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Abstract
Uncontrolled release of acid mine drainage (AMD) causes widespread detrimental impacts on the receiving environment. 
Thus, effective treatment to neutralise AMD effluent pH and capture a suite of metals is required. In-situ hydrotalcite (HTC) 
precipitation is an emerging technology for AMD remediation. HTC has an inherent capacity to accommodate a range of 
cations and anions during in situ formation, offering a method of broad-spectrum contaminant removal. This study explored 
the feasibility of using seawater as an Mg source and synthetic AMD in HTC formation. The HTC was formed from a 
stoichiometric combination of synthetic AMD and seawater. While three initial stoichiometric  M2+:M3+ ratios of 2:1, 3:1, 
and 4:1 were investigated, only HTC with an  M2+:M3+ ratio of 2:1 was generated, as confirmed by both mineralogical and 
geochemical analyses. Importantly, the HTC was demonstrated to effectively remove a suite of metals present in AMD such 
as Cu, Zn, Al, and Mn with removal rates of between 99.97 to 99.99%. The HTC precipitate contained ≈6.6% Cu and 4.1% 
Zn, and thus shows the potential, if required, for future metal recovery. Since submarine placement is often used in metal 
mining and processing operations proximal to the coast, the stability of the HTC precipitate in seawater was also investigated. 
Importantly, only 0.2% of the Cu and 1.1% of the Zn within the HTC were subsequently leaching in decreasing increments 
into seawater over 30 days with decreasing increments after the initial seven days. This indicates robust element retention 
and confirms the potential of HTC for AMD remediation with direct submarine placement.
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Introduction

Acid mine drainage (AMD) has been categorised as one 
of the most crucial emerging environmental issues world-
wide (United Nations 2010). AMD occurs primarily when 
exposed sulfide minerals react with water and atmospheric 
oxygen to produce sulfate and acidity, which leads to the dis-
solution and mobilisation of a variety of elements including 

metals and metalloids (Dold 2014; RoyChowdhury et al. 
2015; Taylor et al. 2005).

An array of both passive and active remediation technolo-
gies have been established to remediate AMD (Acharya & 
Kharel 2020; Rodríguez-Galán et al. 2019; Skousen et al. 
2019). Currently, lime neutralisation is the most globally 
applied method. This is because the technique is simple and 
the raw material, lime, is naturally abundant as limestone 
prior to calcination and relatively inexpensive (Aube & 
Zinck 2003; Olds et al. 2013; Tolonen et al. 2014). Nonethe-
less, lime treatment may produce voluminous gypsum-based 
sludges via the neutralisation of the sulfate acidity present in 
AMD. These sludges require substantial disposal areas, and 
where required, significant costs to dewater the produced 
lime sludge (Douglas 2014). The occurrence of armouring 
via Fe-oxyhydroxide precipitation (Mangunda 2021) also 
negatively affects the efficiency of this method. Given the 
recognised limitations of lime use in the neutralisation of 
AMD, efforts have been made to develop robust alternative 
technologies.
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Hydrotalcites (HTC) are a sub-class of layered double 
hydroxide compounds (Cavani et al. 1991; George 2015; 
Miyata 1983; Shin et al. 1996; Ulibarri et al. 2001) and 
are considered as a viable alternative to lime-based AMD 
treatment (Douglas 2014; Douglas et  al. 2010, 2014; 
Gomez et al. 2023). Within the HTC, positively charged 
metal hydroxide layers can accommodate a wide range of 
metals including divalent  (M2+) and trivalent  (M3+) cati-
ons, whilst the interlayers contain water molecules and 
anions. The  M2+ and  M3+ mixed layers have a trigonal 
structure akin to brucite (Mg(OH)2) (Debek et al. 2017). 
The empirical formula of HTCs is  M(1-x)

2+  Mx
3+ (OH)2 

 An−  yH2O, in which  M2+ and  M3+ refer to + 2 and + 3 
cations and x represents the total + 3 cations,  An− denotes 
anions with -n charge, while y is the number of water 
molecules.

