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Preface 

This thesis is submitted as partial fulfilment of the requirements for the Doctoral Degree in Civil 

Engineering. The present Ph.D. project includes the results of the work performed from September 2017 

to June 2021 at NOVA School of Science and Technology (FCT), NOVA University Lisbon (NOVA), and at 

National Laboratory for Civil Engineering (LNEC). The research work has been developed in collaboration 

with the Department of Civil Engineering (DEC) and the Department of Environmental Sciences and 

Engineering (DCEA, at RESOLUTION Lab, CENSE - Center for Environmental and Sustainability Research) 

from FCT NOVA, and the Department of Materials from LNEC. This Ph.D. work was supervised by 

Professor Paulina Faria (DEC-FCT NOVA), and co-supervised by Professor Alexandra B. Ribeiro (CENSE-

DCEA-FCT NOVA) and Doctor António Santos Silva (Department of Materials, LNEC). 

This research work is part of the EcoCoRe (Eco-Construction and Rehabilitation) Doctoral Program in 

Civil Engineering, sponsored by Fundação para a Ciência e a Tecnologia, Portugal (research grant 

PD/BD/135170/2017). The research was also supported by the European Union's Horizon 2020 project 

e.THROUGH - Thinking rough towards sustainability, from the Marie Skłodowska-Curie program (grant 

agreement 778045). 

The work developed throughout this thesis is structured as follows: 

Part I - The achievements from the appended publications are compiled to present the most important 

data and introduce the methodology developed. Part I contains a broad introduction and description of 

the Ph.D. project plan, the statement of the research goals and a summary of the main contributions 

attained from the scientific documents submitted and published during the research period. Part I also 

aims to sequentially present the topics dealt within the Ph.D. project, and clarify the existing links 

between the peer-reviewed scientific research works submitted or published. 

Part II - The peer-reviewed scientific publications submitted or published during the Ph.D. project, 

including journal articles, book chapters and conference contributions, are presented following a 

sequence by the topic covered. As the first author of such publications, I hereby declare that I provided 

the major contribution to the research and experimental work developed, results interpretation, 

preparation and writing of the publications submitted during the Ph.D. project.  

Monte da Caparica, 15th June 2021 
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Abstract 

Raw materials are essential for human well-being, although their production, consumption and end-of-

life are causing increasing environmental burdens. The Panasqueira mine has been operating for more 

than one century, being the main threat to its activity and for the surrounding ecosystem the disposal 

of significant amounts of old mining residues that contain substances of environmental concern. On the 

other hand, tungsten, considered a critical raw material, can be recovered from Panasqueira mining 

resources. In the construction sector, cement is one of the main contributors for greenhouse gas 

emissions and is the main binder used in mortar and concrete production. Hence, a partial replacement 

of this binder by secondary mining resources may bring economic, social, technical and environmental 

benefits. Efficient technologies to remove and recover elements from environmental matrices may 

promote safe storage and reuse. The electrodialytic (ED) treatment has demonstrated successful results 

on the removal of inorganic and/or organic contaminants from a wide range of resources. Thus, to 

address the challenges in climate change and environmental degradation issues, in both mining and 

construction sectors, the present work aimed at assessing the feasibility of applying the ED technology 

to mining residues for (1) the recovery of critical raw materials and the hydrogen that is inherently 

produced; (2) the removal of harmful compounds; (3) the production of a suitable matrix for further 

reuse in cementitious construction materials, and (4) the minimization of environmental impacts in the 

materials life cycle. The main results of the work developed demonstrated that the reuse of mining 

residues can decrease the consumption of primary resources and promote improvements in the 

sustainability of the industries involved, without high investments. Through the ED treatment, tungsten 

could be recovered in 22%, while the removal of arsenic may achieve 63%. The hydrogen produced can 

be recovered with 74% of purity. The production of cement-based mortars, replacing cement by treated 

mining residues, revealed similar performances to conventional mortars. Although a higher cement 

substitution percentage (50% volume) have caused some deterioration in mechanical resistance, the 

mortars produced demonstrated compatibility with current applications, as bedding mortars and fired 

brick masonry walls. The life cycle analysis also proved that the mortars produced allow impact 

mitigation in several environmental categories, namely in global warming potential, supporting the 

circular economy of sustainable construction products. 

Keywords: mining residues; electrodialytic treatment; critical raw materials; construction materials; life 

cycle assessment; circular economy 
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Resumo 

As matérias-primas são fundamentais para o bem-estar humano, embora a sua exploração, consumo e 

fim de vida causem crescentes problemas ambientais. As minas da Panasqueira encontram-se em 

funcionamento há mais de um século, correspondendo a deposição de grandes quantidades de resíduos 

mineiros antigos, que contêm substâncias de preocupação ambiental, uma ameaça à sua atividade e ao 

ecossistema envolvente. Por outro lado, o tungsténio, considerado como matéria-prima essencial, pode 

ser recuperado dos recursos mineiros da Panasqueira. No setor da construção, o cimento é um dos 

principais responsáveis pelas emissões de gases com efeito de estufa, e o principal ligante utilizado na 

produção de argamassas e betões. Neste caso, a substituição parcial deste ligante por recursos mineiros 

secundários pode trazer benefícios económicos, sociais, técnicos e ambientais. Tecnologias eficientes 

para remover e recuperar elementos de matrizes ambientais podem promover um armazenamento e 

reutilização seguros. O tratamento eletrodialítico (ED) tem demonstrado resultados promissores na 

remoção de contaminantes inorgânicos e/ou orgânicos de uma ampla gama de recursos. Assim, para 

enfrentar os desafios das alterações climáticas e as questões de degradação ambiental no setor mineiro 

e da construção, o presente trabalho teve como objetivo avaliar a viabilidade da aplicação da tecnologia 

ED a resíduos de minas para (1) recuperação de matérias-primas essenciais e do hidrogénio que é 

inerentemente produzido; (2) remoção de compostos perigosos; (3) produção de uma matriz adequada 

para posterior reutilização em materiais de construção cimentícios e (4) minimização dos impactes 

ambientais no ciclo de vida dos materiais. Os principais resultados do trabalho desenvolvido 

demonstraram que a reutilização de resíduos de minas pode diminuir o consumo de recursos primários 

e promover melhorias na sustentabilidade das indústrias envolvidas, sem investimentos elevados. 

Através do tratamento ED, o tungsténio pode ser recuperado em 22%, enquanto a remoção de arsénio 

pode atingir os 63%. O hidrogénio produzido pode ser recuperado com 74% de pureza. A produção de 

argamassas com a substituição parcial do cimento por resíduos de minas tratados revelou desempenhos 

semelhantes às argamassas convencionais. Embora uma maior percentagem de substituição de cimento 

(50% volume) tenha provocado algum deterioramento nas resistências mecânicas, as argamassas 

produzidas demonstraram compatibilidade com aplicações atuais, como argamassas de assentamento 

e paredes de alvenaria de tijolo. A análise de ciclo de vida provou ainda que as argamassas produzidas 

permitem mitigar impactes em diversas categorias ambientais, nomeadamente no potencial de 

aquecimento global, apoiando a economia circular de produtos de construção sustentáveis. 

Palavras-chave: resíduos mineiros; tratamento electrodialítico; matérias-primas essenciais; materiais de 

construção; análise de ciclo de vida; economia circular 
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Part I 

“Nothing in life is to be feared, it is only to be understood.” 

- Marie Curie -  
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1.Introduction 

In the mining industry, during the extraction of ores and minerals, extremely fine particles 

are rejected from the grinding, screening or processing of the raw material. These residues are typically 

slurried into large impoundments [1]. Additionally, ore resources are gradually becoming limited. 

Tungsten (W) is one of the 30-critical raw materials (CRM) in the European Union (EU), once its scarcity 

started being felt throughout Europe [2]. W is used to produce hardmetal and metal carbide powder 

that can be further treated by powder metallurgical methods for hardmetal tools production [3]. In 

Portugal, the Panasqueira mine is the only operating unit where W extraction is still active [4]. 

The reuse of secondary mining resources can be the key for a sustainable construction sector facing 

overexploitation of primary resources, whilst contributing for a circular economy. This is encouraged 

due to the high amount of available mining residues and other related environmental risks [5]. Such 

approach also creates opportunities to recover CRM, save energy and provide a platform for innovative 

technologies, increasing Europe’s competitiveness in the global marketplace. Secondary resources play 

a central role in the minimization of climate change effects, contributing towards a zero-carbon 

economy and climate resilient society [6].  

Cement is the second most consumed substance on the planet, after water, and its exploration is one 

of the main causes of greenhouse gas emissions [7]. About 10% of the global emission of CO2 is due to 

provision of construction materials of which cement accounts approximately 85% [8]. The production 

of cement releases emissions due to raw materials extraction, transport and calcination of raw marl for 

clinker production and milling [9].  

Cement production in Europe has increased at an annual rate of 1.5% during the past decade [10]. To 

revert this impact, the European Commission targeted to reduce 90% of the emissions from the building 

sector until 2050, in line with the EU climate action and the European Green Deal [11]. This effort implies 

the reformulation of many building materials and products, whereby cement could be partially replaced 

with economic, technical and environmental benefits, according to the United Nations Sustainable 

Development Goals 9 (industries, innovation and infrastructure) and 11 (sustainable cities and 

communities)  [12]. In particular, Portugal reported a cement consumption of more than 3,000,000 t in 

2019 [13]. 
Advances in solid waste management resulted in new construction materials as a substitute to 

traditional materials and products, such as bricks, blocks, tiles, aggregates, ceramics, binders and timber 

[14]. The use of mining residues as secondary raw materials could have potential applications in the 
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construction field, promoting recovery of CRM and channeling by-products back into the value chain. 

Nonetheless, secondary materials may have harmful compounds that must be removed or neutralized 

to avoid environment and public health risks. The electrodialytic (ED) technology has been developed 

to remove and recover a wide range of substances of environmental concern and economic interest, 

from liquid and solid matrices. This process is based on the application of a low-level direct current 

intensity, through pairs of electrodes, to promote the movement of species [15].   

The most common cement application is in concrete production, being this product crucial for the 

resistance of several building structures, foundations and other constructions [16]. Nevertheless, 

mortars are also cement consuming and constitute important products to produce masonry walls, 

shape layers, set waterproof, regularization and finishing surfaces, in new constructions and in the 

rehabilitation of existing buildings [17]. One of the top leaders of the national cement market has two 

mortars facilities in Portugal with a full production capacity of 120,000 t/year [18]. 

Mortars can be applied as masonry mortars to produce concrete blocks, layer masonry units [19], to re-

point masonry joints, to coat wall and ceiling surfaces, as plasters (applied indoors) or renders (outdoor 

applications) [20], and used on floors as screeds. The exposed applications are more prone to aging and, 

therefore, such mortars need frequent repairs and replacements when the coatings are no longer 

fulfilling their functions [21]. During the last decades, mortars’ growth was not only caused by a large 

increase in production, but also due to the need to follow technological advances and final products 

requirements. The progress in mortars was leveraged by the implementation of new companies, the 

growth of existing markets and the diversification on products range [22]. 

The Portuguese mortar production has been mainly focused on traditional mortars (78%), followed by 

stabilized (20%) and dry (2%) mortars [22]. Traditional mortars are mainly formulated with mineral 

binders and aggregates. The formulation of mortars can involve more than one type of binder or 

aggregate and can also include additions and admixtures. The binder can be clayish earth, gypsum, lime 

or cement [23]. The most common gypsum construction product in Portugal is hemihydrate gypsum, 

produced at around 120 °C. Limes can have hydraulic properties or not, in the case of air limes, and are 

produced at approximately 900 °C. Limes release CO2 during calcination of limestone but capture CO2 

during hardening by carbonation [24]. The most common cement used worldwide is Portland cement, 

although other cement types may be produced, all with heating temperatures higher than 1000 °C and 

low CO2 capture when hardening, in comparison to lime [25]. Different binders produce mortars with 

distinct technical and environmental performance [26].  
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On the other hand, aggregates can be raw materials, from quarries, or residues from other industries 

[27]. Fillers and pozzolanic additions may be also included in formulations to increase mortar 

compactness, mechanical characteristics and durability [28]. Pozzolans are natural or artificial fine 

materials that in contact with water react with calcium hydroxide (Ca(OH)2), acquiring hydraulic 

properties. These fine materials can partially replace the binder content in construction products. 

Examples of common artificial pozzolans are: fly ashes from thermoelectric plants, silica fume, rice husk 

ashes or thermally treated clays, such as metakaolin [29]. Nowadays, pozzolanic cement is one of the 

most commercialized type of cement and is produced adding a pozzolan, e.g. fly ashes [30]. However, 

as thermoelectric plants are closing, the cement industry is actively seeking for pozzolanic alternatives 

to fly ashes. 

Climate emergency is a powerful motor for innovation and one of the main motivations in this Ph.D. 

project. Hence, this work aimed to develop an eco-efficient strategy to produce cement-based mortars 

by incorporation of Panasqueira mining residues as a cement replacer. Other by-products from the 

energy and minerals industry, that are currently disposed of as waste, have been the focus of research 

into reuse opportunities, namely as supplementary cementitious materials in concretes and mortars 

[31].  

The novelty of the present work is the combination of the ED process with assisting agents to assess the 

recovery of CRM, the removal of substances of environmental concern and the clean energy production, 

during the treatment of mine tailings, and its reuse on eco-efficient cement-based mortars. In this 

sense, the study of a treatment approach with the ED process was carried out, aiming also the removal 

of harmful elements, CRM recovery and energy savings. The purpose of such strategy is to increase the 

added value of mining residues and turn them a suitable resource to be reused in the construction 

sector, with similar or improved properties compared to traditional materials. 

In this context, on Part I, the research project is addressed outlining the interdisciplinary nature of the 

work, involving civil engineering, materials, chemistry and environmental sciences knowledge. First, an 

overview on mining residues applicability in construction materials production was conducted [32], and 

on the Panasqueira mine dynamics and its secondary resources potential [33]. Subsequently, regarding 

the ED technology and its sustainability, several electrochemical reactors designs for arsenic (As), W and 

other elements extraction were optimized [34], including the use of deep eutectic solvents as assisting 

agents in ED systems [35], hydrogen production and its recovery during the ED process [36], and 

wastewater resources enhancement for hydrogen production and CRM recovery [37]. Then, the study 

of the pozzolanic potential of treated Panasqueira mine resources [38], followed by the analysis of the 

effect of the incorporation of mining residues treated with the ED process, [39] or ED coupled with a 
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thermal treatment in cement-based mortars [40], were discussed. Finally, the environmental benefits 

of mortars with mining residues [41], and the corresponding life cycle assessment evaluations were 

addressed [42]. This included analysis of data needed from raw materials acquisition to waste 

management scenarios [43], and discussion of the impacts related to mortar production from mining 

residues. 
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2.Research topics and goals 

The study about the feasibility of the ED process to add value to mining residues and provide suitable 

matrices to reuse in construction materials, with improved or similar properties to traditional materials, 

justified the present research. This work aimed to develop an optimized strategy to produce eco-

efficient mortars by incorporation of treated mining residues. At the same time, it also targeted the 

recovery of CRM and energy, and the removal of harmful compounds, by application of the ED 

technology. The Ph.D. work topics and goals are summarized in Figure 1.  

 
Figure 1. Topics addressed in the Ph.D. project and main goals. 

 

Firstly, a characterisation of the raw samples was performed, using different analytical techniques to 

detect and quantify the existing minerals and elements. To assess whether the ED process is efficient 

s
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for the recovery of CRM (namely the fraction with particles below 45 micrometer, that is the main 

challenge for the Panasqueira mine), and the removal of harmful elements from the matrix. Thus, ED 

studies were performed under different conditions, in order to optimize the highest As removal and W 

recovery. 

Furthermore, mortars were produced with treated mining residues as cement binder substitutes, in 

different proportions (10%, 25% and 50% volume). After the initial characterisation of mining residues, 

mortar sample analysis was carried out to obtain data related to physical, mechanical and 

microstructural properties from the combination of mining residues with other constituents, as cement, 

sand and water. This analysis made it possible to conclude about the most efficient quantities of by-

product to replace the original material and current feasible applications for the eco-mortars produced. 

To evaluate the technical potential of the mortars produced, parameters at both fresh and hardened 

state were studied: workability, porosity, density, compressive and flexural strength, dynamic modulus 

of elasticity, thermal conductivity, mineralogy and microstructure, water absorption by capillarity, 

drying capacity and lixiviate toxicity.  

In parallel, strategies to turn the whole process more sustainable and to alleviate negative impacts were 

tested. Thus, the recovery of self-produced hydrogen and the use of assisting agents to enhance the ED 

process, as deep eutectic solvents and secondary resources from wastewater treatment, were 

considered and studied.  

Finally, an evaluation of the environmental impacts of the processes involved from raw materials 

acquisition to mortar production was performed, according to ISO 14040 [44] and  ISO 14044 standards 

[45]. 

Summing up, the main goals and contributions of the work presented herein were: 

o To characterise relevant materials through their chemical, mineralogical and physical 

parameters; 

o To deep the knowledge about the ED process and its potential for self-energy production, As 

removal and W recovery from mining residues; 

o To find the most efficient constituents’ mixture and ratio of mining residues incorporation in 

cement-based mortars; 

o To turn mortar production more sustainable, namely through the incorporation of ED treated 

mining residues to replace cement; 
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o To analyse environmental impacts of the processes involved and of the final mortars, through 

a life cycle assessment. 
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3.Research brief 

A major problem in the construction sector is the overexploitation that primary resources are facing 

nowadays, combined with its significant impact in the environment, namely for global warming 

potential. Besides playing a central role in the minimization of climate change effects, secondary 

resources should be well characterised and properly managed for further applications. Applying mining 

residues in the production of construction materials alleviates waste disposal and use of primary 

resources. However, a main concern is the presence of hazardous compounds in secondary mining 

resources. These elements may leach or promote the occurrence of radioactive materials, which may 

present a threat to mining sites.   

Additionally, mining residues contain contents of important raw materials. Since W is one of the 30-

CRM considered in the EU [2], a prior W recovery would bring significant advantages. W recovery may 

contribute to decrease the exploitation of more mine ores and to reduce dependence from outside 

Europe countries. Also, the production of hydrogen, an enabler of the clean energy transition, and its 

recovery during the ED process, could be a way to decrease the energy drawbacks of this strategy and 

empower the maturity level of the ED technology. To promote construction and rehabilitation in benefit 

of sustainability, it is imperative to decrease the use of materials from primary resources.  

The sequential methodology and the main results of the Ph.D. research are summarized in the four 

following subsections, 3.1 to 3.4. 
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3.1 Mining residues potential in construction products and resources availability 

The reuse of secondary resources decreases waste generation, landfill disposal and primary resources 

overexploitation. These steps are crucial, not only to provide a cleaner production, but also to maintain 

a competitive EU industry by using resources efficiently and developing a circular economy [11]. Thus, 

to understand the potential of mining residues incorporation in construction materials, an overview was 

conducted and published in the Journal of Building Engineering [32], also addressing barriers for full-

scale application (document A1 in Part II).   

The research status on mining residues reuses in construction products, based on the Scopus platform 

(January 2020), demonstrated an increasing trend on scientific papers publication during the last 

decade. Up to date, there are more than a thousand scientific documents published on this matter since 

1969. Generally, research has been mostly focused on energy-efficient construction products.  

In this context, geopolymers were the base of many research studies performed for cementitious 

products due to the reduced amount of greenhouse gas emissions. Geopolymers, that result from the 

combination of an activator, aluminosilicates and water, also demonstrated advantages in stabilizing 

hazardous compounds in mixtures with mining residues, avoiding leaching phenomena [46].  

The reuse of W mining wastes into innovative alkali-based materials for road pavement applications 

[47], red clay bricks [48] and light weight construction products [49] have also proved to be useful assets 

for the construction sector. Parameters like mechanical strength, thermal stability, chemical and fire 

resistance could be improved when mining wastes are combined in the products formulation. Cost 

comparisons also showed that alkali activated cementitious materials are one of the most cost-efficient 

repair solutions. However, the need of strong bases as reagents has been pointed out as the main 

environmental and economic constraint of this approach [50].   

The development of innovative polymer-based composite materials from non-contaminated mining 

residues appears to be an important strategy, as referred in the literature review [51]. These materials 

demonstrated suitable properties and potential for conservation, restoration and/or rehabilitation of 

historic monuments, sculptures, decorative and architectural interventions or as materials for building 

coatings. Ceramic tiles can also be produced taking advantage of mining residues, namely with iron ore 

residues, due to its red-orange colour and other chemical and physical properties [52]. Iron ore residues 

can be applied as aggregates in manufacturing of unfired bricks, such as adobe, extruded or compacted 

earth blocks [53]. Mining residues have also been used to partially replace raw aggregates in road 

pavement applications [54]. 
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In particular, the application of W mining residues as cementitious materials, activated by thermal and 

chemical methods, may improve chemical and structural stability of mortars. This technique is effective 

for stabilizing and solidifying heavy metals, particularly when used with commercial granulated blast 

furnace slag. However, minimal replacement percentages of cement by mining residues (5% by mass) 

were reported as effective for materials production [55].  

Furthermore, construction products are exposed to environmental conditions during their lifetime and, 

consequently, may release harmful compounds. In the construction field, the ED process proved to be 

an efficient pre-treatment for hazardous elements removal in a wide-range of solid environmental 

matrices, and physical and chemical properties improvement [56]. The pre-treatment of mining 

residues using this technology may lead to chemical, physical and microstructural changes that could 

improve the final material and promote higher ratios of mineral binder replacement.  

The significant mineral resources availability is the main strength for the reuse of mining residues in 

construction products. This represents an opportunity for the development of innovative eco-efficient 

methods in the construction sector. In this sense, regions rich in mineral resources play an important 

strategic role in Europe. Since the mining residues selected for the present work are from the 

Panasqueira mine, a review on this mine industry development, concerning W exploration and building 

materials production from Panasqueira resources, was published [33] as a book chapter in Electrokinetic 

Remediation for Environmental Security and Sustainability, edited by John Wiley & Sons, UK (document 

A2 in Part II). 

The Panasqueira mine, located in the Central region of Portugal, begun W exploration in 1896 and is 

described as the largest tin (Sn)–W deposit (wolframite) of Western Europe. The W market downturns 

had influenced the dynamic of the plant over the years, regarding the optimization of mechanical 

processes. The current production is estimated in around 900 t of W with a concentrate grade of 75% 

WO3, representing one of the best W products available on the global market [4]. 

The extraction and processing in the Panasqueira area has generated two types of residues: (1) coarse 

waste-rock tailings from rock blasting and (2) waste-mud tailings transferred into mud dams (Figure 2). 

These rejected fractions have been accumulated for a long time and it is estimated that 8,200,000 m3 

of mining residues are disposed of as waste. Besides landscape deterioration, the piles formed with 

mining waste are instable and prone to landslide, susceptible to be eroded and to leach harmful 

compounds [57].  
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Figure 2. Rejected fraction of the sludge circuit at the Panasqueira mine (Covilhã, Portugal). 

Bearing in mind the high amount of local mining resources and their environmental impacts for the 

Panasqueira region, the production of construction materials started to be assessed. In particular, the 

W mine waste mud was used to produce geopolymeric binders with dehydroxylated mining waste, 

Ca(OH)2, NaOH (as activator) and waterglass solutions [58].  

The research on geopolymers optimization coupling the incorporation of other reagents and wastes was 

also conducted. W mining waste was combined with red clay brick waste, with improvements in 

compressive strength [48]. Together with W mining waste, waste glass and metakaolin, several 

precursors were tested to produce alkali-activated foams, such as aluminium (Al) powder [59]. Aiming 

the enhancement on compressive strength and microstructure of hybrid alkaline binders, W mining 

waste mud was combined with other mixtures, concentrations and liquid-solid ratios of alkaline 

activator solutions (e.g., Na2SiO3, NaOH, KOH and waste glass powder dissolved in NaOH). 

The feasibility of reusing waste-rock piles from the Panasqueira mine was studied, aiming the 

development of a polymer-based composite material [51]. This type of material has potential for 

technical and artistic applications in rehabilitation as building coatings and conservation of sculptures. 

Panasqueira secondary resources as aggregates were successfully applied as refractory lining in foundry 

of non-ferrous metals [60]. Also, cementitious grouts for the road industry were formulated with milled 

glass and Panasqueira waste mud [61].  

Generally, the Panasqueira mine resources were broadly tested in geopolymeric and alkali-activated 

products. Minimal research has been conducted considering the incorporation of the Panasqueira 

mining residues in other construction products. In this sense, the present work could be the beginning 

of further relevant alternatives for Panasqueira residues uses in construction materials. 
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3.2 Electrodialytic treatment of mining residues 
 
3.2.1 Electrodialytic reactor assessment 

W is a transition metal with density comparable to gold, being essential for the manufacture of a wide 

range of products. W presents high modulus of compression, wear resistance, tensile strength and 

thermal and electrical conductivity [62]. For these reasons, W is mainly applied for cemented carbide 

production in the mining, construction and metal-working industries. Other important W uses are 

alloying in steels [63]. However, W primary sources, ore bodies from scheelite and wolframite, are 

becoming gradually limited, being W included as a CRM in the EU list [2]. In Portugal, the Panasqueira 

mine has been active for around 130 years and is one of the largest Sn - W deposits in Europe, with 

9,700,000 t of ore resources [64]. Therefore, the ED technology could have an important role in the 

removal and recovery of elements from Panasqueira residues (secondary resources), in particular below 

the 45 micrometer fraction that is a current challenge for the mine. 

In this context, the ED process was primarily tested as a strategy to tackle the demand of W resources 

by their recovery from mining residues. Since the Panasqueira mine resources have considerable 

amounts of As and contents of other raw materials, as copper (Cu) and Sn, the extraction of these 

elements was also studied. Therefore, a preliminary approach to validate the applicability of the ED 

treatment to the Panasqueira residues was conducted, resulting in a Master thesis supervised by the 

candidate [65] and a paper [34] published in Science of the Total Environment journal (document A3 in 

Part II). 

The ED experiments were performed using different ED cell design configurations, such as 2 and 3-

compartment reactors (2C and 3C), current intensities between 50 and 100 mA, operation times from 

4 to 14 days, and sample suspensions with NaCl or secondary treated effluent. Additionally, control 

experiments with no current application were carried out. Figure 3 presents a 2C ED system. 

 

Figure 3. Electrodialytic treatment of mining residues in a 2-compartment reactor. 
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Regarding the target compounds on the Panasqueira samples, As, a harmful metalloid, presented the 

highest concentration, 3743 ± 471 mg kg-1, compared to the contents of Cu, 1790 ± 202 mg kg-1, Sn, 75 

± 8 mg kg-1, and W, 488 ± 88 mg kg-1. The presence of salts and other elements, namely Fe and SO4
2−, 

may influence ions mobility due to uncharged complexes generation, affecting elements´ extraction by 

the ED process. Also, the presence of chlorides in the ED system may lead to the formation of active 

chlorine (oxidant agent). Generally, elements desorption from mining residues were higher at pH values 

below 2, due to their chemical speciation.  

Mining residues are characterised by low conductivity (0.3 mS cm-1). When a 2C reactor design was 

tested, the conductivity of the sample compartment tended to increase, due to the generation of free 

ions in the media, which was advantageous for current passage and, consequently, for the ED 

performance. A voltage decrease tendency was verified, due to the decrease of the internal resistance 

in the reactor along the experiments. When mining residues were placed in the central compartment 

(3C design), the current passage was not facilitated due to the low conductivity of the sample, being 

unfeasible to operate the process according to the time set. Considering this limitation, mining residues 

were treated in a 3C reactor design adding NaCl as supporting electrolyte. Also, 2C reactor designs were 

tested using secondary treated effluent instead of tap water for the preparation of the sample 

suspension. 

After the 2C ED experiments, As presented the highest mobility, with predominant As extraction 

observed towards the anode (between 14 and 19%). The increment of the current intensity promoted 

As speciation. In the liquid phase, 60% of As was solubilized and traces of Cu (0.3%), Sn (0.3%) and W 

(0.1%) were detected. The results showed that a 3C reactor operating at 100 mA, with NaCl as 

supporting electrolyte, presented the highest extraction of Cu (13%), Sn (10%), W (13%) and As (63%).  

The improvement of the ED performance targeting the Panasqueira mine residues was achieved by 

adding NaCl and secondary treated effluent, particularly to As. For Cu, Sn and W, other adjustments 

were studied to increase their extraction efficiencies (see Section 3.2.2). 

3.2.2 Assisting agents 

Deep eutectic solvents (DES) are natural extractants composed by a hydrogen bond donor and a 

quaternary ammonium or metal salt. They are considered the solvents of the XXI century, and successful 

results in the extraction of metals from environmental matrices have been reported. Advantages of 

using DES have been pointed out in relation to conventional ionic liquids, namely due to lower costs and 

toxic issues [66]. In this sense, the use of natural DES during the ED process was tested as a sustainable 
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method to improve elements separation during the ED treatment, particularly for W. A study was 

published in Science of the Total Environment journal [35] (document A4 in Part II). 

To screen W and As extraction efficiencies from mining residues, this study tested four DES with 

different physical and chemical properties: (1) choline chloride/ malonic acid (1:2); (2) choline chloride/ 

oxalic acid (1:1); (3) choline chloride/ latic acid (1:2) and; (4) propionic acid/ urea (2:1). DES containing 

carboxylic acids, as oxalic acid, malonic acid, lactic acid or propionic acid have a pH below 2, being more 

able to dissolve metals and metal oxides [67]. In addition, the application of current intensities of 50 

and 100 mA was analysed in single and 2C reactors, during 4 days. 

The addition of DES decreased the suspension pH to values below 2, promoting enough ionic 

conductivity (up to 2.0 mS cm-1) to maintain the current intensity set for the period of 4 days. The results 

demonstrated that coupling natural DES in a 2C ED set-up could enhance the extraction of W from the 

Panasqueira mine secondary resources. DES with choline chloride presented the highest average 

extraction values, being choline chloride with malonic acid (1:2) more selective for As and choline 

chloride with oxalic acid (1:1) more effective for W. 

DES composed by choline chloride may have promoted W complexation. In addition, the properties of 

the bidentate oxalate ion may have contributed to form oxalates complexes with W, since oxalic acid 

may react with the solubilized Fe2+ (that is in wolframite composition), promoting tungstate ions 

available in solution. Arsenic compounds may also be decomposed and stabilized by chloride ions. 

Comparing choline chloride/oxalic acid (pKa=1.46), the most acidic DES in the study, with choline 

chloride/malonic acid (pKa=2.8), the second has lower values of viscosity, which may have improved 

mass transfer phenomena in the As case. On the other hand, oxalic acid may had been consumed to 

form complexes with other elements (e.g., Cu, Fe), losing its buffer capacity and resulting in a 

faster/higher pH increase when compared to the pH behavior in the choline chloride/malonic acid case, 

that is faster with a current intensity of 100 mA. 

The use of choline chloride with oxalic acid at 100 mA promoted the extraction from the matrix of 

approximately 22% of W and 35% of As. From the total W and As extracted, 77% and 82%, respectively, 

were successfully removed from the matrix compartment, as they electromigrated to the anolyte 

compartment. From the anode end, these elements can be further separated and potentiate circular 

economy. 

Following the work developed for ED optimization in terms of CRM extraction, wastewater resources 

were introduced in the preparation of sample suspensions to assess element separation and decrease 
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tap water uses. A study was published in the Water journal [37] using sewage sludge and secondary 

effluent during the ED treatment of mining residues (document A5 in Part II). 

While mining residues have contents of W, sewage sludge can be regarded as a secondary resource of 

phosphorus (P), that is also included in the CRM EU list [2]. Secondary effluent has limited P contents 

(approximately 3 mg L-1), since standards for wastewater treatment plants impose a removal above 75% 

of P for further disposal [68], contrarily to sewage sludge, that is enriched in P (around 66 mg L-1). Mining 

residues also have amounts of P (approximately 37 mg kg-1). Thus, the ED extraction was analysed for 

both P and W critical elements. 

Sewage sludge showed a higher P content after the experiments. During tests, the pH turned to 6 in the 

central compartment at 50 and 100 mA, and in this range H2PO4
- is the predominant form in suspension, 

being P more available in the media. Phosphorus availability can be limited by Fe and Al at acidic pH, 

reducing the amount of water-soluble P components, while increasing the amount of insoluble Fe and 

Al phosphates. At alkaline pH and in the presence of calcium, phosphates can form calcium phosphates 

and precipitate. When mining residues suspension were prepared with sewage sludge, there was a 

significant decrease of P in the final sample (32 mg P kg-1; extraction of 71%). Phosphorus may form 

bonds with sulfur (phosphorus sulfides), chloride ions (phosphorus chloride) and calcium (calcium 

phosphates) that are present in the mining residues samples. 

When mining residues suspensions were prepared with sewage sludge, W showed the highest 

extraction ratio (62%). This may have occurred due to W complexation with P (tungsten phosphides, 

WP) and calcium. This achievement can empower critical elements circular economy while mitigating 

environmental impacts of waste disposal from wastewater treatment plants and mining industries. 

3.2.3 Hydrogen recovery 

ED technologies are clean-up processes based on the application of a low-level direct current to produce 

electrolysis reactions and electrochemically-induced transport of contaminants [15]. As a consequence, 

these treatments inherently produce electrolytic hydrogen at the cathode compartment [69]. Hydrogen 

has currently a prominent role as an enabler of the clean energy transition, and technologies coupling 

hydrogen production may take advantage of the market expansion. Aiming to improve the overall 

sustainability of the ED process and regarding the EU targets defined for renewable energy share in 

energy consumption (up to 32% by 2030 [70]), the hydrogen produced during the ED treatment was 

studied. A proof of concept was developed and published [36] in Applied Energy journal (document A6 

in Part II). 
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In this work, hydrogen production during the ED treatment in a 3C reactor, at 50 and 100 mA, was 

studied for three environmental matrices: (1) briny water; (2) effluent and; (3) mining residues. The rate 

of gases formed at the cathode compartment was measured until 30 mL and the hydrogen purity was 

analysed. Additionally, a proton-exchange membrane fuel cell was connected to the cathode, where 

energy conversion from chemical into electrical was assessed.   

During the treatment of all matrices, hydrogen was produced, faster at 100 mA, with purities between 

73 and 98%. Following these results, the electrical costs of the ED treatment could be reduced up to 7% 

(for the studied conditions). A proton-exchange membrane fuel cell evaluated the electrical energy 

generation from hydrogen production at the cathode, showing a stable output of approximately 1 V 

(maximum capacity of the fuel cell). 

Following the work developed for the recovery of self-produced hydrogen during the ED process, the 

combination of wastewater resources with mining residues was also tested for hydrogen production. In 

this sense, the study published in Water journal [37] also considered the use of sewage sludge and 

secondary effluent for hydrogen production during the treatment of mining residues (document A5 in 

Part II). 

Herein, the hydrogen produced during the ED treatment of sewage sludge and mining residues 

suspensions (coupled with secondary effluent or sewage sludge), at 50 and 100 mA, was also assessed 

in 3C reactors. The experiments demonstrated that hydrogen was generated in all tested cases, with 

purities between 33% (sewage sludge) and 71% (mining residues suspension with effluent). Competitive 

cathode reactions may affect the hydrogen purity in sewage sludge due to its complex composition.  

A proton-exchange membrane fuel cell was connected to the cathode compartment and achieved an 

electrical energy generation from self hydrogen produced of 1.2–1.4 V in all experiments. The hydrogen 

generated can reduce electrical energy requirements from 5 to 8%, namely in terms of strategies 

concerning electrochemically induced transport. Additionally, if brine water is replaced by secondary 

effluent in mining residues suspension, the voltage of the proton-exchange membrane fuel cell increase, 

improving its stability. A higher conductivity was detected due to the higher amount of free ions in the 

system, that directly affects the fuel cell efficiency [69]. 

This research shows there are new possibilities for energy saving and hydrogen production for different 

purposes in the ED treatment, leading to an increase in the sustainability and applicability of electro-

remediation or decontamination.   
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3.3 Treated mining residues as construction material 
 
3.3.1 Pozzolanic reactivity 

Pozzolans are natural or artificial fine materials that can partially replace cement in mortars and 

concrete. The high content on amorphous silica and/or alumina turn the materials able to react with 

calcium hydroxide (Ca(OH)2) in the presence of water, generating products with cementitious properties 

[29]. Although the ED process and natural DES are well-documented clean-up processes for metals 

extraction from solid matrices, there is a research gap in their potential to improve the reactive 

properties of mining resources.  

In this context, the modified Chapelle test, that is included in the French standard NF P 18-513 [71], was 

applied to measure the total quantity of fixed Ca(OH)2 by amorphous siliceous or aluminosilicates 

constituents in 1 g of mining residues samples (Figure 4). The pozzolanic reactivity of mining residues 

was measured before and after the ED process, under several ED tested conditions, and a paper with 

the main achievements was orally presented at the Remine International Conference (RICON19) and 

published [38] in the KnE Engineering journal (document A7 in Part II). 

 

Figure 4. Modified Chapelle test configuration applied to mining residues. 

This study proved the feasibility of using different treatment steps to increase the pozzolanic reactivity 

of the Panasqueira mining residues. The amount of quartz and muscovite are an evidence of the 

abundant SiO2 and Al2O3 presence in these mining residues, which corroborates the potential for the 

application of mining residues in the construction sector. 

However, without pre-treatment, SiO2 and Al2O3 are in a crystalline form and not able to react with 

Ca(OH)2 to increase the reactivity and, consequently, the durability of the products. Thus, the possible 

role of the ED treatment and natural DES to increase the reactivity of residues from the Panasqueira 
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mine was assessed. A milling step and a thermal treatment at 800 °C and 950 °C during 1 h, followed by 

cooling at room temperature, was also coupled. 

The total amount of fixed Ca(OH)2 by amorphous siliceous or aluminosilicates substances from 1 g of 

raw mining residues was reported as 8 mg. Mining residues treated with the ED process consumed 71 

mg of Ca(OH)2, and when ED was coupled with thermal treatment a total of 548 mg of Ca(OH)2 was 

fixed. The results showed that it is possible to increase the reactivity of the initial sample, although the 

values achieved are still 17% under the limit stablished by the NF P 18-513 to be considered as 

pozzolanic [71].  

The highest pozzolanic potential was obtained when the sample was treated in an ED system with 

choline chloride/malonic acid (1:2), followed by a milling step and a thermal treatment at 950 °C. 

Following this achievement, the treatment selected for the typology of mining residues incorporated in 

mortar production was a 2C ED reactor design with choline chloride/ malonic acid (1:2) at 50 mA, during 

4 days. 

3.3.2 Mortar production 

Urban areas will face challenges in their sustainable development, once the world population is 

expected to reach 10,900 M by 2100 (from the current 7,000 M) and more infrastructures to serve 

inhabitants will be needed [72]. Concrete manufacture commonly involves Portland cement binders, as 

cement-based mortar production, that is one of the main contributors for greenhouse gas emissions 

[73]. In this sense, research has focused on the development of sustainable cementitious products to 

replace conventional cement uses.  

To decrease primary resources uses within the construction industry, cement-based mortars with ED 

treated mining residues were produced. The study of their fresh and hardened properties was 

performed, and an article was published with the developed work [39] in the Cleaner Engineering and 

Technology journal (document A8 in Part II).  

In this work, the application of ED treated mining residues in construction products, namely their effects 

on mechanical properties in comparison to raw residues and cement, was addressed. Mortars were 

produced with cement replacement percentages of 0, 10, 25 and 50% (volume), based on a proportion 

of binder, aggregate and water of 1:3:0.5, according to EN 196-1 [74]. The same water-binder ratio was 

maintained in all formulations to compare the effect of the water added on the mechanical and 

microstructural characterisation of mortars. A cement CEM II/B.L 32.5 N [75] was used in the 
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formulations, since it is the most commercialized in Portugal. Mortar cure was performed in a water 

bath for 28 days, as presented in Figure 5. 

 

Figure 5. Mortars produced with mining residues during the water cure. 

Mining residues seemed to have permeability and surface properties that imply the requirement of 

higher amounts of water to achieve the same consistency as when using only cement. Once no 

adjuvants were applied during the formulation to maintain a similar workability as the reference, the 

mechanical performance was, thus, affected. Mechanical performance decreased between 11 and 30%, 

when 10% of mining residues were incorporated in the formulation. As expected, this decrease was 

more pronounced with the increase of mining residues content replacing cement. Furthermore, 

capillarity absorption and drying capacity were studied as a preliminary durability assessment. The 

increase on mining residues incorporation corresponded to a rise on capillary absorption, justified by 

mortar porosimetry, and that could be controlled by higher drying rates. 

However, considering all the properties analysed, tested mortars showed mechanical and physical 

properties suitable for rendering, plastering, joint repointing, bedding masonry or screed uses. The use 

of the waste-based mortars, which have lower thermal conductivity, can result on building elements 

with higher thermal resistance. This can be attractive to applications as masonry bedding mortars, to 

shape layers in flat roofs or as renders (although with increasing influence with thickness). These 

applications are crucial to ensure comfort and decrease both energy consumption and related costs 

[76]. Considering the classification for rendering (and plastering) mortars from EN 998–1 [20], mortars 

with mining residues may be classified according to their compressive strength at 28 days as CS III for 

25 and 50% of cement replacement (between 3.5 and 7.5 MPa) and CS IV for 10% of cement 

replacement (> 6 MPa). On the other hand, from EN 998–2 [19] (classification of bedding mortars for 

masonry units layering), mortars with mining residues can be classified in classes M5 (50% of cement 

substitution) and M10 (between 10 and 25% of cement substitution). In addition, considering screed 
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applications and the classification from EN 13813 [77], mortars with mining residues range classes from 

C5 to C12 (between 5 and 12 MPa). 

The results showed that the ED technology could be applied as a pre-treatment for mining residues 

since physical and mechanical mortars’ properties were not deteriorated when compared with mortars 

formulated with raw mining residues. The use of the ED treatment promotes the previous removal of 

harmful compounds and recovery of CRM, providing a more sustainable working material. Mortars 

produced with ED treated mining residues are environmental friendlier and, considering the overall 

product lifecycle, can alleviate the negative impacts associated to their production, when compared to 

pure cement or cement-raw residues mortars. 

Furthermore, the combination of different treatment steps may improve elements removal and 

changes in physical-chemical properties from mining residues. In this sense, and following the previous 

work, the incorporation of ED plus thermal treated mining residues in cement-based mortars was 

studied in terms of its technical and economic feasibility. The study of their physical, chemical and 

microstructural properties was performed and an article was published [40] in the Construction and 

Building Materials journal (document A9 in Part II). 

Mining residues were treated combining the ED process with a thermal procedure, with a set 

temperature of 950 °C during 1 h and room temperature cooling. The thermal treatment parameters 

were defined based on previous tungsten mine sludge studies [78]. Herein, the cement content in 

mortars was also replaced in 0, 10, 25 and 50% (volume). A microstructural analysis of mortars was 

performed, as well as the study of their fresh and hardened state properties. 

The mineralogical composition of mortars produced with ED plus thermally treated mining residues 

validated the compatibility of this material with cement mortars, and the removal of elements. Once 

more, the mortars were subjected to mechanical tests (Figure 6) and the same trend was observed, 

since the increase in the replacement level of cement by treated mining residues decreased flexural 

and, more pronounced, compressive strength. However, comparing to the reference mortar, this 

decrease was less accentuated when the residues incorporated were only submitted to the ED process 

(3 to 52% for flexural strength and 44 to 79% for compressive strength). Since most mortar applications 

require relatively low compressive strength, the studied mortars showed properties compatible with 

conventional contemporary concrete block and fired brick masonry walls.  
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Figure 6. Flexural strength test performed to the mortars produced with mining residues. 

An improvement in the initial water absorption was observed when 10% of mining residues ED plus 

thermally treated were incorporated in mortars, since a similar asymptotic value to the reference was 

achieved, but at a slower rate. The cost effectiveness analysis also validated the feasibility of treated 

mining residues reuse in cementitious mortars, namely considering applications where flexural strength 

is a key factor.  

Additionally, to complement the durability assessment, a leaching analysis of the mortars was 

performed according to EN 12457-1 [79], with slight modifications. The liquid-solid ratio was taken as 

2, mixing 10 g of mortar (after milled) and 20 mL of deionised water. The suspensions were placed for 

24 h on a shaking table, at room temperature. The suspensions were filtrated in vacuum through a 0.45 

μm filter and the elements concentration in the filtrate were determined by Inductively Coupled Plasma 

- Optical Emission Spectrometry (ICP-OES). The results are presented in Table 1. The As concentration 

in the leachate, that is the element of higher environmental concern, is lower than the acceptable limit 

of 1 mg L-1 [80], corroborating the safe applicability of mortars produced with mining residues. The 

mechanical mixture between cement and contaminated matrices, and heavy metals immobilization by 

encapsulation, sorption and precipitation, are the main mechanisms involved in 

solidification/stabilization by cement materials [81].  
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Table 1. Leachates results of mortars with mining residues. 

 

Leachates (mg L-1) 

Mortar 
Cement replacement 

(% volume) As Cu Sn W 

Reference          0 < D.L. < D.L. < D.L. < D.L. 

Raw mining residues 

10 0.005 ± 0.002  0.063 ± 0.008 < D.L. 0.022 ± 0.008 

25 < D.L. 0.076 ± 0.002 < D.L. 0.018 ± 0.001 

50 0.003 ± 0.001 0.063 ± 0.006 < D.L. 0.017 ± 0.001 

ED mining residues 

10 0.005 ± 0.001 0.053 ± 0.013 < D.L. 0.014 ± 0.003 

25 0.003 ± 0.001 0.045 ± 0.005 < D.L. 0.019 ± 0.000 

50 0.002 ± 0.007 0.037 ± 0.005 < D.L. 0.015 ± 0.003 

ED and TT mining 
residues 

10 0.003 ± 0.007 0.045 ±0.017 < D.L. 0.013 ± 0.002 

25 0.002 ± 0.001 0.043 ± 0.007 < D.L. 0.015 ± 0.004 

50 0.002 ± 0.001 0.088 ± 0.011 < D.L. 0.092 ± 0.008 

       D.L. – Detection Limit; SD – Standard Deviation; ED- Electrodialytic treatment; TT-Thermal treatment 
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3.4 Life cycle assessment of processes and final products 
 
3.4.1 Impacts of mining and electrodialytic processes 

The current decrease on ore grade have prompted the assessment of existing mining resources, energy 

needs and mining residues environmental impacts in a life cycle overview. These approaches not only 

play an important role on supporting cleaner production, resources management and decision-making 

in the mining industry, but also in identifying new business opportunities. The ED process proved to be 

a feasible method to alleviate the impacts of rejected fractions from mining activities. Nevertheless, 

technologies already known in key sectors will need to demonstrate that they can work at a larger scale. 

Research and development will also reduce costs of breakthrough technologies and help new products 

to be competitive in the market [11]. 

In this sense, the trade-off between raw material extraction from secondary mining resources and the 

environmental harmfulness of mining residues after the ED process was studied through a life cycle 

assessment (LCA) approach. A research on potential environmental impacts resulting from the 

application of the ED technology to the Panasqueira rejected fraction was conducted and published [43] 

in the Sustainability journal (document A10 in Part II). 

To assess the activities from the mining sector and gather data on technical and environmental issues, 

three waste management scenarios were considered for the rejected fraction from the W concentrate 

production at the Panasqueira mine: (1) ED treatment with DES as assisting agent (according to the 

findings reported in Section 3.2.2); (2) ED treatment with simultaneous hydrogen recovery (based on 

data from the work presented in Section 3.2.3); (3) ED treatment with sodium chloride as assisting agent 

(considering the results from the research work described in Section 3.2.1).  

The major impacts of mining processes are due to material handling and grinding. These steps presented 

the highest energy consumption and, consequently, CO2 release (0.35 kg t-1 ore). Regarding aquatic 

systems, the chemical parameters with higher impacts are chemical oxygen demand, COD (4.15 x 10-3 

kg t-1 ore), biological oxygen demand in 5 days, BOD5 (2.08 x 10-3 kg t-1 ore) and total organic carbon, 

TOC (1.54 x 10-3 kg t-1 ore). 

Furthermore, an upscale approach of the ED reactor was developed. ED data obtained at a bench scale 

was used to estimate the potential environmental burdens involved in an ED plant conception. One of 

the main limitations in applying ED technology is energy consumption. However, the threats in the 

Panasqueira area are mainly related to resource management [82], where the ED technology could have 

a central role on its minimization, namely in terms of As content (63% of removal). The mine has a 
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project for more 30 years [57], meaning that new market segments could be explored to keep the 

development and the requalification of the Panasqueira area. Considering a circular economy 

perspective, the recovery of W (22%) and the hydrogen self-produced (purity=74%) from the ED 

treatment of mining residues seemed to be relevant.  

Additionally, based on the scenarios analysed, a sequential ED facility was presented, with a total 

investment estimated in approximately 51,000 EUR, increasing to 1 and 7 million EUR, respectively in 

the first and fifth year, due to maintenance and operational costs.  

3.4.2 Mortars and materials embodied energy 

Products demand will also depend on consumer choices driven by ongoing transformations, as 

environmentally friendly products. Data on carbon and environmental footprints of products should be 

more transparent to support consumers on their decision-making [11]. 

In this way, a simplified assessment on the environmental benefits of cement mortars produced 

coupling mining residues was submitted to the 2nd International Conference on Sustainable, 

Environmental Friendly Construction Materials - ICSEFCM 2021 and published [41] in the conference 

proceedings (document A11 in Part II). 

The annual production of cement in Portugal reported in 2019 was around 3,000,000 t [13]. Considering 

the formulations tested in the present work, with properties more similar to the reference product, an 

estimate of cement production savings was determined based on the conservative 10% of cement 

replacement by mining residues. Thus, if hypothetically up to 10% of cement could be avoided due to 

the reuse of mining residues in cementitious products, savings in cement production of 300,000 t would 

be achieved in Portugal, whilst minimizing the same amount of mining waste disposal.  

For the carbon footprint, the manufacture of 1 t of cement yields 0.471 t CO2 [83]. Assuming this 

emission impact, a lower cement production (less 10%) would promote the decrease of 141,300 CO2 t 

in Portugal, which is equivalent to 60,128 EU households annual electricity needs, considering that 1 EU 

house has a carbon footprint equivalent to an average of 2.35 t CO2 [84].  

On the other hand, LCA is an approach with few decades of development and application, although this 

methodology has matured over the years, being now an important tool to measure the impacts of 

construction materials [85]. In this sense, before applying an LCA methodology to determine the 

impacts of mortars produced with mining residues, a review to deepen the knowledge on the potential 
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and drawbacks of LCA of mortars was conducted and published [42] in the Construction and Building 

Materials journal (document A12 in Part II).   

The research status on mortar LCA, based on the Scopus platform (October 2020), demonstrated an 

increasing trend on scientific papers publication during the last decade. Up to date, there are more than 

100 scientific documents published on this matter since 1998, focused mostly on cement-based 

composites.  

LCA is a broad tool in terms of methodologies and quantification of impacts [86]. However, there is still 

lack of studies regarding the impacts of mortars. Typically, global warming potential is an impact 

category considered in many studies reviewed. Nonetheless, other impact categories such as ozone 

depletion, eutrophication and abiotic resource depletion potential are also frequently considered in LCA 

studies.  

The use of alternative materials, namely secondary resources, as a replacement or addition 

to conventional raw materials in mortar manufacture, may represent an environmental benefit that can 

be quantified using LCA [87]. The LCA methodology presents drawbacks, namely the use of subjective 

criteria, limitations on scientific knowledge about impacts, lack of a consolidated method, data access 

and analysis difficulties. This could be overcome by the presentation of a clear and uniform LCA report 

with all the information needed to reproduce the study. The update and further development of specific 

databases for mortars with real data could improve LCA studies, while decreasing uncertainties and 

variabilities. In addition, an economic analysis could complement the assessment by addressing the 

cost-effectiveness of products. 

Following these premises, the sustainability of mortars produced with mining residues was determined 

based on an LCA approach. The research conducted was published in Applied Sciences journal 

(document A13 in Part II).   

The environmental impacts resulting from the production of 1 t of mortars with mining residues were 

determined based on: (1) abiotic depletion; (2) global warming; (3) ozone depletion; (4) photochemical 

ozone creation; (5) acidification; (6) eutrophication potential. A reference mortar (100% of cement 

binder) and mortars with cement volume substitutions in 10, 25 and 50% by raw, ED treated and ED 

plus thermal treated mining residues were used as study cases. 

The environmental burdens were firstly analysed in terms of mitigation potential from mining residues 

applications, comparing to conventional mortar production with cement. The application of 50% 
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replacement ratios of cement by mining residues, as binder, could decrease the global warming 

potential in 49%, considering a release of 1.08 x 102 kg CO2 eq. by the reference mortar. 

The environmental pressures from mining residues disposed directly at mining sites, ED treated and ED 

plus thermal treated, before their reuse in mortars manufacture, were assessed. The application of a 

treatment to mining residues strongly contributed to alleviate ozone depletion, photochemical ozone 

creation and acidification potentials (up to 94%). In fact, the avoided mining residues discharges were 

key factors for such decreases, together with the lower use of cement in the mortar formulation. 

Finally, the contribution of all mortar components and respective management scenarios for the mortar 

life cycle was evaluated. The aggregate fraction demonstrated higher impact in ozone depletion, where 

2.55 x 10-7 kg CFC-11 eq. are released from the production of 1 t of mortars. On the other hand, the 

type of binder used demonstrated different environmental performances. ED mining residues showed 

higher percentual representativity (above 52%) in ozone depletion (3.03 x 10-7 kg CFC-11 eq.) and 

photochemical ozone creation (1.11 x 10-2 kg ethene eq.), whereas the combination of thermal 

treatment with ED mining residues contributed to the abiotic depletion potential in almost 100% (2.51 

x 10-1 kg Sb eq.). However, the fossil fuels needed for the thermal treatment increased the resources 

required, promoting a higher impact for abiotic depletion than cement (1.58 x 10-4 kg Sb eq.). 

Although other stages should be considered to a broader quantification of mortar embodied energy 

(e.g., construction, use and end-of-life phases), this study provided new insights on decision-making 

tools for future developments. 
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4.Conclusions 
 
4.1 Final remarks 

The climate emergency is a top priority in the European Green Deal. This ambitious set of action 

initiatives is playing a crucial role on the environmental balance of the planet, from cutting greenhouse 

gas emissions, to investing in leading-edge research and innovation. Raw materials recovery and 

recycling will be particularly important for the sectors where new dependencies might emerge, namely 

for high resources consuming industries. While research has mostly been focused on energy-efficient 

technologies, residues minimization and reuse strike as equally importance in a context of primary 

resources scarcity. In this sense, the development of sustainable systems accomplishing the valorization 

of secondary resources is now gaining attention in several fields.  

Mining residues are characterised by their strong environmental pressures, namely due to the 

generation of high amounts of rejected fractions from concentrate production. Nevertheless, these 

mining residues can be regarded as a secondary resource of: (1) elements considered critical by the 

European Commission, as W, and (2) raw materials potentially reused in the construction industry. 

In this Ph.D. project, the ED process was tested to improve the sustainability of the Panasqueira mining 

residues. The use of the ED process suggested new possibilities for the recovery of CRM and the removal 

of harmful compounds from secondary mine resources. The addition of assisting agents, as deep 

eutectic solvents and secondary wastewater resources, and the recovery of the hydrogen produced 

during the ED treatment, proved the economic and environmental feasibility of this strategy. The 

improvement in the extraction of elements from Panasqueira mine residues and energy savings during 

the ED process was achieved. Herein, renewable hydrogen can replace fossil fuels as a feedstock for 

industrial processes and improve the attractiveness of the ED technology in the market. 

