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ABSTRACT 

Contaminated neutral mine water from low-grade gold deposits often contain 
contaminants such as As and Mn. Even at low concentrations, these contaminants can 
entail adverse effects on human health and the environment. Several treatment methods 
such as chemical co-precipitation, oxidative precipitation and neutralization have been 
investigated for the removal of As and Mn from contaminated mine water. 
Nevertheless, these approaches suffer from major limitations related to the amount of 
reactants needed, different pH and Fe/contaminants ratios required, among other 
factors. Such limitations are especially challenging when the treatment targets the 
simultaneous removal of As and Mn. These challenges highlight the need to explore 
novel As-Mn treatment methods, while electrocoagulation (ECG) and treatment by 
ferrates (Fe(VI)) represent promising options. Although ECG and Fe(VI) have been 
proven to efficiently remove As and Mn from synthetic and real effluents, key gaps 
related to : (1) the applicability of ECG and Fe(VI) for simultaneous removal of As and 
Mn; (2) the identification of the most performant treatment conditions; (3) the effect of 
operating parameters on the energy, electrode consumption and thus operating costs of 
ECG; (4) the toxicity after treatment of  As-Mn contaminated mine water using ECG 
and Fe(VI) is not documented; and (5) the evaluation of generated sludge stability is 
poorly documented.  Fitting in this context, this study aimed at: (1) evaluating ECG or 
Fe(VI) performances (i.e. removal efficiency, residual salinity, toxicity, sludge stability 
and operating cost) for the simultaneous removal of As and Mn, (2) investigating the 
effect of operating conditions on treatment performance; (3) assessing toxicity to D. 
magna before and after the treatment and (4) characterizing the produced sludge to 
evaluate their stability.  

To achieve the objectives, the methodological approach first consisted of evaluating 
the performances of ECG or Fe(VI) treatment for removal of As and Mn from synthetic 
effluents (SAs, SMn, SAs+Mn), and surrogate mine water (Elow and Ehigh). For ECG 
treatment, two sets of experiments were performed to evaluate the effect of selected 
operating parameters: i) current density (CD; 0.25-10 mA/cm2) at 1.5 mS/cm, ii) 
electrical conductivity (EC; 0.25-2.5 mS/cm) at 0.5 mA/cm2 for As and 2 mA/cm2 for 
Mn, on removal of As and Mn from SAs and SMn. Afterward, another set of experiments 
was carried out for SAs+Mn treatment at different CD (0.5 and 2.0 mA/cm2) and, EC 
(0.25 and 2.5 mS/cm). The effect of retention time was also evaluated for SAs+Mn. Later, 
the most performant conditions (CD: 2 mA/cm2, EC: 2.5 mS/cm, time: 1 h, D: 10 mm) 
were used for the treatment of Elow and Ehigh. Finally, the toxicity evaluation to D. 
magna of Elow and Ehigh before and after treatment was assessed. To evaluate the 
performance of Fe(VI) on the removal of As and Mn from SAs and SMn, the effect of 
Fe(VI) type (wet vs. solid), Fe(VI) dose (14-56 mg/L for As, 2-7 mg/L for Mn), pHa 
(5.5 and 6 for As, 5.5 and 6.5 for Mn) and reaction time (0-20 min) was assessed. Then, 
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another set of experiments was realized for the treatment of SAs+Mn under the following 
conditions: Fe(VI)s dose (5-28 mg/L) alone, and Fe(VI)s dose (10, 12.5, 15 mg/L) with 
the addition of Fe(III) at different doses (6, 8, 10 mg/L). Then, the most performant 
conditions ([Fe(VI)]: 12.5 mg/L, [Fe(III)]: 8 mg/L, pHa: 5.5 and 5 min reaction time) 
were applied for the treatment of Elow and Ehigh. The final step was to evaluate the 
toxicity of Elow and Ehigh before and after Fe(VI)+Fe(III) treatment to D.magna. The 
second step of this work was to assess the stability of As- and Mn-rich sludge produced 
from the ECG or Fe(VI) treatment of Ehigh. To do so, geochemical modelling by 
PHREEQC was conducted. The physcio-chemical, mineralogical and environmental 
composition of the sludge was determined. The third part of this project was to do a 
preliminary techno-economic analysis for ECG and Fe(VI) treatment, mainly 
depending on energy consumption, electrode cost (for ECG only) and reagents cost. 
Finally, a comparison between the two treatment performances was done to select the 
most performant treatment between ECG and Fe(VI) to simultaneously remove As and 
Mn from neutral mine water. 

The results of ECG treatment tests suggest this method as a promising option for the 
removal of As and Mn. An enhancement of As removal from SAs (94%-99%) was noted 
as CD increased from 0.25 to 1.50 mA/cm2, with no change at CD >2 mA/cm2. The 
Mn removal from SMn was positively correlated (19-98%) with the increase in CD from 
0.25 to 10 mA/cm2. A significant increase in energy (from 0.007 to 4.36 kWh/m3) and 
electrode consumption (from 0.017 to 0.700 kg/m3) was observed with the 
improvement in As and Mn removal as CD increased. The most performant CD values 
identified were 0.5 mA/cm2 for As, and 2 mA/cm2 for Mn. The ionic strength 
(0.25-2.50 mS/cm) did not influence removal efficiency but influenced energy 
consumption. Maintaining the most performant CD value for As (0.5 mA/cm2) and for 
Mn (2 mA/cm2) resulted in a three times decrease in required energy (0.101 to 
0.032 kWh/m3) for SAs, and six-fold decrease for SMn (0.914 to 0.179 kWh/m3) as the 
EC changed from 0.25 to 2.50 mS/cm. The ECG simultaneously and efficiently 
removed As (94–96%) and Mn (59–64%) from SAs+Mn, with the same efficiency as for 
As and Mn at the same CD (0.5 mA/cm2 for As from SAs, 2 mA/cm2 for Mn from SMn). 
These findings indicate the absence of antagonistic or synergistic effect between As 
and Mn during removal. Nevertheless, the efficient removal of As and Mn from SAs+Mn 
required the application of a higher CD (2 mA/cm2) and the volume of the produced 
wet sludge increased by a factor of 3.3 (16 mL at 0.5 mA/cm2 vs. 53 mL at 
2.0 mA/cm2). The results further revealed that As was removed faster (20 min) than 
Mn (60 min) at 2 mA/cm2. The removal of As was greater for Ehigh than SAs+Mn (99% 
for Ehigh vs. 96% for SAs+Mn). This is attributed to the presence of Ca2+ entailing the 
production of larger Fe-hydroxide flocs in Ehigh, resulting in better adsorption of As on 
the flocs. An increased oxidation of As(III) in the presence of Cl- is also likely to occur. 
Conversely, the removal of Mn was slightly less efficient for Ehigh (57% for Ehigh vs. 
61% for SAs+Mn) due to potential electrode passivation by SO4

2-. The toxicity evaluation 
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for Elow and Ehigh also suggested that the ECG did not add toxicity or produce toxic by-
products.   

The Fe(VI) showed promising results for the removal of As and Mn from SAs, SMn, 
SAs+Mn, Elow and Ehigh in a one-step treatment, within one minute. Despite the similar 
removal efficiencies obtained for SAs and SMn using wet (Fe(VI)w) and solid (Fe(VI)s) 
Fe(VI), the latter was selected for the remaining tests, due to the lower residual salinity 
when using Fe(VI)s. At a dose of 22 mg Fe(VI)s/L, at pHa of 5.5, a nearly complete As 
removal was achieved (98% removal and [As]final: 0.05 mg/L). A dose of 5 mg 
Fe(VI)s/L, at pHa of 5.5, was required to efficiently remove Mn (99% removal and 
[Mn]final: 0.15 mg/L) from SMn. The Fe(VI)s was also able to efficiently remove As 
(99%), and Mn (98%) from SAs+Mn. Nevertheless, a high dose of Fe(VI)s (28 mg/L) was 
required for the simultaneous removal of As and Mn, which may reflect a competition 
between the two contaminants. Further experiments using a Fe(III) salt as a supporting 
coagulant showed improved results. The addition of 8 mg Fe(III)/L allowed for 
decreasing Fe(VI)s to 12.5 mg/L, while efficiently removing As (99%) and Mn (97%) 
and decreasing the residual salinity and operating costs. An improvement for Mn 
removal from Ehigh was observed (99% vs. 97% from SAs+Mn), whereas similar removal 
was observed for As (99%). Finally, the Fe(VI) + Fe(III) treatment of Ehigh, initially 
acutely toxic, highlighted the possibility of eliminating the toxicity to D.magna using 
the Fe(VI) treatment.  

Geochemical calculations performed using PHREEQC suggest that Fe 
oxides/hydroxides such as ferrihydrite and lepidocrocite are likely to precipitate during 
ECG and Fe(VI) treatments. These two mineral phases were as well identified by the 
powder X-ray diffraction (PXRD). The composition of the sludge indicated high water 
content for both ECG (78%) and Fe(VI) (80%) sludges. The ECG sludge contained 
higher Fe concentrations (520,000 mg/kg) than the Fe(VI) sludge (340,000 mg/kg). 
This difference in Fe content is introduced by the higher amount of Fe (133 mg/L) 
produced from Fe-sacrificial electrode dissolution. The 3.2- and 6.9-times higher 
concentrations of As and Mn measured in the Fe(VI) sludge in comparison to the ECG 
sludge could be an evidence for the better removal efficiency by Fe(VI) for Mn and 
As. The maps (backsctattered/X-ray superimposed images) obtained from the SEM-
EDS suggest the formation of relatively homogeneous precipitate during the ECG 
treatment and heterogeneous precipitate with the Fe(VI) treatment. The elemental 
analyses by EDS suggest that O and Fe are the main chemical species in the ECG and 
Fe(VI) sludges, consistent with geochemical calculations and PXRD analyses. The As 
fractionation, using a sequential extraction procedure, in the Fe(VI) sludge suggest that 
97% of As is bound to the poorly crystalline Fe-(oxy-)hydroxides, while a 71% fraction 
was evaluated for the ECG sludge. These results suggest that the adsorption of As onto 
the Fe-(oxy)hydroxides surfaces is one of the As immobilization processes during ECG 
and Fe(VI). The field leaching test (FLT) results have shown that the As and Mn were 
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efficiently immobilized in the sludge at near-neutral pH. Very low amounts (< 0.1% of 
total amount) of As, Mn and Fe were leached from both sludges.  

Overall, the results of this study provide new insights into the potential application of 
ECG and Fe(VI) for treating As- and Mn-contaminated mine water. In addition, the 
chemical, mineralogical and environmental characterization of the post-treatment 
sludges has contributed to filling the gaps on the composition and stability of the 
sludges, as well as the retention mechanisms of the targeted elements. Further studies 
will have to focus on evaluating the long-term sludge stability under conditions 
commonly encountered on mine sites. 

Keywords: Advanced oxidation processes, metal(loid)s removal, toxicity, sludge 
stability, contaminated neutral mine water. 



 

RÉSUMÉ 

Les eaux minières neutres contaminées provenant de gisements d'or à faible teneur 
contiennent souvent des contaminants tels que l'As et le Mn. Même à de faibles 
concentrations, ces contaminants peuvent avoir des effets néfastes sur la santé humaine 
et l’environnement. Plusieurs méthodes de traitement telles que la co-précipitation 
chimique, la précipitation par oxydation et la neutralisation ont été étudiées pour 
enlever l'As et le Mn des eaux minières. Néanmoins, ces approches souffrent de 
limitations majeures liées notamment à la quantité de réactifs nécessaires, au pH et aux 
différents ratios Fe/contaminants requis. Ces limitations sont particulièrement difficiles 
à surmonter lorsque le traitement vise l'enlèvement simultané de l'As et du Mn. Ces 
défis soulignent la nécessité d'explorer de nouvelles méthodes de traitement de l'As-Mn 
des eaux minières. En ce sens, l'électrocoagulation (ECG) et le traitement par les 
ferrates (Fe(VI)) représentent des options prometteuses. Bien qu'il ait été prouvé que 
l'ECG et le Fe(VI) enlèvent efficacement l'As et le Mn des effluents synthétiques et 
réels, des lacunes importantes liées à (1) l'applicabilité de l'ECG et du Fe(VI) pour 
l'enlèvement simultané de l'As et du Mn des eaux minières contaminées ; 
(2) l'identification des conditions de traitement les plus performantes ; (3) l’évaluation 
de la toxicité après traitement par ECG et Fe(VI) des eaux minières contaminées par 
l'As et le Mn et (4) l'évaluation de la stabilité des boues générées. Dans ce contexte, 
cette étude visait à : (1) évaluer les performances (i.e. efficacité d'enlèvement, salinité 
résiduelle, toxicité, stabilité des boues et coûts d'exploitation) de l'ECG ou du Fe(VI) 
pour l'enlèvement simultané de l'As et du Mn présents dans des eaux minières 
contaminées, (2) étudier l'effet des conditions opératoires sur les performances du 
traitement, (3) évaluer la toxicité pour D. magna avant et après le traitement et 
(4) caractériser les boues produites et évaluer la mobilité potentielle de l’As et du Mn.  

Pour atteindre les objectifs de l'étude, l'approche méthodologique adaptée a consisté à 
évaluer les performances de l'ECG ou du Fe(VI) pour l'enlèvement de l'As et du Mn 
des effluents synthétiques (SAs, SMn, SAs+Mn), et des eaux de mine de substitution (Elow 
et Ehigh). Pour le traitement ECG, deux séries d'expériences ont été réalisées pour 
évaluer l'effet des paramètres opératoires sélectionnés : i) densité de courant 
(DC; 0,25-10 mA/cm2) à 1,5 mS/cm, ii) conductivité électrique (CE; 0,25-2,5 mS/cm) 
à 0,5 mA/cm2 pour As et 2 mA/cm2 pour Mn, sur l’enlèvement de l’As et du Mn 
présents dans SAs et SMn. Ensuite, une autre série d’expériences a été réalisée pour le 
traitement de SAs+Mn à différentes DC (0,5 et 2 mA/cm2), et CE (0,25 et 2,5 mS/cm). 
L'effet du temps de rétention a également été évalué pour SAs+Mn. Par la suite, les 
conditions les plus performantes (DC : 2 mA/cm2, CE : 2,5 mS/cm, temps : 1 h, 
D : 10 mm) ont été utilisées pour le traitement de Elow et Ehigh. Enfin, l'évaluation de la 
toxicité sur D. magna de Elow et Ehigh avant et après traitement a été réalisée. Pour 
évaluer les performances du Fe(VI), l'effet du type de Fe(VI) (humide ou solide), la 
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dose de Fe(VI) (14-56 mg/L pour As, 2-7 mg/L pour Mn), le pHa (5,5 et 6 pour As, 
5,5 et 6,5 pour Mn) et le temps de réaction (0-20 min) ont été évalués sur l’efficacité 
d’enlèvement de As et de Mn présents dans SAs et SMn. Ensuite, une autre série 
d'expériences a été réalisée pour le traitement de SAs+Mn dans les conditions suivantes : 
dose de Fe(VI)s (5-28 mg/L) seul, et dose de Fe(VI)s (10; 12,5 et 15 mg /L) avec ajout 
de Fe(III) à différentes doses (6; 8 et 10 mg/L). Ensuite, les conditions les plus 
performantes ([Fe(VI)s] : 12,5 mg/L, [Fe(III)] : 8 mg/L, pHa: 5,5 et temps de réaction 
de 5 min), ont été appliquées pour le traitement de Elow et de Ehigh. La dernière étape 
consistait à évaluer la toxicité sur D.magna de Elow et de Ehigh avant et après le 
traitement avec Fe(VI) + Fe(III). La deuxième étape de ce travail a consisté à évaluer 
la stabilité des boues riches en As et en Mn produites à partir du traitement par ECG 
ou Fe(VI) de Ehigh. Pour ce faire, une modélisation géochimique par PHREEQC a été 
réalisée. La composition physico-chimique, minéralogique et géo-environnementale 
des boues a été caractérisée. La troisième partie de ce projet consistait à réaliser une 
analyse technico-économique préliminaire des traitements par ECG et Fe(VI), en 
considérant principalement la consommation d'énergie, le coût des électrodes (pour 
ECG uniquement) et le coût des réactifs. Enfin, une comparaison entre les 
performances des deux traitements a été réalisée afin de sélectionner le traitement le 
plus performant entre ECG et Fe(VI) pour l’enlèvement simultané de l’As et du Mn 
présents dans les eaux minières neutres. 

Les résultats des essais de traitement par ECG suggèrent que cette méthode représente 
une option prometteuse pour l'enlèvement simultané de l'As et du Mn. Une 
amélioration de l’enlèvement de l'As présent dans SAs (94-99%) a été notée lorsque la 
DC a été augmentée de 0,25 à 1,50 mA/cm2, sans changement additionnel à 
DC > 2 mA/cm2. L'enlèvement du Mn présent dans SMn était positivement corrélé 
(19%-98%) avec l'augmentation de la DC de 0,25 à 10 mA/cm2. Une augmentation 
significative de l'énergie (de 0,007 à 4,36 kWh/m3) et de la consommation de l'électrode 
sacrificielle en Fe (de 0,017 à 0,700 kg/m3) a été observée avec l'amélioration de 
l'enlèvement de l'As et du Mn au fur et à mesure de l'augmentation de la DC. Les 
valeurs de DC les plus performantes identifiées étaient de 0,5 mA/cm2 pour l'As et de 
2 mA/cm2 pour le Mn. La force ionique (0,25-2,50 mS/cm) n'a pas influencé l'efficacité 
du traitement mais a impacté la consommation d'énergie. Le maintien de la valeur de 
DC la plus performante pour l'As (0,5 mA/cm2) et pour le Mn (2 mA/cm2) a permis de 
diviser par trois la quantité d'énergie requise (de 0,101 à 0,032 kWh/m3) pour le 
traitement de SAs, et par six pour le traitement de SMn (de 0,914 à 0,179 kWh/m3) 
lorsque la conductivité électrique augmente de 0,25 à 2,50 mS/cm. L'ECG a permis 
d’enlever simultanément et efficacement l'As (94-96%) et le Mn (59-64%) de SAs+Mn, 
avec la même efficacité que pour l'As et le Mn à la même DC (0,5 mA/cm2 pour As 
présent dans SAs, 2 mA/cm2 pour Mn présent dans SMn). Ces résultats indiquent 
l'absence d'effet antagoniste ou synergique entre As et Mn lors de leur enlèvementà 
partir des effluents synthétiques. Néanmoins, l'enlèvement efficace de l'As et du Mn à 
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partir de SAs+Mn a nécessité l'application d'une DC plus élevée (2 mA/cm2) et le volume 
des boues produites a augmenté d'un facteur 3,3 (16 mL à 0,5 mA/cm2 contre 53 mL à 
2,0 mA/cm2). Les résultats ont également révélé que l'As était enlevé plus rapidement 
(20 min) que le Mn (60 min) à 2 mA/cm2. L'enlèvement de l'As était plus important 
pour Ehigh que pour SAs+Mn (99% pour Ehigh contre 96% pour SAs+Mn). Ceci est attribué 
à la présence d’ions Ca2+ entraînant la production de flocs d'hydroxydes de fer plus 
importants dans Ehigh, ce qui entraîne une meilleure adsorption de l'As sur les flocs. 
Une oxydation accrue de l'As(III) en présence de Cl- est également probable. À 
l’inverse, l’enlèvement du Mn était légèrement moins efficace pour Ehigh (57% pour 
Ehigh contre 61% pour SAs+Mn) en raison de la potentielle passivation de l'électrode par 
les ions SO4

2-. L'évaluation de la toxicité pour Elow et Ehigh a suggéré que l'ECG 
n'ajoutait pas de toxicité ou ne produisait pas de sous-produits toxiques.   

Le traitement par Fe(VI) a donné des résultats prometteurs pour l'enlèvement de l'As 
et du Mn présents dans SAs, SMn et SAs+Mn, Elow et Ehigh en une seule étape de traitement, 
en l'espace d'une minute. Malgré les efficacités d'enlèvement similaires obtenues pour 
SAs et SMn en utilisant les ferrates liquides (Fe(VI)w) et solides (Fe(VI)s), ce dernier a 
été sélectionné pour les tests restants, en raison de la salinité résiduelle plus faible lors 
de l'utilisation du Fe(VI)s. À une dose de 22 mg de Fe(VI)/L avec un pHa de 5,5, un 
enlèvement presque complet de l'As a été obtenu (98% d'enlèvement et 
[As]final : 0,05 mg/L). Une dose de 5 mg Fe(VI)/L à un pHa de 5,5 a été nécessaire pour 
enlever efficacement le Mn (99% d'’enlèvement [Mn]final : 0,15 mg/L) de SMn. Le 
Fe(VI)s a également été capable de traiter efficacement l'As (99 %) et le Mn (98 %) de 
SAs+Mn. Néanmoins, une dose élevée de Fe(VI) (28 mg/L) a été nécessaire pour le 
traitement simultané, ce qui peut refléter une compétition entre les deux contaminants. 
D'autres expériences utilisant un sel de Fe(III) comme coagulant complémentaire ont 
donné de meilleurs résultats. L'ajout de 8 mg de Fe(III)/L a permis de réduire le Fe(VI)s 
à 12,5 mg/L, tout en enlevant efficacement l'As (99%) et le Mn (97%) et en diminuant 
la salinité résiduelle et les coûts d'exploitation. Une amélioration de l'enlèvement du 
Mn à partir de Ehigh a été observée (99% contre 97% à partir de SAs+Mn), tandis qu'un 
enlèvement similaire a été observé pour l'As (99%). Enfin, le traitement au 
Fe(VI) + Fe(III) de Ehigh, initialement très toxique, a mis en évidence la possibilité 
d'éliminer la toxicité pour D.magna en utilisant le traitement au Fe(VI).  

