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A B S T R A C T   

Acid mine drainage (AMD) is a challenge for current and legacy mining operations worldwide given its potential 
to severely harm ecosystems and communities if inadequately managed. Treatment costs for AMD are amongst 
the highest in the industrial wastewater treatment sector, with limited sustainable options available to date. This 
work demonstrates a novel chemical-free approach to tackle AMD, whereby staged electrochemical neutralisa-
tion is employed to treat AMD and concomitantly recover metals as precipitates. This approach was guided by 
physico-chemical modelling and tested on real AMD from two different legacy mine sites in Australia, and 
compared against conventional chemical-dosing-based techniques using hydrated lime (Ca(OH)2) and sodium 
hydroxide (NaOH). The electrochemical treatment demonstrated the same capacity than Ca(OH)2 to neutralise 
AMD and remove sulfates, and both were significantly better than NaOH. However, the electrochemical 
approach produced less voluminous and more easily settleable sludge than Ca(OH)2. Moreover, the staged 
treatment approach demonstrated the potential to produce metal-rich powdered solids with a targeted compo-
sition, including rare earth elements and yttrium (REY). REY were recovered in concentrations up to 0.1% of the 
total solids composition, illustrating a new avenue for AMD remediation coupled with the recovery of critical 
metals.   

1. Introduction 

Acid mine drainage, or acid rock drainage (hereafter referred to 
collectively as AMD), is a major global environmental issue with limited 
economically-viable options for safe and sustainable prevention or 
remediation (Simate and Ndlovu, 2014). Treatment options are largely 
limited by costs due to transport requirements, large volumes of sec-
ondary waste (sludge), high electricity and chemical needs, and lack of 
locally-available resources (e.g. grid energy and operational personnel) 
(Rakotonimaro et al., 2016; Wang et al., 2018). 

AMD forms when rocks, usually containing pyrite (FeS2), are 
exposed to oxygen, water and/or oxidising microorganisms, resulting in 
oxidation processes that dissolve the iron and other elements present in 
the rock (Fernando et al., 2018). The resulting contaminated water is 
often acidic and contains high concentrations of sulfate, iron and other 
transition, heavy metals, and metalloids of toxic significance (Kefeni 
et al., 2017). The primary methods of AMD treatment applied at 

industrial scale globally use the basic principle of neutralisation by e.g. 
adding alkaline chemicals (NaOH, lime, limestone, etc.), chemical oxi-
dants for iron removal (e.g. H2O2) and/or microorganisms (for a 
comprehensive review of AMD treatment options, see reviews by Akcil 
and Koldas (2006) and Kefeni et al. (2017)). This (bio)chemical neu-
tralisation results in increased solution pH and the precipitation of metal 
(oxy)hydroxides and sulfates (Thompson-Brewster et al., 2018; 
Thompson Brewster et al., 2016). The solubility theory of these pro-
cesses and the resulting precipitates is well understood and a variety of 
modelling platforms are available to simulate neutralisation experi-
ments. These models include: i) the evaluation of ion pairing and 
acid-base reactions using laws of mass-action, ii) ionic strength using 
chemical activity correction factors, iii) pH using a charge and/or mass 
balance, and iv) saturation using a saturation index (SI)(Morel et al., 
1993; Stumm and Morgan, 2013). However, one of the key limitations of 
conventional (bio)chemical neutralisation is the production of large 
volumes of precipitate sludge that requires dewatering and safe 
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disposal/storage, which combined with treatment and transport costs, 
can make site management prohibitively expensive (Rakotonimaro 
et al., 2016). Electrolytic technologies are considered an interesting 
alternative to the above given that the only consumable supply required 
is the low-cost commodity electricity and that they can treat AMD to 
similar standards by removing metals by (co)precipitation and sulfate by 
ionic migration (when an anion-exchange membrane is used in the 
configuration) (Chartrand and Bunce, 2003). Known advantages of the 
electrochemical vs the chemical-dosing approach are the lower volumes 
of sludge produced that are easier to dewater; the production of sulfuric 
acid as an exportable by-product (recognisably of very-low value) and 
the co-precipitation of most AMD metals in a controllable manner, 
meaning these could be potentially recovered (Bejan and Bunce, 2015). 
Known disadvantages however include the fouling of mem-
branes/electrodes when the (co)precipitates coat the active surfaces 
required for the process, a lack of clarity as to how these processes can be 
successfully upscaled for industrial-scale use and the relatively higher 
capital expenditure (CAPEX) required – as electrochemical reactors are 
typically more expensive than almost all other wastewater treatment 
technologies on the market (Strathmann, 2004). 

As for conventional wastewater treatment, a circular economy 
approach to AMD treatment requires concomitant resource recovery, 
which in this case can furthermore help offset the inherent high CAPEX 
of electrochemical treatment (Fernando et al., 2018; Naidu et al., 2019). 
Targets for recovery from AMD include metals and metalloids, sulfur 
products (e.g. elemental sulfur, sulfuric acid), electrical energy, con-
struction materials (e.g. gypsum), agricultural soil conditioners or ad-
sorbents (Naidu et al., 2019; Nleya et al., 2016; Pozo et al., 2017; Simate 
and Ndlovu, 2014). 