The use of mining residues in the manufacture of construction products can contribute to decrease 

primary resources consumption, as well as to improve the properties of the final products without high 

investments. The construction sector is seeking for innovative alternatives for material production, 

where new composites that can replace energy intensive materials are desired. Thus, in this work, 

cement-based mortars were produced with mining residues treated with an ED technology, also 

coupled with a thermal procedure. The thermal treatment was tested as a method to improve the 

pozzolanic properties of the residues and diversify their application, eventually as a pozzolanic material 

that could tackle fly ash scarcity, concerning cement and concrete industries.  
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In this context, mortars were produced replacing cement binder contents by treated mining residues in 

10, 25 and 50% (volume). Extensive characterisation of physical, chemical and microstructural 

properties of the mortars was performed. The analysis of mortar behavior corroborated their 

compatibility with current applications, such as on contemporary concrete block and fired brick 

masonry walls, and also their economic feasibility.  

By the incorporation of secondary resources in material production it will be possible to close loops and 

provide optimized, competitive, economic and lower embodied energy products. In this sense, the 

advantages and limitations of mortar production with treated mining residues concerning their 

environmental impacts were quantified based on a LCA approach. Mortars with mining residues 

demonstrated positive performances concerning the decrease of global warming potential 

(approximately 50 %), as well as in other environmental categories. These findings supported the reuse 

of secondary resources in the roll out of more sustainable construction products. 
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4.2 Future developments 

Mining industries have been stimulated to operate in a more sustainable way, through the improvement 

of resources management. In this sense, continuous optimization of eco-efficient processes and 

alternative scenarios to direct waste disposal of rejected fractions are essential. Besides the cross-

cutting edge topic of the research conducted in this Ph.D. project, there is still lack of knowledge that 

could and should be further investigated. 

Considering the application of the ED process to mining residues, further adjustments on the ED system 

could overcome the low electromigration rate observed for raw materials, namely for Cu, Sn and W. 

The study of the complexes formed in the solution, that may inhibit the migration of the elements inside 

the reactor, should be deeply explored to support the development of an optimized ED set-up. 

Additionally, for the hydrogen self-produced during the ED treatment, the competitive cathode 

reactions and gases that may affect hydrogen purity should be analysed in future works. 

The ED plant conception gives an overview on technical, environmental and economic aspects. 

However, there is not yet full understanding of its behavior at a larger scale. This conception should be 

based on a pilot study, since the upscaling effect of the strategy developed in the present Ph.D. work 

may improve the process, its cost and the market knowledge. Also, the heterogeneity of mine resources 

in terms of physical-chemical properties should be considered in the development of an ED facility. 

Regarding the construction field, treated mining residues seem to have permeability and surface 

properties that imply the requirement of higher amounts of water to achieve mortars with the same 

consistency as when using only cement. In further studies, the influence of different water contents on 

the properties of mortars and on the corresponding types of applications should be addressed. To 

optimize mortar properties, expand the application range and increase mining residues replacement 

ratios, natural additives and admixtures (e.g., reused oils) could be tested. On the other hand, since ED 

plus thermally treated mining residues have demonstrated pozzolanic reactivity potential, water curing 

optimization may be needed to enhance the pozzolanic reaction in mortars. In future works, the 

influence of humid curing (without water immersion) should be studied as well as a broader 

characterization in terms of durability assessment. 

Furthermore, the thermal treatment itself should be optimized to assess if pozzolanic properties can be 

improved. This could be particularly important to cement and concrete industries, since they are seeking 

for pozzolanic alternatives to fly ash from thermal plants, that are now scarce and tend to disappear in 

Europe.  
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A larger ED treatment facility would allow the treatment of higher volumes of secondary mining 

resources. The properties heterogeneity of mining residues from different areas of the Panasqueira 

mine after the ED treatment should be studied. This will also be important to enlarge the 

characterisation of mortars, namely in terms of further durability assessment.  

The cost effectiveness analysis validated the feasibility of treated mining residues reuse in cementitious 

mortars. However, further studies should be conducted to assess more comprehensively the technical 

and environmental potential of using mortars with mining residues at an industrial scale, and to quantify 

more precisely the impacts of both ED and thermal treatment applications. In addition, to tackle water 

scarcity, the reuse of secondary liquid matrices to replace tap water usage in the manufacture of precast 

construction products, such as concrete blocks, could be studied. 
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“Only those who attempt the absurd can achieve the impossible.” 
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A B S T R A C T   

Resources efficiency regarding the decrease of residues generation and disposal are important steps towards a 
cleaner production in the construction and mining industry. Minning processes generate huge amounts of resi-
dues, and some deposits have accumulated them over hundreds of years, causing environmental and public 
health problems. However, mining residues can be recovered as secondary supplies for construction materials 
production due to its physical, chemical and microstructural properties. This study presents a critical review on 
sustainable strategies researched to introduce mining residues in the construction sector. The gaps and barriers of 
these strategies and final products are discussed, concerning a safe and sustainable inclusion of mine residues in 
construction materials production.   

1. Introduction 

The importance of improving building energy performance for 
saving energy and enhancing construction sustainability has been 
widely recognized [1]. Urbanization has become an increasingly critical 
issue as 55% of the world population lives in urban areas and this figure 
is predicted to keep growing up to 68% by 2050 [2]. This scenario will 
imply a larger consumption of raw materials to produce construction 
products. 

Traditional construction is commonly cement-based, such as con-
crete and some mortars. Concrete is the second most consumed sub-
stance on Earth, after water, and its exploration is one of the main causes 
of greenhouse gas emissions [3]. About 10% of the global emissions of 
CO2 are due to construction materials production, where cement ac-
counts approximately for 85% [4]. 

To revert this negative impact, the European Commission (EC) tar-
geted to reduce construction sector emissions by 90% until 2050 [5]. A 
compulsory inclusion of a minimal percentage of residues replacing raw 
materials on constructions may be a feasible way to achieve EC goals. 
That means reformulating many construction products, depending on 
the region and type of applications. Cement contents and raw materials 
could be fully or partially replaced by secondary resources, turning the 
construction products eco-friendlier and with lower embodied energy. 

In the mining sector, during the extraction of ores and minerals, 
residues such as extremely fine particles are rejected from the grinding, 
screening or processing of the raw material. These residues are typically 
slurried into large impoundments [6]. The reuse of these secondary re-
sources is highly encouraged due to the amount of its generation and the 
economic and environmental costs associated to its management [7]. 
Furthermore, from these residues it may be possible to extract signifi-
cant contents of (critical) raw minerals particularly from old mine res-
idues that have been explored by aged technologies. 

However, mining residues may contain harmful compounds, such as 
heavy metals that are commonly prone to leach [8]. Strategies to remove 
or neutralize these elements are also important to optimize the use of 
mining residues with different compositions. The literature dealing with 
mining residues’ incorporation in the production of construction prod-
ucts is diverse in terms of the type of mining residues and its composi-
tion. Safe mine residues incorporation to produce construction products 
can become a key factor for a sustainable construction sector facing 
primary resources overexploitation, whilst contributing for research and 
innovation projects to the circular economy strategy empowered by the 
EC [9]. 

Climate change is a powerful motor for innovation in the field of raw 
materials replacement towards an eco-efficient production of construc-
tion products. The present work aims at reviewing the existing literature 
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on construction products produced with mine residues, taking into ac-
count their physical, chemical and microstructural properties and also 
economic, social and environmental aspects. 

2. Methodology 

The research status on mining residues reuse in construction prod-
ucts was performed (January 2020) with the online version of Scopus. 
With the search words “construction”, “material”, “mining”, “mine 
wastes”, “tailings” and “residues”, a total of 1,025 scientific papers were 
obtained from 1969 to 2020 (Fig. 1). The dominant research areas were 
engineering (25.7%), earth and planetary sciences (22.4%) and envi-
ronmental science (20.6%). 

This study focuses on analysing the methods of mine residues 
introduction in the construction industry. The mining residues from 
different types of mined ores are presented and differentiated as exam-
ples of incorporation in the construction sector. Features and drawbacks 
are presented, as well as environmental impacts of mining residues. The 
review is based on the available scientific literature. 

3. Mining residues properties potential 

The generation of rock residues by mining industries has accumu-
lated over centuries into heaps and it is necessary to pursue new eco-
nomic solutions that can contribute towards their reuse [10]. estimated 
that around 20 to 25 billion tons of solid mine residues are produced 
annually in the world, where 5 to 7 billion tons are fine mine residues 
[11]. According to other approximations, this value is up to 14 billion 
tons and tends to increase in the future due to the higher utilization of 
low-grade ores [12]. 

Mine residues are also composed by particles of crushed rock with 
particle sizes ranging from 0.01-1.0 mm, but up to 20% clay-sized par-
ticles (0.002 mm) can be found [13]. These variations are dependent on 
sedimentation, site and processing methods. The fine material contains 
chemicals and metals, which may be environmentally harmful when 
released in combination with water and air. These tailings can be 
described in soil mechanical terms and their geotechnical properties can 
partly be compared to natural materials. Their characteristics can 
diverge due to variations in origin and processing of the ore and depo-
sition methods. The origin affects the size and the gradation of the 
grains, the internal friction angle and the particle density [13]. 

Mine wastes generally have high water content and porosity, low to 
moderate hydraulic conductivity and low plasticity when compared to 
soil. The shear strength has usually been rated low to moderate but 
found to be moderate to high in relation to the grain size compared to 
natural materials [13]. 

Focusing on iron, copper and gold mine residues, different properties 

can be seen, that affect the durability of a possible construction material 
produced. 

[14] conducted laboratory experiments to analyse the static and 
cyclic characteristics of coarse and fine iron and copper tailings. Both 
coarse mine residues were classified as silty sand (SM) and both fine 
mine residues were classified as sandy lean clay (CL). Fine mine residues 
showed larger coefficients of compressibility (0,260 and 0,085 for iron 
and copper, respectively), lower permeability (void ratios of 1,41 and 1, 
03 for iron and copper, respectively), lower strength and lower cyclic 
resistance, compared to coarse mine residues. When comparing iron and 
copper mine residues, iron mine residues demonstrated to have higher 
coefficients of compressibility, lower permeability, lower strength and 
lower cyclic resistance, both for the coarse and fine fractions [14]. 

Properties from gold tailings were investigated by Ref. [15]. These 
residues have been classified as alkaline silty materials of low plasticity 
with low organic contents (1.99–2.45%) and nitrogen contents (0.9–1.0 
mg/kg). The cation exchange capacity range is between 6.0 to 7.5 
meq/100 g and is dependent on clay content. The pH varies from 7.2 to 
7.5, typical for soils with large amounts of calcium and magnesium. The 
major oxides present are silica (SiO2), which form more than 50% w/w, 
alumina (Al2O3) with 9.6–14.6% w/w, iron (Fe2O3) with 10.4–17.5% 
w/w, and sulphur (SO3) with 11.4–12.1% w/w [15]. Silica and alumina 
are relevant elements for the production of construction products. When 
submitted to a relatively low thermal treatment, silica and alumina state 
may change to an amorphous form. The material may acquire pozzo-
lanic reactivity, potentiating the development of different construction 
products, namely by partial conventional binder replacement. 

Only in Europe there are a wide range of mine ores, accounting at 
least 31 different deposits [16]. Table 1 shows some examples of mine 
deposits in Europe and their main specificities. Also, for the different 
ores explored, diverse toxic compounds are identified, such as arsenic, 
antimony, lead, nitrogen and sulphate. The risks of these elements for 
the region and for the production of construction products should be 
carefully addressed since it can compromise the durability of the prod-
uct, the environment and public health. Nitrogen ending up in the water 
systems surrounded may cause eutrophication issues. Sulphates may 
also be accumulated in surface waters compromising water quality. 
Arsenic and antimony have harmful effects for public health, namely in 
cardiac and gastric systems, and also for the water ecosystems. 

4. Construction products produced with mining residues 

Mining residues have promised to be a sustainable and efficient 
alternative source for reuse in the construction sector. There are many 
studies regarding their application in different construction products 
and raw materials replacement. 

Fig. 1. Number of scientific documents by year related to mine residues in the construction materials production - SCOPUS, 2020, accessed in 6.01.2020.  
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4.1. Alkali activated construction products 

The reduced amount of greenhouse gas emissions made alkali acti-
vated construction products, also called geopolymers, one of the pri-
mary replacements for Portland cement [24]. Geopolymers (Fig. 2) are a 
class of inorganic polymers which have an amorphous structure of 
[SiO4]4� and [AlO4]5� , generally produced by mixing a raw alumino-
silicate source in the form of a powder with an alkaline silicate solution 
followed by curing [25,26]. Several aluminosilicate sources are applied 
for sustainable geopolymers production, such as metakaolin resulting 
from kaolin thermal treatment to achieve amorphous form [27,28], fly 
ash [29] and different types of slags and sludges [30,31]. 

Research focused on the reuse of residues (mining and quarrying) by 
integrating them into new construction products manufacture. 
Numerous works were developed with geopolymerization bases. Table 2 

presents examples of mining residues incorporation in geopolymeric 
construction materials. Geopolymerization of mine wastes is mainly 
done through alkali-activation, which consists in the addition of a strong 
base to the mixture. Sodium hydroxide (NaOH) is the principal base 
selected for this purpose, although other reagents can be applied [21, 
32–37]. The main drawback of this technique is the use of reagents, 
namely strong bases. The replacement for natural products or secondary 
alternatives would present benefits for the environment. 

The reuse of tungsten mining wastes into innovative alkali-based 
materials for road pavement applications [38], red clay bricks [39,40] 
and light weight construction products [41] have proof to be a feasible 
strategy for the construction sector. For local communities, and since the 
mining sector is not stable along the time, the potential to reuse these 
secondary sources in different sectors may lead to an increase of the 
economic and social impact. Also, the durability of the products can be 
improved with the incorporation of mining residues comparing to the 
conventional products. 

The properties of the final construction products are dependent on 
the components selection for the mixture and the incorporation rate of 
each raw material. According to Ref. [35]; when adding commercial 
granulated blast furnace slag (CGBF) as a co-binder to the 
alkali-activated tailings, parameters like strength, thermal stability, 
chemical and fire resistance tend to increase. However, lower density, 
micro/nano-porosity and shrinkage are obtained. Resistance to acid and 
sulphate attack has also been highlighted [37]. The incorporation of 
mine residues has reached 84% when fly ash is used as additive [34]. 

[21] developed a new alkali-activated binder by reusing mining 
wastes from Panasqueira tungsten mine, which showed good reactivity 
with alkaline activators and calcium hydroxide, for high alkali concen-
trations and curing at room temperature. The improvement on 
alkali-activation conditions was achieved by mixing mining clay resi-
dues with different sources of silica (river sand and amorphous ground 
glass residues) and cured at moderated temperatures. 

The alkaline activation of other aluminosiliceous industrial by- 
products is known to yield binders, making their properties compara-
ble or stronger and more durable than conventional Portland cement 
[42]. Cost comparisons show this alkali activated cementitious material 
is one of the most cost-efficient repair solutions [43]. The replacement of 
Portland cement by new alkali activated binders using mining residues 
was also studied by several researchers due to its enhanced environ-
mental and durability performance [43,44]. 

Different combinations of mining sludge residues, grounded glass 
residues, Portland cement, metakaolin and expanded cork were mixed 
together with alkaline activators (sodium silicate and sodium hydroxide 
solution), as well as aluminum powder or hydrogen peroxide to produce 
foamed lightweight materials. Studies have shown the feasibility to 
produce improved lightweight foamed alkali activated materials incor-
porating expanded cork for applications in artistic, architectural, and 
historical heritage restoration [21]. 

Geopolymeric products are now gaining attention, since through the 
alkaline activation is possible to neutralize different mixtures, with 

Table 1 
Examples of mine deposits in Europe and summary characterization.  

Mine Deposit type Ore 
explored 

Risks 
identified 
(compounds) 

Reference 

Evia, Greece Epithermal- 
and porphyry 

Nickel and 
Iron 

- [17] 

Kiruna, 
Norrbotten, 
Lapland, 
Finland 

Magnetite- 
apatite 

Iron Nitrogen [18] 

Kittil€a, Lapland, 
Finland 

Pyrite Gold Arsenic, 
Antimony, 
Sulphate and 
Nitrogen 

[19] 

Neves Corvo, 
Beja, Portugal 

Volcanogenic 
massive 
sulphide (VMS) 

Cooper, 
Lead, Zinc 
and Silver 

Lead [20] 

Panasqueira, 
Covilh~a, 
Portugal 

Wolframite Tungsten, 
Tin, Copper 

Arsenic [21] 

Polkowice- 
Sieroszowice, 
Legnica- 
Glog�ow, 
Poland 

Carbonate Cooper and 
Silver 

- [22] 

Pyh€asalmi, 
Pyh€aj€arvi, 
Finland 

Bimodal-felsic Zinc and 
Cooper 

- [23]  

Fig. 2. Geopolymers’ components for formulations.  

Table 2 
Examples of mining residues in geopolymeric construction materials.  

Mined 
ores 

Location Final product/Goal References 

Copper R.N.Macedonia Fly ash-based geopolymers [32] 
Copper Arizona, USA Geopolymeric bricks [33] 
Iron Western Hubei, China Geopolymeric bricks [34] 
Gold Finland Raw material for 

construction industry 
[35] 

Gold, 
Copper 

Musina, Limpopo, New 
Union, South Africa 

Aggregates for 
conventional bulk 
manufacture 

[36] 

Tungsten Portugal Foamed lightweight 
materials 

[21]  
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different resources incorporation. In terms of materials properties, it 
seems they are equivalent or better and with higher durability than 
conventional Portland cement, what makes this technique promising for 
the green movement of construction. 

4.2. New-polymer based construction materials 

The development of innovative polymer-based composite materials 
obtained from non-contaminated mine residues was also found an 
important strategy in the literature review. There is mechanical and 
physical potential for the reuse of Panasqueira aged rock-residues as 
new polymer-based construction materials in several applications [42]. 
These materials have shown great potential for conservation, restoration 
and/or rehabilitation of historic monuments, sculptures, decorative and 
architectural intervention or as materials for building coatings [42]. 

Different added value applications for reusing mining and quarrying 
residues are the production of compact composites, namely from marble 
or quartz residues. Compact composite products can be constituted by 
several sizes of particles/aggregates linked by a polymeric resin matrix. 
This aggregate/polyester matrix is optimized for mechanical and dura-
bility properties. The economic value of such composites depends 
principally on its aesthetic appeal (textures and colour scales) [45]. 

This is an innovative approach for reusing mining residues, as pro-
posed by Ref. [45]; where new applications were developed for archi-
tectural, technical-sculptural and restoration process, by reusing 
residues of quarrying industry of Macael region, Spain. Different types of 
polymer-based mortars were produced incorporating fine residues, from 
dust to sand sized particles. Mortar properties and its potential for in-
dustrial applications is dependent on the texture and white colour scale 
of the residues [45]. 

It is possible to modify the original colours of natural quartz adding 
colour pigments and other compounds that confer high durability, 
resistance and consistency. The result is a large variety of designs, for-
mats and finishes. Such advanced composite materials are compacted 
under intense vibration, vacuum, and pressure, resulting in dense and 
nonporous panels. Their appearance and properties differ according to 
the raw materials used. Besides quartz or granite, marble is also used in 
such composites, which can additionally incorporate residues from 
mining and quarrying industries [42]. 

New-polymer based products showed a great potential to provide 
personalized and original products for different purposes. The addition 
of different pigments makes possible to change the colour and also 
confer high durability to the products. 

4.3. Ceramic tiles 

[46] described a sustainable way of handling iron ore tailings by 
converting them into ceramic floor and wall tiles for building applica-
tions. The iron ore tailings were found to contain high percentage of 
silica and could be used up to 40% (by weight) as part of raw materials 
for ceramic floor and wall tiles production. Ceramic tiles from iron ore 
tailings were found to be superior in terms of scratch hardness and 
strength, while also keeping the essential properties of ceramic tiles 
made from conventional raw materials [46]. 

Amorphized tungsten tailings after magnetic separation demon-
strated to have proper crystal structure and high performance to pro-
duce ceramic tiles. The gehlenite–hedenbergite glass ceramics repaired 
from tungsten mining wastes by controlled crystallization showed great 
potential [47]. 

The wastes from mining of boron-rich minerals, basalt rock and 
recycled soda-lime glass can be modified into a new product, between 
traditional ceramics and glass–ceramics, by using direct sintering at 
1050 �C for only 30 min [48]. The surface porosity of the glass–ceramic 
body can be sealed by a glass–ceramic glaze, produced from the same 
starting mixture of residues and minerals [48]. 

Ceramic tiles can be produced in a superior way taking advantage of 

tailings, namely with iron, due to its colour (red-orange) and other 
chemical and physical properties. 

4.4. Bricks 

Several studies have shown the potential of mine residues to produce 
bricks in a more sustainable way. The possibility of applying tailings 
from Kolar Gold Fields, Karnataka, for brick fabrication was assessed by 
Ref. [49]. Since plasticity index of the tailings is zero it cannot be used 
directly for brick production. Thus, some additives that had plasticity or 
binding properties, such as Portland cement, black cotton soils and red 
soils were tested in the mixture with tailings from Kolar Gold Fields. 
According to the additives used, the bricks were termed as 
cement-tailing bricks or soil-tailing bricks. Bricks with 20% of cement 
and 14 days of curing were found to have suitable properties in terms of 
linear shrinkage, water absorption and compressive strength [49]. Also, 
bricks with high mechanical strength were produced with mine wastes 
from Jerada, Marocco [50,51]. 

Several works focused on iron ore mine residues incorporation to 
produce bricks. Different mixtures were carried out, adding to the mine 
residues components like soil, sand, cement, fly ash, gypsum and/or 
lime. The properties of the final product, such as compressive strength 
and water absorption, were found suitable for building products 
[52–57]. 

Studies demonstrated that iron ore residues can be also applied as 
aggregate in manufacturing of non-fired bricks, such as adobe, extruded 
or compacted earth bricks (respectively EEB and CEB), having a clear 
advantage in terms of low embodied energy products. However, as the 
incorporation of the residues reduces plasticity of the brick’s mixture 
before moulding, for adobe and EEB may be a drawback since plasticity 
is an important factor. Therefore, additives such as mineral binders may 
be needed to improve its plasticity. 

4.5. Aggregates for pavements and concrete 

Aggregates are materials commonly applied in several products of 
the construction sector. Mine residues have been studied to partially 
replace raw aggregates in road pavement applications showing they 
have compatible physical properties (FHWA, 2016) and, therefore, 
presenting great potential for this application [58]. 

Hot mix asphalt (HMA) was developed containing mining waste as 
aggregates for making medium to low traffic roads. Kota stone was used 
to make bituminous concrete (BC) and dense bituminous macadam 
(DBM), replacing conventional basalt aggregates. Up to 50% replace-
ment of conventional stone in BC mixes and 25% in DBM show satis-
factory results for moisture susceptibility, resistance to rutting and low 
cracking temperature [59]. 

A lightweight aggregate was produced by sintering a mixture of 
Korean gold mine tailings, red mud and limestone [60]. However, the 
abrasion loss value of the aggregate was 290 mg, which exceeds the limit 
of 200 mg required in Korea. Heavy metals did not leach from the 
aggregate, despite the significant amounts of lead, arsenic and fluor 
existing in the residues. Although harmful elements present in the mine 
residues did not leach, other sources of pollution should also be assessed. 
The air indoor quality is also an important parameter since some ele-
ments can volatilize causing risks for the users. 

The skid resistance and bond strength, together with physical prop-
erties of the reconstructed aggregate of the gold mine tailings were 
appropriate for use in bicycle lane construction, although the dissolution 
of calcium and the pH level of the leachate need to be controlled to 
protect aquatic ecosystems [60]. This will imply a hard and straight 
monitoring process, before, during and after the production, what in 
terms of costs could not compensate comparing to the conventional 
methods of aggregates production. Thus, the cost-benefit analysis is very 
important to support the feasibility of the mine residues incorporation in 
those cases. 
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Construction aggregates were also produced from a gold mine in 
Abitibi-Temiscamingue region, Quebec, Canada [61]. Rock residues 
samples containing 46% of coarse material have similar properties to 
common concrete. Depending on its composition, gold mine waste rocks 
show potential to replace almost 50% of the concrete needed, with a 
strong impact in an industrial scale. 

[62] produced artificial lightweight aggregate (LWA) manufactured 
from recycled resources (mining waste, fly ash from an incinerator and 
heavy metal sludge from an electronic wastewater plant). LWA pro-
duced by sintering in tunnel kiln shows good vitrified surface, low water 
absorption rate (below 5%), and low cylindrical compressive strength 
(4.3 MPa). In addition, the study reported that only trace amounts of 
heavy metals were detected [62]. 

The presence of heavy metals is a parameter that authors are not 
addressing deeply. Although authors are awarded of the presence of 
harmful elements in the residues and, probably, in the materials 
formulated with them, no further tests show its influence in the sur-
rounded ecosystems. If there are heavy metals, the monitoring process 
should be included since weather conditions and many other factors 
may influence its release in the atmosphere, apart from the influence on 
construction materials properties. 

The use of mine tailings from a lead-zinc mine as a partial aggregate 
replacement in self-compacting concrete was also assessed [63]. The 
mine residues have no pozzolanic activity and their application in 
mortar and concrete can be made in the form of replacement of a certain 
percentage of aggregates. The results show that concretes with addition 
of 10% and 20% of mine residues achieved higher strengths when 
compared to a conventional concrete with 28 curing days. 

Iron ore tailings may be used for complete replacement of conven-
tional aggregates in concrete. An iron ore tailings aggregates concrete 
exhibited good mechanical properties, showing a compressive strength 
12% greater than a conventional aggregates concrete [64]. However, 
due to the high content of fines in residues’ aggregates, the indirect 
tensile strength is not superior when compared to the conventional 
concrete production. 

Iron ore tailings were also tested to replace river sand in concrete 
[65]. Test results with 25%, 50%, 75% and 100% of replacement indi-
cated that concrete workability was poorer, but strength and modulus of 
elasticity were consistently higher than for conventional concrete. 

With the incorporation of mine residues for aggregates production 
and concrete aggregate replacement it is possible to improve properties 
as deformability and compressive strength. However, the workability 
may be affected. Also, the presence of heavy metals and other harmful 
compounds will imply the need of a straight monitoring process, since 
many factors may influence leaching and other release ways to the 
environment. 

4.6. Mortars 

Mortars are one of the most common construction products and can 
be constituted by only one or more types of mineral binders and ag-
gregates. Mortars can also include additions, like pozzolans or fillers, 
and admixtures, such as plasticizers, in their formulation [66,67]. In this 
sense, mortars were also subjected to mining residues incorporation in 
several studies. Mortars are frequently studied instead of concrete since 
they constitute a concrete matrix without the coarser aggregates 
(Table 3). 

[68] applied tungsten residues powders, activated by mechanical 
and chemical methods, as cementitious material in mortars. Garnet was 
the major group of silicate minerals present in the mine residues, which 
improved chemical and structural stability of the final mortar [68]. 

Conventional material for cement mortars was also replaced by 
tailings from a tungsten mine in Sangdong, Korea [69]. This technique 
was effective for stabilizing and solidifying heavy metals, particularly 
when used with commercial granulated blast furnace slag. This combi-
nation demonstrated acceptable properties for residues volumes up to 

10% by mass. 
Iron mine residues were used to replace river sand as the adhesive 

mortar aggregate in the study of [70]. The results show that polymer-
–cement ratio and cement-mine residues ratio are important factors to 
the performance of the adhesive mortar. The adhesive strength did not 
decrease with the incorporation of the mine residues [70]. 

[72] studied the potential of Bergama gold mine tailings (Turkey) as 
an additive in mortars. Cement mortars were prepared with a mixture of 
Portland cement and dried gold tailings. According to the results, mine 
residues are suitable for mortar production, with an optimum gold mine 
residues incorporation mass ratio of 5%. Also, several studies reported 
that heavy metals and metalloids from gold mine waste may be immo-
bilized in the concrete matrix [77]. 

[71] evaluated the technical feasibility of using iron ore mine tailings 
as construction material, for masonry layering, plastering and rendering 
mortars. Three types of mortars were produced: hydraulic lime con-
ventional mortars, mortars with complete replacement of natural 
aggregate by mine tailings and mortars replacing the lime by mine 
residues in proportions from 10% to 100%. Mortars with iron ore mine 
residues show an increment in the content of mixing water, reduced 
levels of incorporated air, increased bulk density and improvement of 
mechanical properties when compared to conventional mortars [71]. 

Also [74], proved that up to 20% of red mud, from bauxite ore 
extraction to produce alumina, can be used as a cement substitute in 
mortars. In a calcination range of 450 �C and 650 �C, the red mud 
provides an acceleration of the hydration process while the workability 
decrease. 

A technical comparison between stucco mortars (gypsum as binder) 
prepared with crushed conventional sand and with copper tailings was 
also carried out [75]. The best results were achieved for the stucco 
mortars containing mine tailings. The values of compressive strength 
(~14.7 N/mm2), water retentivity (87%), and adherence (0.07 N/mm2) 
in the stucco mortars prepared with copper tailings after 28 curing days 
improved in comparison to the values obtained with crushed sand 
(~0.57 N/mm2, 62% and 0.02 N/mm2, respectively). Therefore, the 
preparation of stucco mortars using copper tailings replacing conven-
tional sand seems a feasible alternative for the construction industry. In 
addition, gypsum requires low temperatures for production, making this 
combination a very sustainable approach for plastering mortars pro-
duction. Gypsum-based materials are commonly used for conservation 
and retrofitting projects [78]. 

Incorporation of barite-fluorspar mine waste (BFMW) as a fine 
aggregate additive has been investigated by Ref. [76] for its effect on the 
mechanical and shielding properties of cement-based mortars. Several 
mortar mixtures were prepared with different proportions of BFMW 
ranging from 0 to 30% as fine aggregate replacement. The results 
revealed that mortar mixtures containing 25% BFMW reached the 
highest compressive strength values, which exceeded 50 MPa. The use of 
BFMW aggregates increased attenuation coefficient by around 20% 
[76]. Mining residues can be used as partial replacement aggregate to 
improve radiation shielding and to reduce mortar (and concrete) costs. 

Additionally, focusing on the use of mine tailings as a partial cement 

Table 3 
Examples of mining resources applications in mortars production and purposes.  

Mining resource in mortar 
formulation 

Purpose References 

Tungsten residues powders/tailings Binder replacement [68,69] 
Iron mine residues Aggregate/Binder 

replacement 
[70,71] 

Gold mine tailings Additive [50,72, 
73] 

Bauxite mine residues Binder replacement [74] 
Copper tailings Aggregate replacement [73,75] 
Barite-fluorspar mine waste Additive/Aggregate 

replacement 
[76]  
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replacement, residues from Zinkgruvan (Sweden) and Nalunaq 
(Greenland) presented potential for partial cement replacement (5 and 
10%) in cementitious mortars and showed indications of pozzolanic 
activity (Sigvardsen et al., 2018). 

Therefore, the use of mine residues in mortars seems to be promised. 
The formulations may require the addition of additives (such as GBFS) 
that may help to immobilize the harmful elements, avoiding leaching 
phenomena and other contamination problems. At the same time, ad-
ditives may also improve materials structural and chemical properties. 
Some mineral groups present in the mine residues may also potentiated 
the chemical and structural stability (e.g. garnet). However, some 
studies reported only an optimal replacement ratio of cement by mine 
residues of 5% by mass. Nevertheless, in an industrial scale, even only 
5% will promote significant savings in raw materials for cement pro-
duction and costs. Furthermore, this percentage may increase replacing 
fine aggregates by mine residues together with new techniques and 
strategies to make these residues more suitable for mortars. This will 
promote not only a drastic reduction of mine residues disposal but also 
will make countries less dependent of cement and energetic sources. 

5. Environmental and social impacts of mining 

As previously mentioned, mining activities affect the environment 
and associated biota through removal of vegetation and topsoil, 
displacement of fauna, release of pollutants and generation of noise 
[79]. Furthermore, the management of mining waste that are generated 
in the mining processes increase the negative impacts. Thus, finding 
ways to reuse this secondary source in order to reduce mine residues 
disposal is an important current issue. 

The major impact of mining activities is related to water quality and 
availability in the area [80]. The potential for acid mine drainage is an 
important factor. When the walls of open pits and underground mines, 
mining residues, rock residues, and heap and dump leach materials are 
quarried and exposed to oxygen and water, acids can be formed. Acid 
formation occurs if iron sulphide minerals (e.g. pyrite) are abundant and 
if there are no neutralizing compounds [81]. Therefore, acids are prone 
to leach or dissolve metals and other harmful compounds present, 
forming acid solutions with high contents of sulphate and metals (e.g. 
cadmium, copper, lead, zinc, arsenic) [82,83]. 

Mineralogy is important for the ability of residues to neutralize 
acidity produced by sulphide oxidation. Iron carbonates in the form of 
siderite, ferroan dolomite and ankerite are less reactive and ultimately 
provide no net neutralization from the iron fraction of the carbonate due 
to subsequent Fe hydrolysis under oxidizing conditions. Whereas 
dissolution of other non-carbonate minerals (primarily silicates and 
aluminosilicates) can also provide some neutralization of acidic waters, 
the importance of such minerals in acid-generating environments is 
limited by low reaction rates [84]. 

Toxic constituents can leach even if acidic conditions are not present 
(e.g. arsenic, selenium, and metals). Elevated levels of cyanide and ni-
trogen compounds have been found in waters at mine sites, from heap 
leaching and blasting [79]. The impacts of wet mine residues im-
poundments can include contamination of water, since toxic substances 
can leach from these facilities, percolate through the ground and 
contaminate groundwater. Particulate matter from excavations, trans-
portation of materials and stockpiles, may be transported by the wind. 
Emissions from cars, trucks and equipment increase the particulate 
levels [82]. 

The use of mining residues as construction materials for the pro-
duction of construction products must comply with the requirements of 
safety at work during production and transport [85]. 

In an industrial scale, this aspect is crucial for the inclusion of mining 
residues in a safe and legal manner, although it has been rarely studied. 
Furthermore, safety during the lifetime of the construction product may 
be quite relevant, depending on the application. The construction 
product can be left exposed (uncoated) or applied as an intermediate 

layer. Also, depending if the final product will be applied indoors or 
outdoors, other interventions may be needed. 

Construction products are in contact with several environments 
during their lifetime and, as a consequence of their contents, may release 
potentially harmful compounds [85]. Nevertheless, few studies have 
addressed this aspect when focusing on the development of construction 
products with the mining residues. 

6. Discussion and research perspectives 

Conventional construction products manufacture is under increasing 
pressure since the primary resources used have a strong impact for the 
sustainability of this sector. Thus, the use of alternative secondary re-
sources appears to offer a promising way of alleviating this problem. 

The industry workers’ safety when handling with mining residues to 
produce construction products and the eventual toxicity of the residues 
may be one of the difficulties that companies face when considering the 
incorporation of mining residues in the production of construction 
materials. 

However, broad types of mine residues have shown great potential 
for construction materials production. A common strategy applied is the 
previously mentioned alkali activation, such as geopolymerization. This 
strategy provides materials with suitable chemical and structural prop-
erties. Also, geopolymerization may be a key factor to stabilize haz-
ardous compounds in mixtures with mining residues, avoiding leaching 
problems. This technique seems to be promising in Europe from an 
environmental, technical and economic perspective. However, although 
in-depth studied currently, commercially available geopolymeric prod-
ucts are still scarce. 

Secondary resources may have latent pozzolanic reactivity [86]. A 
thermal treatment of mine residues may enrich their pozzolanic reac-
tivity. After the thermal treatment, mine residues may be applied as a 
binder partial replacement for mortars and concretes, or for bricks 
production. Simultaneously, this process may be proficient to immobi-
lize harmful compounds, preventing toxic risks for the environment. 
Further research on this topic should be addressed in order to expanse 
the application of mine residues in the construction field. 

Mine residues have also the possibility to be reused from a secondary 
ore extraction. Since the EC identified 27 critical raw materials with 
high economic relevance and in risk of scarcity, alternative sources to 
recover are now being explored [87]. Various estimations of potential 
recovery of certain materials compared to their current demand have 
been done [88]. Thus, the application of a treatment before mine resi-
dues reuse could provide the recovery of critical raw materials and the 
removal or immobilization of harmful compounds, what would be ad-
vantageous in terms of economic and environmental perspectives. 

Electroremediation has been studied for a wide range of liquid and 
solid environmental matrices to remove organic and inorganic con-
taminants. In the electroremediation process (Fig. 3), a low-level direct 
current is applied in a system with charged elements to remove the 
pollutants [89]. 

In the construction field, electroremediation proved to be an efficient 
pre-treatment for immobilization of heavy metals in solid environmental 
matrices and improvement of physical and chemical properties [90]: 
[91–93] and to remove salts in liquid environmental matrices [94], for 
matrices reuse in mortar production [94,95]. 

Other strategies, as desulphurization (oxidation of sulphide minerals 
in the presence of a sulphide activator) have shown potential to reduce 
the sulphide content from mine tailings [96]. The pre-treatment of 
mining residues with this technique may be also an important step for a 
greener incorporation of mine residues in construction materials. Also, it 
may lead to chemical, physical and microstructural changes that may 
improve the final material and promote a higher ratio of mineral binder 
replacement. 

Metal ore processing activities generate significant quantities of 
residues at mining sites, causing environmental issues. The application 
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of mining residues for the production of construction products is 
considered to be a key factor for the conservation of natural resources 
and reduction of environmental impacts, both for mining and con-
struction industries. Incorporation of mining residues in construction 
products should provide competitive products, decreasing costs, re-
sources consumption and mine residues discharge. At the same time, 
greener management of residues and production of construction prod-
ucts with lower embodied energy should be achieved. It is important to 
keep intensifying research in this topic in order to implement and 
improve optimized applications of mining residues in the construction 
field. 

However, recovery processes can be highly energy dependent. Thus, 
environmental and land use aspects are also important to be considered. 
Availability of data and information on secondary materials and legis-
lative framework within the EC is essential for the large-scale develop-
ment of recovery practices [88]. Also, the development of a tool to assess 
climate protection and resources efficiencies, through indicators, will 
pursue the empowerment of innovative alternatives [97]. 

The valorization of tailings in the mining industry is slowly starting. 
One of the reasons is due to the limited knowledge of its contents and 
amounts. However, it is mandatory that this situation changes. In a 
circular economy perspective, the drawbacks related to the way that 
waste is managed and the conscience of industries to understand the 
potential of tailings as important and available materials are key factors 
to change from a linear economy model (take-make-use-dispose). This 
may promote the development of new business areas. Also, the imple-
mentation of taxation might change the profits, empowering the circular 
economy principles [98]. 

The comparative overview of the reviewed papers called up several 
promising prospects for future research. In this sense, a SWOT 
(strengths, weaknesses, opportunities and threats) analysis of the mining 
residues application in the construction sector is presented (Table 4). 

7. Conclusions 

The incorporation of mining residues into construction products 
manufacture can decrease consumption of primary resources in the 
construction sector, as well as improvements on the final products 
properties without high investments. While current research has been 
mostly focusing on energy-efficient construction products, residues 
minimization and reuse strikes as equally important in a context of 
primary resources scarcity. Thus, based on a literature review and 
showing several research examples of construction materials and prod-
ucts with mining residues, some gaps were presented, together with 
barriers that exist in the current literature. The diversity of available 

mine residues resources around the world, with specific problems, 
should be considered in further research. Nevertheless, it is clear the 
potential mine residues reuse can have to enhance eco-efficient con-
struction materials and products. 
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4.1 Introduction

Mining industries today are producing a larger volume of residues than ever. To
access ore, waste rock needs to be removed, and other residues are generated in
the process [1]. The accumulation of these residues in open pits leads to landscape
problems and environmental deterioration. For example, the Panasqueira mine
in Portugal has been active for more than a century and is one of the largest
tin (Sn) – tungsten (W) deposits in Europe. The mining residues are low-grade
secondary resources that contain not only W, from wolframite, but also elements of
environmental concern, including arsenic (As) from arsenopyrite [2].

The electrodialytic (ED) process has been studied to remove metals and metal
oxides from a wide range of porous solid matrices in the environment [3–7]. This
process consists of applying a low-level direct current between pairs of electrodes.
The electric field generated inside a reactor promotes the removal or separation
of substances from contaminated matrices [8]. In addition, natural deep eutectic
solvents are another strategy for extracting metals from environmental matrices
and have economic and environmental advantages compared to conventional ionic
liquids [9].

Natural deep eutectic solvents and/or ED processes were applied to secondary
mining resources from the Panasqueira mine to remove or separate elements
[10, 11]. Considering European Commission targets, the recovery of critical raw
materials [12] and removal of harmful compounds from secondary resources
contributes to close loops of by-products and move toward a circular economy [13].

Electrokinetic Remediation for Environmental Security and Sustainability, First Edition.
Edited by Alexandra B. Ribeiro and M.N.V. Prasad.
© 2021 John Wiley & Sons Ltd. Published 2021 by John Wiley & Sons Ltd.
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Additionally, worldwide, construction products have extremely high embodied
energy and consume large amounts of raw materials. EU targets from 2021 to 2030

AQ1

[14] call for reducing greenhouse gas emissions by 40% (comparing with 1990 levels)
and improving energy efficiency by more than 32.5%. The valorization of residues
as binder replacers or additions in cementitious construction products may be a
sustainable alternative for the construction and mining sectors, alleviating primary
resources needs and residue disposal.

Mining wastes from the Panasqueira mine have been successfully reused in
the construction sector using different approaches [15, 16]. The introduction of
Panasqueira W mining waste resources in construction products was assessed,
emphasizing the advantages and drawbacks of the material’s properties [17]. The
feasibility of innovative technologies, namely the ED process, to remove and recover
elements from secondary resources for subsequent use in construction product
formulations was also studied.

4.2 Tungsten Mining Resources: The Panasqueira Mine

4.2.1 The Development of the Industry

The Panasqueira mine is located in the Centro region of Portugal and is described
as the largest Sn–W deposit in Western Europe [18]. Tungsten market downturns
have influenced the plant’s dynamics over the years, regarding the optimization of
mechanical processes and exploring alternative ores (Figure 4.1).

Panasqueira began W exploration in 1896, when the mining company Tungsten
Mines Society of Portugal was founded. Wolframite ore was firstly extracted from
Cabeço do Pião (now known as Rio). In 1904, the plant was improved, and 41 t of
ore were produced by integrating a new mechanized treatment using the Zêzere river
for a water supply. Although the first underground drifts were opened in Rio, mining
activities decreased at this site due to richer veins in the Panasqueira area [19].

In 1911, Wolfram Mining and Smelting Company was formed and acquired all
the rights and concessions of the previous company. Investments in machinery and
equipment were made to increase ore production. From a social perspective, the
need for more workers to manage the plant processes increased employment in the
region. The production of wolframite concentrates was estimated to be 267 t of 65%
WO3 mined from 11 000 t of vein and 86 000 t of host rock [19].

During the World War I, the mining operation grew; production increased, and the
plant facilities were enlarged. Also, the mine began to recover Sn from cassiterite.
In 1928, the price of W fluctuated, which affected its exploration. To overcome the
W “crisis,” the recovery of Sn was intensified. The company reorganized itself and
changed its name to Beralt Tin and Wolfram Company [19].

During the World War II, peak production of W was reported, and the price of W
increased again in 1934. Manpower was also boosted from 750 workers in 1933 to
5800 in 1943. However, from the end of the war to 1950, the W market declined. The
production of Sn was maintained, and Cu (copper) recovery was introduced to the
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plant to compensate for W depreciation. In addition, water treatment was integrated
into the system to address water quality issues. The Zêzere river is one of Lisbon’s
water supplies, so constant water monitoring was necessary [18, 19].

Later, the company mechanized underground operations, reducing labor
expenses. In 1998, the remaining plant at Rio was moved to Barroca Grande, where
it is located today. The mine has a production plan for more than 30 years in the
future [19].

4.2.2 Ore Extraction Processes

Tungsten is a high valuable transition metal that can be extracted from the two W
minerals that are commercially mined: scheelite (CaWO4) and wolframite ((Fe,
Mn)WO4) [20]. Panasqueira mine ore deposits are characterized by a series of
sub-horizontal, stacked, and hydrothermal quartz veins that promote the mineral-
ization of wolfram-bearing schists and shales. The mineralized area is 2500 m long,
400–2200 m wide, and 500 m deep. Wolframite, chalcopyrite, and cassiterite are
extracted and recovered to produce concentrates of W, Sn, and Cu, respectively [21].

The current extraction technology is based on a room-and-pillar method, taking
into account an analysis of the geomechanical and geological properties of the rock
mass. The ore extraction process starts with a heavy media separation between fine
and coarse fractions. This step removes 80% of the ore that does not contain W. Then,
this pre-concentrated fraction is subjected to a conventional gravity concentration
technique, followed by flotation (with sulfide) and dry magnetic separation [21].

4.2.3 Potential Risks

The final concentrate production procedures are carried out in the Barroca Grande
plant. A huge tailings pile and two mud dams are currently in the area. One dam is
still being filled with material (mud and coarse material) without W ore as a result
of extraction operations [22].

More than 27 million t of rock were extracted in the first 50 years of mining. During
this period, around 92 800 t of W concentrate, 4800 t of Sn concentrate, and 28 600 t
of Cu concentrate were produced [22] (Figure 4.2).

Now production has been optimized and is estimated to yield 85 000–95 000 t of
W concentrate per year, which is almost equal to the total W production during
the first 50 years of Panasqueira mining. Currently, the W concentrate grade is
approximately 75% WO3, representing one of the best W products available on the
global market [21].

Panasqueira extraction and processing generate two types of mine tailings: (i)
coarse waste-rock tailings from rock blasting and (ii) waste-mud tailings transferred
into mud dams. Panasqueira has accumulated these rejected fractions for a long
time, and they now have enormous proportions. The total amount of accumulated
residues is a problem: it is estimated that to date, 8 200 000 m3 of mining waste have
been disposed of. Even more concerning is the quantity of residue disposed of in
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Figure 4.2 Tungsten, copper, and
tin concentrate production in the
first 50 years of Panasqueira
mining.

Sn – 4% 
4,800 t 

W – 73% 
92,800 t 

Cu – 23%
28,600

open air impoundments, since only around 23% of the total mining waste estimated
is effectively at dam facilities (1 924 919 m3) [22].

Besides harming the landscape, the piles of accumulated mining waste are
exposed to environmental conditions. Thus, these residue impoundments are
unstable and prone to landslides, erosion, and leaching of harmful compounds.
Waste mud contains high proportions of arsenic and other sulfide-related heavy
metals, e.g. lead (Pb), copper (Cu), cadmium (Cd) and zinc (Zn). The oxidation
of sulfides and their release from open impoundments are reported as the main
threat to the Panasqueira area since they are associated with the migration and
mobilization of metals/metalloids into the environment [23].

Although secondary resources from the Panasqueira mine have been successfully
valorized in several applications, there are other potential risks. The presence of
metals and metalloids, including arsenic (As), Cd, chromium (Cr), Cu, Pb, and Zn,
has been reported in different streams (rhizosphere soils, irrigation water, road dust,
and vegetables in local gardens). The mean concentrations exceed standards values
and cause potential risks for habitants [24].

4.3 The Circular Economy of Tungsten Mining Waste

Europe’s flagship initiative supports the shift to a resource-efficient, low-carbon
economy to achieve sustainable growth. Reusing mining waste contributes to
moving away from a linear economy model (take-make-use-dispose) and toward
circular economic principles as set by the European Commission [13].

4.3.1 Panasqueira Old Slimes vs. Current Slimes

Reprocessing old tailings from Cabeço do Pião can be a solution to extract more
ore concentrate and minimize the residues disposed of in the area [25]. However,
research on old and current Panasqueira W slimes have shown varying efficiencies
for the processes at the plant.
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Panasqueira wolframite froth flotation (selective separation of hydrophobic from
hydrophilic materials) has shown inconsistent results when comparing current tail-
ings with old dam tailings. The old dam tailings have difficulty during flotation,
which may be related to surface weathering. The finest wolframite is not effectively
recovered by high-intensity magnetic separation (low to moderate fields) since the
differential needed between wolframite, siderite, and other magnetic minerals is not
achieved. With the application of higher fields, a substantial recovery of magnetic
silicates and low-weight rejection is reported [26].

A three-stage gravity-separation process with a middle step of sulfide flotation can
produce a wolframite concentrate of 55% WO3. Tungsten minerals have extremely
fine particles, and wolframite particles in Panasqueira mine tailings are less than
25 μm. Thus, the complex mineralogy and low-grade ore have led to the pursuit
of a combination of enrichment techniques (e.g. flotation, magnetic, and gravity
separation). The process for recovering ultrafine wolframite was optimized to enable
efficient reprocessing of old mine tailings and current plant slime tailings from the
Panasqueira mine [26].

4.3.2 Tungsten Recovery

Tungsten is both scarce and extremely important economically: it was reported as
a critical raw material in the EU 2017 Critical Raw Material list [12]. Thus, alter-
native ways to recover W from secondary resources are now gaining attention. The
Panasqueira mine has tons of accumulated secondary mining resources as a result
of the extraction process, as reported in Section 4.2.3.

The electrodialytic process (ED) has been studied for removing organic and inor-
ganic contaminants from liquid and solid environmental matrices by applying a
low-level direct current to the system [27]. In the construction sector, ED has been
demonstrated to be an effective pretreatment for immobilizing metals in solid matri-
ces and improving the physical, chemical, and microstructural properties [28–31] for
matrix reuse in mortars production.

Toward this end, research has been conducted to assess the feasibility of recovering
W from secondary Panasqueira mining resources [10, 11]. Following the work of
Almeida et al. [10], ED treatment was applied to W mining residues to (i) recover
W contents, (ii) remove harmful compounds (As), and (iii) provide a suitable matrix
for further reuse in the construction sector.

Tests also demonstrated the feasibility of adding biodegradable acid adju-
vants – natural deep eutectic solvents – to the ED process [10]. The main goals of
this combination were to improve the As and W extraction ratios and separate the
extracted elements from the matrix.

Recovering W and removing As were assessed in a two-compartment ED cell
(Figure 4.3). Tests were performed for four days at 100 and 50 mA. The electrolyte
(NaNO3 0.01 M) was placed in the anode compartment, and the matrix was intro-
duced in the cathode compartment in a water suspension (liquid-solid ratio of 9).

The tested conditions allowed the extraction of As (35%) and W (22%). Addition-
ally, the conditions generated in the cell promoted the extraction and migration of
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Figure 4.3 Two-compartment
electrodialytic cell with an anion
exchange membrane (AEM)
interposed. (-)

AEM

Sample compartment Anolyte

W

As

W

As
(+)

the studied elements. The elements extracted from the original matrix electromi-
grated into the anode compartment: 82% of the As and 77% of the W. Also, As and
W can be further separated from the anolyte [10].

Simultaneously, research has been conducted for W recovery using other strate-
gies. The hydrometallurgical recovery of W from minerals, tailings, and scrap
involves several stages. Digesting and purifying these secondary raw materials
allows the leaching of the concentrate and, consequently, extraction by the solvent.
Tungsten from secondary scheelite can be processed through alkali leaching, where
wolframite is dissolved in NaOH or Na2CO3 at temperatures between 125 and
200 ∘C or by high-pressure digestion. Then, silicates, phosphates, fluorides, As,
antimony (Sb), bismuth (Bi), Pb, and cobalt (Co) can be selectively precipitated by
other reagents. This purification step is accompanied by a W concentration step by
either solvent extraction or ion-exchange resins [32].

However, the precipitation of contaminants leads to a loss of W. Therefore, direct
solvent extraction of W from the alkaline medium was proposed with quaternary
ammonium carbonate salts applied as extractants [32]. Trioctyl methyl ammonium
chloride was transformed in quaternary ammonium carbonate and used as an
extractant, removing almost all the impurities (e.g. phosphorus [P], As, silicon [Si],
and Sn) [32].

Tungsten can also be selectively recovered from W-bearing scrap by biosorption.
Escherichia coli and beer yeast have high uptake capacities for W biosorption
(0.16 g W/g biosorbent and 0.29 g W/g biosorbent, respectively), comparable to
ion-exchange resins [33].

Emulsion liquid membranes are another strategy for W recovery and consist of
two consecutive steps: extraction and stripping. The emulsion membrane phase is
based on (i) a homogeneous mixture of extractant, (ii) an organic diluent, (iii) an
internal aqueous stripping phase, and (iv) a surfactant to stabilize the emulsion.
Transporting the solute with the species through the liquid membrane is coupled
with counter-transport of ions (H+/OH−) from the internal stripping phase to the
external feed phase, which allows high enrichment concentrations. The enriched
solute can be recovered by breaking the emulsion [34].

Recent developments in microprocess engineering have helped to intensify exist-
ing solvent extraction processes for various metals [35, 36]. Microextraction pro-
cesses are designed for slug flow in a microchannel with alternating drops of the
aqueous and organic phases, non-dispersively in surface-modified microchannels
or with an extra membrane between the two phases [37].



Trim Size: 170mm x 244mm Single Column Loose Ribeiro670117 c04.tex V1 - 12/02/2020 11:09pm Page 8�

� �

�

8 4 The Electrokinetic Recovery of Tungsten and Removal of Arsenic from Mining Secondary Resources

4.3.3 Building Material–Related Applications

From the perspective of a circular economy, and in line with the EU desire to close
secondary resources loops [13], mining residues from Panasqueira and other mines
were broadly tested in construction material products [17].

Together with sources of alumino-silicates, alkali-activated binders can be
obtained. Some examples are calcinated clays (e.g. kaolin) and other industrial
byproducts. Alkali-activated binders, also known as geopolymers, are gaining
increasing attention because their properties are in some instances superior to other
cementitious products [38].

Tungsten mine waste mud was used to produce geopolymeric binders. Formu-
lations were performed with dehydroxylated mine waste, CaOH, NaOH (as an
activator), and water-glass solutions. Regarding fresh and hardened character-
izations, the tests standards may not be appropriate to measure the benefits of
introducing residues in the formulation. For instance, since the formulation
includes a viscous residue (water glass), it may bond to metallic surfaces of the
material used to measure consistency and, indirectly, workability, affecting the
results [39].

In-depth research of geopolymer optimization coupled with the incorporation of
other reagents and wastes has been conducted. Tungsten mining waste was com-
bined with red clay brick waste. When higher amounts of red clay brick waste were
added to the mixture, there was an increase in compressive strength from 25 to
59 MPa with 10 and 50% of red clay brick waste, respectively [40].

Together with W mining waste, waste glass, and metakaolin, several precursors
were tested to produce alkali-activated foams. A foaming agent (aluminum powder)
was added to the mixture. The compressive strength of the final foamed material can
be enhanced by reducing the precursors’ particle size [41].

Tungsten mining waste mud was also combined with other mixtures, concen-
trations, and liquid-solid ratios of alkaline activator solutions. Some examples are
Na2SiO, NaOH, KOH, and waste glass powder dissolved in NaOH, aiming to enhance
the compressive strength and microstructure of hybrid alkaline binders. By adding
ground granulated blast furnace slag to secondary resources from W mining, a com-
pressive strength of 32.8 MPa was obtained in 28 days of cure. This strategy’s major
drawbacks are the alkaline activator solutions, which are the most expensive com-
ponent to prepare a hybrid alkaline binder [15].

