Figure 5-2 for two total masses of iron utilized during synthesishéor t
MWCNTs ando-Fe,03 nanoparticles, details of their characterization are provided
elsewhere [63, 64]. Briefly for oxidized MWCNTSs [64], reaction of as-received
MWCNTs with concentrated nitric acid increased the total surface oxygeentahthe
MWCNTSs from 1.9 to 8.25 atomic percent, with the majority of oxygen resulting from
the formation of carboxylic acid (-COOH), hydroxyl (—OH) and carbonyl (-Cgi@ups
on the CNT surface. Briefly for hematite nanoparticles [63], X-rayatiffon analysis
confirmed the nanoparticles to be hemaiitd-€,03) based on comparison to a reference
diffraction pattern and correspondidgspacings [29]. Particle sizing via TEM revealed
roughly spherical particle geometry with a primary particle size of 7.53nin
(determined from TEM sizing of at least 100 particles) and a specificswafaa from
N, BET of 80 nf/g. However, as observed in Figure 5-1b, and explored at length
elsewhere [63], tha-Fe,0O3; nanopatrticles tend to be extensively and densely aggregated
in Most agueous suspensions.

Comparison of Figures 5-1 and 5-2 shows clear differences between the
individual a-Fe,03 and MWCNT nanomaterials and the synthesis products generated
from hydrolysis of ferric nitrate in the presence of MWCNTs. TEMges in Figure 5-2
are consistent with the deposition and growth of iron oxide nanoparticles on the surface

of MWCNTSs during synthesis. Selected area electron diffraction (SA&Mucted with
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Figure5-1. TEM images of (a) oxidized MWCNTSs (with inset of a single MWCNT at
high magnification and (b) aggregated hematit&€03) nanoparticles synthesized from
the hydrolysis of ferric nitrate.
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0.07 g/g a-Fe,0;/MWCNT 0.5 g/g a-Fe,0/MWCNT

Figure5-2. TEM images for 0.07 and 0.5 gédgFe,Os/MWCNT at low (a and b,
respectively) and high (c and d, respectively) magnifications. Also shown for each
material (e and f, respectively) are dark field TEM images, in wdocirast indicates
differences in elemental mass. In dark field images, heavier elearerttsighter,
consistent with the bright regions on the CNT surface represaeniggOs; nanoparticles.
Electron energy loss spectroscopy (EELS; not shown) confirmed that therbggirts

in the dark field images are iron.
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TEM indicated the iron oxide particles were crystalline wipacings representative of
hematite.

From acid digestion, the amount of iron deposited on the MWCNT surface was
determined to be tunable during synthesis. The synthesis route involving the addition of
3.2 mL of 0.016 M Fe(Ng)s resulted in the deposition of 0.49 = 0.04 grefFe,0O3 per g
MWCNT (which we hereafter refer to as 0.5 g/ire;Oz/MWNT). This value represents
the average and standard deviation of nine measurements of total iron concentration
obtained via acid digestion of four different synthesis batches at these conditiens
low standard deviation across four different synthesis batches suggeststbesisyn
approach and final product were highly reproducible. For comparison, the synthesis route
utilizing only 0.8 mL of 0.016 M Fe(N$£); yielded 0.068 + 0.005 g of-Fe,O3 per g of
MWCNT (hereafter referred to as 0.07 gid-e.0Oz/MWNT). Notably, the theoretical
maximum yields, assuming complete conversion and deposition of Eg(8@-Fe,0O3
are 0.5 and 2 g/g, respectively, for the addition of 0.8 and 3.2 mL of 0.016 M §e(NO
during the synthesis. Thus, only 13% and 24% of the total available Fe(lll) wasteéposi
on the MWCNTSs during synthesis.

Based on TEM patrticle sizing-FeO3; nanoparticles deposited on MWCNTSs
were roughly hemispherical, but their diameter increased with the tass af iron
deposited on the MWCNT surface. For 0.07 @/§eOs/MWCNT, ana-Fe0sparticle
size of 5.9 (= 1.1) nm was observed (value represents the mean and standard deviation of
TEM sizing of at least 50 surface depositelie,O; particles), whereas similar analysis

of 0.5 g/ga-FeOs/MWCNT produces an average particles size of 8.9 (£ 1.5) nm.

196



Notably, for this larger mass of depositedre,O3 the particles are nominally greater

than that observed for the hematite nanoparticles synthesizedahstece of MWCNTS.

Characteristics of a-Fe,O3/MWCNT Suspensions
Zeta potential values measured as a function of pH are shown in Figure 5-3 for
suspensions af-Fe03; nanoparticles, oxidized MWCNTSs, and both iron loadings-of
FeOs/MWCNT nanostructures. As expected from previously reported behavior [22, 23],
oxidized MWNTSs were negatively charged over the entire pH range, dropmghdysli
from -25 to -40 mV as pH increased from pH 2 to pH 9. Such behavior is consistent with
the surface carboxyl and hydroxyl groups added during oxidation with nitric acig bei
predominantly deprotonated over the environmentally relevant range of pH values.
Suspensions ai-Fe0O; nanoparticles displayed behavior typically expected from
established trends in the acid-base surface character of hematitentadité
suspensions, pH values of zero point of charge ranging from 7.5-9.5 and isoelectric points
ranging from 7.0-9.3 have been reported previously [29], whereas suspensions of the
aggregatedi-Fe,0O3 nanopatrticles transition from a positive to negative zeta potential
between pH 6.5-8.0. Thus, the pH-dependent surface charge of the synthdseed

nanoparticles is within the typical range displayed by other synthetic fufrhesmatite.
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Figure 5-3. Zeta potential values measured as a function of pH for suspensians of
Fe,03; nanoparticles, 0.07 and 0.5 glg=e,Os/MWCNT and oxidized MWCNTSs.
Suspension preparation for zeta potential analysis is described in the texty Natabl
zeta potential values were measured in 25 mM NaCl without pH buffer, which is
identical to the conditions used in adsorption studies.
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In a-FeOs/MWCNT nanostructures, values of zeta potential were dependent on
the total amount of iron deposited on the MWCNT surface. For suspensions of @5 g/g
Fe,Os/MWCNT, trends in zeta potential as a function of pH were roughly equivalent to
values measured in suspensions-#fe,03; nanoparticles. Notably, from pH 6.0 to 7.5,
values of zeta potential for 0.5 gigFexOs/MWCNT were consistently and repeatedly
more negative than values measured-ife,0O3; suspensions, although this behavior is
slightly obscured from the scatter in zeta potential values from one pH wahmext.