A further product of special interest are higher-value rare earth el-
ements and yttrium (REY)(Naidu et al., 2019). REY are required for 
clean energy generation, rechargeable batteries, photovoltaic cells, fibre 
optics and lasers, and their demand is expected to grow significantly in 
the near future (Alonso et al., 2012; Arshi et al., 2018; Browne et al., 
2019). There already are anticipated issues with the accelerated growth 
of REY consumption due to unsustainable mining, monopolistic supply 
conditions and potential geopolitical conflicts (Alonso et al., 2012; 
Browne et al., 2019). These problems could however be alleviated by 
substitution, security-of-supply policies and finding alternative REY 
sources, such as recovery from AMD treatment (Arshi et al., 2018; 
Barnhart and Benson, 2013). 

In this work, we propose the use of electrochemical treatment for pH 
neutralisation of AMD as an alternative to (bio)chemical neutralisation. 
We demonstrate that this electrochemical approach does not require 
chemical additions to treat AMD and facilitates the recovery of metals 
and REY. The approach and evaluation of this electrochemical system 
for treatment with concomitant targeted recovery of metals was guided 
by first-principles-based physico-chemical modelling through control-
ling the pH at several stages, corresponding to stages identified in the 
model. The proposed method was furthermore directly compared to 
conventional chemical neutralisation approaches using NaOH and lime, 
both through modelling and experimental demonstration. 

2. Methods 

2.1. Modelling methods 

Metal solubility theory dictates that different metals oxides, hy-
droxides and sulfates become saturated at different pH values. Model-
ling of the major precipitants was performed, which involved removing 
sulfate (as would happen in the electrochemical treatment) or adding 
lime or NaOH (as would happen during chemical addition treatment). 

Simulations using PHREEQC (Version 3) were performed to under-
stand saturation and precipitation of high concentration metals during 
the different experiments in the cathodic reservoir of the electro-
chemical experiments and a single reservoir for the chemical addition 

experiments. The initial solution compositions in PHREEQC were 
defined based on Inductively Coupled Plasma – Optical Emission Spec-
trometry (ICP-OES) analysis performed to characterise the real AMD 
samples (see 2.2.3.). The components included: Al, Ca, Cu, Fe(II), Fe 
(III), Mg, Mn, Na, SO4

2− and Zn, as they were in relatively high con-
centrations (>0.8 mM) and were present in the database used 
(WATEQ4F) (Parkhurst et al., 2013). 

The formation of equilibrium phases (solids and gas) were modelled 
using the EQUILIBRIUM_PHASES block in PHREEQC (Parkhurst et al., 
2013). The specific equilibrium phases included in the model were 
determined by running a simulation with the EQUILIBRIUM_BLOCK 
included, but no phases listed as forming to identify the possible mineral 
phases above saturation (considered conservatively to be a saturation 
index greater than 0). Thereafter, a second simulation including all the 
potential mineral phases previously identified in the simulation 
described above was performed to evaluate which ones actually formed 
according to the model. Non-forming mineral phases were removed 
from subsequent simulations. A list of all equilibrium phases included in 
the simulations can be found in the electronic supplementary informa-
tion (ESI) Table S1. 

Simulations were performed to match the laboratory experiments 
described in Section 2.2. To model the AMD in the cathode section of the 
electrochemical experiments, sulfate was removed stepwise. For the 
chemical experiments, NaOH or CaO was added stepwise using a RE-
ACTION block (Parkhurst et al., 2013). The resulting mineral-phase and 
aqueous concentrations after sulfate removal or chemical addition are 
the model output. There are two key limitations to the modelling: a) the 
PHREEQC database in use (WATEQ4F) is limited to certain components 
and precipitation products and b) low concentration metals (<0.8 mM) 
were not included due to simulations crashing when including them as 
components, possibly due to tolerance issues when solving for both high 
and low concentration components simultaneously. 

2.2. Experimental methods 

2.2.1. Overview 
Two types of experiments were performed using the system config-

uration presented in Fig. S1. The first type of experiment consisted of 
three treatments comparing the efficacy and sludge quality of electro-
chemical AMD treatment and chemical dosing with NaOH and slaked 
lime. These experiments were performed in two pH stages (hereafter 
referred to as two-stage experiments; see Section 2.2.5). The first stage 
elevated the pH to 4.2 and the second to 10.2. After each stage, several 
types of settling tests were performed. 

The second type of experiments were multistage tests (see Section 
2.2.6) using only the electrochemical reactor (Fig. S1). These multistage 
tests increased the pH in smaller increments of 0.5 or 1 units, which 
provided refined data on the nature of the precipitation relating to pH. 
No chemical treatment was performed for the multistage tests. 

2.2.2. Electrochemical reactor setup 
The electrochemical system used here was designed to demonstrate 

the potential for metal recovery and AMD treatment at a laboratory 
scale. It followed the principle that by applying a current between the 
cathode and anode, the electrochemical reactions increase the pH of the 
cathodic solution, decrease the pH of anolyte solution and cause anions 
(in this case sulfate ions) to migrate from the cathode chamber to the 
anode chamber through an AEM (anion-exchange membrane). The in-
crease in pH of the cathodic solution will concomitantly drive the pre-
cipitation of metal (oxy)hydroxides and sulfates. 

For both types of experiments the electrochemical reactor consisted 
of two custom-made acrylic chambers separated by rubber gaskets, a 4 
cm by 4 cm mesh stainless steel cathode, a 4 cm by 4 cm mesh platinum- 
iridium oxide coated titanium electrode anode (Magneto Special Anodes 
B V, Netherlands), and an AEM (Membranes International IC., USA, 
AEM-7001) with effective surface area of 32 cm2. Both chambers were 8 
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cm high, 4 cm wide and 1.2 cm thick (38.4 cm3). A pump (Watson 
Marlow Sci 323) was used to supply the electrolytes at a flow rate 85 mL 
min− 1 (90 RPM) through the reactor with anolyte and catholyte indi-
vidually recirculated to external reservoirs (see Fig. S1). The reservoirs 
were vented to maintain atmospheric pressure. 