In general, the HTC composition is dominated by  Mg2+ 
and  Al3+ (Lauermannova et al. 2020); however, other diva-
lent and trivalent ions such as  Fe3+,  La3+,  Ca2+,  Ni2+,  Mn2+, 
 Zn2+,  Cr2+/3+, and  Zr2+ may also substitute into the structure 
(Cavani et al. 1991; Lozano et al. 2012; Shin et al. 1996; 
Ulibarri et al. 2001). In terms of anions, HTC interlayers 
can accommodate a range of major anions including  SO4

2−, 
 CO3

2− and  Cl− amongst others (Cavani et al. 1991; Lozano 
et al. 2012; Shin et al. 1996; Ulibarri et al. 2001). Anion 
occupancy, is, however considered complex (e.g. Goh et al. 
2008; Miyata 1983; Theiss et al. 2014) with both crytallin-
ity (Hibino 2018) and composition (Delorme et al. 2013; 
Prasad et al. 2011) known to be influential. Given the inher-
ent capacity of HTC to incorporate a range of cations and 
anions of different valencies, it can be used to remove a 
range of contaminants present in AMD during in situ for-
mation. Additionally, relative to lime, HTC precipitation 
offers additional benefits such as rapid reaction kinetics and 
substantially less sludge production with a stable precipitate 
(Douglas 2014; Douglas et al. 2010, 2014). The use of solu-
ble reagents during in situ HTC formation, where required, 
also overcomes challenges in mixing and dispersion often 
experienced in lime use and can often be achieved in-pipe 
without the use of costly mixing infrastructure. In addition, 
the settling of HTC, whether in pit or enhanced settling 
using mechanical means or alternatively dissolved air flota-
tion (DAF), allows real-time, low-cost precipitate recovery 
from the co-existing solute (Douglas et al. 2010, 2013).

We have developed a method of in situ HTC precipita-
tion from AMD (Douglas et al. 2010). This method has 
been demonstrated to quantitatively remove a wide range 
of + 2 and + 3 cations including transition metals, met-
alloids, rare earth elements, and radionuclides (Cheng 
et al. 2014; Douglas et al. 2010; Yan et al. 2020). Fur-
thermore, HTC precipitation has also been integrated with 
reverse osmosis (Douglas 2014) and bioprocesses such as 

biological denitrification and sulfate reduction (Cheng 
et al. 2014, 2021; Yan et al. 2020).

Submarine tailings placement (STP) has been used as 
an alternative technology for disposal of waste materials 
that may include tailings and (neutralised) AMD where 
mines are located in coastal areas (Ramirez-Llodra et al. 
2015; Whittington et al. 2003). In practice, STP is oper-
ated by discharging solids and effluent through a pipeline 
system to the deep ocean. The underwater gravity flow 
allows contaminants contained in AMD solids follow-
ing neutralisation to be deposited on the seabed within 
or below the euphotic zone (Ramirez-Llodra et al. 2015). 
STP technology significantly reduces storage dam man-
agement issues related to dam failures and mine opera-
tional land requirements. Major contaminants of concern 
in AMD are frequently regulated under freshwater and 
marine water quality guidelines (e.g. Australian and New 
Zealand Water Quality Guideline for Fresh and Marine 
Water Quality 2018), requiring planned STP disposal to 
facilitate adequate environmental protection. Nonetheless, 
a potential exists for substantial release of contaminants 
from conventional STP practices (Embile et al. 2018; Ped-
ersen et al. 2022; Vare et al. 2018).

In the current study, an improved method of submarine 
placement of AMD derived from coastal mines is proposed 
where in situ HTC precipitation is used to incorporate a 
suite of AMD contaminants. This concept involves pump-
ing seawater from the ocean to be used as both a source 
of Mg (ca. 1270 mg/L) and partial bicarbonate alkalinity 
(pH 8.1), with subsequent in-line mixing with hydroxide 
alkalinity to produce a HTC precipitate prior to ocean 
discharge.

Here we used a synthetic AMD containing a diverse array 
of metals and sulfate. This AMD analogue was added to 
seawater to produce HTC in situ prior to separation and char-
acterisation of the mineralogy and composition. Thereafter, 
seawater leaching tests were conducted to investigate the 
stability of the HTC in conditions similar to that experienced 
in an submarine placement environment.

