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Elemental metals for environmental remediation: lessons from hydrometallurgy
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Abstract

In the mining industry, the separation of economically valuable metals from gangue materials
is a well established process. As part of this field, hydrometallurgy uses chemical fluids
(leachates) of acidic or basic pH to dissolve the target metal(s) for subsequent concentration,
purification and recovery. The type and concentration of the leach solution is typically
controlled to allow selective dissolution of the target metal(s), and other parameters such as
oxidation potential, temperature and the presence of complexing/chelating agents. In the
remediation industry the use of elemental metals (M° for the removal of aqueous
contaminant species is also a well established process. Removal is achieved by the oxidative
corrosion of the M® and associated pH and/or redox potential change. Whilst the two
processes are directly opposed and mutually exclusive they both stem from the same
theoretical background: metal dissolution/precipitation reactions. In the mining industry, with
each prospective ore deposit physically and chemically unique, a robust series of tests are
performed at each mine site to determine optimal hydrometallurgical fluid composition and
treatment conditions (e.g. fluid temperature, flow rate) for target metal dissolution/yield. In
comparison, within the remediation industry not all such variables are typically considered. In
the present communication a comparison of the processes adopted in both industries are
presented. The consequent need for a more robust empirical framework within the
remediation industry is outlined.

Keywords: Environmental remediation, Extractive metallurgy, Intrinsic reactivity, Metal

dissolution, Zerovalent Metdl.
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1 Introduction

The primary mechanisms of contaminant removal by elemental metals (M°) are considered to
be adsorption, chemical reduction, complexation, co-precipitation, incorporation and size-
exclusion [1-6]. Chemical reduction at the M° surface has often been cited as a key
mechanism of contaminant removal. However, it should be recognised that although chemical
reduction can have a profound effect on contaminant aqueous stability (e.g. solubility,
degradation), it does not explicitly imply contaminant removal [7]. Chemically reduced
contaminants can be removed via surface mediated accumulation/precipitation, but unless
structurally entrapped/incorporated within the M° corrosion production, the pollutant specie is
always available for re-release/re-dissolution. It can therefore be stated that when determining
the mechanisms which govern the efficacy of a M° material for agueous contaminant
remediation, key focus must be applied to: (i) the mechanism of aqueous M° corrosion; and
(i) the type, concentration and distribution of corrosion products formed.

When testing M° (typically Fe’ and Zn° for environmental remediation, the influence of
several operational parameters on the materials solubility can be investigated including
solution pH, particle size, and the type and intensity groundwater flow [8-10]. A similar
approach is applied in hydrometallurgical investigations. It has been shown that metal
dissolution increases with (i) increasing stirring speed, (ii) acidic or basic pH value, and, (iii)
decreasing particle size [11]. When testing M° for remedial applications, the extent of
contaminant removal is nominaly defined by measuring the aqueous concentration of the
pollutant specie at any given time. The dissolution of the M° is generally also measured:;
however little comparative emphasis is typicaly placed on this variable [8]. With the
solubility of M® a key factor with regard to the materials performance for contaminant
removal, this seems counterintuitive. For example, at pH < 4.5 the significantly high
solubility of both Fe'' and Fe'"' dictates that minimal contaminant removal will be achieved

[12].
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The objective of the present communication is to highlight the fundamental importance of
tailoring the physica and chemicd composition of M° and mechanism of
application/deployment, for environmental applications. In order to aid discussion, the
procedures performed in the hydrometallurgy industry are comparatively examined.