The anolyte in all experiments was a sodium borate buffer solution 
was made from 61.83 g boric acid (Sigma-Aldrich, 
ReagentPlus®≥99.5%, CAS-No: 10043-35-3) and 10 g sodium hydrox-
ide added into 1600 mL MilliQ water, stirred and made up to 2 L with 
MilliQ water. A strong buffer solution was required in the laboratory 
experiments as they were run in a batch configuration. A pilot or full- 
scale system would be run continuously and the anolyte would be pro-
ducing sulfuric acid solution. For safety reasons (the prevention of very 
low pH acids) and practical reasons (the prevention of proton leakage 
across the AEM) for these batch laboratory scale experiments sodium 
borate buffer was used as it is a strong buffer and relatively inert. 

An external power source (Elektro-Automatik GmbH & Co. KG, EA- 
PS 3016-10B) was used to supply electricity in constant current mode, 
at current densities in a range between 50 and 200 A m− 2 (normalised to 
aforementioned electrode surface area of 32 cm2) based on experimental 
verification that these current levels were not limiting (data not shown) 
and guided by our extensive experience in operating and modelling the 
behaviour of electrochemical processes treating acid mine drainage and 
other industrial wastewaters (Ledezma et al., 2019; Pozo et al., 2017; 
Thompson-Brewster et al., 2018; Thompson Brewster et al., 2017; 
Thompson Brewster et al., 2016; Ward et al., 2018). During the multi-
stage tests the current was kept constant at 0.3 A (93.75 A m− 2), the 
voltage varied between 5.2 and 9.8 V. During the two-stage tests the 
current and voltage both varied with the voltage between 6.4 and 9.3 V 
and the current between 0.2 and 0.6 A (62.5–187.4 A m− 2). The pH was 
measured using an Endress + Hauser system (Orbisint CPS11D glass 
electrode, connected to a Liquisys M DAQ box). 

2.2.3. Acid mine drainage 
In the electrochemical treatments, the catholyte was real AMD 

collected from the field at two separate locations (unfiltered, but settled, 
stored < 4 ◦C until 24 h prior to experiments). Both sources were from 
legacy sites in Queensland, Australia, and in both sites the AMD 
generated posed a major environmental risk. One container of AMD was 
sampled from a tailings pond at each site. They were chemically 

analysed using ICP-OES and Inductively Coupled Plasma – Mass Spec-
trometry (ICP-MS) as described in Section 2.2.4, with partial results in 
Table 1, and full results in ESI Tables S2 and S3. 

Site 1 is the Mount Morgan gold mine, which was in operational in 
Queensland, Australia during the 19th and early 20th century, with 
approximately 134 million tonnes of waste rock and tailings generated 
(DNRME, 2018). Mt Morgan gold mine AMD (hereafter Site 1) was 
found to have remarkably high concentrations of sulfate (29 g L− 1), Al 
(2.3 g L− 1), Mg (4.6 g L− 1) and Mn (2.4 g L− 1), with a pH of 2.7. 

The second site of AMD collection has been de-identified. This AMD 
was collected from a mining operation for a different precious metal and 
located in a different region of Queensland, Australia. This site (here-
after Site 2) was found to have high concentrations of Al (0.4 g L− 1), Fe 
(0.3 g L− 1) and Mg (0.7 g L− 1) with a lower sulfate concentration of 9.4 
g L− 1 and similar pH of 2.7, compared to Site 1. The full ICP-OES and 
ICP-MS analyses of the field collected AMD means there is no reduction 
in scientific merit of this chemical study even though the sample site has 
been de-identified. 

2.2.4. Analytical methods 
For the liquid analysis, the composition of the AMD was analysed by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) for 
major metals and inductively coupled plasma mass spectrometry (ICP- 
MS) for trace metals prior to use, with results for the initial composition 
shown in ESI Tables S2 and S3. ICP-MS samples were unfiltered and 
digestion was performed using standard methods (USEPA SW846-3005, 
nitric/hydrochloric acid digestion). The process followed APHA 3125; 
USEPA SW846 – 6020 and was performed at Analytical Laboratory 
Services (ALS), Brisbane, Australia. Trace Hg was also analysed for using 
flow injection mercury system (FIMS) following AS 3550, APHA 3112 
Hg-B, which was performed at the same laboratory. 

ICP-OES of the liquid samples during experiments was conducted at 
the Analytical Services Laboratory, The University of Queensland, 
Brisbane, Australia (PerkinElmer Optima 7300DV, Waltham, MA, USA) 
after nitric acid digestion for total and soluble cation concentrations. For 
the dried precipitation products, ICP-OES and ICP-MS analyses were 
performed at Queensland University of Technology’s Central Analytical 
Research Facility (CARF) using a PerkinElmer Optima 8300 DV Induc-
tively Coupled Plasma Optical Emission Spectrometer and Agilent 8800 
Inductively Coupled Plasma Mass Spectrometer, respectively. Methods 

Table 1 
Treated water quality, a comparison of electrochemically treated (ECR), sodium hydroxide chemical dosing (NaOH) and lime dosing (lime) from ICP-OES analysis in 
mg L− 1. Shaded values are higher than at least one of the guidelines.  

