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Abstract: Socio-economic, climate and agricultural stressvater resources have resulted
in increased global demand for water while at thmes time the proportion of potential
water resources which are adversely affected bifisation/salinisation, metals, nitrates,
and organic chemicals has increased. Nano-zerowvateetal (n-ZVM) injection or
placement in aquifers offers a potential partiduson. However, n-ZVM application
results in a substantial reduction in aquifer petiléy, which in turn can reduce the
amount of water that can be abstracted from thé&exqThis study using static diffusion
and continuous flow reactors containing n-ZVM andYM (ZVM filaments, filings and
punchings) has established that the use of m-ZVbkdwt result in a reduction in aquifer
permeability. The experimental results are useddsign and model m-ZVM treatment
programs for an aquifer (using recirculation ortistaliffusion). They also provide a
predictive model for water quality associated wispecific abstraction rates and
infiltration/injection into an aquifer. The studyemhonstrates that m-ZVM treatment
requires 1% of the weight required for n-ZVM treatih for a specific flow rate. It is
observed that 1 t Pevill process 23,500 fhof abstracted or infiltrating water. m-ZVM is
able to remove >80% of nitrates from flowing waterd adjust the water composition
(by reduction) in an aquifer to optimize removal bitrates, metals and organic
compounds. The experiments demonstrate that ZVMrrent of an aquifer can be used to
reduce groundwater salinity by 20 —> 45% and thaaguifer remediation program can be
designed to desalinate an aquifer. Modeling indigathat widespread application of
m-ZVM water treatment may reduce global socio-eooigp climate and agricultural
stress on water resources. The rate of oxygen temaduring water reduction
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[by ZVM (F€e°, AI° and CU)] controls aquifer permeability, the associatediifey pH,
aquiferEh and the degree of water treatment that occurs.

Keywords: redox modeling; nitrate; zero-valent iron (ZVI);ogndwater; TCE; DCE;
desalinization; permeability

1. Introduction

Contaminated and untreated water is present inredhfunconfined aquifers, groundwater plumes,
groundwater mounds (GWM), self-sealing groundwateunds, storm runoff, riparian systems, and
abstracted well/borehole water. The reservoir Edtiment may provide a low cost, sustainable, basic
level of natural water treatment but can add natcoataminants (e.g., As). Contaminants include
organic chemicals, metals, foul pollutants, indattwaste and agricultural waste (e.g., nitrates).
They may result from anthropogenic activities (eagyriculture, industrial activity, over-developnen
poor sanitation drainagegtc). They can be a natural consequence of water aabistin from
inappropriate water sources (e.g., abstraction faguifers enriched in As, Pbic). They may result
from leaching from the surrounding host rock whevereabstraction from an aquifer occurs.
Abstraction and usage of polluted/contaminated msateay create health problems and may reduce the
sustainability of the land for use in agriculture.

Water in aquifers may be contained in large opestesys (covering >100 Khor may occur as
more local closed water bodies covering small spaiireas of between <1,000°rp 1 knf).
The requirement by many national environment agenftr developers and drainage/water authorities
to use sustainable urban drainage systems (SUD&spose of storm runoff water, grey water and
foul water complicates the natural situation. Tipiglicy can result in dispersed infiltration of
contaminated water into the subsoil. This infilmgtwater may leach metals, nitrates, sulphatdts sa
and organic chemicals into the underlying aquifer&l may contaminate regional aquifers [1].
The contaminated aquifers, particularly in irrigatiareas, may become more saline [1].

A natural consequence of SUDS drainage directadfiltration is the formation of contaminated
groundwater plumes within aquifers, contaminatedMB/Nand contaminated self-sealing groundwater
mounds. Groundwater plumes and contaminated groatedwnounds are semi-open systems with
diffuse boundaries, which may migrate with time. [$Elf-sealing GWMs are sealed perched water
body systems with defined boundaries [1,2].

Sustainable water treatment is a multi-discipliremg holistic approach, which integrates technical,
environmental, economic, landscape, societal, ipaljt religious, and cultural issues. Technical
research guides the appropriate strategies andigmlused to implement sustainable aquifer/water
treatment. Recharge of aquiferssGWMs and ripariaohérge in SUDS requires an assessment [1,2] of
overland flow and infiltration/aquifer recharge asated with specific design storms (e.g., 24 hhwi
specific return periods (e.g., 10 years, 50 yeaf¥) years,etc). Sustainable environmental and
planning policies require drainage developmentslioling pollution discharge) to be able to meet
specific environmental standards provided the aweflflow is associated with a design storm with a
return period of <x years.
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These policies require remediation of polluted psmand GWM/aquifers. This remediation is
designed to protect downstream aquifers and allwstraction from (or development over) the polluted
plume/GWM. Polluted infiltrating water associatedhastorm recharge flowing through contaminated
soil will continually recharge many contaminatedrmpkes/GWM.

Sustainable Zero-Valent Metal (ZVM) water treatmeastsociated with infiltration, abstraction, and
recirculation removes metals (including As), niisatchloro-organics, sulphates, phosphates, organic
chemicals) from water in the aquifer/GWM (or duriagstraction/infiltration). ZVM treatment is
experimental [3-17], but offers the potential teatr storm runoff, abstracted water and water widmn
aquifer. The experimental focus has been to ideiitih-ZVM treatment actually reduces pollutants
Where the ZVM treatment is effective the experimémstudies have sought to identify the kinetic
parameters associated with pollutant removal i[8], the relationship between temperature and the
rate of pollutant removal.

These ZVM studies do not allow prediction at a rdiagon design phase of the timescale
associated with the remediation program, the amod@imollutant removed from the aquifer as a
function of time, or the expected variation in ptdnt removal from storm water runoff
(overland flow) as a function of specific desigarsts. They are therefore difficult to directly igtate
into the design of a sustainable remediation prograSUDS.

This study addresses the specific SUDS remediateatment design issues by using experimental
data to create a series of regression equatieimpH, EC), which can be used to quantitatively predict
the performance of a ZVM remediation program or SU&s a function of time, ZVM quantity and
flow rate. Application of the regression relatiomshin design modeling for SUDS projects and
GWM/plume remediation allows the treatment providgd VM to be directly related to:

1. specific design storms for storm runoff,

2. abstraction/infiltration/runoff flow rate,

3. the amount of ZVM placed in an aquifer for statifus$ion treatment (and time), and

4. the abstraction and infiltration/injection rate whaquifer/plume/GWM treatment strategy
requires the entireh andpH of the water body to be changed to new defineddim

These experimental results provide a basis for ghantitative design of sustainable m-ZVM
treatment programs, which can provide:

1. treated drinking water (including removal of leaghmetals, micro-organisms, and organic
chemicals),

2. remediated GWMs and plumes,

3. treated GWMs and plumes to support specific agucelactivities and remove the adverse
effects of leaching/infiltration of pollutants,

4. improved water quality in aquifers, and

5. low cost, rapid supply, high volume sources of tedawater in the aftermath of natural/
anthropogenic disasters.
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1.1. ZVM Treatment

Historically two approaches have been used to tgeatindwater using nano-ZVM (n-ZVM).
They are:

1. the creation of permeable reactive barriers (PRB)}aining n-ZVM (e.g., a physical static
barrier within the aquifer containing n-ZVM) [5,&land
2. the injection of n-ZVM into an aquifer with injecter infiltrating water [6,7,16,17].

n-ZVM has a low permeability [8], which decreaseshwime [15] due to recrystallisation within
the n-ZVM bed [15] and the development of pore esidn by Q(g) [1,2,18-20]. Injected/infiltrating
n-ZVM reduces aquifer permeability by particle dotg of pores, pore throat radii reduction, and
increasing flow path tortuosity [6,21]. The redoatiof water by the ZVM produces(@@) [22].

Spent n-ZVM is difficult to recover from an infiition device, PRB, or well, due to its small
particle size. m-ZVM is immobile and can be recedefrom a surface or subsurface continuous flow
or static diffusion reactor (or PRB or infiltratiatevice or well). The term m-ZVM is used to define
micron/millimeter sized ZVM J[e.g., fine filamentg-igure 1)], which are immobile under the
prevailing driving force, P, Pa. The term n-ZVM is used to define ZVM powdeig(re 2) with a
grain size of <60,000 nm (Figure 2).

Figure 1.m-ZVM (a) m-F& filaments. Field of view = 5 cm. (b) m-Efilaments. Field of
view = 3 cm. (c) m-Al punchings. Punching diameter = 5 mm.

Figure 2. n-ZVM powder. (a) n-F& (b) n-Cd. (c) n-AP.
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1.2. Sustainable ZVM Treatment Design Issues Adddes

The implementation and design issues addressed are:
1 n-ZVM (Figure 2) in a continuous flow reactor
a. What is the magnitude of permeability reductionhwitne?

Three continuous flow reactors (DR1 to DR3) contajnn-ZVM were operated with a constant
driving force for a period of 90 days (Figure 3heTtest results indicate flow rate reductions tglrou
the n-ZVM of 98-99%.

b. What is the magnitude of thigh andpH changes and do they change with space velocityeas
flow rate through the n-ZVM declines?

The DR1 to DR3 test results define a series ofesgjon relationships, which vary with ZVM type
and space velocity.

c. Can continuous flow through n-ZVM be used to effedy treat water by modifying theh and
pH environment?

Modeling (of aquifer redox transformation) usinge tlexperimental regression relationships is
compared with the results from a pilot n-ZVM inject program into a contaminated groundwater
plume. The regression relationships provide a nemtleédox environment, which is similar to the
redox environment observed in the pilot injectioagsam.

2 m-ZVM (Figure 1) in a continuous flow reactor
a. What is the magnitude of permeability reductionhwitne?

Three continuous flow reactors (BR1 to BR3) contggnm-ZVM were operated with a constant
driving force until the ZVM ceased to be effectiffégure 4). The test results indicate that theneais
reduction in flow rate or permeability with timeydathat the m-ZVM permeability (Figure 4) is higher
than the initial permeability through n-ZVM (Figugg.

b. What is the magnitude of thieh andpH changes and do they change with space velocityeas
flow rate through the m-ZVM declines?

The BR1 to BR3 test results define a series ofessjon relationships, which vary with ZVM type
and space velocity.

c. Can continuous flow through m-ZVM be used to effesy treat water by modifying thEh
andpH environment?

Modeling (of aquifer redox transformation) usinge tlexperimental regression relationships is
compared with the results from a pilot n-ZVM inject program into a contaminated groundwater
plume. The regression relationships provide a nemtleédox environment, which is similar to the
redox environment observed in the pilot injectioagram.
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3 m-ZVM (Figure 1) in a Static Diffusion Reactor

a. Does m-ZVM in a static diffusion environment resualtan initial reduction irEh and increase
pH followed by a subsequent change to an equilibpagition?

Eh andpH in five static diffusion reactors (MWR1 to MWR5)& monitored over a period of time.

b. Can the experimental regression relationships ke us predict changes in the aquifer
redox environment?

Static diffusion modeling for a m-ZVM PRB placed & contaminated groundwater plume is
compared with actual n-ZVM injection results.

4  Permeability and Catalysis associated \Eitireduction angbH increase
a. Does th&hreduction and @discharge reduce permeability in n-ZVM?

Detailed tracer molecular isotope analysis of thedfwater, water product and ZVM will allow
identification of the exacEh reduction mechanism. This may vary with ZVM typéowever, Eh
reduction is associated with,(@) discharge [22]. This discharge has economidigapons for the
sustainability of water abstraction and treatmeoinf the aquifer as pore occlusion by €n reduce
aquifer permeability [1,2,18-20]. In order to urstand how the reduction iBh may affect the
permeability (and hence treatment volume) in anfaguhis study has examined a number of n-ZVM
combinations in clay free and clay rich environnserind in saline and freshwater environments. In
each instance, the n-ZVM is associated with thezv@ekeduction of HO to G(g). When the qg) is
expelled into the adjacent water body it is accamgxh by a discharge of water (and suspended
n-ZVM) from the n-ZVM bed. The reduction of8", H,O, OH and HQ to form Q(g) [22] reduces
Eh[23].

b. What information do theh, pH andEC changes provide about the Fe(aq) ions releasedhat
treated water?

The experimentath, pH andEC changes (BR1-BR3, DR1-DR3, and MWR1-MWRS5) are ueed
identify the dominant Fe ion types. The principat itypes are identified as ¥eFeOH, Fe(HQ)**,
and FE™H(aq) (also written as (Fellf F€*™'H, Fe-H, [H]Fe, HFe, or ZVM-H )[22,24-32].
Decomposition of the intermediate Fe(p)©) [24,25] ion may result in both aBh decrease and
O4(g) release.

5 Modeling of nitrate, organic chemical and megaluctions due to redox changes

a. Can the redox relationships established by the rexpeatal reactors be used to model
remediation of stormwater discharge, abstractecenvatnd the remediation of groundwater
contained in a GWM or plume?

A number of examples illustrate both the modelegdot on changes iBh, pH and pollutant ion
concentrations (nitrates, metalsfc). The experimental data and equilibrium relatiopshare
integrated. All aquifers are in a stable state edox disequilibria [33,34]. However, the redox
environment can be used to predict [35,36] the lggwim ion concentration ranges as the redox
environment is changed.
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b. Can a suitable redox environment be createdniraguifer to optimize Fe based catalytic
activity during remediation?

Eh andpH control the catalytic reduction of organic chenscancluding chloro-organics, utilizing
Fe ions in an aqueous environment [31,32]. Remediatesign modeling based on the regression
relationships demonstrates that remediation designptimize the catalytic destruction of polldgan
within the aquifer.

2. Methodology and Permeability
2.1. Basic Principals
2.1.1. ZVM Remediation

ZVM remediation operates by changing the aquifedoxe (reduction-oxidation pH, Eh))
environment. This shifts the chemical equilibriueaction associated with contaminants and allows
the contaminant ion to be removed by (i) decomposit{e.g., chloro-organic compounds), or (ii)
precipitation as a metal or metal oxide, or (iongersion from one form to another (e.g., conversib
nitrates/nitrites to ammonia). The product and ama@i contaminant removed is dependent on the
change in aquifeEh, pH and the sustainability of the change in the aqu#dox environment. ZVM
remediation can also be used to reduce salinityalme aquifer pore waters and facilitate catalytic
reactions used to removeyH;O, chemicals from pore water. For example, nitratenaeal
(resulting from a decrease in pore wdig)y may be associated with the generic equilibriuactiens:

NO® + HiO'[H-0], = NH," + 3HO, 0
1
NOs; + H;O'[H20]2 = NH;" + 30H + 1.5G(g)

The equilibrium ratio of products: reactants formeaction quotient< [37], which can be directly
related taEh via the Nernst Equation [37].

Eh=1[0.0592/n] LogK

Eh = Eh(cathode) -Eh(anode)

(2)

n = number of electrons transferred in the reactioiM may act as a cathode or anode. The
contaminant ion may act as a cathode or anode.

ZVM alters Eh and pH in the treated wateEh increases as the ratio HOOH increases [23].
pH increases as the ratios®f [X] .: [HO, + OH] decreases [23,37]. ZVM operation is associated
with the release of £g) resulting from decomposition of the water [2225,38]. The exact routes
producing the @may vary with water composition, ZVM and contanmfjdbut can be elucidated on a
case by case basis by isotopic studies. They rdtat¢he decomposition of J, HO, and
OH [22,24,25,38]. Example reaction routes are providdgquation 3.

