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Abstract

This paper introduces the concept of ‘Precisionijhof metals which can be defined as a
process for the selective situ uptake of a metal from a material or media, witbsequent
retrieval and recovery of the target metal. In ortde demonstrate this concept nanoscale
zerovalent iron (nZVI) was loaded onto diatomaceearsh (DE) and tested for the selective
uptake of Cu from acid mine drainage (AMD) and sgjuent release. Batch experiments
were conducted using the AMD and nZVI-DE at 4.001¢/L. Results demonstrate nZVI-DE
as highly selective for Cu removal with >99 % upgakcorded after 0.25 hours when using
nZVI-DE concentrations>12.0 g/L, despite appreciable concentrations of eroos other
metals in the AMD, namely: Co, Ni, Mn and Zn. Cuake was maintained in excess of 4
and 24 hrs when using nZVI-DE concentrations 00Xhd 16.0 g/L respectively. Near-total
Cu release from the nZVI-DE was then recorded atribated to the depletion of the nZVI
component and the subsequent Eh, DO and pH recoVbiy novel Cu uptake and release
mechanism, once appropriately engineered, holdst gpeomise as a novel ‘Precision
Mining’ process for the rapid and selective Cu ey from acidic wastewater, process

effluents and leach liquors.
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I ntroduction

It is widely acknowledged that satisfying the pobdgel future demand for metals requires
innovations that will enable their recovery fromrdhao access ore deposits, as well as
technospheric deposits and waste streams suclidgestesidues, effluents and wastewater
(Krook and Baas, 2013). Challenges arise for thglogation of such ores, wastes and
effluents including low grades/concentrations, amdsome cases physical inaccessibility.
This is also set within the context of the moreor@yus environmental standards demanded

for industrial processes, including the need to agarboth solid and aqueous wastes.

As such it is clear that new paradigms for mininghs new environments are urgently
required. One such novel research arena is whahtn@duce here as ‘Precision Mining’
which pertains to the application of a methodoldgy the in situ selective recovery of a
resource (e.g. a metal) from a deposit or matetiabm. The term has been taken by analogy
from other industries which are currently undergoiprecision’ revolutions (e.g. Precision
Medicine and Precision Agriculture). For exampleedsion Medicine comprises a new
rationale whereby a targeted approach to the dgliaed release of therapeutic drugs within
the body is applied, i.e. rather than treating teole body with a large quantity of
indiscriminate medicine (Hodson 2016). We see pesalhere with a wide range of
conventional mining and waste recycling techniquekere the target chemical or
metal/metalloid are often indiscriminately recovkneith other elements, which leads to
lengthy (and costly) further purification processekich in turn will generate further wastes
and associated negative environmental impact. M@movhen selective metal (or metalloid)
recovery methods are employed (e.g. using ion exgdhaesins) they are invariably applied

via ex situmethods, such as pump-and-treat. In contrastrin@dfon Mining approach would
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act to selectively recover the target matakctly from the ore body or waste stream (i.e.
using anin situ technique) with minimal (or ideally zero) disturie® and/or associated waste

products.

There are a number of combinations of materialsraathods that could be envisaged to be
used in different Precision Mining scenarios. Onechanism which holds great promise is
the use of Fefor the selective recovery of aqueous @a electrochemical cementation.
Indeed previous work has determined nanoscale aknaviron (nZVI) as highly effective
for the rapid and selective recovery of Cu fromdlgeeous phase (e.g. Scott et al., 2011). An
intrinsic technical challenge associated with these uof nzZVI (and other reactive
nanomaterials) for water treatment, however, i# thieong tendency to agglomerate due to
van der Waals and/or magnetic attraction forcesichwitan considerably impact their
aqueous reactivity and ability to behave as a wbliGrane and Scott., 2012; Crane and Scott
2014; Scott et al., 2010; Noubactep et al., 20kRprder to overcome this limitation two
main approaches have been adopted. The first usestants, or other surface amendments,
to increase the repulsive forces between the natidpa (e.g. Popescu et al., 2013). This
method has been applied at various scales (ugela dicale) and its major limitation is that
the surface amendment often isolates or interfenéls the ability of nZVI to react with
aqueous contaminants (Crane and Scott., 2012). h&anapproach is to immobilise the
nanomaterial onto a matrix support, which also tres additional benefit of curtailing
concerns regarding the escape of nanomaterials thidoenvironment. To date several
different types of supports for nZVI have been stigated including bentonite (Xi et al.,
2011), porous silica (Oh et al., 2007; Qiu et 2011), zeolite (Lee et al., 2007) and porous
carbon (Crane and Scott., 2014; Lv et al., 201Ie @isadvantage of such materials,
however, is that their application is often limites a fixed bed filter. In contrast

nanocomposite materials which can be suspenddteimqueous phase as a colloid have a
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much broader range of potential applications incdgdthose where the nanocomposite
material can be injected into the subsurface ferithsitu treatment (and if appropriate
recovery) of target metals from contaminant plumekached ore bodies (Crane and Scott.,

2012).