Element (mg L− 1) Site 1 Site 2 ANZECC 2000 guidelines 

Original ECR NaOH Lime Original ECR NaOH Lime Stock watera Recreational purposesb 

Al 2317 0.6 0.03 0.7 443 0.6 0.3 5.1 5 0.2 
B 0 2.7c 0 0 0.7 0.8 0.6 0.6 5 1 
Cd 0.1 0 0 0 0.1 0 0 0 0.01 0.005 
Ca 364 234 354 442 368 367 377 489 1000 Not listed 
Cr 0.02 0 0 0 0.3 0 0 0 1 0.05 
Co 5.2 0 0.01 0.06 3 0.01 0.05 0.02 1 Not listed 
Cu 65 0.03 0.05 0.07 9 0.2 0.5 0.4 0.4 1 
Fe 66 0 0 0 324 0.3 0 0.09 Not sufficiently toxic 0.3 
Pb 6.2 0.1 0.07 0.1 1.3 0.01 0.06 0.05 0.1 0.05 
Mg 4564 1022 2148 1188 715 318 245 7.4 2000 Not listed 
Mn 245 0.8 0.2 0.2 63.4 0.9 0.7 0.1 Not sufficiently toxic 0.1 
Ni 2.1 0 0 0 4.7 0.01 0 0 1 0.1 
Zn 55 0 0 0 106 0.3 0.03 0.1 20 5 
SO4–S 29 547 4962 27 938 5769 9391 4195 8597 3099 1000 400  

a ANZECC (2000) Table 4.3.2 also includes the following elements, which were not detectable by ICP-OES analysis: arsenic (Site 2 initially over limit), beryllium 
(both within limit initially), fluoride (not measured by ICP-MS), mercury (both within limit initially), molybdenum (both within limit initially), selenium (both over 
limit initially), uranium (both within limit initially), and vanadium (not listed for stock water). 

b ANZECC (2000) Table 5.2.3 also includes the elements, which were not detectable by ICP-OES analysis: arsenic (both initially over), beryllium (not listed), fluoride 
(not measured by ICP-MS), mercury (both within limit initially), molybdenum (not listed), selenium (both over limit initially), uranium (not listed), and vanadium (not 
listed). 

c Boron increase due to the experimental choice of anolyte (sodium borate) and will not be present during continuous operation. 
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for analysing the solids bulk composition can be found in the ESI Text 
S1. 

2.2.5. Two-stage tests 
Two-stage tests used 1 L of AMD as the catholyte and 1 L of sodium 

borate buffer solution as the anolyte. The anolyte was replaced as 
needed when buffer capacity was exhausted and the anolyte pH fell 
below 7. The catholyte was not replenished. Stage 1 operated until the 
pH of the AMD (catholyte) reached 4.2. Once the solution reached pH 
4.2, the current was turned off. A 20 mL sample was collected for total 
suspended solids (TSS) analysis. The AMD then underwent a settling rate 
test (SRT). The SRT was performed by pouring the total AMD (catholyte) 
solution into a 1 L measuring cylinder. The sludge height was recorded 
every 3 min for the first 30 min then every 30 min for the next 2 h and 
finally at 24 h (Pozo et al., 2017). After the settling rate test, a 10 mL 
sample of the liquid fraction was taken for ICP-OES analysis and the 
remaining liquid fraction was decanted back into a suitable bottle for the 
next stage of electrochemical treatment. The sludge volume index was 
determined by the volume in mL occupied by 1 g of a suspension after 
30 min of settling, see Equation (1) below (van Loosdrecht et al., 2016). 

SVI 
(
mL  g− 1)=

settled  sludge  volume  at  30  min 
(
mL  L− 1

)
∗1000

total  suspended  solids  (TSS)
(
mg  L− 1

)

(1) 

SVI measurements were not possible for Site 1 CaO stage 2 and Site 2 
stage 2 NaOH due to sampling errors. Total suspended solids (TSS) were 
performed according to Standard Methods (Franson and Eaton, 2005). 
10 mL of the separated sludge was centrifuged (Eppendorf Centrifuge 
5810) for 5 min at 3200 rcf with the sludge height measured afterwards 
reflecting the theoretical minimal sludge volume. 

To test the differences in drying time and to determine the theoret-
ical minimal sludge volume, 50 mL of each sludge was weighed, they 
were simultaneously dried in an oven at 60–70֯C and weighed regularly 
until the weight recorded a constant value. Linear regression using 
Microsoft Excel 2016 was performed during the 70 ◦C period (23.5 h 
until the end of drying time) to identify any differences in sludge drying 
time by comparing the 95% confidence intervals of the slope parameter 
(Ryan, 2007). The dried solids from the sludge were analysed for their 
bulk chemical composition using ICP-OES and ICP-MS. 

The next stage of the electrochemical treatment was identical to the 
first, except the pH was now elevated to the maximum attainable. There 
is a maximum pH that will be reached as, due to the cell configuration 
and type of membrane being used, hydroxide ion migration will begin to 
dominate the ion transport across the AEM (Thompson Brewster et al., 
2017). The hydroxide migration reduces the amount of sulfate being 
removed from the cathode side until steady state conditions are reached. 
Observation under the experimental conditions indicated a maximum 
pH of ~10.2 could be reached. After the pH reached ~10.2, the current 
was again turned off and the same methods as above were repeated. 