4HO = Oy(g) +2H:0 [associated witkh increase angH decrease]
2HO, = 0Oy(g) + 20H [associated witlEh decrease and no changephi] 3)
6H,O = Oy(g) + 4HO'[associated with no changeki andpH decrease]



Sustainability201Q 2 2995

2.1.2. Static Diffusion

The presence of ZVM results in a diffusion flu® (39] between the water contained within the
ZVM mass and the surrounding water body [15]:

Jms =[ Ph— ][ (Ra+Rp)]=kIn(cd ) (4)

= a.gyv' = chemical pressure difference, Pa,= water viscosity (Pa.S)a = a constant,
ca = concentration in aquifer (kg ); & = bulk concentration in feed (kg ¥t czvwm = concentration
(kg m®) determined by the concentration at the m-ZVM-waitgterface and not by the bulk
concentration in the water body= exponential factor wheme> 1; a andn are a function of molecular
weight; P, = hydraulic pressure (Pa) [force applied by kinediwergy, Ec + potential energyF;
R. = flow resistance in the aquifer, éns' bar' cm?®; R, = flow resistance in the ZVM,
cn? st bart cm?; is indeterminable for a GWM or aquifer, prior tonemencement of a
remediation program.

2.1.3. Permeability

The flow rate Q) through a ZVM is [1,29,39]:
Q,nmm?st=k P

5)
k=Q/ P
P = driving force, Pak = intrinsic permeability (fim? s* Pa') [1,29,39];
k= r (6)
= porosity; r = pore throat radius, m; = viscosityy, N § m?; = pore tortuosity [1];
= complexity of pore geometry,
= (La/Lo), (7)

Ly is the direct distance between two ends of a pongluit.L. = the actual flow distance between two
ends of a flow path);

2.1.4. Space Velocity

Zero-valent metal (FPe Al°) will remove [5,38,40] nitrates [41-54], nitrit§55,56], bromates [54],
chlorates [54], organic compounds (including orghabdes [4-7,16,57-63]) and metals (Ag [64],
Al [5], As [40,65,66], Ba [5], Cd [12,64], Co [40Fr [5,63], Cu [5,42], Fe [5], Hg [64], Mn [5],
Ni [42], Pb [5], Se [67], U [68], Zn [69]), phospiea [40], sulphates [5] from groundwater, by
changing the redox environmerEh pH). Adding Al salts to F&increases the rate of organic
contaminant removal [38,70,71]. Adding Gio Fé€ increases the rate of metal and nitrate contarhinan
removal [42]. Following n-ZVM injection/infiltratio Eh andpH change progressively with time [6],
i.e., the water composition is a function of space ¢igjo SV (m* H,O h* t* ZVM). For a static
water body:

SV(m® H,0 h! t* n-ZVM) = (Vu/Ve) 60R; (8)
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Vi, = nt of water in the reactoly. = nano-metal weight, (tR = Average time spent by each of
water in the reactor (min). For a flowing water od

SV(m® H,0 h' t* n-ZVM) = (Vur/ Vo) (9)

V,uh = Water volume, rth?t.
2.1.5. Materials and Methods

Measurements were made dEC, Eh, pH, and temperature using Hanna HI-98120
(ORP/Temperature, Hanna Calibration Number = 24,23@anna HI-98129 pH, EC, TDS
Temperature; Hanna Calibration Number = 33,999}981i20 is factory calibrated. HI-98129 was
calibrated using Hanna test reageng$ (buffer solutions 4.01, 7.01, 10.01 (HI-7004, HB70
HI-7010) and conductivity solution 1.413 mS trfHI-7031)).Ehyes 1skcalculated from ORP [23,72] as:

Eh= ORP (298.15/9) (20)
T° = measured temperature, K.
TDS(Total dissolved solids, ppm)EC (mS cm') x F x 10° (11)

F = a factor (e.g., 0.5) [72]. The untreated tedewfpH = 6.2—7.1FEh = 0.034-0.185 V) was extracted
from an unconfined infiltration reservoir in fraota Devonian (Old Red Sandstone Volcanic Series,
Ochil Hills, UK) basalts.

2.1.6. Borehole Reactor Structure: m-ZVM

Each prototype reactor tube contained a 3 m ZVM4QOn diameter) column. The ZVM was
retained in place by ultra filtration membranesl(®). The ZVM combination tested are BR1
(100% m-F8&), BR2 (80 wt % m-F&+ 20 wt% m-Cfl), and BR3 (57 wt% m-Fet 29 wt% m-Af +
14 wt% m-CU). Each reactor tube contained 0.4 kg m-Fe maximum P [1] of 15,000 Pa was
applied. BR1-BR3 were operated using the same wsierce as MWR1-MWR5 and DR1-DR3.
m-F€ = fine filaments (Figure 1); m-Al= 5 mm Al punchings (Figure 1); m-Ew fine Cu
filaments (0.0001-0.0005 m diameter, 0.001—-0.00&ngth (Figure 1)).

2.1.7. Static Diffusion Reactor Structure: m-ZVM

The micro-reactors (MWR1-MWRS5) contain 0.0032 .0 and tested five different ZVM
combinations: MWR1: m-Fe(10 gm): MWR2: m-F&(10 gm) + n-F&(18 gm): MWR3: m-F&
(10 gm) + m-C8 (2.7 gm): MWR4: m-F&(10 gm) + m-Af (2.8 gm): MWR5: m-F&10 gm) + m-Af
(2.8 gm) + mCP(2.7 gm): n-F& = powdered Fe, particle size <60,000 nm; M-Edine filaments
(0.0001-0.001 m diameter, 0.001-0.1 m length); fh-Al Al filings (0.0005-0.002 m)
m-Cu = Cu filings (0.0005-0.003 m).

2.1.8. Continuous Flow Reactor Structure: n-ZVM

Each prototype reactor tube contained n-ZVM (Figgrén a 0.5 m vertical tube (0.04 m diameter)
with a constant P of 15,000 Pa. The n-ZVM had a patrticle size of €60 nm. The ZVM was
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retained in place by ultra filtration membraned (). Each reactor tube contained a different n-ZVM
column. DR1 = n-F¥(0.5 kg); DR2 = n-F&(0.5 kg) + n-Cfi (0.15 kg); DR3 = n-F&(0.5 kg) + n-Cf
(0.15 kg) + n-A? (0.13 kg).

2.2. Permeability of ZVM
The permeability of m-ZVM (Figure 1) and n-ZVM (kige 2) was compared.

2.2.1. Permeability of n-ZVM

In DR1 and DR2 (Figure 3) permeability initially ariiged cyclically with abrupt increases being
followed by a slow decline and subsequent abrggt in each cycle, the permeability change is én th
order of 186 m®* m? s' Pa’. This pattern is consistent with the cyclic chafigen viscous flow in
unexpanded porosity to flow in expanded porositggropore/fluidised flow/piping flow) followed by
a gradual collapse of the expanded porosity (eracropore collapse) [1,2,29-31]. This type of
poro-elastic flow occurs in clayey and sandy seqeernl,29]. After around 7-8 days, the cyclic flow
pattern ceases and the flow shows a general lbgadtdecline with minor fluctuations. This change i
associated with two changes in the n-ZVM bed:

i.  The n-ZVM becomes increasingly consolidated duest@xide formation and Fe particle growth
ii. Oz gas bubbles start to discharge from the n-ZVM &edhe permeability reduces. This results
in pore throat occlusion with an associated deereapermeability [1].

Initial permeability in DR3 (Figure 3) is substadly lower than in DR1 and DR2, and remains
constant with time at around 10m®* m? s' Pa’. The lower permeability is associated with exteasi
O2(g) venting from the n-ZVM bed shortly after fornuat.

Figure 3. Change in n-ZVM permeability with time. (a) DRb) OR2, (c) DR3: P = 15,000 Pa.
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2.2.2. Permeability of m-ZVM

The permeability of m-ZVM (Figure 4) is about®®® m? s* Pa' higher than the permeability in
an equivalent n-ZVM bed (Figure 3). Discharge freath borehole reactor was controlled by a valve.
The valve aperture was operated in two positionghoked flow, where the discharge aperture was
reduced by 50%, and (ii) unchoked flow where th&/esaaperture was not restricted. The n-ZVM
reactors (Figure 3) were operated with unchoked.fln-ZVM operated under choked flows is able to
maintain a constant permeability (Figure 4). Howewvehen the flow are unchoked, the permeability
varies with time around an average permeabilith®f to 10’ m®* m? s' Pa’. The reactors were
switched off when the m-ZVM ceased to alter BieandpH of the water flowing through the reactor.

Figure 4. Change in m-ZVM permeability with time. (a) BRb) BR2, (c) BR3: P = 15,000 Pa.
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2.2.3. Significance of Permeability Observations

The n-ZVM and m-ZVM permeability observations (Figs 3, 4) indicate that about 100 times
more n-ZVM (than m-ZVM) will be required to treatfeess a specific water flow rate. This indicates
that replacement of n-ZVM with m-ZVM will have tliellowing advantages:

1. The size of the facility required to process aifipagater flow rate is reduced by a factor of 100

2. The weight of ZVM required to process a specifitevliow rate is reduced by a factor of 100

3. The volume of water which can be processed/uniethy a specific weight of ZVM is
increased by a factor of 100.

The effectiveness of a water treatment can be e@flyy the proportion of a component removed
from a specific volume or flow rate of water. Themoeomics of a treatment facility is based on th&t co
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per unit volume of water per unit volume of ZVM. dtpermeability analysis demonstrates that
significantly less m-ZVM is required to processpadfic volume of water. The experimental analyses
in the next sections demonstrate that this smallantity of m-ZVM can provide both a more effective
and more focused nitrate, metal and organic chérieatment for flowing water and recirculating
water than the substantially larger volume of n-ZVikZVM treatment is demonstrated to remove
<60-100% of the contaminant. It is able to achigng treatment without a significant increaseitt
The large increases in treated waikkassociated with n-ZVM can render the product watdit for
human consumption [5]. This study demonstrates that minor changes ipH (typically < 1)
associated with m-ZVM treatment allow the treateadpct water to be used for human consumption.
This study also demonstrates that higher levelsitodte removal occur at high space velocities than
low space velocities. This observation renders nMZ& more effective (and more economic) nitrate
treatment medium for flowing water than the lowerrpeability n-ZVM.

Most n-ZVM is manufactured as graded particles Whitay be coated with one or more of metal
and other chemicals [6]. The n-ZVM is commonly nuixeith water and other chemicals to form a
slurry which can be injected into the sediment [Bje water (containing n-ZVM) migrates radially
during injection through the macropores and fragufrom the injection point through the
aquifer [1,2]. Following injection, the n-ZVM se#d and accumulates within the macropores, fractures
and pores as the driving force is removed [1]. Tiecropore/fracture permeability associated with
injection decreases with increasing distance frioenimjection point [1]. This results in a radiattbeg
of the n-ZVI around the injection point. The dibtrtion of n-ZVI within the aquifer can be directly
linked to the permeability and injection pressungection of n-ZVM slurry can result in clogging of
pores [6,21] and a substantive drop in permealjtyseveral orders of magnitude [6]. Increases in
driving force (injection pressure) may be requitede-establish the original permeability [1,2,29,3
In addition to this clogging, recrystallisation thfe n-ZVM can result (over a period of time) in a
decrease in aquifer permeability of several ordéraagnitude [15].

Equation 6 indicates that n-ZVM (Figure 2) will leaa lower permeability than m-ZVM (Figure 1)
because it is nano grade (and has a lower porattihadii). The experimental tests show that fresh
n-ZVM (Figure 3) can have a similar permeabilityftesh m-ZVM (Figure 4). Fresh n-ZVM is able to
achieve a similar permeability to fresh m-ZVM, besa the smaller particles allow low tortuosity,
high permeability macropore conduits to form as th&VM porosity expands and contracts in
response to the applied driving force [1,2,29,30].

2.3. Impact of dg) Generation by ZVM on GWM Permeability

ZVM produces @ (from the reduction of water) as a by-product loé¢ tinteraction of Fe and
cations/anions. While the chemistry associated wite Q production is complex and poorly
understood [22,24,25,38], the commercial impligagicof the @ production in water treatment
are assessed here by examining the sedimentolbyideddynamic features associated with
O, production in a number of static diffusion reastocontaining n-ZVM and n-ZVM +
Ca-montmorillonite (clay).
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2.3.1. Creation of Macropores Associated withg@neration

In a self-sealing GWM air bubble migration is asated with accumulation of air in vugs, which
are fed by feeder macropores [1]. The buoyant pressssociated with the air accumulation resuhed i
growth of the vugs [1]. The increased vug voluniis fivith water [1]. Some of the water in the vug
discharges with the air when it eventually escqd¢sExactly the same pattern of vug formation
occurs in a n-ZVM bed. In a self-sealing GWM, thregence of air bubbles switches the water flow
mechanism from viscous flow to the Knudsen diffasiate for air [1,2]. This has the impact of
reducing the permeability of the pore network bfaetor of about 18 [1]. However, once the air
bubble has been discharged, the relict pore netivaska high permeability which may be in the order
of 10° m*m? st Pa' [1,2,29,30].

n-ZVM containing n-Af and n-F8 is characterized by the substantial early disahafgQ, while
the volume of @discharged increases with time for f-Bad n-F& + nC\. The rate of @discharge
is a major factor controlling the permeability eGZNWM (Figure 3).

The presence of clays alters the permeability aswot with n-ZVM. This is illustrated for a
sediment bed comprising nFeCa-montmorillonite (clay). In this type of sedintdred, Q bubbles
are fed by a network of macropores (Figure 5). Maeropores are separated by clay clods (Figure 5).
Bouyant pressure forces the bubbles to rise witte t{Figure 5). This movement results in the vug
enlarging with time. The bubble may change frompaesical form (Figure 5a) to an ellipsoid
(Figure 5b). In the example illustrated in Figule the base of the initial vug remains adheredéo t
bubble. The resulting sediment separation createater filled vug below the Obubble. Following
discharge of the £ the vugs and their feeder macropores remain {peuare 5c, d, e). These relict
macropores increase the permeability and storagacis of the clay. The ©Oventing results in a
gravity segregation of the sediment bed, with tHay cconcentration increasing towards the
sediment-water contact (Figure 5c, €). The macexpand vugs are concentrated in the sections of the
sediment bed, which contain a high rf-Eencentration (Figure 5d). Vugs in the clay rielctin may
contain accumulations of heavier n?K&igure 5e). The permeability of the clay richdey is low
(Figure 5c). However, the Qrenting results in the formation of cracks/fissurehich extend to the
sediment surface from the feeder vug (Figure 6§ piesence of feeder vugs results in the presdnce o
static craters on the sediment surface which améragally reused by discharging. (Figure 6).