The feasibility of reusing waste-rock piles from the Panasqueira W mine was
assessed, aiming to develop a polymer-based composite material. These materials
have the potential for technical-artistic applications in rehabilitation as building
coatings and for conserving sculptures, although polymer-based composite products
are probably incompatible with the conservation of historical monuments [42].

Panasqueira secondary resources as aggregates were successfully applied as
a refractory lining in a foundry of non-ferrous metals [43]. Also, cementitious
grouts were formulated with milled glass and Panasqueira waste mud for the road
industry [44].
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The influence of sodium carbonate on the thermal reactivity performance of
materials produced with Panasqueira mine waste mud was also assessed. Although
compressive strength achieved 40 MPa in 28 days of cure, Na2CO3 did not lead to a
stable structure or, consequently, enhanced thermal reactivity [45].

The potential of tungsten mine waste mud to repair ordinary Portland cement
(OPC) concrete was studied. A geopolymeric binder formulated with W mining
waste was used as a repair material. This geopolymeric binder showed excellent
bond strength and was not affected by its low roughness. On the other hand,
commercial repair products are characterized by low bond strength and are highly
dependent on surface treatment roughness [46].

Additionally, W mine tailings were studied to determine their potential for use in
commercial glass production. CaCO3 and NaCO3 were added since they are essen-
tial for glass manufacture. Tungsten mine tailings showed suitable properties for
commercial glass manufacture and also retained toxic elements, preventing envi-
ronmental deterioration [47].

4.4 Social, Economic, and Environmental Impacts

The impacts of mining activities involve social, economic, and environmental
pillars. Mining residues can affect the environment as a result of their chemical and
mineralogical composition, physical properties, volume and surface occupied, and
need for waste disposal. As a consequence, water quality and availability may also
be affected. The potential for acid mine drainage is high, since mine tailings, rock
residues, and heap and dump leach materials are quarried and exposed to oxygen
and water, increasing the probability of acids being formed due to the presence of
sulfide minerals (pyrite) [48]. Toxic constituents can leach even if acidic conditions
are not present. Elevated levels of cyanide and nitrogen compounds have been
found in waters at mine sites, from heap leaching and blasting. Also, landslides can
occur on high deposits [49].

Particulate matter is transported by the wind as a consequence of mining activities
(e.g. excavations, blasting, transportation of materials, wind erosion). In addition,
exhaust emissions from the vehicles involved in mining areas increase these partic-
ulate levels [49].

Current demand and metal prices have potentiated the interest in old mining
waste. As mentioned before, this waste can be considered a secondary mining
resource for critical/raw materials. The recycling of W has lower-energy negative
impacts (below 6000 kWh t−1) compared to virgin production (10 000 kWh t−1),
depending on the grade and cut-off. However, depending on the market conditions,
energy savings associated with W recycling do not make recycling cheaper than
conventional W production [50].

To overcome the drawback of recycling costs, innovative methods require lower
processing energies, lower carbon emissions, and waste rock generation from
excavation activities, wastewater, and leachates from mining operations. Also,
new technologies should have an eco-friendly perspective for the W processing
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industry by reducing the reagents needed and/or the production of harmful/useless
byproducts [50].

Future developments may consider redesigning models to optimize the environ-
mental, social, and economic consequences of managing mining waste throughout
the value chain. Orebody characterization, mine planning, processing, disposal,
reprocessing, recycling, and reuse should be integrated. Economically, avoiding
mining waste is at the top of the list, followed by reuse > recycling > recovery
treatment > disposal. However, circular business models supported by public
policies may have strategic importance [51]. To achieve social acceptance, special
incentives may be provided to reward W producers or processors. These benefits
should optimize the recycling management system to increase recycling rates [50].

4.5 Final Remarks

Reusing secondary mining resources may be a key factor in facing dependence on
primary raw materials and improving sustainability in the industries that produce
and reuse mine residues.

Although W mining wastes were reported as a feasible source to be reused, the
presence of harmful elements may lead to potential risks. Applying a pretreatment
before reusing secondary mining resources can recover critical raw materials,
remove harmful compounds, and make it possible to safely reuse this matrix in
other applications.

In the construction sector, geopolymerization proved to be able to stabilize haz-
ardous compounds in formulations with W mining wastes for cementitious or clay-
ish construction products. In addition to geopolymerization, other applications also
seem feasible. Thus, W mining wastes are a valid secondary resource to empower a
circular economy while mitigating primary resource needs in the construction sector
without the loss of building materials’ properties.

The imminent threat of climate change is a powerful motor for innovation in the
field of raw material replacement for eco-efficient production of construction mate-
rials.
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The sustainability ofmining activities is compromised due to the high amounts ofmining residues generated that
have to be disposed of, often in open dams, that may cause environmental deterioration, e.g. release of toxic el-
ements to water supplies. These residues are, however, secondary resources of raw materials. In the case of
Panasqueira mine, they even are a source of tungsten, considered a critical raw material. The present work
aims to assess the electrodialytic process efficiency for rawmaterials extraction from Panasqueira mine residues.
Experimentswere performedwith 2 and 3-compartment electrodialytic reactors, applying current intensities be-
tween 50 and 100 mA, from 4 to 14 days, and sample suspensions enhanced with NaCl or effluent. Additionally,
control experiments with no current application were carried out. The results showed that a 3-compartment re-
actor operating at 100mA, with NaCl as supporting electrolyte, presented the highest extraction of copper (13%),
tin (10%), tungsten (13%) and arsenic (63%).

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The market of raw materials has increased the demand over the
last few years across the globe (Mancini et al., 2019). Raw materials,
constituents or substances used in goods primary production or

manufacturing, are essential for humanwell-being and can influence
the sustainable development. Their production, consumption and
end-of-life is causing numerous environmental and social negative
impacts (Mancini et al., 2019; Schreck and Wagner, 2017).

To tackle reliable and undistorted access to rawmaterials and im-
prove growth and competitiveness of the EU economy, the European
Commission (EC) launched the Raw Materials Initiative in 2008 (EC,
2008). In this context, EC has been presenting and updating the crit-
ical raw materials list, based on current raw materials economic
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relevance and supply risk (EC, 2017). Europe's transition towards a
circular economy has been stimulated through secondary resources
recovery, contributing to ‘close the loop’ of product life cycles (EC,
2020).

Mining residues are often a slurry of fine materials as a result of
metals separation from mined ores. Their large production generates
landscape and serious environmental problems. Besides themining op-
eration itself, the most significant impacts are waste rock dumps and
residues disposal (Almeida et al., 2020a).

Panasqueira mine (Centro Region, Portugal) has beenworking for
more than a century, being on the top list of the largest tin
(Sn)‑tungsten (W) deposits in Europe (Candeias et al., 2014a). The
well-known tungsten trioxide (WO3) production from wolframite,
with grades up to 75%, is one of the best quality W products world-
wide (Yang et al., 2016). Additionally, Panasqueira mine has a sec-
ondary production of copper (Cu) from chalcopyrite and Sn from
cassiterite (Yang et al., 2016).

Panasqueira area is occupied with piles of mining residues and mud
dams, nearby small villages and Zêzere river (Coelho et al., 2014). The
presence of sulfides, such as arsenopyrite, presents severe risks for the
surrounding ecosystem, namely for water resources. Secondary prod-
ucts are discharged to dams with 30% of arsenic (As) contents, that
are prone to be released into various environmental compartments
(Candeias et al., 2014b). According to Portuguese legislation (Diário da
República, 2017), As concentration in water for public consumption
must be below 10 μg As/L. Due to its characteristics, mining activities,
and consequently their residues, have been one of the focus for the sus-
tainable development goals (Mancini et al., 2019).

Research and technology have empowered the reuse of mining sec-
ondary resources, particularly focusing in construction products
(Almeida et al., 2020a). However, the pH conditions may affect the
leachability of As from a cementmatrix (Randall, 2012). To assure safety
requirements and to tackle primary resources over exploitation, versa-
tile technologies are needed for harmful substances and raw materials
extraction, namely critical metals.

The electrodialytic treatment (ED) is used to remove inorganic and
organic contaminants from liquid or solid matrices (Ribeiro and
Rodríguez-Maroto, 2006). When a low-level direct current is applied
between pairs of electrodes, the movement of charged contaminants
is promoted (Guedes et al., 2014). Three main mechanisms are respon-
sible for contaminants´ transport: electromigration, electroosmosis and
electrophoresis. Ion exchangemembranes are used to separate the con-
taminated matrix and to control the electrolyte conditions. The water
electrolysis at inert electrodes generates an acidic media at the anode
(H+) and an alkaline media at the cathode (OH−) (Ribeiro and
Rodríguez-Maroto, 2006).

The ED process has long been applied to mining resources aiming
the extraction of materials (Hansen et al., 2007), namely from sulfidic
reserves (Zhang et al., 2019). Furthermore, strong acids and acidic
salts such as H2SO4, HNO3 and NH4Cl, have been used to assist the pro-
cess and improve the extraction ratios (Hansen et al., 2007; Ortiz-Soto
et al., 2019). The implementation of green chemistry principles would
promote the sustainable growth of ED technologies (Chen et al., 2020)
for this application. In this sense, due to their low volatility and toxicity,
natural deep eutectic solvents (DES) were applied on the extraction of
metals and alloys, as As and W (Almeida et al., 2020c). Additionally,
the reuse of available liquid secondary resources, as effluent from
wastewater treatment plants, could also be an alternative for ED en-
hancing purposes. This would decrease effluent discharges and tap
water consumption needed for sample suspensions preparation
(Almeida et al., 2020b).

The present work aimed to assess the feasibility of Cu, Sn, W and As
extraction from Panasqueira mining residues through the electrodia-
lytic process. Several reactor setups and experimental conditions were
tested to understand raw materials behavior and optimize a bottom-
line treatment strategy.

2. Experimental

2.1. Materials

Mining residues mud was directly sampled from the sludge circuit
output of Panasqueira mine (Covilhã, Portugal, 40°10′11″N, 7°45′24″
W). Typically, this mud contains fines with particle sizes lower than
2 mm diameter (Castro-Gomes et al., 2011). The annual production of
W at Panasqueira mine is estimated in around 90,000 t with concen-
trated grades of approximately 75% WO3 (Franco et al., 2014).
Panasqueira sampleswere dried at 20 °C for 48 h in a fume hood, before
starting the experiments. Effluent was collected from the secondary
clarifier (May 2019) of a wastewater treatment plant located in Lisbon
(Portugal) and all the experiments were performed with samples
from the same batch.

2.2. Elements extraction analysis

The concentration of As, Cu, Sn andW in the samplewas determined
after a pre-treatment in accordance with EPA3051A (USEPA, 2007):
0.5 g of dry sample, 9 mL of HNO3 (65%) and 3 mL of HCl (38%) were
placed in a vessel and extracted in a Microwave (Milestone Ethos, Ber-
gamo, Italy). The microwave program was set to reach 175 °C in
15min, and to keep the temperature for the next 15min. After, the sam-
ples were collected and filtered through a 1.2 μmMFV3 glassmicrofibre
filters (Filter lab, Barcelona, Spain) and stored until analysis. Liquid sam-
ples (electrolyte and suspensions liquid phase) were also filtered
through a 1.2 μm MFV3 glassmicrofibre filters (Filter lab, Barcelona,
Spain) and stored until analysis. As, Cu, Sn and W contents were mea-
sured in an Inductively Coupled Plasma – Atomic Emission Spectrome-
ter (ICP–AES), Varian 720-ES. For Cl− and SO4

2− quantification, 5 g of
mining residues were mixed with 25 mL deionized H2O and placed in
a shaking table for 24 h, at room temperature. The samples were prior
filtered by vacuum, using 1.2 μm MFV3 glassmicrofibre filters (Filter
lab, Barcelona, Spain) and further analyzed by ion chromatography
(DIONEX ICS-3000 equipment, Waltham, USA), equipped with conduc-
tivity detector and a Thermo Ionpac AS9-HC AG9HC column
(250 × 4 mm). The eluent used was Na2CO3 (8 mM) at a flow rate of
1 mL/min. The sample injection volume was 10 μL at 25 °C.

2.3. pH desorption tests

To determine the pH influence in As, Cu, Sn andW desorption, 2.5 g
of mining residues were suspended in 12.5 mL of different concentra-
tions of HNO3 and NaOH, as well as in deionized H2O, in order to have
solutions with pH between 1 and 14. The suspensions were placed in
a shaking table for one week, at room temperature. At the end, pH
was measured with an EDGE, electrode meter (HANNA Instruments,
Rhode Island, USA). The suspensions were filtered by vacuum using
1.2 μm MFV3 glassmicrofibre filters (Filter lab, Barcelona, Spain) and
As, Cu, Sn and W concentrations were determined by ICP-AES.

2.4. Electrodialytic laboratory reactor

The experiments were carried out in a 2-compartment (2C) and 3-
compartment (3C) ED reactor (Fig. 1). The reactors had an internal di-
ameter of 8 cm and were separated by commercial anion and/or cation
exchange membranes, from Ionics (AR204SZRA and CR67, MKIII, Blank,
respectively). The compartmentwhere themining residueswere placed
had a length of 10 cm in the 2C configuration, and of 5 cm in the 3C
setup. The electrolyte (anolyte or catholyte) compartment had a length
of 5 cm. A pair of electrodes were placed in the reactor according to its
design. The platinized titanium, with a 0.3 cm diameter and a length
of 5 cm (Bergsøe Anti Corrosion A/S, Herfoelge, Denmark), were se-
lected for the system due to its performance reported in other ED stud-
ies (Ferreira et al., 2018; Magro et al., 2020). A power supply (Hewlett
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Packard E3612A, Palo Alto, USA) was used to maintain a constant direct
current and voltage drop was also monitored (Kiotto KT 1000H
multimeter). The electrolyte, 0.01 M NaNO3 (PanReac Appli Chem ITW
Reagents, Germany), was recirculated by means of a peristaltic pump
(Watson-Marlow 503 U/R, Watson-Marlow Pumps Group, Falmouth,
Cornwall, UK), with one head and two extensions.

2.5. Electrodialytic experimental conditions

In total, ten experimentswere performedwith constant and sequen-
tial current intensities, different reactor setups, operation times and en-
hancing agents (Table 1). E1-E3 experiments were performed under
regular ED conditions (no enhancement agent), BW, EF1-EF3 experi-
ments were performed adding NaCl or effluent to the sample compart-
ment as enhancing agents, and C1-C3 were conducted with no current
applied, working as control tests.

In the 2C reactors, the sample compartment was filled with 39 g of
mining residues and 350 mL of deionized H2O or effluent (EF), while
in the 3C setup 22.2 g of sample were added to 200 mL of deionized

H2O, both with a Liquid/Solid (L/S) ratio of 9. For the experiment with
3C configuration, in order to ensure enough conductivity to test this de-
sign, a brine solution was created by adding 11 g of NaCl to the deion-
ized H2O present in the sample suspension compartment (BW
experiment).

The electrolyte was recirculated using a flow rate of 3mL/min in the
electrolytes' compartments. To guarantee the suspension of the mining
residues, a magnetic stirrer was used in the sample compartment. All
the experiments were performed in a fume hood at room temperature.

2.6. Statistical analysis

Statistically significant differences among samples for 95% level of
significance were evaluated through ANOVA tests using GraphPad
Prism software (version 8). Statistical differences were analyzed for
pH and conductivity variations in the reactor compartments, and for el-
ements extraction considering: (1) same element, different experi-
ments, and (2) same experiment, different elements. The notation
selected to present statistically significant differences among the results

Fig. 1. Schematic design of the electrodialytic laboratory tested reactors: (A) 3-compartments, 3C; (B) 2C with CEM - cation exchangemembrane, and (C) 2C with AEM - anion exchange
membrane.
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obtained was lower case letter versus same capital letter. Thus, data
with lower case letter is statistically significant different from the data
with the same capital letter, with 95% confidence interval.

3. Results and discussion

3.1. Initial characterization

Table 2 presents the initial composition of mining residues by ICP-
AESmethod. Regarding the target compounds, As presented the highest
concentration (3743 ± 471 mg/kg), comparing to the contents of Cu
(1790 ± 202 mg/kg), Sn (75 ± 8 mg/kg) and W (488 ± 88 mg/kg) in
the sample. The presence of salts and other elements, namely Fe
(7250 ± 318 mg/kg) and SO4

2− (217 ± 5 mg/kg), may influence ions
mobility due to uncharged complexes generation, affecting elements
extraction by ED (Almeida et al., 2020b).

3.2. Electrodialytic experiments

During the ED treatment, pH fluctuations occurred due to electrode
reactions (described later in Eqs. (1) and (2)). Accordingly, desorption

tests were performed before the remediation process to understand
As, Cu, Sn and W concentration in the aqueous phase as function of
pH (Fig. 2).

The solubility of compounds, namely oxides, hydroxides, carbonates
or mineral forms, is highly dependent on the media pH. Also, cationic/
anionic constituents are related to solid residues through adsorption/
desorption onmineral or organic surfaces with a pH-dependent charge.
Dissolution and sorption processes provide a pH-dependent leaching
trendwhere the release of cations increases in lowpHmedia and the re-
lease of anions increases towards high pH solutions (Król et al., 2020).

Generally, elements desorption frommining residueswere higher at
pH values below 2 (Fig. 2) due to the chemical speciation of the studied
elements, where the release of cationic species was more pronounced.
Only As showed a second desorption peak at pH above 11. At high pH,
HAsO4

2− is the dominant As species, followed by AsO4
3− considering an

oxidizing media. These anions can react with Ca2+ to form amorphous
or crystalline arsenate (Vempati et al., 1995). This means that during
the ED process the sample should be theoretically placed at the anode
compartment, where an acidic pH (below 2) is promoted and, as a con-
sequence, higher desorption rates are expected. Considering the ED sys-
tem, it is foreseen that the most common forms of As, Cu, Sn and W, in
extreme acidic conditions and with soluble forms at pH below 2 are, re-
spectively, H3AsO4/H3AsO3 (Chen et al., 2014), Cu2+/Cu(OH)+ (Cuppett
et al., 2006), Sn2+/Sn(OH)3+ (Dulnee and Scheinost, 2015) and WO3

(Cao and Guo, 2019). Nevertheless, the mobility of these elements dur-
ing ED experiments may be limited due to eventual complexation with
other substances present in the media (Almeida et al., 2020b).

In a first stage, the ED processwas applied considering 2C and 3C re-
actors at 50 and/or 100 mA. The pH behavior of the sample compart-
ment during the treatment is presented in Fig. 3a.

Generally, after the ED process, sample pH decreased when mining
residues were placed in the anode compartment (Fig. 1b), while the op-
posite was verified when the matrix was at the cathode compartment
(Fig. 1c). Sample pH increased in E2 and E3 tests and decreased in E1
test. Thiswas expecteddue towater electrolysis phenomena occurrence
at the electrode compartments. Herein, H+ is generated at the anode
(Eq. (1)) while OH− is formed at the cathode end (Eq. (2)), promoting
an acidic and alkaline pHmedia, respectively. Also, the presence of chlo-
ride in the ED system may lead to the formation of active chlorine,
which is an oxidant agent (Eq. (3)).

H2O lð Þ⟶1
2
O2 gð Þ þ 2Hþ þ 2e− ð1Þ

H2O lð Þ þ e−⟶
1
2
H2 gð Þ þ OH− ð2Þ

Cl2 gð Þ þ 2e−⟶2Cl− ð3Þ

As the pH in the residue suspension decreases, a higher dissolution
of the residue is expected (Fig. 2). Fig. 3(b) and (c) also shows the con-
ductivity behavior and the voltage variation on the sample compart-
ment during the experiments, respectively.

Conductivity in themedia has to be assured to promote current pas-
sage and electrochemically-induced extraction of substances. Typically,
mining residues are characterized by low conductivity values, with an
average of 0.3 mS/cm (Almeida et al., 2020c; Almeida et al., 2020b;
Magro et al., 2019). The initial electrical conductivity of the suspension
was in average approximately 1 mS/cm (Fig. 3). When a 2C reactor de-
signwas tested (E1, E2 andE3), the conductivity of the sample compart-
ment tended to increase (Fig. 3b), due to the generation of free ions in
the media (Eqs. (1) and (2)), which was advantageous for current pas-
sage and, consequently, for the ED process performance. This increase
was more pronounced at the end of E1 (9.8 mS/cm) and E2 (4.9 mS/
cm), where 100 mA were applied. However, there are oscillations in
the conductivity, namely in E1. This may be explained by CEM

Table 1
Electrodialytic experimental conditions.

Experiment Setup Membrane Current (mA) Sample
compartment

Running
days

ED experiments (n = 2)
E1 2C CEM 100 Anode 14
E2 2C AEM 100 Cathode 14
E3 2C AEM 50 Cathode 8

Enhanced ED experiments (BW n = 2; EF n = 1)
BW 3C AEM and

CEM
100 Central 5

EF1b 2C AEM 50 Cathode 4
EF2b 2C CEM 50 Anode 4
EF3b 2C AEM 65-55-45-35a Cathode 4

Control experiments with no current (n = 2)
C1 2C AEM 0 Cathode 10
C2 2C CEM 0 Anode 10
C3 3C AEM and

CEM
0 Central 10

BW – Brine water; EF – Effluent; AEM – Anion exchange membrane; CEM – Cation ex-
change membrane.
n – number of experiments performed.

a Sequential decreasing current intensity.
b Effluent was placed in the sample compartment.

Table 2
Composition of mining residues.

Parameter mg/kg

ICP-AES analysis
As 3743.2 ± 471.0a

Ca 97.3 ± 44.8A,b

Cu 1790.3 ± 202.3A,B,c

Fe 7250.2 ± 318.4A,B,C,d

P 46.6 ± 12.7A,C,D

Sn 75.11 ± 8.6A,C,D

W 487.8 ± 87.5A,C,D

IC analysis
Cl− 5.0 ± 2.3A,C,D

SO4
2− 217.0 ± 4.6A,C,D

ICP-AES, Inductively Coupled Plasma - Atomic Emission
Spectrometer.
IC - Ion Chromatography.
Statistical analysis was carried out at p < 0.05 (95% confidence in-
terval). Datawith lower case letters are statistically significantly dif-
ferent to data with the same capital letter.
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Fig. 2. Arsenic, copper, tin and tungsten pH desorption at different concentrations of HNO3 and NaOH solutions with pH between 1 and 14.

Fig. 3.Mining residues: (a) pH, (b) conductivity and (c) voltage betweenworking electrodes during the electrodialytic experiments. E1-CEM,100mA; E2-AEM, 100mA; E3-AEM, 50mA;
C1-control AEM; C2-control CEM; C3-control AEM and CEM.
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properties, since sulphonation is required to maintain good conductiv-
ity, ion exchange capacity and permselectivity on the system. A high de-
gree of sulphonation may have caused instability (Shukla and Shahi,
2019).

A voltage decrease tendency was verified (Fig. 3c), due to the de-
crease of the internal resistance in the reactor along the experiments,
based on Ohm law (Eq. (4)):

I ¼ V
R

ð4Þ

where I is the current intensity (in amperes), V is the voltage (in volts)
and R the resistance (in ohms) applied.

Moreover, when the currentwas applied, the pH at the anolyte com-
partment decreased to around 2, while the pH at the catholyte compart-
ment increased until approximately 10 (Table S1, in Appendix A). In all
experimental setups, conductivity increased at the end of the experi-
ments, from approximately 1 to 4–6 mS/cm. This was predictable due
to the increment of free ions, corroborating the generation of ions by
the electrodes and the electromigration of substances from the sample
to the electrolyte compartments.

Furthermore, whenmining residues were placed in the central com-
partment (3C reactor case, Fig. 1a), the current passage was not facili-
tated due to the extremely low conductivity of the sample, being
unfeasible to operate the process according to the time set for the exper-
iments, without the addition of adjuvants. Electrokinetic effects pro-
mote non-homogenous slipping flows over charged surfaces, which
may impact hydrodynamics of tight porous materials, as mining resi-
dues (Karaca et al., 2017). Regarding the transport of ionic solutions,
both hydrodynamic and electrokinetic transport are expected. How-
ever, the transport due to electric fields (e.g. electroosmosis) is more
prominent in tight pores where electrical diffuse layer is not negligible
(Godinez-Brizuela and Niasar, 2020).

In fact, the ED 3C reactor could not perform properly without adding
enhancing agents, to assure enough conductivity in themedia and avoid
operation problems, such as pressure fluctuations inside the reactor
during the operation time. Considering this limitation, mining residues
were treated in a 3C reactor design adding brine water (BW), and in
2C reactor designs using effluent (EF) as enhancing agents (Table 1).
Whereas NaCl was added to the sample compartment only to assure
enough conductivity, effluent was tested as an eco-friendlier alterna-
tive, comparing to water, in both 3C and 2C reactor designs. Addition-
ally, the application of decreasing current intensities was tested in
solid matrices (Guedes et al., 2016). Thus, a sequential decreasing cur-
rent intensity was applied to an effluent experiment to test their feasi-
bility on ED experiments, aiming to improve the process efficiency
and the overall stability of the ED system.

Table 3 presents pH, conductivity and voltage behavior on enhanced
ED experiments with EF and BW.

The same pH, conductivity and voltage trends verified on Fig. 3 were
observed in enhanced experiments. The sample pH decreased to around
2 when mining residues were placed at the anode, and increased to
approximately 12, when the sample was at the cathode compartment.
Concerning the BW experiment (performed in the 3C reactor), the pH
at the central compartment decreased from 5.3 to 4.5, once the anion
exchange membrane has limited permselectivity (Ribeiro and
Rodríguez-Maroto, 2006). Only protons (H+) are able to cross this
membrane, promoting the decrease of the pH in the central compart-
ment, during the experiment. Conductivity dropped about 70% in the
central compartment at the end of experiment, due to the
electromigration of charged species towards the electrolyte compart-
ments. Thus, a conductivity increase was verified in the cathode
(6.3 ± 1.6 mS/cm) and anode (13.5 ± 1.6 mS/cm) compartments,
where the second was more pronounced (Table 3).

On experiments performedwith 2C reactors, using effluent as an en-
hancing agent, thepHat the anode compartment decreased to around 2,
while the pH at the cathode compartment increased until approxi-
mately 12. The conductivity at the end of the experiments in the sample
compartment increased in all experiments. The experimental behavior
was similar to E1, E2 and E3 experiments (Fig. 3), corroborating that
water replacement by effluent to perform the liquid suspension did
not significantly affect the ED system balance.

Electrochemical reactions that occur at the anode and cathode (oxi-
dation and reduction) may contribute to the increase of conductivity in
themedia. The removal processmay cause the presence of more ions in
solution (free ions), and consequently higher conductivity at the end of
the experiments. As expected in all tested cases, the voltage values de-
creased as electrical conductivity increased, which is in line with
Ohm's law. BW voltage decrease from around 29 to 16 V; EF1 from 21
to 15 V; EF2 from 23 to 8 V and EF3 from 32 to 12 V (Table 3).

3.3. Elements extraction

After the EDprocess, As, Cu, Sn andWfinal distribution in the reactor
compartments was assessed. Fig. 4 presents the amounts of each stud-
ied element detected at the anode (anolyte), cathode (catholyte) and
sample (solid sample and liquid phase) compartments, for all experi-
ments performed.

Generally, after the ED experiments (E1, E2 and E3), As demon-
strated the highest mobility since As was detected in the anolyte on ex-
periments E2 (19%) and E3 (14%). Thus, predominant As extractionwas
observed towards the anode, where the rising current intensity pro-
moted its speciation. Also, 60% of As was solubilized in the liquid
phase on E1. Only trace amounts of Cu (0.3%), Sn (0.3%) and W (0.1%)
were detected in the solid sample at E1. Copper was detected at the
cathode compartment and in the liquid phase in E1, while Sn and W
where mainly detected in E1 at the catholyte (Sn = 0.3%; W = 0.01%)
and in E2 in the liquid phase of the sample suspension (Sn = 0.02%;
W = 1.1%).

Table 3
Initial and final pH, conductivity and voltage values in the reactor's compartments, on enhanced ED experiments.

Experiment Compartment pH Conductivity (mS/cm) Voltage between working
electrodes (V)

Initial Final Initial Final Initial Final

BW (3C) Cathode 6.8 ± 0.2 3.5 ± 0.5 0.7 ± 0.1b 6.3 ± 1.6d 29.2 ± 9.1 16.2 ± 1.4
Central (sample) 5.3 ± 0.7 4.5 ± 1.0a 12.6 ± 1.6B,c 3.8 ± 1.2e

Anode 6.8 ± 0.2 1.5 ± 0.1A 0.7 ± 0.1C 13.5 ± 1.6D,E

EF1 (2C) Cathode (sample) 7.5 12.4 1.6 2.2 20.5 14.5
Anode 8.0 1.9 1.1 5.0

EF2 (2C) Cathode 7.6 12.4 0.7 1.9 22.7 8.4
Anode (sample) 4.82 2.2 0.8 1.5

EF3 (2C) Cathode (sample) 7.6 12.7 0.7 3.2 32.3 11.8
Anode 4.8 2.7 0.8 1.6

Statistical analysis was carried out at p < 0.05 (95% confidence interval). Data with lower case letters are statistically significantly different to data with the same capital letter.
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Contrarily, enhanced experiments (BW, EF1, EF2 and EF3), demon-
strated an increase on elements extraction. BW showed the highest
electromigration rates, since elements were detected in the anode and
in the cathode compartments. Arsenic was detected in the anolyte
(28%), while Cu (12%) and W (11%) were mainly detected at the
anode end. Tin was detected in both electrolyte compartments in the
same proportion (2%). Regarding effluent experiments, advantages
namely for Cu, Sn and W extraction were observed, when compared
to E1, E2 and E3 experiments. Copper, Sn andWwere detected in higher
percentages at the anode on EF1 and at the cathode on EF2. The solubi-
lization of Cu (1%), Sn (1%) and W (5%) was obtained when the ED ex-
periment was performed with a combination between effluent and
the application of a sequential decreasing current intensity (EF3), that
may improve ED efficiency and stability. Thus, the combination of the
three tested setups could present advantages for the extraction of Cu,
Sn and W.

The possible complexation of metals with substances present in the
media may have hindered the extraction and electromigration rates to-
wards the electrolytes compartments. At lower pH, As can form insolu-
ble complexes with Fe oxides as AsFeO4, since high levels of Fe are
present in the sample (7250± 318mg/kg, Table 2). Thus, arsenate spe-
cies may react in an easier way with ferrous ions, inhibiting at the same
time Fe reactionwith other species, also present in solution (Guan et al.,
2011). This type of As, associated to insoluble complexes, is immobile.
However, in the reduction state, arsenite is predominant and the com-
plexes formed are mobile (Yang et al., 2015). The presence of Ca
(97 ± 45 mg/kg) in the sample may promote the generation of Ca3
(AsO4)2 as well (Mahapatra et al., 1984). Copper complexation may
also occur in presence of As (Cu(OH)AsO4) (De Pedro et al., 2011), Fe
(CuFe2O4) (Satheeshkumar et al., 2019) or SO4

2− (CuSO4) (Xi et al.,
2019), limiting Cu extraction. Additionally, Sn complexes may also be
formed in the presence of Cu, as Cu6Sn5 or Cu3Sn (Liu et al., 2016).

TheWmost common form isWO3,which is present in solution at pH
below 2. In addition, SO4

2− presence (217 ± 5 mg/kg, Table 2) may

promote the formation of WO2(SO4)34−. These species also blocks oxy-
gen reduction reaction, which is already low in cationic dissolution in
electrochemical processes (Lassner and Schubert, 1999). CaWO4 may
also be formed in the present conditions (Yekta et al., 2016), complicat-
ing W extraction.

In lower proportions, due to the Cl− presence in the initial sample
(5 ± 2 mg/kg, Table 2), AsCl3 (Cazzoli et al., 1978), [CuCl2]− (Cotton
et al., 1974), SnCl3− or SnCl42− (Sherman et al., 2000) and [W2Cl9]3−

(Rollinson, 1973) may also be formed. However, when NaCl was
added to the sample suspension in BW (11 g) and also during effluent
experiments, which is also reach in Cl− (193mg/L, Table S2 in Appendix
A) (Magro et al., 2020), the increase in Cl− content may have potenti-
ated the formation of the species mentioned, promoting at the same
time their extraction.

The summary of the extraction of the studied elements from the
original matrix is presented in Table 4.

According to Table 4, As showed the highest extraction ratios, com-
pared to the other studied elements. A maximum of 63% of As was suc-
cessfully extracted from the matrix in the BW experiment, whereas Cu,
Sn and W extraction reached 13, 10 and 13%, respectively. Arsenic may
have been solubilized from the solid to the liquid phase of the sample
compartment due to the pH changes that lead to its speciation. The
changes in As oxidation states may have generated a “mobile phase”
of this element, potentiating its electromigration to the anolyte/
catholyte compartment. Moreover, As extraction is statistically signifi-
cantly different (p value < 0.0001) compared to As extraction in other
experiments, and to Cu, Sn andW in the same experiment (E1 and BW).

4. Conclusions

Generally, secondary mining residues are stable matrices with low
conductivity, implying changes both in the ED reactor design and in
the process itself. From the results obtained it was observed that an
ED 3C reactor might be the most suitable setup for raw materials

Fig. 4.Arsenic, copper, tin and tungsten distribution in the ED reactor after the ED experiments. E1-CEM, 100mA; E2-AEM, 100mA; E3-AEM, 50mA; C1-control AEM; C2-control CEM; C3-
control AEM-CEM; BW-AEM-CEM, NaCl, 100 mA; EF1-AEM, 50 mA; EF2-CEM, 50 mA; EF3-AEM, 65-55-45-35 mA (sequential current intensity).
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extraction, comparing to ED 2C systems. The conductivity increases by
the addition of NaCl on the sample compartment improved the current
passage, and consequently, the species extraction (As=63%; Cu=13%,
Sn = 10% and W = 13%).

At the studied conditions, the ED process potential for Cu, Sn andW
extraction from the mining residues is lower than for As, due to the
poorer solubilization and migration rate of species to the electrolyte
compartments.

Arsenic was successful extracted from the initial sample during the
tests performed due to its conversion into mobile forms. Contrarily,
raw materials ED extraction was mainly affected by the presence of
other compounds in solution, where the formation of complexes
inhibited the migration of the elements inside the reactor. However,
the development of different treatment stages can overcome the
electromigration low rate.

The application of enhancements could be a key factor to improve el-
ements extraction ratios from the mining residues. Additionally, ED op-

eration time could be optimized, promoting savings in terms of labor
and energy costs.

Summingup: The improvement of the ED performance targeting the
Panasqueira mine residues was achieved by adding eco-friendly en-
hancements as NaCl and effluent, particularly to As, as mobile forms
were obtainedwith the generated pH changes. For Cu, Sn andW, further
adjustments have to be studied in order to increase their extraction
efficiencies.
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Appendix A

Table S1
Initial andfinal pHand conductivity values in the electrolytes’ compartments on regular and control EDexperiments. E1-CEM, 100mA; E2-AEM, 100mA; E3-AEM, 50mA; C1-control AEM;
C2-control CEM; C3-control AEM-CEM; BW-AEM-CEM, NaCl, 100 mA; EF1-AEM, 50 mA; EF2-CEM, 50 mA; EF3-AEM, 65-55-45-35 mA (sequential current intensity).

Experiment Electrolyte pH Conductivity (mS/cm)

Initial Final Initial Final

E1 Catholyte 6.1 ± 0.4 9.8 ± 1.2a 1.2 ± 0.1 4.5 ± 4.3
E2 Anolyte 5.2 ± 0.6 1.6 ± 0.1A,b 0.7 ± 0.5 6.3 ± 1.6
E3 Anolyte 5.3 ± 0.6 1.8 ± 0.4A,c 0.9 ± 0.1 4.1 ± 0.5
C1 Anolyte 6.1 ± 0.3 4.9 ± 0.1A 1.2 ± 0.4 1.1 ± 0.1
C2 Catholyte 6.1 ± 0.3 4.1 ± 0.6A,d 1.2 ± 0.4 1.0 ± 0.1
C3 Anolyte 5.7 ± 0.9 1.9 ± 0.1A,e 1.4 ± 0.1 3.1 ± 0.6

Catholyte 8.2 ± 1.8B,C,D,E 1.3 ± 0.1

Statistical analysis was carried out at p < 0.05 (95% confidence interval). Data with lower case letters are statistically significantly different to data with the same capital letter.

Table S2
Effluent initial characterisation.

Effluent⁎
Total suspended solids (mg/L) Cl- NO3

- SO4
2-

< 15 193 82 28

⁎ Data from (Magro et al., 2020)
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• Proof of concept in coupling DES + ED
for As andW removal frommining resi-
dues

• Best As and W extraction achieved with
ChCl:MA (1:2) and ChCl:OA (1:1).

• DES and electrical current use improved
extraction for As (22%) and W (11%).

• From total As and W extracted,
electromigration achieved 82% for As
and 77% for W.
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Tungsten is a critical rawmaterial for European and U.S. economies. Tungsten mine residues, usually considered
an environmental burden due to e.g. arsenic content, are also secondary tungsten resources. The electrodialytic
(ED) process and deep eutectic solvents (DES) have been successfully and independently applied for the extrac-
tion of metals from different complex environmentalmatrices. In this study a proof of concept demonstrates that
coupling DES in a two-compartment ED set-up enhances the removal and separation of arsenic and tungsten
from Panasqueira mine secondary resources. Choline chloride with malonic acid (1:2), and choline chloride
with oxalic acid (1:1) were the DES that in batch extracted the average maximum contents of arsenic (16%)
and tungsten (9%) from the residues. However, when ED was operated at a current intensity of 100 mA for
4 days, the extraction yields increased 22% for arsenic and 11% for tungsten, comparing to the tests with no cur-
rent. From the total arsenic and tungsten extracted, 82% and 77% respectively were successfully removed from
the matrix compartment, as they electromigrated to the anolyte compartment, from where these elements can
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construction sectors.

© 2018 Elsevier B.V. All rights reserved.

Keywords:
Critical raw material
Harmful compound
Secondary resource
Electro-based technology
Choline chloride/malonic acid
Choline chloride/oxalic acid

Science of the Total Environment 710 (2020) 136364

Abbreviations: W, tungsten; As, arsenic; ED, electrodialytic; DES, deep eutectic solvents; ChCl:OA, choline chloride/oxalic acid; ChCl:MA, choline chloride/malonic acid; ChCl:LA,
choline chloride/latic acid; PA:U, propionic acid/urea.
⁎ Correspondence to: J. Almeida, CENSE, Department of Sciences and Environmental Engineering, School of Science and Technology, NOVA University Lisbon, Caparica Campus, 2829-

516 Caparica, Portugal.
⁎⁎ Corresponding author.

E-mail addresses: js.almeida@campus.fct.unl.pt (J. Almeida), abr@fct.unl.pt (A.B. Ribeiro).

https://doi.org/10.1016/j.scitotenv.2019.136364
0048-9697/© 2018 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.136364&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.136364
mailto:js.almeida@campus.fct.unl.pt
mailto:abr@fct.unl.pt
https://doi.org/10.1016/j.scitotenv.2019.136364
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


1. Introduction

Tungsten (W) is a critical raw material with a wide range of
uses, being the largest in cemented carbides production, followed
by mill products, alloys and steels (Cuesta-Lopez, 2017). China
owns 82% of the world's W mine production (U.S. Geological
Survey, 2019). In addition, other W primary ores commercially
mined, such as scheelite (CaWO4) and wolframite ((Fe,Mn)WO4),
are becoming gradually limited (Yang et al., 2016). The European
Union and the United States of America recognized W, respec-
tively, as one of the 27 Critical Raw Materials (European
Comission, 2017), and as one of the 35 mineral commodities con-
sidered critical to U.S. National Security and Economy (U.S.
Geological Survey, 2018). Tungsten deposits have typically a
grade of b1% WO3. Additionally, due to the waste rock that needs
to be removed to access the ore, W mines produce volume-wise
more waste than has originally been mined. The accumulation of
residues in open pits generates serious landscape and other envi-
ronmental problems (Schmidt et al., 2012).

Panasqueiramine (located in the Centro region of Portugal) has been
active for more than one century and is one of the largest tin (Sn) - W
deposits in Europe, with estimated 9.7 Mt of ore resources (Candeias
et al., 2014). These mining residues are low grade secondary resources
that contain not onlyW, but also other elements of environmental con-
cern, as arsenic (As) from arsenopyrite (FeAsS) (Candeias et al., 2014),
an element which toxicity strongly affects the individuals exposed
(Coelho et al., 2014).

The electrodialytic (ED) process is a treatment technology, that has
been studied over the last three decades, to remove heavy metals
from several environmental matrices: (1) soil (Ribeiro and Mexia,
1997), (2) sludge (Guedes et al., 2015), (3) fly ash (Ferreira et al.,
2005), (4) timber waste (Ribeiro et al., 2000) and (5) mine tailings
(Hansen et al., 2008, 2007; Zhang et al., 2019). When a low-level direct
current is applied between a pair of electrodes, the removal or separa-
tion of substances from polluted matrices is promoted (Ribeiro et al.,
2016). Despite promising data, the technology readiness level (TRL) re-
mains far from being introduced as an efficient process into the market
(Lacasa et al., 2019).

Deep eutectic solvents (DES) have been considered the solvents
of the XXI century, having successful results in the extraction of
metals from various sources (Abbott et al., 2017, 2015, 2011,
2005; Schaeffer et al., 2018; Söldner et al., 2019; Su et al., 2018).
DES are now a feasible option for scale-up purposes, since they
are composed by inexpensive and abundant raw materials, and
their formulations are simple and reproducible (Smith et al.,
2014; Zhang et al., 2012). DES are a mixture of hydrogen bond do-
nors and hydrogen bond acceptors. When mixed at a certain molar
ratio, the melting point of the mixture becomes significantly lower
than that of the original components (Abbott et al., 2003). Addi-
tionally, tuning the water content and composition of DES can
change their properties, favoring their versatility for several appli-
cations. Through the use of strong acids, as sulfuric and nitric
acids, the yields in metals extraction could achieve up to 97%
(Gong et al., 2019; Pena-Pereira and Namieśnik, 2014; Shen
et al., 2018). However, their negative impacts are also widely rec-
ognized (Shen et al., 2019). The use of natural DES offers advan-
tages in terms of costs, toxicity and biodegradability (Pena-
Pereira and Namieśnik, 2014).

To the best of our knowledge, the use of DES to enhance the ED
process removal/separation yield has not been reported. Mining res-
idues can be treated with ED technologies via stirred suspensions
mixtures (Zhang et al., 2019). In these cases, critical raw materials
recovery and harmful compounds/elements removal may be ex-
tremely attractive. The decrease of primary sources needs and toxic
risks in an industrial scale application can be reduced coupling ED
and DES.

If a successful recovery of the critical raw material W and the re-
moval of As from secondary mine resources is achieved, it will contrib-
ute to close loops, in a circular economy perspective. Secondary
resources re-integration provides a platform for the study of new con-
cepts and application of technologies, business models, and policy for
sustainable circular economy approaches in several industrial sectors
(Velenturf et al., 2019). Furthermore, alternative strategies to recover
secondary resources in EU and US will decrease their resources depen-
dency from other countries.

Additionally, in the construction sector, innovative alternatives for
materials under basic conditions are now increasing attention since
they are less prone to leach hazardous elements and their durability
may not be conditioned by physical, chemical andmicrostructural prop-
erties changes. This opens the possibility for treated mining residues
with ED and DES be further reused in constructionmaterials, alleviating
the need of primary resources.

This work aimed to: (1) assess efficient DES forW and As extraction,
(2) combine the use of DES in the ED process, and (3) perform a proof of
concept of the feasibility to couple ED treatment and DES to separateW
and As from the matrix, into a different compartment.

2. Materials and methods

2.1. Materials

Mining residues were collected at Panasqueira mine, Covilhã,
Portugal (40°10′11.0604″N, 7°45′23.8752″W). The plant produces
~900 tWO3/year, and the collected residues corresponds to the rejected
fraction from the sludge circuit, directly pumped into a dam. The col-
lected mining residues were filtered by vacuum with filter paper 42
(Whatman, Germany) and left to dry for 48 h at room temperature.
All the experiments were conducted with filtered and dried residues.

Deep eutectic solvents were prepared with choline chloride (ChCl)
CAS 67-48-1 (≥99%, Sigma-Aldrich, Germany), malonic acid (MA) CAS
141-82-2 (99%, Sigma-Aldrich, Germany), oxalic acid (OA) CAS 144-
62-7 (≥99%, Sigma-Aldrich, Germany), propionic acid (PA) CAS 79-09-
4 (99%, Sigma-Aldrich, Germany), urea (U) CAS 57-13-6 (≥99.5%,
Merck, Germany) and DL-lactic acid (LA) CAS 50-21-5 (≥85%, Tokyo
Chemical Industry, Japan). For water content measurements, Hydranal
Coulomat AG CAS 67-56-1 (Honeywell, Germany) was used.

2.2. Experimental set-up

Twelve experiments were carried out in duplicate, according to the
conditions presented in Table 1. Due to the heterogeneity of the sample,
high standard deviations on the results may be expected. A liquid/solid
(L/S) ratio of 9 was selected for the experiments, since ratios between 7
and 12 allow the suspension of the sample, improving extraction effi-
ciencies (Nystroem et al., 2005).

Experiments were designed according to the following objectives:

1) To access the best DES combination for As and W extractions

a. Experiments: 1–4
b. Mixture: 2.2 g of mining residues with 20 mL of DES

2) To study the influence of the current intensitywithDES onAs andW
extractions

a. Experiments: 5–8
b. Mixture: 11.1 g ofmining residueswithin 98.5mLof deionizedwater

and 1.5 mL of DES
c. Set-up: a power supplywas connected to a pair of electrodes, and the

cathode and the anode ends were placed inside a beaker, in order to
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Table 1
Experimental conditions: with DES extraction; DES and current intensity extraction; and DES and electrodialytic separation.
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generate an electric field.
d. Current intensities: 50 and 100 mA

3) To test the feasibility of couplingDESwith the ED process in order to
increase As and W extraction and allow their later separation in a
different compartment.

a. Experiments: 9–12
b. Mixture (cathode compartment): 39 g of mining residues

(1.18 g/cm3) with 345 mL of deionized water and 5 mL of DES
c. Anode compartment: 250 mL of 0.01 M NaNO3 (anolyte)
d. ED set-up: two-compartment cell, as seen in Fig. 1A

The level of the two compartments in the ED set-up is different. The
anode compartment is full, and the cathode compartment was filled up
to ~400mLout of a 500mL capacity (not completely so that no overflow
would occur during the stirring), which may potentiate osmosis phe-
nomena from the anode to the cathode compartment during the
treatment.

The two-compartment ED set-up (Fig. 1) was an acryl XT cell (RIAS
A/S, Roskilde, Denmark) with an internal diameter of 8 cm, and com-
partment lengths of 5 cm and 10 cm, respectively, for the anolyte com-
partment and for the sample compartment. An anion exchange
membrane, AR204SZRA, MKIII, Blank (Ionics, USA) separated the two
compartments. The electrodes were Ti/MMO Permaskand wire with a
diameter of 3 mm and a 50 mm length (Grønvold & Karnov A/S,
Denmark). A power supply E3612A (Hewlett Packard, Palo Alto, USA)
was used to keep a constant current in the cell. A magnetic stirrer at
250 rpm maintained the mixture in suspension into the sample
compartment.

2.3. Methods

2.3.1. DES preparation and properties determination
DES were prepared by accurately weighing the amounts of the re-

spective components in screw capped flasks, according to the

appropriate molar ratios of each DES, in a Kern 770 weighing scale.
The mixtures were then stirred and heated, until a clear homogeneous
liquid was obtained (~24 h). When different percentages of distilled
water were added, DES were also accurately weighed in order to obtain
the desired water content (wt%).

The water content of the DES prepared was measured by Karl-
Fischer (KF) titration, using an 831 KF Coulometer from Metrohm,
with a generator electrode without diaphragm, and Hydranal Coulomat
AG as reagent. The water content values obtained in weight percentage
(wt%) are an average of at least three measurements for each DES.

DES viscosities and densities were determined using an SVM 3001
Viscometer (Anton Paar). The sampleswere submitted to a temperature
scan, varying between 20 and 40 °C, in 10 °C intervals.

2.3.2. Experiments control, elements extraction and analysis
In all experiments, pH and conductivity were measured daily, re-

spectively using a Radiometer pH-electrode EDGE (HANNA, USA) and
a Radiometer Analytic LAQUA twin (HORIBA Ltd., Japan). Mining resi-
dues pH and conductivity were measured in a water suspension (L/
S = 9).When an electric field was applied to the experiments, the volt-
age was also daily measured.

Total concentrations of As and W were determined by Inductively
Coupled Plasma with Optical Emission Spectrometry (ICP-OES)
(HORIBA Jobin-Yvon Ultima, Japan), equipped with generator RF
(40.68MHz), monochromator Czerny-Turner with 1.00 m (sequential),
automatic sampler AS500 and dispositive ConcomitantMetals Analyser.
Also, initial As andWconcentrationswere determined by a TRACER 5X-
ray fluorescence equipment (XRF) (Bruker, Germany) considering a
semiquantitive analysis. To quantify the elements in the solid matrix,
aqua regia extraction was carried out mixing 0.5 g of mining residues
with 3 mL of HCl (37%) and 9 mL of HNO3 (65%). The vessels were set
in a shaking table for 48 h at 140 rpm. Then, the samples were filtered
by vacuumwith 0.45 μmMFV3 glass microfibre filters (Filter lab, Barce-
lona, Spain) in order to separate any rest of solid present in the liquid to
be further analyzed. Finally, the samples were diluted in a volumetric
proportion of 1:25 with deionized water. Liquid samples (anolyte and
liquid phase) were also filtered in the referred conditions, and all the
samples were analyzed by ICP-OES in duplicates.

Fig. 1. Electrodialytic two-compartment cell, with stirrer and anion exchange membrane (AEM), connected to a power supply.
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2.3.3. Data treatment and analysis
To determine the percentage of As and W that was removed

(Eq. (1)), separated (Eq. (2)) and electromigrated (Eq. (3)) in the ED
process, the following equations were applied with the elements As/
W (El) quantification data at the end of the experiments:

El removal %ð Þ
¼ Elliquid suspension mgð Þ þ Elelecrolyte mgð Þ

Elliquid suspension mgð Þ þ Elelecrolyte mgð Þ þ Elmining residues mgð Þ � 100 ð1Þ

El separation %ð Þ
¼ Elliquid suspension mgð Þ

Elliquid suspension mgð Þ þ Elelecrolyte mgð Þ þ Elmining residues mgð Þ � 100 ð2Þ

El electromigration %ð Þ ¼ Elelecrolyte mgð Þ
Elliquid suspension mgð Þ � 100 ð3Þ

The statistical data from all experiments were analyzed using the
software GraphPad Prism version 7.0e. Statistically significant differ-
ences among samples for 95% level of significance were calculated
through ANOVA tests. The samples were compared according to the fol-
lowing criteria: (1) same element, same current, different DES;
(2) same element, different current, same DES, and (3) different ele-
ments, same current, same DES.

3. Results and discussion

3.1. Matrix characterization

Mining residues were characterized using XRF and ICP-OES. The XRF
results (Fig. A in supplementary data) show that Si (silicon) represents
67.6% of its total composition. The ICP results show the presence of high
contents of As and W, 1675 and 130 mg/kg, respectively, but also of
other elements, as Cu (71 mg/kg) and Fe (75,150 mg/kg).

The high amount of Si is explained by the presence of quartz, among
other silicateminerals in the ore (Candeias et al., 2014). The presence of
silica is important once it can be turned into a pozzolanic/reactivemate-
rial, increasing its durability and thus promoting a broad range of mate-
rials with application in the construction sector (Matias et al., 2014).

The pH of the mining residues, in water suspension, is slightly acid
(5.3) and their conductivity is extremely low (0.8mS/cm). Conductivity
is an important variable for the experiments, where a current intensity
was applied, in order to allow current passage and enable the electroly-
sis reactions. The addition of DES to all the experiments decreased the
suspension pH to values below 2 and promoted sufficient ionic conduc-
tivity (up to 2.0mS/cm, Figure D and Figure F in supplementary data) to

maintain the current intensity applied during the selected period of
4 days (see Section 3.2).

3.2. DES characterization and selection

DES have different water contents when compared to their individ-
ual initial components. A summary of the DES selected and their water
contents is presented in Table 2, where it can be observed that water
contents vary between 0.23 and 3%. The data suggests that hydrogen
bond network is maintained together with their properties as it is ex-
pected for DES with water contents bellow 40 or 50 wt% (Dai et al.,
2015; Hammond et al., 2017).

Density and viscosity are DES properties, directly related to their
water content and composition that influence the efficiency of their ap-
plications. DES extremely viscous normally show lower extraction
yields. Viscosity affects the solubilization/extraction yield of elements
from solid matrices since mass transfer phenomena are dependent on
DES viscosity.

Additionally, for the mining residues application, the DES pH's also
influence the solubility of the metal species and the extraction itself.
DES containing carboxylic acids, as oxalic acid, malonic acid, lactic acid
or propionic acid have an acidic pH (below 2), being more able to dis-
solvemetals andmetal oxides (Söldner et al., 2019). Concerning the car-
boxylic acids, the higher number of carboxyl and hydroxyl groups, as
well as a shorter hydrocarbon chain, will result in higher DES viscosity
values (Table A in supplementary data).

Preliminary tests were performed by adding four DES with different
physico-chemical properties tomining residues, in order to screen their
extraction efficiencies for As andW (Table 3). The best extraction yields
were obtained with ChCl:MA for As (average: 16.2%), and with ChCl:OA
forW (average: 8.8%). Table A (in supplementary data) presents the vis-
cosities data for all experimental DES at room temperature, where vis-
cosities of ChCl:OA and ChCl:MA were ~15,000 and ~4000 mPa·s,
respectively. RegardingWandAs chemical properties, the extraction ef-
ficiency for each element is dependent on the used DES combination.

Table 2
Identification of the selected DES, molar ratio, designation, water content and molecular structure.

DES
Molar 
ratio

Designation
Water content 

(wt. %)
Molecular 
structure

Choline Chloride:Malonic Acid (1:2) ChCl:MA (1:2) 3.0

Choline Chloride:Oxalic Acid (1:1) ChCl:OA (1:1) 0.23

Choline Chloride:Lactic Acid (1:2) ChCl:LA (1:2) 0.74

Propionic Acid:Urea (2:1) PA:U (2:1) 0.78

Table 3
Arsenic and tungsten extraction percentages frommining residues obtainedwith different
DES.

Experiment Code As extraction (%) W extraction (%)

1 ChCl:MA 16.2 ± 5.9A 4.4 ± 0.8a

2 ChCl:OA 6.0 ± 0.9a 8.8 ± 0.3
3 ChCl:LA 4.0 ± 2.4a 0.9 ± 0.1
4 PA:U 7.7 ± 1.7 5.5 ± 0.9

Statistical analysis:multiple comparisonswere statistically performed at pb0.05 (95% con-
fidence interval); datawith capital letter is statistically significantly different from the data
with the same lowercase letter.
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DES composed by choline chloride may enhance W complexes release,
since when high concentrations of chloride ions are available in solu-
tion, W may complex and form [W2Cl9]3−.