In this paper we have chosen to examine nZVI loamted diatomaceous earth (DE) for the
Precision Mining (selective recovery) of Cu from AMDE deposits are found in numerous
locations worldwide and are currently used as adost material in a wide range of products
including as a mechanical insecticide, mild abmsabsorbent for liquids and a reinforcing
filler in plastics and rubber (Round et al., 1999highly beneficial attribute of DE is that it
is a natural material, and as such likely to bearevironmentally compatible than a similar
material which is artificial in origin. Indeed theecessity for the use of environmentally
compatible materials in Precision Mining is anotlaeea whereby there are likely to be
similarities with Precision Medicine. In particul®E has received an increasing level of
interest from researchers in recent years for ib¢ergial use as a next generation
biocompatible drug delivery agent (e.g. as a magalet guided drug microcarrier) (Chao et
al., 2014). It is argued that by using this ‘biopating’ approach DE can provide many
biomimetic advantages over conventional drug defivelatforms (Sarikaya 1999). It is
anticipated that a similar benefit could be realibg using DE in Precision Mining, where
there is also a fundamental necessity to use mdeand methods which have minimal
detrimental impact on the natural environment. dditon, the micron and submicron scale
dimensions of diatoms and their subsequent altditgehave as a colloid enables extremely
versatile nZVI-DE application. For example, nZVERould be directly injected into porous
media (e.g. a metal-rich plume in the subsurfas@)gutechnology that is similar to what is

currently applied for the injection of nZVI intodhsubsurface for remediation applications
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(Crane and Scott 2012), with the nZVI-DE then iredty recovered using cross-bore

extraction or, if appropriate, a magnetic field.

This work has been established in order to invattighe fundamental behaviour of nZVI-
DE for the selective recovery of Cu from AMD. Vditgle is currently known on this topic,
with only a few studies currently in the literateeg. Sheng et al., 2016; Pojananukij et al.,
2016; Pojananukij et al., 2017). To the best of knowledge no studies have yet examined
the application of nZVI-DE for the removal of aquedCu nor have any studies investigated
the use of nZVI-DE for the recovery of metals ortatieids from “real” (i.e. non-synthetic)
water. This study has been established in ordérittge this gap in our understanding and
investigate whether nZVI-DE could be applied foe tArecision Mining of Cu from AMD,
which is one of the most prominent environmentaués currently facing the mining
industry, and regarded by the European EnvironnBameau and the US Environmental
Protection Agency as rated “second only to globaining and stratospheric ozone depletion

in terms of global ecological risk” (European Emmviment Bureau., 2000).

2. Materialsand methods

2.1. AMD sampling location

The AMD was collected from Parys Mountain whichaislisused open cast Cu-Pb-Zn mine
on Anglesey (Wales, UK) (Kay et al., 2013). The AMBcharging from the Parys Mountain
site is acidic (pH generally <3) and metal and thethrich due to the oxidation of sulphide
minerals. The geology and ore mineralogy of the kdve been described by Pointon and
Ixer (1980), with the AMD (and associated heavy aist likely derived from pyrite,
chalcopyrite, sphalerite and galena, amongst atidvid samples were collected from the

Duffryn Adda adit at GPS location: 53°23'40.96 N2#'01.80 W. Samples were sealed in
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high-density polyethylene bottles (without headspaand stored at 4°C until required

(maximum storage time was 7 days).
2.2.nZVI1-DE synthesis

The DE (Holistic Detox Ltd, BOOB3HO2MY) was firstid washed using 1M HCl at a 1:10
solid liquid (SL) ratio for 2 hrs under constanitagjon (150 RPM). The acid washed DE
slurry was then centrifuged at 30g 74000 rpm) for 240 s and the supernatant was dedant
Milli-Q water (>18.2 M2 cm) was then added to the DE at a 1:10 SL rattbthan gentle
agitated. The slurry was then centrifuged at 3@7ibr 240 s and the supernatant was
decanted. The process was then repeated twice loeeDE was then dried in an oven for
48 hrs at 80'C. 10 g of FefdH,O was added to a mixture of 150 mL of absolute retha
(Fisher Scientific, 12478730) and 50 mL of Milli-@he Milli-Q water ethanol mixture was
first purged using Ngas for 30 mins. 10 g of the DE was then addedthadslurry was
stirred for 24 hrs (150 RPM) using a Stuart SSLlital shaker table. The slurry was then
centrifuged at 30779 for 240 s and the supernatant decanted. 400mL @BaVv NaBH,
solution was then added dropwise. The suspensiaentiem agitated for 30 minutes at 150
RPM. The suspension was then centrifuged at 3p73r 240 s and the supernatant was
decanted. Absolute ethanol was then added at aSl:1(@tio and then gently agitated. The
suspension was then centrifuged at 3Q7#a@r 240 s and the supernatant was decanted. This
was repeated twice more. The resultant nZVI-DE wes dried in a vacuum desiccator
(approx. 10> mbar) for 72 h and then stored in an argon fi(B®C, 99.998%) MBraun