The development of vents, fissures and macropanes bed containing n-Eend smectite
(montmorillonite) clay indicates that n-Feor addition of F&™* ions) could be used to increase and
expand the macropore network (and storage capaditife clay within the aquifer/GWM/plume.
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Figure 5. Cross Section of a n-fe-Ca-montmorillonite (clay) bed in fresh water shogwi
O, bubbles being fed by water filled macropore pdyoseparating clay clods within
Ca-montmorillonite rich layers. (a) 16 days afteZViM bed formation. Large ©bubble
diameter = 3 mmEh = 0.134 V; pH = 8.59; EC = 0.816 mS cm; Temperature,
T = 21 °C; ZVM bed weight ratio 1.2 Ca-montmorilln 1 n-F&. (b) 21 days after
n-ZVM bed formation. The vug has grown over thecpting 5 days due the buoyant
pressure created by the, ®ubble and the feeder macropore network has beconare
pronounced. @bubble diameter = 3 mrEh= 0.171 V; pH = 8.55;EC=0.791 mS cm;

T =13.8 °C; (c) Cross section through n-ZVM + ched from the sediment-water contact.
The bed shows density stratification with clay camtcations increasing towards the
sediment-water contact. The n%Reéch layers are characterized by the presenceugé v
(formed by Q bubbles). Vertical section = 10 mm. (d) Crossisacshowing water filled
vugs fed by a macropore network (following, @ischarge) separated by clay clods.
Vug diameter = 2 mm. (e) Cross section through eplattZVM + clay bed showing water
filled vugs following discharge of OThe larger vug contains a relict layer of settiele,
which has settled following the discharge of theb@bble, which formed the vug. Field of
view = 10 mm. Photographs b—e taken 21 days afté¥M bed formation. Water
composition prior to addition of n-ZVMEh = 0.152 V;pH = 6.39;EC = 0.261 mS cm.
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Figure 6. Cracks, fissures and vents associated with discharge from a
Ca-montmorillonite — n-Febed in saline water. (a) Individual fractures eimimacropores
leading to deeper Gilled vugs. Field of view = 20 mm. 8 days afteZ¥M bed formation.
Eh= 0.006 V; pH = 8.62;EC=2.149 mS cm; T = 14 °C; (b) Collapsed Qlischarge vent
(5 mm diameter). 10 days after formation of the\fivZbed. Eh = 0.031 V;pH = 8.50;
EC=2.030 mS cm; T = 14.1 °C; (c) Collapsed-Qlischarge vent and associated venting
cracks. 10 days after formation of the n-ZVM bedcr field of view. (d) Active @
discharge vent. Field of view = 20 mm. 21 daysrait&VM bed formationEh = 0.042 V;,
pH = 8.43;EC = 2.030 mS cm; T = 25.1 °C; (e) Active Odischarge vent (illustrated
in Figure 6b) just prior to discharge. Field of wie= 20 mm. 21 days after
n-ZVM bed formation. (f) Active Odischarge vent (illustrated in Figure 6e) immealiat
after discharge. Field of view = 20 mm. 21 daysrafti-ZVM bed formation. Water
composition prior to addition of n-ZVMEh = 0.147 V;pH = 6.27;EC = 1.836 mS cm;
ZVM bed weight ratio 1.2 Ca-montmorillonite: 1 n°Fe
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Figure 7. n-F€ and n-F& + n-C: Fresh water. (a) Cracks through a limonite crust
revealing the underling n-Eat the n-ZVM- water interface. The cracks are aissed with

O, discharge. 95 days after formation of r-Feed. Field of view = 30 mm.
Eh=0.012 V;pH = 8.27;EC = 0.308 mS cm; T = 15.3 °C; Water composition prior to
addition of n-ZVM:Eh = 0.043 V:pH = 6.90;EC = 0.426 mS cm; (b) Cracked section of
limonite crust being lifted by an underlying Bubble 95 days after formation of n%feed.

O, bubble diameter = 7 mm. (c) nFe n-C clods (separated by macropores) containing
limonite patches (yellow). Field of view = 5 mm. @ays after n-ZVM bed formation.
Eh= 0.012 V; pH = 8.97;EC=0.228 mS cm; T = 13.9 °C; Water composition prior to
addition of n-ZVM:Eh = 0.032 V;pH = 7.10;EC = 0.347 mS cm; (d) n-F& + n-C{
clods separated by macroporesy(dp is discharged through the macropores beside
the limonite patches. Field of view = 5 mm. 91 dayter formation of n-ZVM bed.
(e) n-F8 + n-CUf clods located beside inactive macropores. Fieldef = 5 mm. 91 days
after formation of n-ZVM bed. ZVM bed weight rati®:5 n-F&1 n-Cd.
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Figure 8. n-F€ + n-Al° + n-C{ (saline pore water). (a) Cross section view thiotle
n-ZVM water surface: n-Cudiapir on n-F&+ n-Al° surface. Large diapir diameter = 4 mm.
04(g) degassing from smaller n-Cdiapirs and directly from the n-ta-Al° bed. The
underlying n-ZVM bed is laminated and a seriesadfular (Fe) concretions are developing.
10 days after the formation of the n-ZVM bed. (blarP view: n-CU diapir on
n-F€ + n-Al° surface. Diapir diameter = 4 mm. 10 days afterftimation of the n-ZVM
bed.Eh= 0.115 V; pH = 9.25;EC = 2.260 mS cm; T = 14.1 °C; (c) Central cone starting
to reveal an @bubble. Diapir diameter = 5 mm. (d) Plan view ofivee Oyg) discharge
creating cratered cones of nfCan an n-F&surface at the n-ZVM-water interface. 7 days
after n-ZVM bed formation. The largest crater (FegBe) has an L) bubble diameter
of 7 mm.Eh= 0.056 V; pH = 9.51;EC = 2.256 mS cm; T = 14.1 °C; (e) Cross section
through n-ZVM bed illustrating a cone on the n-ZViddter interface. (f) Cross-section
through the n-ZVM bed showing an oxygen bubble gmgrfrom a n-Cucone. Diapir
diameter = 3 mm. 10 days after the formation ofrtfi®/M bed. Saline water composition
prior to addition of n-ZVM:Eh = 0.147 V;pH = 6.27;EC = 1.836 mS cm. ZVM bed
weight ratio: 6.5 n-F&1.67 n-Af: 1 n-CJ.
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2.3.2. n-F&and n-F&+ n-c!f

Clay free n-ZVM beds composed of n?Feend not to show vents or extensive macropores.
The sediment-water contact may form an oxidizedstcaf limonite/goethite (Figure 7). This crust
becomes fractured, exposing the underlying h-R€igure 7). The development of the
cracks/fissures/fractures is associated with thieeggng and discharge ofx(9) (Figure 7).

The addition of n-Clito n-F& substantially reduces the amount of limonite at sediment-water
interface (Figure 7). The sediment water interfe@eprises clods separated by macropores (Figure 7).
Limonite patches on the sides of some of the c(bityure 7) are associated with activegdventing
(Figure 7).

2.3.3. n-F&+ n-A° + n-Cc/?

Mixtures of n-AP + n-C + n-F€ (and n-Af + n-Fé) are associated initially with active,(@)
degassing with associated discharge of h-AIn-ClP + n-Fé into the overlying water column
(Figure 8) . This results in the formation of aetiv-CU{ cones (Figure 8) and the active suspension of
n-ZVM in the water column. The degassing oft® the air-water contact results in flotation e€o’
on the water surface (Figure 9). The rate pfi€gassing decreases with time.

O, bubbles initially originate in layers containingQnl. This results in the formation on the
sediment-water surface of cones of MG&igures 8, 9). These cones form arouns bDbbles
(Figures 8, 9). Following ©release the vents collapse leaving a small podkaad ejected n-ZVM
around the discharge point (Figure 9). Clods sépdrdby macropores dischargingp @om the
n-FE/n-Al° surface develop around the discharge crater (Ei@)r Over time these macropores
(separated by clods) become the dominant dischangges for Q (Figure 9). The clods give the
n-ZVM-water surface a particulate appearance ([Eiddx The clods are not particles but form an
irregular sediment interface with the water (FiglLog.

2.3.4. Significance of ©

O, discharge reduces the permeability of an n-ZVM Ibgdpore occlusion (Figure 3). This
discharge creates a network of macropores witremtZVM bed and results in a continual discharge
of fluid from the n-ZVM bed into the overlying waté~igures 5-10). The fluid discharge controls the
EhandpH of the aquifer.
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Figure 9.n-F€ + n-Al° + n-C{. ZVM bed weight ratio: 6.5 n-Be1.67 n-AP: 1 n-CJ. (a)
Plan view: n-Cli diapers on n-Fet n-Al° surface. The central cones containhDbbles.
Large diapir diameter = 4 mm. n‘e n-Al° surface shows macropores associated with O
venting starting to develop. 8 days after n-ZVM eanation.Eh= 0.060 V; pH = 9.52;
EC=2.231 mS cm; T = 12 °C; (b) Collapsed n-Egone following venting. Note the,O
bubbles associated with clods around the edgeeoéjeécta from the collapsed cone. Field
of view = 15 mm. 8 days after n-ZVM bed formati¢a) Active n-C( cone. Note the ©
bubble has a larger diameter than the cone amdlithfough a small crater within the cone.
A circular zone of clods separated by macroporexiidrging @) has developed around
the cone. @ Bubble Diameter = 3 mm. 8 days after n-ZVM bednrfation. (d) Vented
n-Cu on the surface of the water. 10 days after thedtion of the n-ZVM bed. (e) Clods
separated by macropores (with @ischarge) 10 days after n-ZVM formation. Fieldvadw

= 5 mm.Eh = 0.115 V; pH = 9.25; EC = 2.260 mS cm. (f) clods separated by
macropores (with @discharge) 16 days after n-ZVM formation). Fiefdview = 10 mm.
Eh= 0.091 V; pH = 9.24;EC = 2.190 mS cm; T = 18.4 °C{g) well developed clods
separated by macropores (with scharge) (after 110 days following n-ZVM fornaat).
Field of view = 20 mmEh = 0.161 V; pH = 8.48;EC = 0.19 mS cnl; T = 18.5 °C;
(Freshwater FeedEh = 0.032 V;pH = 7.12;EC = 0.347 mS cm). Figure 9a—9f are in
saline water feeh=0.147 V:pH = 6.27;EC = 1.836 mS cm.
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Figure 10. Cross section through the n-ZVM bed (f-Fen-Al° + n-C\f (saline pore water))
showing lamination, n-Aldiapirism and an irregular water-n-ZVM contactaasated with
the formation of clods. 16 days after n-ZVM fornpati Field of view = 30 mm. The irregular
n-ZVM water surface forms the clods (Figure 9). Z\Bdd weight ratio: 6.5 n-Bd.67
n-Al%1 n-Cd. Eh= 0.091 V; pH = 9.24;EC=2.190 mS cm.

3. Results

3.1. Static Diffusion Reactor Results

The changes in redox environment form a serieegfession relationships. These relationships
allow prediction of theEh and pH of the water surrounding an infiltration devicaréhole or well
containing m-ZVM as a function of time. Specifiafares are:

1. pH increases with decreasiByto a maximunpH before subsequently declining (Figure 11)

2. Ehinitially declines with decreasirgV, before subsequently increasing (Figure 12)

3. The EC:EC Initial ratio initially rises with decreasingV, before subsequently reducing.
The ratio may reduce to <30% (Figure 13), indigatthat m-ZVM can be an effective
remover of dissolved ions within water.

4. Eh vs. pH relationships demonstrate (Figure 14) that initi@s SV decreases the redox
environment moves to the NH NO, (Na(aq)) redox fence [73]. Subsequent reductions in
SVmove the redox environment into the®gstability zone [73].

5. The EC:EC Initial ratio initially rises with increasinggH but decreases as tpél declines
with decreasingV (Figure 15).

6. The EC:EC Initial ratio varies with bothEh and SV. The exact relationship varies with
m-ZVM type (Figure 16).

7. The presence of more than 1 metal type (or a catibmof n-ZVM and m-ZVM of the same
metal type) reduces the variance associated vageeific parameter (e.deh, pH, EC).

3.1.1. MWR1

Eh=0.0113 x Logs\} 0.027: R? = 0.201;Ehiitias = 0.111 V (12)
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EC:EGniia = 0.0693 x LogfV< 1) + 0.8791; R= 0.424ECyitas = 0.339 mS cm;

3.1.2. MWR2

EC:EGnita = 0.3692 x LoggV< 0.0077) + 2.332: R= 0.961:EChita = 0.328 mS crh;

3.1.3. MWRS3

pH = 0.1189 x LogSV> 6) + 7.7361; R= 0.511;
pH = 0.5243 x Log(0.13 <SV< 6) + 8.796; R= 0.508;
pH = 0.1887 x LogBV< 0.13) + 9.743; R= 0.061;pHuitial = 6.43;
EC:EGniial =0.0047 x LogBV> 1) + 0.9457; R= 0.134;

Eh=0.036 x LogbV>1) 0.1733; R =0.732;

Eh= 0.0335 x Log(0.02 SV< 1) 0.1932; R = 0.629;
Eh=0.0185 x LogV< 0.02) 0.374; R = 0.005;Ehija = 0.045 V
pH = 0.037 x Log(SV> 5) + 6.8954; R= 0.980;
pH = 0.8708 x Log(0.05 <SV< 5) + 8.787; R= 0.972;
pH = 0.5784 x Log(0.01 V< 0.05) + 12.89; R= 0.559;
pH = 4.9227 x Log(0.0077 8V< 0.01) + 32.364; R= 0.725;
pH = 1.3165 x LogBV< 0.0077) + 2.5779; &= 0.471;pHinitial = 6.65;
EC:EGnita = 0.0096 x LogSV> 1) + 1.0552; R= 0.647;
EC:EGniia = 0.1153 x Log(0.1 §V< 1) + 1.0281; R= 0.877;
EC:EGniia = 0.1431 x Log(0.07 <SV< 0.1) + 0.487; R= 0.851;
EC:EGhital = 0.2862 x Log(0.01 8V< 0.07) + 1.6361; R= 0.948;
EC:EGuiia = 0.6428 x Log(0.0077 SV< 0.01) — 2.5634; R= 0.734;

Eh=0.0432 x LogV> 1) 0.2198; R = 0.872;

Eh= 0.0359 x Log(0.08 SV< 1) 0.12; R =0.145;
Eh=0.0772 x LogBV< 08) + 0.1764; R= 0.144:Ehyitia = 0.078 V;
pH = 0.1724 x Log@V> 1) + 7.7137; R= 0.781;
pH = 1.8857 x Log(0.5 <SV< 1) + 8.4663; R= 0.879;
pH= 0.2833 x Log(0.1 <SV< 0.5) + 9.4166; R= 0.590;
pH = 0.307 x LogBV< 0.1) + 10.234: R= 0.263;pHinitia = 6.65;
EC:EGuita = 0.0043 x LogGV> 1) + 1.0532; R= 0.09;
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EC:EGhniia = 0.2208 x Log(0.2 €V< 1) + 1.0834; R= 0.896;
EC:EGhniia = 0.0468 x Log(0.025 8V< 0.2) + 0.822; R= 0.354;
EC:EGniia = 0.2477 x LogbV< 0.025) + 1.563; R= 0.968:ECiia = 0.331 mS crh;

3.1.4. MWR4

Eh=0.0443 x LogsV> 0.4) 0.224; R = 0.787;

Eh= 0.0516 x Log(0.03 SV< 0.4) 0.2427; B = 0.297;
Eh=0.052 x LogBV< 0.03) + 0.097; R= 0.051;Ehyitial = 0.043 V;
pH = 0.1624 x LogSV> 1) +7.575; R= 0.620;
pH= 1.1926 x Log(0.2 <SV< 1) + 8.5343; R= 0.911;
pH = 0.2224 x Log(0.03 8V< 0.2) + 10.569; R= 0.171;
pH = 2.4307 x Log(0.0155 8V< 0.03) + 18.846; R= 0.744;
pH = 1.4766 x LogBV< 0.0155) + 2.639; R= 0.450;pHitia = 6.65;
EC:EGniia = 0.0414 Log(SV> 1) + 1.2554; R= 0.765;
EC:EGniia = 0.2253 x Log(0.02 §V< 1) + 1.1981; R= 0.964;
EC:EGnita = 0.4157 x Log(0.015 <SV< 0.02) — 1.209; R= 0.757;
EC:EGniia = 0.4138 x LogbV< 0.015) + 2.218; R= 0.846;ECa = 0.332 mS crh;

3.1.5. MWR5

Eh=0.0597 x LogV> 0.8) 0.2631; R = 0.967;

Eh= 0.0483 x Log(0.02 58V< 0.8) 0.2753; R = 0.459;
Eh= 0.0413 x LogBV< 0.02) 0.324: B = 0.009;Ehisia = 0.160 V;

pH= 0.1775 x LogGV> 3) + 7.6906; R= 0.970;
pH = 0.6104 x Log(0.1 <SV< 3) + 8.8984; R= 0.900;

pH = 0.7137 x Log(0.0177 8V< 0.1) + 11.897; R= 0.777;
pH = 1.6348 x LogGV< 0.0177) + 2.4307: R= 0.583;pHinitias = 6.43;

EC:EGniia = 0.0225 x LogSV> 1) + 1.1652; R= 0.761;
EC:EGnita = 0.2253 x Log(0.04 8V< 1) + 1.1281; R= 0.979;

EC:EGhiial = 0.0174 x Log(0.02 V< 0.04) + 0.5314; R= 0.020;
EC:EGhnitia = 0.3838 x LogBV< 0.02) + 1.9909; R= 0.930;
EChiial = 0.334 mS cm; EC:EGiial = ObservedEC/EGhiial.
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Figure 11. pH vs. SV. (&) MWR1; n =

3010

172, t = 136,773 min; (b) MWR2; n 157,

t = 138,134 min; (¢) MWR3; n = 157, t = 135319 nf{aly MWR4; n = 155, t = 136,701 min;
(e) MWR5; n = 152, t = 135,405 min; t = test duatin = number of measurements.
SV= effective diffusion space velocity {0 h! t* m-zZvM).
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Figure 12.Ehvs.SV. (a) MWR1; (b) MWR2; (c) MWR3; (d) MWR4; (e) MWRS.
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Figure 13.EC:ECita VS.SV. (@) MWR1; (b) MWR2; (c) MWR3; (d) MWR4; (e) MWRS.
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Figure 14.Eh vs. pH(a) MWR1; (b) MWR2; (c) MWR3; (d) MWR4; (e) MWRS5; Aow
indicates direction of decreasi®y. Redox boundaries from [73].
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Figure 15.EC:EG;ital VS. pH.(2) MWR1; (b) MWR2; (c) MWR3; (d) MWR4; (e) MWRS5;

Arrows indicate direction of decreasi&y.

