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Nanoscale  zerovalent  iron  (nZVI)  has  been  investigated  for  the  selective  formation  of  Cu  nanoparticles
from  acid  mine  drainage  (AMD)  taken  from  a  legacy  mine  site  in the  UK.  Batch  experiments  were  con-
ducted  containing  unbuffered  (pH  2.67  at t =  0)  and pH  buffered  (pH  < 3.1)  AMD  which  were  exposed  to
nZVI  at 0.1–2.0  g/L. Results  demonstrate  that  nZVI  is  selective  for Cu,  Cd and  Al  removal  (>99.9%  removal
of  all  metals  within  1  h  when  nZVI  ≥ 1.0  g/L)  from  unbuffered  AMD despite  the  coexistent  of  numerous
other metals  in  the  AMD,  namely:  Na, Ca, Mg,  K,  Mn  and  Zn. An acidic  pH  buffer  enabled  similarly  high
Cu  removal  but  maximum  removal  of  only  <1.5%  and  <0.5%  Cd  and  Al  respectively.  HRTEM-EDS  con-
firmed  the  formation  of discrete  spherical  nanoparticles  comprised  of up  to  68% wt.  Cu, with  a relatively
ementation
cid mine drainage
luminium

narrow  size  distribution  (typically  20–100  nm  diameter).  XPS confirmed  such  nanoparticles  as contain-
ing  Cu◦,  with  the  Cu  removal  mechanism  therefore  likely  via  cementation  with  Fe◦. Overall  the  results
demonstrate  nZVI  as  effective  for the  one-pot  and selective  formation  of  Cu◦-bearing  nanoparticles  from
acidic  wastewater,  with  the technique  therefore  potentially  highly  useful  for the  selective  upcycling  of
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1. Introduction
Acid mine drainage (AMD) is an acidic solution that typically
contains elevated concentrations of heavy metals and is caused by
the microbial oxidation of pyrite and other sulphidic minerals, as
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 consequence of the mining and processing of metal ores and/or
oals [1,2]. Sulphidic minerals are extremely common and conse-
uently many effluents derived from abandoned mines and mine
astes therefore exhibit a net acidity [1]. If left untreated AMD  can

ontaminate ground and surface water and thereby damage ecosys-
ems and potentially impact human health. As such the generation
f AMD is often cited as one of the most prominent environmental
ssues currently facing the mining industry [1]. For example, in the
K alone it is estimated that as many as six percent of all surface
ater bodies are currently adversely affected by AMD  derived from

egacy metalliferous mines [3]. Similarly in the USA it is estimated
hat as many as 19,300 km of rivers and more than 180,000 acres of
akes and reservoirs have been damaged by AMD  [4]. Consequently,
he development of cost-effective remediation solutions for AMD
as been the subject of intense research for several decades. Despite
uch interest, conventional AMD  remediation technologies remain
elatively expensive and/or require significant construction space
e.g. passive treatment), which poses a major challenge [1]. AMD
ften contains a wide range of metals and metalloids which while
eing toxic to the environment would also be beneficial to recover
e.g. Cu, Ni, Zn). Whilst it is possible to recover metals from dilute
queous effluents using existing active treatment technologies e.g.
on exchange [1], the absence of widespread commercial practices
or the recovery of metals from AMD  indicates that the economic
alue of the metals rarely offsets the operating costs of recov-
ry. As such a fundamental barrier exists where either the cost of
MD treatment needs to significantly decrease or the economically
aluable metals present in such waste needs to be valorised into
igher-value products, i.e. products which are worth significantly
ore than their raw metal value. With regard to the latter, one

otential solution is to develop methodologies to directly synthe-
ise high-value nanomaterials from AMD. Such nanomaterials could
hen be directly utilised as high value materials and/or reagents
n a range of different processes, and as such provide significantly
reater economic return than their equivalent bulk scale metal.

In recent years, nanoscale zero-valent iron (nZVI) has gained
uch attention for its use in a wide range of water treatment appli-

ations due to its unique properties, including high surface area to
olume ratio and an ability to be injected into the subsurface as a
olloidal suspension [5–8]. To date nZVI has been demonstrated as
ighly effective for the removal and/or degradation of a wide range
f metals and metalloids (e.g. [7,9–17]), inorganic anions (e.g. [18])
nd organic contaminants (e.g. [19–21]) from solution. Very little is
nown, however, with regard to the physicochemical properties of
etals and metalloids when sorbed and/or chemically reduced by

ZVI, and in particular whether such precipitates/particles could be
ecovered for economic gain. In particular almost all studies to date
ave investigated the use of nZVI for the sorption and/or enmesh-
ent (i.e. the immobilisation) of metal and metalloid species. In

ontrast the use of nZVI for the in situ synthesis and recovery of
unctional (nano)materials from wastewater or contaminated land
s a new research arena. Preliminary evidence has already been pre-
ented on the formation of iron-bearing nanomaterials from AMD
22], however, to the best of our knowledge no studies have yet
nvestigated the selective formation of heavy metal (e.g. Cu, Zn, Al)
anomaterials from AMD.

It is well known that nZVI is highly efficient for the removal
f aqueous Cu under a range of different chemical conditions (e.g.
10,23] and [24]), however, the extent at which nZVI might be selec-
ive for the removal of aqueous Cu from wastewater (such as AMD)
emains unknown. Furthermore very little is known with regard
o the physico-chemical properties of such recovered Cu, such

s whether, and if so under what conditions, discrete Cu-bearing
anoparticles might form due to the cementation reaction between
queous Cu and Fe◦. This study has been established in order to
nvestigate these phenomena in order to gain an understanding of
ous Materials 347 (2018) 252–265 253

the extent at which nZVI could be used for the selective forma-
tion of Cu-bearing nanoparticles from AMD which could prove a
highly useful mechanism for the valorisation of Cu-bearing AMD,
thereby unlocking a new economic incentive for AMD  treatment.
Such novel approaches are urgently required from addressing AMD
which is one of the most prominent environmental issues currently
facing the mining industry, and regarded by the European Environ-
ment Bureau and the US Environmental Protection Agency and as
“second only to global warming and stratospheric ozone depletion
in terms of global ecological risk” [25].