glovebox until required.
2.3. Batch experiments

Prior to conducting any batch experiments to ingest the exposure of nZVI-DE to AMD,

the AMD was removed from the refrigerator and abowto equilibrate in the ambient
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laboratory (temperature = 20 £0.5°C) for 24 hrs.ldda specified differently all batch
systems comprised 200 mL volume of the AMD in 290 ¢tear soda lime glass jars (Fisher
Scientific, 11704329). Following nZVI-DE additiom&h batch system was sealed (using the
jars screw cap) and placed on the benchtop in ges daboratory. Periodic sampling of
dissolved oxygen (DO), oxygen reduction potent@2RP) and pH was conducted by gently
agitating each batch system in order to ensure genmeity. The pH, Eh and DO probes were
calibrated prior to each measurement. The meadthiadlues were converted to Eh standard
hydrogen electrode by subtracting the differencevéen the measured Eh of the reference
solution (220mV £5) with the true Eh of the refecersolution (Mettler Toledo 220 mV/pH 7
reference solution). 5 mL aqueous-nZVI suspenswae periodically taken using an auto-
pipette. The extracted suspensions were centrifaygid00 RPM (30779) for 240 seconds
after which the supernatant became clear (i.eofathe nZVI was centrifuged to the bottom
of the vial). The supernatant was then extracteéagus 10 mL syringe and filtered through a
cellulose acetate filter 0.2 um filter. The fileavas prepared for inductively coupled plasma
mass spectrometry (ICP-MS) analysis by the additiohHNO; at a concentration of 2 % by
volume. The solid nZVI-DE plug at the base of tlemtcfuge vial was prepared for X-ray
diffraction (XRD) and high resolution transmissietectron microscopy (HRTEM) by an
absolute ethanol wash. This was conducted by adtfingL of the ethanol (Fisher Scientific,
12478730) and then gently agitating the centrifuge in order to suspend the nZVI-DE
plug. The vial was then centrifuged at 4000 RPM7{3Q) for 240 seconds in order to
separate the solid and aqueous phases. The swgrgrmats then removed and the process
was repeated a further two times. Each time thersapant was decanted the nZVI-DE plug
at the bottom of the centrifuge vial was maintainadplace using an Eclipse 20mm
Neodymium Pot Magnet (length 25mm, pull force 28Kghce the ethanol washing process

was completed the nZVI-DE plug was pipetted onglass optical microscope slide (Agar



189  Scientific, G251P) and a Au coated holey carbom f[TAAB, C062/G) for XRD and
190 HRTEM analysis respectively. Samples were thenddiriea vacuum chamber at <1 x™10
191  mbar for a minimum of 2 h prior to analysis. Allrgbon-desorption experiments were
192  conducted at room temperature (measured to be Q@&00°C) and ran as duplicate pairs,

193  with the average data used to create the figuldedalisplayed herein.
194  2.4. Analysistechniques

195 Each powder sample was prepared for ICP-OES asalimia 4 acid digest (EPA 1996).
196  Firstly, 0.01 g was placed in a PTFE lined microwvaligest cell and 3 mL of analytical
197 grade 45.71% hydrofluoric acid (HF) was then adaled left for 12 hrs. 6 mL of aqua regia
198  solution (1:1 ratio of analytical grade 32% hydrocic acid (HCI) and 70 % nitric acid
199 (HNOs)) was then added and the container was then placed microwave digest oven
200 (Anton Paar Multiwave 3000) and heated at 200°@@1#atts) for 30 minutes (after a 10
201  minute up ramp time period) and then allowed tol 60015 minutes. The resultant solution
202  was then neutralised using 18 mL of analytical grdado Boric acid (5BO3) at 150°C (900
203  watts) for 20 minutes (after a 5 minute up rampetiperiod) and then allowed to cool for 15
204  minutes. ICP-OES analysis was performed using kifP&tmer Optima 2100 DV ICP-OES.
205 ICP-MS was performed using a Thermo X Series 2 M3- A Phillips Xpert Pro
206 diffractometer with a CoKa radiation source wasduee XRD analysis (generator voltage of
207 40 keV; tube current of 30 mA). XRD spectra werguaed between 2h angles of 10-90 °,
208 with a step size of 0.02° 2 and a 2 s dwell timETBsurface area analysis was performed
209 using a Quantachrome NOVA 1200 surface area amalygth N2 as the adsorbent and
210 following a 7 point BET method. Prior to analydie tsamples were degassed under vacuum
211 (~10-2 mbar) for a 24 h period at a temperature of@5Samples were ran as triplicates
212  with the average recorded. HRTEM analysis was pexd using a JEOL JEM-2100
213  microscope at 200 kV. Energy dispersive spectrosd@®S) analysis and mapping was
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performed using Oxford Instruments X-MaxN analyaeid Aztec software. A beryllium
sample holder was used in order to prevent anydgraokd Cu from being detected. X-ray
photoelectron spectroscopy (XPS) spectra were atelle using a Thermo K-Alpha+
spectrometer. Spectra were collected at a pasgyenérd0 eV for narrow scans and 150 eV
for survey scans with a 0.1 and 1 eV step respagtiCharge neutralisation was achieved
using a combination of low energy electrons andmrgns. Spectra were quantified in
CasaXPS using Scofield sensitivity factors and aergy dependence of -0.6. In order to
determine the relative proportions of’F@nd F&" in the sample analysis volume, curve
fitting of the recorded Fe 2p photoelectron peaks was performed following théhoe of
Scott et al. (2005). The Fe gpprofile was fitted using photoelectron peaks giragimately
706.7, 709.1, 710.6 and 713.4 eV correspondingelp & octahedral; F& octahedral and
Fe** tetrahedral. These parameters were selected obasie that the surface oxide was
assumed to be a mixture ofiistite and magnetite, as the oxide’Fés in the same
coordination with the surrounding oxygen atoms athbforms of oxide. The patrticle size
distribution (PSD) of the nzVI (within nZVI-DE) waseasured using HRTEM images