2.2.6. Direct comparison with chemical dosing approaches 
To directly compare the electrochemical treatment performance 

with commonly used chemical precipitation, the same experiments were 
performed with AMD from Sites 1 and 2, except rather than using a 
cathode for pH adjustment, neutralisation was achieved via chemical 
addition of NaOH (Merck Pty Ltd, pellets for analysis, CAS-No: 1310-73- 
2) or slaked lime (Alfa Aesar, reagent grade, CAS-No: 1305-78-8). These 
tests were performed with the AMD contained in a beaker under con-
stant magnetic stirring. In the same order as for the electrochemical 
experiments, the pH was adjusted to 4.2, then the same series of settling 
and sludge tests were performed. Subsequently, the solid and liquid 
phases separated, and the liquid was supplied with further additions of 
NaOH or lime until pH 10.2, where the same settling and sludge tests 
performed. The lime was prepared by mixing 1 part CaO with 9 parts 
MilliQ water and stirring at a high rate on a magnetic stirrer for at least 

10 min prior to use. Due to the relative lack of solubility of CaO and its 
difficulty to handle when dry, lime is hydrated in this way during in-
dustrial use. 

2.2.7. Multistage tests 
The multistage tests were performed similar to the electrochemical 

two-stage tests, but with an increased number of steps at pH values of 3, 
3.5, 4, 4.5, 5, 6, 7, 8, 9, 10 and the maximum possible value (~10.2). 1 L 
of Site 2 AMD was used and 0.5 L Site 1 AMD was used as catholyte 
solutions in the experiments, these were not replenished. The anolyte 
was 200 mL 0.5 M sodium borate buffer solution. These were replaced if 
necessary when the anolyte pH fell below 7. After each pH increment 
was reached, the reactor was stopped, emptied and the liquid left to 
settle for at least 1 h. After this, 10 mL or 4 mL samples were taken from 
Site 2 and Site 1 experiments, respectively. The liquid was decanted 
from the sludge. The liquid was used in the next stage. The remaining 
sludge was dried at 65 ◦C with the mass of sludge and solids percentage 
evaluated. The dried solids from the sludge were analysed for their bulk 
chemical composition using ICP-OES and ICP-MS. 

3. Results & discussion 

3.1. Modelling results and aqueous phase removal 

3.1.1. Precipitation of solids 
Graphs of the model output for the precipitants are available in the 

ESI Figs. S2–S3 (formation of dominant metal precipitants when Sites 1 
and 2 AMD undergoes continuous electrochemical sulfate removal, 
chemical lime addition and chemical sodium hydroxide addition). All 
results clearly show that, as the pH increases, the precipitation of Al 
occurs firstly as jurbanite (AlOHSO4) and then as diaspore (AlOOH). 
Buffering occurs at pH 4 while diaspore is forming. Once Al is 
completely depleted from the aqueous phase, the pH rises again until a 
second plateau. The second buffering stage occurs at ~ pH 10, where 
brucite (Mg(OH)2) formations absorbs additional alkalinity produced by 
the treatment. Consistent results were observed for the three types of 
treatment, indicating this is a trend common to AMD containing high 
concentrations of Al and Mg. The modelling and experimental results 
illustrate that metals are not removed from solution evenly with 
increasing pH, and these differences can be used to target desirable 
compositions of the solid precipitants. It also illustrates that the trend in 
removal for the major metals is effectively independent from the type of 
treatment – chemical or electrochemical. 

3.1.2. Removal of metals from the liquid phase 
Fig. 1 shows that the electrochemical system removes iron, 

aluminium, magnesium and sulfate, while levels of sodium and calcium 
remain constant. The model of Site 1 does not accurately model sulfate, 
magnesium and aluminium. Epsomite (MgSO4) was included in the 
PHREEQC model, but it does not reach saturation there. However, it is 
clearly forming experimentally based on the discrepancy between the 
experimental and model results for magnesium and sulfate. As the 
concentration of magnesium is over 6 times higher in Site 1 compared to 
Site 2, the discrepancy is exacerbated there. It is also possible that for 
both Site 1 and Site 2, jurbanite (AlOHSO4) is not initially saturated, as 
the model predicts, which explains the slower than predicted removal of 
aluminium during the experiment at the lower pH (Thompson-Brewster 
et al., 2018). 

The modelling results illustrate two key findings: i) there is more 
complexity occurring in the experiment than is reflected in the model; 
and ii) there is room to improve the modelling of AMD treatments. The 
model-practice differences could be due to:  

• Inaccurate chemical databases (Parkhurst et al., 2013); 
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• Complex solutions with high ionic strength requiring a model ac-
counting for more complex activity correlations (Parkhurst et al., 
2013; Thompson Brewster et al., 2017); and/or  

• Lack of inclusion of all lower concentration metals in the 
simulations. 

Modelled data of the two stage experiments were compared to the 
experimental data (Tables S4 and S5 of the ESI). Despite the inaccuracies 
described above, the modelling results illustrate the usefulness of 
PHREEQC to indicate whether a solid is likely to form at stage 1 (<pH 
4.2) or stage 2 (pH 4.2–10.2). Modelling of the NaOH and lime chemical 
treatment was also performed across the whole pH range (ESI 
Figs. S4–S5). In comparison to the NaOH and lime treatment, electro-
chemical treatment is expected to have lower concentrations of Ca 
compared to CaO dosing, and lower concentrations of Na and S 
compared to NaOH dosing. NaOH addition is not expected to reduce the 
sulfate concentrations and increases the Na concentration. However, 
NaOH treatment does remove Fe, Al and Mg successfully. Lime addition 
displays similar removal efficacy compared to ECR treatment. However, 
towards the high end of the pH range Ca concentrations in the liquid 
phase increase. This comparison is continued in Section 3.2. 