The pH-dependent trends in zeta potential for the lower iron loading on
MWCNTSs (i.e., 0.07 g/g-FeOs/MWCNT) varied markedly from the nanostructures
with higher iron loading. While the zeta potential at pH 3 was equivalent to tteavelds
for a-Fe0Ossuspensions (and, therefore, 0.5 @/§e,0Os/MWCNT), the zeta potential at
all other pH values fell in between the range of values measured for sosgenfsi-

Fe,03; and oxidized MWCNTs. Thus, 0.07 gigFeOs/MWCNT nanostructures appear
to exhibit surface chemistry that is unique from their building blocks. Notablygethe
potentials for suspensions of 0.07 gifreOz/MWCNT are not mass weighted averages
of the zeta potential values measuredofdte,0O; and MWCNT suspensions; such a
small mass oéi-FeOs relative to MWCNTSs would be expected to produce negligible
deviation from the behavior of pure MWCNT suspensions.

In addition to zeta potential measurements, the stabiliwyed&,Os/MWCNT
suspensions relative to suspensions of oxidized MWCNTs.drelO; was explored via

sedimentation experiments conducted at pH 6 (Figure 5-4). MWCNTSs exhibited high
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suspension stability, as anticipated from established behavior for theuaciability of

oxidized carbon nanotubes. Their high stability is derived from the deprotonatacesurf

oxide groups added via functionalization with nitric acid. The stability is alsected

from the relatively large, negative zeta potential measured for thesgatsaat pH 6,

which results in strong electrical double layer repulsive forces eatparticles.
Surprisingly, the extensive depositioncefe,03; nanoparticles on the MWCNT

surface exerted little effect on suspension stability. MWCNTs coated witlidDd @-

Fe O3 exhibited stability in suspension that was nearly equivalent to that observed for

MWCNTSs (7% and 3% loss in initial absorbance after one hour, respectively). Notably

suspensions af-Fe03; nanoparticles at pH 6 exhibited the least stability of all

nanomaterials considered, with absorbance decreasing by roughly 40% over one hour.

Adsorption of Cu(ll)as a function of suspension pH

Trends in the pH-dependent adsorption of Cu(ll) on each nanomaterial are shown
in Figure 5-5. Over the pH range investigated (pH 3-7), Cu(ll) adsorption eddorr
some extent on all nanomaterial substrates. For the purpose of comparing Cu(ll
adsorption on hybrid nanostructures to sorption in suspensions of each individual
nanomaterial, adsorbed Cu(ll) concentrations as a function of pH are presented a
normalization by the mass concentration of MWCNT (Figure 5-5a with units of mg

Cu(Il)/g MWCNT) ando-Fe03 (Figure 5-5b with units of mg Cu(ll)/g-Fe,Os).
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Figure 5-4. Sedimentation results for suspensions of oxidized MWCNTSs, 0.&-g/g
FeOs/MWCNT anda-Fe,0O3 nanoparticles. The nanomaterial concentration of each
suspension was 0.02 g/L (for MWCNT-based sorbents, this mass reflectathe tot
available MWCNT mass in suspension). All suspensions were prepared at pH 6 in 25
mM NaCl. Data represent the change in normalized absorbance (A medt6dm)
over time due to particle settling in a 1 cm path length quartz microcuvette.
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Figure 5-5. Adsorption of Cu(ll) as a function of pH in suspensions of oxidized
MWCNTS, a-Fe03; nanoparticles and 0.5 gégFe,O3; IMWCNT hybrid nanostructures.
Adsorbed concentrations of Cu(ll) are presented after normalization ytahenass of
(@) MWCNT and (b-Fe03 in suspension. Experiments were conducted in 25 mM
NaCl without pH buffer. pH values represent the average over the duration of the
adsorption experiment based upon measurements at the start and end of the sorption
experiment (with duration of 1 h). The uncertainties associated with thesgeapéta
values represent the standard deviation associated with the initial and fin&gsidred
in the adsorption experiment. Experiments used an initial Cu(ll) concentrationudf 80
(5.1 mg/L), and suspension concentrations of 0.05 g/L for MWCNToaliReO3
IMWCNT (based on total MWCNT mass) and 0.05 and 0.1 g/k{Be,03
nanoparticles.
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For oxidized MWCNTs (Figure 5-5a), the amount of Cu(ll) adsorbed on the
MWCNT surface increased steadily with increasing pH. At lower pH vakigs pH 3
and 4), Cu(ll) uptake was measurable, albeit slight, in MWCNT suspensions only,
whereas adsorption in the 0.5 gfd~e,0Os/MWCNT system was essentially negligible at
pH values below 4. As the pH increased, the concentration of adsorbed Cu(ll) increased
more rapidly in the 0.5 g/g-Fe;Os/MWCNT suspensions, with the mass of adsorbed
Cu(ll) in hybrid nanostructure systems surpassing that measured in MW(GEBN&nsion
when normalized to the total mass of MWCNT in suspension.

Because the zeta potential of the 0.5a#ge,0s/MWCNT closely resembles that
of the freely suspended hematite nanopatrticles, a more appropriate comparisberdaf sor
activity is the amount of Cu(ll) adsorbed per grana-¢ie,0O; available in suspension.
For both freely suspendedFeO; nanoparticles and 0.5 géggFeOs/MWCNT
nanostructures, adsorbed Cu(ll) increased with increasing pH. This id tygheevior for
the pH-dependent adsorption of cations on iron oxide surfaces, consistent with
electrostatics as the primary driver for Cu(ll) uptake [29]. Over theerahgH values
investigated (Figure 5-5bg-Fe,0O3 nanoparticles grown on MWCNTSs exhibited a far
greater capacity for Cu(ll) thanrFe,0O3 nanoparticles suspended freely. For example, at
pH 5.9 Cu(ll) uptake per gram of hematite was roughly 6-fold greater on 0u5 g/g
Fe,Os/MWCNT relative to suspendetFe,O; nanoparticles. Thus, on a per mass basis,
o-Fe03 nanopatrticles grown on MWCNTSs are considerably more reactive toward Cu(ll

than their suspended nanoparticle analogues.
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This improved Cu(ll) sorption capacity per granuefFe,Os exhibited by the
hybrid nanostructures is at least partially attributable to the increasactive surface
area arising from dispersion of theFe,0O3 nanoparticles on the MWCNT substrate.
Nanoparticles ofi-FeO3; appear extensively aggregated in suspension (see Figure 5-1b),
which will limit the amount of reactive surface area available per gfamFeOs.
Deposition and growth af-Fe,O3 nanoparticles on the MWCNTS, while consuming
some reactive surface area via contact with the underlying substratasapdenait
extensive interaction betweenFe,0O3; nanoparticles (see Figure 5-2), in turn increasing
the amount of surface area per granndfe,0O3 available to Cu(ll) at the particle-water
interface.