(ImageJ Java 1.6.0_24 software; 104 measuremenespggiormed).

3. Results and discussion
3.1. Characterisation of thenzVI-DE

Characterisation of the DE and nZVI-DE was perfatnusing BET surface area analysis,
HRTEM, XRD, XPS and ICP-OES (following acid digest), with the results summarised in
Table 1. BET surface area analysis determinedthieasurface area of the DE was 29 %gm
compared to 6.5 ffg recorded for the nZVI-DE, with the lower surfaaea of the latter

material attributed to agglomeration of the mate(i@hich was also observed visually).

10
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HRTEM analysis determined that the DE comprisedeziring frustules of various shapes
and sizes in addition to a minor component of fragtad Si bearing material, which were
likely frustules which have been mechanically brogkeith sizes ranging from submicron
scale to hundreds of microns in diameter (Figuend S1). In contrast to previous studies
where nZVI have been recorded as typically arrangezhains and rings aggregates (due to
magnetic and/or Van der Waals attraction) the n¥Nthin the nZVI-DE were typically
recorded as individual particles adhered to théasarof the DE in a relatively even spacing
(Figure 1). This suggests that each nZVI partictes Wkely to have formed directly upon the
surface of the DE, i.e. as an ultra-small nanoglarthuclei which then subsequently grew
upon the DE surface into the final nZVI product.isTlobservation also provides clear
evidence that the nZVI within the nZVI-DE are rélaty strongly bound to the DE (i.e. fixed
in their position). Furthermore, no discrete nZ\@r& recorded upon the carbon coated TEM
grid (i.e. all nZVI were recorded as attached te BE). The nZVI particles upon the DE
were determined to be spherical in shape, genesgihin a size range of 10-100 nm and an
average diameter of 38.0 nm (Figure 1). Each iddiai nZVI particle was recorded to
contain a discrete outermost layer (density cot)tradich is attributed to be the presence of
an oxide shell surrounding the%re as previously recorded in other nZVI charisa¢ion
studies (e.g. Crane et al., 2015a; Crane et al5120 Pullin et al., 2017). XRD determined
the crystalline component of DE to be comprised S0, with well-defined peaks
corresponding to Sif0101), SiQ(011) and SiQ(112) recorded (Figure 2). A similar XRD
profile was recorded for the nZVI-DE except with additional peak centred at 52.49 2
recorded and attributed to be the (110) lattickectibn ofa-Fe” (Figure 2). Table 1 displays
the concentration (wt. %) of notable metals preseithe DE and nZVI-DE (following acid
digestion). It can be observed that both materi@igely comprised of Si with a minor

component of Al. Fe was present in relatively minoncentrations within the DE (0.72 wit.

11
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%) compared to 2.60 wt. % recorded for the nZVI-BBjch is attributed to the presence of
the nZVI. A higher concentration of Na was alsooréed for the nZVI-DE and attributed to
residual NaBH used in the nZVI synthesis. This corroborates i surface composition
(at. %) data (Table 1) determined from XPS whenmceatrations of Na, B and Fe were all
higher for the nZVI-DE than the DE. XPS analysised@ined the outer surface of the nZVI
(upon the DE) was comprised of a mixed valent{iFe’) oxide overlying a Fecore
(Figure 3). Given the mean free path of Fe is eglaint to approximately 6 atomic layers,
this detection of Fein the XPS analysis volume therefore indicates e oxide thickness is
likely to be <5nm, which corroborates with the nZdtide thickness measurement using

