
1

1 Element distribution in electrochemically treated mine wastewater for 

2 efficient resource recovery and water treatment

3

4 Denys Villa Gomez1, Paul Hong2, Luke Berry3, Di Liu3, Mansour Edraki*2

5

6 1 School of Civil Engineering, The University of Queensland, Brisbane, Australia

7 2 Centre for Water in the Minerals Industry, Sustainable Minerals Institute, The University of 

8 Queensland, Australia

9 3 Clean & Recover, 1015/80, Meiers Rd, Indooroopilly QLD 4068

10 *Corresponding author at: S Centre for Water in the Minerals Industry, Sustainable Minerals 

11 Institute, The University of Queensland, QLD 4072, Australia. 

12 E-mail: m.edraki@uq.edu.au

13

14

15

16

17

18

19

20

21

22

23

24

25

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4463050

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed

mailto:m.edraki@uq.edu.au


2

26

27 Abstract

28 The feasibility of recovering major and critical elements from acid mine drainage using a pilot-

29 scale electrochemical reactor (ECR) was investigated by assessing elements concentration and 

30 species distribution in the liquid and solid phase (sludge) in multistage tests. These were carried 

31 out at different electrical currents (18-22 amps) and thus, pH (8-12). The results showed that 

32 major metals Al, Cu and Fe were removed from the liquid phase at pH 5.9 while remaining the 

33 majority of Zn (57.2 ppm). On the other hand, at pH 7, the effluent was mainly composed of 

34 Mn (7.3 ppm).  These results were confirmed by the simulation results using the PHREEQC 

35 model, which also identified the main chemical species in solution and the precipitates formed 

36 after the treatment (oxyhydroxides/sulfates/oxides). The ECR treatment led to sludges with 

37 targeted critical elements, some up to 20 times (Co, Be and Sb) higher than their earth’s crustal 

38 abundance.  At pH 10, rare earth elements in the sludge targeted Ce, followed by Nd and La. 

39 This study is one of the few studies carrying a detailed analysis of the behavioural distribution 

40 pattern of these elements at each pH, which opens the door for the potential of recovering these 

41 elements.

42

43

44

45

46

47

48 KEYWORDS: Electrochemical reactor; Acid mine drainage; critical elements, recovery; 

49 Rare earth elements

50

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4463050

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



3

51

52 Introduction

53 Acid mine drainage (AMD) or acid rock drainage is a major problem in the mining industry, 

54 with the potential to harm ecosystems and communities if not managed correctly. It results 

55 from the oxidation of sulfidic rocks leading to mine drainage with acidic pH, high sulfate and 

56 dissolved metals (Amanda and Moersidik, 2019).  While some of the dissolved metals are toxic, 

57 some have economic value. AMD has been identified in several studies as a promising source 

58 of elements commonly classified as ‘critical’, due to the scarcity of their economic 

59 concentrations and uneven global distribution (European Commission, 2020), including rare 

60 earth elements (REE) (Brewster et al., 2020; Pozo et al., 2017; Zhuang et al., 2015).

61 Conventional systems for managing AMD are based on linear economy thinking (‘take-make-

62 waste), with lime neutralization as the most widely used method to treat acid mine drainage. A 

63 major disadvantage encountered when applying lime is the production of large volumes of, 

64 difficult to dewater, sludge containing gypsum (CaSO4) and metal hydroxides, incurring 

65 substantial operational expenditure concerning sludge handling and disposal costs (Macías et 

66 al., 2012; Rakotonimaro et al., 2017).  An adequate AMD treatment based on a circular 

67 economy through the valorization of sludge has significant potential to overcome management 

68 costs, by recovering contained economic elements, thus reducing the pollution risk and 

69 generating economic profit (Kinnunen and Kaksonen, 2019; Masindi and Tekere, 2020; 

70 Rakotonimaro et al., 2017).  For this, new cost-effective and sustainable AMD treatments are 

71 being developed but not yet adopted at the industry scale (Masindi and Tekere, 2020). 

72 Electrochemical methods are an attractive alternative for the treatment of AMD in remote or 

73 legacy mine sites as they only use electricity that could be powered by off-grid solutions (e.g. 