Evidence also supports, however, unique surface chemistry of the hybrid
nanomaterials relative to their building blocks. Figure 5-6 examines the furctiona
relationship between adsorbed Cu(ll) (in mg/g of either MWCNa-6e,03) and
solution pH. Data from the pH edge experiments (shown in Figure 5-5) are now
presented on a log-log scale, more clearly illustrating the unique pH dependence
exhibited by 0.5 g/g-Fe,Os/MWCNT relative to the relationships observed for
MWCNTs ando-Fe,0s. Notably, based on the slopes of best-fit regression lines shown
in Figure 5-6, uptake of Cu(ll) on 0.5 gigFe,Os/MWCNT is most sensitive to
increasing pH relative to adsorption on oxidized MWCNTs @it,0O3 nanoparticles.

We contend that if the increased activity of hybrid nanomaterial sorbentntuaty the
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Figure 5-6. Data from pH edge adsorption experiments presented on a log-log scale for
adsorbed concentrations of Cu(ll) normalized by the total mass of (a) MWCNDB)and (
o-Fe0s3 in suspension. Lines represent best-fits from linear regression analyses. Th
eqguations provided show the slope of these best fit regression lines for each sorbent
material, revealing that 0.5 gégFe0O3; /IMWCNT is the sorbent most sensitive with
respect to changes in suspension pH.
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result of increases in availableFe03; surface area, then similar pH dependencies
between MWCNT-immobilized and suspende&e, O3 particles would be observed.
Rather, evidence suggests thafe,0O3; grown on MWCNTSs exhibit unique reactivity

that is distinct from that of either oxidized MWCNTswFe03; nanoparticles.

Adsorption Isotherms for Cu(ll)

Trends in Cu(ll) adsorption examined over a range of initial aqueous Cu(ll)
concentrations at pH 6 are shown in Figure 5-7. As with pH edge data, the amount of
adsorbed Cu(ll) is presented after normalization by the mass concentraddQ@N T
(Figure 5-7a with units of mg Cu(ll)/g MWCNT) ardFeO; (Figure 5-7b with units of
mg Cull)/ga-Fe0s3) available in suspension. Sorption isotherms are presented for
oxidized MWCNTsa-Fe,03 nanoparticles and 0.07 and 0.5 giFe,0s/MWCNT. For
all sorbents, isotherms followed Langmuir-type adsorption, and Langmuir rfitsdel
obtained from non-linear regression analyses are also shown in Figure 5-Ayi#fong
best-fit values for model parameters including the Langmuir coeftid§ and the
maximum adsorption capacitl/{a.,) for each material.

As expected from pH edge experiments, 0.50gF0s/MWCNT considerably
outperformed MWCNTSs and-FeO; on a per mass basis. Most notable, however, are
the isotherm results obtained for the hybrid nanostructures with a lower loading of
Fe,0;3 (0.07 g/g) on MWCNTs. When normalized to MWCNT mass (Figure 5-7a), 0.07
g/g a-FeOs/IMWCNT exhibited comparable performance relative to oxidized MWCNTs

at pH 6. While it may be tempting to attribute the uptake of Cu(ll) on 0.0d-&kgOs/
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Figure 5-7. Cu(ll) adsorption isotherms at pH 6.0 in suspensions of oxidized MWCNTS,
a-Fe03; nanoparticles and 0.07 and 0.5 giFeOs/MWCNT hybrid nanostructures.
Adsorbed concentrations of Cu(ll) are presented after normalization ytahenass of

(&) MWCNT and (blx-Fe O3 in suspension. Experiments were conducted in 25 mM
NaCl without pH buffer at suspensions concentrations of 0.05 g/L for MWCN&-and
Fe,0; IMWCNTSs hybrid nanomaterials and 0.05 and 0.1 g/Lof¢e,03; nanopatrticles.
Lines represent Langmuir model fits obtained from non-linear regressiorsian&lgst

fit Langmuir isotherm parameters (i.e., the Langmuir isotherm icaeft, K, and the
maximum adsorbed Cu(ll) concentratidiax for the units shown) are presented for each
sorbent material.
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MWCNT entirely to interactions of Cu(ll) with the underlying MWCNT subtstrave
note that appreciable uptake in these low iron hybrid systems was not observed below pH
6. Because pH edge experiments with oxidized MWCNTSs (see Figure évea)jed
measureable uptake of Cu(ll) at pH 4 and 5, similar pH-dependent behavior would also
be expected for 0.07 glgFeOs/MWCNT if Cu(ll) uptake was driven entirely by the
underlying MWCNT substrate in these systems. Thus, we conclude that the deposite
hematite nanoparticles must contribute to, if not dominate, the Cu(ll) uptake observed in
isotherm experiments at pH 6 with 0.07 g/Fre,Os/MWCNT.

If Cu(ll) adsorption on 0.07 g/g-FeOs/MWCNT is driven primarily by the
deposited hematite nanoparticles, then thefe,0; particles are highly reactive on a
per mass basis relative to ttid-e,03 nanopatrticles in other sorbent systems.
Normalization of adsorbed Cu(ll) concentrations by availabfe,03 mass in
suspension (Figure 5-7b) suggests hematite on the 0.0/ MWCNT exhibits an
extraordinary capacity for Cu(ll) uptake that is roughly an order of rmagm{200-fold)
greater than the-Fe,Os; nanoparticles in suspension.