HRTEM.
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Figure 1. HRTEM images of the as-formed nZVI-DE
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278  Figure 3. XRD profiles for the DE (bottom) and nZVI-DE (top)
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Table 1. Summary of the physicochemical properties of tie &hd nZVI-DE. *Average
diameter and PSD measurements were not possibtedddE due to their anisotropic shape
*|CP-OES analysis was performed on DE and nZVI-Rilowing their digestion in HF,
NaOH, HCI and HBO; (see Section 2.1.). Note: Zn, Mn, Cr, Cu, Pb,3\, Li and Mo were

also analysed but recorded as at concentratiormsvbigle detection limit of the ICP-OES

instrument.
Parameter Analysis Subparamete DE nZVI-DE
technique
Bulk composition XRD n/a SiO | Si0,, a-F€’
nZVI1 average diameter (nm) HRTEM* n/a n/a 38.0
nZVI PSD (%) HRTEM* 0-50 nm n/a 71.1
50-100 nm n/a 28.9
>100nm n/a 0.0
Surface composition (at. %) XPS Al 2p 3.1 2.0
C1ls 6.5 19.2
K 2p 02 | 00
Cl2p 09 | 07
Fe 2p3/2 0.5 1.4
O1s 59.4 | 479
Si 2p 29.4 | 16.6
B 1s 0.0 4.6
Na 1s 0.0 7.6
Bulk composition (wt. %) ICP-OES** | Al 1.67| 1.33
K 0.33 | 0.25

15
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Ca 0.14 | 0.10
Fe 0.72 | 2.60
Ti 0.10 | 0.08
Na 0.21 | 3.19
Mg 0.22 | 0.14
Si 38.69| 33.97
Sn 0.01 | 0.01
S 0.05 | 0.05
W 0.01 | 0.01
Fe stoichiometry (FéFe*+Fe’") | XPS nl/a nfa | 0.20
Fe stoichiometry (F&/Fe™) XPS nla nla | 0.49
Specific surface area (fg) BET n/a 29.7 | 8.5

3.2. Characterisation of the AMD

Prior to nZVI-DE addition the pH, Eh and dissolved/gen (DO) of the AMD was measured
along with the concentrations of dissolved metald metalloids using ICP-MS. The water
was acidic (pH = 2.67) and oxygenated (Eh and D&roed to be 490 mV and 8.98 mg/L
respectively). The levels of contamination in thd[B are demonstrated through comparison
with WHO recommended drinking water human healtidgjine concentrations (WHO
2011), Table 2 to emphasise the extent of contaiomaSeveral elements were recorded as
exceeding the guideline concentrations, namely Nin,Cu, Cd, As and Pb by factors of
45.2, 2.8, 21.1, 56.0, 27.7 and 1.8 respectivelye Toncentrations of all metals and

metalloids analysed using ICP-MS is displayed iblé&1.
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3.3. Changesin pH, Eh and DO following nZVI1-DE addition

The addition of the nzZVI-DE to all batch systemsteaning AMD resulted in a rapid

decrease in Eh and DO and a concurrent incregsid (frigure S2). Most significant change
was recorded for the batch systems containing dhgest concentration of nZVI-DE with

only relatively minor changes recorded for the batgstems containing nZVI-DE at <4.0
g/L. Eh minima occurred for all systems within fivet four hours of reaction, with 430, 112,
-337 and -412 mV recorded for systems containingIfiZE at concentrations of 4.0, 8.0,
12.0, 16.0 g/L respectively. Maximum pH also ocedrwithin the first four hours of reaction
for all systems, with 2.92, 4.31, 5.64 and 6.28réed for batch systems containing nZVI-
DE at concentrations of 4.0, 8.0, 12.0, 16.0 gApeetively. This behaviour is attributed to
the rapid oxidation of the nZVI surfaces duringitheitial exposure to the AMD, consuming
DO and H and reducing the Eh of the system. Following thial reaction period gradual

reversal to pH, Eh and DO conditions that were laimio pre-nZVI-DE exposure was
observed in all systems, which is attributed to rémctive exhaustion of the nZVI (i.e. total

transformation of Feto quasi-stable E&and/or F&" (hydr)oxide products).
3.4. Changesin metal and metalloid concentrations following nZVI-DE addition