2 Hydrometallurgy

Hydrometallurgy is a metallurgical process by which metals are extracted from an ore body
using chemical reagents. To optimize the extraction efficiency, the process can be operated at
a high temperature and under pressure [13]. Extracted metals are then separated to produce a
concentrate or an intermediary product [13-15]. Another common metallurgical process is
pyrometallurgy. This method, however, is typically considered as significantly more energy
intensive and less versatile than hydrometallurgy [13,14-17]. For example, Zn was produced
for over several hundred years via pyrometalurgy, however, in the 1980's, a fully
hydrometallurgical process was invented (Sherritt autoclave process) and production plants
are now in abundant operation using this technology. Pyrometallurgy will not be further
considered in this work as the focus in on processes occurring in agueous solutions (for ore
processing and metal corrosion).

2.1  Dissolving metals in hydrometallurgy

The dissolution of metals (metal leaching) from minerals can occur either through biological,
chemical or electrochemical processes. Due to its low-cost, simple application and high metal
yield, the most common method employed to date in the hydrometallurgy industry has been
the use of chemical leachates.

Leaching involves the use of aqueous solutions containing a lixiviant, the type of which
leachate selected is typically dependent on the type of target metal, however, the type and
concentration of any gangue material is generally also considered [11,18-21]. For example,
chemical reducing agents within the gangue material (iron, organics, sulphur, etc.) can

provide adsorptive sites for any redox-amenable contaminant species, such as uranium,
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decreasing the efficiency of in-situ uranium leaching [19]. In such cases, complexing agents
(such as dissolved carbonate), high temperatures and/or oxidising agents can be incorporated
into the lixiviant to significantly enhance the uranium extraction yield [19].

2.2 Lessons from hydrometallurgy

The myriad different factors to consider when assessing the metal/H,O system is an area of
research that transcends both the hydrometallurgy and remediation industries.

Similar to ore bodies, the reactivity of engineered metals depends primarily on three factors:
(i) the nature and proportion of any associated, impurity or alloying elements (or gangue
materials), (ii) the method of manufacture (or diagenesis), and (iii) the stability of the surface
oxide layer when immersed in an agueous environment. Until recently, materials have
typically been characterised for the remova extent of selected contaminants without
addressing the intrinsic reactivity which typically correlates with the metal’s tendency to
dissolve [8-10].

The importance of this issue was recently presented for Fe” [7,8]. Because Zn° is currently
investigated as an alternative to Fe’, Table 1 summarises the experimental conditions of
recent work by Salter-Blanc and Tratnyek [6] and selected references therein. Table 1
highlights that, when testing different Zn° materials for environmental remediation, mass
loadings from 25 to 250 g/L were tested under various mixing intensities and various
experimental durations. The arising question is how to compare the obtained results? The
electrochemical reactivity of Zn® for contaminant reduction is given by the standard redox
potential of the couple Zn'"/Zn® (-0.763 V), which is considered to be constant for zn°
regardless from the used particle size. However, numerous other factors must be constant in
order to successfully compare different experiments, including: (i) the M° mass loading; (ii)
the presence of any associated, impurity or alloying elements; (iii) the solution pH; (iv) the
solution temperature; (v) the particle size (surface area); and (vi) the solution stirring/agitation

Speed.
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3 The metal/H,0 system

The agueous solubility of metal ions (M™) from elemental metal (M°) at pH > 4.5 (natural
waters) is strongly influenced by physical and chemical composition of the initial surface
oxide layer [12,25,26]. Because contaminated natural waters contain target pollutants in trace
amounts, the solvent (H,0) is typically present in large stoichiometric abundance. Therefore,
the metal/H,0 system in natural waters should be regarded as the primary domain for aqueous
metal corrosion and precipitation reactions. The corrosion process may also be significantly
influenced by the presence of the contaminants and other ubiquitous water species (including
dissolved CO, and O,). It is therefore not unexpected, that pure M oxide/hydroxides are
typically the most abundant aqueous corrosion products identified [27-29].