The properties of the bidentate oxalate ion may have promoted the
formation of complex oxalates with metals (Krishnamurty and Harris,
1961). Once W is in the form of (Fe,Mn)WO4, oxalic acid may react
with the solubilized Fe2+, making WO4

2− available in solution.
Arsenic compoundsmay also be decomposed and stabilized by chlo-

ride ions, forming AsCl3. Contrarily to W, a very stable element, As can
be solubilized in extremely acidic conditions. On onehand, DES contain-
ing carboxylic acids, such as oxalic acid, malonic acid, lactic acid or
propionic acid have an acidic pH (below 2). Comparing ChCl:OA, the
most acid DES in the study, with ChCl:MA, the second has lower values
of viscosity, which may have improved mass transfer phenomena in As
case.

3.3. DES and electrical current combination

The combination of a current intensity (50 or 100 mA) with DES to
enhance As and W extraction from the sample was tested. ChCl:MA
and ChCl:OAwere the selected DES for experiments 5–8, since they pre-
viously show to be the most efficient in As and W extraction, respec-
tively (Section 3.2 data). For these experiments, a power supply was
connected to a pair of electrodes, and the cathode and the anode ends
were placed inside a beaker, in order to generate an electric field. The
current promoted the alkalization of themedia along the time,more ev-
ident with ChCl:OA (Fig. 2).

Themedia alkalizationwas faster for both DESwhen a current inten-
sity of 100 mA was applied, achieving ChCl:OA a pH of 9.0 ± 4.3 and
ChCl:MA a pH of 5.1 ± 0.8 at the end of the experiments (Fig. 2). Both
ChCl:OA and ChCl:MA provided an extremely acidic pH (below 2) to
the initial sample. However, during the experiments the pH tends to in-
crease. ChCl:OA ismore viscous than ChCl:MA. Also, pKa fromOA (1.46)
is higher than MA (2.8), which means OA is more acid than MA. Thus,
OA may had been consumed to form complexes with other elements
(e.g. Cu, Fe), losing its buffer capacity. The result was a faster/higher
pH increase when compared to the pH behavior in the ChCl:MA case,
that is faster with a current intensity of 100 mA. In some cases, the pH
may increase when temperature rises (Skulcova et al., 2018). The elec-
tric field generated inside the beaker may also have contributed to in-
crease the temperature and, consequently, the pH overtime.

On the other hand, DES increased mining residues' conductivity,
which allowed the passage of the current during the whole experiment
time (Fig. B in Supplementary data). The conductivity of ChCl:OA (6.7±

3.8 mS/cm) was higher than ChCl:MA (2.0 ± 0.3 mS/cm) at the begin-
ning of the experiments. However, ChCl:MA showed a stable conductiv-
ity along the time, with a slight variation (~8%). Contrarily, ChCl:OA
decreased drastically its conductivity after 24 h, faster at 100 mA (to
2.1 ± 0.4 mS/cm), maintaining it stable in the remaining time. Oxalic
acid may have reacted with elements present in solution, such as Fe
(Mashaly et al., 2004) and Cu (Royappa et al., 2016). Complexes may
have been quickly formed, lowing ions (e.g. Cl) in solution and, conse-
quently, decreasing the media conductivity in 24 h. Also, since ChCl:
OA is more viscous (Table A in supplementary data), ions transport
may have been hindered (Craveiro et al., 2016).

Table 4 presents As and W extraction percentages obtained at the
end of experiments 5–8. The average extractions were higher in exper-
iment 8, with ChCl:OA at 100 mA (~28% for As and ~16% for W). Com-
paring the elements extraction between experiments with electrical
current andwith no electrical current application (Fig. 3), there is an ex-
traction yield upgrade in almost all cases. The highest improvements
achieved were ~22% for As extraction (ChCl:OA 100 mA) and ~11% for
W extraction (ChCl:MA 100 mA).

The combination of DES and electrical currentmay help to accelerate
tungsten dissolution, since its chemistry is characterized by slow reac-
tions. Paratungstates are themost important species by the progressive
acidification of normal tungstate solutions in the pH range of 5–9, while
metatungstates are stable in the pH range from 2.0 to 4.0. According to
Nguyen and Lee (2016),WO42− is predominantwhen pH is higher than
9, which corroborated the data obtained with experiment 8 (ChCl:OA
100 mA).

3.4. ED separation of As and W

Experiments 9–12were carried out in the two-compartment ED cell
(Fig. 1). When the ED process was tested without DES, under the same
experimental design and current intensities, the extraction of W was

Fig. 2. pH behavior in the cathode compartment during experiments 5–8, corresponding to DES with an applied current intensity.

Table 4
Arsenic and tungsten extraction percentages with ChCl:MA and ChCl:OA, at 50 and
100 mA.

Experiment Code As extraction (%) W extraction (%)

5 ChCl:MA 50 18.2 ± 15.8 5.4 ± 2.8
6 ChCl:OA 50 5.0 ± 5.9 11.2 ± 9.5
7 ChCl:MA 100 10.6 ± 10.2 15.1 ± 9.6
8 ChCl:OA 100 27.6 ± 26.3 15.6 ± 11.5

There are no statistically significantly differences in the results presented at pb0.05 (95%
confidence interval).

6 J. Almeida et al. / Science of the Total Environment 710 (2020) 136364



b1%. Thus, DES and mining residues were placed in the cathode com-
partment to assess thepotential of extractedAs andWto electromigrate
into the anolyte, where they can later be separated. Once more, ChCl:
MA and ChCl:OA were the selected DES, for the reasons previously
explained.

The pHof the anolyte decreased to ~2 (Fig. E in Supplementary data),
which was expected due to the water electrolysis generating H+ at the
anode. At the cathode compartment, during thefirst 24h for bothDES at
100 mA, an abrupt increase of pH to ~12 occurred, suggesting OH– gen-
eration by the water electrolysis at the cathode dominated (Fig. C in
Supplementary data).

Table 5 presents the removal percentages of As and W (extracted
from the matrix and determined according to Eq. (1) in Section 2.3.3),
and the separation percentages of As andW (extracted from themining
residues and that electromigrated into the anode compartment, deter-
mined according to Eq. (2) in Section 2.3.3). The highest simultaneous
removal of As (35.0 ± 4.8%) and W (22.1 ± 1.8%) was observed with
ChCl:OA (experiment 12). However, regarding the separation percent-
ages, for As the highest was registered in experiment 11, with ChCl:
MA (21.0 ± 1.2%), while for W was in experiment 12, with ChCl:OA
also (7.2 ± 3.1%). Arsenic can be solubilized under acid conditions. Al-
though the pH of the sample compartment increased during the exper-
imental time, the anion exchange membranes separating the anode

compartment from the cathode compartment does not work as a per-
fect rectifier, showering but allowing the passage of H+ to the cathode
compartment. Thus, this passage of H+ to the cathode compartment
may have contributed for the extraction and separation of As when
the pH of the sample compartment turned to basic.

Considering the analytes percentage extracted from the matrix
(Table 5), the ratios of As and W that electromigrated into the anode
compartment (anolyte) were determined according to Eq. 3 (in
Section 2.3.3) and presented in Table 6. The highmigration percentages
were obtainedwith ChCl:MA at 100mA for As (82.3± 1.3%) and 50mA
forW (76.5± 8.6%). This supported the hypothesis that As andWwere
in anionic forms and were able to cross the anion exchange membrane
in the ED cell and hence to electromigrate into anolyte. Also, since ChCl:
MA is less viscous, it may have facilitated the movement of species be-
tween compartments, improving the migration ratios.

These results proved the feasibility of coupling DES and ED to isolate
As andW frommining residues in the anode compartment, fromwhere
they can be recovered. At the same time, the treated mining residues in
the cathode compartment may be further used in construction mate-
rials, replacing conventional rawmaterials with economic and environ-
mental benefits. Although the final residue is still not free of pollutants,
leaching phenomena of harmful elements may be avoided with the
studied treatment since the elements can be encapsulated. Also, there
are emerging innovative strategies able to immobilize the remain con-
tents of toxic metals in constructionmaterials production, such as alkali
activation (Kiventerä et al., 2018).

Fig. 3. Improvementpercentages of arsenic and tungstenextractionwith a current intensity of 50mA (experiments 5, 6) and 100mA(experiments 7, 8) compared to the experimentswith
no current (experiments 1, 2).

Table 5
Removal and separation percentages of As andWobtained at the end of experiments cou-
pling DES with ED.

Experiment Code As (%) W (%)

Removal/separation Removal/separation

9 ChCl:MA 50 ED 10.8 ± 1.6b/4.9 ± 0.5e 1.6 ± 0.38/0.6 ± 0.1
10 ChCl:OA 50 ED 9.2 ± 2.7a/5.6 ± 2.8f 7.4 ± 3.7c/5.4 ± 2.2
11 ChCl:MA 100

ED
25.4 ± 1.1B,d/21.0
± 1.2E,h

7.2 ± 1.2D/4.3 ± 0.1H

12 ChCl:OA 100
ED

35.0 ± 4.8A,c/17.0
± 4.6F,g

22.1 ± 1.8C,d/7.2
± 3.1G

Statistical analysis:multiple comparisonswere statistically performed at pb0.05 (95% con-
fidence interval); datawith capital letter is statistically significantly different from the data
with the same lowercase letter.

Table 6
Percentages of extracted As and W that electromigrated to the anolyte.

Experiment Code As migration (%) W migration (%)

9 ChCl:MA 50 ED 49.8 ± 20.0 76.5 ± 8.6A

10 ChCl:OA 50 ED 58.4 ± 12.9 32.1 ± 11.4a

11 ChCl:MA 100 ED 82.3 ± 1.3B 33.6 ± 2.9a,b

12 ChCl:OA 100 ED 46.0 ± 2.0 58.6 ± 11.4

Statistical analysis:multiple comparisonswere statistically performed at pb0.05 (95% con-
fidence interval); datawith capital letter is statistically significantly different from the data
with the same lowercase letter.
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4. Conclusions

The experimental results proved the feasibility of coupling DES and
ED to recover tungsten (W) and arsenic (As) from mining residues.

The study assessed the use of different deep eutectic solvents for the
extraction of W and As from Panasqueira mine secondary resources on
the tested experimental conditions. Their extraction efficiency was DES
dependent. DES with choline chloride presented the higher average ex-
traction yields, being ChCl:MAmore selective for As (16%), and ChCl:OA
for W (9%).

The study on current intensity influence with DES on As and W ex-
tractions (4 days experiments) showed an increasing in As and W ex-
traction efficiencies, when compared to the tests with no current. The
best average extractions were registered with ChCl:OA at 100 mA
(28% for As and 16% forW), althoughwith no statistically significant dif-
ferences (p b 0.05).

A proof of concept of coupling DES with a two-compartment elec-
trodialytic set-up was accomplished. The use of ChCl:OA at 100 mA
for 4 days extracted simultaneously ~35% of As and ~22% of W from
the matrix. The conditions generated in the cell sample compart-
ment promoted the extraction and migration of As and W from the
mining residues. A maximum of ~82% of As and ~77% of W extracted
from the original matrix successfully electromigrated into the anode
compartment, from where they can be further separated. The data
support the applicability of electroremediation processes for this
purpose.

Summing up, the experimental data suggests new possibilities for
the recovery of critical raw materials and the removal of harmful com-
pounds and elements from secondary mine resources that will contrib-
ute to circular economy and to increase sustainability in both mining
and construction sectors that are seeking for innovative alternatives
for materials production.
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Supplementary data 

 
Figure A. Elements distribution in the mining residues, obtained by X-ray fluorescence (Semiquantitative data, 

wt. %). 

Table A. Deep eutectic solvents dynamic viscosity between 20 and 40 ºC (mPa.s). 

 mPa.s 

Temperature (ºC) ChCl:MA ChCl:OA ChCl:LA PA:U 

20 3,891 14,683 257 22 

30 1,251 5,020 137 14 

40 538 2,007 78 9 

 

 
Figure B. Conductivity behavior during experiments 5-9, corresponding of DES with an applied current 

intensity. 
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Figure C. pH measured at the cathode compartment of the ED set-up during the experiments 9-12, corresponding 

to DES + ED. 

 

 

 

 
Figure D. Conductivity at the cathode compartment of the ED set-up during the experiments 9-12, corresponding 

to DES + ED. 
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Figure E.  pH measured at the anode compartment (electrolyte)of the ED set-up during the experiments 9-12, 

corresponding to DES + ED. 

 

 

 

 

 
Figure F. Conductivity at the anode compartment (electrolyte) of the ED set-up during the experiments 9-12, 

corresponding to DES + ED. 
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Abstract: Electrodialytic technologies are defined as treatment processes that promote the
removal/recovery of substances in a matrix, based on the application of low-level current intensities.
Additionally, along these processes hydrogen is self-generated, allowing them to operationally
produce clean energy. This energy carrier is produced due to electrolysis reactions occurring at the
cathode end of the electrodialytic reactor, when using inert electrodes. Herein, hydrogen production
during the electrodialytic treatment of sewage sludge and mining residues suspensions (coupled with
effluent or sewage sludge), at 50 and 100 mA, was assessed. During the electrodialytic treatment of
sewage sludge, hydrogen purity production achieved 33%. When effluent or sewage sludge were used
as enhancements in mining residues suspensions, hydrogen purity reached 71% and 34%, respectively.
Furthermore, a proton-exchange membrane fuel cell was connected to the cathode compartment
of the electrodialytic reactor. The electrical energy generated from self-hydrogen produced at 100
mA achieved ≈1 V in all performed experiments. Simultaneously, critical raw materials extraction,
namely phosphorus and tungsten, was evaluated. When the process was applied to mining residue
suspensions combined with sewage sludge, the highest extraction ratio of phosphorus (71%) and
tungsten (62%) was observed.

Keywords: electrodialytic technology; hydrogen production; proton-exchange membrane fuel cell;
energy; phosphorus; tungsten

1. Introduction

Raw materials are crucial to the European Union’s economy and, as the population grows [1], more
resources are needed to meet the demand. Raw materials are the main base to produce a broad range
of goods and applications for the quotidian life and modern technologies. However, the unhindered
access to certain raw materials is raising awareness across the globe. Regarding the high economic
importance and scarceness of certain raw materials, in 2017, the European Commission presented a list
with 27 critical raw materials to emphasize the need to find reliable alternative suppliers [2].

Simultaneously, the targets presented by European Commission for the period of 2021 to 2030
also comply the reduction of greenhouse gas emissions in more than 40% (regarding 1990 levels) and
energy efficiency improvements above 32.5% [3].

Seeking for technology developments on clean energy production through non-fossil resources,
its storage and further uses called for new and integrated strategies [4]. Thus, coupling the recovery of
critical raw materials from secondary resources with the empowerment of clean energy production
will move towards circular economy principles [5].

Technologies based in the electrodialytic process have proved their potential to remove/recover a
wide range of contaminants/substrates from environmental matrices [6–8]. Electrodialytic technologies
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consist on the application of a direct or alternate low-level current density (mA/cm2) and low potential
gradient (V/cm), between a pair of electrodes. Herein, ion-exchange membranes allow a selective
separation of cations and anions in concentrated electrolytes’ solutions [9]. In this sense, electrodialytic
technologies are being shaped for critical raw materials upturn, namely phosphorus (P) from sewage
sludge [8] and tungsten (W) from secondary mining resources [10].

Treated effluent and sewage sludge are by-products from wastewater treatment plants (WWTP).
Sewage sludge can be regarded as a secondary resource of critical raw materials, e.g., due to its high P
content, when compared with effluent. However, treated effluent have also shown feasible reuses in
building products [11] and irrigation purposes [12], making electrodialytic treatment also attractive.
Sewage sludge can be applied in soil fertilization/remediation if a pre-treatment promotes a product
with high quality standards. Moreover, sewage sludge can be used as an energy resource for power
and heat by conventional/emerging technologies through the use of biogas and biofuels. The reuse of
sewage sludge can, therefore, be economically appealing and sustainable, preventing its disposal as
waste in landfills [13].

On the other hand, mining industries produce extremely high quantities of residues due to the
low ore grade concentrates [14]. Additionally, the disposal of these residues in open pits can cause
severe landscape issues and environmental deterioration. Located in the central region of Portugal,
Panasqueira mine has been active for more than one century, representing one of the largest tin (Sn)—W
deposits in Europe. Mining residues disposed in Panasqueira area can also be a source of critical raw
material, although their low ore grade in W, from wolframite [15].

Despite of promising results in substances removal and separation from a wide range of solid and
liquid environmental matrices, energy requirements for electro-based technologies operation are still
one of the main operational drawbacks of these treatments. Regarding current low-carbon economy
principles [16], this topic was addressed in a proof-of-concept work presented by Magro et al., 2019 [17].
The use of hydrogen produced during the electrodialytic process due to water electrolysis reactions
was studied. The experimental reactor was coupled to a proton exchange membrane fuel cell (PEMFC),
at the cathode end. Water was reduced to hydrogen gas, with purity levels up to 97% (mol/mol) and
promoting the generation of ≈1 V electrical energy throughout the course of wastewater treatment.
However, many factors may decrease hydrogen cleanliness, namely the typology of the process, the
experimental matrix, and the presence of contaminants, involving competitive redox reactions at the
electrodes (e.g., chlorine gas, metals deposition) [17].

Sewage sludge and mining residues suspensions have in common high disposal rates and
critical raw materials contents, making them particularly attractive for electrodialytic technologies.
Coupling the self-hydrogen production and exploitation with the recovery of P and W, may lead to the
decrease of primary energy consumption while decreasing costs, particularly in a full-scale perspective.
In addition, treated matrices may be further applied for different purposes, such as in the construction
industry [11,18,19], promoting the much needed closed loop systems.

In the present work, the experimental set-up of a three-compartment electrodialytic reactor was
operated at 100 and 50 mA, for 1 h and 2 h, respectively. The aim was to compare hydrogen production
and purity rates during the electrodialytic treatment of effluent, sewage sludge, and mining residues
suspensions, with or without sewage sludge and effluent enhancements. In parallel, the recovery of P
and W from all matrices under treatment was assessed.

2. Materials and Methods

2.1. Materials

Secondary effluent (Lisbon, Portugal) and sewage sludge (Sesimbra, Portugal) samples were
collected from the secondary clarifier of the respective wastewater treatment plants. Mining residues
suspensions were prepared with a rejected fraction from the sludge circuit from Panasqueira mine
(Covilhã, Portugal).
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2.2. Experimental

The experimental set-up is presented on Figure 1. A three-compartment electrodialytic reactor
acryl XT (RIAS A/S, Roskilde, Denmark), with an internal diameter of 80 mm and unitary compartment
lengths of 50 mm was used. Anode and cathode compartments were separated from the central
sector by an anion exchange membrane, AR204SZRA, MKIII, Blank (Ionics, Ringwood, NJ, USA)
and a cation exchange membrane, CR67, MKIII, Blank (Ionics, Ringwood, NJ, USA), respectively.
Electrodes composition were Ti/MMO Permaskand wire, with a diameter of 3 mm and a length of
50 mm (Grønvold & Karnov A/S, Copenhagen, Denmark). A power supply E3612A (Hewlett Packard,
Palo Alto, USA) was connected to the electrodialytic reactor for constant current. A magnetic stirrer
was used in the central compartment to maintain the mixtures in suspension (Figure 1).
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Figure 1. Schematic electrodialytic reactor coupled with a proton-exchange membrane fuel cell
(PEMFC). CEM—Cation Exchange Membrane; AEMAnion—Exchange Membrane.

Sewage sludge tests were performed adding 200 mL of sample to the central compartment.
Suspensions with effluent or sewage sludge and mining residues were prepared at the same L/S (9),
adding 22.2 g of solid sample to 200 mL of liquid sample. Both anolyte and catholyte compartments
were filled with 250 mL of 0.01 M NaNO3.

Six electrodialytic experiments were carried out with three matrices and two current intensities
(50 and 100 mA), in duplicate: Sewage sludge, mining residues with effluent, and mining residues
with sewage sludge. The data from these experiments was compared with the effluent and mining
residues data from [17], and ten electrodialytic experiments were evaluated (Table 1).

The hydrogen produced at the reactor cathode was collected in a storage cylinder with 30 mL of
capacity (Horizon Fuel Cell Technologies, Singapore). The gas volume was measured every 10 min.
For hydrogen purity analysis, the cathode compartment exit vent was connected to a 500 mL tedlar
sample bag with a single polypropylene septum fitting (SKC, Cerritos, CA, USA) for 6 h. The gas
was analyzed by Gas Chromatography with Thermal Conductivity Detector (GC-TCD). Finally, for
electrical power generation, the cathode compartment was directly connected to a 32 mm × 32 mm ×
10 mm PEMFC, with a nominal voltage of ≈1 V (Horizon Fuel Cell Technologies, Singapore).
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Table 1. Electrodialytic experiments conducted and used to compare gas capture and critical raw
materials recovery.

Code Operation Time (min) Current Intensity (mA) Matrix

E50 * 120 50
EffluentE100 * 60 100

SS50 120 50 Sewage Sludge
SS100 60 100

MR50 * 120 50 Mining Residues and Briny
WaterMR100 * 60 100

MRE50 120 50 Mining Residues and
EffluentMRE100 60 100

MRSS50 120 50 Mining Residues and
Sewage SludgeMRSS100 60 100

E—Effluent; SS—Sewage sludge, MR—Mining residue. * Data from [17].

The electrodialytic reactor and the fuel cell open circuit voltage were monitored every 10 min
using a multimeter KT1000H (KIOTTO, Lisbon, Portugal) [17].

2.3. Methods

At the beginning and at the end of every electrodialytic experiment performed, pH and conductivity
were measured in central and electrolytes compartments by means of pH (EDGE, HANNA, Providence,
RI, USA) and conductivity meters (LAQUA twin, HORIBA Ltd., Kyoto, Japan).

Total concentrations of arsenic (As), calcium (Ca), cooper (Cu), potassium (K), magnesium (Mg),
sodium (Na), P, sulfur (S), Sn, W and zinc (Zn) were determined by Inductively Coupled Plasma with
Optical Emission Spectrometry (ICP-OES) (HORIBA Jobin-Yvon Ultima, Kyoto, Japan), equipped with
generator RF (40.68 MHz), monochromator Czerny-Turner with 1.00 m (sequential), automatic sampler
AS500 and dispositive CMA-Concomitant Metals Analyzer.

Sample preparation for elements´ quantification was performed through acid extraction of solid
matrices (dried for 48 h at ≈20 ◦C): 0.5 g of solid sample with 9 mL HNO3 (65%) and 3 mL HCl (37%)
were placed on a shaking table at ≈125 rpm for 48 h. Finally, the samples were diluted in deionized
water (1:25), filtered by vacuum through 0.45 µm MFV3 glass microfiber filters (Filter lab, Barcelona,
Spain) and analyzed by ICP-OES.

Hydrogen purity was determined by GC-TCD on a Trace GC Ultra (Thermo Electron Corporation,
Beverly, MA, USA), using a Carboxen 1010 plot column (0.32 mm of diameter, 30 m of length).
The analytical process was performed in isothermal mode at 35 ◦C for 50 min. A gastight syringe (vici
precision sampling, Baton Rouge, LA, USA) was used to inject a volume of 250 µL on the GC system.
The injector was set at 200 ◦C and the detector/transfer line at 120 ◦C.

Data statistical analysis was performed with GraphPad Prism software (version 7.0e).
The statistically significant differences between samples for 95% level of significance were assessed
with ANOVA tests.

3. Results and Discussion

Table 2 presents the initial concentrations of elements in the studied effluent, sewage sludge, and
mining residues.
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Table 2. Initial characterization of elements in the studied matrices.

Element
Matrix

Effluent (mg/L) * Sewage Sludge (mg/L) Mining Residues (mg/kg) *

As n.d. 0.06 ± 0.01 218.57 ± 132.31
Ca 51.74 ± 18.34 158.98 ± 48.21 91.11 ± 27.08
Cu 0.04 ± 0.00 1.90 ± 0.48 76.82 ± 39.30
K 47.80 ± 29.10 25.51 ± 1.30 n.d.

Mg 118.00 ± 137.17 14.87 ± 3.35 n.d.
Na 524.55 ± 532.55 23.63 ± 0.07 n.d.
S 84.89 ± 65.27 a 78.35 ± 17.45b 789.59 ± 214.13 A,B

Sn n.d. 0.17 ± 0.04 c 1.95 ± 0.53 C

Zn 0.07 ± 0.06 e 7.20 ± 0.99 E n.d.
Cl- 908.1 ± 1013.7 81 # 5.6 ± 2.3

* Data from [17]; n.d.—not detected. # Value provided by the wastewater treatment plants (WWTP). Statistical
analysis performed through multiple comparisons at p < 0.05 (95% confidence interval). Data with capital letters are
statistically significantly different from the data with the same lower-case letter.

3.1. Characterization of Electrodialytic Experiments

Table 3 presents the pH and conductivity values at the beginning and at the end of the electrodialytic
experiments. As expected, the initial pH of the effluent (7.67 ± 0.16), sewage sludge (6.68 ± 0.02), and
mining residues suspensions (4.57 ± 1.74) presented different levels. The combination of effluent or
sewage sludge with mining residues (pH slightly acid), promoted the neutralization of the matrices (pH
of 7.24 ± 0.12 and 7.18 ± 0.04, respectively). Sufficient conductivity on the media has to be guaranteed
to assure the passage of the current, and consequently, the removal of elements. The effluent was the
matrix with higher conductivity values (2.41 ± 2.12 mS/cm), enhancing the conductivity of mining
residues when suspensions were mixed with effluent (from 1.82 ± 0.54 to 2.55 ± 1.92 mS/cm).

After the electrodialytic process, almost all tested matrices turned slightly more acid (Table 3).
This occurred due to the anion exchange membrane permselectivity, which allows the passage of
H+ to the sample compartment and, consequently, the pH tends to decrease. In the anode and
cathode compartment, pH values reached ≈2 and ≈12, respectively. This was expected since water
electrolysis promotes the generation of H+ at the anode and OH− at the cathode compartment. In
addition, conductivity in the sample compartment decreased after the experiments, suggesting the
electromigration of ions to the anolyte or to the catholyte.

The electrodialytic reactor voltage decreased along the time (Figure 2) and was faster during
the experiments performed at 100 mA. Ohm’s law defines an inverse relation between resistivity
(or conductivity) and voltage, when current intensity is maintained constant. Thus, the increase in
conductivity from 0.54/0.90 mS/cm to 0.94–4.0 mS/cm in the anolyte and to 0.91–2.5 mS/cm in the
catholyte (Table 3) are related to the voltage decreased in the central compartment. The conductivity in
the central compartment is dependent on the matrix and, since the matrices are highly heterogeneous,
high standard deviations are observed to the parameters monitored. The experiments operated with
sewage sludge and mining residues suspensions showed a voltage increase in the final minutes of the
experiments (Figure 2). As an example, when sewage sludge experiments where conducted at 100 mA,
the voltage inside the reactor decreased from ≈31 V to ≈25 V after 30 min and increased until ≈34 V in
the following 30 min of experiment. The reduction of ions and the energy efficiency decrease related to
ohmic losses may have contributed for the oscillations observed.
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Table 3. Initial and final pH and conductivity values in the reactor compartments.

Experiment Compartment
pH Conductivity (mS/cm)

Initial Final Initial Final

E50 * Anode
6.46 ± 0.55

2.20 ± 0.02
0.90 ± 0.06

2.70 ± 0.00 j

Cathode 12.21± 0.01 a 2.45 ± 0.21

Sample 7.67 ± 0.16 4.54 ± 2.55 2.41 ± 2.12 1.80 ± 0.86
E100 * Anode

6.46 ± 0.55
2.21 ± 0.04

0.90 ± 0.06
2.85 ± 1.06 k

Cathode 12.11 ± 0.01 b 1.94 ± 0.23
Sample 7.67 ± 0.16 2.85 ± 0.20 o 2.41 ± 2.12 1.49 ± 0.15

SS50 Anode
7.54 ± 0.38

2.27 ± 0.19
0.54 ± 0.06

1.24 ± 0.14 l

Cathode 11.77 ± 0.13 A,c 0.97 ± 0.02
Sample 6.68 ± 0.02 5.96 ± 0.18 0.81 ± 0.02 0.37 ± 0.01

SS100 Anode
7.54 ± 0.38

2.15 ± 0.11
0.54 ± 0.06

0.94 ± 0.17 K

Cathode 11.51 ± 0.08 B,d 1.06 ± 0.21
Sample 6.68 ± 0.02 5.86 ± 0.14 0.81 ± 0.02 0.30 ± 0.01

MR50 * Anode
6.46 ± 0.55

2.02 ± 0.11
0.90 ± 0.06

3.25 ± 0.21 L

Cathode 12.30 ± 0.01 C,e 2.40 ± 0.14
Sample 4.57 ± 1.74 5.91 ± 0.45 1.82 ± 0.54 1.41 ± 0.49

MR100* Anode
6.46 ± 0.55

1.99 ± 0.04f
0.90 ± 0.06

2.55 ± 0.07
Cathode 12.21 ± 0.25 D,g 2.08 ± 0.46
Sample 4.57 ± 1.74 4.42 ± 1.33 1.82 ± 0.54 0.24 ± 0.16

MRE50 Anode
6.46 ± 0.55

2.00 ± 0.02
0.90 ± 0.06

2.70 ± 0.14 n

Cathode 12.31 ± 0.02 C,h 2.12 ± 0.54
Sample 7.24 ± 0.12 6.50 ± 0.22 2.55 ± 1.92 1.17 ± 0.60

MRE100 Anode
6.46 ± 0.55

2.08 ± 0.01
0.90 ± 0.06

4.00 ± 0.99
Cathode 12.25 ± 0.03 D,i 2.20 ± 0.14
Sample 7.24 ± 0.12 7.51 ± 0.12 O 2.55 ± 1.92 1.68 ± 0.32

MRSS50 Anode
7.54 ± 0.38

2.36 ± 0.11
0.54 ± 0.06

1.00 ± 0.50 J,N

Cathode 11.65 ± 0.16 A,E,H 1.12 ± 0.28
Sample 7.18 ± 0.04 6.38 ± 0.23 0.65 ± 0.01 0.61 ± 0.37

MRSS100 Anode
7.54 ± 0.38

2.47 ± 0.18 F
0.54 ± 0.06

1.05 ± 0.30 K

Cathode 11.57 ± 0.11 B,G,I 0.91 ± 0.04 M

Sample 7.18 ± 0.04 6.31 ± 0.01 0.65 ± 0.01 0.43 ± 0.01

E—Effluent; SS—Sewage sludge, MR—Mining residue. * Data from [17]. Statistical analysis performed through
multiple comparisons at p < 0.05 (95% confidence interval). Data with capital letters are statistically significantly
different from the data with the same lower-case letter.
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3.2. Critical Raw Materials Extraction

Sewage sludge and used mining residues can be considered secondary resources of critical
raw materials, namely for P and W, respectively. Table 4 presents the initial contents of P and W
in all matrices and studied suspensions. Effluent has limited P contents (3.21 ± 0.04 mg/L) since
standards for WWTP impose a P removal above 75% for further disposal [20]. On the other hand,
sewage sludge is enriched in P (65.83 ± 19.60 mg/L). Additionally, the amount of P in mining residues
(36.57 ± 18.74 mg/kg), could potentially be recovered when suspensions are prepared with sewage
sludge (108.66 ± 38.34 mg/kg).

Table 4. Matrices’ initial and final critical raw materials content, at 50 and 100 mA.

Experiment
Phosphorus Tungsten

Initial Final Initial Final

E50 * mg/L 3.21 ± 0.04 a 2.84 ± 0.51 b
nd # nd #

E100 * 3.30 ± 0.14 c nd #

SS50 mg/L 65.83 ± 19.60
156.97 ± 30.73 B,d

nd # nd #

SS100 146.83 ± 0.25 C,e nd #

MR50 * mg/kg 36.57 ± 18.74
20.73 ± 23.81 D

5.30 ± 1.56
5.64 ± 0.43 f

MR100 * 30.29 ± 4.88 E 4.88 ± 1.58 g

MRE50 mg/kg 39.80 ± 20.61
4.22 ± 0.64 D

5.30 ± 1.56
3.89 ± 0.13 h

MRE100 17.81 ± 22.15 E 3.76 ± 0.27
MRSS50 mg/kg 108.66 ± 38.34 A 29.59 ± 1.11 D

5.30 ± 1.56
1.71 ± 0.41 F,H

MRSS100 33.51 ± 0.66 E 1.63 ± 0.02 G

E—Effluent; SS—Sewage sludge, MR—Mining residue; * Data from [17]; # nd—not detected. Statistical analysis
performed through multiple comparisons at p < 0.05 (95% confidence interval). Data with capital letters are
statistically significantly different from the data with the same lower-case letter.

After the electrodialytic treatment, differences on the final content of P and W were observed
(Table 4). Sewage sludge showed a higher P content after the experiments. Regarding phosphoric
acid speciation, for pH of suspensions between 2 and 6, H2PO4

− is dominant. When pH increases
from 6 to 10, HPO4

2− is the main specie present [21]. Thus, since pH turned to ≈6 in the central
compartment at 50 and 100 mA, H2PO4

− is the main form in the suspension, being P more available in
the media and contributing for the increased P amount detected. Phosphorus availability can also
be limited by iron and aluminum at acidic pH and calcium at alkaline pH [22]. Sewage sludge has
158.98 ± 48.21 mg/L of calcium (Table 2). When pH is above 5.5, phosphates can react with calcium to
form calcium phosphates. Considering sewage sludge eventual contents on aluminum [23], when
pH is below 5.5 it may react more readily with phosphates, reducing the amount of water-soluble P
components while increasing the amount of insoluble aluminum phosphates [24].

On the other hand, when mining residues suspension were prepared with sewage sludge, there
was a significant decrease of P in the final sample (≈32 mg W/kg; extraction ≈71%). P may form
bonds with sulfur (phosphorous sulfides), chloride (phosphorus chloride) ions and calcium (calcium
phosphates) [25]. Considering mining residues composition (Table 2), there are high contents of
sulfur (789.6 ± 214.1 mg/kg) and, in lower quantities, chloride (5.6 ± 2.3 mg/kg). The formation of
other chemical species and the removal of Al, Ca and Fe by the electrodialytic process may had
promoted the solubilization of P and increased P extraction/removal from the sample inside the reactor
central compartment.

Mining residues have tungsten in the form of (Fe, Mn) WO4 (wolframite), and contents of
W (5.30 ± 1.56 mg/kg). When mining residues suspension were electrodialytic treated with briny
water [17], the extraction of W was not significant for both current intensities applied: 5.64 ± 0.43
at 50 mA and 4.88 ± 1.58 mg/kg at 100 mA (Table 4). Monomeric tungstate ion is only stable
in neutral/alkaline solutions (pH > 6.2), which may explain the differences of dissolved tungsten
concentrations [26].
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Contrarily, when mining residues suspensions were prepared with effluent, the extraction of W
was higher, meaning lower contents of W in the final sample (≈4 mg W/kg; extraction ≈25%). This may
have occurred due to complex formation, which promotes the extraction of W from mining residues.
Effluent is rich in calcium (Table 2), where W can form complexes such as CaWO4 [27]. When mining
residues suspensions were mixed with sewage sludge, W extraction showed the highest extraction
rate. Less than ≈2 mg/kg of W (W extraction ≈62%) remained in the final sample (Table 4), which may
be caused due to W complexes formation with P (tungsten phosphides, WP) together with W calcium
complexes [28].

Coupling mining residues with effluent and sewage sludge promoted a final pH range of the
suspension ≈6.3–7.5. In the absence of complexing substances, W in aqueous solution mainly exists
under the soluble form of tungstic ions (WO4)2− that are stable at neutral and alkaline pH (higher
solubility at alkaline pH). The W insoluble/slightly soluble species WO2 and W2O5 are stable between
pH 5 and 6.5, while WO3 is stable below pH 5 throughout all the oxidizing conditions [29,30].

3.3. Hydrogen Generation and Purity

Figure 3 presents the gas produced at the cathode compartment during the electrodialytic
experiments. A maximum of 30 mL was collected in all experiments due to the reservoir capacity. The
hydrogen flow rate production during electrodialytic treatments can be affected by the matrix itself,
competing cathode reactions, and the current intensity applied [17].
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Figure 3. Gas collected during the electrodialytic treatment from the cathode compartment: (a) effluent,
sewage sludge, and mining residues suspensions at 50 and 100 mA; (b) mining residues suspensions
with effluent or sewage sludge, at 50 and 100 mA. E—Effluent; SS—Sewage sludge, MR—Mining
residue. * Data from [17].

At 100 mA, effluent, sewage sludge, and mining residues with or without wastewater resources,
showed similar rates of gas production (≈1 mL/min). However, at 50 mA, the gas production rates
were lower and more variable, from a minimum of 0.33 mL/min on sewage sludge compared to a
maximum of 0.68 mL/min on effluent [17] (Table 5).
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Table 5. Hydrogen flow rate (slope), its R-square and purity.

Experiment
Hydrogen

Flow mL/min (Slope) R-Square (Slope) Purity w/w (%)

E50 * 0.68 0.97 -
E100 * 1.13 0.96 90.4 ± 0.3 a

SS50 0.33 0.97 -
SS100 1.02 0.94 32.6 ± 0.5 b

MR50 * 0.62 0.94 -
MR100 * 1.12 0.97 72.4 ± 0.7 A,B

MRE50 0.47 0.91 -
MRE100 1.05 0.96 71.3 ± 0.7 A,B,c

MRSS50 0.50 0.94 -
MRSS100 1.0 0.93 33.6 ± 4.9 A,B,C

E—Effluent; SS—Sewage sludge, MR—Mining residue; * Data from [17]. Statistical analysis performed through
multiple comparisons at p < 0.05 (95% confidence interval). Data with capital letters are statistically significantly
different from the data with the same lower-case letter.

The gas from the cathode compartment was collected in tedlar sample bags and analyzed. Table 5
shows the hydrogen purity for the experiments performed at 100 mA. Comparing the results from
the previous work [17], where the highest hydrogen purity (% w/w) was verified during effluent
electrodialytic treatment (90.4± 0.3%), in the present study sewage sludge reported the lowest hydrogen
purity (32.6 ± 0.5%). Effluent hydrogen purity has statistically significant differences (p < 0.05) from
all the experiments, except from sewage sludge. Moreover, mining residue suspensions with sewage
sludge or effluent are statistically significant different between them.

The hydrogen production rate and purity may have been affected due to competing cathode
reactions. Comparing effluent and mining residues, sewage sludge is richer in organic matter [31].
Hydrogen production may be affected by methane (CH4), which is produced by methanogenic
organisms commonly present in most of mixed cultures. Hydrogenotrophic organisms may transform
CO2 and H2 to produce methane gas [32] (Equation (1)). Bacteria may move together through direct
current application by electroosmosis and electrophoresis phenomena [33]. Furthermore, some bacteria
may adhere to several surfaces or other microorganism [34], promoting also their movement to the
cathode compartment. Microorganisms form clusters, due to their natural behavior and may interact
with environment in experimental conditions [35].

Hydrolysis and fermentation reactions may also lead to the generation of CH4 and CO2 gases in the
reactor (Equations (2) and (3)) [36]. Sewage sludge have also nitrogen contents (total nitrogen = 500 mg/L,
data provided by the WWTP). This may have contributed for NO2 gas generation [17] (Equation (4)),
decreasing the purity of the hydrogen collected.

4H2 + CO2 → CH4 + H2O (1)

CH3COO− + H+
→ CH4 + CO2 (2)

4HCOO− + 4H+
→ CH4 + 3CO2 + 2H2O (3)

NO2 + H2O→ NO−3 + 2H+ (4)

Considering hydrogen capture conditions at 1 atm and 25 ◦C and comparing with [17] results at
100 mA, the hydrogen purity collected from each matrix decreased in the following sequence: E100 >

MR100 > MRE100 > MRSS100 > SS100 (Table 5).

3.4. Electrical Requirements and Savings

Electrodialytic experiments were carried out at a constant current of 50 and 100 mA. Thus, the
electrical energy required during each process, regarding the energy applied by the direct current
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power source, was determined by Equation (5), where I is the current intensity (mA) and Vreactor is the
voltage inside the electrodialytic reactor (V), between the initial (t0) and final (t) operation time (min):

E = I
∫ t

t0

Vreactor(t) dt (5)

Electrical energy requirements grow with the increase of electrical current applied, considering
the same circulated charge. The experiments performed at 100 mA required 9.5 ± 1.5 kJ of electrical
energy and the experiments carried out at 50 mA required 5.50 ± 1.40 kJ.

Considering a H2 heat of combustion of 141.8 MJ kg−1, and fuel cell energy conversion efficiencies
of 40–60% [37,38], between ≈5 to 8% of the electrical energy required in experiment MRE50 (the
best case reported) can be saved. This may also translate into economic benefits on the overall
electrodialytic treatment.

When the electrodialytic treatment is applied to liquid matrices, the energy requirements for the
electrolysis reactions are lower due to associated higher conductivity values. On the other hand, in
solid porous matrices, the electrodialytic process reaches higher voltage gradients due to the lower
conductivity, requiring longer treatments. Coupling fuel cell technologies may be a key factor in
electrodialytic energy savings, through the improvement on operation and energy efficiencies. In
addition, self-hydrogen produced in electrodialytic reactors can be stored and used/sold for energy
dependent industrial sectors.

In this sense, a proton-exchange membrane fuel cell (PEMFC) was connected directly to the
cathode compartment from all the experiments carried out at 100 mA. The PEMFC initial open circuit
voltage was between 1.2–1.4 V, showing a pronounced decrease in the first 10 min and remaining stable
until the end of the experiments (Figure 4). In all cases, chemical energy was converted to electrical
energy, supporting the versatility of PEMFC applicability to a broad range of matrices. Although
PEMFC chemical energy transformation into electrical energy is not directly dependent on hydrogen
quality, it may have repercussions on future PEMFC performance and long-term stability. Impurities
in the gas that flows inside the PEMFC, such as CO, H2S, NH3, and CH4, could cause damage on
electrodes, catalyst poisoning and, consequently, fuel cell functioning degradation [39].
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4. Conclusions

The present study proved the suitability of wastewater resources, as secondary effluent and
sewage sludge, to enhance electrodialytic critical raw materials recovery from mining residues.
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Simultaneously, clean energy production was addressed due to the self-hydrogen generated during
the electroremediation of the environmental matrices.

The electrodialytic extraction of P (71%) and W (62%) from sewage sludge and mining residues
suspensions was more effective when both matrices were combined. This can potentiate circular
economy while mitigating environmental negative impacts of waste disposal from both sewage sludge
and mining industries.

Regarding the potential of electrodialytic technologies as hydrogen sources, the experiments
performed demonstrated that hydrogen was produced in all tested cases, with purities between 33%
(sewage sludge) and 71% (mining residues suspension with effluent). Competitive cathode reactions
may affected the hydrogen purity, namely in sewage sludge due to its complex composition. Thus,
future works should address the composition of other gases to verify competitive cathode reactions.
Self-hydrogen produced during electroremediation of the matrices promotes a stable electrical energy
generation (1.2–1.4 V) and a way to reuse the previous energy recovered. This was validated through
a proton-exchange membrane fuel cell connected to the cathode compartment of the electrodialytic
reactor. Hydrogen generated at cathode electrolysis reaction can reduce electrical energy requirements
from 5% to 8%, namely in terms of electrodialytic treatments or other remediation strategies concerning
electrochemically induced transport.

The critical raw materials recovered and the energy achievements may empower the sustainable
growth of electrodialytic technologies, as these technologies can couple economic benefits.
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H I G H L I G H T S

• Self-produced H2 from electrodialytic
treatment of environmental matrices
collected.

• Collected H2 average purity (% mol/
mol) of ≈98%.

• A fuel cell used to produce electricity
from the self-produced H2 (~1 V).

• Experimental self-generated energy
promotes savings on electroremedia-
tion (≈7%).

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Electrodialytic treatment
Hydrogen production
Proton-exchange membrane fuel cell
Energy savings

A B S T R A C T

Electrodialytic technologies are clean-up processes based on the application of a low-level electrical current to
produce electrolysis reactions and the consequent electrochemically-induced transport of contaminants. These
treatments inherently produce electrolytic hydrogen, an energy carrier, at the cathode compartment, in addition
to other cathode reactions. However, exploring this by-product for self-energy generation in electroremediation
has never been researched. In this work we present the study of hydrogen production during the electrodialytic
treatment of three different environmental matrices (briny water, effluent and mine tailings), at two current
intensities (50 and 100mA). In all cases, hydrogen gas was produced with purities between 73% and 98%,
decreasing the electrical costs of the electrodialytic treatment up to ≈7%. A proton-exchange membrane fuel
cell was used to evaluate the possibility to generate electrical energy from the hydrogen production at the
cathode, showing a stable output (~1 V) and demonstrating the proof of concept of the process.

1. Introduction

Global energy demands from an increasing human population is a
major concern for the planet sustainability. Extensive research and
technology development have been focused on renewable energy
sources and other strategies to reduce CO2 emissions [1]. Fuel cell

technology, which can efficiently generate electricity using hydrogen as
fuel, has attracted widespread attention in recent years [2]. The proton-
exchange membrane fuel cells success depends on their ability to obtain
optimal fuel to electricity conversion with a high current density, as
well as the sustainable and economical production of the fuel [3]. Pure
hydrogen gas is scarce in Earth's atmosphere. However, it can be
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produced from different primary-energy sources. For instance, it can be
generated from fossil fuels through steam reforming, partial oxidation
or gasification and from renewable sources through biomass gasifica-
tion and water electrolysis [4,5]. Generation of H2 via water electrolysis
is still limited by the high cost, namely ≈ 3.8 times more expensive
than gasification, and ≈ 5 times more expensive than from methane
steam reforming [6]. Hence, steam reforming, which combines high-
temperature steam with natural gas, currently accounts for the majority
of the H2 produced. Hydrogen production via water electrolysis is
currently only applied in combination with renewable energy sources,
like solar or wind, and used as an energy storage system.

Electro-based technologies, such as electrokinetic and electro-
dialytic processes, have been the focus of vast environmental re-
mediation research over the last three decades [7,8], both in-situ [9,10],
and ex-situ [11–13]). Despite such research efforts, the technology
readiness level (TRL) for many of those technologies remains very low;
although most are considered promising, many are far from being in-
troduced as efficient processes into the market. Important barriers need
to be overcome to reach high TRLs [14]. Operational energy costs have
to be considered and, are related not only to the electrolysis reactions
but mainly with the stirring, the ohmic losses and the energy required
for the transport of charge through the porous matrix. In fact, the dis-
tance between electrodes (cell size) plays a crucial role in the energy
costs of the specific-energy required for the target contaminants re-
moval [7,15]. To the best of our knowledge, there has been minimal
research conducted related to the reuse of the elemental gases produced
in the electrolysis reactions during electrochemically-induced treat-
ments. The drawbacks found in the current literature are associated to
the reactors' design. Most electrokinetic and electrodialytic (ED) setups
are designed to allow for the produced gases to flow freely into the
atmosphere, while aiming to reduce pressure-related transport me-
chanisms. Thus, a gas collection strategy during the treatment is not
included in the system, causing gas losses to the atmosphere. As a novel
feature, the H2 produced during the treatment at the cathode com-
partment may be used as fuel in a proton-exchange membrane fuel cells
to produce electrical energy and reduce the energy costs of electro-
remediation. Additionally, as an energy carrier, H2 can be used to ac-
cumulate energy during the electric power demand valleys, and to
generate electric power during the peaks. Therefore, a reservoir can be
integrated into the ED system where it can recover and use the H2

produced for different purposes.
This work evidences the possibility of using the H2 produced during

electrochemically-induced remediation of three different environ-
mental matrices: (1) moderately-salted water – briny water, (2) sec-
ondary effluent from a wastewater treatment plant, and (3) mine tail-
ings. Our proof of concept demonstrates that the H2 captured and
reused from these ED treatments is feasible. Herein, a three-compart-
ment ED set-up was used to minimize the interactions of the sample and
the contaminants with the electrolysis reactions (Fig. 1).

2. Theory

2.1. Proton-exchange fuel cell

A fuel cell is an electrochemical device that converts the chemical
energy from a fuel into electricity through the reaction of the fuel with
oxygen or another oxidizing agent. For example, a proton-exchange
membrane fuel cell (PEMFC) combines H2 and O2 to produce electricity
and heat without emitting other products which are different from the
water formed in the reaction Eq. (1) [16]:

+ →H 1
2

O H O2 2 2 (1)

A fuel cell, unlike a battery, produces electricity as long as fuel is
supplied, never losing its charge. The pollution-free production of en-
ergy and high power density makes the fuel cell technology a viable

approach for future energy industries [2]. Fuel cells show high energy
conversion efficiency, up to 60%, higher than traditional internal
combustion engines [17]. This efficiency can increase up to 80% with
heat-recovery systems [18].

2.2. Electro-based technologies

Electrokinetic and ED strategies are commonly applied to remove
organic [19] and/or inorganic contaminants from soils or other porous
matrices, such as sewage sludge, fly ash or construction materials
[20–22]. The electrochemically-induced transport is based on the ap-
plication of a low level direct current which promotes electrolysis re-
actions at the electrodes [20,23,24], involving in most cases water
oxidation at the anode, Eq. (2), and water reduction at the cathode, Eq.
(3):

+ + → =+ − °e l EO (g) 4H 4 2H O( ); (25 C) 1.23 Vanode2 2
o (2)

+ → + =− − °l e EH (g) 2OH 2H O( ) 2 ; (25 C) 0.83 Vcathode2 2
o (3)

Competing redox reactions may occur as, for example, the produc-
tion of chlorine at the anode in systems with high chloride contents
[25], Eq. (4):

+ → =− − °ECl (g) 2e 2Cl ; (25 C) 1.36 Vanode2
o (4)

or the deposition of metals (Me) at the cathode, Eq. (5):

+ →+ −eMe 2 Me2 o (5)

The electrochemical-induced transport of chemical species takes
place by three main transport mechanisms: electromigration, electro-
osmosis, and electrophoresis. Diffusion and advection may also play an
important role [20]. In the case of the ED process, electrodialysis also
occurs, as ion-exchange membranes are used to separate the matrix
from the electrode compartments (aiming to control the pH conditions
of the electrolytes and the treated matrix while improving the se-
lectivity on the contaminant removal [20]). Over the years, different
electro-based remediation set-ups have been proposed, where the
configuration of the sample and the electrode compartments have been
modified depending on the nature of the contaminant and matrix
[26,27].

3. Materials and methods

3.1. Materials

The briny water solution was prepared with NaCl (PA grade, Merck,
Germany) and tap water (Almada, Portugal). Effluent, the liquid frac-
tion that results from wastewater treatments, was collected in the sec-
ondary clarifier at a wastewater treatment plant (Lisbon, Portugal).
Mine tailings were collected at Panasqueira mine (Covilhã, Portugal,
40°10′11.0604″N, 7°45′23.8752″W). Panasqueira mine produces
around 900 t WO3/year [28] and the pond where the residues are de-
posited is an open air impoundment that contains rejected ore con-
centrates with high metal levels [29]. The matrix used for this study is a
rejected fraction from the sludge circuit, that is directly pumped to the
Panasqueira dam.

3.2. Experimental set-up

The ED cell set-up was a 3 compartment acryl XT cell [30] (RIAS A/
S, Roskilde, Denmark), as represented in Fig. 1. The internal diameter
was 8 cm and the central and electrolyte compartments length were
5 cm. The two electrode compartments were separated from the central
section by an anion exchange membrane, AR204SZRA, MKIII, Blank
(Ionics, USA) and a cation exchange membrane, CR67, MKIII, Blank
(Ionics, USA). The electrodes were made of Ti/MMO Permaskand wire:
Ø = 3mm, L=50mm (Grønvold & Karnov A/S, Denmark). Ti/MMO
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anodes are used to degrade organic contaminants in wastewaters, and
Ti/MMO is also applied as cathode to reduce chlorinated and nitro
compounds in groundwater [31]. A power supply E3612A (Hewlett
Packard, Palo Alto, USA) was used to maintain a constant current in the
ED cell.

For briny water and effluent experiments, 250mL of liquid sample
was added to the central cell compartment. For the mine tailings ex-
periments, suspensions were prepared at a liquid/solid (L/S) ratio of 9,
by mixing 22.2 g of solid mine tailings within 200mL of briny water.
The anolyte and catholyte compartments were set with 250mL of
0.01M NaNO3.

Twelve ED experiments were carried out in duplicate according to
the conditions presented in Table 1. In experiments 1–6 the gas pro-
duced at the cathode, rich in H2, was collected in a 30mL storage cy-
linder (Horizon Fuel Cell Technologies, USA) (experimental scheme at
supplementary data B.1), where the volume was verified every 10min.
In experiments 7–9, the cathode compartment exhaust was directly
connected to the tedlar sample bag, single polypropylene fitting with
500mL of capacity (SKC, USA), for purity analysis. In experiments
10–12, the cathode compartment exhaust was directly connected to the
PEMFC. In all cases, the ED cell voltage and the fuel cell open circuit
voltage were registered every 10min. The fuel cell open circuit voltage
was measured in order to validate the H2 catchment and conversion
into power needs.

The single PEMFC (Horizon Fuel Cell Technologies, USA) was used
(32×32×10mm), with a nominal voltage of≈ 1 V. The PEMFC has a
cathodic plate, designed as a part of the cell's membrane electrode

Fig. 1. Electrodialytic cell with 3 compartments [ø = 8 cm, central and electrolyte compartments with L= 5 cm, CEM – cation exchange membrane; AEM – anion
exchange membrane, An- – anions, Cat+ – cations], stirrer (only used for mine tailings suspension) connected to a proton-exchange membrane fuel cell.

Table 1
Electrodialytic experimental conditions.

Experiment ED Code Duration (h) Current intensity (mA)

ED tests with gas capture at the cell cathode compartment (n= 2)
1 BW 50 2 50
2 EF 50 2 50
3 BW 100 1 100
4 EF 100 1 100
5 MTBW 50 2 50
6 MTBW 100 1 100

ED tests to H2 purity (n= 2)
7 BW 6 100
8 EF 6 100
9 MTBW 6 100

ED tests with direct connection to PEMFC (n= 2)
10 BW 1 100
11 EF 1 100
12 MTBW 1 100

BW-Briny Water; EF-Effluent; MT-Mine Tailings; PEMFC – Proton-Exchange
Membrane Fuel Cell.
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assembly that collects O2 directly from the air by natural convection.
PEMFC voltage and resistance were measured and monitored by a
multimeter KT1000H (KIOTTO, Portugal).

3.3. Methods

pH and conductivity were measured at the beginning and at the end
of all ED experiments, both in central and electrode compartments.
Briny water, effluent and mine tailings pH were measured with a
Radiometer pH-electrode EDGE (HANNA, USA), and conductivity was
measured in a Radiometer Analytic LAQUA twin (HORIBA Ltd., Japan).
The mine tailings pH and conductivity measurements are referred to the
liquid phase resulting from the suspension from a liquid component
(either deionized H2O or briny water), with a L/S ratio of 9.