The addition of the nZVI-DE to the AMD resulted &mgnificant changes in the aqueous
concentration of several different metals and netd (Figure 4 and Table 2). The most
significant concentration decreases were recordecCti, Cd, As and Pb with removal of
these metals t&2.5 pg/L recorded within 1 hr reaction time, whesing a nZVI-DE
concentration of 16.0 g/L, followed by retention wry low levels (as indicated by
comparison to WHO specified drinking water guideliooncentrations, Table 2) for time
periods of 24, 2, 336 and 672 hrs for Cu, Cd, A$Rb respectively. A minor decrease in the

concentrations of Mn, Zn and Ni was also recorded.
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It is widely accepted that when nZVI is synthesigethe open laboratory (i.e. not under an
inert atmosphereyjia the chemical reduction of aqueou§Faa) it gains a surface oxide layer
directly after synthesis. However, the thin andodigred nature of this oxide is known to
enable electron passagé@a( tunnelling or through defect sites) and therebyseove the
reducing capability of Fe As such it is relevant to refer to standard et potentials for
the reduction of cationic metals and metalloidsémparison to that of Fe (Fgq + 26 —
Fes E° = -0.44 V) in order to determine their likely rewab mechanism onto nzVI. In
particular it is likely that the removal of Cu aR8 recorded by the nZVI-DE is likely to have
beenvia chemical reduction (Xi et al., 2010), because Hiefor the reduction of their
divalent cations to a metallic state is 0.34 and30/ respectively. Indeed the reduction of
aqueous mono- or divalent Cu to“Qising zero-valent metals lower on the galvanigeser
such as Fe zn’, AI° (termed “cementation”) has been used extensivelyloéed in
hydrometallurgical processes for Cu recovery**Nind Cd" exhibit E° which are only
slightly more electropositive than Fand as such their likely removal mechanism by nzViI
DE wasvia a combination of chemical reduction at the nZViface and adsorption onto
nZVI corrosion products. Similarly, it is likely & As removal recorded herein was likely to
have beernvia a combination of sorption (onto nZVI corrosion gueats) and chemical
reduction upon the nzZVI, however, other studiesehalso documented simultaneous
oxidation of As compounds (e.g. Es— As’") by iron oxides (Ramos et al., 2009). Partial
removal of Zn onto the nZVI-DE was observed, howewdespite theE® for the cathodic
reduction of aqueous Zhto its metallic state is -0.76 V, and thereforasiderably lower
than -0.44 V. As such Zhis thermodynamically unlikely to have been chehjceeduced
by nZVI-DE with its removal instead likely to haveeen caused by the increase in pH,
resulting in the co-precipitation (and adsorptioh)Zn with iron corrosion products and/or

iron (hydr)oxides derived from native iron withihnet AMD (Crane et al., 2015a). Minimal
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concentration changes were determined for catikns€a, Mg, and Mn (Table S2) which
demonstrates that nZVI is selective for the remmfadertain metals from solution (namely
those whose solubility is redox sensitive). In gahgreater aqueous Fe concentrations were
determined for the batch systems containing loveercentrations of nZVI-DE, which is in
contrast to previous studies who have examinedeposure of nZVI to AMD where a
positive correlation has been recorded (e.g. CeanteScott 2014). The mechanism for this
contrasting result is likely due to the higher pHhe batch systems containing higher nZVI-
DE concentrations which in turn may have resultethe precipitation and co-precipitation

of Fe-bearing phases and thus the removal of e fhe aqueous phase.

Whilst Cu and Cd were initially removed from sotutithey were subsequently found to
redissolve in all batch systems studied. This bielavs in agreement with other studies (e.qg.
Crane et al., 2011) and it attributed to the reactxhaustion of the nZVI and consequent
reversal of the solution chemistry to pre-nZVI-DBddion conditions, resulting in the
oxidative dissolution and/or desorption of metasspdl reverted to lower values and Eh
increased in response to oxygen ingress. In cdnffasconcentrations in solution reflect the
dynamics of both dissolution and precipitation teexs. Initial increases in concentration are
due to the oxidative dissolution of ¥and decreases a response to either increasingngH a
Eh that ultimately lead to the precipitation of IH¢(oxyhydroxides which are stable under
ambient (starting) Eh/pH conditions. As such theklaf Fe redissolution recorded in the
latter stages of the experiment suggests that Baclwas in a physicochemical form which
was more resistant (than Cu and Cd) to acidic tiisa. Similarly the fact that both Cu and
Cd were recorded to readily redissolve at acidic quggests that such metals were likely

present as phases which were relatively susceptideidic dissolution.
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372

373 Table 2. Notable contaminant metal and metalloids preserihé AMD as analysed using
374  ICP-MS along with their WHO recommended drinkingtevahealth guideline concentrations
375 (WHO 2011). Metal/metalloid concentrations of th®MB following exposure to the nzZVI-

376 DE after 0.25 hr as analysed using ICP-MS are la@sed. Cells are coloured in red where

377 metal/metalloid concentrations exceed the WHO tioles

Metal/metal | Concentratf WHO Concentrat| Concentrat| Concentrat Concentrat
loid ion in | drinking ion after|ion after|ion after|ion after
AMD water 0.25 hr| 0.25 hr| 0.25 hr| 0.25 hr