Les calculs géochimiques effectués à l'aide de PHREEQC suggèrent que des 
oxydes/hydroxydes de Fe tels que la ferrihydrite et la lépidocrocite sont susceptibles 
de précipiter au cours des traitements à l'ECG et au Fe(VI). Ces deux phases minérales 
ont également été identifiées par diffraction des rayons X sur poudre (PXRD). La 
composition des boues a indiqué une teneur élevée en eau pour les boues provenant du 
traitement par ECG (78%) et Fe(VI) (80%). La boue ECG contenait des concentrations 
de Fe plus élevées (520 000 mg/kg) que la boue Fe(VI) (340 000 mg/kg). Cette 
différence de teneur en Fe est due à la plus grande quantité de Fe (133 mg/L) produite 
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par la dissolution sacrificielle de l'électrode lors du traitement par ECG. Les 
concentrations d'As et de Mn 3,2 et 6,9 fois plus élevées mesurées dans les boues 
Fe(VI) par rapport aux boues ECG pourraient être une preuve de la meilleure efficacité 
d'enlèvement lors du traitement par Fe(VI) pour le Mn et l'As. Les cartes (images 
superposées rétrodiffusées/rayons X) obtenues à partir du MEB-EDS suggèrent la 
formation d'un précipité relativement homogène pour le traitement ECG et d'un 
précipité hétérogène avec le traitement au Fe(VI). Les analyses élémentaires par EDS 
suggèrent que O et Fe sont les principales espèces chimiques présentes dans les boues 
ECG et Fe(VI), ce qui est cohérent avec les calculs géochimiques et les analyses PXRD. 
Le fractionnement de l'As, déterminé à l'aide d’une extraction séquentielle, dans les 
boues de Fe(VI) suggère que 97% de l'As est lié aux oxyhydroxydes de Fe faiblement 
cristallins, alors qu'une fraction de 71% a été évaluée pour les boues ECG. Cela suggère 
que l'adsorption de l'As sur les surfaces d'oxyhydroxydes de Fe est l'un des processus 
d'immobilisation de l'As pendant l'ECG et le Fe(VI). Les résultats du test de lixiviation 
(FLT) ont montré que l'As et le Mn étaient efficacement immobilisés dans les boues à 
un pH presque neutre. De très faibles quantités (< 0,1% de la quantité totale) d'As, de 
Mn et de Fe ont été lessivées des deux boues.  

Dans l'ensemble, les résultats de cette étude donnent un nouvel aperçu de l’applicabilité 
potentielle de l'ECG et du Fe(VI) pour le traitement des eaux minières faiblement 
contaminées. En outre, la caractérisation chimique, minéralogique et environnementale 
des boues de post-traitement a contribué à combler les lacunes concernant la 
composition et la stabilité des boues, ainsi que les mécanismes de rétention des 
éléments ciblés. D'autres études devront se concentrer sur l'évaluation de la stabilité à 
long terme des boues dans les conditions couramment rencontrées sur les sites miniers. 

Mots-clés: Procédés d'oxydation avancés, traitement des métaux et métalloïdes, 
toxicité, stabilité des boues, eaux minières neutres contaminées. 



CHAPTER 1

GENERAL INTRODUCTION

Context of the study

The mining industry is an important contributor to the economic growth of many 

countries including Canada, providing raw materials that are essential for our modern 

society (QMA, 2019). However, mineral extraction and processing produce large 

quantities of solid waste (e.g., waste rock, tailings) and contaminated mine water (mine 

drainage and contaminated mine effluents), that can result in socio-environmental 

impacts (Nordstrom et al., 2015). As a result, responsible management of contaminated 

mine water is deemed a challenge faced by the mining industry and governments. 

Depending on the mineralogy of the deposit and the type of mining activities 

(e.g., excavation, ore transport and processing) and water management strategies 

(e.g., mixing of effluents), the quality of mine water is quite variable in terms of pH, 

sulfate and metal(loid)s contents from one mine site to another as well as the challenges 

related to the performant removal of these contaminants. Over the last years, 

contaminants of emerging concern (CECs) have raised serious concerns because of 

their complex and evolving chemistry, their persistence, and their toxicity to humans 

and the surrounding ecosystems (Neculita et al., 2018). In contaminated mine water, 

CECs could be classified into four categories: (1) new contaminants (e.g., Mn, Se); 

(2) contaminants that are persistent and difficult to treat (e.g., salinity); (3) common 

contaminants (e.g., As, Cu), but for which discharge standards are very low in sensitive 
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environments, especially in cold climates; and (4) N-based contaminants 

(e.g., ammonia, nitrites, nitrates) for which aquatic toxicity-based discharge criteria are 

upcoming (Neculita et al., 2018, 2019, 2020; Ryskie et al., 2021). A graphical 

definition of CECs based on scientific knowledge and actual regulations of different 

substances found in mine water is represented in Figure 1.1.  

Appropriate management of contaminated mine water is required to meet the 

regulations in terms of physicochemical and toxicological parameters. The treatment 

of CECs is challenging because of (1) their complex chemistry; (2) insufficient 

knowledge of the effect of other contaminants from various sources (mixed 

contamination) on the efficiency of treatment processes; (3) the toxicity of final effluent 

related to residual salinity of treated water (Neculita et al., 2018) and (4) few 

information available on the sludge stability and adequate management.  

 

Figure 1.1  Definition of CECs based on scientific knowledge and actual 
regulations of different substances in mine water. REE: Rare earth elements; TDS: 
Total dissolved solids (Ryskie et al., 2021) 
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Several technologies exist for the treatment of contaminated mine water, including 

physicochemical, biological, and electrochemical processes (Bejan and Bunce; 2015; 

Ericsson and Hallmans, 1996; Johnson and Hallberg, 2005; Kuyucak et al., 2001;

Neculita et al., 2007). Emerging technologies including electrocoagulation (ECG) and 

advanced oxidation processes (i.e., ferrates – Fe(VI)) have been developed to improve 

the removal of CECs from contaminated effluents, but research efforts are still needed 

to better understand the operating factors influencing treatment performances and 

extend their application to other contaminants.

Selection of the CECs studied in the present work

The present study focuses on the removal of As (transition CEC stage – Figure 1.1), 

and Mn (CEC stage – Figure 1.1) from lightly contaminated mine water. These 

contaminants are targeted due to (1) their increasing concentrations in mine-impacted 

and natural waters as a result of the growing exploitation of low-grade gold deposits; 

(2) the evolving regulation in mine/potable water; and (3) the dependency of their 

removal from contaminated effluents towards Eh-pH conditions and the presence of 

Fe, another well-known contaminant in mine water. 

Recently, As and Mn are gaining more attention in several countries around the world 

due to their frequent co-occurrence in mine water as well as surface and groundwaters 

(Table 2.1). Arsenic and manganese mobilization from geogenic sources leads to 

natural contamination of surface (up to 0.147 mg As/L and up to 209 mg Mn/L) and 

groundwater (up to 1.34 mg As/L and up to 7.50 mg Mn/L) (Bondu et al., 2020; 

Buschmann et al., 2007). The growing mining activities associated to the exploitation 

of low-grade deposits, which often causes the dissolution of As- and Mn-bearing 

minerals and rocks (e.g., arsenates, arsenites or As sulfides; oxides and carbonates of 
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Mn) lead to an increase of As and Mn concentrations in the environment (Coudert et 

al., 2020; Neculita and Rosa, 2019). These natural (geogenic) and anthropogenic 

contamination raise significant health concerns, especially in areas where the 

population rely on private groundwater wells for drinking water supply, as is the case 

in many rural areas of southern Quebec (Bondu et al., 2020). 

Based on their potential detrimental impacts on the environment and human health as 

well as the growing demand for safe supply of drinking water, the regulations and 

guidelines related to the maximum allowable concentrations (MAC) of both As and 

Mn in drinking water and in mine water are evolving (Table 1.1). Due to its 

non-biodegradability and bio-cumulative character, a progressive decrease in the MAC 

from 0.05 to 0.01 mg/L has been observed for As in drinking water since 1993 

(McBeath et al., 2021; Pires et al., 2015; Smedley and Kinniburgh, 2002). For a long 

time, Mn was typically evaluated based on aesthetic issues as high concentrations may 

affect the colour and deteriorate the taste of water. Recently, Health Canada set a MAC 

of 0.12 mg/L in drinking water, based on its neurological effects particularly on 

sensitive population groups such as infants (Health Canada, 2016; Hu et al., 2019). 

To protect aquatic life, a guideline has been proposed by the Ministry of Environment, 

Lands and Parks in British Columbia (Canada) for surface waters depending on its 

hardness. These regulated concentrations range from 0.6 to 1.9 mg Mn/L at a hardness 

increase from 0 to 325 mg CaCO3/L (Reimer, 1999). Evolving quality criteria in 

respect to CECs including As and Mn are applied in some countries prior to the release 

of final mine effluents to limit the potential impacts of mining activities on the 

receiving environments. Based on the Metal and Diamond Mining Effluent Regulations 

(MDMER) in Canada, the Maximum Authorized Monthly Mean Concentration 

(MAMMC) is fixed at 0.3 mg As/L for mine sites in operation and at 0.1 mg As/L for 

mine sites starting their activities after June 1, 2021 (Ministry of Justice, 2021). In the 

province of Quebec, the MAMMC determined in the Directive 019 (D019) decreased 

from 1 mg/L in 1989 to 0.2 mg/L in 2012 (Directive 019, 2012). Manganese 
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concentration in final mine effluents is not yet regulated in both MDMER and D019, 

despite of its potential toxicity even at low concentrations (100 µg/L) (Ministry of 

Justice, 2015; Ying et al., 2017). However, a standard regulation of 2 mg/L was 

enforced for Mn in 1985 in the United States for mine water discharge (Code of Federal 

Regulations (CFR), 1985).  

 

Table 1.1  Regulation evolution for As and Mn in Canada and around the world in 
drinking and mine-impacted water  

Contaminant Targeted water 
type 

Regulation/guideline 
(mg/L) Reference 

As Drinking water MCL: 0.05  WHO (1993) 

  MCL: 0.01  USEPA (2006); Health Canada 
(2006); WHO (2011) 

 Mine effluent 

MAMMC: 1  
MAMMC: 0.4  
MAMMC: 0.2  

D019 (1989) 
D019 (2005) 
D019 (2012) 

MAMMC: 0.5  
MAMMC: 0.3  
MAMMC: 0.1 

Ministry of Justice (1975) 
Ministry of Justice (2019) 
Ministry of Justice (2021) 

Mn Drinking water SMCL: 0.05  USEPA (2018) 
  MCL: 0.12 Health Canada (2016) 
 Mine effluent  2 US CFR (1985) 

D019: Directive 019; MCL: Maximum Contaminant Level; SMCL: Secondary Maximum Contaminant Level; WHO: 
World Health Organization; USEPA: United States Environmental Protection Agency; MAMMC: Maximum 
Authorized Monthly Mean Concentration 

 

To comply with the evolvingly stringent regulations imposed on As and Mn 

concentrations in mine water, their treatment prior discharge to the environment is 

necessary. Treatment of As usually involves its chemical co-precipitation with Fe(III) 

at pH 4-7 (Coudert et al., 2020; MEND, 2014), while Mn(II) removal requires its 

oxidation to Mn(IV) prior to its precipitation as Mn-oxides at pH 9-10 (Chang et 

al., 006; Neculita and Rosa, 2019). Simultaneous and efficient removal of As and Mn 
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from mine water is still quite challenging due to the large amounts of chemicals 

required (addition of residual salinity and potential associated toxicity) as well as the 

differing pH-Eh conditions and Fe/contaminant ratio (Fe/As >4 vs. Fe/Mn <4) required.

Knowledge gaps and originality

Previous studies have demonstrated the efficiency of ECG and Fe(VI) for the removal 

of As or Mn from synthetic effluents (Gilhotra et al., 2018; Goodwill et al., 2016; 

Prucek et al., 2013; Shahreza et al., 2018; Wang et al., 2020), groundwater (Müller et 

al., 2021) and, to a lesser extent, mine water (Del Ángel et al., 2014; Nariyan et 

al., 2017; Reátegui- Romero et al., 2018) with variable concentrations (from few µg/L 

to more than 100 mg/L). Despite promising As and Mn removal efficiencies, the 

performances of ECG and Fe(VI) to simultaneously remove As and Mn from lightly 

contaminated mine water are still poorly documented. Moreover, only few studies 

focused on the range of concentrations targeted in the present study for the treatment 

of lightly contaminated mine water (<10 mg/L). The associated residual toxicity of 

final effluents as well as the long-term stability of the produced sludge, which are 

crucial parameters to consider for the evaluation of the performances of treatment 

processes, remains poorly understood and evaluated. In addition, very few studies 

attempted to simultaneously remove As and Mn from mine water, despite their frequent 

co-occurrence. Hence, the main originality of this study was to compare the 

performances of ECG or Fe(VI) for the simultaneous removal of As and Mn from low 

contaminated synthetic effluents (solutions) and surrogate mine water at different 

selected operating parameters. The integration of As and Mn removal efficiencies, 

residual salinity, acute toxicity, sludge stability and operating costs to identify the most 

performant operating conditions to remove at the same time As and Mn by ECG or 
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Fe(VI) has never been used in previous studies. The assessment of acute toxicity of As-

and Mn-contaminated mine water after treatment by ECG or Fe(VI) has not been 

previously reported in the literature and therefore represents an innovative contribution 

of this thesis. The assessment of the stability of the sludge is original as only few studies 

documented the potential leaching of both contaminants from the sludge with time. 

Hypotheses and Objectives

1.4.1 Hypotheses 

The hypotheses (H) that can be formulated based on the literature are the following, 

H1)   The simultaneous removal of As and Mn from lightly contaminated mine water 

will result in the increase of CD for ECG and Fe(VI) dose for Fe(VI), as well 

as in the retention time to achieve satisfactory removal efficiencies compared 

to effluents containing only As or Mn;

H2) The presence of competing ions commonly found in real mine water will 

negatively impact the performance of treatment processes, especially when 

using ECG;

H3)   The treatment of As and Mn from lightly contaminated mine water (<10 mg/L) 

is more performant (better contaminant removal efficiencies, shorter reaction 

times, and lower amounts of sludge produced and residual salinity of treated 

water) when using Fe(VI) than when using ECG process;



8  

H4)  The mobility of As and Mn from the sludge produced by Fe(VI) through 

incorporation of both contaminants in the structure of Fe-hydroxides 

nanoparticles is expected to be lower than for ECG. 

 

1.4.2 Objectives 

 

The general objective of the current study was to evaluate and compare the 

performances of ECG or Fe(VI) to simultaneously and efficiently remove As and Mn 

from low-contaminated mine water (<10 mg/L), while favoring minimal residual 

salinity and ensuring long-term stability of the produced sludge. 

To realize the general objective, the specific objectives (SO) proposed are the 

following: 

SO1) Evaluate the impact of different operating parameters (e.g., pH, CD, Fe(VI) 

dose, retention time) on treatment performance of ECG and Fe(VI) to 

maximize As and Mn removals, while reducing operating costs and residual 

salinity, this SO will answer to H1; 

SO2) Compare the performance of the ECG and Fe(VI) in terms of: (1) efficiencies 

to remove As and Mn from synthetic vs. surrogate mine water (i.e., presence 

of competing ions); (2) toxicity of the treated effluent, this SO will answer to 

H2 and H3; 

SO3) Evaluate the stability of the sludge produced from ECG and Fe(VI) treatment 

to select the favored treatment technology, this SO will answer to H4. 
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1.4.3 Thesis Structure 

 

The present thesis is composed of eight chapters, three of them are presented in the 

form of scientific papers published or submitted to journals.  

The first chapter presents a general introdution, which covers the context of the study, 

explains the main reasons for the selection of As and Mn as co-contaminants among 

the other CECs encountered in mine water. In addition, this chapter includes the 

originality of this research project, the formulated research hypotheses, as well as the 

general and the specific objectives.  

The second chapter of the thesis is a critical, comprehensive literature review of recent, 

relevant articles and reviews, subdivided into 6 sections. The first section presents the 

chemistry of As and Mn, their typical concentrations in natural and mine water, and 

their toxicity effect on humans and the ecosystem. The second section reviews the 

conventional treatment technologies that have been applied for As and Mn removal 

from mine water, and their limitations, specifically for the simultaneous removal of As 

and Mn. The third and fourth sections present the principle and operating parameters 

affecting the performance of ECG and Fe(VI) treatments, which were identified as 

promising alternatives for conventional methods. The fifth section presents relevant 

information about the toxicity of As- or Mn-contaminated mine effluents. The last 

section presents the stability of the post-treatment sludge and the different factors that 

may affect this stability. 

The third chapter describes in detail the methodological approach used to achieve the 

general and specific objectives, including: (i) the preparation and characterization of 

synthetic and surrogate mine effluent, (ii) the treatability testing using ECG and Fe(VI) 

to determine the most performant operating conditions, (iii) the assessment of the acute 
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toxicity to D. magna of Ehigh before and after ECG or Fe(VI) treatment, (iv) the 

evaluation of the stability of As- and Mn-rich sludge from ECG or Fe(VI) treatment 

and (v) the preliminary techno-economic analysis of ECG and Fe(VI) treatment.  

Chapter 4, presented as an article published in Minerals Engineering, discussed the 

results related to the effect of operating conditions (i.e., CD, EC, retention time) on the 

performances of ECG treatment for the simultaneous removal of As and Mn from 

synthetic and surrogate mine effluents.  

Chapter 5, presented as an article published in Journal of Environmental and Chemical 

Engineering, discussed the results related to the effect of operating conditions (i.e., type 

and dose of Fe(VI), addition of Fe(III) salt, pHa, retention time) on the performances 

of Fe(VI) treatment for the simultaneous removal of As and Mn from synthetic and 

surrogate mine effluents.  

Chapter 6, presented as a paper to be submitted to Journal of Cleaner Production, 

responds to the third SO about the stability of As- and Mn-rich sludge. In this chapter, 

the ECG- and Fe(VI)-sludge were characterized, and their short-term stability was 

evaluated through the assessment of potential metal(loid) leaching using static tests.  

Chapter 7 presents a general discussion of the results, as well as a comparison between 

the performances of ECG and Fe(VI), and a preliminary techno-economic evaluation 

of ECG and Fe(VI) treatments. This chapter responds to the second SO and 

confirm/infirm all the research hypothesis. 

Chapter 8 includes the main conclusions of this thesis based on the results obtained as 

well as suggested recommendations for future research work. 



 

CHAPTER 2 

LITTERATURE REVIEW 

 

2.1    Arsenic and manganese in the environment and mine effluents 

 

Arsenic is a metalloid and a deleterious substance for human, which can be found in 

both organic and inorganic forms. In natural waters, inorganic forms of As 

predominate, mainly as arsenite species (As(III)) under reducing environments, or as 

arsenate species (As(V)) under oxidizing environments (Smedley and Kinniburgh, 

2002). Manganese is a transition metal that does not exist in a free form in the 

environment. Mn has 11 oxidation states but it naturally occurs in seven states (0, +2, 

+3, +4, +5, +6, and +7) (Pinsino et al., 2012). Among these oxidation states, only three 

are the most important in natural environments: (1) Mn(II) occurs in dissolved form; 

(2) Mn(III) is a transition state that exists in both dissolved and solid forms; and 

(3) Mn(IV) is present in insoluble oxide forms (MnOx) (Davison, 1993). Different 

parameters including pH/Eh conditions can affect the speciation and mobility of the 

metal(loid)s in water. For example, under oxidizing conditions, As is prevalent in the 

form of H2AsO4
- species at low pH (<6.9), while at higher pH, the HAsO4

2- becomes 

the predominant species (H3AsO4
0 and AsO4

3- may be present in extremely acidic and 

alkaline conditions, respectively). Under reducing conditions and at pH lower than 9.2, 

the uncharged H3AsO3 will prevail (Figure 2.1a) (Prucek et al., 2013; Smedley and 

Kinniburgh, 2002). For Mn, under low Eh conditions and at pH less than 7, the 

solubility of Mn-bearing minerals increases, which leads to its reduction and make 
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Mn(II) the most predominant and stabilized form (Figure 2.1b). At pH greater than 8 

and under aerobic conditions, Mn is mainly present as insoluble minerals.  

a. 

b. 

Figure 2.1 Eh-pH mosaic diagram of aqueous As (a) and Mn (b) species in water 
at 25ºC and 1 bar. The activity of As and Mn are 7.356x10-6 and 3.636x10-8 (Figure 
constructed using Geochemist’s Workbench community software) 
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Naturally occurring in different minerals, various geogenic and anthropogenic sources 

could be the cause of the presence of As and Mn in the different environments (i.e., 

surface water, groundwater, mine effluents) (Table 2.1). Concentrations of As ranging 

between 0.00001 and 0.147 mg/L (average value of 0.164 mg/L) have been reported in 

natural surface waters (Flem et al., 2018; Luo et al., 2020), while higher concentrations 

of Mn have been reported in natural surface water in the vicinity of mine sites with 

concentrations ranging between 0.0001 and 209 mg/L (average value of 17.7 mg/L) 

(Flem et al., 2018; Luo et al., 2020).  

Variable concentrations of As and Mn have been measured in mine drainage from coal 

and metal mining, depending on the deposit mineralogy (Coudert et al., 2020; Oncel et 

al., 2013) (Table 2.1). For example, concentrations of As reaching up to 130 g/L have 

been measured in acid mine drainage at Svornost mine in Czech Republic (Majzlan et 

al., 2014). For Mn, concentrations reaching up to 282 mg/L (average: 49 mg/L) were 

found in mine drainage from different mine sites in the Harz Mountains and the nearby 

copper shale basins in Mining district St. Andreasberg, Germany (Bozau et al., 2017). 

Such high concentrations of As and Mn in natural or mine-impacted water can have 

negative impacts on the surrounding ecosystems, due to their toxic effects. 

The toxicity of As and Mn has been widely discussed in the literature (Baig et al., 2016; 

Bouchard et al., 2006; Choong et al., 2007; Jain and Ali, 2000). Exposure to As has 

been reported as a cause for cancerous and non-cancerous impacts in both acute and, 

non-acute forms. For example, an As concentration of 3 µg/L in drinking water has 

been reported as potentially responsible of bladder and lung cancers (An et al., 2005). 