74 generator, solar photovoltaic). In this technology, a controlled cathodic reduction reaction 

75 drives the pH and in turn, metals precipitate as hydroxide, oxide or sulfate (Bunce et al., 2001; 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4463050

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



4

76 Chartrand and Bunce, 2003; Mamelkina et al., 2019). his allows chemical-free AMD 

77 neutralization and generates low sludge volumes containing targeted metals, thus allowing 

78 metals recovery from the sludge (Brewster et al., 2020). 

79 In a previous study, metals distribution and optimal conditions for selective recovery in a lab-

80 scale (38.4 cm3) electrochemical reactor (ECR) were assessed. The results proved the 

81 successful removal of existing base metals in AMD from two mine sites, meeting Australian 

82 water drinking standards. The ECR also demonstrated the potential to produce metal-rich 

83 sludge with a targeted composition, including REE and yttrium (Brewster et al., 2020).  From 

84 this experience, a pilot-scale ECR has been built with a processing capacity of up to 2000 L/d.

85 In the scaling-up process, it is important to evaluate the robustness of the treatment upon 

86 variations in AMD composition, changes in electrode materials and current/potential, which 

87 can affect process efficiency (Mamelkina et al., 2019).   In addition, the ability to predict the 

88 precipitates formed during and after treatment is useful for assessing the formation of 

89 compounds that either has an economic value or are pollutant concern. Given the amorphous 

90 nature of the precipitates, chemical equilibrium models such as MINTEQA2 and PHREEQC 

91 can help to predict the minerals and amorphous phases that make up the sludge. These models 

92 help to the decision-making for the selection of the optimal treatment conditions that target the 

93 recovery of specific elements/compounds or that can allow meeting discharge guidelines.  

94 PHREEQC for example has been used to complement laboratory-scale experiments evaluating 

95 the use of fly ash (Madzivire et al., 2011), nanofiltration (Andalaft et al., 2018) and an ECR 

96 (Brewster et al., 2020) to treat AMD.

97 In this work, we evaluated the feasibility of recovering major and critical elements and meeting 

98 discharge guidelines from the treatment of AMD using the developed pilot-scale ECR. This 

99 was done by monitoring the elements and species distribution in the liquid and solid phases 

100 (sludge) in multistage tests, through chemical analysis and modelling methods. A further 
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101 analysis was carried out by correlating the concentration of critical elements in the sludge with 

102 the estimated abundance in the earth’s crust. 

103

104

105 2. Materials and methods

106 2.1 Pilot scale ECR 

107 The pilot scale ECR used in this study has a plate and frame assembly of 20 electrochemical 

108 cell pairs and consists of two stacks as shown in the orange cell to the right (Figure 1). The 

109 pilot scale ECR is 3 meters long by 1.2 meters wide and by 2.5 meters tall, weighs about 500 

110 kgs and is skid-mounted (Figure S1).  The ECR treats AMD by pumping it into the cathodic 

111 chamber of an electrochemical cell. Electricity is applied to draw sulfate anions from the AMD 

112 across an anion exchange membrane into the anodic chamber where they form sulfuric acid 

113 due to the transfer of hydrogen protons. Some other anions (e.g., chloride Cl-) may also make 

114 their way into the anode cell and anolyte tank.  As sulfate anions are drawn away from cathodic 

115 chamber, the pH of the AMD solution rises in the cathodic chamber, and metals precipitate out 

116 of solution, leaving clean water that is suitable for use or discharge. 

117

118 2.2 Acid mine drainage

119 AMD from a mine site in Queensland, Australia, was used for this study. It was characterised 

120 physically and chemically within five days of collection. The determined parameter values are 

121 shown in supplementary table S1. 

122

123 2.3 Reactor operational conditions 

124 Multistage tests were carried out in the ECR at different electrical current values that allowed 

125 the pH to increase in steps to values of 1.8, 2.0, 2.5, 4.8, 5.9, 7.3, 8.8, 9.4, 10.9, 11.8, 12.2. 
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6

126 During the tests, the current density was kept between 18 and 22 amps, while cell voltage varied 

127 between 50 to 52 volts for an overall power use of about 0.9 to 1.2 kW per hour.  This equated 

128 with a power use of about 1.1 kWh per 100L of processed AMD. After each pH increment was 

129 reached, the reactor was stopped, emptied and the liquid left to settle for at least 1 h. After this, 

130 samples of the liquid and solid phase were taken for chemical analysis. A second run of 

131 multistate tests was carried out in the ECR for analysis of trace elements such as REE in the 

132 produced sludges (Figure S2). The effluent pH increased in steps to pH values of 4.6, 6.5, 8.0, 

133 10.0, and 11.9.