2. Methodology

2.1. AMD sampling location

The AMD  used in this study was collected from Parys Mountain
which is a disused open cast Cu-Pb-Zn mine on Anglesey (Wales,
UK) [26]. Samples were collected from the Duffryn Adda adit
(GPS location: 53◦23′40.96 N, 4◦21′01.80 W)  and sealed in high-
density polyethylene bottles (without headspace) and stored at 4 ◦C
until required (maximum storage time was  7 days). The AMD  ini-
tially contains low concentrations of dissolved oxygen (DO), (e.g.
<2 mg/L), however, it quickly equilibrates with the atmosphere
when in surface waters to reach oxygen concentrations more typ-
ical for that of vadose and/or surface waters (e.g. ∼7–10 mg/L),
changing its redox potential and associated heavy metal transport
properties in the process.

2.2. Zero-valent iron nanoparticle synthesis

Pure nZVI were synthesised following the methodology first
described by Glavee et al., [27] and then adapted by Wang and
Zhang [28]. 7.65 g of FeSO4·7H2O was  dissolved in 50 mL  of Milli-
Q water (>18.2 M� cm)  and the pH was adjusted to 6.8 using
4 M NaOH. NaOH addition was  performed slowly, drop-wise, to
avoid the formation of hydroxo-carbonyl complexes. The salts were
reduced to nZVI by the addition of 3.0 g of NaBH4. The nanoparticle
product was  isolated from the aqueous phase via centrifugation
(Hamilton Bell v6500 Vanguard centrifuge, 6500 rpm for 120 s),
rinsed with absolute ethanol (Fisher Scientific, 12478730; ratio of
50 mL/g of nZVI) and then centrifuged (Hamilton Bell v6500 Van-
guard centrifuge, 6500 rpm for 120 s). This step was then repeated
three more times. The nanoparticles were dried in a vacuum des-
iccator (approx. 10−2 mbar) for 72 h and then stored in an argon
filled (BOC, 99.998%) MBraun glovebox until required.

2.3. Exposure of nZVI to the AMD

Prior to conducting any nZVI-AMD exposure experiments the
AMD  was  removed from the refrigerator and allowed to equilibrate
in the ambient laboratory (temperature = 20.0 ± 1.0 ◦C) for 24 h.
Unless specified differently all batch systems comprised 200 mL
volume of the AMD  in 250 mL  clear soda lime glass jars. Follow-
ing nZVI addition the batch systems were immediately sonicated
for 120 s using an ultrasonic bath (Grant, XB3). Each system was
then sealed (using a screw cap) and placed on the benchtop in
the open laboratory. Periodic sampling of dissolved oxygen (DO),
oxidation reduction potential (ORP) and pH was  conducted by gen-
tly agitating each batch system in order to ensure homogeneity.
The pH, Eh and DO probes were calibrated prior to each measure-
ment. The measured Eh values were converted to Eh (vs. standard
hydrogen electrode) by subtracting the difference between the

measured Eh of the reference solution (220 ± 5 mV)  with the true
Eh of the reference solution (Mettler Toledo 220 mV/pH 7 reference
solution). 5 mL  aqueous-nZVI suspensions were periodically taken
using an auto-pipette. The extracted suspensions were centrifuged
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Fig. 1. HRTEM imag

t 4000 rpm (3077 g) for 240 s after which the supernatant became
lear (i.e. all of the nZVI was centrifuged to the bottom of the vial).
he supernatant was then extracted using a 10 mL  syringe and fil-
ered through a cellulose acetate filter 0.2 �m filter. The filtered
ater was prepared for inductively coupled optical emission spec-

rometry (ICP-OES) by the additional of HNO3 at a concentration of
% by volume. The solid nZVI plug at the base of each centrifuge
ial was prepared for X-ray diffraction (XRD), X-ray photoelec-
ron spectroscopy (XPS) and high resolution transmission electron

icroscopy (HRTEM) by an absolute ethanol wash. This was  con-
ucted by adding 20 mL  of ethanol (Fisher Scientific, 12,478,730)
nd then gently agitating the centrifuge vial in order to suspend
he nZVI plug. The vial was then centrifuged at 4000 rpm (3077
) for 240 s in order to separate the solid and aqueous phases. The
upernatant was then removed and the process was repeated a fur-
her two times. Each time the supernatant was decanted the nZVI
lug at the bottom of the centrifuge vial was maintained in place
sing an Eclipse 20mm Neodymium Pot Magnet (length 25mm,
ull force 28kg). Once the ethanol washing process was completed
he nZVI plug was pipetted onto a glass optical microscope slide
Agar Scientific, G251P) for XRD and XPS analysis and a Au coated
oley carbon film (TAAB, C062/G) for HRTEM analysis. Samples
ere then dried in a vacuum chamber at <1 × 10−2 mbar for a min-

mum of 2 h prior to analysis. In order to test the influence of a
onstant pH on the metal/metalloid removal behaviour from the
MD onto nZVI pH buffered batch systems were created. 180 mL
f the AMD  was first added to two different 250mL clear soda lime
lass jars. 20 mL  solutions of 0.05 M or 0.1 M HCl with both con-
aining 1.0 g of potassium hydrogen phthalate (C8H5KO4) was  then
dded to each of the batch systems. The solutions were then gen-
ly stirred and left for 24 h to equilibrate prior to nZVI addition.
orption-desorption experiments were then conducted following
he same methodology outlined above. In order to test the reusabil-
ty of nZVI for the removal of metal/metalloids from the AMD  the
ZVI were exposed to the AMD  (40 mL  of AMD  and nZVI at 1g/L)

nside 50 mL  centrifuge vials. The batch systems were first soni-
ated using an ultrasonic bath (Grant, XB3) for 120 s and then left
or 30 min. The batch systems were then centrifuged at 4000 rpm
3077 g) for 240 s. The supernatant was then filtered through a cel-
ulose acetate filter 0.2 �m filter and prepared for ICP-OES analysis
ollowing the technique described above. The nZVI plug at the bot-
om of the centrifuge vial was maintained in place using an Eclipse

0mm Neodymium Pot Magnet (length 25mm,  pull force 28kg) and
he remaining supernatant was decanted. 40 mL  of fresh AMD  was
hen added and the steps listed above were repeated six times. All
he as-formed nZVI.

sorption-desorption experiments were conducted at room temper-
ature (measured to be 20.0 ◦C ±1.0 ◦C) and ran as duplicate pairs,
with the average data used to create the figures/tables displayed
herein.