Furthermore, several diseases have been linked to As consumption, such as Ischemic 

heart disease (Hsueh et al., 1998), Blackfoot disease (Tseng et al., 1996), 

cardiovascular diseases (Wang et al., 2007), and Alzheimer’s disease (Çöl et al., 1999). 

The toxicity of As varies with its forms, with its trivalent state (As(III)) being 60 times 

more toxic than its pentavalent state (As(V)) (Ratnaike, 2003).  
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At the same time, Mn is an important nutrient that supports the growth and 

development of plants, microorganisms, and animals to a certain level. However, above 

a certain deficiency limit, Mn can cause toxicity in aquatic and terrestrial ecosystems 

(Neculita and Rosa, 2019). Neurological disorder such as manganism, respiratory, 

reproductive, and developmental effects are examples of the impacts of inhalation of 

Mn airborne species. Another documented impact of exposure to Mn in drinking water 

is the intellectual impairment in school-age children (Bouchard et al., 2011).  

Increasing mining of low-grade ore deposits are responsible for the progressive release 

of As and Mn into the environment (Gomes et al., 2007; Neculita and Rosa, 2019). The 

amounts of As and Mn released by mining activities depend on the presence of As- and 

Mn-bearing minerals exposed to weathering and on pH/Eh conditions, as well as 

microbial activity (Bondu et al., 2017; Neculita and Rosa, 2019). Considering As and 

Mn prevalence in the natural water due to geogenic or anthropogenic sources and 

evolving regulation to limit their toxicity to the environment, several technologies have 

been effectively used to remove these contaminants from contaminated water.  
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Table 2.1  Typical concentrations, sources and/or cause of As and Mn in groundwater, surface water and mine water 
worldwide 

Location # of samples As (mg/L) Mn (mg/L) Sources / Causes References 
Groundwater 
California 18 0.011-0.016 0.072-0.106 Not specified Chang et al. 

(2006) 
Cambodia 131 0.001-1.34  

(average: 0.16) 
 

<0.1-3.1  
(average: 0.6) 

As: sediments / microbially induced 
reductive dissolution of As-coated iron 
oxides and MnO2 surfaces 
Mn: sediments / reductive dissolution of Mn 
oxides 

Buschmann et 
al. (2007) 

China 271  <0.0001-0.47  
 

0.0044-4.47 As: sediments / reductive dissolution of Fe 
hydroxides 
Mn: sediments / reduction of Mn oxides 

Ying et al. 
(2017) 

Peru 57 
 

<0.0005-0.72  0.003-3.69  As: sediments of Andean origin / 
microbially driven reductive dissolution of 
Fe-hydroxides  
Mn: sediments of Andean origin / reductive 
dissolution of Mn-oxides 

de Meyer et al. 
(2017) 

Southern Quebec, 
Canada 

545 (Mn) 
51 (As) 

<0.001-0.28  <0.0004-7.5  As: sedimentary, hydrothermal rocks / 
reductive dissolution of As-rich Fe-Mn 
oxyhydroxides 
Mn: sedimentary, volcanic rocks / reductive 
dissolution of Fe-Mn oxyhydroxides 

Bondu et al. 
(2020) 

Southeastern 
Shaoguan, China 

10 0.00015 - 0.0047                   
(average: 0.0011) 

0.00063-0.16 
(average: 0.0271) 

As and Mn: acid mine drainage / 
mobilization from the mine site affects 
groundwater sources  

Luo et al. 
(2020) 

Surface water 

Southeastern 
Shaoguan, China 12 0.0009-0.15                             

(average: 0.0164) 
0.007-209     
(average: 17.7) 

River flowing next to mine site receives acid 
mine effluents from the tailings pond and 
run-off from a treatment plant 

Luo et al. 
(2020) 

Europe 
 807 <0.00001-0.027 <0.0001-3.01  Water quality affected by natural and 

anthropogenic sources 
Flem et al. 
(2018)  

 

15 
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Table 2.1 (continued) Typical concentrations, sources and/or causes of As and Mn in groundwater, surface water and 
mine water worldwide 

Location # of samples As (mg/L) Mn (mg/L) Sources / Causes References 
Mine effluents 

California, USA 180 850  119 Iron mountain mine, acid mine drainage 
Nordstrom 
and Alpers 
(1999) 

Almonaster la Real, 
SW of Spain 

10 samplings 
(between 2006-
2007) 

0.3 19 Acid mine drainage Caraballo et 
al. (2009) 

Pahang, Malaysia - 1.27 19.9 Abandoned iron mine Sungai Lembing / acid 
mine drainage  

Hatar et al. 
(2013) 

Turkey - 0.000015 40.6 Coal mine drainage wastewater Oncel et al. 
(2013) 

Mining district St. 
Andreasberg, 
Germany 

9 3-199 0.3-282             
(average: 49) 

Drainage from different ore mines in the 
Harz Mountains and the nearby copper shale 
basins 

Bozau et al. 
(2017) 

Bokaro coalfield, 
coal mine, India 15 0.0002-0.0007                 

(average: 0.0003) 
0.0145-0.72    
(average: 0.15) 

Mine water pollution: natural mineralization; 
coal mining 

Tiwari et al. 
(2017) 
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2.2    Technologies available for As and Mn treatment 

 

Various chemical, electrochemical, and biological processes have been developed, and 

successfully applied to treat metal(loids), including As and Mn from surface, ground 

and mine water. Conventional methods for As and Mn removal from contaminated 

water, include coagulation/co-precipitation, filtration (e.g., reverse osmosis), 

adsorption and ion exchange (Chang et al., 2006; Coudert et al., 2020; Gordon et al., 

1989; MEND, 2014; Tobiason et al., 2016; USEPA, 2002). 

Coagulation/co-precipitation using ferric salts (e.g., ferric chloride; ferric sulfate) and 

pH adjustment at pH 4-7 to co-precipitate Fe and As followed by solid/liquid separation 

(e.g., decantation, microfiltration) is considered as the best available technology 

economically achievable (BATEA) for the removal of As from slightly (<20 µg/L) to 

highly contaminated mine water (>500 mg/L) (Chang et al., 2006; Coudert et al., 2020; 

Inam et al., 2021; MEND, 2014). While initial As concentration seemed to not affect 

the effectiveness of this treatment process (USEPA, 2003), higher concentrations of As 

require higher Fe3+ doses, increasing the amount of sludge produced as well as residual 

associated salinity (Inam et al., 2021). The presence of Fe as a critical parameter 

impacting the efficient removal of As, with a favored Fe/As molar ratio >4/1 is well 

documented (Harris, 2000). Moreover, the removal of As(V) is more efficient than 

As(III), requiring a pre- oxidation step (As(III) → As(V)) using strong oxidants such 

as chlorine, ozone and hydrogen peroxide (Eh: 0-0.6 V) prior to its sorption and/or 

co-precipitation as As(V) (Lee et al., 2003; Sharma et al., 2007). Nevertheless, the 

application of neutralizing agents (e.g., limestone, hydrated lime) to raise pH around 

9-10, and of strong oxidants (e.g., sodium hypochlorite; ozone) to oxidize Mn(II) to 

Mn(IV) (Eh: 0.5-1 V) and precipitate Mn as Mn(OH)2 or as MnO2 is the most 

straightforward method used for Mn removal from contaminated water (Chang et 

al., 2006; Gordon et al., 1989). The presence of Fe must be considered during the 
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precipitation of Mn(IV) as Mn-oxides due to its potential inhibition effect. This 

phenomenon can be explained by the faster Fe(II) oxidation and precipitation compared 

to Mn(II). For example, dissolved oxygen and free chlorine quickly oxidize Fe(II) at 

pH 6.0-8.5, while Mn(II) oxidation is very slow (Tobiason et al., 2016).  Due to the pH 

decrease following Fe precipitation, Mn remains in solution. The pH of the effluent to 

be treated must be increased to >8.5 to precipitate Mn-oxides. When the solution 

contains Fe(II), therze will be a potential of reductive dissolution of Mn-oxides at 

Fe/Mn >4/1 (Neculita and Rosa, 2019). Sorption on natural (e.g., red mud, pyrolusite) 

or modified sorbents (e.g., Fe(III)-impregnated activated carbon, Mn-oxide coated 

filter) raise attention due to their efficiency (up to 99%) to remove As or Mn from mine 

water (e.g., As: 0.1-1 mg/L; Mn: 0.1-10 mg/L) (Mondal et al., 2007; Pietrelli et 

al., 2019). 

The simultaneous removal of As and Mn from drinking water (Hu et al., 2019; Pietrelli 

et al., 2019), groundwater (Bora et al., 2018; McBeath et al., 2021) and mine water 

(Oncel et al., 2013) is the target of increasing concern. However, studies carried out on 

the simultaneous removal of As and Mn from mine water are relatively scarce (Safi 

and Gotoh, 2021). Some of the available methods for the simultaneous removal of As 

and Mn from different contaminated water are presented in Table 2.2. The treatment 

of As- and Mn-contaminated water usually requires the application of more than 

one- step process, such as oxidation using strong oxidizing agent (e.g., potassium 

permanganate, sodium hypochlorite) followed by coagulation with ferric chloride and 

adsorption on formed iron hydroxides (Bora et al., 2018; Chang et al., 2006), or 

adsorption on metal oxides (e.g., Mn-oxides) (Habib et al., 2020) or on natural sorbents 

(Pietrelli et al., 2019). Despite of the high removal efficiencies (50-99%) using these 

methods, the requirement of As pre-oxidation due to the higher toxicity and mobility 

of As(III) towards As(V), and the high pH values (pH >9) required for Mn removal, 

necessitated the development of treatment methods that provide both oxidation and 

coagulation in a one-step treatment .  
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Table 2.2 Available technologies for simultaneous removal of As and Mn from contaminated water  

Technology Targeted Contaminant (mg/L) Operating 
parameters Efficiency (%) References 

Groundwater 

Oxidation (NaOCl)/filtration/coagulation with ferric 
chloride 

Fe: 0.06-0.085; Mn(II): 0.072-
0.106; As: 0.011-0.016 

Ferric chloride: 
0-16 mg/L, pH: 
7.89 

Mn: 80; As: 69 (6 mg/L ferric 
chloride dose) 

Chang et al. 
(2006) 

Oxidation (KMnO4/coagulation (FeCl3; 
Fe2+)/adsorption at optimized pH  

Fe(II): 2-23; Mn(II): 0.5-1.9; 
As(III): 0.025-0.091 pH adjusted: 7.3 Fe, Mn: 99 

As: >99 
Bora et al. 
(2018) 

Ozonation/Mn greensand filtration/iron-based 
granular media adsorption Mn(II): 0.134; As(III): 0.009 pH: 7.3 Mn: 100 

As: 68.5 
Hu et al. 
(2019) 

Biological treatment As: 0.023; Mn: 0.08; Fe: 2.9; 
NH4+: 2.91 mg-N/L Not specified As: >56 

Mn, Fe, NH4+: 98-99 
Lytle et al. 
(2020) 

Electrocoagulation (ECG) 
Electrocoagulation coupled with oxidative media 
filtration (ECG/OMF) 

Mn(II): 0.137; As: 0.009  

pH: 7.34 
Electrical 
conductivity 
(EC): 307 µS/cm 

ECG + 5 min floculation : Mn 
(II): 27 
ECG: As: >80 
ECG/OMF: Mn (II) <0.1 mg/L, 
As: 100  

McBeath et al. 
(2021) 

Synthetic water sample/Simulated groundwater 

Adsorption on Fe3+-impregnated activated carbon 
Fe: 2.8; Mn (II): 0.6; As: 0.2 
 
 

As(V): pH 5-7 
As(III): pH 9-11 
Mn(II): pH 2-11 
Fe: pH 0-14 

Fe: 100 
Mn: 41 
As: 95.5 

Mondal et al. 
(2007)  

Adsorption on synthesized Mn-oxide coated filter Mn(II): 1-10; As(III): 0.3 and 
Mn(II): 2; As(III): 0.1-1  

pH: 7 
 

Mn: 100 
As: 63 (with 1 mg/L Mn 
initially) 
As: 72 (with 10 mg/L Mn 
initially) 

Habib et al. 
(2020) 

Synthetic water sample/Simulated surface water 

Clarification (polyaluminum chloride, aluminum 
sulfate as coagulants)/ Chlorine oxidation 

Mn(II): 0.12-1.12; As: 0.032-
0.157 
 

pH: 7.1 
EC: 149.2-158.8 
μS/cm;  ORP: 
427-439 mV 

Mn: 77 
As: 80-90 

Pires et al. 
(2015) 
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Table 2.2 (continued) Available technologies for simultaneous removal of As and Mn from contaminated water  

Synthetic water sample/Simulated drinking water 
Adsorption on metal oxides or natural sorbents (red mud 
and pyrolusite) Mn(II): 2; As(III): 0.1 pH: 8.1 

 
Red mud: Mn: 95.3, As: 99.3 
 

Pietrelli et al. 
(2019) 

Mine drainage 

ECG 

Asi: 0.015 µg/L, Mni: 
40.6  
Cu, Zn, Mn, Cd, Cr, 
PO43- 

pH: 2.5 As, Mn: 99.9 
 

Oncel et al. 
(2013) 
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ECG and Fe(VI) are examples of such emerging technologies for the removal of As 

and Mn that combines oxidation and coagulation mechanisms in a single treatment 

step. The principles and operating parameters that influence the removal of As and Mn 

from contaminated water using ECG or Fe(VI) are discussed in detail in Sections 2.3 

and 2.4, respectively. 

 

2.3    Electrocoagulation 
 

2.3.1    Principle and design 

 

Electrocoagulation (ECG) is a green technology used to remove organic and inorganic 

contaminants from groundwater, potable water as well as contaminated industrial 

effluents (e.g., mining), as it combines both electrochemical and 

coagulation/flocculation treatments (Moussa et al., 2016). Usually, an ECG unit 

consists of an electrolytic cell equipped with anode(s) and cathode(s) immersed in the 

solution to be treated and connected externally to a DC power supply. The number of 

electrodes used depends on the operating conditions and the quality of the effluent to 

be treated (Emamjomeh and Sivakumar, 2009; Nariyan et al., 2018). Two main 

electrodes connection configurations, monopolar and bipolar, can be used when using 

several electrodes (at least four electrodes).  
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2.3.2    Mechanisms involved in contaminants removal during ECG 

 

ECG treatment involves redox reactions, leading to the production of metallic cations 

at the anode, that act as coagulant to remove contaminants, and of OH- ions at the 

cathode, that neutralize acidity and favor the precipitation of metals as hydroxides. 

Indeed, metallic cations (e.g., Fe2+, Fe3+, Al3+) are produced in-situ by anodic 

electro-dissolution of the anode material (e.g., Fe, Al), also known as sacrificial 

electrode (Hakizimana et al., 2017; Oncel et al., 2013). When using Fe as the anode, 

Fe(0) is oxidized into Fe(II) following the oxidation reaction presented in Equation 2.1 

and leading to the anodic dissolution of the sacrificial Fe-electrode. The dissolved 

Fe(II) is then oxidized into Fe(III) by dissolved oxygen (Equation 2.2). When using 

Al(0) as the anode, it dissolves to Al(III) following the oxidation reaction described in 

Equation 2.3. 

 

Anode  Fe(s) → Fe2+
(aq)

 + 2 e−   E0 = + 0.44 V   Eq. 2.1 

  Fe2+
(aq)

 + O2(g) + 2 H2O(l) → Fe3+
(aq)

  + 4 OH−
(aq)

    Eq. 2.2 

  Al(s) → Al3+ (aq) + 3 e−      E0 = +1.66 V    Eq. 2.3 

 

The cathode electrode undergoes a reduction reaction, generating hydroxyl ions (OH-) 

and hydrogen gas (H2) bubbles as shown in Equations 2.4 and 2.5, respectively.   
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Cathode  H2O(l) + 1 e− → ½ H2(g) + OH−
(aq)

               E0 = -0.83 V  Eq. 2.4 

H+
(aq) + 1 e− → ½ H2(g)                              Eq. 2.5 

 

 

Once in-situ generated, OH-
 will neutralize the acidity of the effluent to be treated and 

react with Fe2+, Fe3+ or Al3+ to form intermediate monomeric (e.g., Fe(OH)2+, 

Fe(OH)2
+, Fe(H2O)4(OH)2+, Al(OH)2+, Al(OH)2

+, Al(OH)4
−) and polymeric species 

(e.g., Fe2(H2O)8(OH)2
4+, Fe2(H2O)6(OH)4

2+, Al2(OH)2
4+, Al6(OH)15

3+, Al7(OH)17
4+), 

that have the ability to coagulate with the counter ions in the solution (Garcia-Segura 

et al., 2017). Oxyhydroxides and polymeric hydroxides formed in-situ during ECG 

were reported as more efficient coagulants than those used in the conventional chemical 

coagulation (Reátegui- Romero et al., 2018). Finally, all these monomeric and 

polymeric species will be transformed to Fe(OH)2(s) or Fe(OH)3(s) (Equations 2.6-2.7 

and 2.9) or to Al(OH)3(s) (Equation 2.10) (Chen, 2004; Mollah et al., 2001).  

 
 

 

At alkaline pH    Fe2+
(aq) + 2 OH-

(aq) → Fe(OH)2(s)    Eq. 2.6 

      Fe3+
(aq) + 3 OH-

(aq) → Fe(OH)3(s)    Eq. 2.7 

      Me2+
(aq) + 2 OH-

(aq) → Me(OH)2(s)    Eq. 2.8 

At acidic pH       4 Fe2+
(aq) + 10 H2O(l) + O2(g) → 4 Fe(OH)3(s) + 8 H+

(aq) Eq. 2.9 

In solution           Al3+ (aq) + 3 OH-
(aq) → Al(OH)3(s)    Eq. 2.10 

 

Several mechanisms have been reported for the removal of inorganic contaminants 

including As or Mn from contaminated water by ECG when using Fe- and 

Al- electrodes as described in Figures 2.2 and 2.3, respectively (Ali et al., 2012; Kobya 

et al., 2011; Oncel et al., 2013; Shafaei et al., 2010).  
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The mechanisms involved in the removal of As(III) by ECG can be divided into two 

groups: i) the oxidation of As(III) to As(V) by the reactive oxidant species 

(e.g.,hydroxyl radical (OH•), superoxide (O2
•−)); ii) the sorption and/or co-precipitation 

of As(V) with the produced Fe(III)- or Al(III)-oxyhydroxides (Figures 2.2 and 2.3). At 

near-neutral pH, As(V) species were reported to sorb onto the surface of Fe(OH)2 or 

Fe(OH)3 and replace the hydroxyl group to produce insoluble complexes such as 

FeHAsO4 or FeAsO4.xH2O (Kobya et al., 2011; Li et al., 2012). In the final step, the 

flocs settle, and a subsequent sedimentation or filtration process is required to separate 

As-bearing precipitates from the treated water (Kobya et al., 2011, Li et al., 2012).  

For Mn, the mechanisms involved in its removal by ECG are not fully understood, 

probably because of a limited number of studies available. A previous study reported 

that in situ produced OH- react with Mn(II) to form Mn-hydroxides (Mn(OH)2(s)) at 

pH > 7 as presented in Equation 2.11, leading to the precipitation of Mn (Shafaei et al., 

2010). Eventually, the removal of generated Mn-hydroxides can be improved by 

sorption and/or co-precipitation with the Fe- or Al-hydroxides (Shafaei et al., 2010; Xu 

et al., 2017). Cathodic deposition of Mn(II) could enhance its removal from the 

solution, as well as its trapping (sweep coagulation) by the hydroxides formed (Oncel 

et al., 2013; Shafaei et al., 2010).  



25

  

Figure 2.2 A schematic representation of the mechanisms involved in the removal of As and Mn during treatment by 
ECG using Fe-electrode

A schematic representation of the mechanisms involved in the removal of As and Mn during treatment by 

25
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Figure 2.3 A schematic representation of the mechanisms involved in the removal of As and Mn during treatment by 
ECG using Al-electrode
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Moreover, chlorides may further enhance Mn(II) oxidation to Mn(IV) and its 

subsequent precipitation as MnO2 (Xu et al., 2017) (more details are provided at 

Section 2.3.3).  

 

Mn2+ (aq)+ 2 OH- 
(aq)→ Mn(OH)2(s)                             Eq. 2.11 

 

Considering the different mechanisms (e.g., oxidation, coagulation, (co-)precipitation, 

sorption) involved in the removal of As or Mn from contaminated water, several 

parameters (e.g., operational, effluent chemistry) can influence the performances of 

ECG.  

 

2.3.3    Operating parameters influencing the performance of ECG 

 

The performances of the most relevant studies on ECG to remove As and/or Mn from 

synthetic and real effluents are summarized in Table 2.3. Data show that both operating 

conditions (e.g., nature and number of electrodes, inter-electrode distance, current 

density (CD), retention time) and the quality of the effluent to be treated (e.g., initial 

pH, salinity, presence of anionic species or impurities) can impact the removal of As 

or Mn from contaminated water. For specific parameters (e.g., pH, nature of electrode), 

consensus are reached in the literature for the most performant conditions, but not for 

all. For example, better As removal efficiencies were observed under slightly acidic to 

neutral conditions, while Mn removal seemed to be more efficient under neutral to 

slightly alkaline conditions (Balasubramanian et al., 2009; Kobya et al., 2011; 
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Lakshmanan et al., 2009). From Table 2.3, it can be noticed that satisfactory removal 

efficiencies (>93%) were obtained for the removal of As and Mn from synthetic or real 

effluents, no matter the nature of electrodes used (Fe-Fe, Al-Al, Al-Fe, steel). However, 

most of the studies were performed using Fe- and Al-electrodes. This can be due to the 

following: i) availability, ii) low cost, iii) high valence of the cations produced from 

anodic dissolution, iv) low toxicity of Fe-and Al- hydroxides formed by precipitation 

(Fayad, 2017; Hakizimana et al., 2017; Moussa et al., 2016). In the current study, the 

discussion is limited to the most relevant operating parameters affecting the ECG 

performance for the removal of As and Mn from synthetic or surrogate effluents and 

for which the identification of optimal conditions is not obvious and seems to be 

dependent on the initial composition of the effluents to be treated or other operating 

conditions.  