3.2. Water discharge characteristics 

3.2.1. Treated AMD characteristics – liquid fraction 
Table 1 provides data for the final water quality of the AMD 

compared to two potential downstream uses as set out by the Australian 
and New Zealand Environment and Conservation Council and Agricul-
ture and Resource Management Council of Australia and New Zealand 
(ANZECC and ARMCANZ) (2000). For both Site 2 and Site 1 AMD, all 3 
treatment options removed nearly all listed contaminants to meet these 
guidelines, except for sulfate and manganese. Another exception was 
during lime treatment, in which there was insufficient removal of Al in 
Site 2 and Pb in Site 1. For Site 2, the lime treatment removed 23–26% 
more sulfate compared to electrochemical treatment. For Site 1, ECR 
treatment removed the most sulfate by approximately 14–25% 
compared to lime. In both cases, NaOH chemical treatment did not 
considerably diminish the sulfate concentration. Lime and electro-
chemical treatment were similar overall. However, lime treatment had 
two exceptions in meeting the discharge guidelines. 

Sulfate levels from all the experiments did not meet discharge 
guidelines. It is likely that with further work an improved electro-
chemical configuration (e.g. different membrane type, current density, 
flow rate and/or chamber size) could improve sulfate removal during 
electrochemical treatment. For sensitive receiving waters, the electro-
chemical treatment could be combined with further biological polishing 
or dilution to meet discharge standards. 

Some elements are potentially relevant to the ANZECC guidelines 
(2000), but are not included in the table as they were not detected in the 
ICP-OES analysis, which was performed on the liquid fraction (see 

Table 1 footnotes). The ICP-MS results of the solid precipitate showed at 
least partial, if not full removal of arsenic, beryllium, molybdenum, 
selenium, uranium and vanadium was achieved for all 3 treatment types 
(data not shown). Mercury was below the detection limit of the ICP-MS 
in all the samples and fluoride was not measured. These metals are of 
significant toxicity and further work demonstrating effective removal to 
below guideline values is recommended. 

3.3. Precipitated solids 

3.3.1. Removal of metals from solution 
The multistage experiments illustrate that all the metals fall into 

three removal clusters when treated using the ECR: removal at low pH, 
high pH and continuously removed. Fig. 2 shows that Al, Ba, Cr, Cu, Fe 
and Pb precipitate at low pH (blue). Mg and Mn at high pH (green) and 
Cd, Co, Ni and Zn are removed continuously (red). The results from Site 
2 AMD clearly show this trend. However, for Site 1 many metals are 
shown to precipitate at relatively low pH. This could be explained by the 
very high concentrations of SO4

2− and Mg in Site 1 AMD (29 000 mg 
SO4

2− L− 1, 4500 mgMg L− 1) which with both alter the ionic strength of 
the solution and require a large amount of current to be applied (i.e. the 
concomitant addition of OH− and migration of SO4

2− ) before the pH 
increases significantly. 

This order of sequential precipitation is further supported by the two 
stage experiments where Al, As, Ba, Cr, Cu, Fe, Mo, Se, Pb are mostly 
removed during the first stage; Co, Mg, Mn, Ni, Zn are largely removed 
during the second stage and Cd is removed in both stages relatively 
equally (ESI Figs. S6–S9 for supporting data). 

3.3.2. Sludge composition 
Fig. 3 shows the variation in sludge composition at the different pH 

stages. These graphs clearly illustrate the possibility of producing solid 
products with targeted composition dependent on the pH stage. The 
variation in bar colour highlights the precipitation of Fe, Al, Zn, Mg and 
Mn with increasing pH stages. Differences in staged composition are 
largely dependent on the initial composition of the AMD. The general 
trends between the results in Fig. 3 as well as the modelling above 
support the selective precipitation of Fe (pH < 4), Al (pH 4–6) then Mg 
and Mn (pH > 7) as the highest concentration metals in the solid 
product. This data supports the findings in Section 3.1 and illustrates 
that the experimental results follow closely the solubility models and 
associated theory for the higher concentration metals. 

Seo et al. (2017) observed precipitation of Al between pH 3.5–5.5, Fe 
between pH 3.5–7.5 and Mn at pH 7.5–9.5 when performing chemical 
neutralisation using NaOH, Ca(OH)2 or Na2CO3 to real coal mine tail-
ings. It was observed that Al and Fe co-precipitated, but improved sep-
aration of Al and Fe was achieved when hydrogen peroxide was added 
initially to oxidise the Fe(II) to Fe(III). After oxidation, the majority of Fe 
precipitated at a lower pH to Al and could be separated and this result is 
similar to that seen in the Site 2 results in Fig. 3. While assessment of the 

Fig. 1. Experimental (markers) and modelled (lines) contaminants in the liquid phase during electrochemical treatment of acid mine drainage (chemicals listed are 
their total components). 
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Fig. 2. Percentage removal of metals from acid mine drainage through electrochemically induced precipitation. Pollutants removed at low pH are indicated by blue 
square markers (also shaded blue), those removed at high pH by green circle markers (shaded green) and those constantly removed by red triangle markers (shaded 
red). The three classes of results and not clearly seen in the Site 1 results due to the very high concentrations of SO4

2− and Mg, dominating the results (29 000 mg SO4
2−

L− 1, 4500 mg Mg L− 1). Chemicals listed are their total components not individual species. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 3. Solids composition of key major metals at increasing pH stages. Left: results from the treatment of AMD from Site 1. Right: results from the treatment of AMD 
from Site 2. Chemicals listed are their total components not individual species. 

