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Abstract

:

Currently, the development of new sustainable technologies to recover raw materials from secondary resources has shown a lack of available data on the processes and supplies involved, as well as their environmental impacts. The present research has conducted a life cycle assessment of electrodialytic (ED) technologies to improve critical raw materials recovery in the Portuguese mining industry. To critically appraise the activities from the mining sector and gather data on technical and environmental issues, three waste management scenarios were considered: (1) ED treatment with a deep eutectic solvent as an adjuvant; (2) ED treatment with simultaneous H2 recovery; and (3) ED treatment with sodium chloride as an enhancement. The data presented were based on global databases, technical reports from official sources, and peer-reviewed published experimental outcomes. The estimated results indicated that one of the constraints in applying ED technologies is energy consumption and thus the impacts are highly dependent on energy source choices. On the other hand, as a consequence of the H2 inherently produced by ED technologies, there is a direct potential for energy recovery. Therefore, considering an upscale approach of the ED reactor based on bench scale experimental results, the H2 could be reused in the ED facility or stored. Additionally, according to experimental data, 22% of the tungsten from the fine mine tailings could be recovered. Finally, the possibility to remove 63% of arsenic from mine tailings could decrease contamination risks while creating additional marketable co-products.
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1. Introduction


The European Union 2030 climate action targets aim to reduce 55% of the greenhouse gases emissions compared to the values in 1990 [1] and increase the total renewable energy share in energy consumption by up to 32% by 2030 [2]. Moreover, the Sustainable Development Goals include targets for water and energy consumption, waste and biodiversity management, and adaptation of mining operations to climate changing conditions [3].



The European Commission has recently launched the fourth critical raw materials list, where tungsten (W) continues, together with other 29 elements, to be included as a material of high risk of scarcity and economic relevance [4]. Strategies for sustainable reprocessing of mine tailings should be applied to extract valuable raw materials before their disposal or further reuse options.



Tungsten is a valuable transition metal that can be extracted from tungstate minerals [5], such as scheelite (CaWO4) [6] and wolframite ((Fe,Mn)WO4) [7]. Tungsten is applied to produce hard metal and metal carbide powder that can be further treated by powder metallurgical methods for hard metal tools production [8]. If Europe could take full advantage of its own resources, the dependency on other countries to produce hard metal tools could be overcome.



Panasqueira is an underground mine located in Portugal, on the southern edge of the Estrela mountain near the Zezere river, which has operated for more than 130 years. The Panasqueira ores are composed of a series of subhorizontal, stacked, and hydrothermal quartz veins, promoting the mineralization of wolfram-bearing schists and shales. The mineralized area at the Panasqueira mine is 400–2200 m wide, 2500 m long and 500 m deep. During the mining process two types of mine waste are generated: coarse aggregates derived from rock blasting and fine tailings conveyed into dams, both of which have accumulated for more than 100 years [9].



Storage and/or deposition of mine tailings constitute the main threat to the surrounding environment of Panasqueira, particularly via water contamination due to their physical, chemical and mineralogical characteristics and to the volume/ area occupied by them. These residues, namely, the most ancient, may leach harmful elements from storage sites, designated by acid mine drainage [10]. These residues are more exposed to oxygen and water, increasing the chance of acids being formed due to sulfide minerals (e.g., pyrite). Other problems that may arise are related to high levels of cyanide and nitrogen compounds in waters at mine sites from heap leaching and blasting. Particulate matter can be released by the wind from mining activities, such as excavations, blasting, transportation of materials and wind erosion. Moreover, exhaust emissions of the vehicles from mining sites increase the levels of particulates [11]. To prevent and control the pollution from several streams, the Panasqueira mine has an environmental license that complies with limits and conditions for the management of the environmental pressures [12].



The current decrease in ore grade has prompted the assessment of existing resources, energy needs and environmental impacts of mine tailings in a life cycle overview, concerning a circular economy perspective. These approaches play not only an important role in supporting cleaner production, resource management and decision-making in the mining industry, but also in identifying new business opportunities. The current demand and metal prices have leveraged the interest in secondary mining resources for critical raw materials, where the recycling of W has lower-energy negative impacts (<6000 kWht−1) compared to virgin production (10,000 kWht−1), depending on the grade and cut-off [13].



The impacts from the processing of raw materials should be considered during the selection of the Best Available Techniques (BATs), which are the up to date technologies for preventing and minimizing emissions and impacts on the environment [14]. Generally, the BATs promote the improvement of the output and energy efficiency of the raw material production process through replacement of the old equipment with new apparatus, which is less energy consuming [15].



One feasible method to alleviate the impacts of rejected fractions from mining activities is the electrodialytic (ED) process, which consists of the application of a direct low-level current density (mA/cm2) between pairs of electrodes, to remove substances from different environmental substrates. In the ED treatment of mine tailings, anion (AEM) and cation exchange membranes (CEMs) were used to separate the matrix from the electrodes’ compartments [16]. This aimed at controlling the pH conditions of the electrolyte and the matrix, improving the selectivity of the removal of contaminants [17]. The membrane surface attracts dissolved ions with the opposite charge (counter-ions) from the pore water of membranes. Thus, the counter-ions are transported through the membrane due to the electrical current while co-ions, that have the same charge of the membrane, are rejected [17].