2.4. Analytical techniques

A Phillips Xpert Pro diffractometer with a CoKa radiation source
was used for XRD analysis (generator voltage of 40 keV; tube cur-
rent of 30 mA). XRD spectra were acquired between 2h angles of
10–90◦, with a step size of 0.02◦ 2 and a 2 s dwell time. ICP-OES
analysis of aqueous samples was  performed using a PerkinElmer
Optima 2100 DV ICP-OES. HRTEM analysis was performed using
a JEOL JEM-2100 microscope at 200 kV. Energy dispersive spec-
troscopy (EDS) analysis and mapping was performed using Oxford
Instruments X-MaxN analyzer and Aztec software. A beryllium
sample holder was  used in order to prevent any background Cu
from being detected. Nanoparticle size distribution from HRTEM
images was  measured using ImageJ software (Java 1.6.0 24) with
50 nanoparticles analysed per sample. X-ray photoelectron spec-
troscopy (XPS) spectra were collected using a Thermo K-Alpha+
spectrometer. Spectra were collected at a pass energy of 40 eV for
narrow scans and 150 eV for survey scans with a 0.1 and 1 eV step
respectively. Charge neutralisation was  achieved using a combina-
tion of low energy electrons and argon ions. Spectra were quantified
in CasaXPS using Scofield sensitivity factors and an energy depen-
dence of -0.6. In order to determine the relative proportions of Fe2+

and Fe3+ in the sample analysis volume, curve fitting of the recorded
Fe 2p3/2 photoelectron peaks was performed following the method
of Scott et al. [29]. The Fe 2p3/2 profile was  fitted using photoelec-
tron peaks at 706.7, 709.1, 710.6 and 713.4 eV corresponding to
Fe◦, Fe2+ octahedral; Fe3+ octahedral and Fe3+ tetrahedral. These
parameters were selected on the basis that the surface oxide was
assumed to be a mixture of wüstite and magnetite, as the oxide Fe2+

is in the same coordination with the surrounding oxygen atoms in
both forms of oxide.

3. Results and discussion

3.1. Characterisation of the as-formed nZVI
Characterisation of the as-formed nZVI was performed using
BET surface area analysis, HRTEM, XRD and XPS. BET surface area
analysis determined that the surface area of the nZVI was 50.9 m2/g.
HRTEM analysis determined that the nZVI were spherical, generally
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Table  1
Summary of the physicochemical properties of the as-formed nZVI.

Parameter Analysis technique nZVI

Particle size distribution (%) HRTEM 0–50 nm:  32.1 50–100 nm: 58.5 > 100 nm:  9.4
Bulk  composition XRD �-Fe◦

Oxide thickness (nm) HRTEM, XPS 3-5
Surface composition (at. %) XPS Fe: 19.1 O: 52.4 C: 5.0 B: 15.7 Na: 7.8
Fe  stoichiometry (Fe◦/Fe2++Fe3+) XPS 0.19
Specific surface area (m2/g) BET 50.9

Fig. 2. XRD spectra for the as-formed nZVI.
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The addition of the nZVI to all batch systems containing AMD  (no
pH buffer) resulted in a rapid decrease in Eh and DO and a concur-
ithin a size range of 10–150 nm and an average diameter of 61 nm
Fig. 1). Each individual nZVI particle was recorded to contain a dis-
rete outermost layer (density contrast), which is attributed to be
he presence of an oxide shell surrounding the Fe◦ core. In addi-
ion dark mottles were recorded within the metallic cores which
ndicates that individual particles are either polycrystalline or com-
rised isolated metal crystals in an otherwise amorphous matrix.

ndividual nZVI particles were aggregated into chains and rings
ue to their high surface energy and magnetic properties [30]. A
ingle diffraction peak at 52.381◦ 2� was recorded using XRD and
ttributed to the (110) lattice reflection of �-Fe◦ (Fig. 2). The peak
as relatively broad which indicates that the nZVI are relatively

morphous. XPS analysis determined the outer surface of the nZVI
s comprised of a mixed valent (Fe2+/Fe3+) oxide overlying a Fe◦

ore. Given the mean free path of Fe is equivalent to approximately
 atomic layers, this detection of Fe◦ in the XPS analysis volume
herefore indicates that the oxide thickness is likely to be <5nm,
hich corroborates the aforementioned nZVI oxide thickness mea-

urement using HRTEM. The results are summarised in Table 1.

.2. Characterisation of the AMD

Prior to nZVI addition the pH, Eh and DO of the AMD  was
easured along with the concentrations of dissolved metals and
etalloids using ICP-OES. The water was acidic (pH = 2.67) and

xygen-rich (DO and Eh 395 mV  and 8.98 mg/L respectively). In
rder to highlight the highly polluted nature of the water, concen-
rations of notable metal and metalloids present in the AMD  are
resented along with their World Health Organisation (WHO) rec-
mmended drinking water human health guideline concentrations
31] in Table 2, and were used throughout this paper as reference
onditions. Several elements were recorded as exceeding the guide-
ine concentrations, namely Mn,  Ni, Cu and Cd by factors of 44.8,

.9, 22.7 and 56.7 respectively. The concentrations of all metals and
etalloids analysed using ICP-OES is displayed in Table S1.
Fig. 3. Changes in pH, Eh and DO as a function of time for the unbuffered batch
systems.