Fig. 4. Solids composition of rare earth element oxides at varying pH stages. The gap between the presented REYs and the total percentage is comprised of Erbium 
(Er), Europium (Eu), Holmium (Ho), Lutetium (Lu), Praseodymium (Pr), Terbium (Tb), Thulium (Tm) and Ytterbium (Yb). Left: results from the treatment of AMD 
from Site 1. Right: results from Site 2. Chemicals listed are their total components, not individual species. 
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Fe oxidation state was not performed, it is likely that it was mainly Fe 
(III) as the majority of Fe precipitated at a lower pH to Al. 

3.3.3. Recovery of rare earth elements 
The percentage of rare earth elements and yttrium (REYs) in the 

solids are shown in Fig. 4. The highest concentration REYs are Yttrium 
(Y), Neodymium (Nd), Cerium (Ce), Gadolinium (Gd), Dysprosium (Dy) 
and Samarium (Sm). Also detected in lower concentrations were Erbium 
(Er), Europium (Eu), Holmium (Ho), Lutetium (Lu), Praseodymium (Pr), 
Terbium (Tb), Thulium (Tm) and Ytterbium (Yb). Fig. 4 illustrates the 
maximum concentrations of REYs occur between a specific pH of 5–7 
and is consistent between the two types of AMD. 

Table 2 shows the values from that previous work compared to the 
values observed herein. The values in Pozo et al. (2017) are generally 
higher than observed, even at pH 6. However, they are in a similar order 
of magnitude (variations can be explained by seasonal changes in AMD 
due to e.g. rainfall). 

3.3.4. Comparison to chemical dosing 

3.3.4.1. Major metal composition. In the dried solids, metals recovered 
during the chemical experiments were found in lower concentrations 
compared to metals in the electrochemical experiments. This effect is 
due to the additional Ca and Na, which were precipitating during the 
chemical experiments, effectively ‘diluting’ the metal concentrations in 
the solid product. Our results support our previous findings (Pozo et al., 
2017) indicating that an electricity-driven process can increase the 
concentration of metals compared to conventional chemical addition 
processes. See Figs. S10 and S11 in the ESI for further details. 

3.3.4.2. Rare earth element recovery. Fig. 5 compares the REY concen-
trations in electrochemically-and chemically-generated solids. Stage 2 
(S2, between pH 4–10) is where the majority of REYs precipitate (see 
Fig. 4, Section 3.3.3). Of particular note, in all cases the 
electrochemically-generated solids have a higher REYs percentage 
composition compared to chemically-generated solids. Similarly, as 
described above in the discussion on major metals, the solids from the 
chemical addition treatments also contain a significant mass of the el-
ements that were added. 

3.3.4.3. Sludge characteristics. As found from the drying experiments 
described in Section 2.2.5, the theoretical minimal sludge volume per 
litre of AMD was at least halved for electrochemically-generated sludge 
for both samples (Supplementary Information Fig. S12). This is similar 
to the (bio)electrochemically-generated sludge from Pozo et al. (2017) 
which was half the volume when compared to sludge produced through 
NaOH chemical addition neutralised to the same pH of 7.3. Here, the 
electrochemically produced sludge was between 2 and 20 times smaller 
in volume compared to NaOH addition. 

For all treatments, the electrochemically-generated sludge had the 
lowest SVI (Sludge Volume Index) of those measured. There was one 

exception for Site 2 CaO stage 1, which had a particularly low SVI, 
corresponding to a very fast settling sludge (See Figs. S13–S15). Again 
these results are similar to previous observations where an SVI for NaOH 
chemical addition was ~4 times greater than (bio)electrochemically 
produced sludge (Pozo et al., 2017). The SVI for 
electrochemically-generated sludge from Site 1 (S1 2.7 ± 0.1, S2 15.1 ±
0.5 mL g-1) and Site 2 (S1 68.1 ± 2.2, S2 46.5 ± 1.5 mL g− 1) are a similar 
order of magnitude to the 58 mL g− 1 SVI than (bio)electro-
chemically-generated sludge (Pozo et al., 2017) but the reactor config-
uration in this work is simpler and easier to operate. In contrast, the SVI 
for sludge generated through NaOH addition was always larger (Site 2 
S1 200 ± 30, Site 1 S1 14.9 ± 1.7 and S2 36.4 ± 3.4 mL g− 1), which is 
similar to Pozo et al. (2017) and the 217 mL g− 1 observed by Djedidi 
et al. (2009) or the 377 mL g− 1 measured by Herrera et al. (2007). 

For Site 1, stage 1 and stage 2 electrochemically-generated sludge 
(after settling, but before centrifugation) had the lowest percentage of 
solids by weight in the sludge (see Table S6). For Site 2, NaOH-created 
sludge had the lowest percentage of solids for both stages and CaO had 
the highest for both stages. Moreover, there were no significant differ-
ences in the time it took the different sludges to dry (Figs. S16–S17). For 
Site 1 there was only one sample that produced sufficient sludge for 
comparison. However, this dried faster than the other NaOH and lime- 
treated samples for Site 1. This provides some evidence that the 
electrochemically-generated sludge may dry faster in terms of its dew-
aterability, but this requires further investigation to confirm. 