EC/EC INITIAL

1.2

11

12

11 .
1.0 ] ol q
0.9 ]

0.8 ]
07 ]
061
051
0.4 1

EC/EC INITIAL

0.3 T T T T

(b)

12

1.3 7
1.2 1
11y A aM
1.0 1 B

0.9 1
0.8 1
0.7 1
0.6 1
0.5 1
0.4 1
0.3 1
0.2

EC/EC INITIAL

(€)

pH

10

11

EC/EC INITIAL

(d)

11

EC/EC INITIAL
o
N

12



Sustainability201Q 2

3015

Figure 16.EC:EGhjja vs. Eh(a) MWR1; (b) MWR2; (c) MWRS; (d) MWR4; (e) MWRS5;

Arrows indicate direction of decreasi8y.
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3.2. Continuous Flow Reactor Results: n-ZVM

The product water composition is described by @seof regression relationships. They allow
prediction of the product waté&h andpH as a function o§V. They demonstrate a general trengbldf
increasing with decreasingV (Figure 17) andeh remaining stable or increasing with decreasiwy
(Figure 18). The rati&@C:ECeeeqshows a reduction with decreasiay (Figure 19).

The n-F& (DR1) creates (Figure 20a) redox environmentsratabe NH*: NO, redox fence [72] at
high SVand in the F®s stability zone [72] at lovBV. The addition of n-CU(DR2) or n-Cd + n-Al°
(DR3) focuses the redox environment of the proeater into the F&s3 stability zone (Figure 20b, c).
SV decreases as permeability decreases (Figure 8 Figure 20a it is apparent that if a high
permeability can be maintained through the ZVM lIfed)., Figure 4), then it will be possible to
maintain the product water composition around thk'NNO, redox fence [73].

The n-ZVM combination controls whether tHeC:EGeq ratio decreases or increases with
increasingpH (Figure 21). However, thEC:EG-q ratio decreases with increasiigp (Figure 22).
Throughout the continuous flow tests the n-ZVM eaged the product watpH relative to the feed
waterpH (Figure 23) and decreased the product wakerelative to the fee&h (Figure 24).

3.2.1. DR1
Eh= 0.032 x LogS\) 0.0165; R = 0.45; 27)
pH = 0.3503 x Log6\) + 8.132; B = 0.41; (28)
EC:EGreea= 0.0788 x LogBV) + 0.9953; R=0.7; (29)

3.2.2. DR2
Eh= 0.019 x Log(S\) + 0.0439; R=0.13; (30)
pH = 0.2035 x Log6\) + 7.6222; R = 0.10; (31)
EC:EGreeq= 0.0158 x LogB\) + 1.0243; R = 0.065; (32)

3.2.3. DR3
Eh=0.0077 x Log®\) + 0.0253; R=0.17; (33)
pH = 0.6108 x LogG\) + 8.1608; R = 0.52; (34)
EC:EGreea= 0.0284 x LogS\) + 0.7803; R= 0.03; (35)

The Feed Composition wdsh (mean = 0.134 V; SD = 0.047 \WH (mean = 6.42; SD = 0.193);
EC (mean = 0.273 mS ¢t SD = 0.018 mS crh).
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Figure 17. SVvs. pH: n-ZVM. (a) DR1 (n = 117; test duration = 112,47#); (b) DR2
(n =117; test duration = 112,473 min); (c) DR¥(112; test duration = 109,916 min).
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Figure 19.SVvs.EC:EGeqRatio: n-ZVM. (a) DR1; (b) DR2; (c) DR3.
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Figure 20. Eh vs.pH: n-ZVM. (a) DR1; (b) DR2; (c) DR3: Feed water =uéltriangles.

Redox boundaries from [73].
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Figure 21.EC:EGeeeqVvs.pH: n-ZVM. (a) DR1; (b) DR2; (c) DR3.
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Figure 22.EC:EGeeeqvs.Eh: n-ZVM. (a) DR1; (b) DR2; (c) DRS3.
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Figure 23.SVVs.[pHproduct— PHeeed : N-ZVM. (@) DR1; (b) DR2; (c) DR3.
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3.3. Continuous Flow Reactor Results: m-ZVM

The observed regression relationships v@W allow prediction of theEh and pH of the treated
water. Specific observations are:

1. pH increases with decreasi®y (Figure 25). The presence of m%or m-C§ + m-Al°,
decreases the increasepid with decreasingV, and reduces the variability associated with
pH at a specifiSV (Figure 25).

2. There is a general trend of increaskly with decreasingV. The lowestEh values were
observed over the range 1S¥< 10 (Figure 26).

3. TheEC of the product water was about 10%—20% higher thaC of the feed water for
m-F€ (Figure 27). The addition of m-Guor m-C¥ + m-Al° decreased the increase in
product watereC (Figure 27). The increase EC is due to the presence of Fe ions in the
product water.

4. The m-ZVM consistently moves the product walr.pH to the NH":NO, redox fence
(Figure 28).

5. BR2 and BR3 (Figure 29) show a consistent trendatasingeC (Fe ions) with increasing
pH.

6. The release of Fe ions (increase HET) reaches a maximum level when thd is
between 0.1 and 0.15 V (Figure 30). The additiohm-CW, or m-C{ + m-Al° decreased
the variability associated with Fe ion formatiomg{ife 30).

7. m-F€, or m-F8 + m-C{ show a general trend whemeHproquct — PHreed increases with
decreasingVto a maximum value where 1SV < 10 (Figure 31).dHproduct— PHreed then
decreases with decreasir®V. The addition of m-Al resulted in PHoroduct — PHFeed
increasing with decreasirg@vwhenSV< 1 (Figure 31).

8. [Ehproduct — Ehreed becomes increasingly negative with decreassiwuntil 1 < SV < 10,
before becoming less negative wig¥i< 1 (Figure 32). The maximum observed decrease in
Ehis between 0.3 and 0.4 V (Figure 32).

9. A general trend of Bhyoduct — Ehreed becoming increasingly negative with increasing
[PHproduct — PHreed is present (Figure 33). This indicates that thergical process oEh
reduction angbH increase is related.

10. The ECyroduciECreed ratio reaches a maximum value when phéoduciPHreed ratio is about
1.1 (Figure 34). Th&ECrroquciECreeq ratio decreases as 1.1 pHproguciPHreed ratio > 1.1
(Figure 34).

3.3.1. BR1

Eh= 0.0105 x LogS\) 0.0444; R*=0.071; (36)

pH = 0.058 x Log(S\) + 6.9393; R= 0.055; (37)

EC:EGreed= 0.111 x LogB\) + 0.827; R = 0.36; (38)
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3.3.2. BR2
Eh= 0.0121 x LogSV) 0.0379; R =0.072; (39)
pH = 0.3385 x Log8\) + 7.873; R = 0.23; (40)
EC:EGreeq= 0.0058 x Log\) + 1.0441; B = 0.025; (41)
3.3.3. BR3
Eh=0.0058 x LogB\) 0.0798; R = 0.009; (42)
pH = 0.0071 x Log8\) + 6.7781; R=0.001; (43)
EC:EGeeq= 0.0127 x LogS\) + 1.0944; R= 0.09; (44)

The Feed Composition wdsh (mean = 0.137 V; SD = 0.042 WH (mean = 6.39; SD = 0.151);
EC (mean = 0.278 mS ¢ SD = 0.015 mS crh).

Figure 25.SVvs.pH: m-ZVM. (a) BR1 (n = 108; test duration = 74,38jn (b) BR2
(n = 109; test duration = 74,560 min); (c) BR3 (@39; test duration = 74,560 min).
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Figure 26.SVvs.Eh: m-ZVM. (a) BR1; (b) BR2; (c) BR3.
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Figure 28. Ehvs.pH: m-ZVM. (a) BR1; (b) BR2; (c) BR3; Feed water =ubltriangles.
Redox boundaries from [73].
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Figure 30.EC:EGeqRatiovs.Eh: m-ZVM. (a) BR1; (b) BR2; (c) BR3.
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Figure 31.[pHproduct— PHeeed VS.SV: m-ZVM. (@) BR1; (b) BR2; (c) BR3.

pH Product - pH Feed

100

2.0 1
1.5

1.01

pH Product - pH Feed

1.3
1.2 a
©
(5]
(3]
('R Y YO J'S
0O 1.1 1 . 4
tn apleh 2,
O A A“‘ A‘A Ay
L N A A
1.0 1 & ah A Ad A
0.9
0.3 0.2 0.1 0 0.1 0.2
(C) Eh
3.0
257 .
? ] n
ﬂf 2.0 1 &
T b
2 1.5 1
— 3 A
3101 .
<4 ] A A A vy
o 05 54
T 27 r L., mwﬁﬁ{u‘?
=001 s LW
.05 7 : —————————
0.1 1 10 100
(C) sv



Sustainability201Q 2

3026

Figure 32.[Ehproguct— Elreed VS.SV. M-ZVM. (a) BR1; (b) BR2; (c) BR3.
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Figure 33.[Ehproguct— EMreed VS.[PHproduc— PHeeed : M-ZVM. (2) BR1; (b) BR2; (c) BR3.
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Figure 34.[ECprodquciECreed VS.[PHprodquciPHreed : M-ZVM. (@) BR1; (b) BR2; (c) BR3.
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3.3.4. Cumulative Water Volume Processed

All ZVM treatments in a reactor have a finite lifEhis life expectancy varies with ZVM type and
can be expressed in terms of cumulative processger wolume per unit weight of ZVM. The reactors
showed a number of general trends:-

1. The ratio ECperoquciECreed decreased gradually with cumulative water voluntecessed
(Figure 35). However, as the effectiveness of thi&lalecreased, the ratio decreased markedly
(Figure 35).

2. [Eberoguct— Eheeed remained negative and constant with increasinguative processed water
volume until the effectiveness of the ZVM decreagEdjure 36). Eherogquct — Ehreed then
decreased to zero with increasing cumulative psesbgvater volume (Figure 36).

3. The ratio pHproduciPHreed aNd PHproduct — PHreed decreased gradually with cumulative water
volume processed (Figures 37, 38). However, astieetiveness of the ZVM decreased, the
ratio decreased markedly (Figures 37, 38).

4. m-Féis able to process a larger volume of water (2Br8bt' m-Fé) than either m-Fe+ m-CJf
(18,000 mMi t* m-F€ + m-C) or m-F& + m-Cd + m-AP (14,800 m t* m-Fé€ + m-Cl)
(Figures 35-38).

The observed regression relationships betweenedlaéianship between cumulative water volume
processed\;, m>t* m-ZVM) and the ratiosgH proguciPHreed and [ECeroquciECreed are:

BRL: [PHproduciPHreed = 1.9 x 10° x (V¢ > 4, 000) + 1.0789; R 0.476; (45)
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BR2: [PHproduciPHreed = 4.1 x 10 6 x (Ve > 4,000) + 1.0976; R= 0.633; (46)
BR3: [pHproduciPHreed = 4.8 x 10° x (12,000 >Vc > 4,000) + 1.0944; R= 0.583;
(47)
[PHproduciPHreed = 2.26 x 10° x (12,000 3Vc > 4,000) + 1.3167; R= 0.843;
BR1: [ECrroduciECreed = 2.8 x 10° x (17,000 >V, >4000) + 1.189; R= 0.233; 48)
[ECrroduc:ECree] = 1.56 x 10° x (V> 17,000) + 1.4171; &= 0.856;
BR2: [ECrroduciECreed = 4.8 x 10° x (13,000 >Vc > 4,000) + 1.2028; = 0.317;
(49)
[EChroquciECreed = 4.4 x 10° x (Vc> 13,000) + 1.599; R= 0.004;
BR3: [ECrroduciEC Feed = 37 x 10 6 x (12,000 V¢ > 4,000) + 1.1779; R= 0.115;
(50)
[EChroquciECreed = 7.6 x 10° x (12,000 >Vc > 4,000) + 2.0096; R= 0.974;
BR1: [Eheroquct Eheeed = 8 x 107 x (Ve > 4,000) — 0.227; R=0.02; (51)
BR2: [Eheroquet  Ehreed = 3.6 x 10 x (Vc>4,000) 0.2492; R = 0.159; (52)
BR3: [EhproduciEheeed = 3.0 x 1¢ x (12,000 >V, > 4,000) 0.2433; R=0.091; (53)
[Eheroduc:Eheeed = 4.3 x 10 x (V. > 12,000) 0.7098; R=0.5;
Figure 35.[ECproduciECreed VS.Cumulative Feedm-ZVM. (a) BR1; (b) BR2; (c) BR3.
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Figure 36.[Ehprogquct—Ehreed vS.Cumulative Feedmn-ZVM. (a) BR1; (b) BR2; (c) BR3.
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Figure 37.[pHproduciPHreed VS.Cumulative Feedm-ZVM. (a) BR1; (b) BR2; (c) BR3.
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Figure 38.[pHproduciPHreed VS.Cumulative Feedm-ZVM. (a) BR1; (b) BR2; (c) BR3.
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4. Discussion/Implications/Applications
4.1. Fe lon Type

The changes ikh andpH are associated with the formation of differentetyf Fe ions and their
interaction with water, ¢H ions and the hydronium ion.
The hydronium ion is variously expressed as:

1. H30'(H20),, n = 1-3[74,75],

2. H:O'(H),, n=1-3,HO H" OH,[75],

3. hydrated Hions [(HO4") [76]], H"(H20)n, n = 1-28 [75] and

4. Hz0'(X),where X =H, N,, CO, and n =0 > 3[77].

The interaction of Fe andBy is complex but results in the formation of thremmeric groups of
ion types:

1. Fd(aq) [73],

2. FeOH(aq) [73], and

3. Fé®"*-H(aq), a = 2,3; where E&*-H,(aq) includes F&-H;O(Hy)n(aq), Fe-H, Fe-(t)",

F*™* (Y)n(aq) and FE-Hz0(X,Y)n(aq). Y = B, H,0, CQ,, CHy, CH,O,, etc, e.g., [29 32].