 

• Current density  

Current density (CD - expressed in mA/cm2) is defined as the amount of electric current 

(I in mA) divided by the effective area of the sacrificial anode (S in cm2) (Fayad, 2017). 

CD is a crucial parameter in ECG, known for controlling the amounts of metallic ions 

and gas bubbles produced as well as the size and growth of the flocs (Moussa et al., 

2016). Optimal CD values reported in the literature varies between 0.2 and 70 mA/cm2 

(Table 2.3), with respect to water quality and other operational parameters 

(e.g., configuration, voltage, electrode surface) (Banerji and Chaudhari, 2016; Nariyan 

et al., 2017). Several studies have reported that an increase in CD increases the 

dissolution of sacrificial electrodes, resulting in higher amounts of Fe-hydroxide and 

therefore in better metal(loid) removals (Fayad, 2017). Indeed, an important increase 

in Mn removal (from 35.8 to 87.9%) has been observed when increasing CD from 

1.5 to 9.4 mA/cm2 ([Mn(II)]i: 100 mg/L, pHi: 7, retention time: 30 min, Al-Al 

electrodes) (Shafaei et al., 2010). A slight improvement of As removal from slightly 

contaminated synthetic effluent has been recorded (from 93.5 to 94.1%) with the slight 
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increase of CD from 0.25 to 0.50 mA/cm2 ([As]i: 0.15 mg/L, pHi: 6.5, retention time: 

12.5 min) (Kobya et al., 2011). In addition, CD can impact the kinetic of metal(loid)s 

removal. A faster removal of As (<10 µg/L) has been noticed when increasing CD 

(150 min needed at 1.72 mA/cm2 vs. 180 min needed at 0.86 mA/cm2 and 240 min 

needed at 0.49 mA/cm2) (Müller et al., 2021). However, this increase in CD results in 

an important increase of energy consumption and therefore, operating costs.  

Therefore, a compromise should be found between the removal efficiencies of the 

targeted contaminants and the economic feasibility of the treatment. Some studies 

showed that the selection of the best CD may be affected by other operating parameters 

such as pH or temperature (Moussa et al., 2016). 

 

• Retention time  

The retention time plays a key role in the performance of the ECG treatment (Nariyan 

et al., 2017; 2018). In the literature, the reported retention time for the removal of As 

and Mn from contaminated water varies from few minutes (5 min) to several hours 

(2-3 h). As expected, higher contaminant removal efficiencies are observed when 

increasing the retention time (Oncel et al., 2013). For example, the removal of Mn from 

a synthetic effluent ([Mn(II)]i: 100 mg/L, CD: 6.25 mA/cm2, pHi: 7) increases from 

only 34.1% after 10 min to 94.4% after 60 min (Shafaei et al., 2010). A lower 

enhancement in As removal (from 93.0 to 97.2%) with increasing retention time from 

30 to 60 min was recorded using Al-Al electrodes (Gomes et al., 2007).   
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Table 2.3 Examples of ECG performances for the removal of As and Mn from synthetic or real effluents 

Effluent Type 
  

Targeted 
contaminants pHᵢ/ 

pHₐ* 
  

pHf 
  

Electrodes Retention 
time CD Efficiency  

References 
  

(mg/L) Nature  Number  Configuration D 
(mm) (min) (mA/cm²)  (%) 

As removal 

Synthetic 
effluent As: 1-1000 pHₐ: 

2.4-10 

- Fe-Fe 2 Vertical 30 60, 120 30.3 99.6 
Gomes et al. 
(2007) - Al-Fe 2 Vertical 30 60 30 78.9-99.6 

- Al-Al 2 Vertical 30 120 3 97.8 

Synthetic 
effluent As: 50 pHᵢ: 7 - 

Fe-
stainless-
steel  

2 Monopolar 15 55 15 94 
Balasubrama-
nian et al. 
(2009) 

Synthetic 
effluent As: 0.15 

pHi: 6.5 7.8 Fe-Fe 2 Monopolar  13 7.5 0.5 94.1 Kobya et al. 
(2011) pHi: 7 7.6 Al-Al 2 Monopolar  13 4 0.75 96.5 

Synthetic 
effluent As: 2-5 pHᵢ: 5 - Al-Fe 2 Monopolar 10 12 3V 99 Ali et al. 

(2012) 

Synthetic 
effluent As: 0.5 pHᵢ: 7 - Fe-Fe 2 Monopolar 10 180 0.2 90 

Banerji and 
Chaudhari 
(2016) 

Synthetic 
effluent As(III): 55-100 pHᵢ: 5.2 - Stainless 

steel 2 - 15 20 2 99.6 Gilhotra et al. 
(2018) 

Synthetic 
effluent As(V): 100 - - Fe-Fe 2 - 20 120 12 >98 Hansen et al. 

(2007) 
* pHi: pH initial, pHa:  adjusted at the beginning of the test, **CD is calculated  
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Table 2.3 (continued) Examples of ECG performances for the removal of As and Mn from synthetic or real effluents 

Effluent 
Type 
  

Targeted 
contaminants pHᵢ/ 

pHₐ* 
  

pHf 
  

Electrodes Retention 
time CD Efficiency  

References 
  

 

(mg/L) Nature  Number  Configuration D 
(mm) (min) (mA/cm²)  (%) 

Synthetic 
effluent As(III): 50 pHₐ:  

4 - Fe-Fe 12 Vertical 50 45 0.54 99.5 Can et al. (2014) 

Synthetic 
effluent As(III): 25 pHa: 

6.5-7 - Mild 
steel 12 - 2 40 5.2 99 Lakshmipathiraj 

et al. (2010) 

Groundwater As: 2.86 pHi: 
2.86 

6.36 
(without 
air 
injection) Fe-Fe 2 Monopolar 

6 1.5 4.6 95.54 Parga et al. 
(2005) 

8.3 (with 
air 
injection) 

   >99  

Abandoned 
mine 
drainage 

As: 0.024 
pHₐ: 
7 - Al-Al 

3 anodes 
Monopolar 6 15 4 

As: 93 
Del Ángel 
 et al. (2014) SO₄²ˉ: 3567 4 

cathodes SO₄²ˉ: 53 

Groundwater 
samples As: 3.25-14.6 

pHᵢ: 
6.8-
7.4 

- Steel 
plates 4 Monopolar 

parallel 
10; 
20 

60; 180; 
40 

0.35; 
0.86; 1.72 >99.9 Müller et al. 

(2021) 

* pHi: pH initial, pHa:  adjusted at the beginning of the test, **CD is calculated 

 31 
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Table 2.3 (continued) Examples of ECG performances for the removal of As and Mn from synthetic or real effluents 

 
Effluent 
Type 
  

Targeted 
contaminants 
(mg/L) 

pHᵢ/ 
pHₐ* 
  

pHf 
  

Electrodes Retention 
time 

Current 
density Efficiency  

References 
  

Nature  Number  Configuration Distance 
(mm) (min) (mA/cm²)  (%) 

Mn removal 

Synthetic 
effluent Mn: 100 pHₐ: 

7 6.97 Al-Al 2 Monopolar 10 30 6.25 80 Shafaei et al. 
(2010) 

Synthetic 
effluent Mn: 360 pHₐ: 

9   Al-Al 2 parallel 20 195 - 92 Shahreza et 
al.  (2018) 

Real mine 
effluent 

Mn: 8.34; Fe: 
25.1 

pHᵢ: 
6.62 - Fe-Fe 7 Vertical 30 45 2.23 Mn: 99.7; Fe: 

99.2 

Reátegui- 
Romero et                  
al. (2018) 

Real mine 
effluent 

Mn: 49; Fe: 
770; SO₄²ˉ: 
13000 

pHᵢ: 
2.68 - 

Fe, Al- 
stainless 
steel 

2 Monopolar 5 60 70 

Mn: 23.4; Fe: 
74.9; SO₄²ˉ: 7.9; 
(Fe-steel); Mn 
neglectable (low 
pH); Fe: 67.9; 
SO₄²ˉ: 13.9 (Al-
steel) 

Nariyan et 
al. (2017) 

Real 
industrial 
wastewater 

Mn: 5; Cu: 5; 
Zn: 10 

pHᵢ: 
6 

7.87 Fe-Fe 2  Vertical  20 or 40 90 42** Mn: 94 (20 mm); 
73 (40 mm) Gatsios et al. 

(2015) 
6.65 Al-Fe 2 Vertical 20 or 40 90 42** Mn: 69 (20 mm); 

76 (40 mm) 
* pHi: pH initial, pHa:  adjusted at the beginning of the test, **CD is calculated 

32 
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• Inter-electrode distance  

Another important parameter to consider in an ECG system is the distance between the 

anode and the cathode, as called inter-electrode distance (D). Inter-electrode distance 

is a controlling parameter in ECG because it can affect contaminant removal 

efficiencies and ECG cell size, the consumption of energy and, as a result, the operating 

costs (Sahu et al., 2014). Ohmic drop (IR), which is the potential drop due to the 

resistivity of the solution, is directly proportional to the D (Equation 2.12). The 

decrease of D was reported to lead to a decrease of the ohmic drop, of the electrical 

power required (Equation 2.13) and the associated OPEX. 

 

 

 

IR = I ×D / S × K                      Eq. 2.12 

P = U × I = I × R2
                     Eq. 2.13 

 

where, IR is the solution resistance or the ohmic drop (Ω), I is the current intensity (A), 

D is the inter-electrode distance (m), S is the active electrode surface area (m2), K is 

the solution conductivity (mS/m), P is the electric power (W) and U is the voltage (V). 

Several studies showed that higher contaminant removal efficiencies are obtained for 

smaller D (Gatsios et al., 2015; Thella et al., 2008). Inter-electrode distance of 5-30 mm 

has been reported in the literature for the removal of As or Mn from synthetic and real 

effluents (Table 2.3). The impact of D on the removal of As from a synthetic effluent 

([As]i: 15 mg/L, pHi: 4, CD: 7.5 mA/cm2, reaction time: 30 min) using Fe-Fe electrodes 

was evaluated. A small decrease of As removal efficiency (from 100 to 94.6%) was 

reported when increasing D from 10 to 40 mm (Thella et al., 2008). The difference 

observed in removal efficiency could be attributed to the lower movement of ions and 
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electrons between electrodes when increasing D (Sahu et al., 2014). However, a recent 

study showed that D can be increased to 90 mm without affecting the removal 

efficiency of arsenic from sulfate-chloride spent brine (Li et al., 2023). The effect of D 

was also evaluated for the removal of metals, including Mn, from a real industrial 

wastewater ([Mn(II)]i: 5 mg/L, pHi: 6, CD: 42 mA/cm2, reaction time: 90 min) using  

Fe-electrodes. Results showed that the removal of Mn decreases from 94 to 73%, when 

increasing the D from 20 to 40 mm (Gatsios et al., 2015). 

 

• Air bubbling 

Some studies reported the importance of air bubbling during the ECG process, which 

does not only oxidize Fe(II) to Fe(III), but enhances the coagulation/flocculation 

process as well because of the turbulence caused by air bubbles in the ECG cell. 

Metal(loid)s removals may be enhanced upon air bubbling (Banerji and Chaudhari, 

2016; Hansen et al., 2007). For example, a significant increasing in As removal, from 

15 to 80%, has been noticed when adding air bubbling in the ECG unit (Hansen et al., 

2007). 

 

• Effect of salinity and anion species 

The nature of electrolyte (i.e., Cl-, SO4
2-, CO3

2- and HCO3
-) may affect contaminants 

removal efficiency during ECG treatment. The presence of anions can positively or 

negatively affect the removal of metals by ECG. For example, the presence of Cl- 

(50 mM) alone or in combination with SO4
2- (50 mM) seems to slightly improve the 

removal of Mn from synthetic effluent. Indeed, the final Mn concentration were around 

156 mg/L (50 mM Cl-), 181 mg/L (50 mM Cl-+SO4
2-) and 200 mg/L (50 mM SO4

2-). 

The favorable effect of Cl- on Mn removal may be attributed to higher oxidizing 
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conditions related to the production of hypochlorite and oxygen (Equations 2.14-2.18), 

resulting in Mn(II) oxidation to Mn(IV) and its precipitation as Mn-oxides (Xu et al., 

2017).  

 

 

2 Cl-
(aq) → Cl2(g) + 2 e-                                                                                    Eq. 2.14 

Cl2(g) + H2O(l) → HOCl(aq) + H+
(aq) + Cl-

(aq)                                                   Eq. 2.15 

HOCl(aq) → H+
(aq) + OCl-

(aq)                                                                          Eq. 2.16 

3 Mn(OH)2(s) + 3 ClO-
(aq) → 3 MnO2(s) + 3 H2O(l) + 3 Cl-

(aq)             Eq. 2.17 

6 Mn(OH)2(s) + 3 O2(g) → 6 MnO2(s) + 6 H2O(l)                                                Eq. 2.18 

 

 

The beneficial effect of Cl- ions, and the negative effect of SO4
2- on Mn removal by 

ECG have also been reported for As by several studies (Banerji and Chaudhari, 2016; 

Lakshmipathiraj et al., 2010; Maitlo et al., 2018). The removal of 98% of As was 

achieved in the presence of NaCl (0.01 M) whereas it decreased to 80% and 75% in the 

presence of Na2SO4 (0.01 M) and NaNO3 (0.01 M), respectively (Lakshmipathiraj et 

al., 2010). The positive effect of Cl- ions can be explained by the prevention of the 

formation of a passivation layer on the surface of the electrodes, resulting in higher 

amounts of Fe-hydroxides produced and increased As removal. At the same time, the 

inhibition effect of SO4
2- and NO3

- ions on the removal of As was mainly attributed to 

the formation of a passive layer that hinder the electrode dissolution (Lakshmipathiraj 

et al., 2010). The presence of HCO3
- ions (20 mM) was also found to hinder the As(V) 

sorption or co-precipitation with Al(III)-hydroxides, because of the competition of 

HCO3
- with HAsO4

2- and HAsO4
3- for the surface sites of Al(III)-hydroxides (Maitlo 

et al., 2018).  
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2.3.4    Combining ECG with other processes 

 

ECG as sole treatment process may not be efficient enough to remove the targeted 

contaminants below the regulated discharge limit. Combining ECG with other 

advanced oxidation processes (AOP - e.g., Fenton, ozonation) can improve the removal 

of organic and inorganic contaminants, while producing lower amounts of sludge, as 

well as decreasing the retention time and the operating costs (Babu et al., 2019). 

Successfully applied to the removal of organic contaminants (biological oxygen 

demand, chemical oxygen demand) from industrial wastewater (Babu et al., 2019; 

Torres-Sánchez et al., 2014), little is known about the efficiency of combining ECG 

with other processes on the removal of inorganic contaminant including As and Mn. 

Table 2.4 presents selected examples on the application of ECG process combined with 

a second oxidation process for the removal of As and Mn. Most of the studies are 

focusing on the simultaneous production of Fe2+ and hydroxyl radicals (.OH) through 

the addition of H2O2 in the ECG cell or its in-situ production (Bandaru et al., 2020; 

Montefalcon et al., 2020). A recent study showed that H2O2 can be in-situ generated 

using an air diffusion cathode, that replaces the conventional Fe-cathode in the ECG 

cell, through the cathodic reduction of O2 diffused from the air inside the electrode. 

This air cathode assisted ECG process enhances the kinetics of As(III) oxidation and 

removal by orders of magnitude ([Asf] <0.001 mg/L with the advanced ECG vs. 

0.3 mg/L with ECG alone). The improvement in As(III) oxidation and subsequent 

removal can be explained by the enhanced oxidation of Fe(II) of almost 4 orders of 

magnitude by the in situ generated H2O2 compared to O2, in addition to the production 

of more reactive intermediates such as Fe(IV), which enhances the oxidation of As(III) 

as well (Bandaru et al., 2020). An electrochemical peroxidation process, with an 

external source of H2O2 (5 mg/L) to the ECG unit, has been developed, leading to a 

significant increase in As removal (from 11 to 44%) in a shorter retention time (from 
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27.6 to 6.7 min) (Montefalcon et al., 2020). The in situ production of hydroxyl radicals 

through H2O2 photolysis (Equation 2.19), Fenton’s reaction (Equation 2.20) or 

photoreduction of Fe(OH)2+ (Equation 2.21) has been investigated in the photo-assisted 

electrochemical peroxidation process (PECP) as well. The removal of As was 

improved (78%), while reducing the retention time to 4.9 minutes only. This increase 

in As(III) removal was attributed to the production of Fe(IV) species, which are strong 

intermediate oxidants, while the contribution of hydroxyl radicals seemed to be 

insignificant.  

 

H2O2 → 2 ∙OH                                        Eq. 2.19 

Fe2+ + H2O2 → Fe3+ + ∙OH + OH-               Eq. 2.20 

Fe(OH)2
+ → Fe2+ + 2 ∙OH                                                       Eq. 2.21 

 

A pilot treatment system was developed for the treatment of contaminated groundwater 

(Vinkovci County, Eastern Croatia), containing 0.138 mg/L As, 1.2 mg/L NH4
+ and 

3.5 mg/L PO4
3-. This system included a combined electrochemical treatment (ECG), 

using 24 Fe- and 24 Al-electrode plates with simultaneous ozonation, followed by a 

post-treatment with UV, O3 and H2O2. The combination of ECG with AOP completely 

removed all the targeted contaminants (Orescanin et al., 2014). The simultaneous 

removal of As and Mn from a raw groundwater ([Asi] = 9.77 µg/L, [Mni] = 137 µg/L) 

has been evaluated using ECG alone or combined with an oxidative media filtration 

(McBeath et al., 2021). Based on the results, ECG alone was effective, decreasing As 

concentration below 3 µg/L, while the flocculation step allowed the removal of Mn to 

values below 98.97 µg/L. The combination of ECG with filtration onto an oxidative 

hv 

hv 

 



38  

media composed of silica sand coated with MnO2 (Greensand Plus®) increased the 

removal of As (<0.1 µg/L) and Mn (<40 µg/L). Generally, the advanced ECG processes 

were proven to be efficient to remove As and Mn from contaminated groundwater, 

achieving very low final concentrations.  

In summary, ECG has been proved efficient (>80%) for As or Mn removal, separately, 

from synthetic and real effluents, while minimizing residual salinity relative to 

conventional precipitation because Fe(III) ions are produced from the electrical 

dissolution of sacrificial electrodes. Moreover, the ECG process was found to be more 

effective than the chemical precipitation with respect to the removal efficiency, amount 

of sludge generated and operating cost (Oncel et al., 2013). Nevertheless, despite a 

relatively good scientific understanding of the effects of operating conditions on ECG 

treatment, the identification of the most performant ones for the simultaneous removal 

of As and Mn from contaminated mine water is still ongoing. In addition, the previous 

studies that were performed on the Mn removal indicated that its efficient removal may 

require higher operating conditions, for example higher CD or pH in comparison to As. 

Therefore, the efficient simultaneous removal of As and Mn would potentially force 

the selection of the higher operating conditions required for Mn. Moreover, the 

performance of ECG can be improved through its combination with AOP, which will 

result in undesirable increase in operating costs. Further to the challenges highlighted 

above, the evaluation of acute and chronic toxicity has become a requirement for mine 

effluent discharge in several legislations. However, there is few information available 

about toxicity assessment of effluents treated by ECG, especially for As and Mn 

contaminated water (Foudhaili et al., 2020a; Lach et al., 2022; Radić et al., 2014). 



39 

 

Table 2.4 Relevant studies on advanced ECG processes for the removal of As and/or Mn 

Technology Effluent type / Targeted 
contaminants (mg/L) Test conditions 

Final concentration (mg/L)  
Reference ECG alone ECG combined 

with AOP  
ECG; Air cathode Assisted 
Iron Electrocoagulation 
(ACAIE) 

Synthetic effluent / As (III)i: 1.464  Fe-electrodes; 60 min As: 0.3 As: 0.001  Bandaru et al. 
(2020) 

ECG; simultaneous 
ozonation; post-treatment 
with ozone, UV 

Groundwater/As(III)i: 0.138; PO4
3-

: 3.5 ; NH4
+: 1.2; suspended 

solids: 3 

pH: 8.14 
 

As: 0; PO4
3-: 

0; NH4
+: 1.2;  

suspended 
solids: 0 

As: 0; PO4
3-: 0; 

NH4
+: 0;  

suspended 
solids: 0  

Orescanin et al. 
(2014) 

ECG; ECG-ECP; ECG-
PECP* 

Synthetic effluent simulating a 
groundwater / As(III)i: 0.5  

pHa: 7 

As: 0.4427  
(after 27.6 
min) 

EC-ECP: As: 
0.2822  
(after 6.7 min) 

Montefalcon et 
al. (2020) 

Electrodes: 2 mild steel 
EC-PECP: As: 
0.116 (after 4.9 
min)   

Distance: 20 mm 

 
Electrodes: set of 24 
Fe-electrodes, set of 24 
Al-electrodes  
Distance: 5 mm 

ECG; ECG-oxidative media 
filtration (Greensand Plus) 

Groundwater / Asi: 0.0098; 
Mni: 0.1372 

Electrodes: steel-
stainless steel; CD: 
0.03 mA/cm2 

As: <0.003 As: <0.0001 McBeath et al. 
(2021) Mn: 0.099 Mn: <0.04 

*ECG-ECP: ECG-electrochemical peroxidation, ECG-PECP: EGC- photo-assisted electrochemical peroxidation  

 

39 



40  

2.4    Ferrates 
 

2.4.1    Principle 

 

Ferrates, which are high oxidation state of iron species (from Fe(IV) to Fe(VIII), with 

Fe(VI) as the most stable and easier to produce species), are gaining more and more 

attention for the treatment of wastewater (Goodwill et al., 2016; Kong et al., 2023; 

Machala et al, 2020;  Prucek et al., 2013; Rai et al., 2018; Sharma, 2002; Sharma et al., 

2016; Wang et al., 2020a). Characterized by their oxidizing power (E° = +2.20 V in 

acidic media, E° = +0.72 V in alkaline media), and their ability to generate in-situ 

coagulant (e.g., Fe(III) species), ferrates (Fe(VI) – FeO4
2-) are highly efficient species 

for the removal of metal(loid)s from contaminated water (Goodwill et al., 2016; Lee et 

al., 2003; Machala et al., 2020; Munyengabe et al., 2020). Fe(VI) are able to efficiently 

remove inorganic contaminants in a single-treatment process through: i) oxidation of 

reduced species (e.g., As(III) to As(V) or Mn(II) to Mn(IV)), ii) coagulation through 

in-situ production of Fe(III), and iii) sorption onto Fe(III)-hydroxides (Sharma, 2002; 

Sharma et al., 2005). The main advantages of using Fe(VI) compared to conventional 

precipitation processes using Fe(III) salts are related to the low amount of highly stable 

sludge produced. While the main drawbacks are related to the time-consuming and 

expensive methods required to synthesize Fe(VI), its instability in aqueous phases and 

the addition of residual salinity in the treated effluent due to the low purity of Fe(VI) 

(20-40%) (Machala et al., 2020; Sharma, 2002; Wang et al., 2020a). 
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2.4.2    Synthesis and reactivity of Fe(VI) 

 

Current research focuses on the synthesis of sodium (Na2FeO4) or potassium (K2FeO4) 

ferrate salts (Gonzalez-Merchan et al., 2016; Machala et al., 2020; Rai et al., 2018). 