As with 0.5 g/go-Fe,O3s/MWCNTS, the superior reactivity per massoeFe0;
likely arises, in part, from the greater degree of available hematfsecs area in 0.07 g/g
o-FeOs/MWCNT suspensions. We also propose it reflects the unique surface chemistry
inherent to the 0.07 gikg-Fe,Os/MWCNT nanostructures. Zeta potential measurements
at pH 6 (see Figure 5-3) revealed the surface charge on 0.07FgipPs/MWCNT to be

more negative than other hematite-containing adsorbents, presumably duergethe la
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negative charge associated with the MWCNT substrate used to immobilizertagtbe
nanopatrticles. This negatively charged surface should be more ideal fgrgougtion;
favorable electrostatics will promote interaction between negativelgeti@urface sites
and positively charged Cu(ll) ions. Note that complexation with hydroxide iong (OH
yields equimolar concentrations of €@and Cu(OH} at pH 6.3 [65]. Thus, for freely
suspended hematite nanoparticles or hematite nanoparticles on thed.5 g/g
FeOs/MWCNT surface, both of which are more positively charged at pH 6.0,
electrostatic interactions between dissolved Cu complexes and the sortaesd sultfbe
weaker. Finally, we must not discount the potential for unique size-dependent ngactivit
for hematite on the surface of 0.07 g/d-eOz/MWCNT. Recall the size of hematite
particles grown on MWCNT surfaces are roughly 6 and 9 nm in diameter for 0.07 and 0.5
g/g a-FeOs/MWCNT nanostructures, respectively. Notably, most size-dependent
properties (so-called “nanoeffects”) are observed below a size threshold of[&6]nm

and this may also explain the superior mass normalized reactivity of 0.07 g/g

FeOz/MWCNT nanostructures.

Adsorption of Chromate (CrO4%)

The pH-dependent sorption of chromate (§£)@n freely suspendeag-Fe,0;
nanoparticles and 0.5 gégFe,Oz/MWCNT hybrid nanostructures is shown in Figure 5-8.
Notably, CrQ? sorption on MWCNTs was not observed over the entire pH range, as was
anticipated from the unfavorable electrostatic interactions between thtveggcharged

MWCNT surface and CrgJ. For hematite-containing sorbents, the amount of adsorbed
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CrO,~ decreased with increasing pH, as is the expected behavior for anionic uptake on
iron oxides [29]. When normalized to the available mass of hematite for eachtsorbe
system, 0.5 g/g-FeOs/MWCNT hybrid nanostructures are once again superior
adsorbents. This is particularly evident at low pH values (pH < 6), whereasférertié

in CrO,* uptake between sorbent systems narrowed slightly with increasing plsesre

Sorption isotherms with Ct® were also conducted at pH 2 and pH 6 (Figure 5-
9). Isotherms were modeled assuming a Langmuir-type sorption procesthétote
adsorption reversibility, a key assumption of the Langmuir isotherm, wasstexd )te
Consistent with the trends observed in pH edge experiments, the @5 g/g
FeOs/MWCNT hybrid nanostructures exhibit roughly a 3-fold greater sorptipadty
than freely suspended hematite nanoparticles at pH 2 based wpoalues obtained
from Langmuir model fits. At pH 6, on the other hand, mass normalized concentrations
of adsorbed Crg3 were roughly two-fold greater for 0.5 gigFe,0/MWCNT relative
to freely suspended hematite nanopatrticles.

As with Cu(ll) sorption, the enhanced sorption activity of 0.50g/g
Fe,O/MWCNT toward CrQ®> may be partially attributed to an increase in available
hematite surface area in hybrid nanostructure suspensions relative tcirgsynded,
and extensively aggregated, hematite nanoparticles. Once again, howeves, there i
evidence to support a scenario in which hematite nanoparticles grown on MWCNT
possess reactivity that is fundamentally different from their suspended @eslog
Specifically, pH-dependent sorption data for ¢r@veal that uptake is essentially

independent below pH 5 in suspensions of hematite nanoparticles. However, mass-
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Figure 5-8. Adsorption of CrG* as a function of pH in suspensionsseFe,0s

nanoparticles and 0.5 géigFe,Oz/MWCNT hybrid nanostructures. Adsorbed
concentrations of Cr{J are presented after normalization by the total mass of hematite
in suspension. Experiments were conducted in 25 mM NaCl without pH buffer, where pH
values represent the average value over the duration of the adsorption experiment (1 h)
based upon measurements at the start and end of reaction. The uncertainti@g@ssoci
with these average pH value represent the standard deviation associated witiakhe i

and final pH value measured in the adsorption experiment. Experiments used an initial
CrO,* concentration of 1aM (1.7 mg/L), and suspensions concentrations of 0.05 g/L

for a-Fe&O3; IMWCNT (based on total MWCNT mass) and 0.05 and 0.1 g/kBe0;
nanoparticles. No adsorption was observed on the surface of oxidized MWCNTS, as
would be expected from the unfavorable electrostatic interactions between &@riosfic

and the negatively charged MWCNT surface.
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Figure 5-9. CrO,%” adsorption isotherms at (a) pH 2.0 and (b) pH 6.0 in suspensions of
Fe,03; nanoparticles and 0.5 gégFe;Os/MWCNT hybrid nanostructures. Adsorbed
concentrations of Cr{J are presented after normalization by the total hematite mass in
each suspension. Experiments were conducted in 25 mM NaCl without pH buffer at
suspension concentrations of 0.05 g/LdeFe,Os/MWCNTSs hybrid nanomaterials
(based on total MWCNT mass) and 0.05 and 0.1 g/kfBe,0O3 nanopatrticles. Lines
represent Langmuir model fits obtained from non-linear regression an@gsisfit
Langmuir isotherm parameters (i.e., the Langmuir isotherm coeffidieand the
maximum adsorbed Ct® concentration] max for the units shown) are presented for
each sorbent material.
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normalized concentrations of adsorbed &r@early doubled from pH 5 to pH 2 in

hybrid nanostructure suspensions. The different dependence exhibited byd®-.5 g/g
FeOs/MWCNT at low pH values suggests that the surface sites present on thééhemat
deposited on MWCNTSs exhibit unique reactivity relative to hematite nanopatrticl

suspended in solution

5.5. Environmental Significance

Advanced materials will play a prominent role in society’s progesard more
sustainable water supplies. Here, we show that a novel class of hybrid naradroateri
considerably outperform both traditional (i.e-FeOs particles) and emerging (i.e.,
oxidized MWCNTS) sorbent materials. From a practical perspective, theofatuese
hybrid nanostructures is not limited to simply their superior capacity fot)Gund
CrO,%. Notably, the deposition and growth@fFe,0; on MWCNT does not
significantly change suspension stability. Thus, aggregation of thEsgOs/MWCNT
nanostructures will be limited over environmentally relevant pH values, and pltyentia
over a broad range of water chemistries, in turn maximizing their reactiaeesarea
during treatment applications.