134 2.4 Chemical analysis

135 Samples from the multistage tests were collected and analysed for element and ion 

136 concentrations, and their respective redox potentials and total dissolved solids (TDS) were 

137 measured. This was carried out following the methodology outlined by Brewster et al. (2020). 

138 Briefly, the liquid and solid phase samples were separated by allowing the sludge to settle after 

139 reaching each pH target. Samples were filtered using a filtration system with Advantec GB-

140 140 glass fibre filter paper (0.4 μm particle retention). The filter paper was dried at 105°C in a 

141 glass petri dish and weighed prior to filtering the sample. Dried filter paper with residue was 

142 transferred into a digestion tube with 1 ml HNO3 and 25 ml milli-Q water, cap and placed on 

143 the Hot block at 90°C for 60 minutes until digestion was completed. After cooling the solution 

144 and top up the digestion tube to 50 ml total solution, 1:1 and 1:10 dilution of the digestion 

145 solutions, these were analysed by inductively coupled plasma optical emission spectroscopy 

146 (ICP-OES). The solid phase was analysed by inductively coupled plasma mass spectrometry 

147 (ICP-MS) after acid digestion to obtain the solid bulk composition.

148 Sludge samples of the second run of multistage tests were analysed with a new modified 

149 method developed for chemical analysis of AMD sludge, based on the previous experience on 

150 the development of a method for tungsten tailings (Han et al., 2021). The sample solutions 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4463050

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



7

151 were left to settle down for 3 days. The supernatants were decanted into a sink. The residues 

152 were transferred into pre-weighed ultra-clean Teflon beakers and dried at 105 °C overnight. 

153 The dried samples were cooled in a desiccator to room temperature before re-weighing to 

154 calculate the dried residues. The dried residues were then digested in 1ml 15.8 N doubly 

155 distilled HNO3, 10 drops of peroxide and 3 ml of hydrofluoric acid (HF) on a hot plate at 140 

156 °C overnight. The digests were dried down to get rid of HF and re-dissolved in concentrated 

157 aqua-regia overnight. The solutions were dried down again and re-dissolved with 5 ml 10% 

158 HNO3. An aliquot of each sample was taken to make a 10 ml solution in 2% HNO3 for analysis. 

159 The elemental composition was determined by using the inductively coupled plasma mass 

160 spectrometry (Agilent 7900 ICP-MS) after acid digestion to obtain the solid bulk composition.

161

162 2.5 Modelling methods

163 The geochemical modelling software PHREEQC version 3 (Parkhurst and Appelo, 2013) was 

164 used to predict chemical speciation and solid-phase saturation at thermodynamic equilibrium 

165 by using the operational conditions during the multistage tests (e.g., pH, conductivity, redox 

166 potential) as input model conditions. The model predictions were assessed using primarily the 

167 SOLUTION_SPREAD function and the Minteq.v4.dat database.  

168 The measured redox potential values (Eh) were used in the simulations once converted to pe 

169 using the Faraday equation. The simulation outputted the charge balance error, 100*(Cat-

170 |An|)/(Cat+|An|), saturation indices (SI) of phases, and distribution of species. Phases with SI 

171 ranging between -1 and 1 were only considered as mineral phases between -1 and 1 are within 

172 close chemical equilibrium with water, meaning that these phases are within close range of 

173 either precipitating or dissolving based on pH change (Edraki et al., 2005).

174

175 2.6 Water and sludge quality comparison
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176 This water and sludge chemical results were compared to discharge guidelines to determine if 

177 these satisfied the conditions for environmental discharge after the ECR treatment. The water 

178 chemistry data were compared against the Australian and New Zealand Environment and 

179 Conservation Council (ANZECC) water quality guidelines report (ANZECC, 2000) for both 

180 livestock and recreational purposes.  The sludge data were compared against the 2013 

181 Australian Health Based Investigation Levels of the National Environment Protection 

182 (Assessment of Site Contamination) (NEPM) guidelines for soil contamination (NEPC, 2013). 