The formation of F&(aq) leavepH andEh unchanged, e.g.,
Fe = Fé*(aq) (54)
The formation of FeOHaq) reducepH and increasesh by removing OH, e.g.,
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Fe + OH = FeOH(aq) (55)

This reaction increases thg®:[OH + HO, ] ratio (.e., decreasepH), and reduces the OHHO,
ratio (.e., increasesEh). The formation of FBMW*H,(aq) increasepH (by removing HO") and
decreasekh (by increasing the OFHO, ratio), e.g.,

FeO + 2HG + 2H;0" = Fe-(H)*(aq) + 60H (56)
or increasepH, but leaved€h unchanged by removing:8", e.g.,
FeO + HO" = Fe-(H)(aq) + HO (57)

or increasepH, and decreasesh by increasing the [OH+ HO; ]: H3O" ratio and increasing the
OH :HO; ratio, e.g.,

FeO + 2HO = Fe-(H)"(aq) + 20H (58)
Equation 58 is sometimes stated [4,78] as:-
Fe + 2H,0 = Fe' + Hy(g) + 20H (59)

The formation of Fe-(k)*(ag) from FeOH can be associated with a decreasgHnan increase in
Eh and the formation of £g), e.g.,

2FeOH (aq) + 20H = 2Fe-(H)*(aqg)+ Ox(g) (60)
or a decrease ipH and a decrease ih, e.g.,
FeOH + HO, = Fe-(H)"(aq) + 1.5Q(q) (61)

The formation of Fe-(Hfaq) from F&" and F&" ions can be associated with a decreasgHn
a decrease ikh and the formation of £0g), e.qg.,

F&* + HO, = Fe-(HJ(aq) + Q(9) (62)
Fe* + OH = Fe-(H)(aq) + 0.50(q) (63)
Fe" + 20H = Fe-(H)’(aq) + Q() (64)

0,(g) can form from the reduction of® by Fé€, decreasingH and increasinh, e.g.,
Fe&’+ 20H = Fe-(H)"(aq) + Q(g) (65)
or decreasingH and decreasingh, e.g.,
F&’ + HO, = Fe-(Hj(aq) + Q(g) (66)

Reduction of [F&+ OH ], [FeOH'(ag) + QH ] and [F&" + OH ] to form F& M H (aq) is the
principal reason why £0g) bubbles (and associated macropore/gas verttingtisres) are observed in
ZVM beds. The reduction by [Fe+r QH ], is accelerated by the addition of°’Alr C{f + AI°.
The principal iron redox stability zones (Figure) 38dicate that the observed, @egassing (from
m-ZVM) primarily relates to activity while the wateedox environment is within the £éaq) and
FeOH'(aq) stability zones (Equations 60—63) and fromRHebed (Equations 65, 66). In n-ZVM the
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O,(g) degassing relates to activity while the redoxi®nment is within the FeOlaq), FeOs(s) and
Fe;04(s) stability zones (Figure 39).

Figure 39. Fe Redox environment. (a) Redox boundaries fror8].[{b) Redox
environment associated with ;@) release in Figures 510, 40, 41, 46, 70.
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4.1.1. Permeability Implications

In the static diffusion reactors, the wateh-pH changes with decreasir§)V into the hematite
(Fe0g3) stability zone (Figure 39). In this environmemidnite crusts (FeO(OH)ndD) are observed to
form at the ZVM-water interface when only n°Fie present (Figure 7) or at the mouth of(d)
discharge conduits when nFen-CW are present (Figure 7). Limonite is absent antbeth of Q(g)
discharge conduits when Fe AI°, or F€ + C + AI° are present (Figure 9). The limonite is
considered to form as:

Fe'H(aq) + Q(g) + nHO = FeO(OH)nHO(s) (67)

The permeability (Figure 3) of the ne n-C{ + n-Al° bed remains relatively constant with time.
The permeability of n-Peand n-F& + nCl{ decreases with time where the rate of permeability
decrease is greater in n%fed than n-Fet+ n-C bed. The experimental observations (e.g., Fighre 7
indicate that Equation 67 is favored by high cotitasidence times betweenRg(aq) + Q(g) at the
ZVM-water interface. Increasing the ratio of #&"-H(aq):0x(g) at the ZVM-water interface (resulting
from decreasing permeability) will favor limonitergoluction. Limonite production will block
macropores, requiring the development of a fradtswaface (Figure 7) to allow,(g) to escape from
the n-F& bed. The continuous flow reactors and static diffn reactor analyses indicate that
significantly higher Fe ion formation is associateith m/n-F& than with m/n-F&+ m/n-C{ and
m/n-F€ + m/n-C{ + m/n-AP.
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Figure 40. n-F€ + n-Cd + n-AP (a) Structure of n-ZVM bed after 72 hours when
Ca-montmorillonite is present. The n®Merms a crystalline zone containing trappesl O
bubbles (associated with n9\land macropore/fractures. A buried n’Gjection vent is
present (top left). Field of view = 30 miBh = 0.286 V; pH = 9.21;EC = 0.734 mS cm;

T = 24.1 °C; Freshwater fedth = 0.164 V;pH = 6.42;EC = 0.253 mS cm. ZVM bed
weight ratio 7.7 Ca-montmorillonite: 6.5 n¥el.67 n-AP: 1 n-CJd. (b) Cross-section
(4 mm thickness) through stratified n-ZVM after days showing Cu oxides (green)
overlain by n-Cl (copper), n-Al (light grey) and crystalline B@lark grey)/goethite
nodules (red-brown/black). The crystalline layaes@verlain by a layer of n-Ba-Al°. Ca-
montmorillonite is absentEh = 0.171 V; pH = 9.26; EC = 0.152 mS cm;

T = 12.1 °C; Freshwater Feelh = 0.032 V;pH = 7.12;EC = 0.347 mS cm. ZVM bed
weight ratio 6.5 n-F& 1.67 n-AP: 1 n-C{: (c) Cross-section (10 mm thickness) through
stratified n-ZVM after 98 days showing n-Al diagim, clod-macropore arrangement at the
n-ZVM-water interface, The n-Beis starting to show a crystalline structure.
Ca-montmorillonite is absenEh = 0.080 V; pH = 8.74; EC = 0.183 mS cm;

T = 16.6 °C; ZVM bed weight ratio 6.5 n‘£d.67 n-Af:1 n-C{?
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Figure 41.n-F& + n-C + n-AP. (a) Saline water: graded n-ZVM bed (from watef\iiv
contact, to copper rich basal layeBp days after n-ZVM bed formation. Stratificatiag i
formed by Q ejection. n-Al diapiric structures are present. Vertical strearitetee n-ZVM
bed indicate n-glg) discharge routes from the nQich layer. Similar streamers have been
observed when air is expelled from clay. Verticalumn is 15 mm.Eh = 0.288 V;
pH = 837, EC = 2.000 mS ciat; T = 20.0 °C; ZVM bed weight ratio 7.7
Ca-montmorillonite:6.5 n-Fe 1.67 n-Af: 1 n-CJ. Saline water feedEh = 0.147 V;
pH = 6.27;EC = 1.836 mS cm. (b) Freshwater: Cross-section (5 mm thicknessjutgh
n-ZVM after 76 days showing Cu oxides overlain bguf, n-Al°, crystalline F&goethite
nodules under a layer on n%gontaining @ bubbles). The n-Feis overlain by water.
(c) Enlargement of gig) bubble (bottom left Figure 40c) showing grovitbm the n-AP
diapir into a natural fracture zone/natural pipeeextending into a matrix which is
dominantly n-F&

Cross sections through n-ZVM beds containing h4Fe-C + n-Al° indicate

1. the development of crystalline n%structures when Ca-montmorillonite is present inith
few days of bed formation (Figure 40a). CrystallinE€ is observed in the n-#e n-C\f + n-
Al° when Ca-montmorillonite is absent after about B0ddys (Figure 40b, c).

2. extensive development of goethite within the ZVMdband extensive n-Aldiapirism
(Figure 40b).
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3. raised particulate clod surfaces can be directhate® to underlying n-Al diapirism
(Figure 40c). Cracks within the n¥bked can be directly linked to the adjacent f-dibpirs
(Figure 40a, c). ©gas bubbles are present within the R{Bgers (Figures 40a, c, 41), while the
goethite is restricted to layers where §-#d n-F&are in contact (Figures 40, 41).

4. The active venting associated with @ischarge results in the ZVM bed becoming density
graded with concentrations of n%Alkonfined to diapiric structures (Figure 41a, b).
Active O,(g) formation occurs in the vugs and macroporegatiag from the n-Al diapirs
(Figure 41c). The resulting gas bubbles rise thinotige crystalline n-ZVM bed into the
amorphous n-ZVM bed immediately under the n-ZVM-avatontact before discharging into
the water (Figure 41b).

These crystalline changes provide an explanatiortoasvhy the permeability in the n-ZVM
continuous flow reactors (DR1 DR2) declined withmig while the permeability of DR3 while low,
remained constani.e., the permeability decline in DR1 and DR2 is domiha due to limonite
precipitation at the water-ZVM interface which ssaciated with the interaction of the high leveFef
ion discharge and f{y) discharge. The constant permeability in DR3islirect result of gfg)
discharge creating an interlinked network of maorep and vertical pipes/macropores providing a
direct discharge route through the n-ZVM bed (Fégdiia).

4.1.2. Remediation Implication of Fe lon Type

The F&M*-H,(aq) and F&™*-H,(s) ions, when present, will act as active catalgiies which will
allow reduction of ¢H,Cl, to GHm, reduction of CQ and GHO, to GHn and GHWO,, and
polymerization of (Hy (or GHyO,) to CuaHy+b and GiaHy+pOz+c [29-32]. The experimental results
indicate thaEC increasesi., Fe ion formation) are associated with

1. decreases ipH and increases iBh (interpreted as indicating FeOgdq) formation), or,
2. increases inpH associated with increases or decreaseg&hin(interpreted as indicating
Fe@™*H(aq) formation).

Much of the FeOF formation interpreted by this approach may acusgpresent F&""H(aq)
formed from FeOMaq) and F&(aq) {.e., F€2 " H(aq) formation will be underestimated).

In the borehole reactors, Fe ion formation occunemthe bulk of the product water is in thé'Fe
stability zone (Figure 39). However, ¥dormation cannot explain the observed associgtedndpH
changes. These indicate that the dominant ion fiypeed in the product water is E8*H,(aq). lon
formation of 15-35 mg L is associated witfEh reductions of 0.15 to 0.3 V (Figure 42) angtd
increase of 0.25 to 0.75 (Figure 43). Treatmematier with m-ZVM prior to entering the aquifer will
therefore allow a high concentration of catalylicactive F&V H(aq) to be delivered into the
aquifer. This may significantly enhance the catalyemoval of contaminants within the aquifer.
Comparison of these results (Figures 42, 43) whih equivalent results from the n-ZVM reactor
(Figure 44, 45) indicates a similar pattern of P&H(aq) ion formation

These observations indicate that aquifer remediatimcesses which rely on #8"H(aq), as a
soluble catalyst, can be enhanced by
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3. passing infiltrating water through m-ZVM prior tatering the aquifer,

4. abstracting water from the aquifer, passing it otigh m-ZVM, and then
infiltrating/injecting the treated water into theyuafer using a process of continuous
recirculation.

Static diffusion tests containing clays and n-ZVMmetimes result in the n-ZVM resting on
undisturbed clay layers (Figure 46a, b). The n-ZwviMy contain a distinct undisturbed layer and
overlying disturbed layer (Figure 46c). The disedbayer contains £g) bubbles, microfractures and
macropores. Some of the latter discharge at th¥M-Water surface (Figure 46c¢, d). The clay layer
also contains microfractures and(@) bubbles (Figure 46b). This observation indisatet the water
contained in the n-ZVM interacts with adjacent clayer(s). Reduction of water within the clay
creates macropore conduits, which allow ion exchaogoccur between the clay and the n-ZVM. For
example, the substitution of Na, Ca, Mg, Al catibysé* and F& V" H(aq) at lowpH [79-85] and by
Na" at highpH (e.g., >8) [86].

These observations suggest that delivery of m-Z\ihted water to an aquifer containing
F®™W*H(aq) may result in a proportion of the®&"H(aq) ions substituting cations (Mg, Ca, Mn, Sr,
K, Na, Al, etc) within clays contained within the aquifer. Thiglgring process will create catalytic
sites within the clay nano-environment, which carhbcrack/reduce organic chemicals (pollutants)
and polymerise CQ CH,, CH,0,, CiH,Cl; into hydrocarbons and other compounds [85].

Figure 42.m-ZVM: Fe lon formatiorvs. Change irEh. (a) BR1, (b) BR2, (c) BR3. Fe ion
concentration, mg £ = ¢ [EC:EGnia 1]. C is approximated as 0.%. approximates
to 0.55 for water dominated by NaCl and 0.75 fortewadominated by calcium
bicarbonate [72].
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Figure 43.m-ZVM: Fe lon formatiorvs. Change irpH. (a) BR1, (b) BR2, (c) BR3.
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Figure 45.n-ZVM: Fe lon formatiorvs. Change irpH. (a) DR1, (b) DR2, (c) DR3.
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4.1.3. Implications of Aquifer Equilibrium Redox €lations on Fe lon Type

All aquifers are in a perpetual state of redox giisrium [6,7], though the variation in redox
parameters and associated oscillation may decreiiseime andSV. The relationship between ion
formation and ion type was assessed (Figures 47od@ach oscillation where there is an increase i
ion concentration for m-Pe(MWR1) and m-F&é+ m-Al° + m-Cd (MWRS5). The equilibrium
oscillation results in shifts between FeD#hd FE& V*H, formation (Figures 47, 48). The relationship
between ion type an8V (Figure 49) indicates that at higV the dominant ion type is B&"H,.
However, at loweBVthere is an oscillation between Fetahd F& V*H,, formation (Figure 49).

4.1.4. Implications for Clays within the Aquifer

Smectites, including montmorillonite (Figure 46avie a 2:1 dioctahedral structure where a sheet of
octahedrally coordinated metal cations is sandwicbhetween two tetrahedral (Si) layers [87].
Substitution of the octahedral cations by a bivial@ng., Fe), or monovalent (e.g., Na) metal ion
creates a net negative inter-layer charge. Thistesean interaction with exchangeable cations o fo
both a hydrated phase and a catalytic surface.eTbhagons and surfaces react strongly with polar
substances, which migrate into the inter-layer epac

The static diffusion tests (using n-ZVM) have destosted that in an aggressive@reduction
saline environment the clay mixes and becomesmitgied with the n-ZVM (Figure 41a) while in
more benign saline (Figure 6) and freshwater (FEigd8) reducing environments the clay remains
distinct from the n-ZVM. However, even in the mdrenign environments there is an interaction
between the clays and the n-ZVM which results i@ thrmation of extensive macropore conduits
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(Figures 5, 46), fractures (Figure 46) angl dscharge (Figures 5, 6, 46). These conduits aflew
passage of water between the aquifer, n-ZVM bed thed clay (e.g., Figure 46). This allows
substitution of inter-layer cations by #8"H,, F&* and other cations contained within the water
(e.g., Cu, Mg, Mn, Sr, K, Naetc). Substitution results in the development of amildarium
interaction between hydration, or absorption, puaéérof the inter-layer cationgh, pH, charge site
density, surface area, and type of adsorbed cafioa.hydration, or absorption, potential variesaas
function ofpH and the absorption-desorption coefficié, [86].

Figure 46. Cross sections througitZVM beds where the clay remains as a distinatray
overlain by n-ZVM. Figures 46a, 46b, 46d show th&uM-water contact. (a) Vuggy,
fractured disturbed n-ZVM layer (containing, ®@ubbles) overlying clay. Field of
view 20 mm. (b) Vuggy, fractured disturbed n-ZVMyéda (containing @ bubbles)
overlying clay. The clay contains fractures and laubbles. Field of view 20 mm.
(c) Vuggy, fractured disturbed n-ZVM layer (coniaimp O, bubbles) overlying undisturbed
n-ZVM layer. Field of view 10 mm. (d) Enlargemeritair-n-ZVM interface in Figure 46a
demonstrating that the fracture networks within thEVM discharge into the overlying
water; 12 days after bed formatioBh = 0.358 V; pH = 9.25:EC = 0.701 mS cm;

T = 17.8 °C Freshwater charg€Eh = 0.164V; pH = 6.42;EC = 0.253 mS cm: n-ZVM
bed weight ratio: 7.7 Ca-montmorillonite: 6.5 n"%Fe67 n-AP: 1 n-C\.