The results with 0.07 gig-Fe&Oz/MWCNT are most promising because these
materials provide the clearest example of a hybrid nanostructure endniloitique
physicochemical properties relative to the individual nanomaterials fronhwhi@as

constructed. Specifically, the zeta potential values measured for thesealnare
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different from values measured independentlyfdte,O3; nanoparticles and MWCNTSs.
The key variable in governing surface chemical activity appears to be the ashaunt
Fe,0; deposited. Accordingly, the surface chemistry of these hybrid nanostructures is
highly tunable. While this work was limited to only two loadings.efe,03 on

MWCNT, there is the potential that other synthetic formulations can be developed that
will further optimize reactivity toward Cu(ll) and Cs@ It is also likely that the surface
chemistry ofa-Fe&Os/MWCNT nanomaterials can be tailored to optimize treatment

efficiency of alternative targets of concern in water and wastewater.
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6. Conclusions

6.1. Predicting nanoscale zero-valent iron longevity in complex

geochemical environments

Prior to this work, limited information was available regarding the timesaaler
which nanoscale zero-valent iron (NZVI) remained redox active. Most prior work had
considered reactivity loss in relatively idealized systems, in which no@tkevere made
to control suspension pH or to examine the influence that common co-solutes in
groundwater exert on NZVI reactive lifetime or longevity. Both pH control arsbtute
effects merit consideration during such studies to better simulate groundwate
geochemical conditions. Mass loadings of NZVI delivered to the subsurfacea(typi
1.9-30 g/L) [1] may not be high enough to overcome the buffering capacity typical
encountered in most groundwater and soil systems. While co-solute effectgdor lar
scale, micron-to-millimeter sized granular iron are relativel}y wederstood [2-4], the
enhanced rates of corrosion reported for NZVI make it difficult to pradciori the
timescales and magnitude over which co-solutes influence NZVI corrosion produc
formation, and in turn, system reducing capacity.

Work in Chapter 2 quantifies NZVI lifetime over a range of geochemical
conditions, in which experimental variables include co-solute anion identity and
concentration, environmentally relevant pH values, and different pollutant (oxidant)
classes. Experiments aged 2 g/L suspensions of NZVI in oxygen-free systias

absence of a pollutant, modeling a system in which reaction with water (i.esicojr
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represents the dominant mode of NZVI reactivity loss (i.e., passivation)ctialg,
batch experiments monitored the reactivity change of NZVI towards model pdlutant
1,1,1,2-tetrachloroethane (1,1,1,2-TeCA) and hexavalent chromium [Cr(VI)] over one
month during this aging protocol. Reactive lifetime or longevity of NZVI tolsar
1,1,1,2-TeCA in the presence of (3Q* and CIQ’ lasted approximately 30 days, over
which reactivity loss was on the order of 95%. This reactive lifetime is coabige
shorter than those reported previously when NZVI was aged under more idealized
conditions. For 1,1,1,2-TeCA reduction, the longevity of NZVI was relatively insensiti
to the concentration of these three anions, nor did it vary significantly oventie o
pH values considered (pH 7 and 8). For chlorinated solvent reduction, therefore, sites
impacted by these particular anions (i.e;, 8% and CIQ") appear to be most ideal
with respect to minimizing the impact of co-solute anions on NZVI longevity.

The lifetime of NZVI was considerably shorter in the presence of Ha@
NOs, with reactivity toward 1,1,1,2-TeCA lasting anywhere between 1 and 14 days
depending on the anion concentration at both pH 7 and 8. Specifically, NZVI suspensions
containing low HC@ concentration (5 mM) exhibited comparable longevity to 80
and CIQ’, with measurable reactivity toward 1,1,1,2-TeCA over 30 days. In contrast, an
increase to 25 mM concentration shortened NZVI longevity to 14 days. Similar
concentration-dependent behavior for nitrate-containing NZVI suspensions produced a
lifetime toward 1,1,1,2-TeCA lasting anywhere from 1 day (at 25 mM) to 30 dafys (at

mM).
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Interestingly, the longevity of NZVI toward Cr(VI), the other model groundmwate
pollutant considered, exhibited vastly different trends than those observed for 1,1,1,2-
TeCA. For instance, pH exerted a far more significant influence on NZVI ldggevi
toward Cr(VI), whereas the anion concentration had little impact. Spegificathe
presence of GISQ?, ClO, and HCQ@, Cr(VI) removal capacity at pH 7 was
approximately 2-3 times greater than that at pH 8, and, most notably, activésd
Cr(VI) was sustained over entire duration of aging (30 d) in nearly all systehading
nitrate.

The primary conclusion drawn from all reactivity data collected over titatis t
different entities are responsible for reduction of 1,1,1,2-TeCA and Cr(Vijed HZVI
suspensions. Available Fe(0) content governed 1,1,1,2-TeCA transformation. Thus, co-
solutes that compete for reducing equivalents or that form passive surides that
limit the access of Fe(0) in the particle core to the solution ineeldath dampen
reactivity and dramatically shorten longevity. In contrast, reduction of lon&s
controlled by the amount of Fe(ll) generated during Fe(0) corrosion, as subippde
clear linear relationship between the Fe(ll) production rate and extent\dj €nfoval
in aged suspensions.

The practical implication to be drawn from results in Chapter 2 is that knowledge
of groundwater characteristics will be imperative in assessing whéi\d@rapplication
is suitable at a particular contaminant site. Clearly, those groundwedeese low in
alkalinity and do not have nitrate as a co-contaminant are most ideally suided\for

performance toward chlorinated solvents. At sites with high alkalinity or bawwkdr
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nitrate, as is the case for the chlorinated solvent plume present at 100D Area of the
Hanford Site in Washington [5], alternative treatment strategies wilt owersideration.