Research has been performed to assess the feasibility of applying the ED treatment to W mine tailings to (1) recover W contents and other elements of interest [16], (2) remove harmful compounds [18], (3) to recover H2 that is inherently produced during the treatment [19,20], and (4) to provide a suitable matrix for further reuse in the construction sector as a supplementary cementitious material [21]. Furthermore, the ED process has demonstrated potential to extract W present in fine tailings (approximately 22%) in the presence of biodegradable acid adjuvants—natural deep eutectic solvents (DES) [18].



Life cycle assessment (LCA) is an analysis technique applied to assess potential environmental impacts of a product/service from, e.g., raw material acquisition to waste disposal. LCA provides an estimation of cumulative impacts under environmental categories such as global warming, ozone layer depletion, soil and water acidification, eutrophication, and abiotic depletion of non-fossil and fossil resources [22]. According to ISO 14040 [23] and ISO 14044+A1 [24], the LCA process is systematic and divided into four phases: (1) goal and scope definition; (2) inventory analysis; (3) impact assessment; and (4) interpretation [25]. LCA requires a detailed inventory analysis to ensure a representative assessment of all the inputs and outputs of mass and energy across the whole phases of the product life cycle, designated by life cycle inventory (LCI) [26].



The upgrades on technical processes should, therefore, consider the environmental, social, and economic consequences of managing mine tailings throughout the value chain. For instance, orebody characterization, mine planning, processing, disposal, reprocessing, recycling, and reuse should be integrated. From an economic point of view, decreasing mine tailings is a top priority, followed by reuse, recycling, recovery treatment and disposal. Circular business models supported by public policies could have strategic importance, where economic benefits/incentives could be essential to optimize the recycling management system while increasing recycling rates [27].



The trade-off between raw material extraction from secondary mining resources and the environmental harmfulness of mine tailings after the ED process, as well as the need to critically understand the information that LCA studies can offer, were the base of the present work. Thus, this research shows the potential environmental impacts that should be considered in an LCA when the ED technology is applied to Panasqueira fine tailings. In addition, an upscale hypothetical approach of the ED reactor, based on laboratory experimental results, was developed. The impacts estimated and determined in several scopes are presented in terms of mine tailing management scenarios (direct disposal vs. ED remediation prior to discharge/further reuse options). In this context, three different operational ED conditions were considered: (1) ED treatment with a deep eutectic solvent as an adjuvant; (2) ED treatment with simultaneous H2 recovery; and (3) ED treatment with sodium chloride as an enhancement.




2. Materials and Methods


2.1. Case Description and Production System


The Panasqueira mine, located in the Centro region of Portugal (Figure 1) and described as the largest Sn–W deposit in Western Europe, has changed its layout over the years due to the W market downturns. In this way, the optimization of mechanical processes and the exploration of alternative ores were considered. The Panasqueira mine process is summarized in Figure 2. The mine has a production plan extending to 30 years in the future [9].



Wolframite, cassiterite and chalcopyrite are the minerals extracted and used to produce W, copper (Cu) and tin (Sn) concentrates, respectively. The extraction process consists of a room and pillar method, considering geo-mechanical and geological properties of the rock mass. The first stage for the production of W is crushing and milling of the ore, promoting the release of the W mineral from the material. Then, a heavy media separation (HMS) between fine and coarse fractions is performed. This stage promotes the removal of 80% of the ore that does not contain W. Then, the W preconcentrated fraction is subjected to a conventional gravity concentration technique, followed by magnetic flotation in the presence of sulfide and dry magnetic separation [29]. The process is mostly gravitational due to the relative density of the concentrated products in relation to the sterile material [30].



Additionally, there is a wastewater treatment facility, the Mine Water Treatment Station (MWTS), located in Salgueira. The MWTS was projected to treat a maximum of 500 m3/h, where the wastewater comes from the mine, wash activities and heaps [30].




2.2. System Boundaries and LCA Road Map


Figure 3 shows the steps considered for the present LCA study. The analysis starts on the exploration of the ore for the W concentrate production. Then, for the rejected fraction of the mining process, three waste management scenarios were considered: (1) ED treatment with DES as an adjuvant; (2) ED treatment with simultaneous H2 recovery; and (3) ED treatment with sodium chloride (NaCl) as an enhancement. Based on the analysis of the ED scenarios, an ED upscaling study was carried out that also coupled financial projections.




2.3. Data Collection


The data used to build the LCA were selected from three main sources: Ecoinvent database version 3.7.1, technical reports published from the European Commission and results from laboratory works published in international scientific journals (Table 1).




2.4. Mine Tailings Characterization


Considering the Panasqueira mine plant (Figure 2), the processing of 1000 kg of ore (from excavation activities) was considered as the functional unit for the LCA study. Table 2 presents estimations regarding W concentrate production and mine tailings generation from the processing of 1000 kg of ore. The calculations were based on scientific data available on Panasqueira resource compositions, as referenced in Table 2.



Thus, concerning Table 2, from the processing of 1000 kg of ore, only 2.3 kg of W concentrate is produced, with grades of 75% of WO3. This means that around 997 kg of fine tailings are generated from the processing of 1000 kg of ore. From the mine tailings it is possible to recover 0.8 kg of W/t of ore. The W price (25,500 EUR/t) makes the W recovery attractive from an economic perspective.