Total concentrations of As, Ca, Cu, K, Mg, Na, P, S, Sn, W, and Zn
were determined by Inductively Coupled Plasma with Optical Emission
Spectrometry (ICP-OES) (HORIBA Jobin-Yvon Ultima, Japan),
equipped with generator RF (40.68MHz), monochromator Czerny-
Turner with 1.00m (sequential), automatic sampler AS500 and dis-
positive CMA-Concomitant Metals Analyser. Cl– and SO4

2– were ana-
lyzed by Ion Chromatography (IC) (DIONEX ICS-3000, USA), equipped
with conductivity detector. To quantify the elements in the solid matrix,
an acid extraction was carried out mixing 0.5 g of mine tailings, 3 mL of
HCl (37%) and 9mL of HNO3 (65%) and, placed on a shaking table for
48 h at 125 rpm. For the IC analysis of the mine tailings (Cl– and SO4

2–

content), microwave assisted acid extraction was carried out according
to EPA method 3051 A: 0.5 g of mine tailings were placed in a vessel
with 3mL of HCl (37%), and 9mL of HNO3 (65%) and placed in a
microwave Ethos (Milestone S.r.l, Bergamo, Italy). At the end, all the
samples were diluted in deionized water (1:25), filtered by vacuum
using 0.45 μm MFV3 glass microfibre filters (Filter lab, Barcelona,
Spain) and analyzed by ICP-OES and IC.

The H2 purity percentage was determined by Gas Chromatography
Thermal Conductivity Detector (GC-TCD) using a Trace GC Ultra
(Thermo Electron Corporation, USA), with a Carboxen 1010 plot
column (length: 30m, diameter: 0,32mm). The analytical run was
performed in an isothermal mode at 35 °C for 50min. A gastight syringe
(vici precision sampling, Baton Rouge, Lousiana, USA) was used to
inject a volume of 250 μL (injector at 200 °C), detector/transfer line at
120 °C. To calculate the H2 purity two methods were used: (1) internal
linear calibration and response factor (H2 peak area/response factor),
where the standard deviation is related to error of these methods, by
comparing with the injection of 100% H2; (2) molar proportions (mol/
mol), were determined assuming air as impurity in the H2. Thus, the H2

was calculated considering the number of H2 mol in 100mol of air
(H2+ air gases).

All sample analysis was carried out in duplicate. The data from the
experiments were analyzed by the software Origin Pro 8.5 and the
statistical data obtained by the GraphPad Prism version 7.0e.
Statistically significant differences among samples for 95% level of
significance were calculated through ANOVA tests.

4. Results and discussion

4.1. Matrix characterization

Matrices selection is an important step as the matrices’ character-
istics will affect H2 purity and further energy generation. PEMFC, de-
spite the robustness and stability, may be sensitive to contaminants in
the fuel [32]. The briny water was chosen as a working system blank,
where NaCl was added to emulate the effluent without interferences.
Briny water, with sufficient ionic conductivity to maintain the current
applied for the remediation period chosen (1 and 2 h), is typically used
in systems for the electrolytic production of H2. The effluent and mine
tailings are, individually, matrices with high potential to be reused as
raw materials in several sectors. For example, ED treated effluent has

recently been tested for cement based construction materials [33]. Mine
tailings are an example of solid matrix that can be successfully treated
via ED as stirred suspensions mixtures [34]. In these cases, H2 pro-
duction and exploitation is highly attractive, since it can allow the
decrease of energy costs in an industrial scale application.

Table 2 presents the initial characterization of the three studied
matrices. The matrices had enough initial conductivity to allow current
passage and facilitate the electrolysis reactions to occur at the imposed
rate. The initial pH of the studied matrices was in the range 4.6–7.7.
Mine tailings were slightly acidic (pH ≈ 4.57), presenting a high con-
centration of arsenic (218.57 ± 132.31mg As/kg), and significant
amounts of other metals (76.82 ± 39.30mg Cu/kg, 1.95 ± 0.53mg
Sn/kg and 5.34 ± 1.42mgW/kg), as well as a high sulfur content
(240.9 ± 4.6mg/kg).

The ED process was applied to briny water, effluent and mine tail-
ings suspension in briny water. In all cases, the pH at the anode com-
partment decreased to ~2 and the pH at the cathode compartment
increased until ~12. The pH at the central compartment also decreased
in all cases. This phenomenon was expected as anion exchange mem-
branes are known to have limited perm-selectivity, which means that
only protons (H+) are able to cross this membrane. The acidification of
the central compartment was more noticeable in the experiments at
100mA (Fig. 2). The acidification phenomena proved to be influenced
by the current intensity. The smallest variation in the potential applied
in the ED cell will increase the H+ production in the media. Thus, not
only the current intensity should be considered to analyze the results,
but also the error associated to the power supplier (± 3 mA).

Final concentrations of the major concerned elements in the liquid
matrices (Cl– and SO4

2–) and in the mine tailings suspension (As, Cu, Sn
and W) are presented in Tables 3 and 4, respectively.

In general, the target contaminants removal from the matrices was
higher in the experiments operated at 100mA, for the same amount of
circulated charge. When ED treatment is performed at higher current
intensities, the electromigration transport is predominant over diffusion
or other transportation phenomena. The amount of salts amount is
extremely heterogeneous in the effluent. The season periods of the
sampling procedure affected chemical and physical properties of the

Table 2
Initial characterization of briny water, effluent and mine tailings.

Matrix

BW* EF** MT*

pH 6.89 ± 0.08 7.67 ± 0.16 4.57 ± 1.74
Conductivity (mS/

cm)
1.81 ± 0.11 2.41 ± 2.12 0.84 ± 0.52

ICP-OES analysis (mg/L) (mg/L) (mg/kg)
Ca 29.06 ± 0.02 51.74 ± 18.34 91.11 ± 27.08
K 5.33 ± 0.01 47.80 ± 29.10 –
Mg 10.30 ± 0.38 118.00 ± 137.17 –
Na 602.5 ± 17.68 524.55 ± 532.55 –
P 0.07 ± 0.10 3.21 ± 0.04 36.57 ± 18.74
S 49.04 ± 26.07a 84.89 ± 65.27 789.59 ± 214.13A

As n.d. n.d. 218.57 ± 132.31
Cu 0.09 ± 0.01 0.04 ± 0.00 76.82 ± 39.30
Sn n.d.b n.d.b 1.95 ± 0.53B

W n.d.c n.d.c 5.34 ± 1.42C

Zn 1.07 ± 0.88 0.07 ± 0.06 –

IC analysis (mg/L) (mg/L) (mg/kg)
Cl– 499.3 ± 8.1 908.1 ± 1013.7 5.6 ± 2.3
SO4

2– 66.8 ± 1.5de 149.45 ± 127.07dE 240.9 ± 4.6D

BW-Briny Water; EF-Effluent; MT-Mine Tailings.
*collected at 2-09-2018; ** collected at 5-09-2018 and 12-09-2018; nd- not
detected.
Statistical analysis: Multiple comparisons were statistically performed at
p < 0.05 (95% confidence interval); data with lower case letters is statistically
significantly different to the ones with the same capital letter.
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samples collected due to the fluctuations in weather conditions and also
the wastewater treatment plant process efficiency.

The slightly extraction of Sn and W from mine tailings may be re-
lated to specific chemical limitations, such as desorption or dissolution
mechanisms. For example, W complexes are quickly decomposed and
stabilized by high concentrations of chloride ions (MT: 5.6 ± 2.3mg/
kg; BW: 499.3 ± 8.1mg/kg), where the most common product of the
decomposition is [W2Cl9]3−. Alternatively, the adsorption of sulfate
ions on metallic W surface results in the electronic structure mod-
ification. The O2 reduction reaction is blocked during the ED process,
which is already low in cationic dissolution in electrochemical pro-
cesses [35].

4.2. Hydrogen generation and use

Fig. 3 shows the volume of collected gas produced at the cathode
compartment during experiments 1–6. As the volume of the gas deposit
was 30mL, it was filled before the ED process ended. Experiments at
50 mA showed matrix related differences in the gas flow rate, reaching
the 30mL of H2 production at different rates. There are no statistically
significant differences for the flow rates obtained at 100mA (Table E at

supplementary data). However, the flow rates of H2 are significantly
different (p < 0.001) in the experiments at 50mA.

The gas generated at the cathode compartment, in the experimental
setup 3, 4 and 6 during 6 h, was captured and analyzed via GC-TCD, in a
tedlar sample bag. Table 5 presents the purity of the captured gas for
these experiments carried out at 100mA.

The average H2 purity (% w/w) of the produced gas was≈ 73% (w/
w), where the highest value observed was in the ED experiment applied
to the effluent, that produced a gas with 90.4 ± 0.3% of H2. Thus, only
the H2 purity in the effluent experiment has a statistically significant
difference (p < 0.05) compared to briny water and mine tailings sus-
pension, while briny water and mine tailings suspension does not have
a statistically significant difference between each other (Table 5). In
order to validate and make a comparison with the purity results ob-
tained in % w/w, another approach to determine the H2 purity was
carried out. Thus, the calculation of the gas was also performed con-
sidering the molar fraction of the H2 in the air gases. Comparing the two
methods, the % mol/mol of H2 of the produced gas was 19% higher, in
average, comparing to the % w/w (Table 5). In the % mol/mol analysis,
the purity of the H2 was higher than 97% in all samples, whereas in the
% w/w the H2 purity oscillated between 72% and 90%. The mass and
the molar compositions are different, and it is expected a higher molar
purity, as long as the other components in the gaseous phase are hea-
vier (e.g. N2, O2).

As mentioned before, the flow rate production for H2 in the ED
treatments can be directly related to the current intensity and the ma-
trix. Assuming the H2 captured at 1 atm and 25 °C, a total of ≈ 45.6mL
of pure dry H2 would be theoretically obtained, at a rate of 0.76mL/
min in the experiments at 100mA. The volume of collected gas at the
cathode, shown in Fig. 3 (Table B.2 at supplementary data), was clearly
higher than the expected during the first few minutes of treatment, with

Fig. 2. pH of the liquid phase at the central cell compartment before and after
the electrodialytic experiments at 50mA and 100mA (error bars related to the
standard deviation: n=2). BW-Briny Water; EF-Effluent; MT-Mine Tailings.

Table 3
Concentration of anions in briny water and effluent, before and after the
electrodialytic experiments at 50mA (2 h) and 100mA (1 h).

50mA 100mA
Initial (mg/L) Final (mg/L) Final (mg/L)

Cl– BW 499.3 ± 8.1 285.5 ± 40.3 15.7 ± 22.2
EF1 1624.9 490.5 129.1
EF2 191.3 83.0 20.5

SO4
2– BW 66.8 ± 1.5 16.8 ± 2.3 14.1 ± 5.0

EF1 239.3 114.4 36.1
EF2 59.6 30.0 27.9

BW – Briny Water; EF-Effluent.
EF1 – collected at 5-09-2018.
EF2 – collected at 12-09-2018.

Table 4
Concentration of elements in mine tailings before and after the electrodialytic
experiments at 50mA (2 h) and 100mA (1 h).

50mA 100mA
Initial solid phase (mg/
kg)

Final solid phase (mg/
kg)

Final solid phase (mg/
kg)

As 218.6 ± 132.3 196.2 ± 50.73 113.9 ± 19.7
Cu 76.8 ± 39.3 38.3 ± 13.9 26.4 ± 3.5
Sn 2.0 ± 0.5 2.2 ± 0.2 1.7 ± 0.4
W 5.3 ± 1.4 5.7 ± 0.4 4.9 ± 1.6

Fig. 3. Gas flow rate generation (mL/min) during the electrodialytic experi-
ments with BW, EF and MTBW, at 50mA and 100mA (collected maximum
volume 30mL). BW-Briny Water; EF-Effluent; MT-Mine Tailings.

Table 5
H2 purity analysis by GC-TCD.

Matrix H2 (% w/w) H2 (% mol/mol)*

BW 74.19 ± 0.63A 97.63 ± 0.08B

EF 90.43 ± 0.25a 99.26 ± 0.02b

MTBW 72.39 ± 0.68A 97.41 ± 0.09B

*Calculated assuming air as impurity in the H2; Statistical analysis: Multiple
comparisons were statistically performed at p < 0.05 (95% confidence in-
terval); data with lower case letters is statistically significantly different to the
ones with the same capital letter; BW-Briny Water; EF-Effluent; MT-Mine
Tailings.
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a change in the production rate after the first 10 to 20min. This may
indicate that competing cathode reactions took place. For example, a
possible electrode reaction that could have taken place is the formation
of NO2 (g) from the reduction of the nitrates (E0= 0.803 V), shown in
Eq. (6).

+ → + + =− + − °NO g H O NO aq H e E( ) ( ) 2 ; (25 C) 0.803 Vcathode
o

2 2 3

(6)

This reaction produces 1mol of NO2 (g) per circulated electron,
twice as much as the H2 reaction and would increase the pH of the
cathode compartment twice as fast. However, the pH changes at the
cathode and the decrease of nitrate concentration in time will promote
that the water reduction electrolysis reaction become predominant after
the first several minutes of the reaction. NO2 (g) might be in a solution
in the form of N2O4 below 21 °C.

4.3. Electrical energy requirements in the ED experiments

Among the ED experiments with H2 capture (experiments 1–6 in
Table 1), the ED cell voltage decreased overtime. The rapid decrease of
the cell voltage was more evident in the experiments at 100mA (Fig. 4).

According to the Ohm’s law, if the current intensity (I) is constant,
the voltage (V) and the resistivity (R, or conductivity) are strongly re-
lated, Eq. (7):

=V RI(V) (7)

where I is the current intensity, V the voltage and, R is the re-
sistance.

The decrease of the ED cell voltage is related to a conductivity in-
crease in the electrode compartments. The initial conductivity of the
electrolyte was moderately low, 0.90 ± 0.06 mS/cm, and it increased
to values between 3 and 4 mS/cm at the anode, and 2–3 mS/cm at the
cathode, at the end of all experiments, which is consistent with the pH
changes observed. In the central compartment, the conductivity
changed depending on the matrix (Fig. 5). Due to the highly hetero-
geneous environmental samples under study, high standard deviations
in the ED experiments’ behavior were observed. Nevertheless, in gen-
eral, it stayed with values that assure conductivity. However, the ex-
periment MTBW at 100mA had a voltage increase after half an hour
and a decrease on the conductivity at the end of the experiment (Fig. 5).
The treatment at 100mA produced the reduction of ions (related to the
H+ migration through the anion exchange membrane) in the central
compartment, and an energy efficiency decrease of the process due to
an increase of the ohmic losses. In the experiments at 50mA, the longer

running times allowed diffusion and dissolution/desorption kinetics to
replete the ion content in the central cell compartment. Effluent and
mine tailings are matrices with high dependency on the sampling and
weather conditions (effluent high standard deviations in the salts con-
tent, in line with the conductivity values). Mine tailings are a hetero-
geneous matrix implying different amounts of metals and salts content,
with different variations in the charged species during the sampling.

As the ED experiments are carried out at a constant current, the
electrical energy required during the process, accounting only for the
energy applied by the DC power source, can be calculated from Eq. (8):

∫=E I V t dt( )
t

t
cell

0 (8)

Using a numerical chained-trapezoidal integration, the estimated
electrical energy is presented in Fig. 6. As expected, the electrical en-
ergy required increases as the electrical current increases, for the same
amount of circulated charge. These results are consistent with the
conductivity of those matrices. According to the results presented in the
Fig. 6, the experiments carried out at 100mA required ~8.7 ± 0.8 kJ
of electrical energy, while the experiments carried out at 50mA re-
quired an average of ~4.8 ± 0.7 kJ.

4.4. Energy savings

Considering a faradaic efficiency of 100% and no competition to the
water reduction as the cathode electrolysis reaction, ~1.86mmol of H2

would be produced in experiments 1–6 at the end of the ED experiment,
either at 50mA in 2 h or at 100mA in 1 h. Using a fuel cell at low

Fig. 4. Cell voltage during the electrodialytic experiments with BW, EF and
MTBW, at 50mA and 100mA. BW-Briny Water; EF-Effluent; MT-Mine Tailings.

Fig. 5. Conductivity of the liquid phase at the central cell compartment before
and after the electrodialytic experiments (error bars related to the standard
deviation: n= 2). BW-Briny Water; EF-Effluent; MT-Mine Tailings.

Fig. 6. Estimation of the cumulative electrical energy consumed during the
electrodialytic experiments. BW-Briny Water; EF-Effluent; MT-Mine Tailings.
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temperatures and considering the higher heat of combustion of H2 as
141.8MJ kg−1, a total of 0.53 kJ may have been recovered from the
process. The efficiency of the chemical energy conversion to electrical
energy at the fuel cell depends on the quality of the H2 gas produced,
where a maximum of 98% (mol/mol) hydrogen average purity was
achieved during the ED treatments. Considering that current fuel cell
has energy conversion efficiencies of around 60%, a total of 0.32 kJ
could have been transformed into electrical energy. This translates to
~3.1% of the electrical energy required in experiment 4 (EF 100mA,
the worst case), and ~6.9% of the electrical energy required in ex-
periment 5 (MTBW 50mA, the best case). Reducing the electrical en-
ergy dependency, mainly due to stirring needs (for solid fine matrices),
transport of charge through the porous matrix, and to feed a power
supply for the electrode’s reactions, may also have impact in the total
variable costs of the overall ED process (~7%).

As expected, the higher the current intensity used in the ED treat-
ment, the higher the electrical energy requirements for the same
amount of circulated charge. In the experiments presented, those car-
ried out at 50mA during 2 h required almost half of the electrical en-
ergy to produce the electrolysis reactions than those carried out at
100mA during 1 h. On the other hand, higher applied currents obtain
better removal efficiencies, provided that there are no phase-transfer
kinetic limitations, such as dissolution or desorption processes.

In general, one of the main advantages of the ED treatment applied
to liquid matrices compared to ED treatments applied solid porous
matrices is that the energy requirements for the electrolysis reactions
are considerably smaller, due to the higher conductivity of the matrices.
Thus, in solid porous matrices, the ED treatment would reach higher
voltage gradients due to the lower conductivity and will require long-
lasting treatments. The ED treatments presented show requirements of
electrical power for the electrolysis in the range of 1–5W. However, ED
treatments carried out for the mine tailings suspension required addi-
tional energy for the stirring system at the sample central cell com-
partment. A 10W stirrer system was used, meaning that the electrical
energy required for the stirring system could be up to ten-fold com-
pared to the energy required for the electrolysis reactions. For the
purpose of energy optimization in ED treatments applied to suspen-
sions, the reduction of stirring costs is critical. In this sense, PEMFC
could be an important factor in ED energy savings by reducing the
operation costs by powering a low-energy stirring system.

To evaluate the possibility of reducing energy requirements from
the ED treatments by the in-operando production of electricity from H2

gas formed at the cathode, a PEMFC was connected directly to the
exhaust pipe of the cathode compartment in experiments 7–9, corre-
sponding to the same matrices under ED treatment at 100mA during
1 h.

The initial open circuit voltage of the PEMFC was, in all cases, near
1.4 V, and it decreased and stabilized at a value of ~1 V (Fig. 7), as
expected for a single PEMFC [32]. To obtain higher voltages, a stack of
FCs connected in series could be used. Comparing the voltage generated
by PEMFC in the different cases, there are no statistically significant
differences (p < 0.05) (see Table C at supplementary data). The data
supported the statement that the production of electricity by a PEMFC
is independent of environmental matrices used in the ED treatments
presented, despite the fluctuation observed for the case of effluent.

The data presented in this study indicates that the gas produced at
the cathode has a purity between 72.4% and 99.3%. Therefore, in a
field scale ED treatment, the produced H2 could also be stored and sold
for transportation or other industrial sectors. The production costs of H2

via electrolysis vary around 8–11 €/kg, which is higher than that ob-
tained via steam methane reforming using natural gas or biogas
[36,37]. The H2 produced during ED treatments, that until now has
been an unexploited byproduct, may be an alternative source of H2 for
transportation or energy storage.

5. Conclusions

In this study it is proved the possibility to produce H2 with average
purities between 73% and 98% from electrodialytic treatments and
used to generate electrical energy with a proton-exchange membrane
fuel cell. This estimation was performed according to the H2 formed at
the cathode electrolysis reaction, which can reduce the energy costs
associated to the electrodialytic treatments, as well as any other re-
mediation treatment based on electrochemically-induced transport.

The efficiency of chemical to electrical energy conversion at the fuel
cell would depend on the quality of the H2 gas produced. Thus, specific
studies on possible competitive cathode reactions are needed depending
on the system. However, in the matrices tested in this study, H2 gas was
produced in all cases. This suggests that H2 purity seems to be more
affected by external factors (experimental errors, nitrate reduction to
NO2 or temperature increase) than the matrices composition. Flowing
the produced H2 gas through a single proton-exchange membrane fuel
cell, resulted in a stable open circuit voltage (~1 V), that demonstrated
the potential to recover energy from the H2 byproduct, that otherwise
would be released to the atmosphere and lost.

This research shows there are new possibilities for energy saving
and H2 production for different purposes in electrodialytic treatment,
leading to an increase in the sustainability and applicability of the
electro-remediation, decontamination or degradation contaminantś
processes.
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Supplementary Data 

A. Cell voltage during electrodialytic treatments: BW, EF and MTBW experiments at 50 mA or 
100 mA 

Time 
(min) 

BW 50 
mA SD BW 

100 mA SD EF 50 
mA SD EF 100 

mA SD MTBW 
50 mA SD MTBW 

100 mA SD 

0 16.9 2.4 30.2 0.4 19.1 5.1 31.7 3.8 18.9 0.2 34.8 0.7 
10 14.8 2.4 26.2 0.4 17.6 6.0 26.4 5.4 15.8 0.2 26.6 1.3 
20 13.5 2.3 23.5 1.0 16.3 5.9 24.3 4.0 14.4 0.1 25.1 1.9 
30 12.7 2.1 22.2 0.8 15.6 5.8 23.1 3.3 13.3 0.0 24.4 2.1 
40 12.2 2.1 21.3 0.5 15.3 5.9 22.4 2.8 13.0 0.0 24.8 2.3 
50 11.9 2.2 20.7 0.0 15.2 6.0 21.7 2.0 12.8 0.1 30.2 2.7 
60 11.7 2.3 20.5 0.4 15.2 6.0 21.4 1.8 12.6 0.1 41.0 3.4 
70 11.7 2.4   15.3 6.1   12.4 0.4   
80 11.8 2.5   15.5 6.0   12.3 0.5   
90 12.2 2.9   15.6 6.1   12.3 0.9   
100 12.6 3.4   15.8 5.9   12.5 1.3   
110 13.3 3.9   15.9 5.6   12.9 2.3   
120 13.7 4.0   16.4 5.2   13.2 2.8   

BW-Briny Water; EF-Effluent; MT-Mine Tailings; SD – Standard Deviation 
 

 
B.1 H2 volume collection during electrodialytic treatments; CEM – cation exchange membrane; 
AEM – anion exchange membrane 

 
 
B.2 H2 generation (mL) in the electrodialytic treatments: BW, EF and MTBW experiments at 50 
mA or 100 mA;  

Time 
(min) 

BW 50 
mA SD 

BW 
100 
mA 

SD EF 50 
mA SD 

EF 
100 
mA 

SD 
MTB
W 50 
mA 

SD 
MTB
W 100 

mA 
SD 

0 3.0 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
10 9.0 1.4 11.0 1.4 10.0 0.0 17.0 1.4 11.0 4.2 15.0 4.2 
20 12.0 0.0 23.0 1.4 18.0 2.8 25.5 0.7 19.0 5.7 26.0 0.0 
30 17.0 1.4 30.0 0.0 25.0 7.1 30.0 0.0 25.0 5.7 30.0 0.0 
40 19.0 1.4   26.0 0.0   28.0 6.4   
50 22.0 2.8   30.0 0.0   29.0 4.2   
60 26.0 2.8       30.0    
70 30.0 0.0           

BW-Briny Water; EF-Effluent; MT-Mine Tailings; SD – Standard Deviation 
 
 
 
 



2 
 

C. Proton-exchange membrane fuel cell generated open circuit voltage in the electrodialytic 
treatments: BW, EF and MTBW experiments at 100 mA; 

Time BW SD EF SD MTBW SD 
0 1.35 0.04 1.36 0.06 1.41 0.00 
10 1.03 0.71 0.66 0.67 1.05 0.00 
20 1.03 0.70 0.60 0.67 1.05 0.02 
30 1.00 0.68 0.93 0.17 1.01 0.04 
40 0.98 0.69 0.92 0.15 0.99 0.04 
50 0.97 0.63 0.94 0.10 0.99 0.01 
60 0.96 0.64 0.94 0.08 0.98 0.00 

       

BW-Briny Water; EF-Effluent; MT-Mine Tailings; SD – Standard Deviation 

 
 
D. Electrodialytic H2 flow - ANOVA with 95% of confidence level 

 
y = a + b*x Matrices 

 BW 50  
mA 

BW 100  
mA 

EF 50  
mA 

EF 100  
mA 

MTBW 50 
mA 

MTBW 100 
mA 

Residual SoS 54.74 6.50 68.18 56.11 173.53 40.36 
Pearson's r 0.99 1.00 0.99 0.98 0.98 0.99 
Adj. R-Square 0.98 0.99 0.97 0.96 0.94 0.97 
Slope (flow) 0.45a 1.05b 0.68A 1.13Bc 0.62d 1.12Ce 
Slope standard Error 0.02 0.04 0.05 0.12 0.06 0.10 

Statistical analysis: Multiple comparisons were statistically performed at p<0.05 (95% confidence interval); data 
with lower case letters is statistically significantly different to the ones with the same capital letter. 

BW-Briny Water; EF-Effluent; MT-Mine Tailings 

 

 

E. Comparing electrodialytic experiments statistics on H2 flow - ANOVA with 95% of 
confidence level  

 
ANOVA summary ED 50mA 

 
  

F  13.14 
P value  0.0328 
P value summary  * 
Significant diff. among means (P < 0.05)?  Yes 
R square  0.8975 
Combinations Significantly different   

BW 50 mA  EF 50 mA 
 
ANOVA summary ED 100mA 

 
  

F  0.4385 
P value  0.6807 

P value summary  ns 
Significant diff. among means (P < 0.05)?  No 
R square  0.2262 
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F. pH and conductivity data and statistics: ANOVA with 95% of confidence level 
 
 

 

 

 

 
 

 Initial  ED Final 

 pH Conductivity (mS/cm)    pH Conductivity (mS/cm) 

Electrolyte 6.46 ± 0.55a 0.90 ± 0.06  
BW 50 mA 

Anolyte 2.02 ± 0.21 4.40 ± 0.28 

BW  6.89 ± 0.08 1.81 ± 0.11  Catholyte  12.29 ± 0.14 3.00 ± 0.71 

EF 7.67 ± 0.16A 2.41 ± 0.69  Central 6.08 ± 0.59 1.15 ± 0.33 

MTBW  7.03 ± 0.06 1.82 ± 0.54  
BW 100 mA 

Anolyte 2.18 ± 0.3 2.95 ± 0.49 

    Catholyte  12.13 ± 0.20 1.23 ± 1.65 

    Central 3.19 ± 0.04 1.24 ± 0.45 

    
EF 50 mA 

Anolyte 2.20 ± 0.02 2.70 ± 0.00 

    Catholyte  12.21± 0.01 2.45 ± 0.21 

    Central 4.54 ± 2.55 1.80 ± 0.86 

    
EF 100 mA 

Anolyte 2.21 ± 0.04 2.85 ± 1.06 

    Catholyte  12.11 ± 0.01 1.94 ± 0.23 

    Central 2.85 ± 0.20 1.49 ± 0.15 

    
MTBW 50 mA 

Anolyte 2.02 ± 0.11 3.25 ± 0.21 

    Catholyte  12.30 ± 0.01 2.40 ± 0.14 

    Central 5.91 ± 0.45 1.41 ± 0.49 

    
MTBW 100 mA 

Anolyte 1.99 ± 0.04 2.55 ± 0.07 

    Catholyte  12.21 ± 0.25 2.08 ± 0.46 

    Central 4.42 ± 1.33 0.24 ± 0.16 

Statistical analysis: Multiple comparisons were statistically performed at p<0.05 (95% confidence interval); data with lower 
case letters is statically significantly different to the ones with the same capital letter. 
BW-Briny Water; EF-Effluent; MT-Mine Tailings 
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Abstract
Electroremediation and deep eutectic solvents are well-documented clean-up
processes for metals extraction from solid matrices. Depending on the purpose,
these treatments may generate a residue free of pollutants and critical raw materials.
Several studies were conducted to re-insert treated secondary resources in building
materials. However, there is a research gap in the improvement of reactive properties
of these secondary resources. In addition, there is a lack of pozzolans that can
optimize cementitious materials. This study investigates the pozzolanic reactivity of
tungsten mining residues after receiving electrodialytic treatment in the presence of
natural deep eutectic solvents. In all cases, thermal treatment after electroremediation
potentiated the pozzolanic reactivity of tungsten mining residues, between 64% to
87%. The introduction of these pozzolanic resources in cementitious-based materials
may increase their performance, enlarge the range of applications in the construction
industry, reduce the environmental impact, and contribute to a circular economy.

Keywords: electro-based technology, tungsten mining waste, construction material,
pozzolanicity.

1. Introduction

Currently there is a major concern to find strategies to increase sustainability within the
construction sector due to the negative impacts on energy consumption and emis-
sions production [1]. The research into innovative strategies has been empowered
by the European Commission standards to accomplish circular economy targets [2].
The result is the study and the development of a wide range of alternatives to safely
reuse secondary resources in building materials production and reduce raw materials
consumption. Secondary resources from mining industries are particularly attractive
since it is possible to obtain different types of supplies. Some examples can be rocks,
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gravel, sands or clays, composed mainly by materials such as quartz and muscovite
[3].

Although there is an in-depth assessment on techniques and products to include
mining residues in building materials, namely through geopolymerization [4] and alkali
activation techniques [5], minimal research has been conducted to empower the poten-
tial and diverge the applications of the products with secondary resources incorporation.

Pozzolans are natural or artificial fine materials that can partially replace lime or
cement in mortars and concrete. They have a high content on amorphous silica and/or
alumina, able to react with calcium hydroxide (Ca(OH)2) in presence of water, generating
products with cementitious properties [6]. Artificial pozzolans can be used as supple-
mentary cementitious materials with advantages: (1) economic profits obtained by the
replacement of cement with cheaper natural pozzolans or industrial by-products; (2)
decreasing of the blended cement environmental cost associated with the greenhouse
gases emitted during cement production and (3) increased durability of the final product
[7].

Electroremediation [8] and natural deep eutectic solvents (NADES) [9] are clean-up
strategies deeply addressed for metals removal and critical raw materials recovery
from solid matrices. However, electroremediation is now being shaped to address
current sustainable priorities [10]. The potential to remove contaminants from secondary
resources and eventual enhancement in pozzolanic reactivity of secondary mining
resources, through electrochemical phenomena generated inside the reactor, may also
contribute to improve the technological maturity and the feasibility for different purposes
[11].

The present work aimed to study the pozzolanic reactivity by the total amount of
Ca(OH)2 consumed in Chapelle test [12] by tungsten mining residues from Panasqueira
mine after being subjected to electroremediation with NADES. The thermal treatment
was also coupled with the electrodialytic process (ED) to enhance residues pozzolanic-
ity.

2. Experimental Campaign

2.1. Sample and initial characterisation

Panasqueira mining residues were collected from the rejected fraction of the sludge
circuit that is directly pump to the Panasqueia dam (Covilhã, Portugal). The initial and
after ED treatment analysis of the sample composition was carried out in an X-Ray
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Microdifractometer (BRUKER Discovery, Germany) and a thermal analysis TGA/DSC was
performed in a STA449F3 Jupiter (NETZSCH, Germany).

2.2. Electrodialytic and thermal treatment

Panasqueira mining residues were treated in a two-compartment ED acryl XT cell (RIAS
A/S, Roskilde, Denmark) with a diameter of 80 mm. The compartment length was 50mm
for the anolyte and 100 mm for the sample. An anion exchange membrane AR204SZRA,
MKIII, Blank (Ionics, USA) divided the two compartments. The electrodes were made of
Ti/MMO Permaskand wire with a diameter of 3 mm and a length of 50 mm (Grønvold &
Karnov A/S, Denmark). To keep a constant current of 50 mA in the cell, a power supply
E3612A (Hewlett Packard, Palo Alto, USA) was used and a magnetic stirrer was placed
into the sample compartment. Amixture of 39 g of tungstenmining residues with 345mL
of deionized water and 5 mL of NADES (choline chloride/oxalic acid, ChCl:OA and
choline chloride/malonic acid, ChCl:MA) was set in the cathode compartment, and in the
other compartment 250 mL of 0.01M NaNO3 were added as anolyte. The experiments
were performed for 4 days. The aim of the ED treatment was the recovery of critical
raw materials and the removal of harmful compounds from secondary mining resources,
foreseen a further reuse of the treated matrix in construction materials production [13].

Also, thermal treatment with a temperature of 800°C and 950°C (lower temperature
in comparison to cement production, ∼1500°C) was applied to the samples with and
without ED pre-treatment for 1 hour.

2.3. Pozzolanic reactivity quantification

Before and after the ED process, the pozzolanic reactivity was measured, under different
conditions. Modified Chapelle test, referring to the French standard NF P 18-513, Annexe
A [14], was carried out to measure the total quantity of fixed Ca(OH)2 by siliceous or
aluminosilicates amorphous constituents present in the samples.

Thus, 1 g of tungsten mining residues was mixed with 2 g of CaO and 250 mL of
deionized water. The suspension was placed inside a beaker and stirred for 16 h at 85
± 5 °C. A control test was performed with the same conditions, only with CaO. After, the
suspension was cooled down with a water stream until room temperature. Saccharose
was added to the suspension (60 g) and 250 mL of deionized water. The suspension
was stirred for 15 min to solubilize free Ca(OH)2. Then, 200 mL of the solution were
filtrated under vacuum and 25 mL were collected to an Erlenmeyer. A titration with
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0.1M HCl was carried out, with phenolphthalein as indicator, until the solution turned to
colourless.

The volume of HCl was measured and equation (1) was used to determine the mg of
Ca(OH)2 consumed by the sample.

Ca(OH )2 fixed (mg) = 2 x ((v1-v2)/v1) x 74/56 x 1000 (1)

In equation (1) v1 is the control titration volume and v2 the tested samples titration volume.

3. Results and Discussion

3.1. Samples characterisation

X-Ray Diffraction (XRD) was carried out to the sample before and after ED treatment,
as shown in Figure 1. Tungsten mining residues show that quartz (SiO2) and muscovite
(general formula KAl3Si3O10(OH)1.8F0.2) are themainminerals present in the initial sample
composition. SiO2 and also Al2O3 in these minerals can be turned into a pozzolanic
reactive material, forming hydrated calcium silicates and hydrated calcium aluminates in
presence of Ca(OH)2 and water, increasingmaterials durability [15]. Herein, a comparison
between the principal minerals present in the sample before and after ED treatment
is presented. When the ED process was applied to tungsten mining residues, the
mineralogy showed slight variations in the minerals’ proportions. Thus, regarding the
operation time of the treatment, and the variations in pH and conductivity of the media,
minerals composition was not strongly affected.

Simultaneous thermal analysis TGA/DSC was carried out (Figure 2). Thermogravimet-
ric analysis (TGA) was performed to verify the mass variation overtime. Thus, samples
with and without ED treatment were subjected to a maximum temperature of 1000
°C. Differential scanning calorimetry (DSC) analysis measured the amount of energy
absorbed or released by the sample when heated, providing data on endothermic and
exothermic processes. Differential thermal analysis (DTG) curve provided data on the
transformations that have occurred, such as crystallization, melting and sublimation.

There is a higher mass variation in the sample treated with the electrodialytic process
(4.15 %) when compared to the initial sample (2.55%). In both samples, around 600°C
the maximum weigh loss occurred. α-quartz can be transformed into β-quartz with
temperatures of 573°C and β-tridymite at 870 °C [16]. The density from α-quartz to
β-tridymite stage vary between 2.65 - 2.23 g/cm3, which corroborates the mass loss
observed in thefigure. However, other minerals are being formed, since polymorphs
such as coesite and stishovite can be produced not only at high temperatures but also
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Figure 1: X-Ray Diffraction spectrum of the sample before and after ED treatment.

under high pressures. The density of these minerals is higher, 2.92 and 4.29 g/cm3,
respectively [16], which may explain the mass increase after ∼600 °C. Regarding DTG
results, when ED was applied, the variation was around ten times lower.

TG

(%)

TG DSC DTG

(b)(a)

TG

(%)

Figure 2: Thermal analysis of the (a) initial sample and the (b) sample after ED treatment.
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Although portlandite was not detected on Figure 1, probably due to its vestigial
presence, regarding Table 1, the weight losses verified between ∼390°C and 500
°C might be also due to Ca(OH)2 dehydration, since CaO can be formed ∼500 °C
under atmospheric pressure [17]. On Figure 1 is possible to identify calcite in samples
composition. Additionally, until ∼900 °C, decarboxylation of CaCO3 (calcite) may occur
[18]. This may had contributed to the sample mass loss in the range 500 – 900 °C,
representing the main percentage contribution on total weight losses observed.

TABLE 1: Weight losses due to portlandite and calcite phenomena during thermogravimetric analysis.

Sample Ca(OH)2 (390 - 500 °C) CaCO3 (500 - 900 °C) Total weight
loss (%)

Weight loss
(%)

H2O released
(mol/mol %)

Weight loss
(%)

CO2 released
(mol/mol %)

Initial 0.16 0.64 1.87 4.24 2.55

After ED
treatment

1.13 4.64 3.34 7.60 4.15

3.2. Pozzolanic reactivity quantification

Thermal treatment was applied to tungsten mining residues with and without ED pre-
treatment. According to other studies [15], the temperatures selected were 800°C and
950°C to ensure silica and alumina transformation to amorphous forms. Table 2 shows
the mg of Ca(OH)2 fixed from the different samples.

According to NF P 18-513 [14], the minimal consumption of Ca(OH)2 for a matrix be
considered pozzolanic is 660 mg/1g of pozzolan. When no thermal treatment was
applied, no pozzolanic reactivity has been noticed in the samples with no ED pre-
treatment (7.9 mg Ca(OH)2 fixed). However, the increment of 800°C and 950°C treatment
potentiated in more than 21% the reactivity of the samples. When tungsten mining
residues were treated with ED and NADES, the values of Ca(OH)2 fixed were higher,
being more effective when 950°C were applied. Also, a mill step before the thermal
treatment helped to increase the contact surface area and, consequently, the reactivity
of the samples.

ChCl:MA was the NADES tested with higher values, reaching 548 mg of Ca(OH)2
consumed. Although this value is not in compliance with the pozzolanic limit from the
NF P18-513 [14], it is promising when compared to other sources, such as metakaolins
(∼250-450 mg Ca(OH)2), expanded clay (∼300 mg Ca(OH)2), biomass ashes (∼280 mg
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Ca(OH)2), eucalyptus bark ashes (∼100 mg Ca(OH)2), coal fly ashes (∼500 mg Ca(OH)2)
and glass waste powder (∼350 mg Ca(OH)2) [6].

TABLE 2: Ca(OH)2 fixed by tungsten mining residues under different conditions.

Conditions Ca(OH)2 fixed (mg) Ca(OH)2 fixed/ Ca(OH)2 total (%)

Tungsten mining residues without ED treatment

No thermal treatment 7.9 0.8

800°C 214.3 21.3

950°C 214.3 21.2

Tungsten mining residues with ED + NADES treatment

No thermal treatment 71.4 7.1

ChCl:OA + 800°C 198.4 19.8

ChCl:OA + 950°C 293.7 29.0

ChCl:OA + Mill + 950°C 333.3 32.8

ChCl:MA + Mill + 950°C 547.6 54.2

Figure 3 shows the increase of the Ca(OH)2 fixed (mg) when the thermal treatment
was applied, in relation to the samples without no thermal treatment (base line). This
increase was more evident in the samples without the ED treatment (up to 96 %). On
the other hand, the ED treatment promoted changes in the chemical species due to
the electric field generated, making the elements more available in the media due to
speciation phenomena and, consequently, more able to react with other species.

4. Conclusions

This study proved the feasibility of using different treatment steps to increase the
pozzolanic reactivity of tungsten mining residues. The amount of quartz and muscovite
are an evidence of the abundant SiO2 and Al2O3 presence in the sample, which
corroborates the potential to diverge the application of tungsten mining residues in
the construction sector.

However, with any pre-treatment, these elements are not in the amorphous form and
able to react with Ca(OH)2 to increase the reactivity and, consequently, the durability
of the products. Thus, ED treatment and NADES were tested to enhance a secondary
removal and recovery of elements and, simultaneously, as a pre-treatment to enhance
reactivity of residues from Panasqueira mine, coupled with a thermal treatment of 800°C
and 950°C.
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Figure 3: Pozzolanic reactivity increase in relation to the samples with no thermal treatment.

The results showed that is possible to increase the reactivity of the initial sam-
ple, although the values are still 17% under the limit stablished by the NF P 18-513.
Nevertheless, 547.6 mg Ca(OH)2 were consumed, showing the highest improvement
when ED with ChCl:MA, a milling step and a temperature of 950°C were applied to the
sample. Comparing with other secondary sources, the values achieved are promising.
Moreover, it may open new possibilities for the recovery of secondary mining resources,
contributing to circular economy and to increase sustainability in both mining and
construction sectors and, eventually, the durability of construction products.
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A B S T R A C T

Mining residues have been accumulated for centuries due to excavation and mining processes, causing envi-
ronmental degradation worldwide. Their application in cementitious products is a feasible alternative to waste
disposal. Electrodialytic technologies can promote a safer reuse of mining residues in the construction sector,
coupling economic advantages due to the possible removal of toxic elements and the recovery of critical raw
materials. The application of treated mining residues in construction products, namely their effects on physico-
mechanical properties, in comparison to raw residues and cement uses needs to be addressed. This work pre-
sents a study of cement-based mortars with the incorporation of mining residues treated with an electrodialytic
process in comparison to raw mining residues. The replacement percentages studied were 0, 10, 25 and 50% of
the binder in volume. Tests were conducted to evaluate fresh and hardened properties of mortars considering
physical, microstructural and mechanical performances. Results show the viability of applying mining residues
after the electrodialytic treatment as mortars materials in rendering, plastering, joint repointing, bedding masonry
or screed requirements, with improved thermal conductivity and eco-efficiency.

1. Introduction

The sustainable progress of the planet is highly dependent on global
population trends. Since the world population is expected to reach
10,900 M by 2100 (from current 7,000 M), urban areas will face serious
challenges in its sustainable development (United Nations, 2019).

Concrete is one of the main contributors for greenhouse gas emissions
and its manufacture commonly involves Portland cement binders, like-
wise Portland cement-based mortar production (Arrigoni et al., 2020).
Mortars are porous construction composites frequently used for bedding
masonry units, plastering, rendering and for screeds (Faria et al., 2015).
The performance of mortars depends on the properties of the materials
involved, their proportions, production and application procedures and
curing conditions (Shi et al., 2020). Typically, masonry bedding mortars
require higher compressive strength when compared to plastering and
rendering mortars; in turn the latter implies low shrinkage and rigidity,
and high workability and flexural resistance (Di Mundo et al., 2020).

Focusing on rendering mortars maintenance, mortar components and

application may affect renders’ durability, the need for repair in-
terventions and the overall construction sustainability. Cement-based
mortars may have higher impacts in the beginning of their life cycle,
but these negative impacts generally decrease overtime, mainly due to a
reduced need for repair actions in comparison with non-hydraulic mor-
tars (Br�as and Faria, 2017). Renders main function is to protect walls
where they are applied. Thus, cementitious renders are compatible with
concrete monolithic walls, concrete block or fired brick masonry walls
(Palomar et al., 2019).

Under circular economy targets, alternative secondary resources are
highly encouraged for different purposes (EC, 2020). Thus, research has
focused in the development of sustainable cementitious products to
minimize the negative impacts associated to ordinary Portland cement
(OPC). A partial replacement by alternative secondary resources may
bring economic, social and environment benefits, as well as an
improvement on durability properties (Li et al., 2020).

During the past decades, mineral exploitation has gained an inter-
national demand due to the global economic growth. In Europe, Portugal
is one of the main producers of copper and tungsten concentrates at
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Neves Corvo mine (Capasso et al., 2019) and Panasqueira mine (Almeida
et al., 2020b), respectively.

Mining processes are associated to a critical environmental problem
worldwide due to their high waste disposal rates. Generally, metal
mining generates approximately 15,000Mt of waste per year, which is 10
times more than global municipal waste (Gankhuyag and Gregoire,
2018). This waste can affect the ecosystems due to their: (1) chemical and
mineralogical composition; (2) physical properties; (3) volume and sur-
face occupied and (4) waste disposal method. Mining residues are often
disposed in large areas with dumps or in abandoned open pits. The most
common management approaches are, thus, terrestrial impoundment,
underground backfilling, deep water disposal and recycling. In this sense,
the main risks associated are the failure of mining waste disposal dams
and the dispersion of waste fines and heap leaching (L�ebre et al., 2017).

Regarding Panasqueira mine (Covilh~a, Portugal) several researches
focused on tungsten mining residues reuse in construction products.
Some examples are alkali activated products (Beghoura and
Castro-Gomes, 2019), technical-artistic value added products (Cas-
tro-Gomes et al., 2012) and pozzolanic materials (Sousa et al., 2013) that,
alone or coupled with other resources, may improve the properties of
construction products.

The presence of valuable raw materials and harmful compounds in
these secondary resources have pursued the development of new ap-
proaches to promote its safe further reuse, namely in the construction
sector (Almeida et al., 2020b).

The electrodialytic process (ED) consists on the application of a low-
level alternate/direct current density between pairs of electrodes to
remove organic and inorganic substances. Ion exchange membranes are
used to promote a selective separation of anions and cations in concen-
trated salty solutions (Ribeiro and Rodríguez-Maroto, 2006). This treat-
ment is commonly applied to liquid [e.g. effluent (Magro et al., 2019)] or
solid [e.g. soil (Guedes et al., 2014), sewage sludge (Guedes et al., 2016),
fly ash (Magro et al., 2016), timber waste (Ribeiro et al., 2000)] matrices.
In particular, ED has shown potential not only to promote the removal of
toxic elements or the recovery of critical raw materials but also to
enhance properties of tungsten mining residues in the presence of natural
adjuvants (Almeida et al., 2020a), namely composites durability
(Almeida et al., 2020c). However, to the authors knowledge, the effect of
ED treated mining residues in comparison to raw mining residues ap-
plications in construction products properties has not yet been studied.

The present work aims to show the feasibility of using secondary
mining resources in cement-mortars production as binder replacement,
after being treated with an ED process. By the application of the ED pre-
treatment, this novel procedure contributes to increase critical raw ma-
terials recovery (e.g. tungsten), and harmful compounds removal (e.g.
arsenic) from mining residues suspensions, promoting a cleaner reuse of
this secondary resource in cement composites. Also, this study contrib-
utes for a secondary resource reuse approach towards circular economy
principles. The present research gives an overview on fresh and hardened
properties of the mortars produced with 0, 10, 25 and 50% of cement

content replacement (in volume) by raw or treated mining residues in
order to access the feasibility of applying the ED technology without
materials deterioration when compared to raw residues uses.

2. Experimental campaign

2.1. Materials

Mortars were produced with tungsten mining mud collected directly
from the sludge circuit output of Panasqueira mine (Covilh~a, Portugal,
40�1001100N, 7�4502400W). Samples were dried at 20 �C for 48 h in a fume
hood, before starting the experiments. Typically, mud from Panasqueira
mine contains fines with particle sizes lower than 2 mm (Castro-Gomes
et al., 2011). The annual production of tungsten at Panasqueira mine is
estimated in 90,000 t, with concentrated grades of 75% WO3 (tungsten
trioxide) (Franco et al., 2014).

In this work, tungsten mining residues were applied as replacement of
CEM II/BL 32.5 N (Secil, Portugal), classified according to EN 197–1
(CEN, 2012). A river siliceous sand was applied as aggregate and tap
water was used to hydrate the formulation.

2.2. Methods

2.2.1. Electrodialytic treatment of mining residues
The ED treatment was applied for the recovery of critical raw mate-

rials (tungsten), and the removal of harmful compounds (arsenic) from
mining residues (Almeida et al., 2020a).

Mining residues were treated in a two-compartment ED acryl XT
reactor (RIAS A/S, Roskilde, Denmark), according to Almeida et al.
(2020a). The diameter of the reactor was 80 mm, with 50 mm length for
the electrolyte compartment and 100 mm for the sample section. An
anion exchange membrane AR204SZRA, MKIII, Blank (Ionics, USA) was
applied to divide the two compartments. The electrodes selected were
made of Ti/MMO with a length of 50 mm and a diameter of 3 mm
(Grønvold & Karnov A/S, Denmark). Constant current was maintained
inside the reactor (50 mA) with a power supply E3612A (Hewlett
Packard, Palo Alto, USA).

Also, a magnetic stirrer was placed into the sample compartment. A
suspension of 39 g of mining residues with 345 mL of deionized water
and 5 mL of a natural deep eutectic solvent (choline chloride/malonic
acid) was set in the cathode compartment. In the anode compartment,
250 mL of 0.01 M NaNO3 were added as anolyte. Twenty experiments
were operated during 4 days.

2.2.2. Materials’ properties
The particle size distribution of the river siliceous sand was per-

formed by dry sieving following standard EN 1015–1 (CEN, 1998). Loose
bulk density of CEM II/BL 32.5 N, river sand, rawmining residues and ED
mining residues was determined weighting a recipient with known vol-
ume filled with each uncompacted material. The chemical composition of

Abbreviations

Cac Capillarity absorption coefficient
Ca(OH)2 Calcium hydroxide
CEN European committee for standardization
Cs Capillarity saturation value
CStr Compressive strength
DI Drying index
DME Dynamic modulus of elasticity
DR1 Drying rate at phase 1
DR2 Drying rate at phase 2
ED Electrodlialytic process

FStr Flexural strength
M Raw mining residues mortars
ME Electrodialytic treated mining residues mortars
MIP Mercury intrusion porosimetry
NaNO3 Sodium nitrate
OPC Ordinary Portland cement
REF Reference mortar
RH Relative humidity
Ti/MMO Titanium/mixed metal oxide
XRF X-ray fluorescence
WO3 Tungsten trioxide
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the raw and ED mining residues was determined with a portable X-ray
fluorescence equipment (XRF), Tracer 5 from Bruker.

2.2.3. Mortar formulation, samples curing and tests
The production of mortars (type, velocity and time of mixing) was

carried out based on EN 196–1 (CEN, 2017). The volumetric proportion
of binder, aggregate and water used as reference was 1:3:0.5. The
reference mortar was produced with 100% of CEM II/BL 32.5 N as
binder. Modified mortars were produced replacing 10, 25 and 50% of the
cement volume content by raw (Mmortars) and ED (ME mortars) mining
residues. The loose bulk density of the materials allowed to determine the
exact masses of each component, considering their volumes (Table 1).

Mortars’ fresh and hardened state properties were analysed through
physical, mechanical and microstructural tests, as summed up in Fig. 1.

Flow consistency tests were performed according to EN 1015–3 (CEN,
2000). A flow table test was used to measure the slump value (average
diameter of the specimen measured in different directions). Bulk density
of fresh mortars was determined according to EN 1015–6 (CEN, 1999a)
by weighting a mould (with known volume) filled with the mortar
specimen.

Mortar samples were produced in triplicate in 40 mm� 40 mm x 160
mmmetallic moulds. For each mortar formulation, circular samples with
90 mm diameter and 20 mm width were also produced. Mortar samples
were kept inside polyethylene closed bags and demoulding was carried
out after 48 h. The samples were cured horizontally in a tap water bath
for the next 26 consecutive days at 20 �C. The samples were then dried at
60 �C until constant weight.

For thermal conductivity measurements, the circular samples were
stabilized in a chamber for 24 h at 20 �C and 75% of relative humidity
(RH). Thermal conductivity of all specimens was determined inside the
chamber with an Isomet 2104 Heat Transfer Analyzer (Applied Precision,
Slovakia), equipped with a contact probe API 210412 of 60 mm diameter
and operating range between 0.04 and 0.3 W/(mK).

The dry bulk density of the mortar prisms was determined by the
quotient of the mass, with a digital scale (precision of 0.001 g), by the
volume, assessed directly with a digital caliper (precision 0.01 mm),
based on EN 1015–10/A1 (CEN, 1999b).

The dynamic modulus of elasticity (DME) was determined consid-
ering EN 14146 (CEN, 2004), using a Zeus Resonance Meter ZMR 001
equipment. With mass and volume data of each sample, the equipment
measured the response to an induced vibration signal along the test
samples. For each sample, four nondestructive tests were performed,
resulting on twelve tests by mortar.

Flexural and compressive strengths were performed according to EN
1015–11 (CEN, 2019), with a Zwick/Rowell Z050 equipment. For flex-
ural strength tests, three-point bending test was performed with two steel
supporting rollers separated by 100 mm. The loading was gradually
applied at a constant rate of 50 � 10 N/s until failure occurred.
Compressive strength tests were subsequently performed with one of the
half samples disjointed in the previous flexure tests. The loading was

progressively applied at a constant ratio of 2,400 � 200 N/s until mortar
failure.

Capillarity absorption test, based on EN 1015–18 (CEN, 2003), and
drying test, based on EN 16322 (CEN, 2013), were performed in a
conditioned laboratory at temperature of 20 �C and 65% of RH. Tests
were conducted on 40 mm cubic samples, cut from halves of previous
flexural tests original prisms. The lateral faces were waterproofed by
painting with Sikagard 570 W (Sika, Portugal). Samples were placed into
a plastic box and the cut surface was maintained in contact with water to
a level of 5 mm.

The capillarity absorption curve of mortar samples, in mass increase
per area in contact with water by square root of time, was determined by
weighing the samples sequentially until an asymptotic value was ob-
tained. The capillarity coefficient was determined using the mass of
water absorbed per unit area and square roof of time between 10 and 30
min (initial strait segment of the curves).

Drying ability of the mortars was tested immediately after capillarity
tests, moving the cubic samples to a waterproofed surface, inverting (to
promote drying only by the surface previously in contact with water) and
weighing the samples sequentially until achieving a constant weight
(CEN, 2013). From the mortars drying curve (with the mass decrease per
drying area) by time, the drying rate of the first drying phase was
determined by the negative slope of the initial segment. From the drying
curve by square root of time, the second drying phase rate was deter-
mined by the negative slope of the intermediate linear segment. The
drying index (DI) was also calculated based on equation (1), from EN
16322 (CEN, 2013):

DI¼
Z tf

ti

Mti dt
Mmaxtf

(1)

where tf is the total duration of the test, M is the water content in time ti,
and Mmax is the maximum water content. A lower DI corresponds to a
higher drying capacity.

A mercury porosimeter Micromeritics Autopore II was used to
determine pore size distribution from mortars produced with 0, 10, 25
and 50% of raw mining residues. Specimens with approximately 1.7 cm3

(total capacity of the bulb from penetrometers) were collected from
samples and stabilized in an oven at 40 �C during 24 h.

3. Results and discussion

3.1. Raw materials characterisation

The chemical composition obtained by XRF of raw and ED mining
residues is presented in Table 2. The most abundant elements in both
samples is silicon, expressed as SiO2 (up to 65%), followed by aluminium,
expressed as Al2O3 (raw¼ 19% and ED¼ 22%). Harmful metalloids were
also detected in mining residues, such as (M ¼ 0.59%), although 64% of
the As was successfully removed by the ED treatment, decreasing the
potential of leaching.

Table 1
Weight proportion of binder, aggregate and water used in the mortar formulations, materials loose bulk density and water/binder mass ratio.