Another clear implication of the work in Chapter 2 is that not only NZVI
reactivity but also longevity should be viewed as target compound (i.e., oxidantjcspecif
Prior research has tried extensively to establish generalizable inffel®) reactivity
that can be broadly applied to various pollutants over a range absattiemistries [3, 4,
6]. However, as is exemplified by the contrasting results with 1,1,1,2-TeCA avilj Cr(
in Chapter 2, trends in longevity and co-solutes effects are compound-specditse
different reactive entities are responsible for the transformation of 1,1eC2-&nd
Cr(VI1) in aged NZVI suspensions.

Based on such considerations, work herein shows that the most effective and
efficient use of NZVI is to plumes and source zones of contaminants susceptible
reduction by ferrous iron [Fe(ll)]. It is well established that NZVI ggeater source of
Fe(ll) relative to granular Fe(0), which tends to exhibit corrosion rageste several
orders of magnitude less than those reported for NZVI. Further, during ajoplitzat
Fe(ll)-reducible compounds, evidence herein suggests that NZVI suspengitnits ex
slower rates of reactivity loss, are less influenced by co-solute al@ontity and
concentration, are effective over environmentally relevant pH values, ande¢hé @&x
pollutant removal can likely be predicted from metrics of Fe(0) corrosimesd findings
should be of interest to engineers and regulators attempting to identify whetier NZ
treatment systems, which are rapidly growing in popularity, are an appeopria

technology at a particular contaminant site.

224



6.2. Extending nanoscale zero-valent iron longevity via

chemical regeneration

A major hurdle in the widespread application of nanoscale zero-valent iron for
treatment of contaminated groundwater and source zone control will be the limited
timescales over which reductant particles maintain their reducing tapgadeed, work
in Chapter 2 revealed that in some groundwater systems and for specific polhgeist ta
NZVI longevity may be limited to only a few days due to the formation of camosi
products on the reductant particle surface, which will limit the avaikabil electrons
from the metallic Fe(0) particle core.

Work in Chapter 3 demonstrated that a promising approach for extending the
practical lifetime of NZVI treatment zones is through the use of a chénmeigenerant. In
particular, dithionite, a sulfur-based reductant previously usda &oiu redox
manipulation [5, 7], represents a suitable reductant for transforming péessigeron
corrosion products generated via air oxidation of NZVI into redox-active solid phases
capable of reducing several common groundwater contaminants including Cr(VI). A
noteworthy result was found during air aging of NZVI suspensions at pH 8; rapid
oxidation of NZVI produced a passive shell that trapped a considerable portion of Fe(0)
in the particle core, thereby suppressing the transfer of reducing equivaléms to t
particle-solution interface. For this scenario, relatively low levels bfafitte were used

to reduce this passive surface coating and expose the underlying Fe(0(§ parécin
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turn restoring reactivity of the once passivated particles toward both aealédrsolvent
(1,1,1,2-TeCA) and hexavalent chromium (Cr(V1)).

For the use of dithionite as a chemical regenerant of passivated NZVI, the key
operational parameters were found to be the solution pH at which the NZVI garticle
underwent air oxidation, which influenced the identity of the Fe(lll) oxide phases
generated via oxidation, and the amount of dithionite used for regeneration, which
influenced the products of its reaction with NZVI oxidation products. In partjaalar
systems where residual Fe(0) remained in the passivated NZVI paotielatavas
critical to limit the amount of dithionite used for regeneration because extassite
was able to oxidize Fe(0) to produce iron sulfides that exhibited less reatctwéxd
1,1,1,2-TeCA than Fe(0).

Overall, the use of dithionite as a regenerant for passivated NZVI traéatoreas
is very promising because the process can be repeated multiple timesitotsadtang-
term reactivity of the treatment zone. This in turn will increase the anodyallutants
that can be removed per gram of NZVI applied in the field. For example, experiment
Chapter 3 revealed that multiple, sequential reactions of passivated Nii\dithionite
could be used to enhance the removal capacity of Cr(VI) by roughly a factor of 16. Give
concerns over the material costs associated with commercially agdoafvls of NZVI,
the ability to increase and sustain the reducing capacity of NZVI treazaees should
be attractive to engineers intending to use this technology for treatmentusépoll

source zones or deep contaminant plumes in the subsurface.
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6.3. Enhancing zero-valent iron reactivity through the use of

noble metal surface additives

The use of palladium surface deposits to enhance Fe(0) reactivity had gai
considerable popularity, resulting in numerous instances of field-scale appkcat
palladized iron (Pd/Fe) for treatment of contaminated groundwater plumes androllut
source zones [8, 9]. Despite the extensive laboratory scale research and nosusumer
field scale applications of these so-called bimetallic reductandsivedy little remains
known about the practical and theoretical considerations impacting their perfermanc
Prior to this work, few studies attempted to identify the optimal conditions far thei
application, nor has any consensus regarding the mechanism of pollutant tratisform
in Pd/Fe systems been achieved. This is evident from the broad range of rate
enhancements reported in the literature for Pd/Fe reductants relativaitiorted
unamended iron systems, as well as the limited amount of information regarding the
influence of variables such as iron particle size (e.g., NZVI relativedmmsized or
granular zero valent iron) and oxidant concentration on Pd/Fe reactivity.

In Chapter 4, both practical and fundamental insights into the performance of
Pd/Fe reductants are provided. Experiments explored the relationship betactetitye
metrics for Pd/Fe reductants (e.g., pseudo-first-order rate constahi$,igP-TeCA
reduction ok,ps values) and reductant loadingy(values) in both unamended Fe(0) and
Pd/Fe systems for commercially available granular iron (i.e., Fedbetrolytic iron) and

NZVI. Notably, a more linear, first-order relationship betwkggand o, values was
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observed for Pd/Fe reductants regardless of Fe(0) particle size, siqgtealues in
unamended Fe(0) systems exhibited a weaker, non-linear dependence on reductant
loading. Consequently, the degree of rate enhancement afforded by Pd/Fe varied
considerably as a function of reductant loading in experimental systems, ikbigh |
helps to explain, at least in part, the range of rate enhancement factorsdr-a@ptne
literature for Pd/Fe reductants.