2.5. Water and Air Emissions and Resources Consumed


The processing of 1000 kg of ore was selected as the functional unit for the LCA. Water and air emissions during W concentrate production were determined based on Ecoinvent database [31]. In the Ecoinvent platform, the information is presented considering 1 t of W concentrate production. Thus, an extrapolation based on the W concentrate production at the Panasqueira mine was used to estimate its environmental impacts.



The resources consumed and generated during the production of tungsten concentrate at the Panasqueira mine were determined, considering the amount of fine tailings that results from the processing of 1000 kg of ore. In this sense, the amount produced from fine tailings generation was determined by subtracting the initial fraction (1000 kg ore) of the quantities of W, Cu and Sn concentrates produced. The W contents in mine tailings per functional unit were determined based on the concentrate grade of W trioxide (WO3) produced in the plant—75% [29].



The plant also produces Cu and Sn concentrates. However, the amounts of Cu and Sn were only considered to estimate the fine tailings generation, and production impacts were not considered for this study.




2.6. Energy Consumption and CO2 Release


To estimate the energy consumed by the ED system, Equation (1) was applied:


  E    (  k W h  )  =    V i  × A × t   1000      



(1)




where Vi is the average voltage (Volts) in time i, A is the current intensity (Amperes) and t is the duration (hours) of the experiment. To convert the energy consumed into the quantity of CO2 released for the environment, a conversion factor of 0.23314 kg CO2 per kWh was considered [36].





3. Results and Discussion


3.1. Tungsten Concentrate Production at the Panasqueira Mine: Environmental Impacts


3.1.1. Energy Consumption


During the W concentrate production at the mining site, there are several high energy consuming phases. The overview presented in Figure 4 is based on data from technical reports. Herein, an average of the energy consumption of each processing step per ton of processed ore during the W production is shown.



The high energy consuming stages are materials handling (more than 14 kWh/t ore) and grinding (14 kWh/t ore). On the other hand, crushing, dewatering and drilling activities present lower energy consumptions (below 1 kWh/t ore). In addition, the environmental categories which are more affected by those processing steps are global warming potential (12.6 kg CO2 eq/t ore), cumulative energy demand (133 MJ eq/kg), terrestrial acidification (0.29 kg SO2 eq/t ore) and human toxicity (3.4 × 10−5 CTUh/t ore) [37].




3.1.2. Air and Water Emissions


During the processing of 1000 kg of ore, air and water emissions are generated, causing the main environmental pressures. Table 3 presents the emissions that were determined for Panasqueira mine processing based on Ecoinvent data from W concentrate production impacts.



Carbon dioxide is the major substance released to air (0.35 kg/t ore) and as observed in Figure 4, the materials handling and grinding are the main operations contributing to its release, in addition to the emission of particles. Regarding water load emissions per ton of ore, the chemical parameters that have higher impacts on aquatic systems are chemical oxygen demand (COD) (4.15 × 10−3 kg), biochemical oxygen demand (BOD5) (2.08 × 10−3 kg) and total organic carbon (TOC) (1.54 × 10−3 kg).



COD is generally used to indirectly determine the amount of organic compounds in aquatic systems and is useful as an indicator of the degree of organic pollution in surface waters [38]. The COD is the most affected parameter by mining activities (4.15 × 10−3 kg/t ore), indicating that not all forms of organic matter (biodegradable and nonbiodegradable) are available.



The BOD5 presents the second highest impacts (2.08 × 10−3 kg/t ore), meaning a decrease in the amount of oxygen consumed, by aerobic biological organisms, to decompose the organic matter in 5 days. An excessive microbial activity causes a reduction in the quantity of oxygen in the water, which may foment the growth of anaerobic organisms and decay the development of other existing communities [39].



The dissolved organic carbon (DOC), which is a potential source of carbon and energy for ecosystem metabolism, plays a central role in many limnological processes, since it is largely derived from terrestrial vegetation, deposited from lake catchments either by streams or by overland flow [40]. The mining impacts in terms of DOC are less pronounced (1.54 × 10−3 kg/t ore), although changes in DOC cycling can result in air–water exchange of CO2 alterations [41].



Mining processes demonstrated the lowest impacts on the total organic carbon (TOC) (1.54 × 10−3 kg/t ore), mainly in the form of DOC. The TOC measures the amount of carbon found in an organic compound. A high organic content means a higher oxygen consumption and, consequently, an increase in the growth of microorganisms that deplete oxygen supplies [42].



The chemical water contamination is reflected in composition changes, while physical contamination results from the presence of fine material, affecting both surface water and aquifers. In the case of metallic ores, chemical contamination can be relevant due to the oxidation of pyrite producing sulfides that may leach heavy metals. In addition, yellowish to red Fe(OH)3 precipitates are formed when acidic water meets neutral water in river basins. These precipitates affect the growth of aquatic plants [30]. Physical contamination by fines occurs when there is a discharge of treatment effluents in water courses. Contamination by suspended solids seriously affects fish communities [30]. In the case of the Panasqueira mine, the Zezere river is the main concern of water pollution.



Mining at levels below the water table will subsequently promote risks of evaporation of aquifers, water degradation by eutrophication and chemical contamination [43]. Acid mining drainage is characterized by a pH below 5 and is related to the sulfides (S2− and S22−), sulfur (S) or thiosulfate (S2O32−) being in contact with water and the atmospheric oxygen (oxidizing conditions). Acid water results from the oxidation of pyrite (FeS2), usually catalyzed by bacteria. Other sulfides such as blends (ZnS), galena (PbS), chalcopyrite (CuFeS2), pyrrhotite (Fe7S8) and arsenopyrite (FeAsS) can contribute to acidifying water resources. Generally, acidic effluents present high concentrations of Fe, manganese (Mn) and aluminum (Al) [30].