Sustainability201Q 2

3040

Adjustment of the aquifqpgH andEh by either static diffusion or recirculation thrdum-ZVM will
alter the equilibrium concentration of cationshe inter-layer space and will alter the cation hyidn
levels [87] and water composition by changing @dgorption capacities for specific ions. This akow
aquifers, which contain smectites to be activelynaged to remove, breakdown, and where
appropriate store specific cations from the wateg.( Na (in saline water), various metals ions,
organic compounds, gases (e.g.,4CHQO,)). Addition of specific cations to the aquifer watwill
allow cation substitution to be targeted to catedyty remove specific pollutants from the water.
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4.2. Applicability of Regression Equations to theddling of Pore Water Redox Modification

A n-ZVM injection program will result in an aquifggermeability reduction and an associated
subsequent modification of the pore-water by sw@ifitision. This study has identified two alterwvati
remediation strategies, which will allow remediatiithout reducing the permeability of the aquifer.
They are:

1. static diffusion associated with placement of th&wM in an infiltration/observation well
(e.g., Figure 50).

2. Recirculation associated with placement of the mvZ\Mn an infiltration/injection
device/borehole with continual abstraction and jesition/reinfiltration of the water
(e.g., Figure 51).

These process flows (Figures 50, 51) can be apmi@sy aquifer containing a plume (or body) of
contaminated water. These two strategies allow Mmagleof the expected changes in redox
environment in a contaminated groundwater plume. gppecific advantage of targeting remediation in
a self-sealing GWM is that the perched high pernigalcWM is in a clayey sequence. This allows
the creation of water-clay interfaces (Figures 6) where fracture networks associated witsOH
reduction (to @) extend the storage capacity of the GWM (Figuraid allow the water within the
GWNM direct access to the inter-layer spaces withenclay (Figure 46). This allows the direct cation
substitution with Fe and the creation of highlygrohano-sites within the inter-layer spaces, thereb
increasing the removal of organic compounds, chéded compounds, and metals.

Figure 50. Example Self-Sealing Groundwater Mound (GWM) feg dn infiltration
device containing m-ZVM. GS = Ground surface. GWpper surface denoted in red. The
GWM lower surface is denoted in green. The rechaagd permeability parameters
defining the GWM are provided in [1].
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4.2.1. Reference Pilot n-ZVM Pilot Injection Progra

The published results of a n-ZVM program at Naval Btation (NAS) Jacksonville, Florida,
USA [6] were used to assess the applicability ef ékperimental regression relationships to n-ZVM
and m-ZVM treatment programs using both staticuditin and continuous recirculation.

The n-ZVM pilot program utilized abstraction andetion wells [6]. During an initial period
of 23 h water was continuously abstracted and iteated through the contaminated aquifer [6]. The
reinfiltrated water contained 2—4.5 ¢ Ln-F€ (with 0.1% palladium, 50-300 nm particle size).[6]
Infiltration was into an unconfined sand/silt agui{2.1-7.3 m bgs) [6]. About 11.34 kg n’Reas
infiltrated through 6 infiltration wells (total 02.8-5.6 mi H,O infiltrated) [6]. The infiltration in
specific wells ceased after about 17 h due to ptwekage [6]. The estimated contaminated aquifer
gross rock volume = 220%698 nt; estimated contaminated net pore-water volume8-rit0850 m?,
Pre-treatment volatile organic compounds, VOC'srev&83 mg L' (including <26 mg L
tri-chloro-ethenes (TCE), 1.3 mg*Ldi-chloro-ethenes (DCE)) [6]. The aquifer pore-vatwere
modified by static diffusion by the infiltrated V&1 within the aquifer pore space.

Post infiltration, pore-water monitoring [6] indiea a 65 99% reduction in parent VOC'’s during a
5 week period. This was associated with an incréadee ions (from 3.5 mg t to 15 mg L),
increase irpH (of 0.07-0.49), and a decreasecim(ORP) (of 0.250-0.368 VpH andEh at the onset
were 5.77 to 5.96 and 0.034 to +0.1114 V respetiv The 5 weekSV = 10.9 for 108 rh
pore-water and 35.3 for 350°pore-water.

This study uses the NAS Jacksonville aquifer ghoidy startingopH andEh [6] as a reference for
modeling. The experimental regression relationslaps used to determine if modeling based on
m-ZVM (static diffusion) or n-ZVM (continuous recilation) or m-ZVM (continuous recirculation)
are able to replicate the NAS Jacksonville aguierpH environment after a 5 week period [6].

Figure 51. Example Self-Sealing Groundwater Mound (GWM) feg dn infiltration
device/borehole containing m-ZVM, where water isntowually abstracted and
reinjected/reinfiltrated into the GWM. GS = Grourglrface. The recharge and
permeability parameters defining the GWM are predith [1].
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4.2.2. Modeling Static Diffusion: m-ZVM

In the process configuration illustrated in Figbfe effectiveSV decreases with increasing distance
from the infiltration device, IDV,, (Equation 8) defines the avera§& within a specific perimeter
boundary. Averag&Vdecreases with increasing time and increasingisaatiound the ID. This allows
Eh, pH andEC to be estimated as a function of time and distéwwre the ID, during the design phase
for a remediation program using the regression &opus 12 to 26 for specific m-ZVM combinations.

The expected changes in redox parameters are:

Change irEh = Regressiolich — Ehpitial (68)
Change irpH = RegressiopH — pHisjtia (69)

Change irEC = (RegressioEC:EGitia Ratio— 1) X ECiitial (70)

The expected change in average redox parameterklfdd kg m-ZVM placed in an infiltration
device/well/borehole (Figure 50) and pore waterunm contained in the GWM after 5 weeks is
summarised in Figure 52 as a function of water m@uwithin the GWM for m-F&(MWR1) and
m-F€ + m-Cd + m-A° (MWR5). This analysis (when compared with the fi-FePd NAS
Jacksonville observations [6]) indicates that M-Fen-Cl? + m-AI° will produce a similar averadeh
change to n-FaPd (Figure 52a). MWR1 and MWRS5 produce a greater ayeiincrease ipH than
Fe + P (Figure 52b).

Figure 52. Modeled static diffusion change in averdgfe andpH as a function of water
volume after 5 weeks. (&h Change (b) AveragpH Change, 11.34 kg m-ZVM. NAS
Jacksonville data from [6].
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4.2.3. Modeling Redox Modification by Recirculation-ZVM

The process configuration illustrated in Figurerjuires a continual water circulation through a
reaction zone containing m-ZVM (Figure 53). Therapin redox parameters can be modelled using
the regression Equations 27-35 for n-ZVM and 36e53-ZVM.

EN ime = n+1 days (1 @) ENime = n daysjt @ (ENime = n daysyt [RegressioEn-Ehpiia+ ENgime = 0 dayd) (71)
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pH (time = n+1 daysj~ (1 a) pH(time =n days)'" a (pH(time =n days)'" [RegreSSiODH pHInitiaI + pH(time =0 dayJ) (72)
EC:EGiita ime=n+1daysm (1 ) EC:EGiital ime = n daysyt & [RegressiorEC:EGal] (73)

Fe ion Concentratio(ﬂme =n+1 daysyNg L' =c [EC:EGinitial (time = n+1 days) 1] (74)

a = proportion of aquifer volume recirculated eacly;da = relationship betwee&C and Fe ion
concentrationEhpiia and pHiitiar refer to the averageh andpH in the feed water associated with the
regression Equations 27-35 and 36-53.

The Jacksonville GWM/contaminated plume contain@d &+ water pH = 5.77;Eh = 0.103 V).
Modelling a recirculation (abstraction and infiticm) rate of 0.83 rhh', operated with asV of 100
(i.e., 8.3 kg n/m-ZVM) will gradually change tteh andpH of the entire GWM/plume.

1. The continuous flow tests indicate that utilisatiohm-F€ would require replacement of the
m-F& after about 20 rhof water had been processed.

2. m-F& will provide a lowerEhin the GWM after 40 days than n*HEigure 54)

m-F& will provide a lowerpH in the GWM after 40 days than n*H&igure 54)

4. the modelling provides a simil&h andpH to the NAS Jacksonville pilot tests [6] (Figure) 54
indicating that recirculation through m$may form an effective remediation approach.

5. Reducing thé&Vto 10, while maintaining a circulation rate of ®:8° h* (i.e., using 83 kg n/m-
ZVM), has the effect of establishing an equilibrigghl in the aquifer while reducing the
decrease ifch (Figure 55).

w

In many remediation environments, the actual volefde contaminated groundwater is unknown.
For example undertaking a remediation strategysintdg anSV of 10 (Figure 55), without increasing
the recirculation rate, where the effective aquifelume is actually 350 frhas the effect of reducing
the expected changes ki andpH (Figure 56). In this instance reducing the amafriZVM in the
recirculation circuit (Figure 53) (or increasingetpump/recirculation rate) will increase the efifest
SV and offset, or partially offset, the adverse dfean Eh (Figure 57) resulting from the aquifer
volume being larger than predicted.

Figure 53. Process flow between the abstraction well andtiafibn device, when redox
modification results from a continual water cirdida.
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Figure 54. Modeled recirculation change in averagk and pH as a function of water
volume after 5 weeks. (&gh Change, (b) AveragpH. SV = 100; GWM/plume contains
108 nt; Recirculation rate = 20 ¥d*; 8.3 kg n-F& NAS Jacksonville data from [6].
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Figure 57.Modeled recirculation change in averd&jeandpH as a function of water volume
after 5 weeks. (a)Eh Change, (b) AveragepH . SV = 100; GWM/plume
contains 350 rh Recirculation rate = 20 Ind*. 8.3 kg n-F& NAS Jacksonville data

from [6].
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4.3. Potential Applications

The test regression modeling (Figure 54-57) indg#hat m-ZVM modeling can be used to predict
the behavior of a remediation project during theigle phase. This allows:

5. Remediation of storm runoff water/overland flow wales to be predicted from specific
design storms [88-90] or specific storm runoff roghaphs [1,89,90]

6. Remediation of specific anions (e.g., nitratesheéopredicted for static diffusion PRB’s and
recirculation remediation programs

7. Enrichment of specific cations (e.g., ammonia)e&gbedicted for static diffusion PRB’s and
recirculation remediation programs which are designto convert nitrate enriched
groundwater into nitrogen enriched agriculturatifiser

8. Remediation of specific cations (e.g., Cu, Pb)d&gbedicted for static diffusion PRB’s and
recirculation remediation programs

9. Remediation of organic contaminants to be predidi@d static diffusion PRB’s and
recirculation remediation programs

10.Aquifer remediation programs to be designed base@arculation

Pre-construction modeling during the design for ediation projects allows the actual observed
post-construction remediation levels to be comparghl the pre-construction forecast.

4.3.1. Remediation of Storm Runoff/Overland Flow

Infiltration devices receiving storm runoff or oleerd flow discharge (Figure 50) the water into a
GWM or aquifer [1,2,88,91-93]. The infiltration dees are designed to remove suspended solids prior
to infiltration [88,91-93]. The storm runoff watemray be contaminated by nitrates (e.g., agricultural
runoff), hydrocarbons/organic chemicals (road rélcb&émical runoff), salt (road runoff/irrigation
project runoff) and metals (e.g., road runoff/intias$ runoff/mining runoff) [92,94]. The infiltratig
water will either flow directly into the water tab[89,90], or into the water table via a descending
groundwater mound [1,95], or into the water tabyeldieral propagation of a perched groundwater
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mound [96], or will form a perched sealed grounadwanound [1,2]. Surface runoff will form a
perched water table confined to the upper layertheftopsoil [8,97], which may also intersect and
enter the infiltration device. Adjoining groundwatmounds associated with different infiltration
devices may intersect each other in the subsufg2¢97]. Placement of submerged m-ZVM in the
infiltration device (Figures 50, 53) or in a flomé feeding the infiltration device (Figures 58) 54@ll
allow the feed water to be treated by

1 adjusting the equilibrium ion concentrations, and
2 placing FE V" H ions {.e., Fe catalyst) in the infiltrating water.

For example, a typical storm runoff hydrograph ffbjn a large catchment area (Figure 60a) has a
high peak flow followed by a period of reduced flothis results in very higBVs if the runoff water
is treated in a flow line without attenuation (Figw0b) and a variabEEh andpH in the treated water
(Figure 60c, d). Attenuation in a storage unit (edgtention basin, retention basin, pond [91-98pr
to treatment and infiltration (Figure 59) means®Mcan be reduced to a constant level (Figure 60b% T
results in a constant redox in the treated watkrieig the infiltration device (Figure 60e, f). Shanalysis
demonstrates that m-ZVM can be used to treat stonwif water prior to (and during) infiltration mtan
aquifer.

Figure 58.m-ZVM reactor used to treat water prior to discleargo an infiltration device.

Figure 59. m-ZVM reactor used to treat attenuated water ptordischarge into an
infiltration device.
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Figure 60. Analysis of Storm Runoff Treatment. (a) Storm rdndfydrograph
(Total runoff = 297 m). (b) SVas a function of flow rate for 100 kg ¥éttenuated flows
are based on an average flow from the attenuagoite of 29.7 mh*. (c) ExpectecEh

for unattenuated flow. (d) ExpectguH for unattenuated flow. (e) Expectdeh for

attenuated flow. (f) ExpectaaH for attenuated flow. Runoh=0.11 V,pH = 5.77.
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4.3.2. Nitrate Remediation
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The redox environment defines the ion type [73] egldtive concentration [35-37,73]. The redox
fences can be viewed as equilibrium concentrationntaries [73]. For example, the equilibrium

concentrations of N and NQ at the NH": NO; redox boundary are [1

al:[0 + b]Es)

(Figure 61). Similarly the equilibrium concentrat® of NH," and NQ at the NH": NO; redox
boundary are [0 + a]:[1 b]Ehy) (Figure 61). a and b vary witkh for a specific boundary and reflect
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the reaction quotient (Equation 2). They are vemals [35-37]. For design modeling purposes a = 0
and b =0.

Since the redox boundaries are known [73] (Figune i6 follows [35-37] that the equilibrium NO
concentrationlg) can be estimated for a specittth and pH and specific N@ concentration in the
feed waterlp) as (Equilibrium or LowSVCase):

l1 (mg L*) =1, (Eh—Ehy)/(Eh, Ehg) C (75)

¢ = correction factor (e.g., 1.0) which may vary with, pH, temperatureSV, and water compaosition.
In the continuous flow reactors (and SDR’s withth&\V (Figure 61) theEh of the feed waterHb)
defines the ion concentration,(High SVCase):

l1 (mg L*) =1, (Eh—Ehg)/(El  Ehg) C (76)

4.3.2.1. PRB Nitrate Remediation

GWM/aquifer remediation using n-ZVM placed in PRB&DR'’s) will remove nitrates [40]. Batch
experiments demonstrated experimentally that fhyé remove nitrates [41] by static diffusion.
Figure 61 illustrates (for an SDR, PRB) the inithdlange irEh:pH where the nitrate concentration is
controlled by Equation 76, and the oscillating &fgtum state where the nitrate concentration is
controlled by Equation 75. The associated impaatibate concentrations of changi8¥ (Figure 62)
demonstrates that nitrate concentrations initidigrease rapidly witlsV (as theEh reduces). They
subsequently rise as water composition adjusts #bable redox equilibrium position. The initial
reduction in nitrate concentration can be >90% (feg62). However, the formation of a stable redox
position results in a long term stable nitrate ot of 50-85% in the GWM (Figure 62).
The presence of m-Aland/or m-Cliincreases the proportion of nitrate removed, wihenwater is in
a stable equilibria.

Figure 61. Nitrate redox fencesety, Ehs). Data values are for MWR5. Redox boundaries
from [73].
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4.3.2.2. Flowing Water: Nitrate Remediation
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Nitrate removal rates of 65-95% (Figure 63) refoiin flowing water through m-ZVM in a single
borehole reactor. Passing the water through tweotoes arranged in series and separated by an
intervening storage or attenuation (Figure 65) ltesin an increase in the nitrate removal rate
(Figure 64). This analysis indicates that m-ZVM t&nused to reduce nitrate concentrations by >85%
in a continuous water flow (e.g., abstraction dfate contaminated water or agricultural runoff evat

prior to discharge into an aquifer).