3.3. Changes in pH, Eh and DO
rent increase in pH (Fig. 3). Most significant change was recorded
for the batch systems containing the largest concentration of nZVI



256 R.A. Crane, D.J. Sapsford / Journal of Hazardous Materials 347 (2018) 252–265

Table 2
Notable contaminant metal and metalloids present in the AMD  along with their WHO  recommended drinking water health guideline concentrations [31]. Metal/metalloid
concentrations of the unbuffered AMD  following exposure to nZVI (2 g/L concentration) for 1hr and 28 d are also listed. Cells are coloured in red where metal/metalloid
concentrations exceed the WHO  threshold. (For interpretation of the references to colour in this table, the reader is referred to the web version of this article.)
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ith only relatively minor changes recorded for the batch systems
ontaining nZVI at <0.5 g/L. Eh minima were recorded for the AMD
xposed to nZVI at concentrations of 0.2, 0.5, 1.0 and 2.0 g/L within
he first 1 h of reaction, with 428, -21, −231 and −319 mV  respec-
ively recorded. In contrast an Eh minimum of 457 mV  was recorded
fter 24 h exposure of the AMD  to nZVI at 0.1 g/L. The Eh in all sys-
ems was 395 mV  at t = 0. Maxima in pH were recorded within the
rst four hours of exposure of the AMD  to nZVI at concentrations
f 0.2, 0.5, 1.0 and 2.0 g/L, with 3.02, 4.52, 6.02 and 6.24 recorded
espectively. In contrast a pH maximum of 2.82 was  not recorded
ntil after 24 h exposure of the AMD  to 0.1 g/L nZVI. The pH was  2.67
t t = 0 in all systems. Such redox and pH changes are attributed to
he rapid oxidation of nanoparticulate surfaces during their initial
xposure to the AMD, consuming DO and H+ and reducing the Eh of
he system. Following this initial reaction period gradual reversal
o ambient pH, Eh and DO conditions was observed for all systems,
hich is attributed to the reactive exhaustion of the nZVI (i.e. total

ransformation of Fe◦ to Fe3+ (hydr)oxide products). Changes in
H, Eh and DO recorded following exposure of the nZVI to the pH
uffered AMD  is displayed in Fig. S1. It can be observed that similar
hanges in Eh and DO occurred when compared to the unbuffered
MD, however, only a minor increase in pH was recorded, with
axima of 2.30 and 3.09 recorded after 24 h for the batch systems

ontaining buffer reagents 0.1 g/L C8H5KO4 and 0.01M HCl 0.1 g/L
nd 0.1 g/L C8H5KO4 and 0.005M HCl respectively (pH was 1.91 and
.42 at t = 0 respectively). Figure S2 displays pH, Eh and DO changes
or AMD  when fresh AMD  was added to the nZVI every 30 min.
imilar changes in pH, Eh and DO were observed for the first two
xposures, however, after the third exposure of the nZVI to the AMD

 clear return to ambient electrochemical conditions was recorded
nd attributed to the reactive exhaustion of the nZVI. This was  cor-
oborated visually; the batch systems eventually became clear due
o the total dissolution of the nZVI into the AMD.

.4. Changes in aqueous metal concentrations

.4.1. Metal/metalloid removal onto nZVI
The addition of the nZVI to the AMD  (no pH buffer) resulted in

ignificant changes in the aqueous concentration of several differ-

nt metals and metalloids (Fig. 4 and Table 2). The most significant
oncentration decreases were recorded for Cu, Al and Cd with
emoval of these metals to below ICP-OES detection limits (after
0X dilution) recorded within 2 h reaction time when using nZVI
concentrations of ≥ 1 g/L, followed by retention below WHO  spec-
ified drinking water guideline concentrations (Table 2) for time
periods ≥24 h. A decrease in the concentrations of Zn and Ni was
also recorded but at a lower magnitude (both in terms of relative
quantities removed and the duration of removal). The Zn concentra-
tion minimum was 14.9 mg/L (nZVI concentration: 2 g/L, sampling
time: 48 h), or 78.8% removal. However, Zn removal of <50% was
recorded for all other sampling times with the exception of the 24 h
sampling time (when using a nZVI concentration of 2 g/L), where
removal of 72.0% was determined. Removal of Ni to below WHO
specified drinking water guideline concentrations was recorded
throughout the entire reaction period except the 28 d sampling
time for the batch system containing nZVI at a concentration of
2 g/L, however, removal of only <50% was typically recorded for all
other nZVI concentrations. Minimal concentration changes were
recorded for major cations: Ca, Mg,  K and Mn  (Table 2) which
demonstrates that nZVI is selective for the removal of certain metals
from solution (namely those whose solubility is redox sensitive). It
has been reported that the removal mechanism of metals and met-
alloids by nZVI is typically via adsorption/surface complexation for
metal ions which have the standard electrode potentials (E◦) for
reduction to a metallic state that are very close to, or more negative
than Fe◦ (-0.44 V), such as Zn2+. Moreover, for metal ions such as
Cu2+ which have a E◦ that is much more positive than Fe◦, removal
is typically via surface-mediated cementation [7], Eq. (1).

Fe◦ + Cu2+= Fe2++Cu◦E◦= 0.78 (1)

Metal cations such as Ni2+ which are only slightly more elec-
tropositive than Fe◦ are typically removed from solution via a
combination of adsorption and (partial) chemical reduction. The E◦

for the cathodic reduction of aqueous K+, Ca2+, Na+, Mg2+ and Mn2+

to their metallic state is −2.92, −2.84, −2.71, −2.37 and −1.18 V
respectively. The lack of removal from solution of such ions onto
nZVI is therefore likely to be due to their more negative E◦ (for
reduction to a metallic state) than Fe◦. Significant removal of Al
onto nZVI was recorded, however, despite the E0 for the cathodic
reduction of aqueous Al3+ to its metallic state being −1.66 V, and
therefore considerably lower than −0.44 V. However, within the
pH range of approximately 4–8 A l is known to readily precipitate

from solution as a hydroxide, namely gibbsite (Al(OH)3) [32]. Simi-
larly, the E0 for the cathodic reduction of aqueous Zn2+ and Cd2+ to
their metallic state are −0.76 and −0.40 V respectively and as such
their removal by nZVI recorded herein is likely also to be due to the
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Fig. 4. Aqueous concentrations of notable metal and metalloids as a func

H increase, resulting in the co-precipitation (and adsorption) of
n and Cd with nZVI corrosion products and/or iron (hydr)oxides
erived from native iron within the AMD  [32]. In contrast to other
etal/metalloids the concentrations of Fe, Na and B were recorded

o increase in all batch systems, with a relatively linear correlation
ith the mass of nZVI added observed, and as such their behaviour

s attributed to the dissolution of such metals from the nZVI, with
a and B likely to have been derived from the NaBH4 used in the

ZVI synthesis.