To decrease water resources contamination in the area, the Panasqueira mine has an in-house Mine Water Treatment Station (MWTS). The wastewater comes from the surface through infiltration and from the production process, since a significant amount of water is used during drilling and irrigation of the work fronts. The wastewater treatment facility has a volume capacity of 7000 m3. The outlet and the receiving tank were designed to convert relatively soluble ions, such as Fe2+ and Mn2+, into the respective less soluble oxidized forms (Fe3+ and Mn4+). The treatment plant is composed of four tanks with mechanical agitation in which the addition of flocculant and lime is carried out. Lime is added to increase the pH of acidic water and prevent a possible drop in pH when ions such as Fe3+ and Mn4+ precipitate in the form of hydroxides. The solid hydroxides formed and in suspension are deposited at the bottom of the tank, being pumped into the mud dam [30].





3.2. Mine Tailings Management


3.2.1. Electrodialytic Scenarios


Following the assessment of air and water emissions during W concentrate production, the environmental pressures of mine tailings were studied in particular in terms of ED process efficiency for elements extraction and recovery, energy consumption and CO2 emissions. This assessment was based on experimental data from previous works. In fact, the major impacts from waste disposal at mine sites can be divided into two categories [37]:



(1) the loss of productive land following its conversion to a waste storage area;



(2) the introduction of sediment, acidity, and other contaminates into surrounding surface water and groundwater from water running over exposed problematic or chemically reactive wastes, and the consequent soil contamination.



In this sense, alternative ways to direct disposal of mine tailings are desired. Table 4 presents three different scenarios where the ED technology was studied as an alternative to direct disposal. The systems defined have diverse extraction ratios of elements and other features, being important to compare the ED scenarios in terms of achievements and environmental impacts.



Scenario 1 involves the use of a DES in the sample compartment during the ED treatment. DES present advantages in terms of yield, costs and toxicity when compared to conventional ionic liquids [44], which are composed of strong acids and bases [45]. In this way, a two-compartment reactor was operated for 4 days at 0.05 A. The electrolyte and sample sections were separated by an anion exchange membrane [18]. The main outcome of this reactor configuration was the quantity of W extracted from the matrix. The use of choline chloride/oxalic acid (1:1) promoted a higher solubilization of the W and, together with the current applied, a synergetic effect on the recovery of this critical element was observed.



Scenario 2 includes a three-compartment ED reactor and the simultaneous collection of self-produced H2 in an eco-friendlier manner. This configuration presented the lower W recovery, where only 7.5% of W was extracted. However, it should be noted that this system operated only for 1 hour at 0.1 A. Applying this current intensity was possible to access the production of H2, an energy carrier, with 74% H2 purity. Electrokinetics have been coupled with electrodialytic technology for H2 production during the removal of pollutants [20], where the energy requirements for this system are considerably smaller owing to the higher conductivity of the matrix [46]. Additionally, regarding the As removal, a better performance was achieved (48%) in comparison with scenario 1 (16%). Considering the functional unit defined for this study, hypothetically, this system could avoid 1.8 kg of As contamination (Table 4).



Finally, in scenario 3, a three-compartment ED reactor was tested at 0.1 A for 5 days using NaCl to improve the current passage [19]. The main achievement of this system was a 63% As removal from a total of 3.7 kg As/t ore (Table 2), meaning less than 2.4 kg of As contamination per t of ore (Table 4).



Regarding different market segments and environmental concerns, the scenarios considered may show different potentials. In this way, the trade-off for the three scenarios was studied to understand the impacts on resources consumption and its economic feasibility. Table 5 presents an energy assessment for the three bench scale ED treatment scenarios. These tests were performed to treat 39 [18] and 22 g [16,20] of fine tailings in a two- and/or three-compartment ED reactor, respectively. The energy was determined according to Equation (1).



The highest energy consumption occurred in scenario 3, where a three-compartment reactor and NaCl were used. An average of 5.0 × 10−3 kWh was consumed, with a release of 1.2 g CO2. In fact, this system was operated at a higher current intensity (0.1 A) and thus, it was expected to have a higher energy consumption, and consequently, higher amount of CO2 release. However, the addition of NaCl promoted the control of the power consumption once it led to an increase in media conductivity and therefore lower resistance [47].



On the other hand, scenario 1, performed with natural extractants (DES), demonstrated a decrease in the energy consumption of more than 80%. In this set-up, a current intensity of 0.05 A was applied, which was the main contributor to the energy consumption decrease (1.0 × 10−3 kWh) when compared to the other two scenarios. This means approximately 0.9 g of CO2 emissions to the environment. In fact, this scenario presented the lowest energy consumption per mass of elements extracted (6.0 × 10−3 kWh/g W and 2.5 E × 10−5 kWh/g As).



Scenario 2, which includes H2 recovery, demonstrated an intermediate energy consumption. In scenario 2, as in scenario 3, a current intensity of 0.1 A was applied. However, due to the use of a totally sealed reactor (to ensure no leakage of gases), a decrease in the voltage occurred and thus a decrease in the resistivity inside the reactor was observed. Based on Ohm’s law, if the current intensity is constant, the voltage and the resistivity (or conductivity) are strongly related. The decrease in the ED cell voltage is linked to a conductivity increase in the electrodes’ compartments [20].