Materials and Methods

Seawater Sampling and Analysis

Coastal seawater (20 L) was collected from Kwinana Beach, 
Western Australia, and filtered using a 0.45 µm filter. Anal-
ysis of major elements (Na, K, Ca, Mg, and S) and trace 
elements (Cu and Zn) was conducted by the ChemCentre, 
Western Australia using inductively coupled plasma-mass 
spectrometry (ICP-MS) according to the American Public 
Health Association (2005) method.
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Preparation of AMD Solution

A synthetic AMD solution (2 × 5 L batches) were prepared 
as an analogue of acidic, metalliferous pit water from the 
Baal Gammon mine (Douglas 2014). Analytical grade 
reagents:  AlCl3·6H2O (3.13  g),  CuCl2·2H2O (0.54  g), 
 FeCl3·6H2O (1.43 g),  ZnSO4·7H2O (0.48 g),  CaCl2·2H2O 
(2.38  g),  Na2SO4 (1.05  g), KCl (0.08  g),  MnCl2·4H2O 
(0.29 g), and  MgCl2·7H2O (2.93 g) were placed in an acid-
washed 2 L beaker followed by the addition of 18 M  H2SO4 
(3.5 mL), and MilliQ water (1 L). The synthetic AMD solu-
tion was adjusted to pH 3 by the addition of 1 M HCl and 
then brought to 5 L with MilliQ water. Both 5 L batches of 
AMD were mixed together prior to use to ensure uniformity.

Hydrotalcite (HTC) Synthesis

Three samples of synthetic AMD solution (3 L) were placed 
in acid-washed beakers and stirred using Teflon®-coated 
magnetic bars. Either 162, 349, or 536 mL of seawater 
was then added to the synthetic AMD samples to achieve 
 M2+:M3+ molar ratios of 2:1, 3:1, and 4:1, respectively. To 
formulate these ratios, the moles of  M2+ ions  (Cu2+,  Zn2+, 
 Mn2+, and  Mg2+) and the moles of  M3+ ions  (Al3+ and  Fe3+) 
in synthetic AMD, as well as the moles of  Mg2+ in seawater 
(1425 mg/L or 58.6 mM as measured), were considered.

The seawater volume used was calculated based on the 
supplemental moles of  Mg2+ from seawater required to 
achieve the required 2:1, 3:1, and 4:1  M2+:M3+ ratios. As 
HTC forms at a pH range between 8 and 9.5, 1 M NaOH 
solution was added slowly until the pH endpoint was reached 
with constant stirring. The HTC suspensions were covered 
and stored for two weeks to facilitate an increased degree of 
crystallinity for x-ray diffraction (XRD) analysis. Thereaf-
ter, each HTC suspension was centrifuged, and the precipi-
tate was washed three times using MilliQ water followed 
by oven-drying at 60 °C for seven days. An identical batch 
of freshly made HTC centrifuged and then resuspended in 
seawater was prepared for use in leaching experiments (see 
later).

X‑Ray Diffraction (XRD) analysis of hydrotalcite (HTC) 
precipitates

The mineralogy of the HTC precipitates was determined 
by XRD analysis. The analyses were performed by CSIRO 
Land and Water, Adelaide. Micronisation in ethanol was 
conducted using about 1 g of each HTC sample for 10 min 
followed by pressing into a stainless-steel holder. A PANa-
lytical X’pert Pro diffractometer was used to acquire the 
XRD data. The instrument was set using Co Kα radiation 
with an automatic divergence slit, accompanied by a post-
diffraction monochromator, and X’Celerator fast Si strip 

detector using a 0.5 s counting time per step every 0.05° 
over 5 to 80° 2ϴ.

X‑Ray Fluorescence (XRF) analysis of hydrotalcite (HTC) 
precipitates

The HTC precipitates were analysed by pressed powder 
XRF to determine major elements (wt%): MgO,  Al2O3, 
 SiO2,  P2O5,  SO3, Cl,  K2O, CaO,  TiO2, MnO,  Fe2O3; and 
trace elements (mg/kg): Ni, Zn, Cs, Cu, Ba, La, and Ce. The 
XRF analyses were conducted at CSIRO Land and Water, 
Adelaide. Licowax binder (1 g) was mixed with each HTC 
sample (4 g) followed by vigorous shaking and pressing with 
boric acid backing up to 10 tonnes. The sample was then 
characterised using a Spectro X-Lab 2000 energy dispersive 
XRF using a Pd X-ray tube.