183

184 2.7 Resource recovery analysis

185 The elements found in the sludge after treatment listed as critical by the European Union (EU) 

186 (European Commission, 2020) and by Australia (Geoscience Australia, 2020) were further 

187 analysed. To determine which of these critical elements could be considered for recovery due 

188 to their concentration in sludge, the estimated abundance of these elements in the earth’s crust 

189 in ppm was used as the threshold baseline (Course Hero, 2022).

190

191 3. Results and discussion

192 3.1 Removal of metals from the liquid phase 

193 The results of the pilot-scale ECR treatment showed that the system was able to effectively 

194 control the pH (Table 1) allowing the precipitation and removal of specific metals from the 

195 liquid phase (Figures 2 and 3). The measured Eh value of the raw AMD showed an oxidising 

196 state (466 mV) consistent with the abundance of sulfate in the solution (Table S1). The pH 

197 value of the water increased from 1.5 to 12.3, while the Eh values changed from oxidizing to 

198 reducing states. The lowest measured Eh at -42 mV corresponded with a pH of 12.3 (Table 

199 S1). The redox conditions facilitated the precipitation of metals from the AMD solution with 

200 the increase in pH, as well as the reduction of the TDS, but the concentrations of each element 
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201 and the compounds formed depended on the water composition, pH as well as the redox 

202 conditions (Mamelkina et al., 2019).

203 A clear correlation of the pH with the removal of sulfate and chloride was observed (Figure 

204 2a). While sulfate removal is a result of the anode reaction producing sulfuric acid, chloride 

205 removal can be also explained by the formation of its intermediates such as 

206 chlorine/hypochlorite and chloramines (Mamelkina et al., 2019). On the other hand, K+ and N+ 

207 concentrations remained similar at each pH tested, while Mg+ and Ca+, decreased with the 

208 increase of pH at 7 and at 12, respectively (Figure 2b), which confirms their migration to the 

209 cathode to maintain charge balance (Bunce et al., 2001).

210 The elements concentrations decreased with each increased step in pH level under the oxidizing 

211 environment (Figure 3). The results clearly showed a distinction between metals precipitating 

212 at each pH stage and confirmed that these differences can be used to target desirable 

213 compositions of the solid precipitates (Brewster et al., 2020). For example, at pH 5.87, Al, Cu 

214 and Fe were removed, while remaining the majority of Zn (57.18 ppm), along with some Mn 

215 (10.08 ppm), Si (10.28 ppm) and other cations at concentrations below 1 ppm.  On the other 

216 hand, at pH 7, the effluent was mainly composed of Mn (7.25 ppm).  

217 The range of pH for the precipitation of Fe, Al, Fe and Mn are similar to those for a typical 

218 titration with the addition of NaOH (Totsche et al., 2003), confirming, therefore, the efficiency 

219 of the ECR system and the potential role of hydroxides formed due to the pH increase, in the 

220 selective removal of these cations. However, unlike the previous study (Brewster et al., 2020) 

221 where Fe precipitation occurred at pH below 4, Fe precipitation predominantly occurred at pH 

222 above 5, pointing to the presence of air in the system that allowed re-oxidation and re-

223 dissolution of Fe3+ (Bunce et al., 2001).  This air intrusion is potentially a consequence of the 

224 ECR scaling up.

225
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10

226 3.2 Water recovery analysis

227 In the AMD used in this study, 8 of 12 elements exceeded ANZECC water quality limits (Table 

228 2). Other elements were either not exceeding the thresholds limits (e.g., As and Se) or did not 

229 have water quality limits in the ANZECC guidelines. After the pH increase due to AMD 

230 treatment in the ECR, all the metal concentrations were below the limits for both livestock and 

231 recreational uses. However, Cd and Mn as well as sulfate only achieved values below guideline 

232 limits at pH 8.76 and 12 respectively, which imposes a further pH adjustment step to meet the 

233 acceptable pH of 6.5 to 8.5 for livestock and recreational purposes, respectively (ANZECC, 

234 2000). 