Fig. 5 displays dissolved metal concentration data as a function
f time for the pH buffered AMD  following exposure to the nZVI at

 1.0 g/L concentration. It can be observed that in contrast to the
f time for the AMD  when exposed to nZVI at 0.1, 0.2, 0.5, 1.0 and 2.0 g/L.

unbuffered AMD  system (Fig. 4) no appreciable removal of Al, Zn
or Cd was recorded, which is attributed to the increased solubility
of such metals at the lower pH [32].

Fig. 6 displays changes in the concentration of notable dissolved
metals as a function of time for the AMD  when fresh AMD  was  added
to the nZVI every 30 min. Results demonstrate that under such con-
ditions nZVI was  least able to retain Al (desorption occurred upon
the second exposure to the AMD) followed by Cu, Ni and Cd (des-

orption of such metals occurred upon the third exposure to the
AMD). In contrast removal of >20% of dissolved Zn was recorded
in all instances, which suggests that the nZVI are suitable to be
reused for Zn removal from solution. Fe and B concentrations were
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ig. 5. Changes in the aqueous concentration of notable metal and metalloids as 

oncentration. Square and circle markers denote systems with buffer reagents comp

ecorded to initially increase and then decrease in the latter stages
f the experiment. This is attributed to the dissolution of the nZVI
nto the acidic AMD  which was also observed visually: the nZVI
uspensions became progressively clearer due to the progressive
nd eventually total dissolution of the nZVI into the AMD.

.4.2. Metal/metalloid rerelease
It can be observed in Table 2 and Fig. 4 that following their ini-

ial removal from the aqueous phase significant release of heavy
etals (namely Al, Zn, Ni and Cd) was recorded in all systems. This

ehaviour is in agreement with other studies (e.g. [33]) and was
oincident with the reactive exhaustion of the nZVI and consequent
eversal of the solution chemistry to pre-nZVI addition conditions,

esulting in a combination of dissolution and desorption of met-
ls from corrosion products as pH reverted to lower values and
h increased in response to atmospheric oxygen ingress. The re-
issolution of Cu was recorded to commonly occur in the latter
tion of time for the pH buffered AMD  following exposure to the nZVI at a 1.0 g/L
of 0.1 g/L C8H5KO4 and 0.005M HCl and 0.1 g/L C8H5KO4 and 0.01M HCl respectively.

stages of the exposure of nZVI to both unbuffered and pH buffered
AMD  and probably resulted from the oxidative dissolution of Cu◦ to
Cu2+ as Eh climbed above ∼200 mV.  XPS observations (see Section
3.5.2.) provide further evidence of this mechanism. This behaviour
provides clear evidence that nZVI is only suitable for the recov-
ery of Cu from DO-bearing AMD  over relatively short time periods
(e.g. <48 h), with the recovery of nZVI (and cemented Cu) neces-
sary within such a time period, unless either favourably low Eh can
be maintained or pH can be buffered to remain circumneutral or
basic. Interesting this phenomena could potentially be harnessed
as a new method to concentrate Cu whereby following the selective
recovery of Cu from the AMD  the nZVI (and sorbed Cu) could then
be separated into a smaller volume of AMD  (e.g. via centrifugation

or coagulation/flocculation) with the Cu then allowed to be release
back into the aqueous phase, thus concentrating the Cu for final
recovery.
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ig. 6. Changes in the aqueous concentration of notable metal and metalloids as
oncentration of 1.0 g/L was used.

.5. Physicochemical properties of nanoparticulate products

.5.1. XRD data
XRD was used to determine the bulk crystallinity and compo-

ition of nZVI solids extracted from all batch systems at periodic
ime intervals during their exposure to the AMD  (Fig. S3). A transi-
ion from Fe◦, with a well-defined peak centred at 52.6◦ 2� (lattice
eflection: Fe(110)), to a broad (and low intensity) peak centred at
pproximately 25◦ 2� was recorded for all systems, indicating the
ormation of an amorphous iron hydroxide phase. In systems con-
aining nZVI at concentrations of 0.1–1.0 g/L Fe◦ was  not detected at
he first sampling time of 30 min. In contrast Fe◦ was detected until
4 h for the system containing nZVI at 2.0 g/L. In all systems the

morphous iron hydroxide phase remained until the end of the 28

 reaction period, however, goethite (�-FeOOH) emerged after 7 d
eaction for the batch system containing nZVI at 2.0 g/L, with great-
st intensity peaks centred at 24.6, 38.8, 42.8, 46.9, 48.2 and 62.6◦ 2�
ction of time for the AMD when fresh AMD  has been used every 30 min. A nZVI

recorded corresponding to lattice reflections of 110, 130, 111, 210,
140 and 221 respectively. Goethite continued to crystallize into the
latter stages of the experiment to become the sole crystalline cor-
rosion product after 28 d. However, the intensity of the goethite
peaks remained relatively low. This was  not unexpected given that
the transformation of amorphous iron hydroxides to goethite can
be efficiently retarded by the presence of co-precipitated Al [34].
XRD spectra recorded for nZVI extracted from the pH buffered
AMD is displayed in Fig. S4. It can be observed that, similar to the
unbuffered system, a transition from Fe◦, with a well-defined peak
centred at 52.6◦ 2� (lattice reflection: Fe(110)), to a broad (and low
intensity) peak centred at approximately 25◦ 2� was  recorded and
attributed to the formation of amorphous iron hydroxide.
3.5.2. XPS data
XPS was used to characterise the surface chemistry of nZVI

following exposure to the unbuffered and pH buffered AMD includ-
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Table 3
Concentration of Al, C, Cu, Fe, O and Zn (at. %) determined using XPS analysis of solid samples extracted from the batch system containing the AMD  and nZVI at 1.0 g/L. Al, C,
Cu,  Fe, O and Zn data are determined by integrating the area under the Al 2p, C 1s, Cu 2p3/2, Fe 2p3/2, O 1s and Zn 2p 3/2 photoelectron peaks respectively. *The majority of
C  detected is likely to be comprised of adventitious carbon. Corresponding data for the as-formed nZVI can be found in Table 1. **The pH buffer reagents comprised 0.1 g/L
C8H5KO4 and 0.005M HCl.