4 Hydrometallurgy versus contaminant removal in metal/H,O systems

In the hydrometalurgy industry, numerous different physico-chemical parameters are
typically modified in order to improve the technique, including: (i) leachate composition (pH,
presence of complexing/chelating agents, etc.); (ii) leachate temperature; and (iii) subsurface
permeability. Depending on the specific chemistry of the target metal, the following
respective alterations can be applied: (i) the leachate pH is buffered to either strongly acidic or
basic and/or complexing/chelating agents are used; (ii) the leachate temperature is raised; and
(iii) secondary subsurface fracturing techniques are employed to significantly enhance the
subsurface permeability. In the present section the potential use of such processes in the
remediation industry is comparatively discussed. The influence of M° (or ore) particle
size/surface area and mixing intensity/agitation is also included for discussion.

4.1  Effect of solution pH

The agueous concentration of H* (pH = -log[H"]) is arguably the important parameter for both
the hydrometallurgy and remediation industries. Indeed, both metal solubility and metal
speciation are strongly pH dependent (Figure 1). In agueous systems, hydroxides are the most

soluble phase of metals. Fig.1 compares the solubility of Al'"', Fe", Fe"" and zn" hydroxides
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and shows that in the pH range of natural waters (pH 5.0 to 9.5), Al"' and Fe'"' hydroxides are
relatively low soluble while Fe'' and Zn'"' hydroxides are relatively soluble [30].

In the hydrometallurgy industry, the pH can be shifted to more acidic or more basic ranges to
optimize the extraction yield. For example, in-situ uranium leaching can be achieved by
carbonate solutions (pH > 6.0) or by sulphuric acidic solutions (pH < 3.0) [19]. In the
remediation industry, the solution pH must be maintained at a value which is favourable for
metal oxide precipitation (e.g. pH > 4.5 for Fe”) [7,12]. This corresponds to the pH range of
natural waters wherein the metal surface is considered bound by a ubiquitous oxide layer
[12,25,29,31]. The initial oxide layer is considered porous and non protective, with
subsequent transformations dependent on the reactivity of metal with the surrounding
environment.

4.2  The effect of temperature

In general, increasing the solution temperature significantly accelerates the dissolution rate in
both processes. In hydrometallurgy, temperatures can be discretionary elevated to optimize
the extraction yield [11]. In remediation metal/H,O systems, ambient (room) temperatures
(20.0 to 24.0 °C) are typically too high to accurately represent the subsurface environment,
which is generally between 10.0 to 15.0 °C.

4.3  The effect of subsurface permeability

In the hydrometallurgy industry the permeability of the subsurface can be significantly
improved by the use of secondary subsurface fracturing techniques, such as hydraulic,
pneumatic or explosive processes. Such processes can be employed in the remediation
industry to: (i) improve the flow rate of a contaminant plume which is passing through a
permeable reaction barrier; or (ii) to facilitate the movement of nanoscale M° into soil pores
for in-situ agueous pollutant treatment. Logistical factors such as workforce safety and the
potential for accidental agueous contaminant or nanoscale M° release into the local

groundwater systems however must be considered.
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4.4  The effect of particle size

Assuming the composition and shape of a M® material remains constant; its tendency and rate
of dissolution typically increases as particle size decreases. The specific surface area (SSA)
and the particle diameter (d) are inversely proportional (SSA = 6/rd) [32]. Therefore, surface
area exposure can be regarded as a useful indicator of: (i) the solubility of an ore body in the
hydrometallurgy industry; or (ii) the agueous reactivity and associated contaminant removal
efficacy of the M? in the remediation industry. However, this respectively assumes that: (i) the
ore body is soluble in the leachate solution; and (ii) the M° is a stronger chemical reducing
agent that the agueous contaminant specie(s). As a consequence, the intrinsic reactivity of the
M?P should be characterised prior to testing different particle sizes and surface area.

This is routinely performed in the hydrometallurgy industry, wherein numerous factors are
typically considered, including: (i) the concentration of the leaching agent, (ii) the ore surface
area, and (iii) the duration of the leaching process. However, in remediation industry such
factors are often overlooked. In addition, a single M° particle size and a single method of
application is typicaly selected for contaminant remediation, whilst in the hydrometallurgy
industry, several different application processes and lixiviant compositions are simultaneously
employed to maximise metal dissolution and recovery [15,19].