Another finding with practical consequence is that in Pd/NZVI systems vgth hi
chlorinated solvent concentrations, reactivity toward 1,1,1,2-TeCA was comparable t
that observed in unamended NZVI systems. The similarity in reactivity betwe
Pd/NZVI and NZVI systems is noteworthy, as it calls into question the behefing
Pd/NZVI at sites characterized by high or near saturated concensrafi chlorinated
solvent, which is typical of many groundwater plumes and pollutant source zones. The
root cause of the similar reactivity between Pd/NZVI and NZVI under such condgions
not entirely understood and merits further investigation. It may reflectceusiee
limitations in Pd/Fe systems, where the amount of deposited Pd dictates the atimbe
sites available for chlorinated solvent reduction. It may alseatethe ability of such
high concentrations of chlorinated solvent to oxidize the reductant surfacé, wduéd
work to bury Pd islands with passive Fe(lll) oxides and thereby negateateeir r
enhancing effect.

Fundamental insights in Chapter 4 shed new light on the mechanism of
chlorinated solvent reduction in Pd/Fe and Fe(0) systems using measuremelvisnof s

kinetic isotope effects [SKIEs; defined kas{H.0)/k.n{D-0)]. Notably, in Pd/Fe
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systems, SKIEs change as a function of the rate enhancement provided by R with t
largest SKIEs occurring in systems with high Pd loading and large valyss This
observation indicates that multiple rate-determining steps for solventimdace
available in Pd/Fe systems, and that the relative contribution of these mechanism
changes as a function of Pd and reductant loading.

Because two distinct regimes of SKIEs were observed as a function of rate
enhancement, we propose that two mechanisms for chlorinated solvent reduction occur in
Pd/Fe systems. One pathway involves direct electron transfer from thkioviet(0)
core to the chlorinated solvent at the particle-solution interface via fiomta
galvanic couple between Pd and Fe(0). The second mechanism, which predominates at
high Pd loadings and high, values in our closed experimental systems, involves some
form of reactive atomic hydrogen (e.g., adsorbed or absorbed atomic hydnebeh is
generated as an intermediate duringeMolution, associated with the Pd surface. Notably,
evidence for atomic hydrogen formation was only observed in NZVI systems,
presumably due to their far greater rate of corrosion (izgevblution) relative to larger
scale Fe(0) patrticles.

These two mechanisms appear to be relevant both for saturated alkyl pasyhalide
(e.q.,1,1,1,2-TeCA) angtbond containing vinyl polyhalides (e.giss-DCE). However,
evidence suggests that vinyl halides are more susceptible to reduction by atomic
hydrogen, as indicated by the much higher values of SKIEs measuestitE
relative to 1,1,1,2-TeCA in otherwise identical experimental Pd/FemsgsiEhe largest

rate enhancements were also observed for vinyl polyhalides. Fpoattécal perspective,
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therefore, Pd/Fe reductants will be best suited for the treatment of vinkilghdls such

ascis-DCE and TCE, and their application should likely be limited to such plumes.
Other practical insights for Pd/NZVI reactivity were obtained throughga

studies. Aging studies revealed that large SKIEs indicative of atomic hydroge

involvement only persisted on the order of two weeks in Pd/NZVI systems. Beyond two

weeks, Pd/NZVI reactivity diminished and SKIEs values were relativelysaggesting

that long term reactivity in Pd/NZVI systems is attributable pnipé&r galvanic electron

transfer. Collectively, the practical and fundamental results presen@hapter 4

should guide the development of Pd/Fe reductants with optimal activity wtale als

establishing the field-scale conditions and pollutant targets most idealifor the

application.

6.4. Improving performance of iron-based nanomaterial

sorbents through immobilization on carbon nanotube supports

Despite growing interest in the application of engineered nanomateriaddéen w
and wastewater treatment, a major application challenge is theisex@ggregation,
which consumes reactive surface area and limits their treatment gagaxciterns also
exist about the safe application of engineered nanomaterials, partiganmyrising
concerns over adverse human and ecological health impacts in the event of their

incidental release into the environment. In this regard, application of engineere
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nanomaterials as slurries is impractical, given the complicationsiatsd with
separating and recovering the reactive materials from the treatectjonatar.

In Chapter 5, hematiter{Fe,Os) nanopatrticles on the order of 7 nm in diameter
were grown on the surface of carboxylated multi-walled carbon nanotubes (MWCNTs
via a forced hydrolysis mechanism, and the resulting hematite decorated MYWGE
utilized as high surface area sorbents for Cu(ll) and Cr(VI). We observedlsever
benefits of usingi-Fe,0O3; decorated MWCNTSs as sorbents relative to the more
conventional application af-Fe,O3 nanoparticle sorbents in slurries or suspensions.
Immobilization ofa-Fe,03 on MWCNTS limited nanoparticle aggregation, thereby
increasing the available surface area for metal uptake. Indeed, omagsbasis at pH 6,
a much greater degree of Cu(ll) uptake was observed FeO;-MWCNTSs hybrid
nanostructures relative toFe,0O3; nanoparticles suspended as aggregates in solution.
Notably, heterogeneous deposition and growth-60; on MWCNTSs allows for a
high degree of control of sorbent properties, with both the total amourEefO;
deposited and the average size of depositée,O3; nanoparticles representing tunable
variables during material synthesis.

Another benefit of using hybrid-FeO;-MWCNT nanostructures is that they
allow for potential synergistic reactive properties in which the new rabésthibits
properties different from the sum of its individual parts. For example, the amiount
Cu(ll) sorption observed fat-Fe&Os-MWCNT hybrid nanostructures at pH 6 was

greater than that predicted from the sum of Cu(ll) uptake in suspensions of each
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component. While this result is in part due to the greater availabilityFe03 surface
area when grown on MWCNTSs, it may also reflect unique surface chgmigarties of
the hybrid nanostructures. Notably, zeta potentials of the hybrid nanostruearees
dependent on total-Fe,0Ozloading, providing a route to tune nanostructure surface
chemistry to yield characteristics distinct from either puiee,0O; or MWCNT
suspensions. Similarly, pH-dependent trends in Cu(ll) and Cr(VI) adsorption od hybri
nanostructures were distinct from those trend observed with the other sorberdlsyateri
suggesting thai-FeO;-MWCNT possess new and unique surface chemistry relative to

their individual nanomaterial building blocks.