Code Binder and mining residues Aggregate Water Mass proportion

CEM II/BL 32.5 N
(1,000 kg/m3)

Mining residues Sand (1,540 kg/
m3)

Tap water (1,000
kg/m3)

Binder:sand:water Cement:residue:sand

% Weight (g) Treatment % Weight (g) % Weight (g) % Weight (g)

REF 100 431.8 – – – 100 2,000 100 333.3 1:4.6:0.8 1:0:4.6
M10 90 388.7 No treatment (M)

(1,180 kg/m3)
10 36.6 1:4.7:0.8 1:0.1:5.1

M25 75 323.9 25 91.4 1:4.8:0.8 1:0.3:6.2
M50 50 215.9 50 182.9 1:5.0:0.8 1:0.9:9.3
ME10 90 388.7 Electrodialytic treated (ME)

(1,003 kg/m3)
10 42.0 1:4.6:0.8 1:0.1:5.1

ME25 75 323.9 25 105.0 1:4.7:0.8 1:0.3:6.2
ME50 50 215.9 50 209.9 1:4.7:0.8 1:1.0:9.3

Notation: REF - Reference mortar; M - Raw mining residues mortars; ME – Electrodialytic treated mining residues mortars.
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The loose bulk density of the components used for mortar formulation
is presented in Table 1. When mining residues were subjected to the ED
treatment, their loose bulk density decreased 15% compared to the raw
case (1,180 kg/m3), which might be due to the extraction of inorganic
substances during the process (Almeida et al., 2020a). Additionally, after
the ED treatment of mining residues, their loose bulk density (1,003
kg/m3) became similar to CEM II/BL 32.5 N (1,000 kg/m3). Therefore,
the volumetric replacement of the cement binder by ED mining residues

almost corresponds to the same weight. On the other hand, the same
volumetric replacement by raw mining residues corresponds to a higher
weight. Thus, a higher filler effect is expected (Table 1).

The particle size distribution of the river siliceous sand was analysed
(Fig. 2). Particles are mainly between 0.5 and 2.0 mm, similarly to the
CEN reference sand particle size distribution (CEN, 2017).

Calcium and aluminium silicates in presence of Ca(OH)2 and water
may potentiate a pozzolanic reaction. Mining residues from Panasqueira
mine were studied by Almeida et al. (2020c) in terms of its pozzolanic
reactivity through the modified Chapelle test (AFNOR, 2010). Herein,
the total quantity of fixed Ca(OH)2 by siliceous/aluminosilicates amor-
phous constituents present in raw and ED mining residues was reported
as 7.9 mg and 71.4 mg per g of material, respectively (Almeida et al.,
2020c), representing low pozzolanic features.

3.2. Fresh state characterisation

The ability to mix and apply a mortar with minimal loss of homoge-
neity can be assessed by the fresh state characterisation (Chindaprasirt
and Cao, 2015). In this study all the mortars were produced with a
constant water content (Table 1). Concerning the fresh state characteri-
sation, flow table consistency and wet bulk density were determined
(Table 3).

Wet bulk density of M and ME showed higher values when compared
to the reference mortar, increasing as the content of mining residues
augmented in the formulations. Since the loose bulk density of the raw
mining residues is higher than cement (Table 1), it was expected that wet
bulk density of M mortars was also higher. However, differences on the

Fig. 1. Tests performed to assess fresh and hardened mortars properties.

Table 2
Semi-quantitative chemical analysis by XRF of raw and ED mining residues
(weight %).

Determinations Raw ED

Al2O3 18.80 21.98
SiO2 68.35 65.58
P 0.15 0.10
S 0.83 0.74
Cl N.D. N.D.
K2O 3.29 4.31
Ca 0.55 0.40
Ti 0.46 0.55
Mn 0.08 0.07
Fe 5.81 5.37
Cu 0.18 0.10
Zn 0.58 0.29
As 0.59 0.21
Sn 0.07 0.04
W 0.27 0.26

Notation: N.D. – Not detected.

Fig. 2. Dry particle size distribution of river siliceous sand and CEN reference sand.
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mortars with ED mining residues, that have similar loose bulk density to
cement, were observed.

Loose bulk density of the particles and filler effect are the main factors
affecting mortar wet bulk density (Jesus et al., 2019). Mining residues
have a pH in water suspension of approximately 5, but after the ED
treatment, the pH of mining residues suspensions dropped to about 4
(Almeida et al., 2020a). This may have also affected the difference on
bulk density between M and ME mortars, since chemical species present
in the residues may have solubilized at a slightly lower pH. The appli-
cation of natural deep eutectic solvents during the ED treatment, as well
as other extreme conditions that mining residues were subjected during
the four days of ED experiment, may also have contributed for the bulk
density increase. Furthermore, direct water uptake from both raw and ED
mining residues could justify the values observed.

The inverse trend was verified for flow consistency tests. The con-
sistency test was performed to assess the fluidity and workability of fresh
mortars based on the constant water content (Table 1). Considering the
results in Table 3, and also the observations during manual handling of
mortars, the incorporation of both types of mining residues (raw and ED)
decreased their workability. This loss of workability with the increase of
mining residues content may be related to mining residues particles,
which may absorb more water due to their permeability and surface
properties. The increase of mining residues incorporation may require
more water to achieve the same consistency of the reference mortar, also
due to cement hydration reactions. The presence of other chemical
substances can interfere with water-binder reactions (Tiwari et al.,
2014). The addition of mining residues may hinder chemical bonding
between hydration products due to their crystalline phases and inert
characteristics (Simonsen et al., 2020).

Mortars were produced with the same volumetric ratio and, conse-
quently, equal binder volume contents but slightly different water/
binder mass ratios (Table 1). When mining residues are incorporated in
the formulation, the water/binder is affected, which may have also
decreased the filler effect, namely in mortars M50 and ME50. The higher
incorporation of mining residues reduced the plasticity of the mortars
(flow table consistency of 139.5 mm for M50, and 129.3 mm for ME50)
compared to the reference (flow table consistency ¼ 156.3 mm). In real
conditions, depending on the type of mortar application (e.g. screeds,
rendering or plastering), the incorporation of a plasticizer as admixture
may be needed to fill water requirements and consistency improvements.

Table 3
Mortars wet bulk density and flow table consistency.

Mortar Flow table consistency (mm) Wet bulk density (kg/m3)

REF 156.3 1,997.9
M10 154.3 2,018.7
M25 147.8 2,035.2
M50 139.5 2,038.2
ME10 146.5 2,029.2
ME25 132.3 2,038.7
ME50 129.3 2,069.8

Notation: REF - Reference mortar; M - Raw mining residues mortars; ME -
Electrodialytic treated mining residues mortars.

Fig. 3. Mortar samples after 28 curing days (REF - Reference mortar; M - Raw mining residues mortars; ME - Electrodialytic treated mining residues mortars).
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3.3. Hardened state characterisation

The mortar samples used to conduct the hardened state characteri-
sation are presented on Fig. 3.

3.3.1. Dry bulk density and thermal conductivity
Hardened mortar results of dry bulk density and thermal conductivity

after 28 days of cure are presented in Fig. 4.
The trend verified on wet bulk density, with an increase with the

content of both mining residues in comparison to the reference, is not
observed for the dry bulk density. When 10% of raw or ED mining resi-
dues were introduced in the formulation, dry bulk densities decreased to
1,928.9 � 27.0 kg/m3 (M10) and 1,971.8 � 12.4 kg/m3 (ME10) when
compared to REF (1,975.6� 16.8 kg/m3). However, cement replacement
of 25 and 50% for both M and ME increased the dry bulk density of the
mortar by 1–2% compared to REF, as verified for wet bulk density.
Particularly for raw mining residues, this may be explained by the higher
mass proportion (Table 1).

For most building applications, low thermal conductivities contribute
for thermal comfort, namely for layering masonry mortars or roof
screeds. Additionally, low thermal conductivity is desirable in renders to
promote the attenuation of thermal expansion stresses (Van Riessen
et al., 2009). The reference mortar presents the highest thermal con-
ductivity, 1.54 W/(mK), suggesting that mining residues incorporation
on mortars can improve thermal comfort.

Considering raw mining residues, the trend observed for dry bulk
density is maintained: Mortars with higher dry bulk densities were
coupled with higher thermal conductivity values. However, the set of
mortars with ED mining residues (ME10, ME25 and ME50) did not
corroborate the previous trend. ME25 showed the lowest thermal con-
ductivity, 1.15 W/(mK). The ED treatment may have enhanced the
microstructure of the mortar, with optimal conditions for thermal con-
ductivity reduction at 25% of mining residues incorporation. Therefore,
the ED treatment is feasible in terms of both bulk density and thermal
conductivity, considering ED mining residues application on cement
mortars.

3.3.2. Mechanical resistance
Fig. 5 presents the results of flexural (FStr) and compressive (CStr)

strengths, as well as dynamic modulus elasticity (DME).
As expected, all the mechanical properties decreased when cement

was replaced by mining residues, in a proportional way. This is explained
by the cement content decrease and its replacement by the residues that
are lower strength materials (as shown in Table 1). The non-pozzolanic
behaviour of these residues may also justify the decrease observed in
mechanical properties. Raw mining residues reported only 8 mg of

Ca(OH)2 fixation and ED mining residues 71 mg (Almeida et al., 2020c),
being both samples far below the limit (660 mg Ca(OH)2/g) to be
considered as pozzolans according to NF P 18–513 (AFNOR, 2010).

When 10% of raw mining residues replaced CEM II/BL 32.5 N, the
loss in DME when compared to the reference was 12%. DME translates
mortars stiffness, where lower values indicate that mortars are more
prone to absorb deformations (Gomes et al., 2018). Therefore, low DME
may be beneficial to mortars, without jeopardizing other mechanical
properties. Considering rendering and plastering mortars, cracking issues
due to loading applications can be alleviated in the presence of low DME
mortars (Sandin, 1995).

As expected, DME decrease is consistent with the reduction on flex-
ural and compressive strengths. Generally, the cement replacement by
mining residues provided mortars with lower strengths, which in the
present circumstance was more evident in the compressive strength case.
Apart the declining trend with the increase of mining residues content,
that may be explained by the lower proportion of cement, a retarding
effect on cement hydration can be caused by amounts of phosphorus
(Jiang et al., 2019) and the presence of other chemical impurities on
mining residues (Tiwari et al., 2014).

The presence of phosphorus in mining residues, as reported in Table 2
for M (0.15%) and ME mortars (0.10%), may have contributed to
decrease mechanical performance. Internal micro-cracking of mortars
may also have occurred, although this behaviour is more common in the
presence of high cement contents (Gomes et al., 2018).

Comparing to the reference, mechanical strength decreased 11% and
19% in terms of flexural performance in M10 and ME10, respectively.
Also, for the same formulations a decrease of 30% on compressive
strength occurred. Other studies conducted aiming mortars production
with blended cements including mining waste also reported a decrease in
compressive and flexural strengths, that becomes more pronounced as
the mining waste content increases (Wu et al., 2020).

Additionally, mortars that couple resistance to cracking and
deformability can be evaluated by DME/flexural strength ratio, where
low values mean increased mechanical performance. Thus, M and ME
mortars showed better DME/flexural strength ratio in the following
sequence:

M50 > M25 > ME25 > ME10 > ME50 > REF > M10.

3.3.3. Mortars classification and application
Renders and masonry joint repointing mortars, as highly exposed

construction elements, need to be repaired and eventually replaced
cyclically during buildings life cycle (Sandin, 1995). Considering the
classification for rendering (and plastering) mortars from EN 998–1
(CEN, 2016a), mortars with mining residues may be classified according
to their compressive strength at 28 days as CS III (M25, ME25, M50 and

Fig. 4. Dry bulk density and thermal conductivity of mortars (REF - Reference mortar; M - Raw mining residues mortars; ME - Electrodialytic treated mining resi-
dues mortars).
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ME50) and CS IV (M10 and ME10). These classes are much superior to
the limit for CS I mortars (0.4 MPa), corresponding to extremely stiff
mortars to some traditional and historical walls. Therefore, even the
mortars with 50% of cement replace by mining residues presented me-
chanical performances compatible with common concrete and contem-
porary fired brick masonry walls.

On the other hand, regarding EN 998–2 (CEN, 2016b) classification of
bedding mortars for masonry units layering, mortars with mining resi-
dues can be classified in classes M5 (M50 and ME50) and M10 (M10,
ME10, M25 and ME25). Concerning class M1 (maximum of 1 MPa), the
mortars produced are not in compliance with some traditional and his-
torical walls low resistance needs. As the previous case, M50 also showed
compatibility with traditional concrete and contemporary fired brick
masonry walls.

Furthermore, the incorporation of 10 and 50% of mining residues
after the ED treatment was not significantly affected, in comparison to
the rawmining residues use, considering applications where compressive
strength is essential. Contrarily, when flexural strength is the key factor,
such as for rendering, plastering and joint repointing, mortars with both
10% and 25% of ED mining residues showed better properties in com-
parison to the replacement of cement by raw mining residues. In addi-
tion, the mechanical performance of ME mortars was not strongly
affected when compared to M mortars.

3.3.4. Water absorption by capillarity and drying
The capillarity curves allow to evaluate the initial absorption rate of

mortars, by the capillary coefficient, and the total absorbed water, by the
asymptotic value. The average capillarity curves of mortars are presented
in Fig. 6.

The capillary curves showed that all the mortars with mining residues
behaved negatively in comparison to REF in terms of capillary absorp-
tion, proportionally to the residue increase. Mortars with 10% of mining
residues presented similar values both in terms of initial capillarity ab-
sorption rate and asymptotic value. Mortars with 25% of residues,
although presented an increase of initial absorption rate, maintained an
equivalent total of water absorbed by capillarity. Mortars with 50%
residues not only showed an increase on the initial rate but also on the
total absorbed water, that may be explained by the mortars pore size
distribution. The initial absorption rate is quantified by the capillarity
coefficient in Table 4, as well as capillarity saturation values.

From the observation of the capillary curves (Fig. 6 and Table 4), the
capillarity coefficient increased with the increase of mining residues
incorporation, as well as the capillarity saturation value. Additionally, no
significant deterioration on those properties occurred between mortars
with raw or ED mining residues, being the ED case more advantageous
for the product lifecycle.

Capillarity coefficients of M50 [0.088 � 0.000 kg/(m2.s0.5)] and
ME50 [0.067 � 0.005 kg/(m2.s0.5)] represented the worst cases, since

Fig. 5. Flexural and compressive strength and dynamic modulus of elasticity of the mortars (REF - Reference mortar; M - Raw mining residues mortars; ME -
Electrodialytic treated mining residues mortars).

Fig. 6. Capillarity absorption curves of mortars (REF - Reference mortar; M - Raw mining residues mortars; ME - Electrodialytic treated mining residues mortars).
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these formulations absorbed water faster and in higher quantities (6.309
� 0.337 kg/m2 and 6.976 � 0.198 kg/m2, respectively). On the other
hand, M10 and ME10 presented a behaviour similar to REF [0.03 kg/
(m2.s0.5)], probably due to their identical permeability properties.
Capillarity saturation values and higher rates of initial water absorption
compared to the reference mortar were also observed in cement mortars
with copper mine tailings incorporation (Onuaguluchi and Eren, 2012).

Mortars water absorption may also have been affected by the internal
cure of mortar samples, since mining residues particles may had retained
more water in comparison to cement. Thus, short term cement hydration
could have hindered, changing porous structure (Simonsen et al., 2020).

Concerning durability issues, the presence of water accelerates the
degradation of mortars, as the entry of harmful agents and salts solubi-
lization is facilitated. High drying rates are a key factor for preventing
mortars deterioration, given that the drying difficulty of a saturated
material may also potentiate the growth of fungi and algae (Salom~ao
et al., 2018).

Following water absorption by capillarity experiments, drying tests
were carried out with the same mortar samples. Fig. 7 shows the drying
curves of the mortars as function of time and of square root of time.

The drying rates in both phases 1 and 2 are presented in Table 4. The
drying rate for phase 1, DR1, was about 0.2 kg/(m2.h) for all the tested
mortars, although the lowest absolute values were observed for M25 and
ME25, and the highest for M50 and ME50.

The drying rate obtained for phase 2, DR2, was also higher for mortars
with 50% of mining residues incorporation, confirming that the binder
matrix is important for water release through the mortars pores. Mortars
with mining residues generally presented an increase in the evaporation
rate as a consequence of the improved diffusion and permeability.

The results showed that M10 and ME10 obtained the best perfor-
mance compared to the other modifiedmortars. Hence, the incorporation
percentage of mining residues can influence mortars’ drying capacity.
Additionally, during the drying process, the presence of soluble salts may
promote its crystallization at the sample surface, giving rise to efflores-
cence or leaching inert materials into the pores causing staining (Faria
et al., 2008). In the studied mortars samples, no salt crystallization was
observed during drying. Concerning mortars’ drying rates, the use of ED
mining residues is promising in comparison to both raw mining residues
and reference mortars.

Drying index was determined to understand the overall behaviour of
the mortars drying (Table 4). The lower drying index was found for M50
(0.197 � 0.000), indicating that mortars with raw mining residues can
dry easier. M50 absorbed water quickly and achieved a moisture content

higher than other formulations. However, these mortars dried easily and,
at the end of drying, the content of residual water in the pores was lower
than for the other samples.

ME10, ME25 and ME50 showed lower capacity to completely dry
(corroborated by their higher drying index). These mortars required
exposure to a high-intensity source of moisture for a long period to
completely saturate. After saturation, the material dried out more hardly,
remaining humid for a longer time and keeping a higher moisture content
in pores compared to the other formulations.

The behaviour of the mortars during the drying process can be related
to their water absorption, as the drying process includes transport
mechanisms of water (Salom~ao et al., 2018). The higher the absorbed
water content, the faster the transport velocity of water to the surface
where evaporation occurs in the first drying phase.

3.3.5. Porosity and porosimetry of mortars
Due to capillarity absorption similar results considering mortars with

the same content of raw and ED mining residues, mercury intrusion
porosimetry (MIP) analysis was only performed to compare REF and M
mortars. Through MIP, open porosity of mortars was reported higher in
sequence M10 (21.01%) � M25 (21.70%) � REF (22.05%) < M50
(30.76%). M10, M25 and REF showed similar porosities, meaning that
cement replacement until 25% did not promote significant changes in
open porosity. The pore size distribution of REF and M mortars is pre-
sented on Fig. 8.

As presented in Fig. 8, in the range of medium capillaries (large
mesopores), M25 has a prevalence. REF is dominant on the low range of
large capillary pores (macropores), with peaks at 0.17 μm and 0.40 μm. A
higher amount of cement in mortar composition leads to an increase of
volume in this porosity range, attributed to the clinker phase (Santos
et al., 2020). Other authors reported the same trend (Arizzi and Cultrone,
2013), which may also be justified by a higher water retention by the
mortars with mining residues during short term hydration.

Regarding large capillary pores, above 1 μm, there is a pore size
diameter gradual increase, as well as its concentration, frommortars with
0% (REF ¼ 1.1 μm/6.8%) to 50% (M50 ¼ 2.8 μm/9.9%) of cement
replacement by raw residues. The large capillary pores distribution can
be affected by the binder-aggregate interaction. When low cement con-
tents were used, the formation of hydration products that improve hy-
dration and carbonation reactions at early ages could be affected,
influencing packing density and consequently pores distribution (Santos
et al., 2020). In the range of air voids, there is a prevalence on M10
mortar.

The trend on capillary water absorption may be justified by the
increased porosimetry of mortars with increased residue content in the
range of 1–6 μm. The highest porosimetry of M50 corroborates the in-
crease of capillary water absorption.

Mortars with mining residues generally presented an increase in the
evaporation rate due to their higher capillary and total porosity and pore
diameter, in comparison with the reference mortar. Also, low drying
index values are associated to a higher large capillary porosity of mortars
(Santos et al., 2020).

The low level of mortar compactness, as well as air/liquid losses, may
influence strength and durability properties, although it could be ad-
vantageous in terms of freeze-thaw and salt decay (Santos et al., 2018).
An increase of volume and diameter pore size of the coarse porosity
promoted a decrease on mechanical performance, namely in compressive
strength (Fig. 5), and an increase of water absorption by capillarity
(Fig. 6) and the drying capacity (Fig. 7). This trend was also observed in
cement-mortars studies performed by Santos et al. (2020).

4. Conclusions

Resource efficiency regarding the decrease of residues generation and
disposal is an important step towards a cleaner production in the con-
struction and mining industries. Cement clinker production requires

Table 4
Capillarity absorption coefficient, capillarity saturation value, drying rates of
phases 1 and 2 and drying index of mortars.

Mortar Cac [kg/
(m2.s0.5)]

Cs (kg/
m2)

DR1 [kg/
(m2.h)]

DR2 [kg/
(m2.h0.5)]

Drying
index

REF 0.033 �
0.001

5.305 �
0.593

0.204 �
0.003

0.456 �
0.002

0.216 �
0.009

M10 0.035 �
0.000

5.476 �
0.140

0.195 �
0.010

0.472 �
0.007

0.218 �
0.011

M25 0.055 �
0.002

5.698 �
0.685

0.192 �
0.009

0.501 �
0.008

0.220 �
0.001

M50 0.088 �
0.000

6.309 �
0.337

0.218 �
0.011

0.594 �
0.011

0.197 �
0.000

ME10 0.034 �
0.000

5.564 �
0.041

0.206 �
0.011

0.444 �
0.006

0.257 �
0.000

ME25 0.051 �
0.000

5.717 �
0.742

0.200 �
0.019

0.507 �
0.016

0.228 �
0.000

ME50 0.067 �
0.005

6.976 �
0.198

0.221 �
0.007

0.539 �
0.004

0.284 �
0.001

Notation: REF - Reference mortar; M - Raw mining residues mortars; ME -
Electrodialytic treated mining residues mortars; Cac - Capillarity absorption co-
efficient; Cs - Capillarity saturation value; DR1 - Drying rate (phase 1); DR2 -
Drying rate (phase 2).
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firing temperatures above 1,000 �C and energy-consuming milling. When
cement is partially replaced by mining residues for mortars production,
environmental and economic advantages can be achieved, ensuring
economic circularity and increasing the added value of mining secondary
resources.

Furthermore, the recovery of critical rawmaterials and the removal of
harmful compounds from those residues is also an important challenge.
Therefore, an electrodialytic (ED) process was applied to Panasqueira
mining residues to recover tungsten and remove arsenic in a first stage.

The effect of the ED treatment on mortars properties was address
through the study of mortars performance, when compared to the same
contents of raw mining residues and a reference cement binder mortar.
Mortars were produced using 0, 10, 25 and 50% of mining residues
replacing cement, maintaining the water/binder ratio (0.5) for 1:3
volumetric proportion of binder:river sand mortars, where the binder
was the sum of cement and residues.

Mining residues seemed to have permeability and surface properties
that imply the requirement of higher amounts of water to achieve the
same consistency, as when using only cement. Thus, further studies
should be conducted with different water contents to access the influence
on mortars properties versus types of applications. Also, to tackle water
scarcity, the reuse of secondary liquid matrices to replace water appli-
cations may also be a key factor towards a more sustainable mortar
production.

Mechanical performance decreased between 11 and 30%, when 10%
of mining residues were incorporated in the formulation. As expected,
this decrease was more pronounced with the increasing of mining

residues content replacing cement. On the other hand, the increase on
mining residues incorporation corresponded to an increase on capillary
absorption, justified by mortars porosimetry, and that could be
controlled by higher drying rates.

All tested mortars showed mechanical and physical properties suit-
able for rendering, plastering, joint repointing, bedding masonry or
screed uses, with improved thermal conductivity. However, to optimize
mortars properties, expand the applications and increase mining residues
replacement ratios, under a sustainable perspective, natural additives
and admixtures (e.g. re-used oils) could also be tested.

Summing up, results showed that the ED technology could be applied
as a pre-treatment for mining residues since physical and mechanical
mortars’ properties were not deteriorated when compared with mortars
formulated with rawmining residues. The ED treatment coupled benefits
from a previous removal of harmful compounds and recovery of critical
raw materials, providing a more sustainable working material. Mortars
produced with treated mining residues are more advantageous in terms
of toxicity and, considering the overall product lifecycle, can alleviate the
negative impacts associated to their production, when compared to pure
cement or cement-raw residues mortars.
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Fig. 7. Drying curves of mortars: (A) by time, showing the initial slope of drying phase 1; (B) by square root of time, showing the intermediate slope of drying phase 2
(REF - Reference mortar; M - Raw mining residues mortars; ME - Electrodialytic treated mining residues mortars).

Fig. 8. Pore size distribution of REF and M mortars (REF - Reference mortar; M - Raw mining residues mortars).
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h i g h l i g h t s

� Mining residues were submitted to an electrodialytic process alone or coupled with a thermal treatment.
� Treated mining resides replaced cement from 10 to 50 wt% in mortars.
� Flexural strength of mortars decreased from 3 to 52%, showing potential for renders.
� Mortars’ cost-efficiency with only electrodialytic treatment could be upgraded.
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a b s t r a c t

The combination of treatments may improve the extraction of toxic and critical elements from secondary
resources, produce changes in materials’ physico-chemical properties and improvements on the sustain-
ability of strategies. Mining residues were treated with an electrodialytic process alone or coupled with a
thermal procedure, and reused in cement-based mortars by replacing 10, 25 and 50% of the cement bin-
der content. This study demonstrated the technical and economic feasibility of mortars produced with
treated mining residues, namely in applications where flexural strength is key factor. The mechanical
properties of the mortars corroborated their compatibility with bedding mortars and fired brick masonry
walls.

� 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Cement industry is facing challenges on supply energy costs,
greenhouse gases emissions and alternative pozzolanic materials
to thermal plant fly ashes [1]. Cement production is responsible
for a majority of the environmental impacts of cementitious prod-
ucts production, namely when compared with the impact of other
components, as aggregates and supplementary cementitious mate-
rials, and procedures as mixing and transport [2]. Cost/eco-efficient
constituents to cement will promote civil engineering practices to

become more sustainable and move towards circular economy
principles [3].

Research on mining by-products reuse in the construction sec-
tor has been conducted during the past decades [4]. Mining indus-
tries provide materials to build infrastructures and instruments of
daily use [5]. However, mining activities are one of the most dis-
turbing practices for the engaged ecosystems. Their negative
impacts are caused by voluminous mining residues disposal and
acid mine drainage. Acid mine drainage often results from rock
minerals/ore deposits exposure to water and/or oxygen. This facil-
itate the mobilization of present toxic chemical species and
increase their concentrations in water supplies and food chains [6].

The reuse of mining residues in cement composites encourages
waste management alternatives to landfill, the balance of mining
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sites and the minimization of primary raw materials needs [7].
Studies have been conducted on mining resources incorporation
in cementitious composites (e.g. mortar, concrete), for binder and
aggregate partial replacement in building materials. Alkali acti-
vated products [8] and pozzolanic materials [9] were successfully
produced with tungsten mining residues. The durability of conven-
tional products may be enhanced in terms of resistance to abrasion
and acid attack due to a lower water absorption [10].

Mechanical and structural performance of mortars is dependent
on the properties of the components involved in the formulation,
as well as the need for repair interventions [11]. The effectiveness
of mortars maintenance is mainly affected by compressive and
flexural strengths, water vapour permeability, water absorption
by capillarity action and drying [12].

To enlarge the application of mining residues within the con-
struction sector, several strategies could enhance durability prop-
erties of composites produced with mining residues.

The electrodialytic (ED) process is defined as a treatment that
promotes the removal of substances from polluted substrates,
based on the application of a direct low-level current intensity
[13]. This treatment demonstrated potential to improve the
removal/recovery of substances from mining residues, namely
arsenic (35%) and tungsten (22%) [14]. After the ED treatment, min-
ing residues also proved their viability as cement replacer in mor-
tars [15].

The pozzolanic properties of mining residues, alone or coupled
with other treatments could be improved [16]. Amorphous silica
(SiO2) and alumina (Al2O3) compounds present in fine graded
materials, when combined with Ca(OH)2 and water generate cal-
cium silicates and aluminates hydrates by pozzolanic reaction [17].

The reactivity of materials in cementitious composites is
affected by: (1) content of amorphous SiO2 and Al2O3; (2) temper-
ature of the thermal treatment; (3) period at high temperature and
cycle of heat treatment; (4) content and type of clays; (5) particle
size distribution and specific surface and (6) water and Ca(OH)2
availability for the chemical reactions involved [12].

Heating leads to the loss of water from the structure of the min-
erals and to the disruption of SiO2 and Al2O3 crystal structure. For
most clayish materials, high amounts of residues in the amorphous
state are produced during controlled heating intervals, from 600 �C
to 900 �C [18]. Particularly, tungsten mine sludge was subject to
950 �C to improve its pozzolanic activity [9].

The application of treatments to mining residues, before its
reuse as construction materials, can empower circular economy
of elements of interest, as critical raw materials. Also, it may lever-
age the sustainability of secondary resources, once it allows a prior
removal of harmful compounds. This contributes to decrease the
disposal of residues in mining sites and a safer reuse of mining
residues in several applications (e.g. mortars and concretes). The
thermal treatment may also enhance the pozzolanic reactivity of
the residues, improving durability properties of construction prod-
ucts, although the curing conditions may influence mortars and
concrete performance.

In the present work, mortars were produced by replacing
cement binder contents by mining residues from Panasqueira
mine, previously treated with the ED process alone or coupled with
a thermal procedure. The replacement of cement was 0% for the
Control, and 10, 25 and 50% (wt%) for the modified mortars. The
characterisation of the mortars fresh and hardened state, after
28 days of cure, was assessed. These properties were also com-
pared with the results from Almeida et al. [15], regarding the eco-
nomic and technical feasibility of applying a complementary
thermal treatment intended to increase pozzolanic reactivity. A
cost-efficiency analysis of mortars produced with Panasqueira
mining residues was carried out.

2. Experimental

2.1. Materials

Cement-based mortars were prepared with mining waste mud
collected from the Panasqueira mine sludge circuit (Covilhã, Portu-
gal, 40�1001100N, 7�4502400W). The sample was dried in a fume hood
for 48 h, at 20 �C. Panasqueira mine produces 90,000 t of tungsten
per year [19] and the mud waste generated is composed by parti-
cles below 2 mm [20].

Panasqueira mining residues were tested to replace CEM II/BL
32.5 N (Secil, Portugal), classified based on EN 197-1 [21]. A river
siliceous sand was used as aggregate, with particles between 0.5
and 2.0 mm, similar to the CEN reference sand [22] as shown in
Table S1 (in appendix A). Tap water was used as mixing water in
mortar formulations.

2.2. Electrodialytic and thermal treatment of mining residues

The ED treatment was primary applied for the separation of
tungsten and arsenic from Panasqueira mining residues [14]. Min-
ing residues were treated in a two-compartment ED acryl XT reac-
tor (RIAS A/S, Roskilde, Denmark). The diameter of the reactor was
80 mm, with 50 mm length for the electrolyte compartment and
100 mm for the sample section. An anion exchange membrane
AR204SZRA, MKIII, Blank (Ionics, USA) divided the two compart-
ments. Two electrodes (Ti/MMO Permaskand wire) with a length
of 50 mm and a diameter of 3 mm (Grønvold & Karnov A/S, Den-
mark) were applied in each compartment. Constant current was
maintained inside the reactor (50 mA) with a power supply
E3612A (Hewlett Packard, Palo Alto, USA). Also, a magnetic stirrer
was placed into the sample compartment. A suspension of 39 g of
mining residues with 345 mL of deionized water and 5 mL of cho-
line chloride/malonic acid (CAS 67-48-1; �99%, Sigma-Aldrich,
Germany) was set in the cathode compartment. In the anode,
250 mL of 0.01 M NaNO3 were added as anolyte. Ten experiments
were operated for 4 days.

Following the ED process, a thermal treatment was performed
at 950 �C [23]. The oven furnace was set in the selected tempera-
ture and the sample was placed inside for 1 h. After, the sample
was cooled down for 24 h in a fume hood, at 20 �C.

2.3. Mortar formulation and samples curing

Mortars production was carried out based on EN 196-1 guideli-
nes [22]. The volumetric proportion of binder, aggregate and water
used was 1:3:0.5. This proportion ensured an adequate filling of
the sand volume by the binder paste. Also, the water content
was kept constant in all formulations to guarantee a proper com-
parison between the conventional production and the use of min-
ing residues and its influence on workability. A Control mortar was
produced only with cement. The remain mortars were produced
replacing 10, 25 and 50% of the cement weight content by mining
residues submitted exclusively to the ED treatment or coupled
with the thermal procedure. Table 1 presents the mortars’ code,
materials loose bulk density, mass proportion and contents of
materials. Loose bulk densities of the materials used for mortars
formulation were determined by the quotient of the weight of a
recipient with known volume, filled with each uncompacted mate-
rial (volume in kg/m3).

Mortars were produced in triplicate in 40 mm � 40 mm � 160
mm metallic moulds. For each formulation, circular samples with
90 mm diameter and 20 mm width were also produced. Samples
were kept inside polyethylene closed bags at 20 �C and demoulding
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was carried out after 48 h (based on EN 196-1 [22]), to guarantee
setting before the curing conditions. Mortars were cured horizon-
tally in a tap water bath for the next 26 consecutive days at
20 �C. The samples were then dried at 60 �C until constant weight.

2.4. Mortars’ testing campaign

2.4.1. Fresh state
Flow consistency tests (EN 1015-3 [24]) and wet bulk density

(EN 1015-6 [25]) were performed. To measure the slump, a flow
table test was used while for the bulk density a mould (volume
known) was weighted and filled with the mortar specimen.

2.4.2. Thermal conductivity
Circular samples were stabilized in a climatic chamber for 24 h

(20 �C, 75% RH). The determinations were carried out inside the
chamber with an Isomet 2104 Heat Transfer Analyzer (Applied Pre-
cision, Slovakia) equipped with a contact probe API 210412 (Ø =
60 mm) and operation range of 0.04–0.3 W/(m.K).

2.4.3. Dry bulk density and dynamic modulus of elasticity
Based on EN 1015-10/A1 [26], dry bulk density was calculated

by the quotient of the mass (digital scale precision = 0.001 g) by
the volume (digital caliper precision = 0.01 mm) of the prismatic
samples. Using a Zeus Resonance Meter ZMR 001 equipment, the
dynamic modulus of elasticity (DME) was determined based on
EN 14146 [27]. Considering the mass and volume of each sample,
the response to an induced vibration signal along samples was
determined. Four nondestructive tests were performed, resulting
in twelve tests per sample.

2.4.4. Flexural and compressive strength
A Zwick/Rowell Z050 equipment was used to determine flexural

and compressive strengths according to EN 1015-11 [28]. A three-
point bending test was carried out with the prismatic samples,
with two steel supporting rollers separated in 100 mm regarding
flexural strength determination. The loading was progressively
applied at a constant rate of 50 ± 10 N/s. Compressive strength
tests were performed with one half of each sample resulting from
the previous flexure tests. The loading was applied at a constant
ratio of 2400 ± 200 N/s.

2.4.5. Capillarity absorption and drying
Capillarity absorption (EN 1015-18 [29]) and drying (EN 16322

[30]) tests were conducted at 20 �C and 65% RH. The assays were
performed on cubic specimens (40 mm) cut from one half of each
sample resulting from the flexure tests. Cubes lateral faces were

waterproofed with Sikagard 570 W (Sika, Portugal). Specimens
were placed on a plastic grid, into a plastic box, where the cut sur-
face was maintained in contact with water (5 mm). The capillarity
absorption curve was determined by weighing the samples until an
asymptotic value was achieved, in mass increase per area in con-
tact with water by square root of time. Both capillarity absorption
coefficient and asymptotic values were calculated.

The drying capacity was tested immediately after capillarity
tests inverting and moving the cubes to a waterproof surface and
weighing the samples until constant weight. From mortars’ drying
curves (mass decrease per drying area), rates of first (by time) and
second (by square root of time) drying phases were calculated by
the negative slope of the initial and intermediate linear segment,
respectively. The drying index (DI) was determined based on EN
16322 [30].

2.4.6. Mineralogical characterisation
The mineralogical characterisation of mortars was carried out

through an X-ray microdiffractometer (BRUKER Discovery, Ger-
many). The global and fine fractions of samples were analysed. Test
specimens were prepared from the samples used for compression
test. For the global fraction analysis 4 g of mortar were milled
and sieved at 0.106 mm, while for the fine fraction analysis 2 g
of the binder paste were milled and sieved also at 0.106 mm. The
pastes were obtained by previously removing sand particles of
each mortar.

Thermogravimetric and differential thermal analysis (TGA/DTA)
of global fractions were performed in a Setaram TGA92 equipment
in argon atmosphere (3 L/h) and with platinum–rhodium crucible
of 50 lL capacity. The heating rate was 10 �C/min, from 20 �C to
1000 �C.

2.4.7. Pore size distribution
For pore size distribution, a mercury porosimeter Micromeritics

Autopore II was used. Samples with around 1.7 cm3 were collected
from mortars and stabilized in an oven for 24 h at 40 �C.

2.4.8. Cost-efficiency analysis
The cost-efficiency analysis was performed using a simplified

methodology. Cost effectiveness factor (CEF) of mortars was deter-
mined applying Eq. (1) [31]:

CEFf=c ¼
Ff=c

C
� 100 ð1Þ

where CEFf/c is the ratio of the flexural (Ff) or compressive strength
(Fc) of mortars to the total material cost per m3 (C). Local prices of
construction materials were used to determine cement cost: 0.12 €/

Table 1
Materials’ loose bulk density, percentual weight and contents of binder, aggregate and water, and mass proportions of mortars formulation.

Binder Aggregate Water Mass proportion

Mortar code CEM II/BL 32.5 N
(1000 kg/m3)

Mining residues –
Electrodialytic
(1003 kg/m3) &
thermal treatment
(970 kg/m3)

Sand
(1540 kg/m3)

Tap water
(1000 kg/m3)

Binder:sand:water Cement:residue:sand

Wt (%) Wt (g) Wt (%) Wt (g) Wt (%) Wt (g) Wt (%) Wt (g)

Control 100 432 – – 100 2000 100 333.3 1:4.63:0.77 1:0:4.63
E10 90 389 10 42 1:4.64:0.77 1:0.11:5.14
E25 75 324 25 105 1:4.66:0.78 1:0.32:6.17
E50 50 216 50 210 1:4.69:0.78 1:0.97:9.27
ET10 90 389 10 44 1:4.62:0.77 1:0.11:5.15
ET25 75 324 25 111 1:4.60:0.77 1:0.34:6.17
ET50 50 216 50 222 1:4.57:0.76 1:1.03:9.26

Notation: Control - Reference mortar; E –mortars with electrodialytic treated mining residues; ET – mortars with electrodialytic and thermal treated mining residues. E10,
E25 and E50 mortars are also analysed in [15] in comparison to mortars using the raw mining residue (without any treatment).
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kg CEM II/BL 32.5 N [32]. Sand and water costs were not considered
since they are a constant in all mortars. The costs of mining residues
resulting from the ED treatment were considered null, once a resi-
due from the mining industry is being reused after a secondary
recovery of critical raw materials and removal of harmful elements.
When mining residues are submitted to a thermal process, there is
an increased cost related to the energy requirements. In this sense,
an extra cost of 0.05 €/kg was assumed for ET samples.

3. Results and discussion

3.1. Fresh state

Both flow table consistency and wet bulk density are presented
on Fig. 1. Wet bulk density of E mortars showed higher values
when compared to the Control, increasing as the content of mining
residues increased. On the other hand, ET mortars demonstrated
the inverse trend, since as the content of mining residues
increased, the wet bulk density decreased.

Loose bulk density of materials and filler properties may affect
mortars wet bulk density [33]. The loose bulk density of the
uncompacted materials, presented in Table 1, demonstrated that
mining residues treated with only ED are slightly denser
(1003 kg/m3) than cement (1000 kg/m3), corroborating the higher
wet bulk density of mortars prepared with ED mining residues. On
the other hand, mining residues treated with both ED and thermal
treatment showed a lower bulk density (970 kg/m3) than cement,
promoting a decrease trend on mortars wet bulk density when
higher contents of treated mining residues were introduced in
the formulations.

Both E and ET mortars reduced their workability, proportionally
to the residue incorporation increase. Mining residues particles
may absorb more water because of their permeability and surface
properties. Due to cement hydration reactions, ET mortars may
require more water in sequence ET50 > ET25 > ET10 to achieve
the same consistency of Control. Mining residues crystalline
phases and inert characteristics may potentiate the hindering of
chemical bonding between hydration products [34].

Generally, the higher incorporation of mining residues reduced
mortars plasticity compared to Control, which can be tackled with
the addition of a plasticizer as admixture.

3.2. Mineralogical properties

The mineralogical composition obtained by XRD of mortars is
presented in Table 2. Both global - G - and fine - F (binder enriched)
- fraction analysis was conducted, and proportions of the main
minerals detected were reported.

The hardened cementitious paste consists in: (1) non-hydrated
cement particles, as anhydrous clinker grains; (2) hydrated prod-
ucts (e.g. hydrated calcium silicates and calcium aluminates,
hydrated sulfoaluminates and calcium hydroxide); and (3) air
voids and capillary pores, that are unfilled spaces between the
cement grains [35].

The presence of components as quartz, feldspar, mica (e.g. mus-
covite) and clay minerals were detected in an average of medium/
high proportion. Regarding the effect of mineralogy, higher con-
tents of quartz are effective in adhesive strength features. The silica
content of the aggregate is also important on tensile bond strength
[36]. Clay minerals are common in aggregates, acting as pore lining
rims and pore-filling materials [37].

Calcite was detected in all formulations at similar amounts
(low/medium proportion). Calcite comes from the carbonation of
calcium hydroxide and from the cement used. In CEM II/BL
32.5 N, the calcite content can vary between 21 and 35 wt% [21].
Calcite has filler properties and affects the distribution of alumina
and sulfate phases, changing the mineralogy of hydrated cement
pastes [38]. The calcite contents in the samples were sufficient to
form hemicarbonate [38], detected in E10, ET10, E25 and ET25
mortars at low/trace amounts.

Amorphous silica and silicates are key factors for pozzolanic
reactivity and durability properties of mining residues, in presence
of Ca(OH)2 and water. The use of pozzolans may minimize mortars
cost and embodied energy. The pozzolanic contribution can be cat-
egorized in physical/filler effect attributed by fine particles and in
chemical/pozzolanic effect due to the pozzolanic reaction [39].

The pozzolanic reactivity of mining residues treated under dif-
ferent conditions was assessed through modified Chapelle test
[40]. The total amount of fixed Ca(OH)2 by siliceous or aluminosil-
icates amorphous substances from 1 g of raw mining residues was
reported as 7.9 mg, from mining residues treated with only ED was
71.4 mg, and coupled with a thermal treatment was 547.6 mg, rep-
resenting the last high pozzolanic potential [16]. Another study
concerning the reuse of solid mining waste in cement-bricks
showed that mining waste can achieved good mechanical perfor-
mance and be considered a pozzolanic material [41].

Furthermore, minor crystalline compounds were identified, as
amphibole, monosulfoaluminate (AFm) and ettringite AFt). Amphi-
bole is an inosilicate mineral that may contains iron (Fe) or magne-
sium (Mg). Fe was detected in Panasqueira mining residues
(Table S2 in appendix A), which may justify the amphibole detec-
tion in E10, E25, E50, ET10 and ET25 formulations.

AFm and AFt result from the hydration reaction of calcium alu-
minates from cement clinker with gypsum. AFm is crucial in anion
binding in cement, exchanging its original interlayer ions (SO4

2�

and OH�) with chlorides [42]. AFt can slowly dissolve and reform
available voids or microcracks and can control stiffening proper-
ties. However, AFt may be formed after hardening in the presence
of sulfate sources, which may cause materials deterioration due to
its expansive behavior. This can lead to cracking of the hardened
mortars and concrete, loss of dynamic modulus and, in reinforced
concrete, debonding of reinforcing steel bars [43]. AFt was detected
in trace proportions/low proportion in all samples, except in the
global fraction of the Control mortar. AFm was only detected at
small amounts in Control and E10 mortars, which can be justified
by the differences in Al2O3/SO3 ratio on these samples.

From TGA/DTA curves (Fig. S1 in appendix A), the mass losses at
specific temperature ranges were assessed, as well as Ca(OH)2 and
CaCO3 contents (Table 3).

The mass loss registered between 20 and 230 �C occurs due to
the loss of adsorbed water and the hydrated compounds decompo-
sition (e.g. ettringite). Regarding the range of 230–390 �C, mass
losses are mainly from hydrated calcium silicate and calcium alu-
minate decomposition. The mass loss at 390–500 �C is due to cal-
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cium hydroxide decomposition. The losses reported in 500–900 �C
interval are essentially caused by carbon dioxide decomposition
[44]. Regarding all studied mortars, the higher mass loss occurred
between 500 and 900 �C, indicating the presence of carbonates
(CaCO3) and the calcite detected in XRD analysis (Table 2).

Control showed the higher content of CaCO3 (approximately
12%), and, as mining residues incorporation increased, CaCO3

decreased proportionally in both E and ET cases. The same trend
was verified for Ca(OH)2 (Table 3). This may be justified by the poz-
zolanic reaction between portlandite from mortars with thermal
treated and/or ED residues and their pozzolanic content. These
mortars have lower portlandite contents due to the lower amount
of cement, in comparison to Control. In addition, during the ther-
mal treatment, different hydration levels and, consequentially, car-
bonatation, may had contributed to slightly reduce the portlandite
detected in ET, when compared to E mortars.

The mass losses from 20 to 500 �C were higher for ET10 (5.54%
) > Control (4.32%) > E10 (4.31%) > ET25 (4.24%) > E25
(3.98%) > ET50 (2.31%) > E50 (2.17%), which may be caused by
the presence of lower contents of hydrated compounds in
sequence.

3.3. Physico-mechanical analysis

The loose bulk density of the materials used in mortars is pre-
sented in Table 1. Mining residues loose bulk density decreased
from 1003 kg/m3 (ED treatment only) to 970 kg/m3 (ED and ther-
mal treatment). This may be justified by the extraction of inorganic
compounds during the ED process and minerals transformation
and/or water losses during the thermal treatment. The replace-
ment of the cement binder (1000 kg/m3) by treated mining resi-
dues (970 kg/m3) corresponds to almost the same weight. Thus, a
similar filler effect is expected.

Hardened mortar results for dry bulk density, thermal conduc-
tivity, compressive and flexural strength and dynamic modulus of
elasticity after 28 days of cure are presented in Table 4.

When treated mining residues were introduced, dry bulk den-
sity slightly decreased on E10 (1971.8 kg/m3) and ET25
(1949.1 kg/m3), comparing to Control (1975.6 kg/m3). This could
be justified by the loose bulk density differences between the
materials used, namely residues and cement (Table 1).

The lowest thermal conductivity was 1.2 W/(m.K) for E25 and
ET50 samples, meaning that treated mining residues incorporation
can improve the properties of mortars. The morphology of the
matrix could be more relevant for thermal conductivity, comparing
with chemical composition of the components. In addition, the
pore system promoted by mortars’ aggregates can have more
impact in thermal conductivity than properties as total porosity
and specific gravity [45].

The thermal conductivity of soil–cement bricks using mining
waste also demonstrated a direct relation on the construction pro-
duct density, once the increase in brick density provided a material
with lower heat dissipation characteristics [41].

Mortars with low thermal conductivities have advantages in
thermal comfort [46], although it depends on the mortar applica-
tion. For renders and plasters applied with thicknesses of around
2 cm the differences are not significant. Nevertheless, for bedding
mortars, namely when joints are thick, these differentiations may
cause important changes.

The results obtained for flexural and compressive strengths, as
well as dynamic modulus elasticity (DME), are also presented in
Table 4. Mechanical properties of mortars decreased proportionally
when cement was replaced by mining residues. As expected,
besides both ED and thermal treatment, mining residues are still
lower strength materials compared to cement.

The DME increased 19% in ET10, when compared to Control.
However, when higher contents of mining residues treated with

Table 2
X-ray diffraction analysis of mortars.

Fraction Experiment

Control E10 E25 E50 ET10 ET25 ET50

G F G F G F G F G F G F G F

Quartz +++ +/++ +++ +/++ +++ ++ +++ +/++ +++ + +++ +/++ +++ ++
Feldspar ++ +/++ ++ + +/++ +/++ +/++ + ++ + ++ +/++ +/++ +/++
Muscovite + tc/+ + + +/++ +/++ +/++ ++/+++ + + +/++ +/++ + +/++
Chlorite � � ? ? tc tc/+ tc tc/+ ? ? ? ? ? ?
Amphibole tc tc tc tc ? Tc tc tc ?/tc ?/tc tc ? ? ?
Portlandite +/++ ++ ++ ++/+++ ++/+++ +++ + + ++ ++/+++ ++ ++/+++ + ++
Calcite +/++ ++ +/++ ++ +/++ ++ +/++ +/++ +/++ ++ +/++ ++ +/++ +/++
Hydrocalumite � � � � � Tc tc tc/+ � � � � tc tc/+
Hemicarbonate � � tc tc tc/+ + � tc Tc tc/+ tc tc/+ � �
Monosulfoaluminate (AFm) tc tc/+ ? tc � ? � � � � � � � �
Ettringite (AFt) � tc tc tc/+ tc tc/+ � tc Tc tc/+ tc tc/+ tc tc/+
Anhydrous clinker portland silicates tc tc/+ tc tc tc Tc tc tc Tc tc tc tc ?/tc ?/tc

Notation: G, Global fraction; F, Fine fraction; +, low proportion; ++, medium proportion; +++, high proportion; tc, traces; ?, doubts on the presence; �, not detected.

Table 3
Mass losses and calcium hydroxide and calcium carbonate contents from TGA/DTA mortars’ tests.

Mass loss per temperature range (%) Mass loss of ignition (%) Ca(OH)2 (%) CaCO3 (%)

Mortar 20–230 �C 230–390 �C 390–500 �C 500–900 �C 20–1000 �C

Control 2.45 0.84 1.03 5.28 9.67 4.23 12.01
E10 2.58 0.77 0.96 4.56 9.00 3.95 10.37
E25 2.27 0.78 0.93 4.78 8.90 3.82 10.87
E50 1.26 0.47 0.44 4.31 6.63 1.81 9.80
ET10 3.64 0.87 1.03 4.19 9.82 4.22 9.53
ET25 2.66 0.72 0.86 3.49 7.76 3.54 7.94
ET50 1.56 0.43 0.32 3.37 5.71 1.32 7.66

J. Almeida, P. Faria, A.B. Ribeiro et al. Construction and Building Materials 280 (2021) 122483

5



both ED and thermal treatment were incorporated in mortars the
DME decreased from around 7209 MPa (Control) to 3496 MPa
(ET25) and 1260 MPa (ET50). In E mortars, DME decreased sequen-
tially: E10 (4147 MPa) > E25 (3513 MPa) > E50 (1509 MPa). Low
DME values mean that mortars are more able to absorb deforma-
tions from the substrate, which may decrease vulnerability to
crack, particularly important on rendering and plastering mortars
[47].

The decrease on flexural and compressive strengths is propor-
tional to the increase of mining residues content (Table 4). This
trend, due to the lower proportion of cement, may have promoted
a retarding effect on cement hydration for both E and ET
formulations.

Comparing to Control, flexural performance decreased 11, 22
and 71% in E10, E25 and E50, respectively. Lower flexural decreases
were observed in ET mortars, where 3, 16 and 52% decays were
registered for ET10, ET25 and ET50, respectively. Also, for the same
formulations, a decrease of 35–74% (E) and 44–79% (ET) on com-
pressive strength was verified, showing that the loss in compres-
sion was more accentuated. This decrease can be related to the
low pozzolanic activity of mining residues.

Calcined clays were studied as a supplementary cementitious
material [48]. The flexural strength could be improved with cal-
cined materials, even at a high cement substitution. However,
the decrease in compressive strength was also verified, probably
due to the dilution effect. The activity of calcined materials
depends on the content and composition of the reactive silica, fine-
ness and calcination. Inadequate grinding may reduce mechanical
properties although a progress on anti-cracking properties of plas-
tering mortars could be achieved [48]. The introduction of magne-
sia, for instance, as an additive in construction products may lead
to a greater compressive strength and minimize the chances of
micro-crack occurrence due to a delayed hydration [49].

DME, flexural and compressive strengths are correlated in 67%
(DME vs. Fstr), 57% (Cstr vs. Fstr) and 55% (DME vs. Cstr). All these
properties decreased when cement was replaced by mining resi-
dues in the formulations. However, some properties assume more
relevance for certain mortars application. For renders and plasters,
resistance to crack and capacity of deformability are important
characteristics. The DME/flexural strength ratio is an indicator,
where lower values mean more appropriate mechanical perfor-
mance. Thus, mortars showed better behaviors in sequence:
ET50 > ET25 > E25 > E10 > E50 > Control > ET10.

Based on EN 998-1 [50] and EN 998-2 [51], E and ET mortars can
be classified considering compressive strength data at 28 days and
their application (Table S3 in appendix A).

For rendering or plastering, E and ET mortars are classified as CS
III or CS IV (the latter as the Control). Regarding masonry bedding
mortars, E and ET formulations are categorized as M5 and M10,
while the Control classification is M15. Nevertheless, several appli-
cations of mortars require relatively low compressive strength,
meaning that upper classes are not often needed. Therefore, the
mortars studied showed mechanical properties compatible with

conventional concrete and contemporary fired brick masonry
walls. For traditional vernacular walls applications, E and ET mor-
tars are still exceedingly stiff. Other studies corroborated the suit-
ability of using mining waste to partially replace cement in
concrete (up to 10%) and reported the considerable decrease in
compressive resistance [52].

3.4. Capillary absorption and drying capacity

The average capillarity curves of mortars are presented in Fig. 2.
Through this data is possible to address the initial absorption rate
and the total water absorbed from samples by the determination of
the capillary coefficient and the asymptotic value, respectively.

Considering capillary absorption of mortars, the capillary curves
showed that E10, E25, E50, ET25 and ET50 behaved negatively in
comparison to Control. In Table 5 is possible to observe an increase
in the initial rate (capillarity coefficient) and in the total absorbed
water (capillarity saturation value), in a proportional way to the
residue increase. E50 [0.067 kg/(m2.s0.5)] and ET50 [0.059
kg/(m2.s0.5)] represented the worst cases of capillarity coefficient,
once these formulations absorbed water at a faster ratio and in
higher contents (E50 = 6.976 kg/m2 and ET50 = 6.626 kg/m2).
ET10 showed an improvement in the initial absorption rate in rela-
tion to Control, where a similar asymptotic value (approximately
5.3 kg/m2) was achieved at a slower rate [Control = 0.033
kg/(m2.s0.5); ET10 = 0.028 kg/(m2.s0.5)]. This behavior may affect
abrasion and acid attack resistance and improve mortars durability
[10]. The outcomes of another study suggest that molybdenum
mine tailings up to 10% can be used to produce cement mortar with
improved durability levels [53].

The samples internal cure may have influenced water absorp-
tion by mortars, once mining residues particles may had retained
more water compared to conventional cement [54]. The short term
cement hydration may have been hindered, changing the porous
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Fig. 2. Capillarity absorption curves of mortars.

Table 4
Hardened mortars characterisation: thermal conductivity, bulk density, dynamic modulus of elasticity, compressive and flexural strength.