This may explain the lower energy consumed (3.0 × 10−3 kWh) compared to scenario 3 (ED with NaCl). Additionally, the possibility to recover the self-hydrogen produced by the ED treatment and reuse to feed the reactor in terms of energetic requirements could provide energy savings of up to 50% [32].



Regarding the water needs for sample suspensions and electrolyte preparation with sodium nitrate (NaNO3), ED configurations that have three compartments require 700 mL (32 times the sample weight) and the two-compartment systems require 600 mL (15 times the sample weight). However, the reuse of secondary water resources during the ED treatment (e.g., secondary effluent) have shown promising results [16] that may contribute to alleviate tap water needs.



Summing up, the laboratory experiments could follow structural designs, such as a central factorial design. However, it is pivotal to properly assess the industrial interest. In a scale-up perspective, the experiments should be carried out sequentially, followed by a process analysis and economic evaluation. Even in the first steps of the research, which can affect the experimental domain of interest, the quality of the information provided could be improved and be key factor for a pilot unit.




3.2.2. Electrodialytic Treatment Upscale Prospection


In order to increase the understanding of the scenarios studied, a perspective of a full scalable ED reactor model to support commercial roll-out was carried out. The implementation of the theoretical ED pilot reactor would result in a full running removal and recovery of the target compounds from the fine mine tailings, hypothetically aiming zero liquid or solid discharges. A full closed-loop of residues would change the perspective of mine tailings, which would become a valuable resource instead of a costly waste stream.



The ED plant, which can be either vertical or horizontal, is presented in Figure 5, showing a simplified flow sheet of a loop reactor. It is important to point out that the design of the reactor does not need to be similar to the laboratory scheme. However, it has to be designed to achieve the best data, both in terms of fluid dynamics and transport properties. In Figure 5, the design of the reactor is used as an example of the concept, and merges the best parts of both scenarios 1 and 2:




	(1)

	
two-compartment reactor design, which is easier to operate;




	(2)

	
DES as enhancements, alleviating the consumption of strong acids and bases while incrementing the W recovery;




	(3)

	
cation-exchange membrane, which allows H2 recovery for depreciation of implementation and maintenance costs, as well as flexibility in different market segments.









A balance between the ED treatment plant and downstream units needs to be ensured in order to decrease environmental pressures from the disposal of mine tailings. The final product (after the ED treatment) needs to have such a quality that consecutive ED phases will work optimally at minimal operational costs. Since the Panasqueira mine has available land, the installation of solar panels in the south direction with 144 cells at 400 W (2025 × 996 × 40 cm) [48] will promote the use of renewable energy and overcome the environmental pressures and costs regarding ED technology. The use of solar panels decreases the investment cost by avoiding the use of batteries, solar inverters, and power supplies and the maintenance cost since there is no battery waste to manage [49].



Additionally, the scaled-up reactor was dimensioned addressing issues related to a seamless operation with minimal needs for cleaning. The material selected for the reactor was polyethylene due to its chemical and impact resistance, electrical properties and low coefficient of friction. In addition, polyethylene is lightweight, easily processed and offers near-zero moisture absorption [50]. The reactor was dimensioned to treat 10 m3 per day (8 h running time, based on average labor schedules in Portugal) in five conjugate sequential units. The capacity of each block is 2 m3, as reported by other pilot studies [51]. These dimensions promote the treatment of the volume of mine tailings produced per day (0.4 m3), considering: (1) mud’s density of 3031 kg/m3 [52]; (2) 997 kg volume of mine tailings; (3) water needs both for the electrolyte (NaNO3 0.01 M) and sample suspensions. The ED facility was projected to be fully distributed by individual blocks. Each section includes pumps (when gravity transport is not possible), membranes, and sample and electrolyte compartments. Additionally, it includes reservoirs for ED treated and nontreated mine tailings (before the ED process), water, electrolyte and H2, to either reuse or storage. This simplifies the maintenance of the reactor and, consequently, reduces the problems during the treatment.



Scaling in ED occurs due to inorganic species, e.g., PO43−, NH4+, Mg2+, Ca2+ and CO32−, forming low-solubility minerals. The more effective the process is at removing these elements, the less scale will be formed and therefore the maintenance costs for the ED unit will be lower [53].



A constraint of the ED facility is the goal of achieving total reuse of water, since there is a need to treat and/or crystallize the salt from the brine stream (NaNO3) and the effluent suspension produced. There are several technological options for waste brine crystallization. The projection of the ED facility intends to concentrate and crystallize the salts in the brine solution. Crystallization plays an important role in many industries where water recycling is implemented. If it is not possible to perform the purification of brine solutions, the Panasqueira MWTS (capacity = 500 m3/h) [30] could also include the treatment of both brine solution and effluent suspension. In addition, treated water resources from the Panasqueira MWTS could be used to prepare the mine tailings suspensions, aiming for circularity of by-products. This step would promote savings in water consumption by the generation of suitable mixtures to reuse in the ED system.