NITRATE, mg L™

NITRATE, mg L™

Figure 62. Product watemitrate concentrations for a feed water contairi® mg L*
NO; vs.SV. (a) MWRL1. (b) MWRS.
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Figure 64.Product water nitrate concentrations for a feedemebntaining 100 mg t
NO;z vs.SV. Two borehole reactors are placed in series. ).Bb) BR2. (c) BR3.
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Figure 65.Process flow diagram for two m-ZVM reactors placederies.

4.3.2.3. Regulatory Significance

Drinking water standards in the EU [98] requii€ =< 2.5 mS cm; pH = 6.5-9.5; Al =< 200¢g L*;
NO; =<50 mg N@ L*'; NHs =< 200 mg NH L!; chloride =< 250 mgCl L;
chloride =< 250 mg E; Na =< 200 mg E; Fe =< 200 g L*; Mn =< 50 g L%;
sulphate =< 250 mg1; oxygen =<5 mg ©L*. The analyses (Figures 62—64) identify that m-Z&& (in
static diffusion or continuous flow reactors) remagelwater which is heavily nitrate contaminate@§N=
100 mg NQ@ L') by providing a product water which has a nitraencentration which is
<50 mg NQ L. This observation, potentially allows abstractiondrinking water from aquifers which
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are heavily polluted with nitrates, by either tiegitthe abstracted water, or by remediation ofwilager
within the aquifer.

4.3.2.4. Agricultural Significance

During remediation, the nitrate is converted to,NH his results in an increase in NHontent
within the product water. The example nitrate reducanalyses (Figures 63, 64) are associated with
increases in NE concentration of 20-33 mg L(Figures 66, 67). The NFi levels are within the
acceptable drinking water rangee( <200 mg L*) [98]. Aqueous ammonia is an agricultural fergfiz
[99,100]. m-ZVM treatment of abstracted nitrate teominated water allows a substantial proportion of
the nitrate to be recycled to produce dilute ageesumonia fertilizer which can be used in irrigatio

Figure 66. Product water Ny concentrations for a feed water containing 100 Lnig
NO; (and 0 mg ! NH,") vs. SV (a) BR1. (b) BR2. (c) BR3. Single Reactor.
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4.3.2.5. Sustainable Nitrate Cycle

m-ZVM treatment of abstracted br Situ nitrate polluted groundwater allows a sustainaytde to
be developed (Figure 68) where nitrate pollutedaser runoff is treated during infiltration, or wiith
the aquifer, or during abstraction, by m-ZVM to k@ra nitrates. The ammonia and nitrate levels of the
treated water meet drinking water standards [98}weéler, the conversion of nitrate to aqueous
ammonia allows the N to be recycled for agricultwrse as an N fertilizer during irrigation. This
allows m-ZVM to be widely applied in irrigation @® to produce N enriched water which can
supplement commercial fertilizers. The resultarst@nable nitrate cycle is summarized in Figure 68.
The required amount of N fertilizer varies with graype. For example, a crop may require
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100-150 kg N h& a'. In areas of high nitrate ground water (e.g., 289 NO; L) application of
100 kg N hd a’ can be achieved by abstraction (for irrigationB#33 ni ha' of m-ZVM treated

water containing 30 mg NfiL! (Figure 67). This application will effectively rewe the need for
additional commercial fertilizer (Figure 68).

Figure 67. Product water N& concentrations for a feed water containing 100 Lnfg
NO; (and 0 mg ! NH4") vs.SV. Two borehole reactors are placed in series. ). Bb)

BR2. (c) BR3.
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Figure 68.Sustainable cycle for the treatment of nitrate aomnibhated aquifers.
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4.3.3. Water Bourne Bacteria and Virus Removal

In a static diffusion n-ZVM/m-ZVM reactor, and ardmuous flow n-ZVM reactor (at lo\8\), the
reduction moves the redox environment into th€&s) stability zones. This change in t&&:pH
environment removes, kills and inactivates a nundfewaterborne viruses and bacteria (including
E.coli) which require an oxygenated environment [101-108F resultant environment is favoured by
H. consuming anaerobic micro-organisms (sulphateglinetrate reducing bacteria, methanogets).

Bacteria (includingg.coli) and viruses may be present in infiltrating waded surface runoff in
areas dominated by livestock agriculture, or whamemal or human slurry (sewage) is used as a
fertiliser. Continuous flow n-ZVM treatment or stadiffusion m-ZVM treatment will shift the redox
environment within the infiltrating water body intbe RO, stability zone and may be used to reduce
the contamination of the aquifer with bacteria/ses.

Aerobic environments are characterised by a high,[HHO, + OH )] ratio (measured b¥eh).
They will also have a high #0[O;], concentration. The active expulsion of(§) associated with the
reduction inEh (associated with ZVM) results from the removaH®, ions. It is also associated with
a reduction in BHO[O;], concentration. This Dexpulsion marks a major change in the environment
from aerobic to anaerobic conditions. Some of ttpeded Q will react with minerals to form mineral
oxides and hydroxides at the ZVM-water interfacegyfe 7). Depletion within the ZVM and
associated water body of, @y active expulsion) will result in the ratio aérobic:anaerobic species
will decreasing.

4.3.4. Metal Remediation

The redox principals (Equations 75, 76) apply tadaheoncentrations, though the redox fences are
more complex [73]. A common constituent of manyugid waters is Ciaq). The static diffusion
reactor tests (Figure 69) indicate that at h@Wthe bulk of the Cliis removed. At lowSV the
equilibrium redox environment is either in the dtefs)/CuOH zone (m-F8 or in the CHcuprite (s)
zone (M-F&+ m-Cd + m-Al°). In both m-ZVM and n-ZVM recirculation reactorrdfgurations (Figures
56, 58), the processed water will gradually redbed=h of the aquifer over time (Figure 59-61). As the
Eh reduces, the Cuconcentration in the aquifer will reduce, resuytim the formation of n-Clu
(Figure 69). This n-Cliwill interact with F& V*H(aq) ions and n-Alcations derived from clays to
further reduce the aquifer water (e.g., Figure T0js reduction can be associated with the relefse
O2(g) (Figure 70).

4.3.5. Organic Chemical Remediation

ZVM results in the reduction of chlorinated orgawitemicals. For example, the transition from
TCE to DCE, and from DCE to VC (vinyl chloride) afidm VC to ethene/ethane as the wdiér
decreases [6,7]. The final reduction products agey@nd GHyO, (Figure 71). The remediation
process using ZVM can be a totally redox reactiocam be a catalytic reaction. The principal redox
fences (Figure 71) indicate that organic compousgradation (associated wilth changes) increases
as theEh decreases.
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Figure 69. Eh:pH relationships showing Cu redox stability fenceg.NJ\WR1. (b) MWR5.
Redox boundaries from [73].
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4.3.6. Aquifer, GWM, Plume Nitrate Remediation

Contaminated aquifers may contain a high nitratete@, or be contaminated with other
compounds. The recirculation modeling (Figures F3-éstablished that it was possible to modify the
Eh andpH of the aquifer. It follows (Figure 61) that theselox adjustments will reduce the nitrate
content of the aquifer. If, for example, the contzated groundwater plume analyzed in Figures 53-57
formed part of a larger aquifer containing an ffecvolume of 10,000 fh(nitrate content of 100 mg
nitrate L') then abstraction and recirculation of the wat€iggre 53) at a rate of 1003’
(1.15 L s') will increase thepH marginally, and decrease tlgh significantly (Figure 72). The
interaction of these changes will (Equation 76)iteim a substantial decrease in the nitrate cdrdén
the aquifer over time. The modeled aquifer nitaetent (Figure 72c¢) indicates that the aquiferaist
content will drop below the critical [99] 50 mg'Llevel after about 100-150 days. This example
demonstrates that the modeling can be used tordesigediation programs for heavily contaminated
aquifers. The modeling indicates that nf-Bemore effective than n-EéFigure 72).

m-F& is more effective than n-B¢Figure 72) when treating recirculating water hessathe larger
particle size associated with m-ZVM increases ime trequired to reach a new chemical equilibrium
state (Figure 61). This slower reaction rate faviir@te removal.

Figure 72. Modeled recirculation change in averagk and pH as a function of water
volume after 400 days. (&h Change, (b) AverageH , (c) Expected Aquifer Nitrate
Content. Initial aquifer nitrate content = 100 m§.LSV = 100; self-sealing ground water
mound contains 10,000%rRecirculation rate = 100 hal* .
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4.4. Other Potential Treatment Applications of mMVEZV

While the focus of this study has been on producaggession relationships, which can be used to
design m-ZVM remediation programs and predict tedggmance of m-ZVM treatment, the study has
identified three other major treatment areas whei&VM may be applied.

They are:

1. The rapid provision of water treatment in the aftath of natural/anthropogenic disasters.
2. In Situpartial aquifer desalination
3. Catalytic use of ZVM to both breakdown organic campds and form new organic compounds.

4.4.1. The rapid provision of drinking water in thigermath of natural/anthropogenic disasters

A drinking water supply in the aftermath of a natlanthropogenic disaster may be problematic,
particularly if the infrastructure has been damageddestroyed. The available water may be
contaminated with metals, organics, nitrates arutieni@. This study has established that passingrwat
through m-ZVM will remove most metal, nitrate angyanic contaminants. Placement of m-ZVM in a
water storage unit will move the redox environmiemd the FgO, stability zone. This will remove a
significant portion of the residual microbes, wiskdl maintaining goH, which is within the range for
acceptable drinking water [98]. The high permegbiif m-ZVM, and the rapidity with which the
water located adjacent to the m-ZVM moves into BegO, stability zone allows large volumes of
water to be treated with relatively small quansitief m-ZVM. The treatment can be dispersed or
focused. An example gravity feed process configomatvhich can be used in the aftermath of a
disaster is illustrated in Figure 73. Provision5600 nt day of drinking water for a refugee camp or
equivalent would require 670 kg of m¥Eigure 73).

m-ZVM treatment and water storage facilities carcbestructed as an easily transportable flat pack
kit which could be used to replace or supplemerttldmb water and energy intensive RO plants
following an anthropogenic or natural disaster.

Figure 73.Low cost, rapid supply, high volume, m-ZVM wategdtment system.

4.4.2.In SituAquifer Desalination

Aquifer desalination is traditionally water abstran followed by surface based desalination using
reverse (or forward) osmosis. However, this stuay identified an alternative route for application
aquifers, which contain clays. Increasing groundwpH by recirculation of aquifer water through
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m/n-ZVM (e.g., Figure 72b) (or by static diffusiomill decrease the cation exchange capacity,
inter-layer spacing, bivalent (Fe + Mg + Ca) catibydration shell level, while increasing the
monovalent (e.g., Na + K) cation hydration shellels of individual smectites contained within the
aquifer [105]. An increase ipH from 7 to 9 (can double the smectite Na conterg.,(édrom 1.1 to
2.2 mmol ¢ smectite; 63.8 mg NaCl gh smectite) and increase its hydrophilicity [86].
Consequently, increasing aquifa by ZVM treatment will decrease the concentratibiNa'(aq) by
forcing its integration into smectites, therebyueidg the salinization/sodicization of the aquifers

This study includes photographic evidence assatiatth ZVM desalination in the presence of
montmorillonite. For example, a freshwater sampigure 46) shows an increasedf of 0.5 mS cni
(Figure 46) resulting from the addition of fresharato Ca-montmorillonite + ZVM. However, the
same clay-ZVM combination when added to saline wsi®ws significantly smaller increasesE@
of <0 to 0.2 mS crh (e.g., Figures 41). The smalle€ increase results from Na adsorption in the clay
interlayer space of 150 to >250 mg™\d . Figure 74 illustrates the observed relationstgtweenEC,
pH, time and proportion of Na+ in the saline watenoged into the clay inter-layer space. The initial
trend is an increase IBC until an equilibrium increase (associated with th&y) is reached at an
increasedoH. Substitution of clay cations by N@ommences almost immediately and results in a
continuing decrease in salinity over time. The afaility associated with the salinity decrease desese
with the additon of n-Al and n-C8 Salinity decreases of 20-45% occurred within
10-50 days of treatment commencing (Figure 74).

Figure 74. Increase irEC S cm'® vs. pH. Arrows indicate directional change with time.
Red/Blue = saltwater, Green = freshwat@) Ca-montmorillonite + n-Fe(Figure 6).
(b) Ca Montmorillonite + n-Fe+ n-Al° + n-C? (Figures 40, 41, 46). (c) Salinity reduction
as a function of time. Increase HC is calculated asHC of water —EC of water without
Ca-montmorillonite + n-ZVM].
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These experimental results indicate that ZVM caruged to desalinate or partially desalinate an
aquifer. Total desalination is not required forigation water. A Wilcox Diagram [106-108]
demonstrates (Figure 75) that ZVM, static diffusimeatment, can convert an aquifer from being
unsuitable for irrigation to being suitable foigation in a treatment period lasting <50 days \(Fegr4).
The desalination can be observed from a plot ofeexe inEC vs. pHwith the principal salination
coinciding with the general decreaseH (following its initial increase).

Figure 75. Desalination as a function of time (Figure 7ptted on a Wilcox diagram
[106-108] identifying the suitability of the watéar irrigation. F& = red, n-F& + n-Al° +
n-Cl = blue.EC=mS cnt; Na = [Na + K]/[Ca + Mg + Na + K]. Na decreaseshwime.
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4.4.3. Catalytic use of ZVM to both breakdown oligasompounds and form new organic compounds

4.4.3.1. General Mechanism

Field tests have established that chloro-organecg.,( TCE, DCE and vinyl chlorides (VC))
decompose in the presence of feeform ethene/ethane [6,7]. Experiments [109] hestablished that
when aqueous COis present (Figure 71) Fe catalyses the formatbnsimple polymerized
hydrocarbons chains (alkanes) from reduced wates.bRsic process is:

F€+ H,0 = OH + FeH catalytic nuclei formation
Fe’ + H;O" = Fe-H + H,0 — catalytic nuclei formation
Fe-H + CQ, + 6H;0" = Fe-CH + 8H,0 — chain formation
Fe-Ch+ CO; + 6H;0" = Fe-CHCHjz + 8H,0 — chain growth
Fe-CH' CO; + 6H:O" = Fe-(CH),CHs + 8H,0 — chain growth
Fe-(CH),CHs + 2H:O" = Fe-H + 2H,0O + CH,CH,CHs— chain termination

(77)

Catalytic nuclei formation reduc&h and increasegsH while chain propagation and growth involving
CO; results in an increase . Isotope studies in organic contaminated watertéeoing aqueous Cp
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confirmed the growth of hydrocarbons, but concludkdt the bulk of the simple polymerized
hydrocarbon products were sourced from the orgaomigpounds destroyed by theé’[f&10]. Some of the
hydrocarbon products were derived from JT10]. The catalytic intermediary was consideretiOfL
to be FCy. Experiments have established that TCE destructiéoilowed by the formation of simple
alkanes [111]. However, >27% of the TCE carbon framorinated degradation remained sorbed to
the iron surface until complete dechlorination chiaved [111],i.e., in a state of chain growth or
catalytic nuclei formation.