Time (hrs) Al C* Cu Fe O Zn

Unbuffered AMD
0.5 11.44 10.84 2.60 5.01 69.94 0.17
1  9.45 10.71 2.79 6.93 69.85 0.27
2  8.00 11.44 2.46 7.74 69.71 0.65
4  8.91 11.44 2.35 6.90 69.47 0.93
24  7.29 8.85 2.57 6.01 73.5 1.78
48  10.13 7.77 2.37 5.31 72.94 1.48
168  8.53 9.41 0.00 7.49 74.43 0.14
336  4.60 10.72 0.00 10.01 74.45 0.22
672  1.89 8.56 0.00 11.33 78.22 0.00
pH  buffered AMD**
1 0.94 19.31 0.24 5.78 73.73 0.00
2  1.23 12.43 0.29 2.10 83.95 0.00
4  0.00 33.34 3.18 17.36 46.12 0.00
24  0.00 33.36 6.60 17.25 42.79 0.00

F ) and p
f lated 

A

i
p

ig. 7. Curve fitted XPS Cu 2p3/2 spectra for nZVI extracted from the unbuffered (top
rom  bottom to top) respectively along with corresponding ratios of Cu◦/Cu2+ calcu
 nZVI concentration of 1.0 g/L was used. *The pH buffer reagents comprised 0.1 g/L C8H5

ng any sorbed or cemented species (Table 3 and Fig. 7). Fe2p3/2
hotoelectron peaks recorded for unreacted nZVI confirmed the
H buffered* (bottom) AMD  after 0.5, 1, 2, 4, 24 and 48 h and 1, 2, 4 and 24 h (stacked
by integrating the area under each corresponding curve fitted photoelectron peak.

KO4 and 0.005M HCl.

outermost surface of the nanomaterial to be a mixed valence oxide,
with a Fe2p3/2 peak centred at 710.9 eV (Section 3.1). Fe◦ was also
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etected, which as discussed in Section 3.1., indicates that the
xide thickness of the as-formed nZVI is likely to be <5nm. Subse-
uent XPS analysis of nZVI extracted from both unbuffered and pH
uffered AMD at periodic time intervals determined a slight shift

n the location of the Fe2p3/2 peak to between approximately 711.1
nd 711.5 eV for nZVI extracted after time periods ≤1 h (Fig. S5).
his was then maintained at approximately ± 0.2 eV for the entire
eaction period. In addition Fe◦ was not detected in any samples.
his provides clear evidence that the entire mass of Fe◦ located in
he outer ∼5 nm of each nZVI was oxidised (to Fe2+) within 30 m of
xposure to the AMD  (i.e. the oxidation was rapid and did not leave
ehind any regions of unoxidised Fe◦).

O1s spectra recorded for the unreacted nZVI (Fig. S5) con-
rmed that the outmost surface was a mixture of metal oxide
binding energy 529–531 eV) with a small component of surface
ydroxyl (binding energy 530-532 eV) and H2O (binding energy
531–533 eV), which agrees with previous studies (e.g. [8]). Follow-
ng exposure of the nZVI to the AMD  a decrease in the proportion
f metal oxide photoelectron peaks relative to hydroxyl and H2O
as recorded and attributed to the oxidation of nZVI surfaces and

onsummate sorption of H2O and formation of metal hydroxide
hases.

Al2p spectra (only detected for the nZVI following exposure to
he unbuffered AMD) were centred at binding energies of rang-
ng from 74.4 to 74.9 eV (mean = 74.7 eV) with no shoulder peak(s)
ecorded at 72.7 ± 0.2 eV. XPS spectra for Al oxides and hydroxides
re known to overlap each other [35] and as such differentiation
etween such phases was not possible, however, this result indi-
ates that Al◦ was not present (Al◦ is typically recorded at a binding
nergy of 72.7 ± 0.1 eV) [35]. No clear change in the Al2p photoelec-
ron peak shape or binding energy was recorded as a function of
ime for the samples indicating that no change in the composition
f sorbed or precipitated Al occurred.

Cu2p3/2 spectra were asymmetric, with curve fitting yield-
ng two or three photoelectron peaks centred at binding energy
anges of 932.8–933.3 eV (mean = 933.0 eV) and 935.2-935.9 eV
mean = 935.5 eV) along with two shake-up satellites centred
ithin the range of 940.5-940.9 eV (mean = 940.8 eV) and 943.4-

43.9 eV (mean = 943.6 eV), Fig. 6. Cu◦ and Cu+ are typically cited
s exhibiting XPS Cu2p3/2 spectra centred at binding energies of
32.6 and 932.4, however, an additional shake-up satellite centred
t approximately 945.0 eV is also typically indicative of the latter
pecie (in the form of Cu2O) [36]. Tetrahedral and octahedral Cu2+ is
ypically cited as exhibiting a photoelectron peak at approximately
33.6 and 934.0 eV respectively along with shake-up satellites cen-
red at approximately 940.8 and 943.6 eV [37]. It is therefore likely
hat the Cu was likely present as a mixture of Cu◦ and octahedral
u2+, with the former species likely formed via cementation with
e◦ from the nZVI (Eq. (1)). The presence of octahedral (rather than
etrahedral) Cu2+ indicates that it was perhaps incorporated into
he nZVI structure via substitution upon octahedral sites, such as
pinel (e.g. magnetite) [37]. A clear decrease in the proportion of
u◦ relative to Cu2+ was recorded as a function of time for the nZVI
hen exposed to the AMD  (Fig. 6). This coincides with the signifi-