45  The effect of the stirring speed

The type and intensity of mixing operations is a strong driver for metal
dissolution/precipitation. In the hydrometallurgical industry by increasing the leachate flow-
rate greater metal dissolution is typically ensured. In the remediation industry, the method of
M?® application depends on the physical and chemical structure of the contaminated site. Care
must therefore be taken during empirical tests to use mixing devices and mixing intensity that
are relevant for the conditions of the field. In particular, the formation and transformation of a
surface oxide layer in the vicinity of the metal has a strong bearing on the reactivity of the M°.

For slow mixing speeds (e.g. < 50 min™) oxide formation is not generally physically disturbed

7
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[8]. A large number of studies have however used considerably higher mixing intensities. For
example, Pang et al. [33] used a shaking intensity of 150 min™ to keep nano-Fe® suspended,
while Hao et al. [34] used a mixer stirred at 500 min™ to ease nitrate transport to the surface
of iron filings.

In addition, it is essential to consider contaminant transport to the metal surface as diffusion-
limited and discuss the nature and stability of oxide scales under relevant conditions
[25,29,35].

5 Concluding remarks

In the present work a comparison has been presented for the testing framework implemented
within the hydrometallurgical industry for ore characterisation and acid/alkaline leaching and
testing framework implemented within the remediation industry for contaminated site
characterisation and agueous pollutant removal. By comparison the considerably more robust
empirical framework exhibited within the former industry presents a strong consequent need
for more stringent protocols within the latter. It has been outlined that with every
contaminated site chemically and physically unique there exists a strong need for empirical
tests that are site specific and environmentally relevant. Only once this has been achieved, can
a remedial material that is specific for the unique conditions of the contaminated site be
effectively selected.

Acknowledgments

Data on metal hydroxide solubility were kindly provided by A.E. Lewis (University of Cape
Town). The manuscript was improved by the insightful comments of anonymous reviewers
from Fresenius Environmental Bulletin.

References

[1] JL. Jambor, M. Raudsepp, K. Mountjoy, Mineralogy of permeable reactive barriers for

the attenuation of subsurface contaminants, Can. Miner. 43 (2005) 2117-2140.



209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

[2] A.D. Henderson, A.H. Demond, Long-term performance of zero-valent iron permeable
reactive barriers: acritical review, Environ. Eng. Sci. 24 (2007) 401-423.

[3] S.-W. Jeen, R.W. Gillham, A. Przepiora, Predictions of long-term performance of granular
iron permeable reactive barriers. Field-scale evaluation, J. Contam. Hydrol. 123 (2011)
50-64.

[4] S. Comba, A. Di Molfetta, R. Sethi, A comparison between field applications of nano-,
micro-, and millimetric zero-valent iron for the remediation of contaminated aquifers,
Water Air Soil Pollut. 215 (2011) 595-607.

[5] M. Ghegu, Hexavalent chromium reduction with zero-vaent iron (ZV1) in aquatic systems,
Water Air Soil Pollut. 222 (2011), 103-148.

[6] A.J. Sdlter-Blanc, P.G. Tratnyek, Effects of solution chemistry on the dechlorination of
1,2,3-trichloropropane by zero-vaent zinc, Environ. Sci. Technol. 45 (2011) 4073-
4079.

[7] C. Noubactep, Characterizing the discoloration of methylene blue in Fe%H,0 systems, J.
Hazard. Mater. 166 (2009) 79-87.

[8] C. Noubactep, T. Licha, T.B. Scott, M. Fall, M. Sauter, Exploring the influence of
operational parameters on the reactivity of elemental iron materials, J. Hazard. Mater.
172 (2009) 943-951.