Potassium ferrate is among the most known derivatives of Fe(VI) due to its stability 

and ease of production (Sharma, 2002). Fe(VI) can be synthesized by three different 

processes, including: 1) wet chemical, 2) electrochemical, and 3) thermal methods. 

Wet chemical and electrochemical approaches produce a highly pure and wet Fe(VI) 

sample (98%). However, the amount of the product is relatively low (Machala et 

al., 2020). These synthesis methods are not suitable for a large-scale production. 

Moreover, the thermal synthesis, which is the most commonly used, results in higher 

amount of solid Fe(VI) (up to kilograms per one synthetic cycle). Nevertheless, its 

purity is relatively low (20-40%), because of self-decay of Fe(VI) at high temperatures 

(Machala et al., 2020).  

 

An important characteristic of Fe(VI) relative to other advanced or conventional 

oxidants is its self-decay in the presence of oxygen or water, requiring its use upon its 

production or storage as solid in non-humid conditions (Sharma et al., 2016). When 

Fe(VI) reacts with water, Fe(III)-hydroxides, oxygen and OH- ions are produced, 

resulting in very alkaline solutions (Rush and Bielski, 1989; Schreyer and 

Ockerman, 1951).  

 

The self-decay or instability of Fe(VI) in solid and aqueous phases is an important 

feature to be considered when this treatment is applied for large-scale applications. 

Strongly related to its oxidation ability, its self-decay in aqueous phase is influenced 

by several conditions (e.g., initial Fe(VI) concentration, temperature, presence of other 

species, pH) (Barisci and Dimoglo, 2016; Schreyer and Ockerman, 1951). However, 
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the mechanisms of Fe(VI) self-decay under different experimental conditions are still 

controversial.  

 

• Initial Fe(VI) concentration 

The decomposition rate of Fe(VI) can be influenced by the initial concentration of 

Fe(VI) used. For example, a total degradation of Fe(VI) was observed after 1 h for a 

solution of 0.03 M of Fe(VI), while only 11% of the Fe(VI) were degraded under the 

same period for lower concentrations (<0.025 M). The critical concentration of Fe(VI) 

was identified as 0.025 M (Schreyer and Ockerman, 1951). This higher degradation 

rate observed at high initial Fe(VI) concentrations is explained by the presence of 

higher amounts of Fe(III) species, resulting from the reduction of highly oxidant Fe(VI) 

to Fe(III) in solution (Li et al., 2005; Schreyer and Ockerman, 1951). This degradation 

rate is more important when the pH is very acidic as Fe(III) remains in solution. The 

identification of the appropriate Fe(VI)/contaminant ratio to be used to avoid the 

addition of too high amounts of Fe(VI), which will result in a higher degradation rate 

of the oxidant and lower contaminant removal efficiencies is therefore critical.  

 

• Temperature 

The stability of Fe(VI) can be affected by the temperature of the solution. For example, 

Fe(VI) solution stored at 0.5°C was reported to remain stable (∼2% of Fe(VI) 

reduction) after 2 hours, while a 10% decrease in Fe(VI) concentration was observed 

when stored at 25°C during the same period (Wagner et al., 1952). 
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• Presence of salts 

The addition of salts to a solution containing Fe(VI) could either accelerate or delay its 

decomposition, depending on the nature of the salt added. For example, an increase in 

the decomposition of Fe(VI) was observed in the presence of NaCl (0.5 M), while the 

presence of KCl (0.5 M) or KNO3 (0.5 M) led to a decrease of Fe(VI) decomposition. 

A complete decomposition of Fe(VI) occurred within only 15 minutes in the presence 

of NaCl, while it took 35 minutes without any salt addition, and lasted 60 minutes in 

the presence of KCl or KNO3 to achieve the complete degradation of Fe(VI) (Schreyer 

and Ockerman, 1951). 

 

 

• pH 

The stability as well as the speciation of Fe(VI) and its reactivity towards inorganic 

contaminants are pH-dependent. Four different species of Fe(VI) can exist depending 

on the pH (Figure 2.4). The FeO4
2- is predominant in alkaline medium, while HFeO4

-, 

which is a stronger oxidant due to its larger spin density, dominates in slightly 

acidic-neutral conditions (Barisci and Dimoglo, 2016; Kamachi et al., 2005). The 

lowest degradation rate of Fe(VI) occurs at pH 9.2-9.4, indicating that Fe(VI) is more 

stable under slightly alkaline conditions, while under acidic conditions (pH ⁓ 6), Fe(VI) 

is quite unstable with more than 60% of Fe(VI) degraded within several minutes 

(Graham et al., 2004; Tiwari et al., 2007). This can be explained by the high oxidation 

potential of Fe(VI) under acidic conditions, leading to a rapid degradation of Fe(VI) 

and the production of O2 and Fe(III). At pH above 10, the stability of Fe(VI) tends to 

decrease with the increase of pH (20% of Fe(VI) degradation at pH 11 vs. 60% at pH 12 

within 10 minutes), but the mechanisms involved in Fe(VI) degradation are still not 

fully understood (Graham et al., 2004).  
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Figure 2.4  Impact of pH on the speciation of Fe(VI) (Wang et al., 2021) 

 

 

2.4.3    Mechanisms involved in inorganic contaminants removal by Fe (VI) 

 

Different potential pathways have been identified for the removal of inorganic 

contaminants by Fe(VI) (Goodwill et al., 2016; Prucek et al., 2013; Sharma, 2010; 

2011; Wang et al., 2020). Fe(VI) provides multi-functional removal strategy, where it 

acts as an oxidant for the compounds present in their reduced forms and as a 

coagulant/sorbent upon the in itu formation of Fe(III)-hydroxides (Prucek et al., 2013; 

Sharma, 2011). The mechanisms involved in As and Mn removal from contaminated 

water by Fe(VI), which involved a 2-electrons transfer, are described in Figure 2.5 

(Sharma, 2010; 2011). For As(III), the redox reaction occurring with Fe(VI) involves 

a combined transfer of oxygen atom and 2 e-, leading to its oxidation into As(V). Once 

oxidized, As(V) is removed from contaminated water through its co-precipitation with 
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or sorption on Fe(III)-hydroxides. According to Prucek et al. (2013), 20% of As(V) 

removal occurred through its incorporation into the structure of Fe(III)-hydroxides 

nanoparticles formed in situ, leading to the production of more stable sludge. The pH 

affected the sorption of As(V) on the generated Fe(III)-hydroxide nanoparticles 

(Prucek et al., 2013), as the pH of the solution drives the isoelectric point of the solid 

phase surfaces, which will be discussed in detail in Section 2.4.4. The mechanisms 

involved in the removal of Mn(II) are not yet fully elucidated. However, Goodwill et 

al. (2016) proposed a Mn(II) removal mechanism occurring via its oxidation to Mn(IV) 

followed by precipitation of Mn-oxide nanoparticles. This last study also recommended 

that the dosage of Fe(VI) should be carefully defined to avoid the oxidation of Mn(II) 

to Mn(VII), which are soluble. 

 

2.4.4    Operating parameters influencing the performance of Fe(VI) 

 

The performances of Fe(VI) to remove As and Mn from contaminated water are 

affected by several operating parameters, such as the initial solution pH, the Fe(VI) 

dose and the retention time (Goodwill et al., 2016; Lee et al., 2003; Prucek et al., 2013). 

Some of the relevant studies evaluating the performances of Fe(VI) to remove As and 

Mn from synthetic and real effluents, under different operating conditions are presented 

in Table 2.5.  

Several studies have been conducted on the removal of As by Fe(VI), while the removal 

of Mn(II) using this process is poorly documented. Most of the studies focus on the 

treatment of synthetic effluents rather than real effluents, so the influence of other 

contaminants including salinity is not fully evaluated. Based on the information 

presented in Table 2.5, Fe(VI) are highly efficient (90–100%) for the removal of As 

and Mn from synthetic or real water. However, there is no consensus on the most 
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appropriate operating conditions, including the best pH for the oxidation of As(III) or 

for the removal of Mn(II) and the optimal Fe(VI)/contaminant molar ratio, especially 

for slightly-contaminated water containing both contaminants. The effect of the 

different operating parameters reported in the most relevant studies influencing the 

removal of As and Mn by Fe(VI) will be discussed in the following sections. 

 

• Influence of pH on Fe(VI) performance 

Metal(loid) speciation, including As and Mn, as well as Fe(VI) speciation/stability is 

strongly pH-dependent. Several studies have reported that the reaction rate of Fe(VI) 

with the inorganic contaminants increases with the decrease of pH (from 10 to 6.5), 

which can be explained by the higher oxidizing power of Fe(VI) at acidic-neutral pH 

relative to alkaline conditions (Dong et al., 2019; Prucek et al., 2013; Sharma et al., 

2005; Sharma, 2011). An important increase of As removal (from 80 to >99%) has 

been observed with the decrease of pH from 10 to 6.0, identifying pH 6.6 as optimal 

(Prucek et al., 2013). A pH of 6.0-6.6 was identified as optimal for the removal of 

As(III) or As(V) by Fe(VI) in most of the studies (Table 2.5). This can be explained by 

the formation of Fe(III)-hydroxide nanoparticles, which has a pHpzc of 6.8 (Yang et 

al., 2018). 
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Figure 2.5 Mechanism involved in As(III) and Mn(II) removal by Fe(VI) 
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Table 2.5 Examples of Fe(VI) performances for the removal of As or Mn from synthetic or real effluents 

Effluent Type 
Targeted 
contaminant 
(mg/L) 

Scale pHᵢ/pHₐ  Molar ratio 
(Fe(VI)/As) 

Molar ratio 
(Fe(VI)/Mn 
(II)) 

K₂FeO₄ 
(mg/L) 

Retention 
time 
(min) 

Efficiency (%) References 

As removal 

Synthetic 
effluent As(III,V): 100 Batch pHi: 6.6–10 5.8/1*  - 200 (as 

Fe) 60 80-100 Prucek et al. 
(2013) 

Synthetic 
effluent 

As(III): 2; Sb: 
2 Batch pHᵢ: 4–7  5.7/1*    - 50 - 

As: >98.5 (pH 6.5) 
Sb: 27 (pHi:7), >96 
(pHi: 3.5) 

Lan et al. 
(2016) 

Synthetic 
effluent 

As(III): 0.5; 
Sb: 0.5 Batch 

pHa: 3–12 
pH optimal: 
4-5 

3.7/1* - 8 20 
As: 100 (pH: 4-7) 
Sb: 65 (pH: 4-5.5) 

Wang et al. 
(2020) 

Synthetic 
effluent 

As(III): 
2.99** Batch pHa: 7.5 9/1 - - - 100 Sharma et al. 

(2007) 

River water As(III): 0.517 Batch pHi: 7.8; pHₐ: 
6.3–6.6 11/1* - 2 (as Fe) 60 90 Lee et al. 

(2003) 

Groundwater As: 0.1 Semi-pilot pHa: 7 Not specified - 15 20 >95 Hermankova 
et al. (2020) 

Raw drinking 
water As: 38.66 Pilot plant 

batch mode pHₐ: 6 7/1  - - 30 97 Bujanovic et 
al. (2016) 

Mn removal 

Synthetic 
effluent Mn: 5.5** Batch pHₐ: 3, 6, 11 - 

15/1* 
 

39.1 (as 
Fe) - 73 Lim and Kim 

(2010) 

Synthetic 
effluent Mn: 0.26** Batch pHₐ: 6.2 - 2/3  - 45 - Goodwill et 

al. (2016) 

Raw water Mn: 10 Batch 
pHᵢ: 5–8 
(optimal: 7.5) - 

0.6/1* 
 3 (as Fe) 55 100 

White and 
Franklin 
(1998) 

*:  Molar ratio is calculated from available data; ** As/Mn concentration is calculated from available data; pHi : initial pH; pHa: adjusted pH

48 
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Under alkaline conditions (pH >6.8), both Fe(III)-hydroxides and As(V) species are 

negatively charged, which results in electrostatic repulsion between both species that 

may hinder As removal through co-precipitation or sorption. More recently, Wang et 

al. (2020) showed that a decrease of the pH from 6.5 to 4.0 led to a slight increase of 

As removal, which can be due to the higher oxidizing properties of Fe(VI) under acidic 

conditions as well as the lower solubility of produced Fe(OH)3, favoring the formation 

of stable flocs and sorption activity. These results also showed that the amount of 

Fe(VI) required for the removal of As can be reduced (Fe(VI)/As molar ratio of 3.7/1) 

compared to the other studies (Fe(VI)/As molar ratio between 5.8/1 and 9/1) as the pH 

was fixed at 4-5 (Table 2.5). This decrease in the amount of Fe(VI) is beneficial in 

terms of operating costs, residual salinity and sludge production.  

For the removal of Mn, Goodwill et al. (2016) reported that Fe(VI) can oxidize Mn(II) 

to Mn(IV), which then precipitate as Mn-oxides, at almost neutral pH (6.2-7.5). The 

results showed that the rate of reaction decreased as the pH increased from 8.8 to 9.2. 

Another study reported that Mn removal efficiency increased from 40 to 80% as the 

pH increased from 3 to 6 and remained stable at 80% at pH 11 (Lim and Kim, 2010). 

The enhanced Mn removal observed at high pH (pH 6 and 11) was attributed to the 

presence of stable Fe(VI) species in neutral and alkaline conditions, which can react 

with divalent metals (Me2+ - including Cu2+, Zn2+ and Mn2+) in the solution and form 

precipitates such as Me(HFeO4)2 and Me(FeO4). Similar improved Mn removal 

efficiencies with pH increase (from 5 to 8) were observed by White and Franklin (1998) 

in the treatment of a raw water sample, with an optimal pH at 7.5.  

 

• Fe(VI) dose or Fe(VI)/contaminant molar ratio 

Several studies have reported the effect of Fe(VI) dose or Fe(VI)/contaminant molar 

ratio on the efficient removal of As or Mn species from synthetic and real water at 
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various initial concentrations (0.5 to 100 mg/L) (Goodwill et al., 2016; Lan et al., 2016; 

Lee et al., 2003; Lim and Kim, 2010; Prucek et al., 2013). The relation between As 

removal and Fe(VI) dose is positive, indicating that increasing applied Fe(VI) dose will 

lead to a better As removal (Lee et al., 2003; Prucek et al., 2013). For example, an 

increase of the molar Fe(VI)/As ratio from 11/1 to 34/1 led to an increase of As removal 

from 90 to >99% for a lowly contaminated river water ([As]i: 0.517 mg/L). The optimal 

Fe(VI)/As ratio was fixed at 11/1, leading to 90% As removal (Lee et al., 2003). Prucek 

et al. (2013) also observed that the removal of As(III) and As(V) from synthetic 

effluents initially containing 100 mg/L of As increased with increasing applied Fe(VI) 

concentration (from 100 to 1000 mg/L as Fe). The As was almost completely removed 

at a Fe/As weight ratio of 2/1 (equivalent to Fe(VI)/As molar ratio of 5.8/1), with the 

same efficiency observed for As(III) and As(V). While, a Fe(VI)/As molar ratio of 

5.7/1 was reported as optimal by Lan et al. (2016), for an initial concentration of 

2 mg As/L. These results indicate that the most suitable Fe(VI)/As ratio seems to be 

affected by the initial As concentration present in the effluent to be treated, the type of 

effluent (synthetic effluent or real effluent) and the pH of the solution (Table 2.5).  

Only few studies were found on the removal of Mn by Fe(VI). Unlike the positive 

relation between Fe(VI) added dose and As removal, overdosing of Fe(VI) can further 

oxidizes insoluble Mn(VI) to soluble Mn(VII) species (apparition of a persistent pink 

color), decreasing Mn removal efficiencies (Goodwill et al., 2016). The oxidation of 

Mn(II) to Mn(IV) and its subsequent removal from a synthetic effluent was found to 

be optimal at a molar stoichiometry Fe(VI)/Mn of 2/3 at an initial Mn concentration of 

0.26 mg/L (Goodwill et al., 2016). However, a higher optimal molar Fe(VI)/Mn ratio 

(15/1) was reported by Lim and Kim (2010) for the treatment of a synthetic effluent 

(initial Mn concentration of 5.5 mg/L). White and Franklin (1998) found an optimal 

Fe(VI)/Mn molar ratio of 0.6/1 for the removal of Mn from a real effluent 

([Mn]i: 10 mg/L). Based on these results, the most suitable Fe(VI)/Mn molar ratio 

ranges from 0.6/1 to 15/1, with respect to the quality of the effluent to be treated. 
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• Retention time and kinetic studies 

The reaction of Fe(VI) with the different inorganic contaminants is very fast, from few 

milliseconds to 1 h (Fan et al., 2007; Sharma et al., 2005; Sharma et al., 2008). As 

presented in Table 2.5, the reaction is usually conducted within 1 h in most studies. 

The oxidation of As or Mn usually occurs within the first minute, while the remaining 

time is necessary to allow the flocculation and precipitation of Fe(III)-hydroxide 

nanoparticles and the subsequent sorption, incorporation or co-precipitation of As(V) 

(Prucek et al., 2013) and precipitation of Mn-oxide (Goodwill et al., 2016). Increased 

settling time after the reaction could improve the removal of targeted contaminants, 

because of the enhanced sorption of As and Mn on Fe(III)-hydroxides and the sweeping 

of remaining species in the solution (Wang et al., 2020). For As removal, it was 

observed that As(V) is adsorbed in the first 3 to 4 minutes and partially incorporated 

(⁓20%) into the structure of γ-Fe2O3 or γ-FeOOH nanoparticles formed. This 

immobilization mechanism through incorporation could enhance the stability of the 

generated product (Heřmánková et al., 2020; Prucek et al., 2013).  

The reaction rate of Fe(VI) with different inorganic contaminants was evaluated 

through kinetic studies and calculation of reaction rate and reaction constants 

(k –  M-1s-1). The results reveal that most of the inorganic compounds can be removed 

at a time scale of few milliseconds to seconds at pH 7-8. Indeed, Fe(VI) can oxidize 

As(III) very fast (k >1 × 103 M-1s-1) with half-life time (t1/2) lower than one second (Lee 

et al., 2003; Sharma, 2011), while Mn(II) oxidation by Fe(VI) occurs within one minute 

(k >1 × 104 M-1 s-1) (Goodwill et al., 2016), under optimal pH conditions. For example, 

the reaction rate constants between Fe(VI) and As(III) are estimated at 2.0 × 104 M-1 s-1 

at pH 9; which are quite comparable to those measured for Mn(II) at pH 9.2 and 8.8 

(k = 1.0 × 104 and 5.6 × 104 M-1 s-1, respectively) (Goodwill et al., 2016; Lee et 

al., 2003). The kinetic studies conducted by Lee et al. (2003) showed that the reaction 

of As(III) with Fe(VI) follows a first-order reaction with respect to both reactants. 
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A non-linear decrease of the second order rate constant at 25°C from 3.5 × 105 M-1s-1 

to 1.2 × 103 M-1s-1 was observed with the increase of pH from 8.4 to 12.9. A similar 

evolution of the second order rate constants of the reaction between Fe(VI) and most 

inorganic compounds was also observed (Sharma et al., 2007; Sharma, 2010). The 

inverse relationship between the second order rate constant and the pH may be related 

to the speciation of Fe(VI) and its higher oxidizing properties under acidic conditions 

compared to alkaline ones. Indeed, the protonated form HFeO4
- reacts more readily 

than the unprotonated species (FeO4
2-) with As. Moreover, this decrease in the rate 

constant with the pH increase correlates with the fact that under alkaline conditions, 

Fe(VI) and As(V) species are negatively charged. Hence, the electrostatic repulsion 

between the two negatively charged species may influence the removal of 

As oxyanions. As observed for As removal, some studies reported that the oxidation of 

Mn(II) by Fe(VI) slightly decreases with the increase of pH. For example, Goodwill et 

al. (2016) conducted kinetic studies at different pH values and reported that the 

maximum reaction rate was obtained at pH of 6.2-7.5 (k = 9 × 104 M-1s-1), while the 

reaction rate constant slightly decreased from 5.6 × 104 M-1s-1 to 1 × 104 M-1s-1 at 

pH 8.8 and 9.2, respectively.   