Moreover, the proposed ED unit combines a reservoir for the collection of the self-produced H2, increasing the value proposition of the ED pilot. Lead-acid batteries are the most useable storage systems, as well as rechargeable batteries, supercapacitors, and redox flow batteries. The most promising systems for renewable energy storage are the lithium-ion batteries and redox flow batteries [49]. Coupling a unit for H2 recovery at the mine can direct the site towards a clean energy transition [54]. In fact, the implementation of H2 as a flexible energy carrier in future energy systems is a top priority in the new EU Green Deal. The smart integration across sectors is encouraged and promotes investments on cutting-edge research and innovation for clean energies [1]. Together with W recovery and As removal, the H2 transfer to be used in the mine ED facility could have socio-economic impacts both on recovery of raw materials and clean energy transition, since it addresses applicable solutions to industries. This stimulates the fostering of synergies in industrial sectors, the creation of new services and the transition and adaptation to eco-innovated systems. The ED treated fine tailings can be further used in construction materials with compatible applications with conventional concrete and fired brick masonry walls [21]. On the other hand, the As can be used in purification processes of zinc leach solutions [55], and residues containing As could be recovered by glass industries, since arsenates can be turned into silicoarsenates during vitrification [56].



Further roll-out may be hampered by the lack on financial commitment to implementation in a declining industry, where investments in utilities are not seen as strategic to the core business. However, low investment solutions with limited capital expenditures (CAPEX) and operating expenditures (OPEX) costs are required. Table 6 presents the financial projections of the ED plant for the initial investment, as well as the first and the fifth years of ED operation.



It should be noted that Table 6 shows a simplified economic approach of the ED concept, considering only its physical implementation. Through this assessment it is possible to understand the impact of these figures on the broad uptake potential in the mine industry. This section does not cover the fully CAPEX or OPEX estimating procedures. Nevertheless, it provides concepts that can be used in the project evaluation to help the understanding of its application in a full implementation mode. Moreover, Table 6 also details the costs of the components needed for the ED facility. The materials for the ED plant construction (e.g., electrodes, membranes, pumps, tubes) and the reagents needed for the electrolyte and sample suspensions (NaNO3 and DES) are the main contributors of the costs reported in the first- and fifth-year projections. Together with the costs for the manufacturing, and, therefore, the total investment in the first year, a set of other expenses to guarantee the success of the ED process during its lifetime is also foreseen. The total investment before developing the ED facility in a full run mode is approximately 51,000 euros, increasing from around 1 to 7 millions of euros in the first and fifth years, mainly due to NaNO3 and DES consumption.



The investments can be considered high, although further optimization of the processes and research could decrease the values presented. Additionally, the up-scaling theoretical approach should be further optimized, based on a pilot study, to decrease inputs related to energy and resources in a more positive way. This strategy may promote minimization of the negative pressures in the environment and the adaptation of industrial sectors to eco-innovative markets. In particular, the ED plant presented could leverage new market possibilities, the requalification of mining areas after close and the development of new technologies with regard to achieving the Sustainable Development Goals [3].






4. Conclusions


Mining industries have been stimulated to operate in a more sustainable way, reducing their environmental burdens and improving resource management. In this way, eco-efficient processes and alternative scenarios to direct waste disposal of rejected fractions are desired.



This research work evaluated the impacts on the environment that may come from mining processes and three potential scenarios that involve the ED treatment of fine tailings from the Panasqueira mine.



Regarding the impacts of mining processes, materials handling and grinding presented the highest energy consumption and, consequently, CO2 release (0.35 kg/functional unit). A carbon footprint of 12.6 kg CO2 eq/t ore is associated with mining activities. On the other hand, the chemical parameters that have the highest impacts on aquatic systems are COD (4.15 × 10−3 kg), BOD5 (2.08 × 10−3 kg) and TOC (1.54 × 10−3 kg).



The analysis of previous ED data at the bench scale was a key factor to estimate the potential environmental burdens involved in an ED plant conception. In particular, energy consumption is a major concern at an industrial scale. Herein, the ED technology could have a central role in the recovery of metals below 45 microns, a main challenge for the mine. In addition, the mine has a project spanning more than 30 years, which means that new market segments could be explored to keep the development and the requalification of the Panasqueira area after its closure. In this context, aligned with the removal of As contents, the recovery of W and H2 seems to be attractive for the development of the Centro region of Portugal, considering a circular economy perspective, both in terms of raw materials recovery and sustainable energy production. These aspects might decrease the risk associated with mining activities and leverage new business opportunities in the mining sector in the upcoming years.



Thus, concerning the three scenarios studied, different advantages were pointed out. Scenario 1, which involves the use of DES, exhibited a better performance in terms of the quantity of W extracted from the matrix (22%). Scenario 2 considers self-produced H2 recovery during the ED treatment with 74% H2 purity. Scenario 3 presents an approach with conventional reagents and the main achievement of this system was the As removal (63%).



Based on the best features of the scenarios analyzed, a sequential theoretical ED facility was presented. The dimensioning of the reactor was based on the quantity of mine tailings that need to be treated and laboratory data. An investment of approximately 51,000 euros was estimated, increasing from 1 to 7 millions euros in the first and fifth years due to maintenance and operational costs. Nevertheless, the upscaling effect may reduce the inputs—namely, those regarding operational costs and energy consumption. In future works, a pilot study of the ED treatment should be performed to assess the scaling-up influence on technical aspects and to determine the economy of scale’s percentage.