ant release of Cu which was recorded using ICP-OES (Fig. 4), which
herefore indicates that such Cu release is likely to be related to Cu◦

eoxidation.
Table 3 displays the surface concentration of different elements

at.%) determined using XPS analysis of the nZVI extracted at peri-
dic time intervals following exposure to the AMD. Following the
ddition of the nZVI to the AMD  an increase in the proportion of O
nd a commensurate decrease in the proportion of Fe was recorded

nd attributed to the build-up of nZVI corrosion phases at the sur-
ace of the nanomaterial. Appreciable surface concentrations of Cu
as also recorded for nZVI extracted from both unbuffered and pH

uffered AMD, however, in contrast to the nZVI extracted from the
ous Materials 347 (2018) 252–265 261

unbuffered AMD  very low (or zero) concentrations of both Al and Zn
were detected. Cu concentration maxima of 6.60 at.% was recorded
for pH buffered system and attributed to the greater dissolution
of Fe (from the nZVI) in such systems which in turn decreased the
ratio of solid Fe to Cu.

3.5.3. HRTEM-EDS data
HRTEM-EDS images of the nZVI after exposure to the AMD at a

concentration of 1.0 g/L for 4 and 24 h are displayed in Fig. 8 with
additional EDS maps displayed in Figures S6 and S7 and metal con-
centration data displayed in Table 4. It can be observed that Fe, O,
Al, Cu, Zn, Si and S comprise >99% of all samples analysed with trace
quantities of Mg,  Ca, Mn  and Cl recorded. Three types of nanoma-
terial can be observed: (i) “spherical” nanoparticles which exhibit
a core-shell structure; (ii) “spherical” nanoparticles which do not
exhibit a core-shell structure; and (iii) “needle” or “rod” shaped
nanoparticles. The latter two  nanomaterials were more prevalent
in the samples extracted during the latter periods of the experi-
ment (e.g. >7 d), indicating that they were likely to be either nZVI
corrosion products or precipitated native iron (hydr)oxides. In the
vast majority of instances Cu was detected as being relatively dif-
fuse (i.e. no clearly defined pure Cu nanoparticles were detected
without also being co-located with Fe) for the nanoparticles pro-
duced by the exposure of the nZVI to the unbuffered AMD  water.
In contrast clearly defined discrete Cu-bearing nanoparticles were
recorded for the pH buffered system (Figs. 9 and 10). A summary of
the physico-chemical properties of such Cu-bearing nanoparticles
is displayed in Table 5.

Similar to the nZVI which were exposed to the unbuffered AMD
Fe and O were recorded as comprising a major component (i.e. typ-
ically >80 wt.%) of the material detected using EDS for the nZVI
exposed to pH buffered AMD. However, in contrast no Al or Zn
was detected and Cu was detected in higher concentrations. It
addition it is observed that a major proportion of the Cu-bearing
nanoparticles detected were located in regions that are distinctly
separate to the Fe bearing nanoparticles, indicating that they are
discrete nanoparticles and thus able to be separated from each
other. In some instances, however, the Cu-bearing nanoparticles
were recorded as surrounding a larger Fe bearing nanoparticle. This
indicates that such Cu nanoparticles are likely formed via a surface
mediated process (e.g. the Cu was  deposited as a nanoparticulate
layer upon the surface of each dissolving nZVI particle).

4. Industrial/environmental implications

Almost all conventional methods for AMD  treatment (e.g. alkali
dosing or passive bioreactors) are not designed with metal recov-
ery in mind. As such the wastes produced (e.g. ochreous sludges
or metal sulphide-rich organics) can require expensive long-term
management associated with their treatment and/or disposal.
Instead a paradigm shift is required in order to reconsider AMD  as a
resource rather than simply an environmental liability. One option
is to develop novel methods that selectively recover key met-
als/metalloids from AMD  and thus provide economic value in order
to offset the costs of such remediation activities. An intrinsic barrier
associated with this, however, is that valuable metals in AMD  are
often present at relatively low concentrations (e.g. <100 mg/L) and
as such their recovery and conversion to bulk/sheet metal is not
typically economically viable. Instead, if metals could be directly
converted into valuable (nano)material products then a clear eco-
nomic driver could be realised. For example, the current raw metal

value of Cu is approximately 6800 USD/t [38] compared to either
approximately 10,000 USD/t for bulk orders of Cu◦ nanoparticles
of relatively low purity and unconstrained particle size distribu-
tions (PSD) [39] to upwards of approximately >50,000 USD/t for
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Fig. 8. HRTEM and corresponding EDS maps of the six most abundant elements (by wt.%) of the nZVI after 4 h (top) and 24 h (bottom) exposure to the AMD  (no pH buffer).
Additional HRTEM images and EDS maps are displayed in Figures S6 and S7. A nZVI concentration of 1.0 g/L was used.

Table 4
Composition (by wt.%) of the nZVI after exposure to the AMD  (no pH buffer) after 4, 24, 48 and 168 h as determined using HRTEM-EDS. A nZVI concentration of 1.0 g/L was
used.

Element nZVI composition (wt. %)
after 4 hrs exposure to the
AMD

nZVI composition (wt. %)
after 24 hrs exposure to the
AMD

nZVI composition (wt. %)
after 48 hrs exposure to the
AMD

nZVI composition (wt. %)
after 168 hrs exposure to
the AMD

O 49.2 47.6 57.2 51.5
Mg  0.2 0.3 0.2 0.1
Al  7.7 5.1 10.4 5.2
Si  1.8 2.8 5.0 3.9
S  2.5 3.3 3.5 4.5
Cl  0.3 0.0 0.0 0.0
Ca  0.2 0.3 0.1 0.3
Mn  0.1 0.0 0.0 0.0

n
f
d

Fe  25.1 37.7 

Cu  12.4 1.7 

Zn  0.5 1.2 

anopowder of well constrained purity and PSD (e.g. [40]). Aside

rom this clear economic incentive the formation of nanomaterials
irectly from waste streams (such as AMD) could also have a sig-
19.5 34.1
2.6 0.4
1.5 0.0

nificantly positive influence on the economics and sustainability of

the nanomaterial production industries.