Hydrotalcite Leaching Experiments

Twelve acid-washed polyethylene containers containing 1 L 
of filtered seawater were prepared. Freshly made HTC sus-
pensions in 2:1, 3:1, 4:1 ratios (110 mL equating to 0.2 g/L 
final HTC concentration) under 1 h in age were added to the 
polyethylene containers with seawater in triplicate with gen-
tle mixing to ensure resuspension. The remaining triplicate 
seawater samples were used as controls. For each experi-
ment, the pH was measured, and a subsample was taken after 
brief mixing and resuspension to homogenise the system 
and filtered (0.45 µm) after 0, 1, 7, 14, and 30 days. The 
subsamples were then analysed using an Agilent 7900 ICP-
MS to determine Al, Ca, Cu, Fe, Mg, Mn, Zn, and S by the 
ChemCentre, Western Australia according to the American 
Public Health Association (2005) method.

Results

Coastal Seawater Characteristics

The physical and chemical characteristics of the coastal sea-
water sample are presented in Table 1. The seawater used 
in this study contained an elevated concentration of Mg of 
1425 mg/L relative to an average seawater concentration of 
ca. 1270 mg/L (Villca et al. 2020), which was considered in 
the preparation of the HTC to produce the  M2+:  M3+ solution 
ratios of 2:1, 3:1, and 4:1.

Synthetic AMD and HTC Supernatant Characteristics.
The summary of physical and chemical characteristics 

of synthetic AMD before and after HTC precipitation is 
shown in Table 1. The addition of seawater and NaOH 
solution to the synthetic AMD solution substantially 
modified the composition of the synthetic AMD solution. 
The concentration of trace elements such as Zn, Fe, and 
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Mn reduced significantly to below their respective detec-
tion limits following the precipitation of the 2:1, 3:1, and 
4:1HTCs. Dissolved Cu was substantially reduced follow-
ing precipitation of all three HTCs with concentrations of 
between 0.003 and 0.009 mg/L. In contrast, the concen-
tration of some major elements in the AMD, in particu-
lar Ca, Mg, and  SO4

2−, increased after HTC precipitation 
due to the addition of seawater. Whilst some residual Al 
was present at the initially elevated pH (9.50–9.75), this 
reduced further as the solution equilibrated with the ambi-
ent atmosphere via  CO2 uptake to a final pH of ca. 8.5–8.7.

HTC Formation

The addition of 162 mL, 349 mL, and 536 mL of seawater 
to synthetic AMD solution to produce  M2+:M3+ ratios of 
2:1, 3:1, and 4:1 resulted in a slight increase in the pH of 
the solution from 3.0 to 3.02, 3.07, and 3.13, respectively. 
The addition of seawater contributed between 0.4% to 
1.5% of the final total  (HCO3

− +  OH−) alkalinity require-
ment. To achieve the endpoint pH of 9.5, an average of 
72 mL of NaOH solution (1 M) was added for each ratio. 
The addition of NaOH to pH 9.5 resulted in the spon-
taneous precipitation of ≈2 g of HTC precipitate being 
produced using each of the three different  M2+:M3+ ratios.

Mineralogy of Hydrotalcite Precipitates

The mineralogy of the HTC precipitates is shown in Fig. 1. 
The XRD diffractogram shows the three HTC samples, 
prepared from different initial  M2+:M3+ ratios, have simi-
lar characteristics indicated by comparable peak positions, 
except for the occurrence of the broad peak at ca. 24° 2ϴ in 
the 2:1 HTC precipitate. The broad peaks produced in these 
diffractograms, however, are consistent with the HTC con-
taining both mixed cations in the metal hydroxide layers and 
mixed anions in the interlayers. The mineralogy of the HTC 
as indicated by peaks at 11°, 23°, and 72° 2ϴ is similar to 
that of woodwardite, a Cu-SO4 bearing type of HTC with the 
formula:  Cu1-xAlx(OH)2(SO4)x/2·nH2O (Fig. 1). The absence 
of other Mg or Fe minerals such as brucite and schwert-
mannite confirm that no other major, crystalline, non-target 
minerals were present in the final precipitate.

Composition of Hydrotalcite Precipitates

The composition of seawater-synthetic AMD-based HTC 
precipitates from XRF analysis is shown in Table 2. The 
geochemical composition was similar to a HTC 2:1 ratio, 
irrespective of the planned  M2+:M3+ ratio, which is in agree-
ment with the XRD analysis. The predominant elements 
were MgO (41.37%),  Al2O3 (20.14%),  Fe2O3 (12.86%), and 
MnO (2.35%), with  SO4

2− as an interlayer anion expressed 
as  SO3 (8.33%). The HTC also contained substantial Zn 
(4.1%) and Cu (6.6%). The HTCs also contained other trace 
and rare earth elements including Ni, Ba, Cs, La, and Ce 
at concentrations less than 50 mg/kg, all originally present 
as minor contaminants in the reagents used to produce the 
AMD or in the seawater.