This study provides new insights for the life cycle of mine tailings and a basis for environmental decision-support in the application and roll-out of ED technologies.
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Figure 1. The Panasqueira mine geografic location—Covilhã, Portugal, 40°10′11.0604″ N, 7°45′23.8752″ W (source: Google maps). 
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Figure 2. The Panasqueira mine process and scenarios considered for the management of mine tailings generated (based on [28]). HMS—Heavy media separation. 
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Figure 3. Flowchart of the life cycle analysis performed for the production of W concentrate and the electrodialytic treatment of mine tailings. 
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Figure 4. Energy consumption of mining processing activities (adapted from [37]). 
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Figure 5. Theoretical electrodialytic plant facility based on bench scale experiments. 
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Table 1. Main sources used for the Life cycle assessment (LCA) data collection.
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	Source
	Topic
	Documents Consulted





	Ecoinvent version 3.7.1
	Tungsten

concentrate production
	- Tungsten mine operation and beneficiation [31]



	European Commission technical reports
	Mining industry operation
	- Integrated Pollution Prevention and Control (IPPC) reference document on best available techniques in the nonferrous metals industries [8]



	Research works published in international scientific journals
	Electrodialytic process
	- Exploring hydrogen production for self-energy generation in electroremediation: A proof of concept [20]

- Electrodialytic hydrogen production and critical raw materials recovery from secondary resources [19]

- Hydrogen recovery in electrodialytic-based technologies applied to environmental contaminated matrices [32]

- Electrodialytic removal of tungsten and arsenic from secondary mine resources—deep eutectic solvent enhancement [18]
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Table 2. Resources consumed and generated during the production of tungsten concentrate at the Panasqueira mine.
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	Item
	Value per Functional Unit
	Units
	References





	Panasqueira mine resources–ore
	1000 (functional unit)
	kg
	-



	W content in Panasqueira mine

resources
	3.0
	kg/t ore
	0.3% WO3 [33]



	W concentrate after the concentration process
	2.3
	kg/t ore
	75% WO3 [29]



	Mine tailings generation
	997.4
	kg/t ore
	-



	W in mine tailings
	0.8
	kg/t ore
	[29,33]



	As in mine tailings
	3.7
	kg/t ore
	[16]



	W price
	25,500
	EUR/t
	[34]



	H2 price
	2.7–6.5
	EUR/kg
	[35]










[image: Table] 





Table 3. Emissions to the environment during the tungsten concentrate production (determined based on Ecoinvent data for tungsten concentrate production [31]).
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	Emissions
	Value per Functional Unit
	Units





	Air
	
	



	Carbon dioxide, nonfossil
	0.35
	kg/t ore



	Carbon disulfide
	7.74 × 10−6
	kg/t ore



	Particulates < 2.5 µm
	0.01
	kg/t ore



	Particulates > 10 µm
	0.13
	kg/t ore



	Particulates > 2.5 µm and < 10 µm
	0.11
	kg/t ore



	Water
	
	



	Aluminum
	9.26 × 10−6
	kg/t ore



	Biological oxygen demand (BOD5)
	2.08 × 10−3
	kg/t ore



	Chemical oxygen demand (COD)
	4.15 × 10−3
	kg/t ore



	Dissolved organic carbon (DOC)
	1.54 × 10−3
	kg/t ore



	Hydrocarbons
	1.29 × 10−5
	kg/t ore



	Iron
	3.66 × 10−5
	kg/t ore



	Nitrite
	1.29 × 10−5
	kg/t ore



	Phosphorus
	1.29 × 10−5
	kg/t ore



	Total organic carbon (TOC)
	1.54 × 10−3
	kg/t ore



	Tungsten
	1.29 × 10−5
	kg/t ore



	Water
	0.26
	m3/t ore
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Table 4. Data from the electrodialytic treatment of mine tailings.
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Extraction

(%/kg t ore)

	




	
Scenario

	
ED Scheme

	
Duration (h)

	
Current Intensity (A)

	
W

	
As

	
H2 Purity/

Recovery (%)






	
1. ED treatment with DES 1

	
 [image: Sustainability 13 03915 i001]

	
96

	
0.05

	
22/0.2

	
16/0.6

	
n.a.




	
2. ED treatment with H2 recovery 2
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1

	
0.1

	
7.5/0.06

	
48/1.8

	
74/50




	
3. ED treatment with NaCl 3
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120

	
0.1

	
13/0.1

	
63/2.4

	
n.a.








1 According to [18]; 2 according to [20,32]; 3 according to [19]; AEM—Anion Exchange Membrane; CEM—Cation Exchange Membrane; DES—Deep Eutectic Solvent; Electrolyte (NaNO3 0.01 M); NaCl—sodium chloride; n.a.—not applicable.
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Table 5. Estimation of the energy consumed and CO2 released during the electrodialytic laboratory treatment of mine tailings.
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Scenario 1. ED Treatment with DES




	
Measure

	
Voltage (V)

	
Current intensity (A)

	
Energy consumed (kWh)

	
kWh/g W extracted

	
kWh/g As extracted

	
g CO2




	
Day 0

	
32.30

	
0.05

	
2.0 × 10−3

	
1.0 × 10−2

	
4.2 × 10−5

	
0.38




	
Day 1

	
13.20

	
1.0 × 10−3

	
5.0 × 10−3

	
2.1 × 10−5

	
0.15




	
Day 2

	
11.10

	
1.0 × 10−3

	
5.0 × 10−3

	
2.1 × 10−5

	
0.13




	
Day 3

	
10.80

	
1.0 × 10−3

	
5.0 × 10−3

	
2.1 × 10−5

	
0.13




	
Day 4

	
11.80

	
1.0 × 10−3

	
5.0 × 10−3

	
2.1 × 10−5

	
0.14




	