Experiment Thermal conductivity
[W/(m.K)]

Bulk density (kg/m3) Dynamic modulus of elasticity (MPa) Compressive strength (MPa) Flexural strength (MPa)

Control 1.5 1975.56 ± 16.78 7208.66 ± 40.72 18.23 ± 0.76 4.68 ± 0.08
E10 1.4 1971.83 ± 12.35 4147.33 ± 78.78 11.91 ± 1.87 4.18 ± 0.34
E25 1.2 1997.86 ± 28.95 3513.00 ± 186.54 7.53 ± 1.46 3.63 ± 0.30
E50 1.3 2007.24 ± 28.33 1508.67 ± 33.50 4.66 ± 0.52 1.34 ± 0.81
ET10 1.7 2003.56 ± 30.82 8948.33 ± 38.50 10.29 ± 1.76 4.52 ± 0.25
ET25 1.7 1949.07 ± 5.19 3495.67 ± 229.24 5.82 ± 1.02 3.94 ± 0.13
ET50 1.2 1866.68 ± 40.90 1260.33 ± 121.72 3.85 ± 0.27 2.25 ± 0.01
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structure [34]. Both mortars microstructure and strength can be
affected by mining residues incorporation because of the lower
structuring of a stiff hydrated skeleton that could resist to an inter-
nal pressure promoted by capillary stress from self-desiccation
[55].

The presence of water can damage mortars due to salts solubi-
lization or harmful substances entry. A high drying capacity
improves mortars durability and avoid fungi/algae growth [56].
Through the drying curves of mortars (Fig. 3) as function of time
(drying phase 1 by a linear segment) and square root of time (dry-
ing phase 2 by a linear segment), drying rates were determined for
phases 1 (DR1) and 2 (DR2), as shown in Table 5. The moisture
movement during drying is often described by a diffusion process
that depends on the moisture content. The moisture diffusivity is
related to water in phase 1 and to vapor in phase 2 [57].

The DR1 was approximately 0.2 kg/(m2.h) for all tested mortars,
although the lowest absolute value was observed for E25 and ET10,
and the highest for E50. Regarding DR2, the highest rate was
observed for mortars with 50% of mining residues incorporation,
meaning an increase in the evaporation rate due to improved dif-
fusion and permeability properties.

The presence of soluble salts during the drying process may
potentiate their crystallization in the sample surface causing stain-
ing [58]. In the samples studied, no salts crystallization was
observed during drying. Thus, treated mining residues did not
affect mortars drying phases.

The drying index of mortars was also determined (Table 5). The
lower drying index was found for Control (0.216), followed by E25
(0.228), E10 (0.257), ET10 (0.275), E50 (0.284), ET25 (0.323) and
ET50 (0.350). Mortars with mining residues demonstrated a harder
capacity to completely dry, proportionally to the residue content in
ET formulations.

During the drying process, the behaviour of mortars can be
related to their water absorption, since transport mechanisms of
water occur [56]. A faster transport velocity of water promotes a
higher water absorption on the evaporation during the first drying
phase.

3.5. Pore size distribution

The analysis of the porosimetry was carried out to compare
Control, E and ET mortars. The open porosity was lower in
sequence E50 (25.3%) > E10 (23.9%) > ET50 (23.7%) > ET25
(23.4%) > E25 (22.2%) > Control (22.0%) > ET10 (20.3%). Neverthe-
less, the samples revealed similar porosities, meaning that cement
replacement by mining residues did not affected expressively the
open porosity of mortars. The pore size distribution of Control, E
and ET mortars is presented on Fig. 4.

Considering the range of large mesopores (medium capillaries),
ET25 and Control mortars are dominant. For pore sizes lower than
0.05 mm, the thermal treatment seems to induce differences in
porosimetry, particularly in ET10 and ET25 mortars, that are closer
to the Control sample porosimetry. On macropores (large capillary
pores), Control has a prevalence until approximately 2 lm. This
could be justified by the clinker phase once the Control mortar
has the highest content of cement [59]. The water retention by E
and ET mortars during short term hydration may have been higher
than cement [60].

After 2 lm of pore size diameter, different trends were observed
between E and ET formulations. In E mortars, pore size distribution
behaved similarly and independently of the proportion of mining
residues applied, while in ET mortars the distribution oscillated
as function of the mining residues proportion. The peaks observed
were: Control = 1.09 lm/6.78%; E10 = 4.47 lm/6.65%; E25 = 4.51
lm/6.62%; E50 = 4.46 lm/6.05%; ET10 = 1.45 lm/3.50%; ET25 =
1.76 lm /6.12% and ET50 = 4.48 lm/6.41%. Hydrated elements for-
mation, associated to hydration and carbonation reactions at early
stages, could have been affected by lower cement contents [59].

Regarding the air voids interval, while for E mortars the influ-
ence of the cement replacement percentage is insignificant in
porosimetry, for ET mortars it differs with the cement replacement
ratio. ET50 mortar remains almost unchanged whereas the E25
case showed porosimetry similar to the Control mortar.

The trend observed for capillary water absorption may be
related to the mortars porosimetry increase with the residue

Table 5
Capillarity absorption coefficient, capillarity saturation value, drying rates of phases 1 and 2 and drying index after 314 h, of mortars.

Mortar Cac [kg/(m2.s0.5)] Cs (kg/m2) DR1 [kg/(m2.h)] DR2 [kg/(m2.h0.5)] Drying index

Control 0.033 ± 0.001 5.305 ± 0.593 0.204 ± 0.003 0.456 ± 0.002 0.216 ± 0.009
E10 0.034 ± 0.000 5.564 ± 0.041 0.206 ± 0.011 0.444 ± 0.006 0.257 ± 0.000
E25 0.051 ± 0.000 5.717 ± 0.742 0.200 ± 0.019 0.507 ± 0.016 0.228 ± 0.000
E50 0.067 ± 0.005 6.976 ± 0.198 0.221 ± 0.007 0.539 ± 0.004 0.284 ± 0.001
ET10 0.028 ± 0.006 5.320 ± 0.129 0.200 ± 0.012 0.405 ± 0.005 0.275 ± 0.001
ET25 0.036 ± 0.003 5.882 ± 0.106 0.213 ± 0.010 0.390 ± 0.006 0.323 ± 0.001
ET50 0.059 ± 0.006 6.626 ± 0.271 0.206 ± 0.008 0.474 ± 0.003 0.350 ± 0.011

Notation: Cac – Capillarity absorption coefficient; Cs -Capillarity saturation value; DR1-Drying rate (phase 1); DR2- Drying rate (phase 2).

0

1

2

3

4

5

6

7

0 100 200 300 400

R
es

id
ua

l a
m

ou
nt

 o
f w

at
er

 (k
g/

m
2 )

Time (h)
0 5 10 15 20

Time (h0.5)

Control

E10

E25

E50

ET10

ET25

ET50

(A) Phase 1 (B) Phase 2

Fig. 3. Drying curves of mortars: (A) by time, showing the initial slope of drying phase 1; (B) by square root of time, showing the intermediate slope of drying phase 2.

J. Almeida, P. Faria, A.B. Ribeiro et al. Construction and Building Materials 280 (2021) 122483

7



content increase, considering the interval 1–6 lm. The high
porosimetry of E50 and ET50 justified the high capillary water
absorption observed.

Samples with mining residues showed a rising trend in the
evaporation rate. Their higher capillary, total porosity and pore
diameter, in comparison to Control, justify this increase. Addition-
ally, low drying index are related to a high large capillary porosity
of samples [59].

Strength and durability may be influenced by samples compact-
ness and air/liquid losses [61]. Generally, the increase in volume
and diameter pore size of the coarse porosity promoted a decrease
on mechanical performance, more pronounced in compressive
strength case (Table 4).

3.6. Cost-efficiency analysis

Fig. 5 presents the cost effectiveness factor (CEF) of the mortars
determined based on Eq. (1), considering flexural and compressive
strength data (Table 4).

Although including a residue in the formulation, the cost
assumed for ET mortars is only lower than Control for ET50
(Fig. 5 notation). That occurred due to the energy cost determined
to prepare ET mining residues. The results could differ depending
on the efficiency of the thermal treatment, emphasizing the influ-
ence that residues treatment may have in the overall analysis.

For compressive strength ratios, the Control mortar presented
the highest CEFc (15.2 ± 0.6). The increase in the replacement level
of mining residues resulted in a decrease of the cost effectiveness
factor for E and ET mortars. Thus, for applications that need to
comply high compressive resistances, e.g. masonry bedding mor-
tars with high strength masonry units, Control is the most feasible
option, followed by E10 (11.0 ± 1.7), E25 (8.4 ± 1.6), E50 (7.8 ± 0.9),
ET10 (6.7 ± 1.2), ET25 (4.6 ± 0.8) and ET50 (4.5 ± 0.3). However,

lower strength products are frequently used for bedding mortars
and conventional masonry units.

Considering applications where flexural strength assumes more
relevance, e.g. plastering and rendering mortars, E25 (4.0 ± 0.4)
presented the highest CEFf, in comparison to Control (3.9 ± 0.1).
The increase in the replacement level of mining residues resulted
in an increase in the cost effectiveness factor of mortars, although
the flexural strength decrease verified in E50 (Table 4) did not cor-
roborate this trend. Most probably, an optimal cement replace-
ment percentage between 25 and 50% would optimize flexural
strength.

In an environmental perspective, the mechanical performance
of ET mortars was not considerably improved when compared to
E formulations, except for ET50 case. Although a decrease in com-
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pressive strength was registered for ET50 in comparison to E50
mortar (from 4.7 to 3.9 kg/mm2), a substantial increase on flexural
strength was obtained (from 1.3 to 2.2 kg/mm2). The high disper-
sion registered by ET50 mortar and the superior energetic needs,
that will promote equally higher CO2 emissions release and cost,
may not reward the thermal treatment. Furthers tests should be
conducted to determine the technical and environmental feasibil-
ity at an industrial scale, for both ED and thermal treatments.

4. Conclusions

The reuse of mining residues in cementitious mortars con-
tributes to reduce impacts in quarries, from where the calcareous
marl is extracted, to minimize CO2 impacts from cement manufac-
turing and to sustain a balanced ecosystem at mining sites. In this
work, mining residues from Panasqueira mine were treated with
an electrodialytic (ED) technology, aiming the removal and recov-
ery of elements, alone or followed by a thermal treatment to
enhance pozzolanic reactivity and durability. The effect of incorpo-
rating treated mining residues on technical characteristics of mor-
tars, by replacing cement in 10, 25 and 50% (wt%), was addressed:

� The mineralogical composition of mortars produced with both
thermal and/or ED treated mining residues validated the com-
patibility of this material with cement mortars and the removal
of elements.

� As expected, mining residues mortars are lower strength prod-
ucts compared to cement mortars. The increase in the replace-
ment level of cement by mining residues treated with ED and
thermal processes decreased both flexural (3 to 52%) and com-
pressive strength (44 to 79%), comparing to the Control mortar.

� Once ED and thermally treated mining residues have demon-
strated pozzolanic reactivity, the water curing optimization
may be needed to enhance the pozzolanic reaction in mortars.
In future studies, the influence of a humid curing should be
addressed.

� Since a large majority of mortars applications require relatively
low compressive strength, the studied mortars showed proper-
ties compatible with conventional concrete and contemporary
fired brick masonry walls, and mining residues feasibility as
cement replacement.

� An improvement in the initial absorption rate was only
achieved when 10% of mining residues ED and thermally trea-
ted were incorporated in mortars, comparing to the reference,
once a similar asymptotic value was obtained at a slower rate.

� The cost effectiveness analysis also validated the feasibility of
treated mining residues reuse in cementitious mortars, namely
considering applications where flexural strength is key factor
(e.g. renders and plasters). However, further studies should be
conducted to assess the technical and environmental feasibility
of using ED mortars at an industrial scale and to quantify the
optimized impacts of the thermal treatment.
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Appendix A. Supplementary data 

 

Table S1. Dry particle size distribution of the river siliceous sand used in comparison to the CEN reference 

sand. 

Particle size (mm) 
Cumulative mass passing (%) 

River siliceous sand CEN reference sand 

0.05 0.0 0.0 

0.08 0.7 0.1 

0.15 2.7 0.3 

0.30 12.0 2.2 

0.60 40.6 20.7 

1.19 72.1 71.8 

2.38 92.9 95.0 

4.75 99.3 99.2 

9.51 100.0 100.0 

 

Table S2. Chemical analysis by XRF of mining residues treated with ED and with both ED and thermal 
treatment (wt%). 

Determinations ED ED & Thermal treatment 

Al2O3 22.0 21.9 
SiO2 65.6 65.8 
P 0.1 0.1 
S 0.7 0.5 
Cl nd nd 
K2O 4.3 4.4 
Ca 0.4 0.4 
Ti 0.6 0.5 
Mn 0.07 0.1 
Fe 5.4 5.4 
Cu 0.1 0.1 
Zn 0.3 0.03 
As 0.2 0.4 
Sn 0.04 0.1 
W 0.3 0.2 

               Notation: nd. – Not detected.  
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Figure S1. Thermogravimetric (TG), differential thermal analysis (DTA) and thermogravimetric derivate 

(DTG) curves from thermogravimetric analysis of studied mortars. 
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Table S3. Classification of mortars with treated mining residues incorporation based on European standards. 

Application Standard Mortar Classification 

Rendering/plastering EN 998-1 [50] 

Control CS IV 

E10 / ET10 CS IV 

E25 / ET25 CS III 

E50 / ET50 CS III 

Masonry mortar EN 998-2 [51] 

Control M15 

E10 / ET10 M10 

E25 / ET25 M10 / M5 

E50 / ET50 M5 
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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.

Keywords: life cycle assessment; secondary mining resources; electrodialytic process; upscale;
tungsten; arsenic; hydrogen

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 Devel-
opment 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 min-
erals [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
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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 surround-
ing 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 com-
pounds 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, concern-
ing 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 ac-
tivities 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 elec-
trodes’ 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 mem-
brane 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) re-
move 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
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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 en-
vironmental impacts of a product/service from, e.g., raw material acquisition to waste
disposal. LCA provides an estimation of cumulative impacts under environmental cat-
egories such as global warming, ozone layer depletion, soil and water acidification, eu-
trophication, 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. Cir-
cular 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 de-
scribed 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 pro-
cesses 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].
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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].
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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
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analysis of the ED scenarios, an ED upscaling study was carried out that also coupled
financial projections.
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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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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).

Table 1. Main sources used for the Life cycle assessment (LCA) data collection.

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]

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.

Table 2. Resources consumed and generated during the production of tungsten concentrate at the
Panasqueira mine.

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]

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.



Sustainability 2021, 13, 3915 7 of 19

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 (kWh) =
Vi × 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.
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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 envi-
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ronmental 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.

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

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

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 wa-
ters [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].
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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
S2

2−), sulfur (S) or thiosulfate (S2O3
2−) being in contact with water and the atmospheric

oxygen (oxidizing conditions). Acid water results from the oxidation of pyrite (FeS2), usu-
ally 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 sur-

face 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.
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Table 4. Data from the electrodialytic treatment of mine tailings.

Extraction
(%/kg t ore)

Scenario ED Scheme Duration
(h)

Current
Intensity

(A)
W As

H2 Purity/
Recovery

(%)

1. ED treatment
with DES 1
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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 con-
sidered 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 fea-
sibility. 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).
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Table 5. Estimation of the energy consumed and CO2 released during the electrodialytic laboratory
treatment of mine tailings.

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

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), demon-
strated 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 consump-
tion 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 con-
sumption. 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
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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 implemen-

tation 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].
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Figure 5. Theoretical electrodialytic plant facility based on bench scale experiments.

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., PO4
3−, NH4

+, Mg2+, Ca2+ and
CO3

2−, 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 crystalliza-
tion. 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.
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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 implemen-
tation 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.



Sustainability 2021, 13, 3915 15 of 19

Table 6. Financial projections of the expenditures of implementing the theoretical electrodialytic plant facility presented in Figure 5.

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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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 pro-
cesses 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%).
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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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Abstract 

Secondary mining resources have been largely applied for the development of alternative building products. Additionally, its 

reuse versatility increases the potential on the future circular economy generation. Herein, mining residues from Panasqueira 

mine were applied in the formulation of cement-based mortars, according to EN 196-1 standard. Mechanical performance of 

mortars was analysed after the replacement of the conventional binder (cement) by mining residues in 10, 25 and 50 % (v/v). 

As expected, compressive and flexural strength decrease when compared to the reference mortar (100 % cement) in all cases. 

This decrease was more significant in terms of compressive strength (between 27 % and 71 %), when compared to flexural 

strength results (between 18 % and 56 %). Furthermore, an environmental approach of secondary mining resources 

incorporation on mortars, regarding Portugal and Poland data, was carried out. The savings in terms of primary resources 

may promote to minimise energy impacts. When mining residues replace cement in 10 % is possible to save 0.3 or 1.9 Mt of 

cement production and 0.14 or 0.89 CO2 Mt emissions, in Portugal and Poland, respectively. 

Keywords: Secondary mining resource, Building product, Flexural strength, Compressive strength, Sustainability 

 

1. Introduction 

The improvement on building energy performance for saving energy and enhancing sustainability within the construction 

sector is now on the top list. The growth of urban areas is considered a severe problem as 50 % of the global population lives 

in metropolitan zones and is foreseen to achieve up to 70 % until 2050. This radical growth will mean the need of additional 

infrastructure resources to serve the population [1]. 

A large percentage of current construction products are cement-based (e.g. concrete and some mortars), where concrete has 

been reported as the second most consumed substance on the world, immediately after water [2]. According to worldwide 

cement production data, it was estimated that 4.1 billion t of cement were produced in 2018, where clinker production reached  

~77.7 million t [3]. Concrete exploration is one of the main contributors of greenhouse gas emissions [4]. Approximately 10 

% of the global CO2 emissions are due to provision of construction materials, where cement accounts for ~85 % [5]. Cement 

CO2 emissions mainly come from raw materials mining, firing and product milling processes, which involves energy/fuels 

and electricity. Shipping also increases CO2 emissions depending on distances, although it can be considered a stream 

common to other products [6]. 
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To revert the negative impacts that came up from global emissions, European Commission has set a greenhouse gases 

reduction up to 40 % (regarding 1990 levels) until 2030, coupled with an energy efficiency improvement of processes above 

32.5 % [7]. In addition, the reuse of potential secondary resources towards circular economy targets should be pursued [8].  

Mining industries produce high rates of mining wastes once, to access the ore, waste rock needs to be removed and other 

residues are generated from ores’ extraction processes. The accumulation of these residues, namely in open pits, generate 

critical landscape and other environmental problems. One example is Panasqueira mine, one of the largest tin (Sn) – tungsten 

(W), that is located in Covilhã, Portugal. Panasqueira mine has been active for more than one century. There are almost 

8,500,000 t of tungsten mining wastes in Panasqueira mine area, and ~100 t per day are still being generated due to mining 

processes [9,10].  

Tungsten mining residues have shown feasible reuses in innovative construction products, as part of alkali activated products 

[11,12] or as pozzolanic material [13], promoting the decrease of mining waste disposal and primary raw materials needs in 

the construction sector. Thus, it is imperative to pursue new solutions to empower the sustainability of both industrial sectors.  

In the present work, cement-based mortars were produced by partially replacing conventional cement content by tungsten 

mining residues in 10, 25 and 50 %. To increase the add-value of tungsten mining secondary resources, residues from 

Panasqueira mine (collected directly from the tube output, after the extraction of the mined ores) were applied in cement-

based mortars formulation. The mechanical performance of the mortar was studied through compressive and flexural strength 

tests. Additionally, an environmental approach of mining residues incorporation on mortars production was assessed, 

regarding Portugal and Poland cement production available data. 

2. Materials and methods 

 

2.1 Materials 

For mortars formulation, tungsten mining residues were collected from Panasqueira mine sludge circuit (Covilhã, Portugal, 

40°10′11″N, 7°45′24″W) and were used as binder together with Portland limestone cement CEM II/BL 32.5 N (Secil, 

Portugal). Washed siliceous sand (Portugal), with particle sizes mainly between 0.5 and 2.0 mm, was applied as aggregate 
(Figure 1). Tap water was used to hydrate the formulation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Dry particle size distribution of the sand used in mortar formulation. 

 

2.2 Methods 

Mortars were produced based on EN 196-1 [14], considering a volumetric proportion of cement, washed siliceous sand and 

water of 1:3:0.5 as reference. The reference mortar was produced with 100 % of cement as binder. Mortars were also produced 

replacing 10, 25 and 50 % of the cement volume content by tungsten mining residues (Table 1). The materials loose bulk 

density (Cement = 1.00 g/cm3; Mining residues = 1.18 g/cm3; Washed siliceous sand = 1.54 g/cm3) were used to determine 

the volumes of the components as exact masses. Samples were produced in 40 mm x 40 mm x 160 mm metallic moulds. 
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Table 1. Quantity of binder, aggregate and water used to formulate the mortars according to the volumetric proportion of 

1:3:0.5. 

 Binder (1) Aggregate (3) Water (0.5) 

 Cement Mining residues Washed siliceous sand Tap water 

Code % g % g % g % g 

REF 100 666.7 - - 

100 

2000 

100 

333.3 

MR10 90 600.0 10 66.7 2000 333.3 

MR25 75 500.0 25 166.7 2000 333.3 

MR50 50 333.3 50 333.3 2000 333.3 

 

Following the formulation, the samples were demoulded after 48 hours and left in a water curing for 26 days, at ~20 ºC. 

Then, the samples were dried at 60 ºC, until achieved a constant weight. The mechanical performance of the specimens was 

carried out according EN 196-1 [14], considering the analysis of the flexural and compressive strength in a Zwick/Rowell 

Z050 equipment.  

For flexural strength tests, three-point bending test was performed. The loading cell applied was gradually lowered at a 

constant rate of 50 ± 10 N/s until failure occurred. Flexural resistance (Fr) was determined in MPa, according to equation (1), 

where Ff is the maximum force (N), l is the distance between the supports length (100 mm) and b the width of the sample (40 

mm). 

𝐹𝑟 =  
1.5 × 𝐹𝑓  ×  𝑙

𝑏3
                                                                                                                                                                                    (1) 

Compressive strength tests were performed with the half samples disjointed in the previous flexure tests. The loading cell 

was progressively lowered at a constant ratio of 2400 ± 200 N/s until the mortar failure occurred. Compressive resistance 

(Cr) was determined in MPa by the quotient of Fc - the critical compressive force (N) - and the cross-sectional area subjected 

to compression (1600 mm2). 

All sample analysis was carried out in triplicate. Statistical analysis of data was performed with the software GraphPad Prism, 

version 7.0e. The statistically significant differences between samples for 95 % level of significance were evaluated by 

ANOVA tests. 

3. Results and discussion 

 

3.1 Mechanical tests 

Figure 2 shows the flexural and compressive behaviour of all the formulated mortars. Both studied strengths showed a 

resistance decrease with the increase of the amount of tungsten mining residues incorporation. When 10 % of tungsten mining 

residues was incorporated in mortars production, it was possible to achieve a mechanical behaviour more similar to the 

reference mortar (100 % cement binder). However, both compressive and flexural strengths decrease 27 % and 18 %, 

respectively, in comparison to the REF mortar. Particularly, the flexural decrease may had occurred due to the stress 

concentrations induced by the filler particles [15], since tungsten mining residues have dissimilar properties when compared 

to cement. The ratio between cement and washed siliceous sand decrease, promoting the failure to occur sooner, when the 

load was applied.  

Additionally, regarding compressive strength results, mining residues composition include chloride and sulphate contents 

[16], which may also had affected MR50>MR25>MR10 performance in sequence. Lower amounts of chloride will promote 

lower potential of corrosion (considering steel reinforced concrete applications), and reduced quantities of sulphates will 

reduce the formation of expansive complexes, and consequently, cracking issues [17]. Comparing to the REF, MR10 would 

be the most reliable alternative, regarding coating applications, instead of structural uses, once flexural strength decreases 

less significantly than compressive strength.  
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Figure 2. Flexural and compressive strength of the formulated mortars. 

All tested mortars flexural and compressive strength results are statically significant different (p < 0.0001), corroborating the 

influence of mining residues incorporation and replacement percentage on the mechanical properties studied. Also, strengths 

decrease almost linearly with an increase of tungsten mining residues incorporation (Figure 3). The decrease was deeper in 

the compressive strength case (-1.34 MPa/ mining residues %) when compared to the flexural strength (-1.11 MPa/ mining 

residues %). The linear tendency was validated by the R2 determined for flexural (~0.99) and compressive (~0.96) strength.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Flexural and compressive strength and mining residues percentage of incorporation in mortars linear tendency. 

Mining residues properties can be enhanced through different techniques [18]. Electroremediation may decrease salts 

contents [17] and also other harmful compounds present in the sample [16], while thermal treatment may improve pozzolanic 

reactivity [19] of mining residues, promoting a larger application of the products within the construction industry. 

3.2 Environmental assessment 

The incorporation of alternative secondary resources in mortar production may be key factor for waste disposal and energy 

savings. Figure 4 illustrates how the replacement of 10 % of cement by secondary mining resources may minimize Portugal 

and Poland cement production issues.  

The annual production of cement reported in 2019 for Poland was ~19 Mt [20] and for Portugal around 3 Mt [21]. Considering 

the formulations tested in the present work with properties more similar to the reference mortar, an approach of cement 

production savings was determined regarding MR10 case. Thus, having in mind a minimization in 10 % of cement 

production, Portugal may have savings ~0.3 Mt, while in Poland this value may reach almost 2 Mt, due to its higher 

production. Also, it will be possible to minimize the same amount of mining waste disposal, respectively.  
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In terms of carbon footprint, it is reported that the manufacture of 1 ton of cement yields ~0.471 t CO2 [22]. Assuming this 

emission impacts, a 10 % lower cement production will promote to decrease an amount of 0.14 CO2 Mt in Portugal, which 

is equivalent to ~59,950 EU house holds annual electricity needs (considering that 1 EU house has a carbon footprint 

equivalent to an average of ~2.35 [23]). On the other hand, in Poland CO2 emissions may be avoided in ~0.89 Mt, translating 

in ~379,500 EU house holds annual electricity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      *data from 2019 annual reports 

Figure 4. Portugal and Poland approach for cement production and CO2 equivalents savings considering a cement 

replacement of 10 % (MR10). 

 

4. Conclusions 

Secondary mining resources have high disposal rates and features in terms of raw material, making them particularly 

attractive for enhancing building products. In the present work, different replacement percentages of tungsten mining residues 

in the binder content of cement-based mortars were tested to assess its influence on mechanical properties. Coupling cement 

and tungsten mining residues may also potentiate the decrease of primary resources need, while decreasing associated costs 

due to its exploitation, namely in industrial scale perspectives.   

Higher ratios of tungsten mining waste incorporation in mortars formulation showed influence on mechanical properties in 

sequence 50 %>25 %>10 %, comparing with a mortar formulated under the conventional method with only cement as binder. 

In all cases, compressive strength (between 27 % and 71 %) was more affected than flexural strength (between 18 % and 56 

%) in the final products, being the formulation with 10 % of cement replacement by tungsten mining residues more similar 

to the reference (flexural strength = 3.8 MPa; Compressive strength = 13.4 MPa), as expected.  

Secondary resources incorporation on cementitious-based mortars may empower the sustainable growth of the involved 

sectors due to the minimization of waste disposal and CO2 emissions. Considering an approach in Portugal and Poland, a 

CO2 reduction of 0.14 and 0.89 Mt, respectively, was estimated, considering a minimization in cement production of 10 %.  
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� Mortars sustainability was reviewed through a life cycle assessment (LCA) approach.
� Results normalization improved the feasibility to compare diverse LCA studies.
� Global warming potential category is strongly affected during mortars production.
� Conventional binders’ replacement by secondary resources alleviates mortars impacts.
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a b s t r a c t

The in-depth research on efficient processes and alternative constituents for mortars production has a
lack on the quantification of their environmental impacts. This work presents a critical review of life cycle
assessment (LCA) studies performed in the construction sector, namely related to mortars. The gaps and
barriers of these methods and final results are discussed through an overview of the main achievements
on mortars’ environmental life cycle studies in Europe. Despite the future trends, LCA studies are more
focused on cement-mortars and few researches on air lime, gypsum or earth mortar binders are reported
in the literature.
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1. Introduction

During the past decades, concerns on environmental deteriora-
tion, energy consumption and materials scarcity have pushed the
development of life cycle approaches aiming the environmental
profiling of products [1] and the shift towards circular economy
principles [2].

In the European context, around 50% of processed raw materials
are applied in construction and approximately 30% of waste is gen-
erated during construction and demolition activities [3]. Also, the
construction industry is on the top of the list of greenhouse gas
contributors and is responsible for up to 40% of the global primary
energy demand [4].

The focus on sustainable construction is now relevant in terms
of buildings operational phase, energy demand, resources, emis-
sions, waste generation, maintenance and the end-of-life stages.
Thus, research on the assessment of the environmental impacts
of building products over their entire life cycle have been intensi-
fied [3]. To evaluate and compare the advantages and drawbacks of
emerging construction materials and products in an economic,
social and environmental perspective, coupled with the chemical,
mechanical and physical performance of the final products, with
or without eco-friendly substitutes, methods should be optimized
in order to provide reliable tools for the users.

Moreover, it is increasingly necessary for professionals, as archi-
tects, engineers, builders, decision-makers and investors, to ana-
lyze the impacts related to the entire life cycle of a building by
means of empirical and comparable data, based on well-
stablished indicators of building performance [5].

Life cycle assessment (LCA), an approach that evaluates the envi-
ronmental impacts of products/services from raw material acquisi-
tion to waste disposal [6], has been providing new insights and led
to changes in policy [1]. There is, therefore, a growing need to
understand, critically appraise and apply the information that LCA
studies provide, particularly in the construction sector regarding
mortars’ sustainability. Other tools may also be used for the sus-
tainability assessment of buildings, regarding environmental, social
and economic pillars. Nevertheless, the environmental dimension is
the most used and standardized method worldwide [5].

The present work aims at reviewing the existing literature on
mortar studies performed using LCA. Herein, the methodologies
applied for different mortar types and goals are discussed, present-
ing their advantages and drawbacks, as well as mortars sustain-
ability evolution overtime.

2. Mortars characteristics

Common mortars are porous materials produced with at least
one mineral binder (agglomerate) and one aggregate (natural or
artificial sand), which are knead with water. There are records of
the use of earth as a building material since the prehistoric period

[7] and of lime mortars before Christ [8]. From the middle of the
19th century, there was a gradual replacement of earth and lime
by cement-based mortars [8].

Generally, sand is the mortar component incorporated in a
higher ratio (in volume and/or weight). The binder and filler paste
should be present in a suitable proportion to fill the voids pro-
moted by the sand grains [9]. Nowadays secondary materials
are being reused as artificial sand to increase mortars’ circularity
[10].

Numerous binders can be applied in mortars formulation as
clayish earth, gypsum, lime (air, hydraulic, natural or formulated)
or cement, generating composites with diverse technical proper-
ties and embodied energy [11]. The energy involved on mortar bin-
der production depends on raw material extraction, milling
processes, thermal treatment and the transportation involved.
The production of cement and limes with hydraulic properties
requires calcination temperatures of around 1,500 �C and
1,100 �C, respectively. Air lime requires lower temperatures for
its production (about 900 �C), but still higher than the temperature
required to produce current gypsum (about 120–180 �C) [12]. The
clayish earth, as a mortar binder, does not require calcination,
avoiding thermal energy consumption. Currently, cement is the
second most used material worldwide (after water) and, to pro-
duce 1 ton of cement, approximately 900 kg of CO2 are released
into the atmosphere [13].

The replacement of traditional (with high environmental
impacts) by alternative binders, which require less energy for pro-
duction and transportation, would be advantageous in a technical
and social way. Simultaneously, the use of recycled aggregates in
mortars instead of natural sand can also bring benefits [14]. This
would lead to a reduction in the extraction of raw material, in
the energy consumption for thermal treatment and in a lower vol-
ume of waste for landfilling.

Additions and admixtures can enhance mortars’ fresh or hard-
ened properties, even at extremely low contents. The additions
can be fibers, fillers – fine non-reactive aggregates, such as stone
dust – or pozzolans – fine compounds rich in silica and/or alumina
in a non-crystallized state that, in the presence of moisture, react
with Ca(OH)2, promoting its hardening even without contact with
CO2 [15]. The addition of natural/artificial fibers may contribute to
reduce shrinkage and cracking. The natural fibers may have a broad
origin [16]. Some examples are: (1) agricultural wastes, such
as wheat, barley, oat straw [17] or rice husk; (2) textile industry
waste, as cotton [18] or linen; (3) wood processing residues
(e.g. wood chips, sawdust); (4) plant stems, as typha [19], hemp
[20], flax or jute; (5) stem and ears of aquatic plants (e.g. reeds,
planks or algae) [21] and (6) leaves and fruits of plants (e.g. olive
[22], sisal, palms or coconut).

Mortars are frequently used as bedding mortars, to layer
masonry units, to re-point masonry joints [23], to coat outdoor
and indoor walls and ceilings (renders and plasters, respectively)
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[24] or as screeds in floor. The selection of appropriate compo-
nents, and of their proportion, to achieve adequate workability,
strength and durability requirements, are key challenges for mor-
tars production in a cost-effective way [25].

After decades where cement was the most common binder used
for mortars, the study of raw earth and other clayish resources as
construction materials is moving mortars development towards a
cleaner production. There is a growing interest in earth as a build-
ing material, a resource composed by clay (binder), silt (filler), sand
(aggregate) and coarser aggregates, including on earth mortars. For
mortars that growing interest have been stimulated by their
advantages: (1) based on a natural raw material; (2) available
and with no shipping needs (local earth can be used); (3) low cost
material; (4) reusable (considering no chemical stabilization); (5)
non-toxic; (6) low CO2 emissions associated to its manufacturing
and application [26]. Although earth mortars have generally low
mechanical resistances when compared to gypsum or cement mor-
tars, they report high capacities to adsorb/desorb water vapor.
Therefore, earth plasters can be key factor on relative humidity
control, improving indoor air quality and energy performance in
buildings [17].

Advances in solid waste management resulted in alternative
materials to replace or add to conventional raw materials on con-
struction materials production. These materials can be applied
directly (e.g. as pozzolans, fillers and coarser aggregates with mor-
tar sand size) or used after particle size and/or thermal treatments
[27]. Thus, a wide range of secondary resources are being tested on
mortars as feasible substitutes, namely to overcome cement car-
bon footprint, such as mining residues [28], construction and
demolition wastes [29], sewage sludge [30], recycled plastic waste
fibers [31] and ceramic wastes [32].

In the past, ceramic waste was used to partially replace aggre-
gates and binders in air lime mortars due to pozzolanic character-
istics of ceramic dust and for fragments reuse as aggregates in lime
mortars [33]. This may potentiate the pozzolanic reaction between
Ca(OH)2 and the amorphous silica and alumina of the dust, result-
ing in an improved performance of the mortars [33], as well as a
filler effect [34].

Mining residues have been applied in mortars with aggregate or
binder functions. For instance, the introduction of mining residues
were studied for bedding and coating mortars, where iron ore tail-
ings replaced natural aggregates or lime [35], and where gold-mine
tailings replaced Portland cement contents [36]. Base-metal tail-
ings where also applied on rendering and masonry mortars, as

aggregates, with minor risks of metals release [37]. These
approaches provided mortars with improved mechanical proper-
ties when compared to the conventional production [35] and CO2 -
emissions minimization due to cement manufacture [36].

3. Life cycle assessment requirements

3.1. Standards and guidelines

In the European context, standards were published regarding
the evaluation of construction performance under sustainability
pillars, as shown in Table 1. The adoption and development of
LCA resulted from the release of ISO 14040 series standards. In
2006, and complemented later in 2008, the ISO 14044 [6] com-
bined all the previous standards detailing LCA requirements and
guidelines. Other standards aiming technical guidance for LCA
studies were addressed in ISO 14000 series.

Furthermore, the European Commission developed an interna-
tional life cycle data system (ILCD) including a life cycle inventory
database and methodological guidelines [54]. Afterwards, the
European Commission launched the Product Environmental Foot-
print (PEF) and Organizational Environmental Footprint (OEF)
Guidelines as abbreviated versions of the ILCD. Herein, different
categories of products/services are presented particularly for com-
panies/organizations reporting on their environmental perfor-
mance [55].

The impact categories considered for LCA studies of construc-
tion products are defined in EN 15804+A2 [45]. The EN 15643-2
[50] shows the principles and requirements for the environmental
performance assessment of buildings considering technical and
functional characteristics. Based on LCA and quantified environ-
mental data related to buildings’ environmental performance, EN
15978 [53] describes the calculation method and its interpretation
for reporting and communicating the outcomes of an assessment.

3.2. LCA methodology

The LCA enables the estimation of cumulative potential envi-
ronmental impacts under categories as global warming, ozone
layer depletion, soil and water acidification, eutrophication, abiotic
depletion for non-fossil resources and for fossil resources [45].
These cumulative environmental impacts, that result from all
stages of a product life cycle, can also be used to determine the
embodied energy. This method includes impacts not considered
in traditional analyses, where mainly raw material extraction,
material transportation and product disposal are considered.

Typically, the LCA process is systematic and divided into four
phases, according to ISO 14040 [38] and ISO 14044+A1 [6] as seen
in Fig. 1: (1) Goal and scope definition; (2) Inventory analysis; (3)
Impact assessment; (4) Interpretation.

First, the product/process/activity system boundaries and the
declared unit are defined and described. Then, the life cycle inven-
tory (LCI) is developed aiming a detailed description of the product
production process and the quantification of inputs and outputs
from all unit processes included in the product life cycle (energy,
water and materials use and environmental releases). The life cycle
impact assessment (LCIA) phase provides the LCA results and addi-
tional information to complete and support the environmental
importance of LCI results. Finally, the interpretation of the results
is carried out, based on LCI and LCIA.

The LCIA stage evaluate the magnitude and significance
of the potential environmental impacts of a product and should
include [5]:

Table 1
Life cycle assessment standards.

Standard Goal Reference

ISO 14040:2006 Principles and framework [38]
ISO

14044:2006 + A1:2017
Requirements and guidelines [6]

ISO 14006:2020;
ISO 14062:2002

Technical guidance reports on LCA
applications

[39,40]

ISO 14020:2000;
ISO 14063:2020

Communication of environmental
performance

[41,42]

ISO 14025:2006;
ISO 21930:2017;
EN
15804:2012 + A2:2019

Requirements of the
Environmental Product Declaration
(EPD)

[43–45]

ISO 14064–1:2018;
ISO 14064–2:2019;
ISO 14064–3:2019

Greenhouse gas reporting and
reduction

[46–48]

EN 15643–1:2010;
EN 15643–2:2011;
EN 15643–3:2012;
EN 15643–4:2012

Guidelines on environmental,
social and economic performance
assessment on buildings

[49–52]

EN 15978:2011 Calculation method [53]

T. Santos, J. Almeida, J.D. Silvestre et al. Construction and Building Materials 288 (2021) 123069

3



(1) Selection of the impact categories, category indicators and
characterization models.

(2) Classification: each elementary flow of the inventory is
assigned to the impact categories selected according to the
material’s contribution to the different environmental
problems.

(3) Characterization: calculation of the results for each category
indicator, where in each impact category several materials
contribute with specific magnitudes.

After the conclusion of the LCIA, it is necessary to carry out an
analysis of the quality of the data presented, and this may require
additional techniques and information to better understand the
significance, uncertainty and sensitivity of the LCIA results. The lat-
ter can be necessary because LCA practice often justifies modelling
choices and omissions.

The occurrence of uncertainties of different types and sources in
LCA results is a fact. However, if managed, they can allow the quan-
tification and the improvement of the precision and robustness of
studies. LCA practice often justifies modelling choices and omis-
sions. The terms variability and uncertainty are often not distin-
guished or overarching one another, where variability is often
included as one aspect of uncertainty [1].

This analysis helps to distinguish whether or not significant dif-
ferences are present, to identify insignificant LCI results or to guide
the iterative process of LCIA [6]. The specific techniques to analyze
the quality of LCIA data are [6]:

(1) Gravity analysis: statistical procedure that identifies those
data having the greatest contribution to indicator result
(e.g. Pareto analysis). So, this data can be investigated
with a higher priority to ensure that the right decisions are
made.

(2) Uncertainty analysis: procedure to determine how the
uncertainties from the data and assumptions calculated
may affect the reliability of the LCIA. The uncertainty of
the results can be characterized by ranges and/or probability
distributions.

(3) Sensitivity analysis: procedure to determine how changes in
data and methodological choices affect the results.

These techniques can be applied alone or combined, depending
on the accuracy and level of detail necessary to fulfil the goal and
scope defined for the LCA. Since LCA is an iterative process, the
result of the analysis of the quality of LCIA data can lead to a revi-
sion of the LCI [6].

Fig 1. LCA phases (adapted from ISO 14040 [38]).

Fig. 2. Different stages of the LCA of construction materials (adapted from EN 15978 [53]).
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Site-specific data shall be used, as much as possible, instead of
generic data, since the latter may not be sufficiently (geographi-
cally, temporally and/or technologically) representative of the pro-
duct under analysis. For this reason, the gravity, uncertainty and
sensitivity analysis are very important to determine the way for-
ward and what data should be used or excluded from the LCA
analysis.

Additionally, to convert the impacts of all categories in a com-
mon equivalent unit (normalization), equivalence or weighting
factors can be applied during this step. The EN 15978 [53] defines
the unit process for products and processes. In the construction
sector, LCA generally includes production, use, construction and
end of life stages. The benefits and loads beyond the system bound-
aries may be considered, as demonstrated in Fig. 2.

LCA requires system boundaries definition to limit the unitary
processes. These boundaries can be defined as [45]:

(1) Cradle to gate: includes the supply of raw materials, trans-
port, production and associated processes.

(2) Cradle to grave: includes the steps mentioned above, plus
transport and installation in the building, use and mainte-
nance, replacements, demolition and final disposal.

(3) Cradle to cradle: in addition to the previous stages, includes
reuse, recovery and/or recycling.

Commonly, the analysis of the phases subsequent to the manu-
facture and application of product (B-C phases, Fig. 2) is based on
scenarios, constructed and evaluated mainly based on generic data,
which should be realistic and representative. This generic data can
bring uncertainty to the results. So, these scenarios lack an uncer-
tainly and sensitivity analysis.

The environmental product declaration (EPD) is a voluntary
basis with quantified environmental data about individual prod-
ucts’ life cycle, such as a dry pre-mixed mortar. EPD allows the
comparisons between products that fulfil the same function [43]
and is based on data related to a material/product LCA. The results
for each impact categories are engaged in EPD that are verified by
an independent scientific body or other related organizations. In
the European context, there are several EPD programs for the con-
struction sector, being INIES (France) and IBU (Germany) the most
widely known. In Portugal, EPD are managed by DAPHabitat [56].

Both LCA and EPD must define the product declared or func-
tional unit to guarantee the comparability of the LCA results
between different studies. These units describe what is being ana-
lyzed since it provides a reference to which the inputs and out-
puts are related [38]. Regarding mortar studies, declared or
functional units are commonly defined as 1 ton of dry mortar
[57], 1 m3 of pre-mixed mortar [58] and 1 kg of mortar or 1 m2

of wall [59].
Allocation is also an important topic and, according to EN 14040

[38], consists of ‘‘partitioning the input or output flows of a process or
a product system between the product system under study and one or
more other product systems”. The allocation should be used when
the system involves several products – due to the need to split
the environmental impacts of multiple industrial processes – and
in industrial processes with recycling systems – when recycled
or rejected intermediate products are used as raw materials (e.g.
sub-products). Allocation procedures should be considered for
comparisons between studies and systems. The differences on
these aspects, between studies, must be clearly identified and
reported, as it may influence the results.

The sum of allocated inputs and outputs of a unit process
should be equal before and after the allocation. When several allo-
cation procedures are possible to be used, a sensitivity analysis
shall be carried out to illustrate the consequences of not using
the selected practice [6].

EN 14044 [6] defines that, wherever possible, allocation should
be avoided by: diving unit process to be allocated into two or more
sub-processes, and collecting the input and output data related to
these sub-processes; or expanding the product system to include
the additional functions related to the co-products, taking into
account the requirements of system boundaries. Also defines that
when reuse and recycling activities are considered, it is crucial to
consider that inputs and outputs associated to unit processes for
extraction and processing of raw materials, and final disposal of
products, are to be shared by more than one product system; reuse
and recycling may change the inherent properties of materials in
subsequent use; and specific care should be taken when defining
system boundary with regard to recovery processes. If feasible,
allocation should be applied preferentially in sequence: physical
properties (e.g. mass); economic value (e.g. market value of recy-
cled material in relation to primary material); and the number of
subsequent uses of the recycled materials.

ReCiPe is an environmental impact assessment method (EIAM)
commonly applied for the LCIA [60]. The group of authors include
the developers of the CML 2001 method, where results are grouped
in midpoint categories according to common mechanisms/ac-
cepted groupings, and of Ecoindicator 99, a top-down model that
identifies environmental damage endpoints and shows the final
result in a single score [61]. The CML 2001 and Ecoindicator 99
methods are LCIA methods that can play an important role in the
results of LCA, depending on the type of analysis intended, due
to their different approaches.

Studies have been conducted to assess and overcome mortars
impacts. LCA allows to identify opportunities to improve the pro-
duction of materials/products while reducing their environmental
impacts. This approach provides a baseline to compare the perfor-
mance of conventional or alternative raw materials, final products,
processes, applications and end-of-life scenarios.

4. Environmental sustainability evaluation of mortars

4.1. Methodology

The scientific research status on LCA studies of mortars was per-
formed using Scopus database (October 2020). With the search
words ‘‘life cycle assessment”, ‘‘mortar”, ‘‘plaster” and ‘‘render”, a
total of 124 scientific papers were obtained from 1994 to 2020
across Europe, with a more pronounced increasing trend in the sci-
entific community during the last few years (Fig. 3). The dominant
research areas are engineering (30.7%), environmental science
(21.2%) and energy (11.3%), being Germany, Spain and Italy the
top 3 countries. The documents published are mainly in article for-
mat (57.3%). This work is based on the referred sample of scientific
literature.

Fig. 3. Documents on LCA of mortars – evolution between 1994 and 2020 in the
SCOPUS database, accessed in 01.10.2020.
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4.2. LCA studies

The most common software applied on LCA studies are SimaPro,
Gabi, Umberto and OpenLCA [62]. Umberto software is useful to
evaluate the carbon footprint of a product, building or service
according to ISO 14040 [38] and ISO 14044 + A1 [6], although with
minor applications on construction materials analysis [63]. The
OpenLCA platform, which is a free open source, can provide fast
and reliable determinations on sustainability assessment and/or
LCA [62]. Additionally, companies have developed their own soft-
ware, making the standardization of these approaches difficult
for comparison with other works [1].

Table 2 presents some examples of scope and purposes for mor-
tar studies reported in literature, emphasizing the wide range of
LCA studies.

Additionally, the boundaries defined in the literature for mortar
systems are presented in Fig. 4. Considering that only 21 of the 124
scientific documents analyzed in this work reported the bound-
aries of the system processes, the most common approach was
cradle-to-gate (71%). Although the need to deep reuse/recycling
strategies for materials being on the top of the list, few studies con-
sider a cradle-to-cradle approach, probably due to unavailable data
and other difficulties on determining the benefits involved in the
scenarios from gate to grave.

4.3. Life cycle inventory

LCA requires an inventory analysis to ensure a representative
assessment of all inputs and outputs of mass and energy across
the whole phases of the product life cycle, notated by LCI [57].
The LCI should include site-specific data for the product analyzed
by measurements, calculations or estimations, which can be com-
plemented by LCI database and EPD [1].

The Ecoinvent database contains datasets as an average for a
region [85]. The data selection for modelling each process is a
major issue since it varies greatly between regions and production
plants. The compilation of a credible LCI is essential since LCA
relies heavily on the availability and completeness of LCI data.
The development of the inventory should be detailed to be repro-
ductible by an independent practitioner [57].

Considering each unit process that is included within the sys-
tem boundary, quantified data about the raw materials, energy
and fuels needed for the processes involved, and of transportation
and emissions across the production chain shall be collected from
available and reliable sources [86].

System inputs may include resources (e.g. stone, water), ser-
vices (e.g. transportation) or energy supply, and the use of mainte-
nance materials (e.g. lubricants for equipment). The outputs can
include products, co-products/waste and releases to air, water
and soil [6].

The requirements on data quality must be specified through ref-
erences and details about the data collection process (e.g. time
when data was collected/analyzed). Data from specific sites or rep-
resentative averages should be used for the unit processes that
contribute to the major mass and energy flows of the system pro-
cesses. If possible, data from sites should be used for unit processes
that are considered to have environmentally relevant inputs/out-
puts [6]. In LCIA, the operational steps outlined in Fig. 5 should
be performed.

Table 2
Scope and purposes of reported LCA studies of mortars.

Scope Purpose Reference

Supplementary/
Symbiotic
cementitious
materials

� Comparison of mortars with
different replacement ratios
of secondary resources - recy-
cled concrete

� Alternative secondary
resources vs conventional pro-
duction - ash recycling in Port-
land cement production as
clinker substitution, earth vs
industrial plasters

� Alternative resources incorpo-
ration - woody biomass types,
sewage sludge, recycled fine
aggregates from construction
and demolition waste, sanitary
ware, glass fiber reinforced
polymer, forest biomass, tex-
tile fibers, LCD scrap

[10,26,57,58,64–
74]

Energy performance � Comparison of alternative
fuels with fossil fuels used on
binder’s production

� Thermal insulating – alterna-
tive lightweight materials
(e.g. cork waste) vs reference
mortars

� Comparison of alternative
mortars and paints - aerogel-
based thermal renders for
external walls of buildings

[69,75–77]

Type of construction � Mitigation potential of specific
mortar materials/resources
when employed at real scale
(e.g. urban houses) in specific
regions of the world - lime-
stone, lime, fired brick, solid
cement blocks and earth
blocks

[59,78,79]

Material
applications

� Compare the same material
for different purposes - bio-
mass fly ash for cement
replacement vs alkaline
material

� Compare the same material
for different structural options
- local replacement of dam-
aged masonry, mortar injec-
tion, steel chain installation,
grid-reinforced

� Alternative concrete mixtures
comparison with ordinary ref-
erence mixtures - steel slags
on industrial pavement and
pervious paving blocks, heavy-
weight concrete, shotcrete and
ready-mixed repair mortar

[80–83]

Leaching � Comparison between mortars
with different binders to pre-
dict the longevity of the ren-
dering (e.g. cement vs lime)

[84]

Fig. 4. System boundaries distribution of 21 mortars’ LCA studies, from 1994 to
2020, found in literature.
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4.4. Impact assessment and results interpretation

Cement-based mortars are the most common construction
products reported by LCA studies. After analyzing several studies,
those with comparable declared units and impact categories and
with quantitative results were selected. Examples of studies found
in literature aiming the introduction of alternative materials to
replace cement in mortars and their impacts in the considered cat-
egories are presented in Table 3. Fig. 6 and Fig. 7 show a compar-
ison of the results from the mortars studies presented in Table 3,
according to the declared unit used. Only GWP and ADP-F were
considered since both categories have often been included in the
works developed in this field, demonstrating to be the most rele-
vant environmental categories.

The works analyzed differ in terms of declared or functional
unit, databases considered, allocation methods, impact categories,
normalized data and regional differences. Even tough, the use of a
similar declared unit for the results provides a way to compares
the figures from all these LCA studies. But it is crucial to have in
mind the methodology applied (e.g. database selected, software
used), in order to explain the variability found in the results, as
presented in the next paragraphs. The variability from a group of
LCA studies can be considered to improve the accuracy of the LCI
data used and to present a more accurate analysis of the results.
In this case, variability indicators (e.g., average and standard devi-
ation) are not presented in Fig. 6 and Fig. 7 because of the signifi-
cant difference between the results of the studies.

Moreover, the estimations of each approach have intrinsic
uncertainties, but these are more difficult to identify without more
detailed information about each study. Nevertheless, the uncer-

tainty related to parameters, models and choices, and also the spa-
tial, temporal and objects/sources variability, should be taken into
account during the LCA interpretation phase of each case study.

Moreno-Juez et al. [69] performed an analysis from a cradle to
gate perspective using the OpenLCA software and considering the
CML impact assessment method to calculate the environmental
impacts of several mortar mixing solutions with ultrafine recycled
concrete. For the same LCA purpose, Moropoulou et al. [58] used
the Eco-indicator 95 method. In the case of Farinha et al. [10]
and Teixeira et al. [82], the impacts’ assessment was carried out
through an cradle to gate analysis using SimaPro software. There-
fore, different methods and software can be used to analyze envi-
ronmental impacts for the same purpose.

Farinha et al. [10] and Teixeira et al. [82] analyzed a vast number
ofmortars. Table 3 shows the impacts of each category for the refer-
ence mortar (REF) and the minimum and maximum value obtained
for the remaining ones (modified mortars). Herein is observed that
REF mortars presented the highest environmental impact in all cat-
egories. The exception occurred in GWP, EP and ADP-E impacts,
where mortars with sanitary ware presented impacts equal
(1.66 � 102 kg. CO2-eq for GWP, 5.40 � 10-2 kg. (PO4)3--eq for EP and
2.82 � 10-4 kg.Sb-eq for ADP-E) to the reference mortar in Farinha
et al. [10]. In ADP-F category, the impact of modified mortars was
higher than the reference mortar: mortar with forest biomass ash
from Farinha et al. [10] and with 50% of biomass fly ash from Teixeira
et al. [82]. InMoreno-Juez et al. [69] it is also observed a decrease in the
environmental impacts of modified mortars with ultrafine recycled
siliceous or limestone concrete (2.14 � 10-5 kg.CFC-11-eq for ODP,
1.37 � 100 kg.SO2-eq for AP, 3.8 � 10-1 kg.(PO4)3--eq for EP, 5.22 �
10-2–5.19 � 10-2 kg.Ethene-eq for POPC, 2.88 � 10-4–2.87 � 10-4 kg.

Fig. 5. LCA steps (based on EN ISO 14044 [6]).
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Sb-eq for APD-E, 2.80 � 103–2.74 � 103 MJ for ADP-F) compared to
REF (2.25 � 10-5 kg.CFC-11-eq for ODP, 1.44 � 100 kg.SO2-eq for AP,
4.0 � 10-1 kg.(PO4)3--eq for EP, 5.45 � 10-2 kg.Ethene-eq for POPC,
3.02 � 10-4 kg.Sb-eq for APD-E, 2.88 � 103 MJ for ADP-F).

The studies reported have different declared units (1 ton and
1 m3 of mortar). Since mortars have different densities, generally
not defined by the authors, the results should be analyzed individ-
ually. From Table 3, ultrafine recycled siliceous or limestone con-
crete obtained by diesel or biomass fuel additions to replace 5%
of cement promoted the highest GWP (772 kg.CO2-eq) observed.
On the other hand, mortars with alternative binders and with or
without metakaolin achieved approximately 0.2 kg.CO2-eq on the

GWP category. Both studies were conducted considering the same
declared unit (1 ton of mortar). The use of ultrafine recycled silic-
eous or limestone concrete obtained by diesel or biomass fuel did
not promote any change in the GWP. The use of distinct energy
sources (diesel or biomass fuel) only impacted negatively POCP,
ADP-E and ADP-F categories. Mortars with hydrated lime and
cement as binder, and with or without metakaolin, presented
low acidification (�2–7 � 10-4 kg.SO4-eq) and eutrophication
potential (�0.2 � 10-4–1.2 � 10-4 kg.(PO4)3--eq). The incorporation
of industrial wastes, such as sanitary ware, glass fiber reinforced

Table 3
Examples of LCA applied to cement-based pre-mixed mortars production with secondary resources.