Hydrotalcite Leaching Experiments

To simulate submarine placement of the HTC-immobilised 
AMD contaminants, the three HTC suspensions initially pre-
pared from  M2+:M3+ ratios of 2:1 to 4:1 were each placed 
into a large volume of seawater to examine the potential for 
leaching of cations and anions. The supernatant chemical 
compositions that evolved during the 30 day HTC leaching 
tests are shown in supplemental Table S-1 and Fig. 2.

A common set of trends is apparent in trace element 
behaviour from the 2:1, 3:1, and 4:1 HTC in seawater over 
30 days (Fig. 2). In general, the 2:1 and 3:1 HTC have a 
similar extent and dynamics (shape) of release with most of 
the trace element release for Cu, Zn, and Mn occurring over 
the initial seven days; thereafter, the extent of release was 
much reduced approaching an asymptote of ≈ 0.016 mg/L, 
0.030 mg/L, and 0.50 mg/L, respectively, at 30 days. In con-
trast, the extent of release from the 4:1 HTC was attenu-
ated for Cu, Zn, and Mn concentrations over the 30 days 

Table 1  Coastal seawater and synthetic AMD composition and post-
HTC treatment AMD + seawater + NaOH in various ratios

NA not analysed

Analysis Coastal 
seawater 
composition

Synthetic 
AMD com-
position

Post-2:1, 3:1 and 4:1 HTC 
precipitation composition 
(AMD + seawater + NaOH)

2:1 3:1 4:1

pH 8.1 3.0 9.7 9.7 9.5
EC (mS/m) 5455 505 761 1320 5520
Major elements and ions (mg/L)
 Ca 442 136 139 152 168
 K 435 9 NA NA NA
 Mg 1425 73 33 92 174
 Na 10,300 636 NA NA NA
  SO4

2− 2600 1350 1320 1410 1590
Trace Elements (mg/L)
 Cu 0.005 40 0.004 0.003 0.009
 Zn 0.015 22  < 0.005  < 0.005  < 0.005
 Al 0.70 65 0.069 0.012 0.016
 Fe  < 0.10 30  < 0.005  < 0.005  < 0.010
 Mn  < 0.20 15  < 0.001  < 0.001  < 0.002
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with final concentrations of 0.014 mg/L, 0.026 mg/L, and 
0.010 mg/L, respectively.

In contrast to the other dissolved metals, Al had an initial 
increase in dissolved concentrations to between 0.20 and 
0.30 mg/L for the 2:1 and 3:1 HTC. This initial increase 
was followed by a rapid decline to below the detection limit 
at 30 days. Again, the extent of Al release was attenuated 
for the 4:1 HTC with an initial (maximum) concentration 
of 0.05 mg/L.

For Ca and Mg, similar increases occurred for all three 
of the HTC ratios (Fig. 2). Mg concentrations increased 
irregularly from ≈1440 mg/L to a final concentration of 
1550 mg/L, whilst Ca concentrations increased from an 
initial ≈1480 mg/L to a final concentration of 1550 mg/L.

Discussion

Hydrotalcite Formation

Detailed mineralogy and composition analyses confirmed 
that the reaction of synthetic AMD solution and seawater 
produced a mixed metal and anion HTC of high purity with 
no other phases apparent. Importantly, it was demonstrated 

that seawater containing an inherently high concentration of 
Mg was effective as a feedstock for HTC formation.