[9] C. Noubactep, Characterizing the reactivity of metallic iron in Fe/EDTA/H,0 systems
with column experiments, Chem. Eng. J. 162 (2010) 656—661.

[10] C. Noubactep, Characterizing the reactivity of metallic iron in Fe%U"'/H,O systems by
long-term column experiments, Chem. Eng. J. 171 (2011) 393-399.

[11] A.B. Alafara, F.A. Adekola, A.J. Lawal, Investigation of chemical and microbial
leaching of iron orein sulphuric acid, J. Appl. Sci. Environ. Manage. 11 (2007) 39-44.

[12] S. Nesic, Key issues related to modelling of internal corrosion of oil and gas pipelines —

A review, Corros. Sci. 49 (2007) 4308-4338.

9



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

[13] C.A. Fleming, Hydrometallurgy of precious metals recovery, Hydrometallurgy 30 (1992)
127-162.

[14] F. Habashi, A short history of hydrometallurgy, Hydrometallurgy 79 (2005) 15-22.

[15] T. Norgate, S. Jahanshahi, Low grade ores — Smelt, leach or concentrate? Miner. Eng. 23
(2010) 65-73.

[16] C. Noubactep, A. Schoner, Metdlic iron for environmental remediation: Learning from
electrocoagulation. J. Hazard. Mater. 175 (2010) 1075-1080.

[17] C. Noubactep, Elemental metals for environmental remediation: Learning from
cementation process. J. Hazard. Mater. 181 (2010) 1170-1174.

[18] G.M. Alkhazashvili, G.M. Nesmeyanova, L.N. Kuz'mina, The effect of the iron minerals
in ores on oxidation of uranium in acid, Soviet Atomic Energy 15 (1963) 1031-1035.

[19] M.J. Lottering, L. Lorenzen, N.S. Phala, J.T. Smit, G.A.C. Schalkwyk, Mineralogy and
uranium leaching response of low grade South African ores, Miner. Eng. 21 (2008) 16—
22.

[20] H.S. Reynolds, R. Ram, F.A. Charalambous, F. Antolasic, J. Tardio, S. Bhargav,
Characterisation of a uranium ore using multiple X-ray diffraction based methods,
Miner. Eng. 23 (2010) 739-745.

[21] S. Ajuria, E.G. Joe, T.K.S. Murthy, H.D. Peterson, D.C. Seidel, A. Stergarsek, Manual
on laboratory testing for uranium ore processing. In: Technical Reports Series No. 313
(1990) International Atomic Energy Agency, Vienna.

[22] A.L. Roberts, L.A. Totten, W.A. Arnold, D.R. Burris, T.J. Campbell, Reductive
elimination of chlorinated ethylenes by zerovalent metals, Environ. Sci. Technol. 30
(1996) 2654—2659.

[23] W.A. Arnold, A.L. Roberts, Pathways of chlorinated ethylene and chlorinated acetylene

reaction with Zn(0), Environ. Sci. Technol. 32 (1998) 3017-3025.

10



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

[24] V. Sarathy, P.G. Tratnyek, A.J. Salter, J.T. Nurmi, R.L. Johnson, R. O'brien Johnson,
Degradation of 1,2,3-trichloropropane (TCP): Hydrolysis, elimination, and reduction by
iron and zinc, Environ. Sci. Technol. 44 (2010) 787—793.

[25] A.L. Pulvirenti, E.J. Bishop, M.A. Adel-Hadadi, A. Barkatt, Solubilisation of nickel from
powders at near-neutral pH and the role of oxide layers, Corros. Sci. 51 (2009) 2043—
2054.

[26] E.O. Obanijesu, V. Pareek, R. Gubner, M.O. Tade, Corrosion education as a tool for the
survival of natural gasindustry, Nafta Sci. J. 61 (2010) 541-554.