Mortar composition Impact category Declared
units

GWP
(kg.CO2-eq)

ODP
(kg.CFC-11-

eq)

AP
(kg.SO2-eq)

EP
(kg.(PO4)3--eq)

POCP
(kg.
Ethene-eq
� 10-2)

ADP-E
(kg.Sb-eq)

ADP-F
(MJ)

Mortars with addition of ultrafine recycled
siliceous or limestone concrete (obtained by
diesel or biomass fuel*) to replace 5% of
cement [69]

7.72 � 102

(REF, diesel
and
biomass)

2.25 � 10-5

(REF)
2.14 � 10-5

(diesel and
biomass)

1.44 � 100

(REF)
1.37 � 100

(diesel and
biomass)

4.0 � 10-1

(REF)
3.8 � 10-1

(diesel and
biomass)

5.45 (REF)
5.22
(diesel)
5.19
(biomass)

3.02 � 10-4

(REF)
2.88 � 10-4

(diesel)
2.87 � 10-4

(biomass)

2.88 � 103

(REF)
2.80 � 103

(diesel)
2.74 � 103

(biomass)

1 ton of
mortar

Mortars with different types of binders and with
or without metakaolin (mix 1: hydrated air
lime and sand; mix 2: hydrated air lime,
metakaolin and sand; mix 3: cement and
sand) [58]

Mix 1 �
1.7 � 10-1

Mix 2 �
1.6 � 10-1

Mix 3 �
2.3 � 10-1

- Mix 1 �
2.3 � 10-4

Mix 2 �
1.6 � 10-4

Mix 3 �
6.6 � 10-4

Mix 1 �
2.4 � 10-5

Mix 2 �
2.0 � 10-5

Mix 3 �
1.22 � 10-4

- - - 1 ton of
mortar

Mortars with industrial wastes (sanitary ware,
glass fiber reinforced polymer, forest biomass
ashes, and textile fibers) replacing sand and/
or cement [10]

1.66 � 102

(REF)
1.31 � 102 –
1.66 � 102

(modified
mortars)

8.45 � 10-7

(REF)
2.51 � 10-7

–8.41 � 10-7

(modified
mortars)

3.40 � 10-1

(REF)
2.53 � 10-1

–3.35 � 10-1

(modified
mortars)

5.40 � 10-2

(REF)
4.06 � 10-2

–5.40 � 10-2

(modified
mortars)

2.99 (REF)
2.30–2.96
(modified
mortars)

2.82 � 10-4

(REF)
2.39 � 10-4

–2.82 � 10-4

(modified
mortars)

3.19 � 102

(REF)
2.22 � 10
2–
3.25 � 102

(modified
mortars)

1 m3 of
mortar

Mortars with addition of superplasticizer,
replacement of cement or hydrated air lime
by coal fly ash and biomass fly ash [82]

5.66 � 102

(REF)
3.31 � 102 –
3.66 � 102

(modified
mortars)

2.70 � 10-5

(REF)
1.87 � 10-5

–2.11 � 10-5

(modified
mortars)

1.29 (REF)
8.1 � 10-1 –
9.6 � 10-1

(modified
mortars)

3.26 � 10-1

(REF)
2.19 � 10-1

–2.39 � 10-1

(modified
mortars)

5.20 (REF)
3.34–4.23
(modified
mortars)

- 3.06 � 103

(REF)
2.02 � 103 –
4.23 � 103

(modified
mortars)

1 m3 of
mortar

Notation: GWP - Global warming potential; ODP – Ozone depletion potential; AP – Acidification potential of land and water; EP – Eutrophication potential; POCP – Formation
potential of tropospheric ozone photochemical oxidants; ADP-E – Abiotic resource depletion potential for elements; ADP-F – Abiotic resource depletion potential of fossil
fuels; REF – reference mortar; *ultrafine recycled siliceous or limestone concrete were produced using different energy sources (diesel and biomass fuel) in order to assess
their impacts on the final product.

Fig. 6. Comparison of the results from studies with declared unit of 1 ton of mortar
(adapted from [58,69]).

Fig. 7. Comparison of the results from studies with declared unit of 1 m3 of mortar
(adapted from [10,82]).
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polymer, forest biomass ashes and textile fibers, to replace sand and/
or cement promoted lower impacts in the categories analyzed [10],
in comparison to mortars with superplasticizer additions and
cement or hydrated lime replacement by coal fly ash and biomass
fly ash for 1 m3 of mortar [82]. The categories that show the major
differences on the results presented were: GWP (131–166 and
331–556 kg.CO2-eq, respectively), ODP (0.0251–0.0845 and 1.87–2.
70 � 10-5kg.CFC-11-eq, respectively), EP (4.06–5.40 and 21.6–32.6 �
10-2 kg.(PO4)3--eq, respectively), and ADP-F (222–325 MJ and 2020–
4230 MJ, respectively).

Moropoulou et al. [58] analyzed a traditional hydrated air lime
mortar with and without metakaolin. Traditional mortars were
reported as more sustainable options compared to cement-based
mortar, since the latter had higher impacts on GWP, AP and EP cat-
egories. For all impact categories, the hydrated lime mortar with
metakaolin (mix 2) had the lowest impacts, while the cement mor-
tar (mix 3) had the highest ones. This is explained by the fact that
cement production is a more energy intensive process, with tem-
peratures of approximately 1,300 �C and, consequently, with larger
CO2 emissions, in comparison to air lime, that is obtained at a
lower firing temperature and with CO2 capture when drying. The
use of about 5% of metakaolin, obtained by firing kaolin at �700–
800 �C [58], to replace hydrated air lime promoted a lower envi-
ronmental impact when compared to the same mortar without
metakaolin. This impact decrease can also be justified by the
energy required to produce hydrated lime, since air lime is
obtained at 900 �C.

The ultrafine recycled siliceous/limestone concrete replacing
cement [69] promoted mortars with higher impacts on GWP, AD
and EP, when comparing with mortars with different binders and
with or without metakaolin [58], with the same declared unit of
1 ton of mortar. This can be justified by the way LCA results are
presented, since Moreno-Juez et al. [69] and Moropoulou et al.
[58] applied different impact assessment methods (CML and Eco-
indicator 95 method, respectively).

The industrial wastes replacing sand and/or cement [10], the
replacement of cement or hydrated lime by coal fly ash and bio-
mass fly ash and the addition of superplasticizer [82] showed sim-
ilar impacts (declared unit of 1 m3 of mortar). The replacement of
cement or hydrated lime by coal and biomass fly ash and the addi-
tion of superplasticizer presented the highest impact in all cate-
gories considered, namely regarding ADP-F. The need of thermal
processes to convert the raw material into ash involves the highest
energy impacts of the process.

Other LCA studies aiming to compare mortars produced with
different binders are reported. Environmental impacts of earthen
and conventional industrial mortars (cement and hydraulic lime)
were compared in terms of energy demand, CO2 emissions and
ReCiPe impact categories [26]. Table 4 shows an overview of the
major impacts from these three approaches. Herein it is possible
to confirm that cement and hydraulic lime mortar production
implies a higher energy demand and, consequently, higher CO2

emissions are associated. Both binders are considered more harm-
ful to climate change issues. Contrarily, an earth mortar showed

lower energy demand and CO2 emissions, with major impacts on
fossil fuels depletion.

5. Discussion and research perspectives

During the past decades, the minimization of environmental
impacts in the construction sector is receiving increased attention
by researchers, policymakers and companies. The main focus is on
energy consumption and alternative materials use, while the appli-
cation of the concept of life cycle thinking is growing [87].

The LCA application in the construction sector, as a strategy to
reduce its environmental impacts, is often identified as compli-
cated and time-consuming [5]. Most of the EIAM commonly result
in a set of categories that are not easily understood or inter-
pretable. LCA requires an intensive use of data to estimate the
potential impacts of the entire life cycle of a product, from resource
extraction, through production, use and recycling. Despite these
limitations, LCA is a tool that allows the identification of ‘‘critical
points” and opportunities to improve the product environmental
performance in the various stages of its life cycle.

LCA also provides a platform to support professionals from the
construction industry and decision markers, in the search for sus-
tainable strategies of consumption and production, by designing or
redefining products. Thus, relevant environmental performance
indicators should be selected for marketing activities and EPD
development [5,38].

As a decision supporting tool, LCA results should be presented
in a clear and simple way. In the present study, the presentation
of the results is very broad, due to the wide-ranging methods avail-
able, limiting the comparison of mortars from different studies
found in the literature. The main drawback identified in current
practices of LCA is the generation of significantly different results
by the application of different methods to identical cases, such as
carbon footprint study vs studies with a set of more differentiated
impact indicators [87]. In fact, different methods can allocate dis-
similar relevance to properties/impacts, resulting in diverse
results, namely regarding the actions to reduce the environmental
burdens.

The definition of the declared unit of the study is not always
reported in the publications, as well as the system boundaries, also
limiting the comparisons between LCA approaches. The selection
of different declared units in the studies reviewed also turned dif-
ficult to compare results between them. In addition, several
authors presented drawbacks in boundary scoping, methodology
framework, data inventory and practices, which compromise LCA
as a decision making support tool for sustainable building design
[88].

Another constraint is the presentation of LCA results in non-
absolute values by some publications. These studies do not express
the impacts of a product/service but might be useful to compare
them.

The comparison of LCA studies is only feasible when mortars
fulfil exactly the same function in accordance with their goal and
scope definitions (e.g. mortars applied as plasters). Additionally,
the quantification of local impacts should be improved through
risk assessment-based tools, as generally environmental damage
is calculated on global scale. However, common trends and speci-
fication of some aspects, namely regarding impact categories and
declared units, could be clearly identified, turning the comparisons
between studies feasible in a general way.

The combination of data from production and unit processes
allows the development of production inventories in terms of
materials and, in greater detail, the inventories of mortars, namely
regarding the equipment used for the production processes. This
should result in a clear LCI that match the reality of the process,

Table 4
Comparison of energy demand, CO2 emissions and impact categories more affected by
the use of cement, hydraulic lime and earth as mortar binders (adapted from [26]).

Mortar binder Energy demand CO2 emissions Categories more
impacted

Cement ++ ++/+++ CC > FD
Hydraulic lime +++ +++ CC > FD
Earth (ochre/yellow) + + FD > CC

Notation: +++: high proportion; ++: medium proportion; +: low proportion; CC:
Climate change; FD: Fossil fuels depletion.

T. Santos, J. Almeida, J.D. Silvestre et al. Construction and Building Materials 288 (2021) 123069

9



promoting the reproducibility and the identification and quantifi-
cation of the inputs/outputs related to the mortars’ life cycle.

Summing-up, LCA can be evaluated under three premises: (1)
comprehensiveness; (2) ‘‘best estimate” principle; (3) better sce-
nario [1]. All these evidences can present strengths and limitations
on mortars’ LCA studies, as presented in Table 5.

The bibliometric analysis of LCA research applied to mortars
showed that cement-based mortars studies predominated, with
or without additions and/or substitutions. Only few studies were
related to other types of binders, such as clayish earth. Currently,
and in IBU [89] and DAPHabitat [56] programs, only approximately
13 EPD on mortars/plasters were identified. The lack of EDP con-
strains the availability of data for inventories and the comparison
of results.

In addition to the environmental impacts of products and/or
construction solutions, the cost of these strategies is also impor-
tant. Monetization expresses the relative importance of an envi-
ronmental impact category in a monetary value and can be
determined based on the associated costs (e.g. damage costs using
market prices) or the cost that people are willing to pay to avoid a
particular environmental impact [5]. Although a solution has pos-
itive effects on environmental impacts, it may introduce extremely
high costs to the system, making the application unfeasible. Thus, a
balance between the assessment of the environmental and eco-
nomic impact of a product should be obtained.

Durão et al. [5] presented a summary of the monetization
approaches and methods/weighting sets that were developed to
weight the environmental impacts resulting from LCA studies
(e.g. Eco-costs, Ecotax 2002, Ecovalue 08).

Considering standard buildings, the use phase (when heating
and/or cooling are needed) contributes to above 90% of the total
environmental burdens. New buildings built considering present
requirements for comfort are more energy efficient, turning other

phases of the life cycle more relevant, such as the selection of
materials, construction, end-of-life and water use [87]. Thus, an
in-depth research on these topics should be conducted, coupled
with economic issues, the improvement of data quality and statis-
tical analysis.

The impacts from off-site generation of electricity or processing
of rawmaterials must be considered when selecting the Best Avail-
able Techniques (BAT) for plant facilities [90]. The measures rec-
ommended by BAT are related to the improvement of the output
and energy efficiency of raw materials production process through
replacement of the old equipment with new one, less energy-
consuming, in order to minimize CO2 and other greenhouse gases
emissions [91]. Thus, BAT can contribute to decrease energy con-
sumption and CO2 emissions in the European Union’s construction
industry, where the environmental benefits of BAT implementation
can also be quantified using LCA.

The use of different impact categories, depending on the
methodology applied in a study, often difficult the comparison
between studies and products. Defining the impact categories/sub-
categories that must be analyzed for a single or group of mortars
could be advantageous. The standardization on outcomes presen-
tation leads to a better understanding and comparison of the
results.

In addition to the mortar life cycle analysis data, Moreno-Juez
et al. [69] also presented a normalization of the results based on
European data. The normalization factor used was the European
emission considering a citizen emission unit in the year 2000,
which was proposed by CML. These results showed that GWP is
the most affected category from the production of cement-based
mortars in all individual systems. Despite presenting less expres-
sion when compared to GWP, AP and ADP-F categories are also
affected by the production of cement mortars. Additionally, the
ODP was the category with lower impacts associated. On the other
hand, the reference mortar presented high impacts in all cate-
gories. Similar results were obtained by Moropoulou et al. [58],
considering the contribution analysis of each impact category
(GWP, AP and EP) on the total environmental score. Herein, GWP
was the most affected category followed by AP. The inverse trend
was observed in the cement mortar (mix 3), where AP showed
the highest impacts.

Currently, it is imperative to rethink the use of cement as major
binder and the possibility of integrating by-products into mortars,
at least for some types of applications. Farinha et al. [10] performed
the LCA of cement mortars with incorporation of industrial wastes.
The binder was the component that showed the highest impacts on
GWP: cement contributed more than 85% and natural sand only
8%. When natural sand and/or cement were replaced by industrial
wastes, there was generally a decrease in the GWP compared to the
reference mortar. On the other hand, sand and admixtures from
these mortars contribute significantly to increase ADP-F impacts:
sand was responsible for 40–60% and admixtures for about 30%
of the total emissions. The waste also pursued the impacts increase
on ADP-F due to the transport involved, since transport is the main
factor related to the fossil fuels component [10]. In general, 16 of
the 19 mortars analyzed by these researchers showed, in all impact
categories, a performance equal to or better than the reference
cement mortar. Also, the transportation of industrial waste influ-
enced the LCA results of some mortars. Thus, local waste should
be considered as a first option to alleviate shipping impacts. The
availability of resources and the pressure on their exploitation is
also an important indicator that should be deeply addressed in
future LCA practices.

Construction materials may be able to reabsorb CO2 during
their lifetime, decreasing the impacts of the overall life cycle. This
is also the case of mortars, but none of the studies analyzed
focused this aspect. This should be addressed by further LCA stud-

Table 5
Strengths and limitations of LCA mortars studies.

Premise Strengths Limitations

Comprehensiveness Life cycle perspective and
coverage of
environmental issues
(through impact
categories definition)
allows the comparison of
environmental impacts of
mortars systems that are
made up of several
processes, resource uses
and emissions.

Simplifications in the
activities/processes, and
generalizations from
standards or available
data in world’s
leading databases, are
needed for modelling the
mortar system and to
quantify the
environmental impacts.
Uncertainties in mapping
of resource uses/
emissions and on
modelling their
corresponding impacts
(calculated by impacts
aggregation over time and
space).

‘‘Best estimate”
principle

In the context of
comparative assessments,
unbiased comparisons
since the same level of
precaution is applied
throughout the impact
assessment modelling.

LCA mortars’ production
models are based on the
average performance of
the processes and do not
support the consideration
of rare risks.

Better scenario LCA is suitable for
answering which mortar
is better for the
environment.

LCA cannot corroborate if
a mortar product/process
is environmentally
sustainable, in absolute
terms, only because of
having lower
environmental impacts
than another mortar.
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ies by quantifying the benefits that may came and the potential to
achieve a carbon neutral construction product, for instance.

6. Conclusions

LCA is an approach with few decades of development and appli-
cation, although over the years this methodology and applications
have matured in a scientific perspective. LCA is crucial for mortars
optimization since these are buildings products with many appli-
cations in modern construction and throughout the service life of
buildings. Hence, mortars with less environmental impacts can sig-
nificantly reduce the embodied energy in buildings.

In the present work, the LCA general methodology was syn-
thetized and LCA studies of mortars were discussed in terms of
goals, specific methodologies, results, limitations and strengths,
as well as their contribution to support decision making.

SimaPro, Gabi, Umberto and OpenLCA are common software
used for LCA studies. They offer many options in terms of method-
ologies and quantification of impacts. The main focus of mortars’
LCA has been cement-based composites, although, currently, there
are still few studies regarding mortars.

Typically, GWP is an impact category considered in most of the
studies reviewed. Nonetheless, impact categories such as ODP, EP
and ADP are also often analyzed in LCA studies.

The use of alternative materials, as a replacement or addition
to conventional raw materials in the mortars manufacture may
represent an environmental benefit that can be quantified by
LCA. This may empower materials’ circular economy and provide
mortars with increased performance properties, namely due to
eventual pozzolanic characteristics and filler effect. The reduced
need of treatments and transport of materials, that are the most
energy consuming steps of materials processing, turns the use of
clayish earth advantageous in a social, economic and environmen-
tal way, compared to other types of mortars. Nonetheless, earth
mortars may not be as efficient as other mortars to all kind of
applications.

LCA presents drawbacks, namely the use of subjective criteria,
limitations on scientific knowledge about impacts, lack of a consol-
idated method, data access and analysis difficulties. This could be
overcome by a clear and uniform LCA report with the data needed
to reproduce the study. The development of specific databases for
mortars with real data could be key factor to improve LCA studies.
A complementary economic analysis could show if the best solu-
tion in environmental terms is also cost-efficient.
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Abstract: The use of secondary mining resources to replace conventional constituents in mortars
production has proved the effectiveness to preserve the quality of mechanical, physical, and chemical
properties. However, minimal research has been performed to quantify the environmental impacts of
mortars with mining residues. In the present work, a life cycle assessment of 10 mortars was carried
out. A reference mortar (100% of cement binder) and mortars with cement substitutions in 10%, 25%,
and 50% by raw, electrodialytic treated, and electrodialytic plus thermal treated mining residues
were analysed. The impacts were studied in six environmental categories: (1) abiotic depletion;
(2) global warming; (3) ozone depletion; (4) photochemical ozone creation; (5) acidification; and
(6) eutrophication potentials. The results demonstrated that mortars formulated with raw mining
residues may decrease the environmental impacts, namely in global warming potential (55.1 kg
CO2 eq./t modified mortar). Considering the treatments applied to mining residues, the major
mitigations were reported in photochemical ozone creation (−99%), ozone depletion (−76 to −98%),
and acidification potential (−90 to −94%), mainly due to the disposal impacts avoided in comparison
to the reference mortar. Analysing all mortars’ constituents and their management options, products
with electrodialytic treated mining residues showed higher influence in ozone depletion (18 to 52%).
Coupling a thermal procedure, mining residues contributed for 99% of the abiotic depletion potential
of mortars.

Keywords: life cycle assessment; environmental impact; mortar; secondary mining resources; elec-
trodialytic technology; thermal treatment

1. Introduction

In 2020, the release of greenhouse gases from building operations achieved 10 Gt CO2,
being the highest level ever reported. Together with manufacturing, transportation and
construction materials’ uses, this represents 38% of global energy-related CO2 emissions [1].

Climate change and rapid urbanisation with growing population have prompted an
emerging interest on construction industries to include more sustainable practices. To
accomplish a net-zero carbon building stock in 2050 [2], direct and indirect building CO2
release needs to be reduced by an average of 55% [3].

Furthermore, the emissions from the production of construction materials, and the
construction itself, are mainly driven by cement and steel manufacturing. Their growth in
use is the main contributor to buildings embodied carbon emissions. Around 50% of the
cement demand comes from the construction sector, being imperative to reduce its use and
replace cement by materials with lower embodied carbon [1].
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The growing conscientiousness of mining residues impacts have empowered the study
of feasible reuse options to reduce waste disposal, concerning a circular economy perspec-
tive and the Sustainable Development Goals [4]. Mining activities have reported high
amounts of rejected fractions for hundreds of years, as a result of concentrate production.
The accumulation of mining residues overtime, in open air impoundments, have led to
an intense environmental degradation [5]. The contamination risks for the involved com-
munities are a consequence of the emissions from chemical processes during concentrate
production. Nitrogen and cyanide substances may reach aquatic systems, contributing to
eutrophication and loss of biodiversity in water streams [6]. Sulfide minerals may contain
harmful metals and metalloids, that could promote the formation of acids when in contact
with water and oxygen, intensifying acidification phenomena [7]. On the other hand, fines
and other particles may be released by the wind, increasing the cross contamination in the
region [8].

To tackle climate change issues, the reuse of mining residues in construction products
have been studied [9]. Mining resources were applied in geopolymers [10], innovative
alkali-based materials for road pavement applications [11], red clay bricks [12], and light-
weight construction products [13], with eco-efficient gains in mechanical strength, thermal
stability, chemical and fire resistance, and costs [14]. In particular, the use of mining
residues in mortars may improve their chemical and structural stability, although some
research works reported low replacement cement percentages (e.g., 5%) as effective for
materials’ requirements [15].

In this sense, the continuous optimization of secondary resources reuse to achieve
a higher replacing rate of the virgin material in construction products manufacture, is
also important.

The electrodialtytic (ED) process is a long-proven technology to remove substances of
environmental concern from matrices, as well as to overcome raw materials’ shortage and
to contribute towards clean energy transition [16]. The ED process is based on the use of a
direct low-level current intensity, in pairs of inert electrodes, that promotes the transport of
contaminants by electromigration, electroosmosis, and electrophoresis mechanisms [17].

In comparison to metakaolin production and effect [18], the thermal treatment is also
regarded as a strategy to take advantage of amorphous silica and/or alumina from fine
secondary materials, conferring them pozzolanic properties whilst increasing the durability
proprieties of final products [19].

Both ED and thermal treatments were applied to mining residues, and the treated
material was used to replace cement in mortars production. The mortars produced with
treated mining residues demonstrated positive achievements, and comprised the require-
ments needed for rendering, plastering, joint repointing, bedding masonry, or screed
uses [20]. However, minimal research has been conducted to environmentally support
the reuse of secondary resources in the roll out of sustainable cementitious construction
products [21].

The life cycle assessment (LCA) has emerged as an important decision-making support
tool in the construction industry [22]. This analysis technique provides an overview
on the potential environmental impacts during a product/service life cycle. The LCA
methodology is defined in ISO 14040 [23] and ISO 14044+A1 [24], and should be structured
as follows: (1) goal definition and scope; (2) inventory appraisal; (3) impacts evaluation;
and (4) interpretation [21]. The LCA provides an estimation of cumulative impacts that
can also be used to quantify the embodied energy of products, considering environmental
categories defined in EN 15804+A2 [25]. The inventory is the core of the LCA and, for
this reason, reliable data from environmental product declarations (EPD), peer-reviewed
scientific research works, in-site quantifications, and international databases should be
preferentially used [26].

The built environment involves significant pressures on global resources. In this sense,
the need to develop LCA methods, that critically appraise data on products environmental
burdens to leverage new business opportunities, are a top priority. The present work aims
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at determining the environmental impacts that result from the incorporation of non-treated
and treated mining residues, in different proportions, for cement-based mortar production.
Those mortars were previously tested [20,27], presenting suitable properties for several
current applications. The environmental impacts estimated and determined, based on six
environmental categories, were analysed in terms of: (1) mitigation potential from mining
residues uses, comparing to traditional mortar production with cement, (2) contribution of
mining residues management scenarios (direct disposal, ED process and ED plus thermal
treatment) in mortar manufacture, and (3) contribution of all the mortar components and
respective management scenarios for the mortar lifecycle.

2. Materials and Methods
2.1. Materials

The mortars analysed in the present work were produced with mining residues from
the Panasqueira mine (located in Covilhã, Portugal) and a Portuguese cement CEM II/B-L
32.5 classified according EN 197-1 [28]. A river siliceous sand was applied as aggregate,
with similar proprieties to the CEN reference sand [29], and tap water was used to hydrate
the formulation.

Mortar samples were produced in triplicate replacing 10%, 25%, and 50% (wt %) of the
original cement content by mining residues under different conditions: raw, ED treated [27],
and ED plus thermal treated [20]. A reference (REF) mortar was also included to compare
the environmental impacts of the mortars with mining residues. The mortars analysed and
their compositions are summarized in Table 1.

Table 1. Composition of the cement-based mortars analysed (adapted from [20,27]).

Weight Proportion

Mortar
Code Binder Composition

Binder
(Cement + Mining

Residues)
Sand Water

REF 100% cement

1

4.6

0.8

M10 10% raw mining residues + 90% cement 4.7

M25 25% raw mining residues + 75% cement 4.8

M50 50% raw mining residues + 50% cement 5.0

ME10 10% ED mining residues + 90% cement 4.6

ME25 25% ED mining residues + 75% cement 4.7

ME50 50% ED mining residues + 50% cement 4.7

MET10 10% ED + TT mining residues
+ 90% cement 4.6

MET25 25% ED + TT mining residues
+ 75% cement 4.6

MET50 50% ED + TT mining residues
+ 50% cement 4.6

ED–Electrodialytic treatment; TT–Thermal treatment. Density of the constituents: Cement = 1000 kg/m3; Mining
residues: Raw = 1180 kg/m3, ED = 1003 kg/m3 and TT = 970 kg/m3; Sand =1540 kg/m3.

2.2. Scope Definition and LCA Boundaries

The LCA of mortars was performed based on ISO 14040 [23] and ISO 14044+A1 [24].
Herein, the environmental sustainability of mortars was quantified at the product stage.
Thus, the impacts of raw materials extraction and processing, and the mining residues
management scenarios were analysed as presented in Figure 1. The declared unit defined
for the present study was 1 t of mortars.
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Figure 1. Flowchart of the elements included in the LCA of mortars, and the environmental impact
categories analysed.

The environmental burdens were assessed through the analysis of six impact cate-
gories, based on EN 15804+A2 [25]: Abiotic depletion potential (ADP), global warming
potential (GWP), ozone depletion potential (ODP), photochemical ozone creation potential
(POCP), acidification potential (AP), and eutrophication potential (EP). The analysis was
performed based on the CML (Centrum voor Milieukunde Leiden) methodology, developed
by the Institute of Environmental Sciences from Leiden University, the Netherlands [30].

2.3. Data Collection

The data used to shape the LCA of the raw materials involved was collected from peer-
reviewed scientific research works [7,26,31–34]. To determine the impact of the mortars
with mining residues in the environmental categories studied, the composition of the
mortars produced in previous works was considered (Table 1). The environmental impacts
of 1 kg of cement, sand, water and mining residues, in the categories considered, are
presented in Table 2, as well as the respective sources.

Regarding the management scenarios considered for mining residues, before their
application in mortars, the data was equally collected from peer-reviewed scientific research
works [18,35]. The environmental impacts considered from the disposal of 1 kg of mining
residues, and also from the ED treatment of the same amount, are presented in Table 3.
The impacts from the thermal treatment of mining residues were considered the same as
the calcination of metakaolin, once both could be considered artificial pozzolans when
subjected to identical thermal procedures [36].
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Table 2. Environmental impacts of 1 kg of cement, sand, water, and mining residues.

Mortar
Constituent

Environmental Impact Category

ReferenceADP GWP ODP POCP AP EP

kg Sb eq. kg CO2 eq. kg CFC-11 eq. kg ethene eq. kg SO2 eq. kg PO43− eq.

Cement (CEM
II/B-L 32.5) 1.10 × 10−6 7.38 × 10−1 1.10 × 10−10 1.17 × 10−4 1.21 × 10−3 1.74 × 10−4 [26]

Sand 7.31 × 10−11 2.46 × 10−3 3.83 × 10−10 1.08 × 10−6 1.90 × 10−5 2.03 × 10−6 [26]

Water 1.57 × 10−11 1.33 × 10−4 5.93 × 10−12 3.87 × 10−8 9.70 × 10−7 4.99 × 10−8 [31]

Mining
residues a 1.02 × 10−5 4.75 × 10−3 7.54 × 10−10 4.24 × 10−5 2.26 × 10−5 1.06 × 10−4 [7,32–34]

ADP—Abiotic Depletion Potential; GWP—Global Warming Potential; ODP—Ozone depletion Potential; POCP—Photochemical Ozone
Creation Potential; AP—Acidification Potential; and EP—Eutrophication Potential. a Mining residues impacts were determined based on
the production of 1 kg of concentrate at the mine. The impacts reported for ADP [32], and for the remaining impact categories analysed [33]
were estimated per kg of mining residues produced, assuming that 1 kg of concentrate generates 442 kg of mining residues (ore grade = 0.3%
WO3 [7] and concentrate grade = 75% WO3 [34]).

Table 3. Environmental impacts of the direct disposal, the electrodialytic treatment, and the thermal treatment of 1 kg of
mining residues.

Mining
Residues

Management

Environmental Impact Category

ReferenceADP GWP ODP POCP AP EP

kg Sb eq. kg CO2 eq. kg CFC-11 eq. kg ethene eq. kg SO2 eq. kg PO4
3− eq.

Direct disposal 3.35 × 10−9 a 6.90 × 10−1 9.80 × 10−8 1.60 × 10−2 1.20 × 10−2 1.10 × 10−4 [35]

Electrodialytic
treatment 2.92 × 10−10 a 7.00 × 10−2 4.10 × 10−9 1.50 × 10−4 2.80 × 10−4 1.40 × 10−5 [35]

Thermal
treatment b 3.39 × 10−3 4.21 × 10−1 3.98 × 10−8 5.20 × 10−5 1.03 × 10−3 6.47 × 10−5 [18]

ADP—Abiotic Depletion Potential; GWP—Global Warming Potential; ODP—Ozone depletion Potential; POCP—Photochemical Ozone
Creation Potential; AP—Acidification Potential; and EP—Eutrophication Potential. a ADP data was converted from kg Fe eq. [35] to kg Sb
eq. based on reference [37] data. A conversion factor of 1.17 × 107 was applied. b The impacts reported from the thermal treatment of
metakaolin were assumed as the same of mining residues due to the process similarities (e.g., considering thermal treatment up to 750 ◦C).

3. Results and Discussion
3.1. Impacts of Raw Materials in Mortar Manufacture

During mortar production, there are several high energy consuming phases in regard
to raw materials acquisition. In this context, the environmental impacts of using conven-
tional materials, as cement, or raw mining residues in mortar manufacture was determined
for 1 t of mortars. The environmental pressures based on the typology of the binder used
(cement and residue) as function of their content, in each category, are presented in Table 4.

Table 4. Environmental impacts from the production of 1 t of mortars with cement and raw mining residues as binder
constituents.

Mortar
Weight of
Cement

Replaced (%)

Environmental Impact Category

ADP GWP ODP POCP AP EP

kg Sb eq. kg CO2 eq. kg CFC-11 eq. kg ethene eq. kg SO2 eq. kg PO43− eq.

REF 0 1.58 × 10−4 1.08 × 102 2.72 × 10−7 1.76 × 10−2 1.87 × 10−1 2.64 × 10−2

M10 10 2.67 × 10−4 9.73 × 101 2.79 × 10−7 1.64 × 10−2 1.70 × 10−1 2.52 × 10−2

M25 25 4.30 × 10−4 8.15 × 101 2.91 × 10−7 1.46 × 10−2 1.44 × 10−1 2.34 × 10−2

M50 50 7.03 × 10−4 5.51 × 101 3.10 × 10−7 1.17 × 10−2 1.01 × 10−1 2.03 × 10−2

ADP—Abiotic Depletion Potential; GWP—Global Warming Potential; ODP—Ozone depletion Potential; POCP—Photochemical Ozone
Creation Potential; AP—Acidification Potential; and EP—Eutrophication Potential.
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The major impacts that come from raw materials exploration and uses are reported
in the GWP category. The GWP is based on the quantity of greenhouse gases released to
the atmosphere, namely CO2 (that is dominant), methane (CH4) and nitrous oxide (N2O).
Thus, GWP means the total climate change impact of all the greenhouse gases caused by
an item as function of the amount of CO2 that would have the same impact over a 100-year
period [38].

From the production of 1 t of mortars, 1.08 × 102 kg CO2 eq. are released by the REF,
followed by M10, M25, and M50. The highest the mining residues incorporation as binder,
the lowest the GWP. When 50% of cement was replaced by secondary mining resources
(M50), a decrease of 49% in GWP was achieved (55.1 kg CO2 eq.)

Zajac et al. [39] reported the same trend, where CO2 emissions depend on the cement
composition, and also on the level of fineness of the components. Since the emissions
associated to the cement clinker are significantly higher than for other materials, the
modification of the binder composition results in a significant reduction of the GWP [39].

The EP, POCP, and AP were lower than the REF, in sequence, when mining residues
were used to replace cement at 50% (less 23%, 34%, and 46%, respectively).

The EP gives an overview on nutritional elements presence in aquatic systems, namely
nitrogen and phosphorus. The excessive concentration of these compounds decreases the
oxygen available in water bodies and, consequently, water quality. This results in increased
primary productivity and phytoplankton proliferation, where some species may present
toxic risks [40].

Mines are often reported as a source of nutrients, namely regarding nitrogen that is
used in the concentrate process for pH regulating, acid washing, or lixiviant agent [41]. In
this way, significant decrease in EP is not expected, as it is foreseen in other environmental
categories. The M50 mortar presented the lowest EP (2.03 × 10−2 kg PO4

3− eq.). On the
other hand, the various gases occurring by the hydration process of cement may release
NH4

+ (ammonium) to the environment [42], contributing to the impacts observed in the EP
for the REF (2.64 × 10−2 kg PO4

3− eq.). Although EP is quantified in phosphates (PO4
3−)

equivalents, it is also possible to convert them in ammonia (NH3) equivalents, considering
that 1 kg of NH3 has the same EP of 0.35 kg PO4

3− [43].
The POCP is a secondary air pollution, also known as smog. This effect is mainly

caused by the reactions between sunlight and emissions from fossil fuel combustion,
promoting the formation of other chemicals in the troposphere, as ozone and peroxides.
This leads to an increase of the ground-level ozone concentration [44]. The POCP is mainly
related to the technology involved in raw materials production. In particular, grinding
contributes to approximately 50% of the energy consumed from cement production [39].
This may contribute to the higher emissions from REF (1.76 × 10−2 kg ethene eq.) that
affect POCP, in comparison to M10, M25, and M50 mortars (an average of 1.42 × 10−2 kg
ethene eq.)

The AP is also affected by the combustion of fossil fuels, from industrial equipment,
such as nitrous and sulfide oxides. In the presence of water and oxygen, these substances
may leach and present risks for the surrounding ecosystems [45]. The presence of sulfide
minerals in mining residues composition [5] may contribute to the AP detected at higher
incorporation ratios of mining residues in mortars (M50 = 1.01 × 10−1 kg SO2 eq.). However,
the AP of using mining residues still have lower proportions than REF (1.87 × 10−1 kg SO2
eq.). The emissions from the combustion processes of the kilns in a cement industry may
release HCl and HF [46], with repercussions in the AP.

Contrarily, mining residues demonstrated to have higher ODP (up to 2.5%) and, more
significant, ADP (above 41%), in comparison to cement. The ODP is related to the ozone
density decrease through the thinning of the stratospheric ozone layer, as a consequence
of anthropogenic pollutants (e.g., halocarbons) [47]. Once more, the source of pollution
associated to ODP is predominantly associated to the equipment involved in mining
activities and cement production, being the differences between the two types of binders
marginal (an average of approximately 3.0 × 10−7 kg CFC-11 eq. for all the mortars).
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The natural resources needed for raw materials production can be considered renew-
able (e.g., groundwater and wood) and nonrenewable (e.g., minerals and fossil fuels). The
ADP refers to the exhaustion of nonrenewable resources and the resultant environmental
impacts, being mainly affected by the rate of resources extraction [47]. In fact, the explo-
ration of mine ores involves extremely high quantities of mining residues generation, due
the low ore grades in comparison to the past [48]. Comparing to REF (1.58 × 10−4 kg Sb
eq.), there are more wastage when the initial source is being explored, which explains the
higher impacts observed in ADP for M10, M25, and M50 mortars (between 2.67 × 10−4

and 7.03 × 10−4 kg Sb eq.).

3.2. Impacts of Mining Residues Management Scenarios in Mortar Production

Bearing in mind the potential of mining residues as a secondary source of raw materi-
als with high economic potential and in risk of scarcity [49], the ED process was applied
to mining residues as a way to contribute for circular economy targets [50]. Furthermore,
the thermal treatment prospective for enhancing mining residues pozzolanic reactivity
and improve durability properties, could enlarge the applicability of this material in con-
struction products [19]. In this sense, mortars were produced with mining residues treated
with the ED technology [27] and with ED plus thermal treatment [20]. To complement the
technical analysis of the properties of the mortars produced with treated mining residues,
the environmental impacts were determined and compared to the REF (Table 5). Three
management scenarios were considered for the mining residues: direct disposal; ED treat-
ment; ED plus thermal treatment. Once REF did not include mining residues, it is assumed
that the amount of cement used is the same quantity of mining residues that are directly
disposed at the mining site.

Table 5. Environmental impacts from the production of 1 t of mortars with cement and treated mining residues as binder
constituents.

Mortar
Weight of
Cement

Replaced (%)

Management
of Mining
Residues

Environmental Impact Category

ADP GWP ODP POCP AP EP

kg Sb eq. kg CO2 eq. kg CFC-11 eq. kg ethene eq. kg SO2 eq. kg PO43− eq.

REF 0 Disposal 1.59 × 10−4 2.07 × 102 1.44 × 10−5 2.32 1.91 4.22 × 10−2

ME10 10 ED 1.43 × 10−4 9.83 × 101 3.28 × 10−7 1.80 × 10−2 1.73 × 10−1 2.41 × 10−2

ME25 25 ED 1.19 × 10−4 8.38 × 101 4.11 × 10−7 1.86 × 10−2 1.53 × 10−1 2.06 × 10−2

ME50 50 ED 7.92 × 10−5 5.97 × 101 5.51 × 10−7 1.96 × 10−2 1.19 × 10−1 1.49 × 10−2

MET10 10 ED + TT 4.99 × 10−2 1.05 × 102 9.14 × 10−7 1.89 × 10−2 1.89 × 10−1 2.51 × 10−2

MET25 25 ED + TT 1.26 × 10−1 9.95 × 101 1.89 × 10−6 2.08 × 10−2 1.92 × 10−1 2.31 × 10−2

MET50 50 ED + TT 2.51 × 10−1 9.11 × 101 3.51 × 10−6 2.41 × 10−2 1.97 × 10−1 1.97 × 10−2

ED—Electrodialytic treatment; TT—Thermal treatment; ADP—Abiotic Depletion Potential; GWP—Global Warming Potential; ODP—Ozone
depletion Potential; POCP—Photochemical Ozone Creation Potential; AP—Acidification Potential; and EP—Eutrophication Potential.

Based on Table 5 data, the REF presented the higher impacts per t of mortars in GWP
(2.07 × 102 kg CO2 eq.), ODP (1.44 × 10−5 kg CFC-11 eq.), POCP (2.32 kg ethene eq.), and
AP (1.91 kg SO2 eq.). Furthermore, the management scenario selected for mining residues
in the REF case (direct disposal), demonstrated higher GWP, ODP, POCP, and AP than
the other options (Table 3). This augmented the overall environmental pressures from
REF production.

The application of the ED technology showed positive achievements, once the lowest im-
pacts were observed in all the categories analysed. In particular, ADP (7.92 × 10−5 kg Sb eq.),
GWP (59.7 kg CO2 eq.), AP (1.19 × 10−1 kg SO2 eq.), and EP (1.49 × 10−2 kg PO4

3− eq.)
were strongly alleviated when 50% of ED mining residues were incorporated in mortars.
The reuse of a rejected fraction that is commonly disposed as waste and the removal of
harmful compounds, that have severe risks for the environmental, coupled with a sec-
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ondary recovery of raw materials, are the main benefits of using the ED technology. In
addition, the land occupied by mining residues discharges is also reduced. These aspects
overlap the energy consumed during the ED process.

The ODP and POCP were also lower than REF, albeit the impacts increased with ED
mining residues incorporation increase in mortars. An impact intensification of 40% and
8% was observed for ODP and POCP, respectively, from ME10 (ODP = 3.28 × 10−7 kg
CFC-11 eq. and POCP =1.80 × 10−2 kg ethene eq.) to ME50 (ODP = 5.51 × 10−7 kg CFC-11
eq. and POCP = 1.96 × 10−2 kg ethene eq.). During the ED treatment, the gases that could
be formed due to the electrode reactions are commonly released to the atmosphere. The
gases generated during the ED process depend on the matrix composition. For instance,
chlorine gas could be generated at the anode in systems with high chloride contents [51].
This may have contributed to the impacts increase verified with more replacing content of
cement by ED mining residues.

When mining residues were submitted to ED plus thermal treatment, an increase
in the impacts was observed in comparison to ED mining residues. In fact, the energy
consumed to heat the sample is the major contributor to the impact’s intensification, as
well as other VOC (volatile organic compounds) emitted from the calcination process [36].
For this reason, the impacts of MET10, MET25, and MET50 in ADP (from 4.99 × 10−2 to
1.26 × 10−1 kg Sb eq.) and GWP (from 91.1 to 105 kg CO2 eq.) were higher than ME10,
ME25, and ME50. The need of more fossil fuels and, consequently, the higher CO2 released
during the calcination affected both categories. Figure 2 presents the mitigation of the envi-
ronmental burdens achieved when mortars were produced with treated mining residues,
in relation to the REF baseline.

Figure 2. Environmental impacts mitigation of mortars produced with treated mining residues,
compared to the reference mortar baseline. ADP—Abiotic Depletion Potential; GWP—Global Warm-
ing Potential; ODP—Ozone depletion Potential; POCP—Photochemical Ozone Creation Potential;
AP—Acidification Potential; and EP—Eutrophication Potential.

Almost all the environmental pressures of mortars with treated mining residues
reduced, namely in POCP (−99%), ODP (−76 to −98%), and AP (−90 to −94%). This
occurred due to the lower cement amount, that requires less energy and related emissions
from cement production. Also, the disposal impacts of mining residues that are avoided, in
comparison to the REF, promoted the decrease of environmental deterioration. High CH4
emissions are associated to waste disposal, that are 28 times more potent than CO2 [38].

Nevertheless, the ADP of MET10, MET25, and MET50 (from 4.99× 10−2 to 1.26 × 10−1 kg
Sb eq.) were higher than REF (1.59 × 10−4 kg Sb eq.). Apart from the cement production
and mining residues generation burdens, the fossil fuels needed for the thermal treatment
augmented the exploration of more resources, highly impacting this category.
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3.3. Impacts of Constituents and Management Scenarios in Mortars’ Lifecycle

Mortars are commonly composed by mineral binders, aggregates, and water [52].
In this study, only the binder was modified during mortar production, comparing with
conventional manufacture. However, the impacts of mortars should gather all the involved
elements in its assembly. In this sense, Figure 3 summed up the weight that mortars’
components and their respective management scenarios, may have in the environmental
categories analysed (based on data from Tables A1–A6, in Appendix A).

Figure 3. Contribution of mortars’ constituents for the environmental impacts in the categories anal-
ysed: (A) Abiotic Depletion Potential; (B) Global Warming Potential; (C) Ozone depletion Potential;
(D) Photochemical Ozone Creation Potential; (E) Acidification Potential; and (F) Eutrophication
Potential.

The water used in mortar manufacture has no significant expression in the environ-
mental categories analysed, when compared with the other components. However, it is
important to notice that water is the most consumed substance on the planet. The rapid
economic and population growth have increased water demand and limited water supplies,
and better management measures to alleviate water scarcity are desired [53].

The aggregate fraction (sand) demonstrated higher weight in ODP, particularly in
ME10 (78%), ME25 (62%), and ME50 (46%). From the production of 1 t of mortars, a total of
2.55 × 10−7 kg CFC-11 eq. are released from sand exploration. (Table A3, in Appendix A).
The extraction of alluvial material from river beds and sections present degradation risks,
increasing the need to develop new strategies for the extraction quarries [54]. Raw silica
sand could also be excavated from deposits in open-pit mines. However, sand shortage is
also an important issue, constituting one of the greatest sustainability challenges of this
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century [55]. The exploitation of silica sand for industrial application implies the removal
of gangue minerals from excavated topsoil, commonly carried out in a processing plant [56].
The equipment involved on sand exploitation justify the higher ODP, when compared to
the other constituents processing methods.

The typology of the binder applied in mortars manufacture demonstrated different
behaviors in mortars’ overall impacts. The ED mining residues showed higher percentual
representativity in POCP (53%) and ODP (52%), for ME50. Coupling the thermal treatment
to mining residues contributed to 64–84% of the ODP in MET10, MET25, and MET50,
and for almost 100% of the ADP. The disposal of mining residues, as a result of the reuse
absence in REF, contributed to the majority of the ODP (98%), POCP (99%), and AP (90%).

Concerning the conventional option, cement has a significant expression in ADP
(almost 100% for REF, ME10, ME25, and ME50), GWP (from REF = 51% to ME10 = 97%), AP
(from MET50 = 44% to ME10 = 90%), and EP (from REF = 59% to ME10 = 94%). Even when
cement was replaced at 50% ratios, the impacts of mortars with treated mining residues
incorporation were mainly due to the cement presence. Only the mining residues subjected
to ED plus thermal treatment exceeded the cement impacts in the ADP.

4. Conclusions

The decarbonisation of the power sector and the implementation of materials’ strate-
gies will be important drivers towards a net zero carbon emissions in the construction
industry. In particular, the incorporation of innovative circular materials and products, that
can be recovered in closed-loop systems, could contribute to decrease the environmental
burdens from cement uses in mortars. Although technological and commercial viable
solutions exist, stronger policies and collaborations to accelerate scale up are crucial.

Aiming to provide a decision-making tool for future developments, while keeping up
with the technological progress, this work presents a LCA methodology to quantify the
sustainability of mortars produced with secondary mining resources partially replacing
cement. Considering six environmental categories, 1 t of 10 different mortars were anal-
ysed: a reference mortar (100% of CEM II/B-L 32.5 as binder) and mortars with cement
substitutions in 10%, 25%, and 50% by raw, electrodialytic treated and electrodialytic plus
thermal treated mining residues.

• Generally, mortars produced with mining residues presented an eco-friendlier be-
havior than the reference mortar. The use of mining residues as binder can avoid
almost 50% of the GWP, meaning the release of 55.1 kg CO2 eq./t modified mortar.
The lower the cement content, the lower the energy involved in mortar production,
namely due to the clinker formation that requires temperatures above 1000 ◦C and
energy consuming milling.

• The adoption of mining residues management scenarios, before their reuse in mortars’
manufacture, was assessed considering direct disposal, ED treatment and ED treat-
ment coupled with a thermal procedure. Herein, the impacts of mortars were strongly
alleviated in POCP (−99%), ODP (−76 to −98%) and AP (−90 to −94%), comparing
to the reference. The avoided mining residues discharges were key factor for these
decreases, together with lower cement incorporation.

• The overall mortar lifecycle was performed considering all the mortar components
and respective management scenarios. The aggregate fraction demonstrated higher
impact weight in ODP (between 46 and 78%), while the typology of the binder applied
showed different environmental performances. ED mining residues showed higher
representativity in POCP (53%) and ODP (52%), whereas ED plus thermal treated
mining residues contributed to 64–84% of the POCP, and to almost 100% of the ADP.

• Cement has a significant expression in ADP (almost 100%) and GWP (51–97%). The
impacts of mortars with treated mining residues are mainly caused by cement contents,
even at higher replacement ratios. Nevertheless, fossil fuels needed for the thermal
treatment of mining residues increased the resources required, promoting a higher
ADP than cement.
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Furthermore, other stages not considered in the present work may influence the
embodied energy of mortars, namely construction, use and end-of-life phases. The energy
spend on grinding activities can differ from material to material, and according to industrial
methods. Scaling up approaches and the increase of renewable energy in the grid will be
important steps to decrease the impacts of fossil fuels consumption during the involved
processes. The cost analysis of the mortars produced by partial replacement of cement
with treated mining residues could also complement the life-cycle assessment. This step
is relevant to evaluate the economic feasibility of the mortars in the current market and
correlate data with the environmental benefits observed.
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Appendix A. (Supplementary Data)

Table A1. Environmental impacts in the Abiotic Depletion Potential category, from the production of 1 t of mortars with
cement and treated mining residues as binder constituents.

Mortar
ADP (kg Sb eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 1.58 × 10−4 4.82 × 10−7 n.a. n.a.

4.87 × 10−8 1.74 × 10−9

1.59 × 10−4

ME10 1.43 × 10−4 n.a. 4.08 × 10−9 n.a. 1.43 × 10−4

ME25 1.19 × 10−4 n.a. 1.02 × 10−8 n.a. 1.19 × 10−4

ME50 7.92 × 10−5 n.a. 2.04 × 10−8 n.a. 7.92 × 10−5

MET10 1.43 × 10−4 n.a. 4.28 × 10−9 4.97 × 10−2 4.99 × 10−2

MET25 1.19 × 10−4 n.a. 1.08 × 10−8 1.25 × 10−1 1.26 × 10−1

MET50 7.92 × 10−5 n.a. 2.16 × 10−8 2.51 × 10−1 2.51 × 10−1

ED—Electrodialytic Treatment; TT—Thermal Treatment; ADP—Abiotic Depletion Potential; and n.a.—not applicable.

Table A2. Environmental impacts in the Global Warming Potential category, from the production of 1 t of mortars with
cement and treated mining residues as binder constituents.

Mortar
GWP (kg CO2 eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 1.06 × 102 9.93 × 101 n.a. n.a.

1.64 1.48 × 10−2

2.07 × 102

ME10 9.56 × 101 n.a. 9.80 × 10−1 n.a. 9.83 × 101

ME25 7.97 × 101 n.a. 2.45 n.a. 8.38 × 101

ME50 5.31 × 101 n.a. 4.90 n.a. 5.97 × 101

MET10 9.57 × 101 n.a. 1.03 6.17 1.05 × 102

MET25 7.97 × 101 n.a. 2.59 1.56 × 101 9.95 × 101

MET50 5.31 × 101 n.a. 5.18 3.12 × 101 9.11 × 101

ED—Electrodialytic Treatment; TT—Thermal Treatment; GWP—Global Warming Potential; and n.a.—not applicable.
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Table A3. Environmental impacts in the Ozone Depletion Potential category, from the production of 1 t of mortars with
cement and treated mining residues as binder constituents.

Mortar
ODP (kg CFC-11 eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 1.58 × 10−8 1.41 × 10−5 n.a. n.a.

2.55 × 10−7 6.59 × 10−10

1.44 × 10−5

ME10 1.43 × 10−8 n.a. 5.74 × 10−8 n.a. 3.28 × 10−7

ME25 1.19 × 10−8 n.a. 1.44 × 10−7 n.a. 4.11 × 10−7

ME50 7.92 × 10−9 n.a. 2.87 × 10−7 n.a. 5.51 × 10−7

MET10 1.43 × 10−8 n.a. 6.01 × 10−8 5.84 × 10−7 9.14 × 10−7

MET25 1.19 × 10−8 n.a. 1.52 × 10−7 1.47 × 10−6 1.89 × 10−6

MET50 7.92 × 10−9 n.a. 3.03 × 10−7 2.95 × 10−6 3.51 × 10−6

ED—Electrodialytic Treatment; TT—Thermal Treatment; ODP—Ozone depletion Potential; and n.a.—not applicable.

Table A4. Environmental impacts in the Photochemical Ozone Creation Potential category, from the production of 1 t of
mortars with cement and treated mining residues as binder constituents.

Mortar
POCP (kg Ethene eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 1.68 × 10−2 2.30 n.a. n.a.

7.20 × 10−4 4.30 × 10−6

2.32
ME10 1.52 × 10−2 n.a. 2.10 × 10−3 n.a. 1.80 × 10−2

ME25 1.26 × 10−2 n.a. 5.25 × 10−3 n.a. 1.86 × 10−2

ME50 8.42 × 10−3 n.a. 1.05 × 10−2 n.a. 1.96 × 10−2

MET10 1.52 × 10−2 n.a. 2.20 × 10−3 7.63 × 10−4 1.89 × 10−2

MET25 1.26 × 10−2 n.a. 5.55 × 10−3 1.92 × 10−3 2.08 × 10−2

MET50 8.42 × 10−3 n.a. 1.11 × 10−2 3.85 × 10−3 2.41 × 10−2

ED—Electrodialytic Treatment; TT—Thermal Treatment; POCP—Photochemical Ozone Creation Potential; and n.a—not applicable.

Table A5. Environmental impacts in the Acidification Potential category, from the production of 1 t of mortars with cement
and treated mining residues as binder constituents.

Mortar
AP (kg SO2 eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 1.74 × 10−1 1.73 n.a. n.a.

1.27 × 10−2 1.08 × 10−4

1.91
ME10 1.57 × 10−1 n.a. 3.92 × 10−3 n.a. 1.73 × 10−1

ME25 1.31 × 10−1 n.a. 9.80 × 10−3 n.a. 1.53 × 10−1

ME50 8.71 × 10−2 n.a. 1.96 × 10−2 n.a. 1.19 × 10−1

MET10 1.57 × 10−1 n.a. 4.11 × 10−3 1.51 × 10−2 1.89 × 10−1

MET25 1.31 × 10−1 n.a. 1.04 × 10−2 3.81 × 10−2 1.92 × 10−1

MET50 8.71 × 10−2 n.a. 2.07 × 10−2 7.62 × 10−2 1.97 × 10−1

ED—Electrodialytic Treatment; TT—Thermal Treatment; AP—Acidification Potential; and n.a.—not applicable.

Table A6. Environmental impacts in the Eutrophication Potential category, from the production of 1 t of mortars with
cement and treated mining residues as binder constituents.

Mortar
EP (kg PO43− eq.)

Cement Disposal of
Mining Residues

ED Mining
Residues

TT Mining
Residues Sand Water Total

REF 2.50 × 10−2 1.58 × 10−2 n.a. n.a.

1.35 × 10−3 5.54 × 10−6

4.22 × 10−2

ME10 2.25 × 10−2 n.a. 1.96 × 10−4 n.a. 2.41 × 10−2

ME25 1.88 × 10−2 n.a. 4.90 × 10−4 n.a. 2.06 × 10−2

ME50 1.25 × 10−2 n.a. 9.80 × 10−4 n.a. 1.49 × 10−2

MET10 2.26 × 10−2 n.a. 2.05 × 10−4 9.49 × 10−4 2.51 × 10−2

MET25 1.88 × 10−2 n.a. 5.18 × 10−4 2.39 × 10−3 2.31 × 10−2

MET50 1.25 × 10−2 n.a. 1.04 × 10−3 4.79 × 10−3 1.97 × 10−2

ED—Electrodialytic treatment; TT—Thermal treatment; EP—Eutrophication Potential; and n.a.—not applicable.
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