Previous thermodynamic modelling of HTC formation 
from an acidic, metal-laden solute (Douglas et al. 2014) 
similar to AMD suggests that initial precipitation occurs 
at ≈pH 4 via the formation of a suite of metastable Fe, 
Al–OH-SO4 minerals, including one or more of jarosite 
(Na,KFe3(OH)6(SO4)2), alunite (K,NaAl3(SO4)2(OH)6), 
and schwertmannite  (Fe8O8(SO4)1.5(OH)5·15H2O. With 
increasing pH above 5, a series of amorphous Al–OH phases 
including Al(OH)3 precipitated and subsequently redis-
solved into aluminate (Al(OH)4

−) anions. Thereafter, with 
pH increasing above 9, most of the Mg from the AMD and 
seawater was present as brucite (Mg(OH)2. In the presence 
of aluminate, the brucite is incorporated via spontaneous, 
self-assembly into neoformed HTC. Low residual Mg sol-
ute concentrations between 33 to 174 mg/L following the 
formation of the HTC 2:1 to 4:1 precipitates, respectively, 
with similarly low concentrations of Al and other metal ions 
and the single mineralogy confirms their incorporation into 
the HTC (Tables 1, 2). A suite of anions including  SO4

2−, 
 HCO3

−, and Cl- were similarly incorporated within the 
interlayers between the positively charged, metal hydroxide 
sheets (Tables 1, 2).

2:1 HTC
3:1 HTC
4:1 HTC

2:1 HTC: Mg4Al2CO3(OH)12.4H2O 
3:1 HTC: Mg6Al2CO3(OH)16.4H2O
Woodwardite: Cu4Al2SO4(OH)12.4H2O
Schwertmannite: Fe8O8(OH)6SO4.nH2O
Brucite: Mg(OH)2

Fig. 1  XRD diffractogram of seawater-synthetic AMD based HTCs formed from initial M2 +  M3 + molar ratios of 2:1, 3:1, and 4:1
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The experiments undertaken in this study highlight the 
ability of the HTC formed from a synthetic AMD and sea-
water to accommodate a range of metals including Cu, Zn, 
Fe, and Mn within its structure, with removal rates in this 
study between 99.97 to 99.99%. This is consistent with pre-
vious reports of the ability of HTC to act as a multi-element/
contaminant repository (Douglas 2014; Douglas et al. 2010, 
2014), albeit those studies used Mg salts of Mg(OH)2 as the 
 M2+/Mg source.

As documented by XRD and XRF analysis, the 2:1, 3:1, 
and 4:1 HTC compositions lie on a mixing line between the 
AMD and seawater (Fig. 3) from the starting solution (pH 
3.0) and final solute pH of ≈9.5. Interestingly, the XRD and 
XRF results (Table 2, Fig. 1) showed that irrespective of 
the planned HTC composition, with initial molar ratios of 
 M2+:  M3+ of 2:1, 3:1, and 4:1, all of the HTCs had a simi-
lar mineralogy and chemical composition consistent with 
a molar ratio of 2:1. The empirical formula for the mean 
of the 2:1, 3:1, and 4:1 HTC using  SO4

2− as the likely pre-
dominant anion to be incorporated from the mixed AMD-
seawater system was  (Mg3.44Cu0.35Zn0.21)(Al1.34Fe0.55Mn0.11)
SO4(OH)12·4H2O.

It has been noted in the production of other HTCs from 
waste streams such as the alumina industry that the pH 

during the precipitation process is an important factor in the 
final HTC ratio produced. According to Smith et al. (2005a, 
b), HTC incorporating an  M2+:M3+ of 4:1 is only generated 
when the final pH is maintained below 9; above that pH, 
HTC incorporating an  M2+:M3+ of 2:1 is likely to form, irre-
spective of the initial  M2+:M3+ ratio. Since the final pH in 
this study was maintained at around 9.50–9.75, only HTCs 
containing an  M2+:M3+ ratio of 2:1 was generated. Thus, a 
potential exists, based on the initial  M2+:M3+ stoichiometry 
and the final pH of neutralisation to tailor the final HTC 
composition. This is particularly important considering the 
potential leachability of metals from HTC deposited as part 
of the STP, potentially with tailings, in the deep ocean (see 
later).

Potential for Recovery of Cu and Zn from HTC

Given the substantial element concentration factors doc-
umented in this study (e.g. Cu concentration factor of 
≈1650 ± 70 times relative to the synthetic AMD), a poten-
tial exists for recovery of metal values of Cu (6.6%) and 
Zn (4.1%) contained within the HTC. Notably, the Cu con-
tained in the HTC is three to five times that of hard rock Cu 
ore grades typically mined internationally (Northey et al. 
2014) and thus constitutes a valuable, indirect pathway for 
increased value recovery from a mine. In addition, recov-
ering Cu and other elements in HTC “ore” produced via 
seawater pumped onshore would reduce the final inventory 
of contaminants to be disposed of via submarine placement.