In summary, despite promising As and Mn removal efficiencies (>80%), the potential 

use of Fe(VI) to simultaneously remove As and Mn from mine water has not yet been 

reported in the literature. Moreover, optimal treatment conditions (e.g., Fe(VI) dose, 

pH, retention time) for low-contaminated mine water containing both As and Mn are 

yet to be developed. However, according to the previous studies on the removal of As 

and Mn by Fe(VI), showing that the As removal seems to consume higher dose of 

Fe(VI) compared to Mn, it could be expected that their simultaneous removal will 

require higher Fe(VI) dose in relative to the applied dose for their separate removal. In 

addition, most of the studies on the use of Fe(VI) to remove As and Mn from 

contaminated water evaluated its efficiency rather that its performances (removal 

efficiency, regulations, residual salinity, toxicity of treated effluent, and operating 
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costs). Only a few studies have evaluated the toxicity of the final effluent after 

treatment by Fe(VI), mostly targeting the removal of emerging organic contaminants 

such as pharmaceutical products (Han et al., 2015; Yang et al., 2016; Zhang et 

al., 2022). 

 

2.5    Toxicity of mine effluents: evaluation and regulations 

 

As previously mentioned, final mine water should respect both physicochemical and 

toxicological (acute and chronic) criteria to allow their responsible and safe discharge 

in the environment. Mine water toxicity is usually evaluated through acute and chronic 

toxicity tests, which may vary depending on the legislation (MDMER, 2018; 

USEPA, 2018). For example, in the Canadian context (Table 2.6), acute toxicity must 

be assessed on rainbow trout fish (Oncorhynchus mykiss) and water fleas (Daphnia 

magna) in both federal (Ministry of Justice, 2021) and Quebec’s provincial 

(MELCC, 2012) legislation. The sublethal or chronic toxicity assessment on algae 

species Pseudokirchneriella subcapitata is also required in the federal legislation 

(Ministry of Justice, 2021). Several organisms have been used for the assessment of 

mine water toxicity (Table 2.6). D. magna is one of the most widely used organism by 

mining companies to evaluate acute toxicity due to its wide distribution, ease of 

cultivation in laboratory, sensitivity, high reproduction rate and short life cycle (Lee et 

al., 2015).  

There are several potential sources of acute and chronic toxicity in mine water 

including the pH, the ionic strength (or salinity) as well as the concentration of some 

metal(loid)s and sulfates (Byrne et al., 2013; Foudhaili et al., 2020a; Lee et al., 2015; 

Pereira et al., 2014; Soucek et al., 2000; Williamson et al., 2013). This section will 

briefly discuss the main causes of toxicity expected from the treatment of As- and 
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Mn-contaminated mine water using ECG and Fe(VI). The Table 2.7 presents some 

studies, which evaluated the toxicity effect of As, Mn and Fe in terms of acute and 

chronic toxicity towards D. magna. 

 

Table 2.6 Toxicity tests recommended in the federal and Quebec’s provincial 
legislation (MELCC, 2012; Ministry of Justice, 2021) 

Toxicity test Common name of 
organism Latin name of organism Legislation 

Acute toxicity 
Rainbow trout fish Oncorhynchus mykiss D019; 

MDMER 

Water fleas Daphnia magna D019; 
MDMER 

Sublethal 
toxicity 

Fathead minnow Pimephales promelas MDMER 

Green algae Pseudolirchneriella 
subcapitata MDMER 

Small water lentils Lemna minor MDMER 

Small water fleas Ceriodaphnia dubia MDMER 
 

• Arsenic  

The toxicity of As to D. magna has been reported in the literature; with As(III) being 

exhibited to be more toxic than As(V) and organic forms of As (Suhendrayatna et al., 

1999; Tisler and  Zagorc- Koncan, 2002; Wang et al., 2016). The toxicity of As(III) is 

due to its high affinity for sulfhydryl groups of biomolecules. The bonds formed 

between As(III) and sulfhydryl groups lead to inhibition of critical enzymatic functions 

within the cells. On the other hand, the toxicity of As(V) is mainly associated to its 

potential for phosphate replacement (Zeng et al., 2017). Information on the toxicity 

effect of As to freshwater species were available for 21 species of fish, 14 species of 

invertebrates, and 14 species of plants (CCME, 2001). Rainbow trout (Oncorhynchus 

mykiss) and climbing perch (Anabas testudineus), which were identified as the most 
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sensitive fish, seem to be as sensitive as invertebrates such as copepods (Cyclops 

vernalis) and daphnids (D. magna) to As content in water. For example, the lethal 

concentration (LC50) for O. mykiss and A. testudineus is 550 µg/L (21 days), while the 

effective concentration (EC50) to detect an effect on the reproduction of D. magna is 

520 µg/L (CCME, 2001).  

 

• Manganese  

Manganese is a toxic element mostly overlooked in the evaluation of effluent toxicity, 

even though it is a prevalent contaminant in discharges from mining activities (Ferrari 

et al., 2018). Manganese in water can be considerably bio-concentrated by biota at 

lower trophic levels, favoring its adsorption and bioaccumulation by aquatic 

invertebrates and fish (Howe et al., 2004). The toxicity of dissolved Mn is related to 

the water quality, in particular the hardness and pH. This relationship is explained by 

the competition between major ions (e.g., Ca2+, Mg2+, H+) and Mn for binding sites 

on/in organisms. Hence, the higher risk of Mn toxicity to fish and invertebrates is in 

the acidic, Ca-deficient waters as these conditions can significantly promote the uptake 

and toxicity of metals, including Mn (Harford et al., 2015). Freshwater streams, rivers 

and lakes are among the environments that are most sensitive to elevated concentrations 

of Mn (>1 mg/L) (Howe et al., 2004). The results of various toxicity tests performed 

on various organisms in aquatic biota, such as microalgae (e.g., diatoms), protozoa, 

invertebrates (e.g., worms; daphnia; crustaceans), fish and amphibians in the presence 

of Mn(II) are reported in a report from the World Health Organization (WHO) 

(Howe  et al., 2004). Adverse impacts such as inhibition of growth, reduction in total 

cell volume, inhibition of reproduction rate, abnormal larval development, and 

significant embryonic mortality have been reported among others (Howe et al., 2004). 

For example, a 48h-LC50/EC50 values in the range of 0.8 mg/L (Daphnia magna) to 

1389 mg/L (Crangonyx pseudogracilis) were reported, with the lowest LC50 found at 

low water hardness (25 mg CaCO3/L) (Howe et al., 2004).  
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Table 2.7 Examples of the effect of the toxicity generated on D. magna  

Effluent conc. 
(mg/L) 

Objective of study Toxicity test; 
organism 

Test 
conditions 

Results Observations References 

As 

Synthetic As(III) 
effluent: 0.1-2 
mg/L; synthetic 
As(V) water: 1-20 
mg/L 

Test bioaccumulation; 
biotransformation, 
tolerance of arsenic 
compounds by D. 
magna 

24 h LC50 
D. magna 
(0.5-2.0 mm 
in length size) 

24 h 
exposure, 
20°C 

 24h LC50: 
As(III): 1.7 mg/L 
As(V): 5 mg/L 

The survival of D. 
magna not affected 
by increase of 
As(III) 
concentration up to 
1.5 mg As/L 

Suhendrayatna 
et al. (1999) 

Synthetic effluent 
of As(III), different 
concentrations (not 
specified) 

Evaluate acute, chronic 
toxicity of As(III) on 
different organisms 

24 h, 48 h 
acute toxicity; 
21-days 
chronic 
toxicity; D. 
magna 
(neonates) 

24 h; 48 h; 
21 days 
exposure; 
21°C; 16 h 
light: 8 h 
dark 

24 h-EC50: 2.7 mg/L 
(2.6-2.9); 48 h-EC50: 
2.5 mg/L (2.4-2.7); 
21d-LC50: 1.9 mg/L 

As(III) is not highly 
toxic to  D. magna 
in short duration of 
exposure 

Tisler and 
Zagorc-Koncan 
(2002) 

Synthetic effluent 
of 23 metals, 
including As(III), 
Fe(II), Mn(II) 
(prepared 
separately)  

Evaluate acute 
toxicities of 23 metal 
ions to D. magna  
 

48 h acute 
toxicity EC50; 
D. magna 

48 h 
exposure 

48 h-EC50:  
As(III): 6.23 mg/L; 
Fe(II): 7.20 mg/L; 
Mn(II): 8.28 mg/L 

Among the 23 
metals tested, 
mercury (Hg) was 
the most toxic, 
antimony (Sb) the 
least toxic (low 
solubility) 

Khangarot and 
Ray (1989) 
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Table 2.7 (continued)  Examples of the effect of the toxicity generated on D. magna  

Effluent conc. 
(mg/L) 

Objective of 
study 

Toxicity test; 
organism 

Test conditions Results Observations References 

Manganese 

Synthetic effluent of 
Cd (0.006-
61.32 mg/L); Zn 
(0.01-113.7 mg/L); 
Pb (6.26-6256 
mg/L); Mn (0.03-
325 mg/L) 

Evaluate the 
sensitivity of 
two bacterial 
tests in 
comparison to 
the 
standard acute 
D. magna test, 
against Cd, Zn, 
Mn and Pb 

24 h; 48 h 
acute toxicity; 
LC50; D. 
magna 
(neonates) 

24 h; 48 h 
exposure; 
20°C; 16 h 
light: 8 h dark 

24 h; 48 h-
LC50: Mn: 32.5 
mg/L; Cd: 0.61 
mg/L; Zn: 1.14 
mg/L; Pb: 
62.56 mg/L 

Manganese appears to be 
slightly toxic to D. 
magna and non-toxic to 
the two tested bacteria. 
Conclusion: even in 
regions with high 
background 
concentrations, 
manganese would not act 
as a confusing factor  

Teodorovic 
et al. (2009) 

Synthetic effluent of 
Mn(II);  
[Mn(II)]: D. magna: 
30-80 mg/L ; C. 
silvestrii:3-9 mg/L 

Evaluate effects 
of acute 
manganese 
toxicity to 
D. magna; C. 
silvestrii 

48 h acute 
toxicity; D. 
magna; C. 
silvestrii 
(neonates 
<24 h) 

48 h exposure; 
16 h light, 8 h 
darkness; 20°C 
(D. magna); 
25°C (C. 
silvestrii) 

48 h-LC50:  
51.66 mg/L 
(D. magna); 
 5.93 mg/L (C. 
silvestrii) 

Significant difference in 
LC50 between the two 
species; due to hardness 
effect; D. magna (hard 
water); protective effect; 
C. silvestrii (soft water) 

Ferrari et al. 
(2018) 
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Table 2.7 (continued) Examples of the effect of the toxicity generated on D. magna  

Effluent conc. 

(mg/L) 

Objective of 

study 

Toxicity 

test; 

organism 

Test conditions Results Observations References 

Iron 

AMD-impacted 

water (pH: 3.29-

3.77; Fe: 0.77-

6.56 mg/L)  

Examine acute 

toxicity of water 

impacted by 

AMD on D. 

magna 

Acute 48 h 

LC50; D. 

magna (5-

day-old) 

48 h exposure acute toxicity tests LC50 (%): 

27-69  

Water chemistry with 

low pH, high metal 

content including Fe 

is probably the cause 

of toxicity  

Soucek et 

al. (2000) 

Synthetic 

effluent of 

FeCl3.6H2O 

Examine the 

toxicity of 

different 

elements 

including Fe(III) 

to D. magna 

D. magna 

neonates 

(<24 h) 

48 h exposure; Light/dark cycle: 

16/18 h; temp.: 21C°, pH: 6.5-8.5 

EC50: 6.7 

mg/L 

The study considered 

the Fe to have low 

toxicity to D. magna 

Okamoto et 

al. (2014) 
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Table 2.7 (continued) Examples of the effect of the toxicity generated on D. magna  

Effluent conc. 
(mg/L) 

Objective of study Toxicity test; 
organism 

Test 
conditions 

Results Observations References 

Salinity 

Solution of NaCl 
Acute: (4.4-
7.09 g/L; D. 
magna) 

(2.5-4.03 g/L; D. 
longispina)  

Chronic: (3.42-
5.5 g/L; D. 
magna) (1.55-
2.5 g/L D. 
longispina) 

Study the acute and 
chronic effects of 
salinity in D. 
magna and D. 
longispina 

Acute and 
chronic (EC50); 
D. magna and 
D. longispina     
(neonates) 

Acute: 48 h 
exposure; 
Chronic: 21 
days exposure 

D. magna:  EC50 
5.9 g/L (acute);  
EC50 5.0 g/L 
(chronic) 

D. longispina:  
EC50 2.9 g/L 
(acute) ;  EC50 
2.2 g/L 
(chronic) 

 

D. magna is more tolerant 
than D. longispina; 

Chronic exposure, salinity 
caused a significant reduction 
in fecundity; developmental 
delay, decrease in growth rate 
of daphnids 

Gonçalves 
et al. (2007) 

Solutions with 
salinities (1-
11 g/L) 

Determine D. 
magna tolerance to 
salinity; suitability 
for tests with 
estuarine water; 
sediments 

Acute (LC50); D. 
magna (1 to 30-
days-old) 

2-21 days 
exposure; 21-
25°C 

LC50: 5.10 to 
7.81g/L 

D.  magna survive; reproduce 
well in water with salinities 
<4 g/L; demonstrate potential 
usefulness in monitoring 
toxicity from both freshwater 
and estuarine 

Schuytema 
et al. (1997) 
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Guidelines have been defined for Mn in freshwater in some countries or jurisdictions 

to protect aquatic life. For example, in British Columbia (Canada), guideline ranging 

from 0.1 to 1 mg/L Mn in freshwaters were reported by the Canadian Council of 

Ministers of Environment (CCME) in 1995. However, these guidelines were later 

adjusted by the Ministry of Environment, Lands and Parks for the protection of aquatic 

life to a range of 0.6 mg/L at a hardness of zero to 1.9 mg/L at a water hardness of 

325 mg/L CaCO3 to consider the hardness effect on Mn toxicity (Reimer, 1999).   

 

2.6    Stability of treatment sludge 

 

The treatment of mine water slightly contaminated by As or Mn produces As- or 

Mn-bearing residues that can represent a secondary source of pollution, if not properly 

managed. A performant treatment process should be defined as a technology that 

provides: i) an efficient removal of the targeted contaminant in combination; ii) the 

compliance of the regulations in terms of both physicochemical and toxicological 

parameters and iii) the long-term stability of the produced sludge or post-treatment 

residue. The stability of As- or Mn-residues can be affected by several parameters 

including: (1) the composition of the sludge/residues (e.g., nature and crystallinity of 

the precipitates formed as well as the particles size of the sludge); (2) the quality of the 

effluent to be treated (e.g., presence of impurities or competing species such as calcium, 

sulfates); (3) the site-related disposal conditions (Coudert et al., 2020; Nazari et 

al., 2017). Redox conditions, pH and salinity are critical parameters that control the 

potential mobilization of As and Mn from post-treatment residues during their 

long-term management (Bourg and Loch, 1995; Coudert et al., 2020; Neculita and 

Rosa, 2019; Neil et al., 2014; Northrup et al., 2018). Several methods such as 

mineralogical characterization, static tests (e.g., water leaching; toxic characteristic 
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leaching procedure (TCLP); field leaching test (FLT)) and kinetic tests 

(e.g., weathering cells) have been used to evaluate the short and long-term stability of 

the sludge or post-treatment residues from mine water treatment (Ahmad et al., 2019; 

Coudert et al., 2020; Hageman, 2007; Le Bourre et al., 2020). The mineralogical 

composition of As-bearing sludge originated from conventional treatment 

(co-precipitation with Fe(III) salt addition and pH adjustment) and the potential 

transformation of these precipitates to other forms with time have been extensively 

studied (Clancy et al., 2013; Harris, 2000; Welham et al., 2000). On the contrary, the 

characterization of Mn-bearing residues from mine water treatment using conventional 

precipitation as Mn-oxides and their stability over time is less documented (Butler 

2011; Ginder-Vogel and Remucal, 2016; Le Bourre et al., 2020). However, the 

mineralogical characterization of As- and Mn-bearing sludge produced from the 

treatment of real mine effluents can be quite challenging (Nazari et al., 2017; Pantuzzo 

and Ciminelli, 2010) depending on the initial composition of the effluent to be treated 

and the elapsed time between treatment and characterization. ECG and Fe(VI) have 

been proven to be efficient in the removal of As and Mn from contaminated mine water, 

but the stability of the produced sludge is poorly documented in the literature. Prucek 

et al. (2013) showed that 20% of the As(V) was incorporated into the structure of 

Fe(III)-hydroxides, which can be associated with an improved stability of the sludge 

even if no leaching tests were conducted to confirm/infirm this hypothesis.  

 

2.6.1    Stability of As-bearing residue 

 

Co-precipitation and sorption of As(V) are the main mechanisms involved during the 

treatment of contaminated effluents using conventional treatment approaches. The 

production of thermodynamically and kinetically resistant precipitates is required to 

ensure the long-term safe disposal of As-bearing residues. This section will focus only 
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on the stability of As-bearing precipitates using Fe(III) as coagulant, even if As(V) can 

efficiently be precipitated as Ca-arsenate, because of the low stability of the produced 

sludge, except in specific conditions (i.e., absence of moisture and minimal fall events) 

(Harris, 2000; Wang et al., 2020; Zhang et al., 2020) (Table 2.8).  

Among the methods used for As(V) treatment from contaminated effluents, its 

precipitation as scorodite (FeAsO4•2H2O) is recommended for the safe disposal of 

As-bearing residues because of: (1) its high As content (25-30 wt%), (2) its low Fe 

requirements (Fe/As molar ratio 1-1.5/1), (3) the low solubility of As under TCLP 

conditions (< 5 mg/L) and (4) its high short-term stability in slightly acidic (As release 

of 0.35-1.61 mg/L for pH >2) and  neutral conditions comparative to alkaline pH (As 

release of 45-787 mg/L for pH >8) and very acidic conditions (As release of 

20-206  mg/L for pH <2) (Coudert et al., 2020). Under slightly alkaline conditions 

(pH >8), the short and long-term stability of scorodite is low, leading to the release of 

high amounts of As in the environment (Demopoulos, 2005; Harris, 2000; Nazari et 

al., 2017). This could be explained by the dissolution of Fe(III)-bearing residues under 

alkaline conditions. Despite its long-term stability under acidic to near-neutral 

conditions, scorodite may decompose to goethite (α-FeOOH), releasing As into the 

environment (Cruz-Hernández et al., 2017; Nazari et al., 2017). Scorodite is known to 

be stable under oxic conditions up to pH 6.5 at 22°C, while it tends to dissolve under 

anoxic conditions or under the effect of reducing bacteria (Demopoulos, 2005; Lagno 

et al., 2010; Revesz et al., 2015). For example, high amounts of As (⁓ 200 mg/L) were 

released from freshly precipitated scorodite after 6 weeks of disposal under reducing 

conditions (Lagno et al., 2010).  

Ferric arsenates, with the formula of FeAsO4•4-7H2O, are another example of the most 

common As-bearing precipitates formed during the treatment of As contaminated 

water using conventional technologies. These precipitates are stable at pH 3-4 and have 

very low solubility (<5 mg/L of As leached during the TCLP test) (Harris, 2000). 

https://www.sciencedirect.com/science/article/pii/S0304389419318746#bib0180
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Crystalline and high-iron amorphous ferric arsenates are considered the most suitable 

forms for safe As disposal due to their low solubility under the normal aqueous disposal 

conditions (Harris, 2000). More recently, the effect of salinity (e.g., SO4
2-, Cl-) on the 

stability of As-bearing minerals has been investigated (Liu et al., 2014; Northrup et 

al., 2018; Xu et al., 2012; Zhang et al., 2020). Unlike, the well-known effect of pH and 

redox conditions on As release, the relationship between the salinity and the mobility 

of As from As-bearing minerals remains unclear (Northrup et al., 2018). For example, 

a minor impact of the presence of SO4
2- (300 mg/L – 3 mM) was observed on the 

sorption of As(V) on hydrous ferric oxide at pH 5-10 (Meng et al., 2000). This could 

be explained by the weaker binding affinity of SO4
2- for the ferric oxide compared with 

As(V) and As(III). The presence of SO4
2- or Cl-, at concentrations of 1 M, have also 

shown negligible effect on As desorption from As-bearing Fe-oxyhydroxides (Liu et 

al., 2014).  