235

236 3.3 Sludge characterization at different pH operation stages

237 Figure 4 shows the element concentrations in the solid phase at different pH stages. Elements 

238 at initial high concentrations (>1 ppm, Al, B, Ba, Fe, Cu, Mg, Mn, Si and Zn) are discussed 

239 separately from those found at lower concentrations (<1 ppm- Be, Cd, Co, Cr, Ni) and from 

240 Ca, K, Na, S and P.  The concentrations of elements in the sludge can be explained either by 

241 the pH that allows the precipitation of cations as hydroxides or the affinity of cations for 

242 adsorption on Fe hydroxide (Younger et al., 2002). Comparing figure 4 with figure 3 shows 

243 that the majority of metal concentrations that were depleted in the liquid phase were ultimately 

244 precipitating into solid forms, although the mass balances did not completely close (data not 

245 shown). This could be either due to the acceptable levels of error for chemical analysis or the 

246 sorption of elements onto the minerals formed (Ifeoma Mary and Onyedikachi Anthony, 2019). 

247 In general, the elemental concentrations in the solid phase at high (Figure 2a) and low (Figure 

248 4b) initial concentrations started increasing at different pH values depending on the element.  

249 Ba concentrations fluctuated and even decreased with the pH increment (Figure 4a) due to its 

250 moderate solubility in water (Don and Robert, 2008). At high initial concentrations, Al 
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251 concentration increased at pH ≥ 4.8, while Fe, Cu Mg, Mn, Si and Zn concentrations increased 

252 at pH ≥ 5.9 (Figure 4a). At low initial concentrations, Cr started precipitating at pH 4.8, 

253 followed by Ni and Co at pH 5.87 and Cd at pH 7.3 (Figure 4b).  The similarity of the 

254 precipitation patterns of Ni, Co, Cd and Zn is the result of their close range of ideal pH for their 

255 adsorption on Fe hydroxide (Younger et al., 2002). The results of the remaining elements 

256 present in sludge showed low variations in concentration along the pH values tested, except for 

257 Na and Ca (Figure 4c), as these cations moved from the cathode to the anode at high current 

258 values (high pH) to maintain the charge balance (Bunce et al., 2001).  

259

260 3.4 Geochemical modelling

261 The simulation results obtained at different pH values using the PHREEQC model allowed to 

262 identify the main chemical species in solution (Figure 5) and the precipitates formed (Figure 

263 6) after the ECR treatment. The model results showed a similar distribution in the liquid and 

264 solid phases to the experimental results (Figure 3), however, the simulations at pH 12.2 and 

265 12.3 exceeded the threshold charge balance error of 10%, which is probably due to the 

266 depletion of sulfate anions (Bunce et al., 2001). 

267 Figure 5 shows only the main chemical species in solution for Al, Cu, Fe, Mg, Si and Zn 

268 outputted by the model simulation, although all the other elements shared similar outputs (data 

269 not shown).  The initial concentrations of Mg, Cu, Fe and Zn in solution were dominated by 

270 free metal species (Mg2+, Cu2+, Fe2+ and Zn2+), while for Cu, Fe, and Mg, the second most 

271 dominant species in solution were their sulfate compound forms (Figure 5b, c, d and f). The 

272 dominant species in solution for Al and Si were AlSO4
+ and H4SiO4, respectively (Figure 5a 

273 and e). The sulfate compound forms resulted from the high sulfate concentration at lower pH, 

274 which follows the solubility order, with Al the most soluble among these elements  (Don and 

275 Robert, 2008). 
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276 After treatment at each pH stage, a variety of minerals were formed as predicted by PHREEQC 

277 geochemical model. Dissolved minerals maintained in dissolved form throughout the pH 

278 values tested include gypsum (CaSO₄∙2H₂O) and anhydride CaSO4, zincite (ZnO) and ZnO 

279 active, and SiO₂(am-gel) and SiO₂(am-ppt). Focusing only on phases which are close to 

280 equilibrium with the solution, i.e., SI close to zero, likely precipitates formed were 

281 oxyhydroxides, hydrous sulfates, sulfates, and oxides (Figure 6).   At pH below 7, only Si-