Potential pathways for Cu and other element recovery 
may include recycling via the primary metallurgical circuit, 
as acid-leaching would lead to complete HTC dissolution. 
Alternatively, investigation of partial leaching techniques 
to selectively recover the Cu and other elements could pos-
sibly underpin a smaller, but based on the HTC “ore” grade, 
a substantially higher value, parallel process that would in 
part offset the AMD treatment costs. If the Cu and other ele-
ments in the HTC “ore” were not recovered onshore, with 
HTC disposal via submarine placement, then the potential 
stability of this material in a (deep) oceanic environment 
needs to be considered. This is examined below.

Stability of Hydrotalcite Suspensions

Exposing the three HTC suspensions, prepared from 
different initial  M2+:M3+ ratios of 2:1, 3:1, and 4:1, to 
seawater generally resulted in an initial increase in metal 
concentrations, such as Cu, Zn, Mn, and the major sea-
water cations Mg and Ca, but a significant decrease in 
the concentration of Al in seawater throughout the 30-day 
leaching experiment (Fig. 2). The Al from the synthetic 
AMD solution may not have been immediately incorpo-
rated during the HTC precipitation. Thereafter, the Al may 

Table 2  Major element oxide, trace and rare earth element composi-
tion of HTC precipitates prepared from initial  M2+:  M3+ ratios of 2:1, 
3:1, and 4:1. Also shown is the calculated  M2+ to  M3+ ratio

Element/oxide (wt%) HTC 2:1 HTC 3:1 HTC 4:1 Average

Major elements/oxides (wt percent)
 MgO 40.38 43.24 40.50 41.37
  Al2O3 20.15 19.58 20.70 20.14
  SiO2 0.22 0.17 0.13 0.17
  P2O5 0.00 0.02 0.01 0.01
  SO3 8.84 8.34 7.80 8.33
 Cl 0.12 0.24 0.31 0.22
  K2O 0.00 0.01 0.01 0.007
 CaO 0.49 0.39 0.35 0.41
  TiO2  < 0.01  < 0.01  < 0.01  < 0.01
 MnO 2.44 2.30 2.30 2.35
  Fe2O3 12.97 12.22 13.38 12.86
  M2+:M3+ ratio 1.98 2.16 1.94 2.13

Trace elements (mg/kg)
 Cu 66,880 63,060 68,440 66,130
 Zn 41,680 39,300 42,640 41,210
 Ni 38 35 37 37
 Ba 39 36 44 40
 Cs 13 10 15 13

Rare earth elements (mg/kg)
 La 32 29 40 34
 Ce 38 34 49 40
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have been removed by a combination of processes includ-
ing secondary HTC formation (Angel et al. 2015) or the 
formation of aluminosilicate minerals (e.g. Nogami 2014).

The observation that less Cu, Zn, and Mn was leached, 
and less residual Al was also present, from HTC prepared 
with an increasing  M2+:M3+ ratio from 2:1 to 4:1 rep-
resents an interesting and hitherto unforeseen outcome. 
Thus, whilst the final composition of the HTC with an 
 M2+:M3+ ratio of 2:1 was consistent across all three pre-
cipitates, as indicated by XRD (Fig. 1) and XRF (Table 2) 
analyses, it may be that subtle differences are engendered 
in the HTC structure via the different initial ratios. This 
may occur due to the phenomena described in Smith et al. 
(2005a, b), where HTC with an  M2+:M3+ other than 2:1 is 
only generated when the final pH is maintained below 9; 
above that pH, HTC incorporating an  M2+:M3+ of 2:1 is 
likely to form irrespective of the initial  M2+:M3+ ratio. It 
is perhaps that at as pH 9 is traversed, HTCs with initial 
 M2+:M3+ ratios of 3:1 and 4:1 revert to a 2:1  M2+:M3+ 

ratio and there is a carryover of residual structural and 
compositional characteristics.