	

	
Average

	
1.0 × 10−3

	
6.0 × 10−3

	
2.5 × 10−5

	
0.18




	
Scenario 2. ED treatment with H2 recovery




	
Measure

	
Voltage (V)

	
Current intensity (A)

	
Energy consumed (kWh)

	
kWh/g W extracted

	
kWh/g As extracted

	
g CO2




	
0 min

	
35.00

	
0.1

	
4.0 × 10−3

	
6.7 × 10−2

	
2.8 × 10−5

	
0.82




	
10 min

	
27.50

	
3.0 × 10−3

	
5.0 × 10−2

	
2.1 × 10−5

	
0.64




	
20 min

	
25.80

	
3.0 × 10−3

	
5.0 × 10−2

	
2.1 × 10−5

	
0.60




	
30 min

	
26.10

	
3.0 × 10−3

	
5.0 × 10−2

	
2.1 × 10−5

	
0.61




	
40 min

	
28.00

	
3.0 × 10−3

	
5.0 × 10−2

	
2.1 × 10−5

	
0.65




	
50 min

	
38.80

	
4.0 × 10−3

	
6.7 × 10−2

	
2.8 × 10−5

	
0.90




	
60 min

	
59.50

	
6.0 × 10−3

	
1.0 × 10−1

	
4.2 × 10−5

	
1.39




	

	

	
Average

	
3.0 × 10−3

	
6.2 × 10−2

	
2.6 × 10−5

	
0.80




	
Scenario 3. ED treatment with NaCl




	
Measure

	
Voltage (V)

	
Current intensity (A)

	
Energy consumed (kWh)

	
kWh/g W extracted

	
kWh/g As extracted

	
g CO2




	
Day 0

	
98.40

	
0.1

	
1.0 × 10−2

	
1.0 × 10−1

	
5.3 × 10−5

	
2.29




	
Day 1

	
77.25

	
8.0 × 10−3

	
8.0 × 10−2

	
4.2 × 10−5

	
1.80




	
Day 2

	
46.80

	
5.0 × 10−3

	
5.0 × 10−2

	
2.7 × 10−5

	
1.09




	
Day 3

	
41.65

	
4.0 × 10−3

	
4.0 × 10−2

	
2.1 × 10−5

	
0.97




	
Day 4

	
27.85

	
3.0 × 10−3

	
3.0 × 10−2

	
1.6 × 10−5

	
0.65




	
Day 5

	
14.70

	
1.0 × 10−3

	
1.0 × 10−2

	
5.3 × 10−6

	
0.34




	

	

	
Average

	
5.0 × 10−3

	
5.2 × 10−2

	
2.7 × 10−5

	
1.19
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Table 6. Financial projections of the expenditures of implementing the theoretical electrodialytic plant facility presented in Figure 5.
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	Item
	Quantity
	Cost/Uni (EUR)
	Initial Investment (EUR)
	1 Year of ED (EUR)
	5 Years of ED (EUR)





	Stirring
	10
	1986.00
	19,860.00
	
	



	Reactor in polyethylene (diameter = 1.6 m; length = 1 m)
	5
	650.00
	3250.00
	
	



	Block compartments (diameter = 1.6 m; length = 1 m)
	20
	149.00
	2980.00
	
	



	Electrodes Ti/MMO (0.5 × 0.1 m; width = 3 mm)
	10
	100.00
	1000.00
	
	



	Membranes CEM–CR67, MKIII, Blank (diameter = 0.8 m)
	5
	499.00
	2495.00
	
	



	NaNO3 * (1 kg per unit)
	29
	151.90
	4405.10
	1,101,275.0
	5,506,375.0



	Natural deep eutectic solvents (choline chloride. 1 kg per unit + oxalic acid. 25 kg per unit) *
	6
	143.00
	858.00
	214,500.00
	1,072,500.00



	Pumps
	11
	489.00
	5379.00
	
	



	Tubes
	36
	1.89
	68.04
	
	



	Power boxes
	10
	383.81
	3838.10
	
	



	Crocodiles + wires
	20
	0.99
	19.70
	
	



	Solar Panels (2025 × 996 × 40 cm)
	5
	476.00
	2380.00
	
	



	Implementation
	10% of the total reactor price
	
	4653.29
	
	



	Maintenance
	5% of the initial investment (every 3 months)
	
	
	10,237.25
	51,186.23



	Cleaning of Membranes
	15 EUR/m2 (twice per month for 2 m2 of membranes area)
	
	
	3600.00
	18,000.00



	Replace of Membranes
	Every 4 years
	
	
	
	2495.00



	Cleaning of Reactor
	2% of the initial investment (once per year)
	
	
	1023.72
	5118.62



	Total investment
	
	
	51,186.23
	1,330,635.97
	6,655,674.86







* Number of packaging to buy. Costs were based on: stirring—[57]; reactor—[50]; compartment block—[58]; electrodes—[59]; membranes—[60]; NaNO3—[61]; Adjuvants—[62,63]; pumps—[64]; tubes—[65]; power box—[66]; crocodiles + wire—[67]; solar panels—[48]; implementation—[68]; maintenance; cleaning of reactor and membranes; changing membranes lifetime—[69,70]. Ti/MMO—titanium/mixed metal oxide.
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