3.4. Preliminary OPEX analysis of electrochemical treatment vs 
conventional lime-dosing approach for AMD neutralisation 

The two-stage experiments (see 2.2.5) were used to compare the 
operational expenditure costs (OPEX) of the proposed electrochemical 
treatment system versus the conventional practice of lime-dosing to fully 
neutralise AMD to pH 10.2. Chemical-dosing costs were established 
based amount of lime added per litre of AMD, while the OPEX for 
electrochemical treatment were based on power consumption (calcu-
lated assuming a constant 8 V at 0.3 A, a conservative average value 
significantly overestimated compared to a fit-for-purpose reactor design 
at pilot- or even full-scale). When comparing treatment costs however, it 
is worth noting that a well-established figure for OPEX + CAPEX (capital 
expenditure) for the treatment of AMD in legacy mines is known to be 
approximately $100 AUD kL− 1 irrespective of applied technology, given 
that site expenditure is predominantly driven by transport costs (mainly 
equipment + chemicals) and electricity use (Wang et al., 2018). 

Based on bulk Queensland (Australia) electricity prices of $76.92 
AUD MWh− 1 (BulkEnergy, 2018), the conservative OPEX of the pro-
posed electrochemical AMD treatment costs for Site 1 and Site 2 would 
be $1.6 and $5.2 AUD kL− 1 respectively. The costs of lime in contrast – 

Table 2 
REY concentrations in solids at pH 6 compared to previous REY recovery using a 
more complex microbial/electrochemical process; uncertainties represent total 
standard deviation from triplicate samples analysed (Agilent 7900 ICP-MS) 
(Pozo et al., 2017). Confidence intervals in the data from Site 1 and Site 2 
represent the relative standard deviation (%) evaluated during the ICP-MS 
analysis (Agilent 8800 ICP-MS-QQQQ; see Table S2 in ESI).  

Element Pozo et al. (2017) Site 1 Site 2 

Y 498 ± 70 382.6 ± 1.8 248 ± 2 
Nd 166 ± 27 209.0 ± 1.1 133 ± 2 
Gd 155 ± 14 81 ± 3 76.5 ± 1.4 
Dy 140 ± 26 77 ± 4 51.0 ± 1.5 
Sm 85 ± 13 72 ± 4 50.1 ± 1.4 
Ce 82 ± 15 210.4 ± 0.7 102 ± 3  

Fig. 5. Solids composition of REYs using electrochemical treatment and 
chemical (CaO and NaOH) addition. All values are for Stage 2 (pH 4–10), as this 
was the pH range where the majority of REYs were shown to precipitate. 
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based also on a conservative bulk price of $100 AUD ton− 1 (Mill-
ford&Company, 2018) – would result in a lower OPEX of $0.48 and $1.5 
AUD kL− 1 for Site 1 and 2 respectively (not considering the cost of water 
at a 9:1 ratio vs lime required for hydrating the lime, a process known as 
“slaking”, which requires energy-intensive mixing and clean water to 
convert dry Lime CaO to its reactive hydrated form Ca(OH)2). While 
apparently distant, the difference in these numbers is statistically 
insignificant with regards to the ~$100 AUD kL− 1 OPEX + CAPEX of 
AMD remediation. These relatively-small differences in $ kL− 1 versus 
lime-dosing could be easily overcome by demonstrating the value of: (i) 
the lower-volume/more-easily-settleable-sludge production, (ii) the 
significant water savings by eliminate slaking needs, and (iii) the pos-
sibility to selectively recover metals and REY using pH-driven staged 
precipitation. Further site-specific research is needed however to 
determine the actual value of these benefits through upcoming 
pilot-scale studies in 2020. 

3.5. Considerations for scaling-up the process and future work 

While the mining and environmental sectors are generally sceptical 
about electrochemical technologies, it is worth keeping in mind that 
many industrial electrochemical-cell-based processes have operated 
successfully for decades, with the high CAPEX offset by low OPEX, even 
if the product is low value. For example, the chlor-alkali process is able 
to meet the global demand for relatively-low value caustic (Strathmann, 
2004). As in the latter, up-scaling of our process will be achieved by 
manufacturing a stack of litre-scale electrochemical cells that will allow 
for a more detailed and long-term CAPEX/OPEX analysis including en-
ergy and mainstream/REY metal recovery efficiencies for site-specific 
conditions and AMD compositions and comparison with other technol-
ogies within the context of a circular economy (Du et al., 2018). Our 
recent research has demonstrated that the electrochemical stacking 
strategy is able to maintain up-scaled cell voltages close to laboratory 
values (Ledezma et al., 2019; Ward et al., 2018), meaning that a 
pilot-scale version of the system hereby proposed can be easily powered 
by off-grid solutions (e.g. generator, solar PV) ideally suited to remote or 
legacy mine sites. Long-term operation will also reveal details over 
predictable problems such as material wear/tear and electrode scaling. 
The latter was observed at the cathode in this study – due to the inevi-
table formation of Fe/Ca/Mg (oxy)hydroxide precipitates at high pH – 
but did not observably affect the performance of the system during the 
testing period (data not shown). Longer-term operation will reveal the 
rate of this scaling and allow for the determination of a de-scaling 
regime which can be undertaken without any chemical dosing by: i) 
periodically utilising the sulfuric acid formed in the anodic chamber as a 
de-scaling agent and/or ii) switching off the current and allowing for the 
cathode chamber to be filled with fresh AMD. The resulting strong 
acidification dissolves the (oxy)hydroxides and regenerates the elec-
trode surface – as we have previously observed in the laboratory (Pozo 
et al., 2017) but only with pilot-scale testing can the frequency and 
extent of this cleaning regime be determined and subsequently auto-
mated as part of a fully-autonomous decentralised process control 
system. 
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