(mg/L) guideline | (nzZVI-DE | (nZVI-DE | (nZVI-DE | (nZVI-DE

concentrati| at 4.0 g/L) | at 8.0 g/L) | at 12.0| at 16.0

ons (mg/L) g/L) g/L)
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Figure 4. Aqueous concentrations of notable metal and metalloids as a function of time for
the AMD when exposed to nZVI-DE at 4.0 (triangle markers), 8.0 (diamond markers), 12.0

(square markers) and 16.0 g/L (circle markers).
3.5. XRD analysis of nZVI-DE following exposure to the AMD

XRD was used to determine the bulk crystallinityd acomposition of nZVI-DE solids

extracted from all batch systems at periodic tintervals during their exposure to the AMD
(Figure S3). A rapid transition from a mixture dfs and F& (recorded for the as-formed
nZVI-DE) to SiQ was recorded for all systems and attributed tadiksolution (i.e. aqueous
corrosion) of the nZVI into the AMD. No sorbed pbage.g. C)) were detected, which was
not expected given the relatively low concentrabbmnetals and metalloids in the AMD and

the % level detection limits typical of XRD.

3.6. HRTEM-EDS analysis of nZVI-DE following exposureto the AMD
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Figure 5 displays HRTEM images and correspondin® Biaps for Si, O, Fe and Cu for the
nZVI-DE extracted from the AMD water at periodidervals. It can be observed that similar
to the as-formed nZVI-DE (Figure 1), all nZVI weatached to the DE (i.e. no discrete nZVI
were recorded upon the carbon coated TEM grid)clvimdicates that they were unlikely to
have dettached from the DE during and throughoeir thxposure to the AMD. Si and O
comprised the vast majority of the wt. % compositmf the nZVI-DE, with only minor
concentrations of Fe and Cu. Fe concentrations eerer than the as-formed nZVI-DE for
the two samples taken from 1 and 4 hours exposutket AMD and slightly higher for the
sample taken from 672 hours (Table 3). This coreslavell with the ICP-MS data (Figure 4)
which shows an initial dissolution of Fe (from th&VI-DE) during the initial stages of
reaction (e.g<24 hrs) followed by subsequent precipitation. Tle¢edtion of Cu upon the
nZVI-DE confirms that the removal of Cu ions fromlgion was a surface mediated process,
however, no conclusive determination can be maddhi® specific Cu removal behaviour
(e.g. preferential removal of the Cu ions onto nZWan the DE) due to the low

concentrations.
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408

409 Figure5. HRTEM images and corresponding EDS maps for Skecand Cu for the nZVI-
410 DE extracted from the AMD water after 1, 4 and 672 (stacked from top to bottom) when

411  using nZVI-DE concentrations of 16.0 g/L.
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Table 3. Composition (by wt. %) of the nZVI-DE after exposuo the AMD after 1, 4 and

672 hrs as determined using HRTEM-EDS. The dateelate to the EDS maps displayed in

Figure 5.
1 hr 4 hrs 672 hrs

@) 50.87] 52.00| 54.16
Na 0.16 0.26 0.00
Mg 0.06 0.20 0.00
Al 0.73 1.80 1.32
Si 47.21| 4157, 42.38
S 0.00f 0.63 0.00
K 0.09 0.10 0.00
Fe 0.84 3.33 2.12
Cu 0.03] 0.12 0.02

4. Environmental/industrial implications

Herein we introduce Precision Mining as a new cphocehich can be defined as a
methodology for selectiven situ metal uptake from a material or media, with subseq

retrieval and recovery of the target metal with ble@efits of minimal disturbance to all other
components (metals, anions, microbiota, dissolvedaric matter, hydro-geochemical
conditions, etc.). There are a wide variety of (@)amaterial combinations that could be
envisaged for uses in different Precision Miningerarios, however, one particularly
promising material, which has already receivedifigant attention in Precision Medicine as
a next generation biocompatible drug delivery agsnDE. Its potential use in combination

with nZVI as a Precision Mining tool for the reméwad Cu from the aqueous phase has,
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however, not been investigated until now. Resutsudhented herein comprise initial data on
this topic and demonstrate that the material hgtdat promise as a next generation Precision

Mining tool for the rapid and selective recoveryQaf from wastewaters, such as AMD.

The benefits of using the DE as a carrier matévigicle) for the reactive component are: (i)
it prevents agglomeration and subsequent passivafighe nZVI; (ii) it is off sufficiently

small size that a DE slurry is relatively easy taimain and pump wherever it is needed; (iii)
it is an inexpensive commercially available matetiieat is highly resistant to attack from

acidic wastewater, effluents and leach liquors.

The benefits of nZVI for Cu recovery from wastewatare: (i) it is highly selective for the
recovery of Cu from acidic waters; and (ii) on retto ambient pH/Eh conditions the Cu is
spontaneously released back to the aqueous phasenibination these attributes enables
nZVI-DE to be considered as a highly efficient a&dective Precision Mining tool for the
recovery from Cu from wastewater. The latter isaatipularly interesting phenomena and
enables the highly efficient concentration of Cuevdby following the selective recovery of
Cu from the acidic waste water the nanocompositeemnah can then be separated from the
target effluent (e.g. by centrifugation or coagolatflocculation) and allowed to release the
Cu into a smaller volume, thus concentrating thef@ufinal recovery. The nZVI-DE can
therefore be considered to be partially “self-reagating” (although it would need to re-

loaded with fresh nZVI in order for reuse).