6.5. Future work

Predicting the Reactivity and Longevity of NZVI in Diverse Aquatic

Chemical Systems

The impact of a broader range of groundwater conditions on NZVI reactivity
needs to be investigated. For instance, work in Chapter 3 only considered aging of NZVI
in Oy-saturated water, which is unlikely for most groundwaters, and there remains the
need to explore the influence of prolonged exposure to trace levels of oxygen,
particularly given the large number of contaminated groundwater sites wita\eis of
dissolved oxygen (DO). Also, the aging mechanism considered focused priomaril
reaction with water (i.e., corrosion). There remains a need to consider hoiv NZV

longevity changes in response to continuous exposure to relatively concentraiedsolut
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of pollutants (e.g., chlorinated solvents or reducible metals). In most fidéd sca
applications with high concentrations of target pollutants, reactions with, wasgen

and the target oxidant will all contribute to NZVI passivation. The relatip®rtance of
these aging pathways, as well as potential differences in theictimpahe nature of

NZVI corrosion products, requires future investigation. It would be optimal to conduct
the aforementioned experiments in flow-through column studies, which bettet tiedlec
dynamic nature of NZVin situ treatment zones.

From results in Chapter 2, another focus for future investigation is thiemstap
observed herein between Cr(VI) removal capacity and Fe(ll) production rat&¥r N
The generality of this trend must be extended to other commercially avadaile 6f
Fe(0), as well as to other Fe(ll) reducible contaminants (e.g., nitroacsmadhis
correlation may represent a key diagnostic for predicting Fe(0)visactiward Fe(ll)
reducible contaminants, which would be incredibly valuable in attempting to idantify

priori the most reactive material for deployment at a contaminated site.

Chemical Regeneration Mechanisms for NZVI Treatment Zone Reactivity

Future efforts should explore other potential reductants that could be used as
regenerants for the reducing capacity of NAvV$itu treatment zones. In particular,
several organics including ascorbic acid, hydroquinone and hydroxylamine are known
reductants for Fe(lll) and could potentially function in a role similar to ditteo@iven

that dithionite can oxidize residual Fe(0) to yield less active iron sulitdesuld be
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desirable to identify other chemical regenerants that would not intetacamy Fe(0)
persisting in passivated NZVI particles.

The use of dithionite or similar chemical regenerant also needs to be extended
into practical application. As NZVI installation sites increase in numberetwill be
opportunities for demonstrating situ treatment zone regeneration at the field scale once
the initial reducing capacity for the treatment system is lost. Of cativgdl be
necessary to further optimize the regeneration process in a more dynanticriagh
laboratory or pilot-scale system (e.g., columns) prior to implementation &lthscale.

Finally, the implications for chemical regeneration on improving the storajje a
handling of highly reactive NZVI particles merit examination. For exantpéehigh
reactivity and limited selectivity of NZVI makes preserving reaistiduring storage,
handling and delivery challenging. With chemical regeneration, it may bibleoss
manipulate NZVI surface chemistry to make storage and handling lessrpaticle
Specifically, the controlled oxidation of NZVI by,@ould be used to produce a passive
surface layer that protects and preserves the Fe(0) in the particle lusrgpassive”

NZVI could be delivered to the treatment zone, followed by application of dkuita
regenerant to restore its reducing capacity once in the subsurface, tivartiy loss of
reducing equivalents during storage, handling, delivery and subsurface transpoyt. It ma
even be possible to tailor the nature of the surface oxide generated during théecontrol
oxidation so as to promote NZVI subsurface transport; passive layers should limit the

role that magnetism plays in promoting aggregation [10].
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Enhancing NZVI Reactivity through the Use of Noble-Metal Additives

As noted in Chapter 4, there is a need to examine further the production and
activity of atomic hydrogen under conditions more representative of open,dad-s
systems to address questions as to whether atomic hydrogen can be gemerated i
sufficient quantities outside of closed batch systems. Also, other lines of evitsetté
be collected to confirm the presence and involvement for atomic hydrogen in Pd/Fe
systems. Potential routes for validation include the use of probe compounds that exhibit
specific activity toward forms of atomic hydrogen. For example, Meehr. [11]utilized
2-chloroacetophenone as a probe for distinguishing reduction by electron-teantsfer
hydride transfer mechanisms.

It would also be worthwhile to extend the experimental findings, espedally t
relationship between rate enhancement and solvent kinetic isotope effectst to othe
bimetallic systems. Cwiertnst al. observed a relationship between metrics for hydrogen
solubility in metals (Pd, Ni, Co, Cu, Au and Pt) d&ggl values for 1,1,1-TCA reduction
in bimetallic systems of these metal additives on granular Fe(0) {I@inis of atomic
hydrogen are involved in other bimetallic systems, a similar trend in SiA&stomic
hydrogen solubility might also be anticipated as well.

A particularly interesting bimetal worthy of future investigation is €tiR
preliminary studies conducted in complement to Chapter 4, we found Pt/NZVI enhanced
reactivity toward 1,1,1,2-TeCA relative to NZVI. However, Cwieréhgl. observed that
deposition of Pt onto Fisher electrolytic iron actually inhibited Fe(0) regctoivard

1,1,1-TCA [12], a trend also observed herein toward 1,1,1,2-TeCA via preliminary work
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not shown in Chapter 4. The source of the disparate influence of Pt on NZVI and granular

iron reactivity merits additional exploration.

Improving Iron Nanomaterial Performance via Production of High Surface
Area Hybrid Nanostructures

Many fruitful areas of future research exist in the development and applicdti
hybrid nanostructures for environmental quality control. Work in Chapter 5 focused
solely on iron oxide nanoparticles immobilized on multi-walled carbon nanotubes. To
increase the range of application of such hybrid nanostructures, synthesis matliogls f
immobilization of other nanoparticles on CNTs need to be developed. In the context of
this work, metallic Fe(0) nanostructures could be immobilized on CNTSs for applica
as reductants. Opportunities also exist to expand beyond iron-based nanostructtges. The
are also more opportunities to tune the reactivity of hybrid nanostructures threugdeth
of other carbonaceous nanomaterial substrates. Commercially available dmitoruld
serve as novel supports for nanoparticle immobilization include single-walle& CNT
graphene, and electrospun carbon nanofibers. Once the reactivity of thede hybri
nanostructures is optimized, future efforts should shift toward establisimogative
application platforms for these advanced materials, particularly idexgfityays to
immobilize the hybrid nanostructures for application in flow-through, filtratype t

systems.
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