Recent studies investigated the use of different sources of Fe(III) including the addition 

of hematite or magnetite powders as well as its in-situ production through the addition 

of Fe(VI) to promote As(V) precipitation from synthetic effluents and improve the 

long-term stability of Fe(III)-As(V) precipitates formed (Cai et al., 2019; Iizuka et 

al., 2018; Prucek et al., 2013). The immobilization of As(V) from a synthetic effluent 

by scorodite formation was affected by the direct addition of hematite powder, 

producing coarser faceted scorodite particles (Iizuka et al., 2018). The authors observed 

the formation of a gel-like precursor from the Fe(II) ions originally present in the 

synthetic effluent, which convert to a well-crystallized scorodite with the addition of 

hematite. The stability of the sludge produced through the addition of hematite to a 

Fe(II)-As(V) containing synthetic effluent seemed to be better under oxic conditions 

(O2 blowing for 1 h at pH 3.1) in comparison with a scorodite produced from 

Fe(III) ions of a hematite precursor (Iizuka et al., 2018). 
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The addition of magnetite as an in-situ Fe-donor was also found to enhance As(V) 

removal (>99.9%, [As]i: 10.3 g/L) from a metallurgical waste acid, and to improve 

formed crystalline scorodite. Indeed, the magnetite pre-dissolution under controlled 

test conditions (6-h room temperature pre-dissolution, pH 2, 12-h atmospheric reaction 

at 90°C) produces Fe ions which act as a coagulant for As(V) co-precipitation and as 

active surface for scorodite nucleation and growth, leading to more crystalline and 

stable scorodite (Cai et al., 2019). The addition of Fe(VI) in a synthetic effluent 

containing As(III) or As(V) led to the in situ production of nanoparticles of crystalline 

γ-Fe2O3 and γ-FeOOH, improving As removal efficiencies (Prucek et al., 2013). No 

As(III) was detected in the precipitate formed during the treatment with Fe(VI). A 

high-resolution X-ray photoelectron spectroscopy coupled with a Fe-Mössbauer 

spectroscopy showed that a significant proportion (20%) of As removed was 

incorporated into the crystal structure of the Fe(III)-precipitates formed, while the 

remaining proportion of the As removed was strongly sorbed onto the surface of 

Fe(III)-nanoparticles. Based on the species formed during the treatment, the 

improvement of long-term stability of the sludge was deemed important but no static 

or kinetic tests were performed to evaluate As mobility. 
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Table 2.8 Summary of the stability of most common As-bearing precipitates found on As-bearing sludge (adapted from 
Coudert et al., 2020) 

Mineral group Mineral Formula Stability pH range 
Solubility (mg/L) in 

TCLP test 
Reference 

Ca-arsenate 

Wellite CaHAsO4 
Unstable under slightly acidic pH (pH 

<6) and in contact with CO2, HCO3- and 

CO32-. Require absence of moisture and 

minimal rain events, suitable for Fe-

deficient As-containing wastewaters 

>2000 

Valenzuela (2000); 

Zhang et al. (2020) 

Guerinite 
Ca5(AsO4)2(AsO3OH)2• 

9H2O 
>1000 

Phamacolie CaHAsO4•2H2O >3000 

Haidingerite Ca(AsO3OH)•H2O >3000 

Fe-arsenate 

Scorodite FeAsO4•3.5H2O 

Stable at pH around 4-5; As 

solubilization observed at pH 1 (>10 

mg/L) and pH 8 (>100 mg/L) 

<5 Harris (2000) 

Jarosite Fe3(SO4)2(OH)6 

Stable at pH around 6; As solubilization 

observed at pH 2 after 500 h and at pH 

8 after 1500 h 

<0.5 from jarosite residue 

containing 0.5wt% of As 

Harris (2000); Kerr et al. 

(2015) 

Schwertmannite Fe8O8(OH)x(SO4)yH2O 

Stable at pH near 3; dissolves at acidic 

pH (pH below 2) and neutral pH (pH 

above 7) 

<0.1 Harris (2000) 

Ferric arsenate FeAsO4•4-7 H2O 
Stable at pH 3-4, suitable for Fe-rich 

As-containing wastewaters 
<5 

Harris (2000); Zhang et 

al. (2020) 
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2.6.2    Stability of Mn-bearing residue 

 

Precipitation of Mn at high pH (>9) using neutralizing agents (e.g, lime, sodium 

hydroxide), or the oxidation of Mn(II) to Mn(IV) using strong oxidants (e.g., ozone, 

sodium hypochlorite, potassium permanganate), followed by the precipitation of 

Mn(IV)-oxides are among the most applied technologies for Mn removal from mine 

water (Freitas et al., 2013; Macingova et al., 2016; Neculita and Rosa, 2019). 

Furthermore, the oxidative precipitation of Mn(II) is known to produce more stable 

Mn-bearing residue comparatively to the precipitation of Mn(II) at high pH 

(Watzlaf, 1987). However, the addition of strong oxidants can be costly (Watzlaf, 

1987; Watzlaf and Casson, 1990). The sorption of Mn onto reactive surfaces of 

Fe(III)-hydroxides and MnO2 at near-neutral pH is also effective for Mn removal 

(Macingova et al., 2016; Neculita and Rosa, 2019; Watzlaf and Casson, 1990). This 

section will discuss the different parameters that may affect the stability of the 

Mn-bearing residue produced from the mentioned treatments. The stability of 

Mn-bearing residues is strongly influenced by several factors including the pH, the 

ionic strength, the redox conditions, the sludge aging period, and the treatment method 

(Butler 2011; Ginder-Vogel and Remucal, 2016; Watzlaf, 1987; Watzlaf and 

Casson, 1990). Mn-bearing residues generated by precipitation at high pH or sorption 

onto Fe(III)-hydroxides are quite unstable upon pH decrease (Watzlaf, 1987). Indeed, 

previous studies highlighted that a slight decrease of the pH led to an important increase 

in the amount of Mn released from high-pH Mn(II)-precipitates (30% of Mn released 

at pH 7.5 vs. 78% at pH 6.0) (Watzlaf, 1987). For Mn-bearing sludge originating from 

the use of strong oxidants (e.g., NaOCl, KMnO4) during the treatment, their stability 

seemed to be satisfactory even at pH as low as 3.5 (Watzalf and Casson, 1990). Ionic 

strength is another important parameter controlling the stability of Mn-bearing 

residues.  
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For example, an increase of Mn release from mine drainage impacted sediments was 

observed with the increase of the ionic strength of the solution (5.5 mg/kg at 2 M vs. 

4.0 mg/kg at 0.7 mM) (Butler, 2009). This increase in Mn release can be explained by 

an ionic exchange of the metals associated with Fe-hydroxides particles (Butler, 2009). 

Anaerobic conditions, commonly encountered in tailings impoundment facilities, can 

affect the stability of Mn-bearing residues, resulting in Mn release through the 

reductive dissolution of hydrous Mn-oxides (Butler, 2011; Ginder-Vogel and 

Remucal, 2016; Tobiason et al., 2016). Generally, Mn-bearing residues seems to 

become more stable with time (Watzlaf, 1987; Watzlaf and Casson, 1990). A 

significant decrease of Mn release (-50%) was observed for a 3-month aged 

Mn-precipitates compared to a fresh one upon pH decrease to 3, for a high-pH Mn 

precipitate (Watzlaf, 1987). Another study reported that aged residues were found to 

be more stable when stored in contact with air (aerobic conditions) than under water 

(anaerobic conditions), even at pH as low as 3. Indeed, a 3% Mn release was observed 

from the air-aged sludge, while more than 69% of Mn was released from the water-aged 

sludge stored, while the reason behind the difference in terms of stability has not been 

clearly stated (Watzlaf and Casson, 1990).  

 

2.6.3    Stability of As- and Mn-bearing residues 

 

Simultaneous removal of As and Mn from contaminated mine water results in the 

production of sludge containing various precipitates, including 

Fe(III)- As(V)- hydroxides, Fe(III)-hydroxides and Mn-oxides. Previously, Mn-oxides 

have been proven efficient sorbent for metal(loid)s removal from contaminated 

effluents, including As (Ettler et al., 2015; Lafferty et al., 2011). Therefore, it can be 

expected that some of the As present in the effluent to be treated can sorb onto 

Mn-oxides formed during the treatment. This section will briefly discuss the stability 
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of Mn-oxides on which As is sorbed and the conditions that can lead to the release of 

As or Mn from the sludge produced. The stability of Mn-oxides resulting from As 

sorption is influenced by several conditions such as: pH, Eh and the presence of 

competing ions. The release of As from the surface of Mn-oxides decreased by 60% in 

the neutral pH conditions (pH 6.5-7), whereas its leaching increased in both acidic 

(pH 3) and alkaline conditions (pH 8) (Ettler et al., 2015). The reductive dissolution of 

Mn-oxides, occurring under reducing conditions, causes the release of Mn as well as 

of metal(loid)s adsorbed on their surfaces (Butler, 2011; Ginder-Vogel and 

Remucal, 2016; Tobiason et al., 2016). The presence of competing ions such as PO4
3- 

may compete for the sorption sites on the surfaces of Mn-oxides, leading to the 

mobilization of previously sorbed As. This can be explained by the fact that PO4
3- ions 

are chemically similar to the As(V) ions, therefore they have the potential for 

competing with As for the sorption sites on the Mn-oxides. Lafferty et al. (2011) 

showed that Ca2+ ions also had the potential to re-mobilize As(V) from Mn-oxides, 

however to a lesser extent compared with PO4
3- ions. This desorption phenomena of 

As(V) by Ca2+ ions was explained by the potential reaction of Ca2+ ions with δ-MnO2 

vacancy sites and edge sites onto which As(V) was firstly adsorbed. 

In summary, post-treatment sludge could have variable physical characteristics and 

chemical composition depending on the applied treatment and the operating parameters 

used. The evaluation of sludge stability could be challenging. Despite the information 

available on the stability of As-bearing, Mn-bearing and As-Mn-bearing residues, the 

stability of these residues produced after the treatment by ECG and Fe(VI) is poorly 

discussed or documented. Hence, the endeavors of the current study to evaluate the 

stability of the ECG and Fe(VI) post-treatment sludge could be an original addition to 

the evaluation of the treatment performances.  



 

CHAPTER 3 

 

METHODOLOGICAL APPROACH 

 

The main objective of this research project was to evaluate the performance (in terms 

of contaminant removal efficiency, final concentrations of targeted contaminants and 

pH in regards to the regulation, residual salinity, acute toxicity, stability of the produced 

sludge and preliminary operating costs) of ECG and Fe(VI) for the simultaneous 

removal of As and Mn from slightly contaminated synthetic (SAs, SMn, and SAs+Mn) and 

surrogate mine water (Elow and Ehigh). To achieve the endeavours of this study, the 

research approach, illustrated in Figure 3.1, was based on:  

• Literature review: focused on the chemistry of As and Mn, their presence in the 

environment and in mine water, the available technologies for their removal 

(when present alone or together) including ECG and Fe(VI), the toxicity of 

treated water as well as the stability of produced sludge (Chapter 2).  

• Preparation of single (SAs – containing 3.5 mg As/L, SMn – containing 

4.5 mg Mn/L) and binary (SAs+Mn – containing 3.5 mg As/L and 4.5 mg Mn/L) 

synthetic effluents (solutions) from chemical products as well as surrogate mine 

water (Elow and Ehigh) from the washing of mine tailings originating from the 

Eleonore mine site.  

• Application of ECG for the treatment of SAs, SMn, SAs+Mn, Elow and Ehigh: the 

main operating parameters tested were CD, ionic strength, and retention time. 

The acute toxicity of Elow and Ehigh towards D. magna before and after treatment 

was assessed (Chapter 4). 
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Figure 3.1 Methodological approach used in this thesis project

Chapter 2

Article 1: Chapter 4

Article 2: Chapter 5

Article 3: Chapter 6

Chapter 7
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• Evaluation of the performance of Fe(VI) alone or in combination with Fe(III) 

salt for the removal of As and Mn from SAs, SMn, SAs+Mn, Elow and Ehigh: the 

effect of Fe(VI) nature/dose, the adjusted pH (pHa) and the retention time on 

both As and Mn removal from synthetic effluents was evaluated. The most 

performant conditions were applied to the surrogate mine water (Elow and Ehigh) 

and the acute toxicity of untreated and treated effluent towards D. magna was 

evaluated (Chapter 5). 

• Evaluation of the mobility of As and Mn from the sludge produced from ECG 

and Fe(VI) treatment of the surrogate mine water (Ehigh). A mineralogical and 

chemical characterization of the sludge produced from ECG and Fe(VI) 

treatment was performed using scanning electron microscope equipped with an 

energy dispersive spectrometer (SEM-EDS) and powder X-ray diffraction 

(PXRD) techniques, in addition to chemical composition and parallel 

extraction. The potential mobility of As and Mn from the produced sludge was 

also evaluated using a field leaching test (FLT) to evaluate its short-term 

stability (Chapter 6).  

• Lastly, a preliminary techno-economic analysis of ECG and Fe(VI) treatment 

was performed. The performances of ECG and Fe(VI) in terms of contaminants 

removal efficiencies, respect of final effluent quality with regulations, residual 

salinity, toxicity of final effluent, sludge stability and treatment costs were then 

compared to define the most promising technology for the simultaneous 

removal of As and Mn from circum-neutral mine water (Chapter 7). 
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3.1 Preparation of synthetic and surrogate mine water 

 

The first series of experiments, aimed to optimize the operating parameters for both 

ECG and Fe(VI) treatments, were executed using synthetic effluents of simple 

composition. Three synthetic effluents were prepared by dissolving the required 

amount of NaAsO2 and MnSO4.H2O: (i) SAs containing only 3.5 mg As/L; (ii) SMn 

containing only 4.5 mg Mn/L and (iii) SAs+Mn containing 3.5 mg As/L and 

4.5 mg Mn/L. Before each ECG test, the electrical conductivity (EC) of the effluent 

was adjusted by adding sodium chloride salt (NaCl). For ECG and Fe(VI), the most 

performant operating conditions identified using single and binary synthetic effluents 

were tested on surrogate mine water, which was prepared from the washing of 

desulfurized and filtered mine tailings using deionized water (S/L: 1/1). Two surrogate 

mine water were prepared: (1) the first one is the unspiked effluent (Elow) containing 

lower concentrations of As and Mn than the targeted concentrations with synthetic 

effluents, and (2) the second effluent is the spiked effluent (Ehigh). For Ehigh, required 

amounts of NaAsO2 and MnSO4•H2O were added to obtain As and Mn concentrations 

similar to the synthetic effluents (SAs, SMn and SAs+Mn). For each series of experiments, 

synthetic effluents and surrogate mine water were characterized to determine their 

physicochemical parameters (pH, ORP, EC), before and after treatment. Metal(loid)s 

concentrations were determined using an inductively coupled plasma-optical emission 

spectroscopy (ICP-OES - Agilent 5800-Vertical Dual View, Canada). For Elow and Ehigh 

only, the concentrations of anionic species (i.e., SO4
2- and Cl-) were determined using 

an ion chromatography (IC - Metrohm 940 Professional IC Vario, Switzerland).  
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3.2 Electrocoagulation (ECG) 

 

ECG experiments were performed in a 2 L Pyrex reactor (Fig. S4.2) equipped with 

2 Fe-electrodes (D): 10 mm) connected to a DC power supply. During the ECG 

treatment, air was injected to maintain a dissolved oxygen (DO) content around 

8-9 mg/L, while the agitation was continuously fixed at 200 rpm. The tests were run 

for 60 min, followed by 30 min of settling (to favor solid to liquid separation by 

decantation). Later, a 5 mL sample was taken to analyze Fe(II) by UV–VIS 

spectroscopy at 507 nm using the 1,10-phenanthroline complexation method 

(Christian, 1994). For metal(loid)s analyses by ICP-OES, samples were filtered 

(porosity: 0.45 µm) and acidified (2% HNO3), before and after the treatment.  

The first series of tests (n = 26) was performed to investigate the effect of selected 

operating parameters (CD: 0.25-10 mA/cm2, ionic strength: 0.25, 1.5 and 2.5 mS/cm, 

retention time: 0-60 min) on the removal of As and Mn from SAs and SMn, respectively. 

A set of triplicate tests was conducted to evaluate the reproducibility of the treatment 

at 0.5 mA/cm2 for SAs and 2 mA/cm2 for SMn and at ionic strength of 0.25 and 

2.5 mS/cm. In addition, one test was realized with an inter-electrode distance of 50 mm 

to assess the effect of D on the removal efficiency of As and Mn from SAs and SMn and 

on the reaction kinetics.  

The second series of tests (n = 4) was done to evaluate the performance of ECG 

treatment for the simultaneous removal of As and Mn from SAs+Mn. The tests were 

conducted under the following conditions, which were identified from the previous 

experiments performed on SAs and SMn: (i) CD of 0.5 and 2 mA/cm2; (ii) ionic strength 

of 0.25 and 2.5 mS/cm, (iii) D of 10 mm, (iv) retention time of 60 min, (v) pHa of 

6.0-6.50. Samples were collected, before and after treatment, for metal(loid) analyses 

by ICP-OES.  
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The third series of experiments (n = 1) was conducted on the surrogate mine water (Elow 

and Ehigh) to evaluate the performances of the most performant treatment parameters 

identified previously with SAs+Mn (CD: 2 mA/cm2, D: 10 mm and retention time: 

60 min) on “real” effluents. Samples were collected before and after the treatment of 

Elow and Ehigh for: (i) metal(loid) analyses by ICP-OES, (ii) anions analyses by IC, and 

(iii) toxicity assessment to D. magna.  

Lastly, a series of tests (n = 10) was conducted with Ehigh to produce enough amount of 

sludge for chemical and mineralogical characterization (5 g) and the evaluation of 

contaminant mobility through FLT (1 g - further details in Section 3.4). 

 

3.3 Ferrate 

 

Fe(VI) experiments were performed in 750 mL beakers installed on a jar tester to 

control the agitation during the reaction (fast agitation at 250 rpm) and the flocculation 

(slow agitation at 60 rpm) (Fig. 3.2a). For each series of experiments performed with 

Fe(VI) only (Fig. 5.1a), the required dose of Fe(VI) was added to the solution to be 

treated and mixed vigorously for 3 min before adjusting the pH at the desired value. 

Then, the mixing agitation was slow down to 60 rpm and the pulp was mixed for 

20 min. Then, the agitation was stopped, and the solution was let to settle for 30 min 

before to collect the supernatant for analyses. For the experiments performed with 

Fe(VI) and Fe(III), the same procedure was followed, except that Fe(III) was added to 

the solution after the 3-min fast mixing and before the adjustment of the pH to the 

desired value (Fig. 5.1b) 
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The first series of experiments (n = 17) was conducted using in-situ prepared wet or 

solid Fe(VI), named Fe(VI)w  and Fe(VI)s respectively, to evaluate the performance of 

Fe(VI) for the removal of As and Mn from SAs and SMn. In this series of experiments, 

the effect of Fe(VI) type (wet vs. solid) and dose (14-56 mg Fe(VI)/L for SAs and 

2-7 mg Fe(VI)/L for SMn), as well as pHa (5.5 and 6.0 for SAs vs. 5.5 and 6.5 for SMn), 

reaction time (0-20 min) and settling time (15 and 30 min) on the removal of As and 

Mn was assessed. Additional tests were performed using Fe(VI)s to select the optimal 

dose for the efficient removal of As and Mn. Later, the tests were realized in triplicate 

using Fe(VI)s at the most performant Fe(VI)s dose (22 mg/L for As, 5 mg/L for Mn), 

pHa
 5.5, 5 min reaction time and 15 min settling time to evaluate the reproducibility of 

the Fe(VI) treatment.  

The second series of experiments (n = 10) was executed to evaluate the performance 

of Fe(VI)s at several doses (5-28 mg/L) for the removal of As and Mn from SAs+Mn. 

Due to the high dose of Fe(VI)s (28 mg/L) required for the efficient and simultaneous 

removal of As and Mn, the addition of an external source of Fe(III) (Fe2(SO4)3) as a 

supplementary coagulant was tested at several doses (6, 8 and 10 mg Fe(III)/L).  

For the third series of experiments (n = 1), the most performant treatment conditions 

using Fe(VI)s+Fe(III) (12.5 mg Fe(VI)s/L + 8 mg Fe(III)/L, pHa 5.5, 5 min reaction 

time and 15 min settling time) were applied for the treatment of surrogate mine water 

(Elow and Ehigh). Samples were collected, before and after treatment, to evaluate the 

effect of Fe(VI) treatment on the toxicity of water on D.magna before and after 

treatment. 

Lastly, a series of 4 experiments was conducted, using a 20L-bucket equipped with a 

mechanical stirrer (Figure 3.2b), on Ehigh using the most performant conditions to 

produce enough sludge (3 g) for its physicochemical and mineralogical 
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characterization as well as for the evaluation of As and Mn release from produced 

sludge using FLT (further details in Section 3.4).  

 

  a.  b. 
 

Figure 3.2 Jar test setup (a) and 20 L-bucket experimental setup (b) used for 
Fe(VI) sludge production  

 

3.4 Sludge characterization and mobility of As and Mn from the sludge 

 

Several experiments using ECG and Fe(VI) treatments were performed to treat Ehigh 

and to produce the required amounts of the sludge for further physicochemical and 

mineralogical characterization as well as the evaluation of the potential mobility of As 

and Mn from the sludge using a static test (FLT).  
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First, the chemical composition of the sludge produced from ECG and Fe(VI) treatment 

was determined using microwave-assisted acid digestion followed by ICP-MS analysis 

in an external laboratory. A mineralogical characterization of the sludge produced was 

carried out using various techniques (scanning electron microscopy-enegery dispersive 

X-ray spectroscopy - SEM-EDS and powder X-ray diffraction - XRD) to better 

understand the mechanisms involved during the removal of As and Mn from surrogate 

mine water using ECG and Fe(VI) treatments and their potential release from the 

sludge with time. A geochemical simulation was done using the software PHREEQC 

to identify the secondary minerals that can be formed during Fe(VI) and ECG 

treatments and compare the results obtained using the mineralogical characterization.  

Second, a parallel selective extraction procedure was used to determine the speciation 

of As and Mn in the sludge produced and, therefore, better understand the potential 

mechanisms involved in As and Mn removal during the treatments. By identifying if 

As and Mn were bound to poorly-crystalline/amorphous Fe-(hydr)oxides, adsorbed or 

co-precipitated on/with crystalline Fe-(hydr)oxides, this parallel extraction procedure 

also give information about the potential release of these contaminants with time 

(Rakotonimaro et al., 2021). The potential mobility of As and Mn from the produced 

sludge was also assessed using the FLT procedure (Hageman, 2007). This fast (5 min), 

efficient and simple test was developed by the U.S Geological Survey (USGS) to 

evaluate the potential leaching of contaminants, including metalloids, from solid mine 

waste. 
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3.5 Preliminary techno-economic evaluation of ECG and Fe(VI) treatment and 

comparison of their performances 

 

A preliminary techno-economic analysis was performed for the ECG and Fe(VI) 

processes developed in the present study to estimate the operating costs. The values of 

all variables used for the determination of preliminary operating costs as well as the 

price for unit of consumables are presented in Tables 3.1 and 3.2, while the calculations 

are detailed in the following sub-sections. It should be noted that for simplication the 

costs related to the air injection as weel as for the purchase of the equipment 

(e.g., tanks, settlers, pumps) and the space needed to implement the technologies were 

not considered. 