It is envisaged that the superparamagnetic pr@sedi nZVI-DE could also enable efficient
transport and/or recovery of the nanomaterial, Wwhe likely to unlock a wide range of
different potential applications for the nanomatkfe.g. subsurface injection of nZVI-DE for
the in situ recovery of Cu from aqueous plumes, followed bygnaic recovery). Further

work is required in order to determine both therawlic (e.g. colloidal stability, dynamic
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zeta potential) properties of the material and @sbehaviour towards and within biological
systems. Another important aspect to considerastist associated with the manufacture and
application of nZVI-DE. Whilst DE is relatively chp to source from primary deposits
(typical cost can range from 100-400 USD/tonne (8S&012)) nZVI is much more
expensive (e.g. 10-140 USD/kg, depending on théypand quantity purchased (Crane and
Scott 2012; Stefaniuk and Oleszczuk 2016)). Howevery few companies currently exist
which manufacture nZVI and as such this cost isljyiko significantly decrease if demand
for the nanomaterial increased in the future. Aditahal factor to consider is the extent at
which conventional nZVI synthesis methodologies barapplied in the field in order to act
as a mechanism for the regeneration of nZVI-DElId¢iwing Cu recovery) for regeneration
and reuse of the nzZVI-DE. It is likely that aqueocisemical reduction methods (e.g.
polyphenol or sodium borohydride reduction of agisewon onto DE surfaces) will be more
appropriate than thermal chemical reduction (esqiguH: or CO gas) or mechanical attrition
(e.g. high speed ball milling) due its relative etgf(being wet synthesis method) and low

energy footprint (it can be performed at room terapee).

5. Conclusion

HereinDE has been investigated as a new matrix supporid¥| for the selective removal
of Cu from AMD. Batch experiments were conductethgisa range of different nZVI-DE
concentrations (4.0-16.0 g/L) and over a time pkid 672 hours. The following can be

concluded:

1) nZVI can be loaded onto acid leached D& a relatively simple batch chemical
reduction process, with Fe{H,O used as an iron source and NaBid the reducing

agent. HRTEM indicated a relatively even distribatiof nZVI on surface of the DE
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and within its porous structure, with XPS and XRihfirming nZVI to be comprised

of crystalline F8with a surface F§Fe**+Fe’™) stoichiometry of 0.20.

2) Cu recovery from AMD requires a relatively high centration of nZVI-DE, with
concentrations<4.0 g/L (4.0 g/L nZVI-DE equates to a dose of 0.1y nzZVI)
imparting minimal changes to the solution electerafstry (pH, Eh and DO) and

metal/metalloid concentrations.

3) Exposure of nZVI-DE concentrationd 2.0 g/L to the AMD resulted in the rapid and
near total recovery of Cu from solution (>99.9 %mowal within 1 h), despite the
relatively low concentration of nZVI upon and withihe DE (2.6 wt. %), likelyia

electrochemical cementation.

4) Minimal changes in the concentrations of numeratrerometal and metalloid ions
present in the AMD (namely: Na, Ca, Mg, K, Mn, add) were recorded, which

demonstrates the selectivity of nZVI-DE for redoremable metals and metalloids.

5) Following near total removal of Cu from the aquephases during the initial stages
of the reaction (<24 hrs) significant re-releasekbato the agueous phase was
recorded and attributed to the reactive exhaustbrthe nzZVI and ingress of
atmospheric gases allowing recovery of system EB,ddd pH. This phenomenon

could potentially be engineered for the controliel@éase of the captured Cu.

Overall the results demonstrate nZVI-DE as higleliestive for the rapid removal of Cu from
AMD. The nanomaterial and the demonstrated uptaie ralease behaviour holds great
promise as a next generation ‘Precision Mining! foo selective recovery of Cu from acidic
wastewaters. Further work is required in orderdtednine both the hydraulic (e.g. colloidal

stability, dynamic zeta potential) properties & thaterial and also its behaviour towards and
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within biological systems. Moreover its ability b@ regenerated (reloading the material with

nZV1) for repetitive use also needs to determined.
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Research highlights

* Precision Mining of a metal from wastewater repof the first time

* Mechanism of Cu removal onto nZVI-DE via cementatigth nZVI

* nZVI-DE selective for Cu removal despite presenfcatioer metals (Na, Ca, Mg, Mn,
Zn, etc.)

* Near-total removal of Cu ions followed by redissmn after nZVI reactive
exhaustion

* Re-release mechanism could be harnessed as neavigigelio concentrate Cu