282 bearing mineral phases (chalcedony, quartz, cristobalite), along with barite (BaSO4) were 

283 supersaturate. The latter remained supersaturated regardless the pH, in agreement with the Ba 

284 experimental results (Figure 4a). At pH 5 cuprite (Cu2O) and Lepidocrocite (𝛾-Fe₃+O(OH)) 

285 precipitate, followed by ZnO and gibbsite (Al(OH)₃) at pH 9, Sepiolite (Mg₄Si₆O₁₅(OH)₂∙6H₂O) 

286 at pH 10, and brucite (Mg(OH)₂) and tenorite (CuO) at pH 11. 

287

288 3.4 Sludge characterisation

289 The chemical analysis of the sludge samples of the second set of experiments allowed to 

290 identify a) major (>1%), b) minor (0.1%-1%), c) trace elements (<100 ppm) and d) light REE 

291 and heavy REE (Figure 7), while the mineralogical examination of the sludge by quantitative 

292 XRD showed that the samples were amorphous (Figure S2). Overall, these results confirm that 

293 the sludge produced during the ECR treatment is a promising source of critical elements. 

294 However, from a contamination perspective, the sludge concentrations of Cd, Co, Cu, Mn, Zn 

295 are above Health Based Investigation Levels of NEPM (2013) guidelines for soil contamination 

296 (NEPC, 2013), whereas Be, Ni, As concentrations, on the other hand, are lower than the 

297 guideline values (Figure 7).  

298 Although REE and other critical elements have been reported in AMD (Naidu et al., 2019), 

299 the sludge resulting from the ECR treatment allows for a concentration of these elements up to 

300 20 times (Co, Be and Sb) which is higher than the reported crustal abundance (Table 3).  It is 
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301 worth mentioning that even if the sludge also contains other major elements that must be 

302 removed to recover the high-valued elements, the energy required to separate the metals from 

303 the sludge is much lower as there is no need for crushing and grinding (Rankin, 2017). 

304 Among the major elements, Mg and Ca had the highest concentrations in the precipitates, 

305 followed by Al and Cu (Figure 7a).  Among the minor elements, Co, Cd and Sr stand out in 

306 terms of concentration, followed by Ce and Ni (Figure 7b). From this group of elements, Co 

307 and Ni displayed concentrations higher than crustal abundance (Table 3). Among the trace 

308 elements, Y and Li had the highest concentrations (Figure 7c), of which Li concentrations were 

309 higher than the crustal abundance at pH above 8.04 (Table 3).

310 The analysis of the REE concentrations in the sludge showed that Ce had the highest 

311 concentration at pH 10, followed by Nd and La (Figure 7d). Nevertheless, Nd, Pr, Tb and Dy 

312 had concentrations higher than their crustal abundance at pH 8.04, 10 and 11.93 (Table 3).   

313 REE concentrated in the sludge may be adsorbed onto metal oxide/hydroxide colloids, mainly 

314 by Al, Mn and Fe oxyhydroxides, forming co-precipitates, or precipitating directly as rare 

315 earth-(OH)3 (Naidu et al., 2019).  To know this, future advanced studies revealing the possible 

316 mineral forms of REE in the sludge are needed, where geochemical modelling can be 

317 complementary. However, the current databases do not include all elements, particularly REE. 

318 Therefore, further works should also focus on the expansion of these databases.

319

320 4. Conclusion

321 This study demonstrated that the treatment of AMD using a pilot-scale ECR allows the 

322 separation and concentration of major and critical elements in the sludge while leaving treated 

323 water that could meet the water quality standards. The geochemical modelling simulation 

324 determined the thermodynamically favourable precipitates of the system in the sludge, mainly 

325 as oxyhydroxides, hydrous sulfates, sulfates, and oxides. Through the use of the pilot-scale 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4463050

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



14

326 ECR, it was shown that extraction of REE is a viable goal, as the concentration of these 

327 elements was increased and even surpassed the crustal earth’s abundance.  Future studies may 

328 evaluate the composition and distribution of these elements. This is highly relevant as it helps 

329 to support avenues for the valorisation of AMD sludge enhancing circularity and closing loops 

330 in the mining industry.  

331
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