Here we have demonstrated a new method for the one pot selec-
tive formation of Cu bearing nanoparticulate products from AMD
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Fig. 9. HRTEM-EDS maps along with spectra quantification data for the nZVI (and resultant Cu nanoparticles) following exposure to the pH buffered AMD  for 1 h. A nZVI
concentration of 1.0 g/L was used. The pH buffer reagents comprised 0.1 g/L C8H5KO4 and 0.005M HCl.

Fig. 10. HRTEM-EDS maps along with spectra quantification data for the nZVI (and resultant Cu nanoparticles) following exposure to the pH buffered AMD  for 4 h. A nZVI
concentration of 1.0 g/L was used. The pH buffer reagents comprised 0.1 g/L C8H5KO4 and 0.005M HCl.
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Table 5
Physical and chemical properties of the Cu-bearing nanoparticles formed due to the exposure of nZVI to the pH buffered AMD for 1 and 4 h. A nZVI concentration of 1.0 g/L
was  used. The pH buffer reagents comprised 0.1 g/L C8H5KO4 and 0.005M HCl.

Parameter Analysis technique 1 hour exposure 4 hour exposure

Particle size distribution (%) HRTEM 0-50nm: 38.1 50-100nm: 47.6 > 100nm: 14.3 0-50nm: 61.5 50-100nm: 30.8 > 100nm: 7.7
Mean  particle size (nm) HRTEM 59.6 47.3
Composition XPS Cu◦ , Cu2O Cu◦ , Cu2O
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Maximum purity detected (wt. % Cu) HRTEM-EDS 67.6 

Nanoparticle shape HRTEM High sphe
Crystallinity HRTEM Polycrysta

y simply exposing the AMD  to nZVI whilst an acidic pH is main-
ained. AMD  is an ideal candidate waste stream for conversion to
anomaterials because it typically contains appreciable concentra-
ions of high value metals (such as Cu) but is also is a globally
ignificant environmental problem. The Cu nanoparticle synthe-
is mechanism has been determined to be via the cementation of
queous Cu with nanoscale Fe◦ which comprises the dissolution of
e from the nZVI which is coupled to the simultaneous chemical
eduction of Cu ions into discrete Cu◦ nanoparticles. As displayed
n Eq. (1) the reaction is spontaneous and results in the conversion
f Cu2+ to Cu◦ in a 1:1 M ratio with the oxidation of Fe◦ to Fe2+. The
ynthesised nanoscale Cu0 are then likely to be recoverable using
onventional clarification and/or centrifugation processes, which
re well proven technologies for nanoparticle recovery (e.g. [41]),
ith the former typically more cost effective but would require a

urther step in order to remove the coagulant from the nanomate-
ial. Whilst being expensive centrifugation could also potentially be
tilised, however, for the separation of the Cu nanoparticles from
ny other unwanted nanoparticles (e.g. nZVI corrosion phases) as

 function of their relative density. In addition, the HRTEM data
emonstrates that a significant proportion of the Cu nanoparti-
les are physically bound (electrostatically) to the nZVI, and as
uch could be recovered using a magnetic field. Other factors to
onsider includes the requirement for the treatment/recycling of
ny residual AMD  (which will contain elevated aqueous Fe con-
entrations due to nZVI dissolution) prior to being released back
nto the environment, however, it is likely that this will be able
o be achieved using conventional passive or active AMD  treat-

ent processes (e.g. a constructed wetland). Where AMD  is anoxic,
aintenance of anoxia will also be beneficial for Cu nanoparticle

ecovery and thereby limit the unwanted reaction between nZVI
nd DO and thus maximise the proportion of nZVI available for
elective Cu nanoparticle formation.

. Conclusions

Whilst many studies have determined the performance of
arious different (nano)sorbents for the removal of metals
nd metalloids from wastewaters/effluents very few have also
nvestigated the physico-chemical composition of the resultant
orbed/precipitated nanomaterial(s). Here nZVI have been inves-
igated for the removal of metals and metalloids from AMD  with

 particular focus on the synthesis of nanoscale Cu◦. The following
an be concluded:

AMD treatment required a relatively high concentration of nZVI,
ith concentrations <0.5 g/L imparting minimal changes to the

olution electrochemistry (pH, Eh and DO) and metal/metalloid
oncentrations.

Addition of nZVI concentrations ≥ 1 g/L to the AMD  resulted in
he rapid and near total selective removal of Cu, Al and Cd solution
>99.9% removal within 1 h) through a combination of mechanisms

ncluding cementation (for Cu), precipitation and sorption to cor-
osion products (for Al and Cd). In contrast minimal changes in the
oncentrations of numerous other metal and metalloid ions present
n the AMD (namely: Na, Ca, Mg,  K, Mn  and Zn) were recorded.
47.8
 rounded High sphericity, rounded

Polycrystalline

Following near total removal of Al, Cu and Cd from the aqueous
phase during the initial stages of the reaction (<48 h) significant re-
release was  recorded and attributed to the reactive exhaustion of
the nZVI and ingress of oxygen allowing recovery of system Eh, DO
and pH.

The selectivity of nZVI for Cu can be further enhanced by the
application of an acidic pH buffer. This is likely due to the restric-
tion of Zn, Cd sorption onto nZVI corrosion products along with
the concurrent prevention of hydrolysis and precipitation of Al as
Al(OH)3.

The outermost surface of the Cu nanoparticles formed were
determined using XPS to comprise a mixture of Cu◦ and Cu2+, with
detection of the former species clear evidence that such nanopar-
ticles formed via a cementation (redox) reaction between aqueous
Cu and Fe◦ from the nZVI.

Overall the results demonstrate that the application of nZVI
can be fine-tuned for the highly selective formation of Cu◦ bearing
nanoparticles from acidic wastewater, such as AMD, which might
then find application in a wide range of applications including catal-
ysis, optics, electronics and as antifungal/antibacterial agents. The
method is easily scalable and does not require any electrical input
and is therefore a potentially highly useful “green” method for the
upcycling of metals from metal-bearing waters and effluents into
high value nanomaterials.
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