Investigations [29-32] of low temperature (0-70 ,°@edium pressure (10-50 MPa), alkane
formation identified a similar decomposition andgeigation route in saline water of the form:

ZVM + C,H,Cl, = ZVM-CH,Cl: + ... catalytic nuclei formation
ZVM-CCl3 + CH; = ZVM-CCI,CHz + Cl + H" chain growth
ZVVM-CHCI, + CH; = ZVM-CH,CHs; + 2CI| chain growth
ZVM-CH,CHs; + CH4 = ZVM-CHCH,CHz + 2H" chain growth
ZVM-CHCI; + 4H+ = ZVM-H+ + CH, + 2CI chain termination (78)
ZVM-CH2CH,CH;s + 2H+ = ZVM-H+ + CHCH,CHjs chain termination
ZVM-CH2CH,CH;s + H+ = ZVM+ + CHCH;CHs; chain termination
ZVM-CH,CHz + ZVM-CH,CH; + 2H" = 2ZVM-H" + CH; CH,CH,CHjz chain termination
ZNVM-CH,CH3 + ZVM-CH,CHj3 = 2ZVM+ + CH; CH,CH,CHjz chain termination

CH, can be replaced by.By or CGH,Cl, or GH,O, [29-32]. These and other associated
observations [29-32] led to the development of @odtiyesis that there is a direct reductive and
polymerization interaction between organic chensi€aD, and ZVM to create catalytic
growth/remediation nuclei. These interactions fomuclei of the generic form ZVM-(H,
ZVM-(O-H),, ZVM-((CH)2)n, 2ZVM-CH,, 2ZVM-CHCI;, ZVM-CCl;, ZVM-CHCI, and
ZVM-CHCI [28-31]. These nuclei act as loci for chain giiowFor example:

ZVM + H* = ZVM-H"
ZVM-H" + CQ, = ZVM-COOH'
ZVM-H" + CQ, + xH' = ZVM-CHn+ + 2H0 (79)
ZVM-H" + CH; = ZVM-CHs + 2H'
ZVM-H* + CQ; + 6H" = ZVM-CHs + 2H,0

ZVM reactions incorporating Hor CQ; tend to increaspH by reducing the fO:[OH + HO, ]
ratio. Reactions incorporating GHend to decreaspH. These decomposition routes are consistent
with the ZVM studies [109-111]. ZVRC and ZVM-C nano-structures/nuclei [110] may foftom
the decomposition of Fe(C|29,31] and the discharge of super-critical 4o an aquifer [31,32].
During reductive decomposition Fenay also act as an electron shuttle (catalyst)retfyeorganic
acids mediate electron transfer tg, @esulting in the OH radical-mediated oxidation afyanic
compounds through the Fenton Reaction [112].
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All degradation routes involving ZVM as an intermaeg will result in the formation of a residual
base [29-32,109-111]. This base (e.g., ZVMVM-H*, ZVM-C, ZVM-CH, ZVM-CH,, ZVM-CO,
ZVM-C,OH,, ZVM-CH3s, ZVM-CH,CH; or ZVM-(CH,),CHs) acts as a nuclei for chain growth in
both an aqueous and gaseous environment [29-3211@9 In an aqueous environment, nuclei
formation, the chain growth on the ZVM nuclei haseb directly linked [31,32] to the aquifeh:pH
(Figure 76).

ZVM chain growth is a binary process (Equations 78};-which can be described by one or more
polymerization ratiosRR) [29-32]. The polymerization ratio is calculat&9{32] as:

PR = Molar Abundance &iHm+o/ Molar abundance i, (80)

The polymerization ratio does not describe the actahain length associated with a
ZVM-(CH3),CHs chain, it reflects the composition of the chaimntmation products [31]. For
example:

ZVM- CH,CHCI, + 4H" = ZVM-CHs3 + CH, + 2CI chain termination

(81)
ZVM-CH,CH,CHs; + 2H = ZVM-CH,CH3 + CH,; chain termination

The composition and molar distribution of theHE product for a specifipH is a function ofEh
(Figure 76). The average product chain length deea® for a specifipH as theEh decreases
(Figure 76). This reflects an increase i &vailability with decreasingh. The Kang-Choi electron
shuttle model (KCESM) [111] provides a possiblelarption for this observed phenomena which can
occur under conditions of constati [31]. The KCESM [111] can be simplified [22,38} to

F& + 2H,0 = 20H + Fe-h = Fe' + 4H" + Ox(q) (82)

This electron shuttle process decredskegby production of OH) and subsequent decreaseglih
(associated with the co-release of Hnd Q) are prevented by capture of Hh organic chain
formation/breaking reactions (Equations 77-81)sTiudy (Figure 39) has confirmed that r®lease
(Equation 82) is associated with negatisleand thatEh declines are associated with the release of Fe
ions. Both observations are consistent with the BMH111]. Chain growth theory [29-32] suggests
that the primary control on the length and disttidiu of chain termination product is the availatyilbf
H* (Figure 76),i.e., PR increases as the availability of Hecreasesi.€., Eh increases). Similarly,
(Equation 79) the formulation of Fe*Hons associated with dechlorination and organimpound
decomposition [29] increases as Hvailability increases. This increase il Hvailability can be
derived from either D" or from the reductive breakdown of water (EquaBa.

4.4.3.2. TCE, DCE, VC Remediation

TCE, DCE remediation projects utilizing ZVM [6,7p¥e sought to maximize remediation by
maximizing the reduction ikh. Low reductions irEh are associated with remediation associated with
the redox equilibria relationship (Figure 71, Eqmas 75, 76] between TCE:DCE:VC with VC’s
becoming progressively more abundanEhgdecreases [6]. Substantkzh reductions move the redox
environment into the zone (Figure 76) where Felyi#tanuclei are active [31,32]. Within this zone
(Figure 76) the majority of TCE, DCE, and VC arelueed to methane and ethene/ethane [6,7].
Methanotrophs may remove the methane and lightdeyabon products within the aquifer within this
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environment. This general pattern of remediationllisstrated (Figure 77) for a number of pilot
n-ZVM injection TCE remediation projects [6]. Thamalysis (Figure 77) demonstrates that a redox
plot can identify the dominant mechanistic controlthe TCE degradation within the aquifer during a
treatment program. The highest levels of TCE reateahi are obtained within the zone
(following remediation) where PR < 1.3 (Figure andpH is between 5 and 10.

4.4.3.3. Optimization of TCE, DCE, VC Remediation

The redox analysis (Figure 77) has identified tinat preferred aquifeEh for Fe-catalytic TCE
remediation has a PR < 1.3. This study has denaiedt(Figure 3) that if n-ZVM is injected into the
aquifer, then the aquifer permeability will declimgth time due to a mixture of mineralization and
pore occlusion associated with @rmation.n-ZVM injection volumes tend to be foedsaround the
injection well. The m-ZVM analysis has establislieat redox alteration by recirculation can deliger
high concentration of catalytic £8*H ions into the aquifer while progressively redugiits Eh.
Recirculation allows an even distribution of bothe tEh reduction and catalytic F&*H ion
distribution within the aquifer. This may allow emnediation program to control the rate and duration
of the TCE remediation, without leaving a legacyneZVM residues within the aquifer. A typical
n-ZVM remediation program will target groundwateoumds/plumes with a volume of <1,00¢.m
Figure 72 has demonstrated that m-ZVM recirculattan modify theEh and pH of a 10,000
aquifer. Increasing the recirculation rate to 106d d* would allow the redox environment of
a 100,000 mpolluted aquifer to be controlled. The modeledngfes inEh andpH over a 400 day and
450 day recirculation period are shown relativéhi redox fences associated with the polymerization
of CxHy (Figure 76). These indicate that a program of sertaased pore water recirculation through m-
Z\VM or n-ZVM over a period 400-450 days will adjike aquifer redox environment into the region
associated with active reduction and reformulattdnTCE, DCE, VC (Figure 77). This approach
allows the application of recirculation to remowveesific pollutants. Following their removal the
recirculation treatment can cease.

Figure 76. Redox fences associated with the polymerizatioBbfy. PR = Polymerization
ratio (Equation 79). (a) Redox fences [30,31]. @{uifer recirculation program:
Duration 0—400 days. (c) Aquifer recirculation prag: Duration 0—450 daySV = 100;
self-sealing ground water mound contains 10,060Recirculation rate = 100t * .
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Figure 77. Pilot n-ZVM TCE Remediation. Data from [6Each color symbol represents
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4.4.3.4. Cathodic Hydrogen Release during TCE, D@ERemediation

It is frequently reported that k) release is associated with°213]. The evidence is typically
indirect (e.g., enhanced presence of ¢dnsuming methanotrophs [114]). Small quantitiésHe
discharge have been measured shortly after engitheeF8 particles are placed in water [113]. This
engineered n-Feis manufactured from the reduction of a ferrousiwith sodium borohydride
reduction [113]. The implied reaction associatethw#é from bioremediation studies (associated with
chloro-hydrocarbon remediation studies) are sunmadrin Equation 55 [78,115-117]. In this study no
free H, was observed. Theh, pH andEC data and photographs confirm tha{d] is not released, and
that the released gas is actually @Il the n-F& used in this study was commercial grade high purit
iron powder used in automobile paint manufactuteis|produced by grinding high purity iron.
There may be a difference in the catalytic intecgictvith water of precipitated iron nano-particksd
nano-particles created by grinding crystalline iron

Fragmentation analysis [118] has demonstrated-t#j&tO] can produce € Hy, H, or OH. This analysis
has established that ZVM results in an oscillaflorEh and pH with time (e.g., Figures 14, 61, 69).
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The Bray-Liebhafsky oscillation (originally recoged for iodides) results from the continual equilin
oscillation [119,120] between two reactions

MOy + nH" + mOH = M° + xH,0 + yOx(q) (83)

M° + mOH = MOy + nH" + xH,0O (84)

M = iodine or metal. In the oscillations observedtis study M = ZVM and MQ, = ZVM — Oy or
ZVM-OH. The oscillation is between an absorbent eductive phase (Equation 83) and a
sorbent + oxidation phase (Equation 84). This duattion oscillation allows n-Fe(and m-F& to
provide an efficient and unique solution for th@amation and transformation of metal ions and the
transformation of environmental contaminants [12Mhis dual function also allows #¢o be an
effective chemical filtrate for & and an effective reducer of CO, £Q,H,O,, and an intermediary
for the formation of (Hy. Fe[HO] assumes the structure H-Fe-OH [118]. This alldats an
oscillation between the generic reactions:

Generic reduction ZVM Oscillation involving —Fe-Cdj(or Fe-OH(aq).

zZFeOH +nH + mQH + kH,0 + cFgOb = pFé + gFe-H + xH,O + yOy(g) + jOH

(85)
O, degassingzhreduction, angbH increase or decrease
Generic oxidation ZVM Oscillation involving Ber Fe-H
pFe +gFe-H +xHO +1QH + cFgO,=2zFeOH+nH +mQH + hFe-H+jHA(g)
(86)

H*ion or Hy(g) formation,Eh andpH increase or decrease

Product selectivity in each oscillation can be coligd by chemically engineering the ZVM and by
adjusting the adjacent mineral/ZVM composition. STlstudy has demonstrated thaf Bscillation
selectivity can be altered by the addition o’ CAI° and Ca-montmorillonite. High 4y) selectivity
(Equation 85) is provided by the addition of AlCW (Figure 8) and Ca-montmorillonite (Figure 5, 6).
Figure 8 demonstrates a transition from a hydropiidip surface (Figure 8e) through an intermediate
wetness surface (Figure 8a) through to a hydroghsebiface (Figure 8f) [122]. The size of thg O
bubbles and their discharge intensity increasesedsh reduces.

Fe’ and F& + CU (Figure 7) show a lower initial selectivity towar@ degassing and a preference
for O4H formation during the reductive phase. This is desti@ated by the higher equilibriupH for
Fe when compared with Ber ClP + AI°. However when the equilibrium oscillations lowei,
selectivity switches from ¥ formation to @ degassing (Equation 85, Figure 7). The waterh-Fe
interface gradually accumulates Fe-hydroxides (Egmna86, Figure 7) indicating a preferred
selectivity of hydroxides rather than, Hormation during the oxidation phase of the oatitin
(Equation 86). Engineered n¥ean be designed to have a preferred selectivityHf¢g) during the
oxidation phase [113]. The nano-structure can lggneered [121] to have an outer shell focusing on
oxidation reactions (Equation 86) and an innerlsfoglusing on reduction reactions (Equation 85).
A similar macro-structure is illustrated in Figute, b) at the water-ZVM interface.

4.4.3.5. Relative Reaction Rate for TCE, DCE, V@nRdiation
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ZVM studies tend to ignore the intermediate oxidgdfoxides produced by Equation 86
(e.g., hematite, magnetite, goethite and the iotemna of equilibrium Fe-oxides. These have been
demonstrated to be highly reactive reducing ag@egsiation 85) [29-32,123,124]. Reaction rate is a
function of both catalyst surface area (which iases with decreasing particle size) and the presenc
of promoters [115,123,124]. The presence of promsobtan result in a substantial acceleration in
reaction rate. This can result in the reaction faten-ZVM with promoters (e.g., Al, K, Ca, Cu, Na,
Mg, Mn, Pt), exceeding the reaction rate for n-ZMilhout promoters.

The static diffusion analyses have established ttiatchange from the equilibrium state without
ZVM to an equilibrium state with ZVM follows a tegtory. This trajectory involves an initial decreas
in Eh (for the NH,":NO, redox fence) followed by a later increaseph (e.g., Figure 14). This latter
change shifts the redox environment into thegdzestability zone and away from both the NHNO,
redox fence and the redox fence associated witiytiat TCE/DCA/VC/VOC degradation (Figures 74,
75). The design of an effective remediation prognaeeds to consider whether it is desirable to
stabilize the treated water at location along tlagettory, or in an equilibrium area. Static diffus
associated with PRB’s and n-ZVM injection prograwi always stabilize the redox environment in
the equilibrium oscillation area. n-ZVM will reathe equilibrium oscillation zone over a shorterdim
span than m-ZVM and may be able to achieve the sitian with a smaller
change ireh.

This study has established that the slower reactt® associated with m-ZVM can be used to
stabilize high flow rates of treated water on tta@getctory. This allows both continuous treatment of
flowing water and continuous recirculation of flowgi water through m-ZVM to significantly low&h
with only minor changes irpH. This allows for more effective high volume renadin of
TCE/DCA/VC/VOC and nitrates than can be achieveddigyig n-ZVM.

5. Conclusions

The experimental regression equations associatddmAZVM provide a sustainable basis for the
quantitative prediction of ZVM remediation of aqen$, both during the remediation design phase and
following installation. The regression modelingoals direct comparison between actual aquifer
remediation performance and the design parameténg oemediation program.

Sustainable development is an ideal political goaiost cultural environments. In this context
sustainable development requires the remediatioaqoifers (due to industrial/mining/agricultural
pollutants) to allow continued abstraction, remedraof polluted ground (associated with brownfield
and other sites) and desalination of aquifers twvide water for irrigation and domestic/industrial
consumption. It also requires the ability to cremistainable solution to the provision of watgpy
following anthropogenic/natural disasters.

The four broad categories (meteorological, hydnalalg agricultural and socio-economic) of
drought all result in depletion of stored waterorgses [125]. This depletion may be associated with
reduced dilution of mineral leaching from the hestk into the aquifer or reduced dilution of
anthropogenic pollutants entering an aquifer. Tésultant increase in mineral concentrations and
pollutants in the aquifer water may, in turn, reglube availability of water which can be used for
agricultural (irrigation) or drinking purposes. RQlte change will present additional problems by
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potentially increasing the incidence of meteoratagiand hydrological drought in some areas.
The socio-economic challenge resulting from thisréased stress on scarce water resources will
require that the remediation of sub-standard ankuted water resources provides a sustainable
solution. Increasingly sustainable energy policieguire the replacement of fossil fuel powered
treatment works and energy intensive treatmenesystwith less energy intensive systems. This study
has identified that m-ZVM can be used to design pravide low cost, low technology, low energy
requirement, sustainable, water treatment lan&itu aquifer remediation (for small and large water
volumes) to remove anthropogenic and natural pailist Specifically the study has demonstrated that
geoengineering of aquifers using ZVM treatment m@&arerse the sodification/salinization of aquifers,
reverse aquifer nitrification and create the regglimedox environment for controlled catalytic
destruction of organic pollutants (including TCECB, VC, VOC) in the aquifer. These observations
suggest that a sustainable water treatment progasntounter the adverse effects of both drought and
socio-economic activities on water quality in tlygider. This, in turn, allows ZVM treatment of wate

to increase the available global water supply fogation and drinking water from existing aquifers
and prolong abstraction from aquifers which are easily affected by climate change and
socio-economic factors.
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