[27] P.D. Mackenzie, D.P. Horney, T.M. Sivavec, Mineral precipitation and porosity lossesin
granular iron columns, J. Hazard. Mater. 68 (1999) 1-17.

[28] JA. Mielczarski, G.M. Atenas, E. Mielczarski, Role of iron surface oxidation layersin
decomposition of azo-dye water pollutants in weak acidic solutions, Appl. Catal. B 56
(2005) 289-303.

[29a] C. Noubactep, The fundamental mechanism of agueous contaminant removal by
metallic iron, Water SA 36 (2010) 663-670.

[29b] C. Noubactep, Aqueous contaminant removal by metallic iron: Is the paradigm shifting?
Water SA 37 (2011) 419-426.

[29c] C. Noubactep, Metallic iron for water trestment: A knowledge system challenges
mainstream science. Fresenius Environ. Bull. 20 (2011) 2632—-2637.

[29d] C. Noubactep, Investigating the processes of contaminant removal in Fe”/H,0 systems.
Korean J. Chem. Eng., doi: 10.1007/s11814-011-0298-8.

[30] A.E. Lewis, Review of metal sulphide precipitation, Hydrometallurgy 104 (2010) 222—
234.

[31] S-W. Jeen, RW. Gillham, A. Przepiora, Predictions of long-term performance of
granular iron permeable reactive barriers. Field-scale evaluation, J. Contam. Hydrol.

123 (2011) 50-64.

11



286

287

288

289

290

291

292

293

294

295

296

297

[32] C. Macgé, S. Desrocher, F. Gheorghiu, A. Kane, M. Pupeza, M. Cernik, P. Kvapil, R.
Venkatakrishnan, W.-X. Zhang, Nanotechnology and groundwater remediation: A step
forward in technology understanding, Remed. J. 16 (2006) 23-33.

[33] S.-Y. Pang, J. Jiang, J. Ma, Oxidation of sulfoxides and arsenic(lll) in corrosion of
nanoscale zero valent iron by oxygen: evidence against ferryl ions (Fe(1V)) as active
intermediates in Fenton reaction, Environ. Sci. Technol. 45 (2011) 307-312.

[34] Z. Hao, X. Xu, D. Wang, Reductive denitrification of nitrate by scrap iron filings, J.
Zhejiang Univ. Sci. 6B (2005) 182-187.

[35] M. Gheju, |. Balcu, Removal of chromium from Cr(VI) polluted wastewaters by
reduction with scrap iron and subsequent precipitation of resulted cations, J. Hazard.

Mater. 196 (2011) 131-138.

12



297 Table 1: The variability of operational conditions employed for batch experiments as

298 illustrated by: specific surface area (SSA), mass loading (p) and redox conditions. The
299 experimental designs also further differ in terms of mixing devices and intensities, and
300 the type, concentration and speciation of agueous contaminant Species..
301
Mesh size SSA Density Vv Mzn p Redox Ref.
(m?g)  (gfem’)  (mL) (9) (gL)
30 0,035 - 1000 200 200 anoxic  [22]
30 0,035 - 125 5 40 anoxic [23]
-10/50 0,023 - 120 3,0 25 anoxic  [24]
30 0,038 - 120 30 25 anoxic [24]
<325 0,350 - 120 3,0 25 anoxic  [24]
<325 0,620 2,60 80 20 250 anoxic  [6]
20/60 0,016 2,34 80 20 250 anoxic  [6]
200/ 325 0,160 3,27 80 20 250 anoxic  [6]
302
303
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Figure 1: The pH dependence of metal hydroxide solubility for Al(OH)3, Fe(OH),, Fe(OH)3
and Zn(OH)- [30]. It can be observed that if Zn° is used for environmental remediation, care
must be taken to control Zn'" species concentration in the effluent. For Fe®, Fe'' species are
rendered insoluble by oxidation to Fe'"' species. At neutral pH values, the solubility of Al'"

and Fe"' speciesislessthan 107 M.
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