The observation that the metals and major cations fol-
lowed a similar trend of the largest initial change (increase 
for Cu, Zn, Mn, Mg, and Ca) or decrease (Al) with the addi-
tional subtle influence imparted by the initial  M2+:M3+ ratios 
in the first 0–14 days, followed by a period of substantially 
less change in concentration, is indicative of an HTC-solute 
equilibration phase. Importantly, in this context, HTC age 
is known to influence its stability. Palmer (2010) discov-
ered that fresher HTCs were less stable in solution. Since 
freshly made HTCs were used in the leaching experiments 
and exposed to substantial dilution with fresh seawater, this 
may explain the changes in the concentration of metals and 
anions in the seawater leachate. Geochemical (XRF) analysis 
(Table 2) suggests a mixed anion suite with  SO4

2− predomi-
nating and less  Cl− present in the HTC interlayers. None-
theless, at the elevated pH of the solutions during HTC pre-
cipitation; given that seawater has a  HCO3

− concentration 
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Fig. 2  Supernatant chemical composition during 30-day seawater leaching experiment of HTC suspensions prepared from initial 
M2 + :M3 + ratios of (top row to bottom row) 2:1, 3:1, and 4:1
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of ≈140 mg/L, it is likely that a mixed anion suite including 
 HCO3

− was present.
Among the metals contained in the synthetic AMD, Cu 

and Zn are the major contaminants of concern in terms of 
potential toxicity in the marine environment as regulated 
under a range of international water quality guidelines. The 
average concentrations of Cu and Zn that leached into sea-
water across the three HTCs after 30 days were 0.016 mg/L 
and 0.027 mg/L, respectively, using a solid to solution ratio 
of 0.2 g of HTC solids per litre of seawater. Whilst approxi-
mately double Australian marine water guidelines (ANZG 
2018), dilution factors during a post-submarine disposal 
will be substantial, with a solid to solution ratio likely many 
times lower, and with correspondingly lower solute concen-
trations than employed during the leaching tests used in this 
study. Based on the average concentrations of Cu and Zn in 
the HTC precipitates, only 0.2% of the Cu and 1.1% of the 
Zn were leached into the seawater over 30 days, indicating 
that these metal ions are likely stable within the HTC, more 
so given the final solute concentrations in the 2:1 and 3:1 
HTC that had stabilised, with essentially no further leaching 
evident at 30 days.

As the proposed final disposal of HTC precipitates is via 
submarine disposal, it is crucial to meet the standard thresh-
old of metals in a seawater ecosystem. In practice, if the 
substantial metal value accumulated within the HTC struc-
ture was not already recovered, submarine disposal would 
entail far higher dilution rates as a result of seawater mixing 
and dispersal, thus resulting in very low dissolved metal 

concentrations. Thus, HTCs prepared from a combination 
of AMD and seawater may constitute a viable repository to 
immobilise Cu and Zn contained in AMD solutions.

Conclusions

In this study, a combination of a synthetic AMD solution and 
seawater (as an Mg source) followed by the addition of alkali 
to increase the final pH to ≈9.5 was used to successfully 
form a HTC. From the three initial  M2+:M3+ ratios (2:1, 3:1, 
and 4:1), only HTC with an  M2+:M3+ ratio of 2:1 was gener-
ated, as indicated by both the mineralogical and geochemi-
cal analyses. The HTCs were demonstrated to effectively 
remove an array of metals present in AMD, including Cu, 
Zn, Al, and Mn with removal rates in this study between 
99.97 to 99.99%. The HTC precipitates formed from the 
simulated AMD were composed of 6.6 and 4.1% Cu and 
Zn, respectively, and thus show the potential for future metal 
recovery from the precipitate prior to eventual submarine 
placement, post-metal extraction.

Although only an HTC with  M2+:M3+ ratio of 2:1 was 
produced, leaching experiments indicated that the three 
HTC samples prepared from different initial  M2+:M3+ ratios, 
behaved in a subtly different manner in seawater. A small 
increase in Cu, Mn, Mg, and Ca concentrations, as well 
as a more significant decrease in Al concentrations, were 
observed throughout the leaching period. HTC produced 
from an initial  M2+:M3+ ratio of 2:1 displayed the great-
est element mobility followed by HTC produced from an 
initial  M2+:M3+ ratio of 3:1 and 4:1. Importantly, only 0.2% 
of the Cu and 1.1% of the Zn within the HTC were leached 
into the seawater over 30 days, indicating that these metal 
ions are stable within the HTC, with minimal leaching into 
the seawater. Nonetheless, further work should compare the 
stability of freshly prepared and aged HTCs in seawater to 
ensure the short- and long-term stability of HTCs as metal 
contaminant repositories.
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