 

3.5.1 Techno-economic evaluation of ECG treatment 

 

For the ECG treatment, the operating costs (OC) were estimated in terms of energy 

consumption (Cenergy), reagents requirements for pH adjustment before the treatment 

(Creagent) and sacrificial Fe-electrodes consumption (Celectrodes) according to 

Equation 3.1. 

OC ($/m3) = Cenergy ($/m3) + Creagent ($/m3) + Celectrodes ($/m3)  Eq. 3.1 
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Table 3.1 Variables considered for the estimation of preliminary operating costs 
for ECG and Fe(VI) treatment of circumneutral mine water contaminated by As 
and Mn 

Parameter Amount required Unit 
ECG 
Energy      
Current intensity  0.25 A 
Voltage  2 V 
Reaction time  1 h 
Treated volume  0.0018 m³ 
Energy required  0.28 kWh/m3 
Neutralizing agent     
Quantity of HCl used 0.034 mL 
Volume treated 0.0018 m³ 
Electrodes    
Type of electrode Fe   
Amount of electrode 0.15 kg Fe/m3 
Fe(VI) 
Reaction time 8 min 
Treated volume 10 L 
Reagents     
Solid Fe(VI) 827 mg 
Fe(III) salt 712 mg 
Deionized water-Fe(VI) solution 210 mL 
Deionized water-Fe(III) solution 80 mL 
H2SO4 0.108 mL 
NaOH 3.2 mg 
Equipment    
Flow rate 100 m3/day 
Reservoir volume 0.67 m3 
Reservoir cost 75 026 $/m3 
Total volume of effluent to be treated for 10 years 365,000 m3 
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Table 3.2  Variables considered for the estimation of preliminary operating costs 
for ECG and Fe(VI) treatment of circumneutral mine water contaminated by As 
and Mn 

Consumable Formula Unitary price Unit Reference 
Reagents         
Hydrochloric acid HCl 0.23 $/kg Zuorro et al. (2021) 

Solid ferrates K2FeO4 30 $/kg Thimons et al. (2022);  
Quino-Favero et al. (2018) 

Fe(III) salt Fe2(SO4)3 0.4 $/kg Turan et al. (2023) 
Sodium hydroxide NaOH 0.25 $/kg Turan et al. (2023) 
Sulfuric acid H2SO4 0.76 $/kg Turan et al. (2023) 
Other     
Water - 0.5 $/m3  
Electricity - 0.3 $/kWh Dubuc et al. (2022) 

 

Considering that hydroelectricity is the main source of electricity in Canada, the costs 

related to the consumption of energy (Cenergy) were calculated by accounting for the 

price per unit of hydroelectricity (PPUhydro) following Equation 3.2. 

Cenergy ($/m3) = Ecell × I × t  × PPUhydro / (V × 1000)    Eq. 3.2 

Where Ecell is the cell voltage (V), I is the current (A), t is the retention time (h), V is 

volume of effluent to be treated (m3) and PPUhydro is the price for unit of 

hydroelectricity ($/kWh) 

 

Reagent costs (HCl used for the adjustment of the pH of the effluent to be treated) were 

estimated following Equation 3.3. 

 

Creagent ($/m3) = m reagent × PPUHCl / V     Eq. 3.3 

Where mreagent is the mass of reagent required (kg), PPUHCl is the price per unit of HCl 

($/kg – Zuorro et al., 2021) and V is volume of effluent to be treated (m3) 
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Costs related to the consumption of sacrificial Fe-electrodes were estimated following 

Equation 3.4 (Ebba et al., 2021). 

 

Célectrode ($/m3) = I × t × M × PPUelectrode / (n × F × V × 1000)  Eq. 3.4 

Where I is the current (A), t is the retention time (s), M is the molecular mass of Fe 

(55.85 g/mol), PPUelectrode is the price for unit of hydroelectricity ($/kWh), n is the 

number of electrons transferred, F is the Faraday’s constant (96 500 C/mol) and V is 

volume of effluent to be treated (m3) 

 

3.5.2 Techno-economic evaluation of Fe(VI) treatment 

 

The operating costs for the treatment of circumneutral mine water contaminated by As 

and Mn using Fe(VI) + Fe(III) were estimated  in respect to the consumption of 

reagents used (i.e., Fe(VI), Fe(III), H2SO4 and NaOH) as well as the consumption of 

water required for the preparation of the stock solutions of Fe(VI)s and Fe(III). The 

capital costs related to the acquisition of the tanks for the treatment were estimated for 

a plant unit with a capacity of 100 m3/d (0.06$/m3) and 1 000 m3/d (0.02 $/m3), with 

an equipment lifetime of 10 years. The costs of reagents were estimated following the 

Equation 3.5. 
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Creagent ($/m3) = m reagent × PPUreagent / V     Eq. 3.5 

Where mreagent is the mass of reagent required (kg), PPUreagent is the price per unit of the 

reagent ($/kg) and V is volume of effluent to be treated (m3) 

 

3.5.3 Comparison of ECG and Fe(VI) performances 

 

Several criteria were defined to evaluate and compare the performances of ECG and 

Fe(VI) for the treatment of As- and Mn-contaminated circumneutral mine water 

including: (1) the removal efficiency of As and Mn; (2) the requirements in terms of 

physicochemical regulations (i.e., final pH and As content); (3) the residual salinity; 

(4) the toxicity of final effluent, (5) the amount of produced sludge; (6) the potential 

mobility of As and  Mn from the sludge (using FLT results) and (7) the operating costs. 

As previously mentioned, the efficient removal is assessed in respect to the final 

contaminant concentration that complies with the selected guidelines or regulations. 

For As, the guideline applied in the current study is a final concentration < 0.20 mg/L 

(Directive 019, 2012), while for Mn which is not regulated in most countries, the 

criteria is <2 mg/L (U.S. Code of Federal Regulations (US CFR, 1985). Because of its 

effect on toxicity to aquatic organisms, salinity is a variable to be considered in 

evaluating treatment performance, but to a lesser extent compared to other criteria, 

because this criterion is already included in the toxicity assessment. The amount of 

produced sludge is an important parameter to consider for a performant treatment, 

because of challenges associated to its handling and long-term storage, while its 

stability is another important criterion as produced sludge could become a secondary 

source of contamination if not properly managed. 
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4.1 Abstract 

 

Despite the efficiency and ease of implementation of electrocoagulation (ECG), its 

industrial application for the treatment of contaminated mine water is limited due to 

high energy and electrode consumption. The main objective of the present study was 

to identify the most performant ECG conditions using Fe-electrodes for the 

simultaneous removal of As(III) and Mn(II) from synthetic and surrogate neutral mine 

water, while limiting energy and electrode consumption. Treatability tests were 

performed on i) single synthetic effluents containing only 3.5 mg/L As (SAs) or 

4.5 mg/L Mn (SMn), ii) binary synthetic effluents containing both As and Mn (SAs+Mn), 
and iii) surrogate mine water (Elow and Ehigh). The effect of current density (CD), ionic 

strength, and retention time were first evaluated for the treatment of SAs, SMn, and 

SAs+Mn. Then, the most performant conditions were used to treat Elow and Ehigh. The 

toxicity to Daphnia magna of Elow and Ehigh was evaluated before and after ECG 

treatment. The results showed that the increase of CD from 0.25 to 10 mA/cm2 greatly 

improved the removal of Mn and to a lesser extent of As, as well as energy and 

electrode consumption. Despite a negligible effect on the removal efficiency of As and 

Mn, the ionic strength (from 0.25 to 2.5 mS/cm) and inter-electrode distance (from 10 

to 50 mm) strongly affected the energy consumption. Results showed that ECG 

efficiently removed As (>97%) from SAs at low CD (0.5 mA/cm2), while Mn required 

a four-fold higher CD to achieve satisfactory removal (>60%) from SMn. For the 

treatment of SAs+Mn, As removal was more efficient and faster than Mn removal (99 vs. 

60% and 20 vs. 60 min, respectively) at a CD of 2.0 mA/cm2. However, the 

simultaneous removal of As and Mn at 2.0 mA/cm2 produced a volume of sludge 

3.3 times greater than at 0.5 mA/cm2. Lastly, high As (99%) and variable Mn (40–57%) 

removal efficiencies were obtained after Elow and Ehigh treatment, with potential 

positive effect of the presence of Ca2+ and Cl- on the removal of As, while SO4
2- may 
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have negatively affected the removal of Mn. After ECG treatment, no addition of 

toxicity to D. magna was observed for Elow and Ehigh. The outcomes of this study may 

provide promising insights for the application of ECG for simultaneous removal of 

metal(loid)s from contaminated mine water.  

 

 

Keywords: electrochemical treatment, advanced oxidation process, metal(loid)s 

removal, toxicity, contaminated mine water. 
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4.2 Résumé 

 

Bien que l'électrocoagulation (ECG) soit efficace et facile à mettre en place, son 

utilisation à l’échelle industrielle pour le traitement des eaux minières contaminées est 

limitée en raison de la consommation d'énergie et des électrodes élevée. L'objectif 

principal de cette étude était d'identifier les conditions opératoires les plus efficaces du 

traitement ECG en présence d’électrodes en Fe pour enlever simultanément l'As(III) et 

le Mn(II) présents dans des eaux minières synthétiques et de substitution, tout en 

réduisant la consommation d'énergie et des électrodes sacrificielles. Des tests de 

traitabilité ont été effectués sur : (i) des effluents synthétiques simples contenant 

seulement 3,5 mg/L d'As (SAs) ou 4,5 mg/L de Mn (SMn), (ii) des effluents synthétiques 

binaires contenant à la fois de l'As et du Mn (SAs+Mn), et (iii) des eaux minières de 

substitution (Efaible et Eélevé). Premièrement, l’effet de la densité de courant (DC), de la 

force ionique et du temps de rétention a été évalué pour le traitement de SAs, SMn et 

SAs+Mn. Ensuite, les conditions les plus performantes ont été utilisées pour traiter Efaible 

et Eélevé. La toxicité de Efaible et Eélevé pour Daphnia magna a été évaluée avant et après 

le traitement par ECG. Les résultats ont montré que l’augmentation de la DC de 0,25 à 

10 mA/cm2 améliorait considérablement l’enlèvement du Mn et dans une moindre 

mesure de l’As, ainsi que la consommation d’énergie et des électrodes sacrificielles. 

En dépit d’un effet négligeable sur l'efficacité d'enlèvement de l'As et du Mn, la force 

ionique (de 0,25 à 2,5 mS/cm) et la distance inter-électrodes (de 10 à 50 mm) ont 

fortement affecté la consommation d'énergie. Les résultats ont indiqué que l'ECG 

enlevait efficacement l'As (> 97 %) de SAs à faible DC (0,5 mA/cm2), tandis que le Mn 

nécessitait une DC quatre-fois plus élevée pour obtenir un enlèvement satisfaisant 

(>60 %) pour le traitement de SMn. Pour le traitement de SAs+Mn, l’enlèvement de l’As 

était plus efficace et plus rapide que celui du Mn (99 contre 60% et 20 contre 60 min, 

respectivement) à une DC de 2,0 mA/cm2. Néanmoins, l'enlèvement simultané de l'As 
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et du Mn à 2,0 mA/cm2 a produit un volume de boues 3,3 fois supérieur à celui obtenu 

lors du traitement à 0,5 mA/cm2. Enfin, des efficacités d'enlèvement élevées de l'As 

(99%) et variables du Mn (40 à 57%) ont été obtenues après le traitement de Efaible et 

Eélevé, avec un effet positif potentiel de la présence de Ca2+ et Cl- sur l'enlèvement de 

l'As, tandis que le SO4
2- peut avoir affecté négativement l’enlèvement du Mn. Après le 

traitement par ECG, aucun ajout de toxicité pour D. magna n'a été observé pour Efaible 

et Eélevé. Les résultats de la présente étude peuvent fournir des connaissances 

prometteuses pour l’application de l’ECG pour l’enlèvement simultané des 

métaux/métalloïdes présents dans les eaux de minières contaminées. 

 

 

Mots clés: traitement électrochimique, procédé d'oxydation avancé, enlèvement des 

métaux/métalloïdes, toxicité, eau minière contaminée. 
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4.3 Introduction  

 

Mining activities produce large volumes of mine water contaminated by metal(loid)s, 

requiring performant treatment to meet increasingly stringent regulations for their 

discharge to the environment (Ryskie et al., 2021; Shahedi et al., 2023). Arsenic and 

manganese, which can be toxic to humans and aquatic ecosystems at moderate to high 

concentrations, are common contaminants in gold mine effluents (Thakur et al., 2021). 

Due to its efficiency (50–99%) and ease of implementation, (co-)precipitation is the 

most commonly used treatment to remove As or Mn from mine water (Coudert et al., 

2020; Neculita and Rosa, 2019). However, large amounts of chemicals are required, 

leading to increased residual salinity and associated toxicity (Gonçalves et al., 2007; 

Van Dam et al., 2014).  Furthermore, different pH conditions (4–7 for As vs. 9–11 for 

Mn) and contradictious Fe concentrations (Fe/contaminant ratio >4/1 for As vs. <4/1 

for Mn) are required for optimal treatment, leading to major hurdles for the removal of 

both As and Mn by (co-)precipitation (Bora et al., 2018; Chang et al., 2006; Habib et 

al., 2020; Safwat et al., 2023). Therefore, improved methods for the simultaneous 

treatment of As and Mn from mine water, while decreasing the consumption of 

chemicals and associated residual salinity, are still necessary.  

 

Combining electrochemistry and coagulation, electrocoagulation (ECG) has proven 

effective for the removal of (in-)organic contaminants from contaminated groundwater 

and wastewater from different sources including domestic, hospital, pulp and paper as 

well as brewery, automobile and mining industries (Boinpally et al., 2023; Gilhotra et 

al., 2018; Kobya et al., 2020; Müller et al., 2021; Shahedi et al., 2023; Shahreza et al., 

2018). A recent and relevant review on the use of ECG for the treatment of 

contaminated mine water showed that most of the studies focused on the removal of 

sulfates, iron and/or total suspended solids from mine water, while only few of them 
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documented the removal of As and Mn (Table S4.1) (Shahedi et al., 2023). ECG 

treatment is based on redox reactions leading to the in-situ production of cations 

(e.g., Fe3+, Al3+) at the anode as a result of electrical dissolution of the sacrificial 

electrode, that act as a coagulant, and OH- ions at the cathode, that neutralize the acidity 

and favor the precipitation of metal hydroxides (McBeath et al., 2021; Kobya et 

al., 2022; Safwat et al., 2023). The mechanisms involved in As removal are well 

documented, and include (co-)precipitation and sorption on newly formed Fe- or 

Al-hydroxides (Fig. S4.1) (Kobya et al., 2022; Li et al., 2012). For Mn, the removal 

mechanisms are less understood but are known to mainly depend on the electrode 

material and the final pH (Oncel et al., 2013; Shafaei et al., 2010). The precipitation of 

Mn(OH)2 at pH >7, sorption on Al-, Ti- or Fe-hydroxides produced in-situ, trapping 

(sweep coagulation) by these hydroxides, or deposition on the cathode surface are 

among the proposed mechanisms for Mn removal by ECG (Oncel et al., 2013; Shafaei 

et al., 2010; Xu et al., 2017). The presence of Cl- in the effluent may enhance the 

oxidation of Mn(II) to Mn(IV), and eventually favors precipitation of MnO2 (Xu et al., 

2017). Fe- and Al-electrodes are mainly used for the removal of As, while Al-, 

Ti- electrodes and to a lesser extent Fe-electrodes are generally recommended for Mn 

(Hakizimana et al., 2017; Moussa et al., 2016; Reátegui- Romero et al., 2018; Safwat 

et al., 2023; Shahreza et al., 2018). Despite its efficiency in removing (in-)organic 

contaminants, including As and Mn, from contaminated wastewater, the main 

drawbacks of ECG limiting its industrial application are related to the operating costs 

(0.25-3.88 US$/m3) and the need to reduce energy and electrode consumption (Kobya 

et al., 2014, 2020; Shahedi et al., 2023; Touahria et al., 2016).  

 

Previous studies evaluated the effect of operating factors on the removal efficiencies 

of As and Mn from synthetic or real mine water (Table S4.1), while only few of them 

deals with their impact on the consumption of energy and sacrificial electrodes and 

therefore associated operating costs (Ebba et al., 2021; Shahedi et al., 2023; Thakur 

and Mondal, 2016). Current density (CD) and pH are among the main operating factors 
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influencing As and Mn removal using ECG. The CD is known to control the amount 

of soluble metal produced from anode electro-dissolution as well as the production rate 

of gas bubbles, and the size and growth of the flocs. Optimal CD identified in previous 

studies ranges from 0.3 to 70 mA/cm2 (mainly between 5 and 15 mA/cm2) 

(Table S4.1), depending on the water quality (Banerji and Chaudhari, 2016; Nariyan et 

al., 2017; Moussa et al., 2016). ECG shows better As removal efficiencies under 

slightly acidic to neutral conditions since electro-dissolution of sacrificial Fe- and 

Al-electrodes is higher under acidic conditions, producing larger amounts of coagulant 

and Fe- or Al- hydroxides; in contrast, Mn removal is more efficient under neutral to 

slightly alkaline conditions (Balasubramanian et al., 2009; Kobya et al., 2011; 

Lakshmanan et al., 2009). Inter-electrode distance (D) usually ranges between 5 and 

30 mm (Gatsios et al., 2015; Sahu et al., 2014), although this distance can be increased 

to 90 mm without affecting the removal efficiency of arsenic from sulfate-chloride 

spent brine (Li et al., 2023). The addition of an electrolyte (e.g., NaCl) to increase the 

electrical conductivity (EC) and to limit the electrode passivation and energy 

consumption is common practice during the ECG process, even if this increases the 

operating costs related to the consumption of this chemical and the volume of sludge 

produced (Gomes et al., 2007, Shafaei et al., 2010; Touahria et al., 2016; Ucar et 

al., 2013). The amount of added electrolyte is correlated with the targeted EC. For 

instance, 4 g/L NaCl was used to remove As from a synthetic effluent to limit the 

formation of a passivation layer on the Al-electrodes (Hansen et al., 2007) or to increase 

EC and decrease passivation of the steel anode (Gomes et al., 2007). Only few studies 

evaluated the performances of ECG for the treatment of neutral contaminated water at 

low ionic strength (< 1.5 mS/cm), without the addition of supporting electrolyte 

(Touahria et al., 2016). Previous studies documented that the co-occurrence of As and 

other ions (i.e., F-, hydrated silica, sulfates) influenced the removal of As from 

contaminated groundwater using ECG, due to competition for sorption sites on 

Fe-hydroxides, but there is no information related to the co-occurrence of As and Mn 

and their impact on the performances of ECG in terms of removal efficiencies as well 



91 

 

as energy and electrode consumption (Kabya et al., 2020, Thakur and Mondal, 2016; 

Valentin-Reyes et al., 2022). Nevertheless, despite a scientific understanding of the 

effects of CD, pH, and EC on ECG treatment, the identification of the most performant 

operating conditions for the simultaneous removal of As and Mn from contaminated 

mine water as well as on energy and electrode consumption is still ongoing.  

 

Further to the challenges highlighted above, acute and chronic toxicity assessments 

have become a requirement for mine water discharge in several legislations. In the 

Canadian context, acute toxicity must be assessed on water fleas (Daphnia magna) and 

rainbow trout (Oncorhynchus mykiss) in both Quebec’s provincial and federal 

legislation (MELCC, 2012; Ministry of Justice, 2021). However, toxicity assessment 

of water treated by ECG is poorly documented, while inconsistencies on the effects of 

ECG on toxicity persist (Foudhaili et al., 2020a; Lach et al., 2022; Radić et al., 2014). 

For example, a decrease in the lethality of D. magna has been observed after the ECG 

treatment of a synthetic textile effluent contaminated by azo dye (EC50% of 5.87% for 

untreated and 40.2% for treated effluent) (Lach et al., 2022). Conversely, an increase 

in toxicity (immobility and mortality) towards Daphnia magna and Daphnia pulex was 

reported after the treatment of sulfate-rich mine drainage using ECG, although the 

cause is still to be elucidated (Foudhaili et al., 2020a).  

 

In this context, the main objective of the present study was to evaluate the performance 

of ECG for the simultaneous removal of As(III) and Mn(II) from circumneutral 

low-contaminated synthetic and surrogate mine water, including a toxicity assessment 

of untreated and treated water. To the best of the authors’ knowledge, although the 

removal of As and Mn using ECG have been studied with different quality of 

wastewater, there is no study investigating the effect of operating conditions on the 

simultaneous removal of As and Mn from circumneutral mine water, including the 

determination of energy and electrode consumption as well as the amount of sludge 

produced and the toxicity of the final effluent.  



92  

4.4 Materials and methods  

 

4.4.1 Preparation and characterization of mine water 

 

A combination of synthetic and surrogate mine water was used. Synthetic effluents 

containing only As (SAs; 3.5 mg/L) or Mn (SMn; 4.5 mg/L), or both contaminants 

(SAs+Mn; 3.5 mg/L As + 4.5 mg/L Mn) were prepared from stock solutions (50 mg/L 

each) of NaAsO2 (99% purity, Sigma-Aldrich) and MnSO4.H2O (99%, Laboratory 

MAT). Because stock solutions were prepared before each series of experiments, small 

variations in terms of initial As and Mn concentrations can be observed. However, such 

variations are expected on industrial mine site. The composition of the synthetic 

effluents was based on a previous characterization of real mine water (n = 292, from 

2016 to 2021) from an active mine site located in Northern Quebec (Safira et al., 2023). 

Before each ECG test, the pH and EC of the synthetic effluents were adjusted to 6.0-6.5 

using NaOH or HCl (1 M) and to 0.25–2.5 mS/cm using NaCl, respectively. Surrogate 

mine water was prepared by rinsing desulfurized and filtered tailing samples, collected 

from the mine site on which the synthetic effluents were based, with water (solid/liquid 

ratio of 1/1) to produce an effluent representative of the mine drainage occurring on 

the site. Two surrogate mine water samples, Elow and Ehigh, were prepared for ECG 

testing. Elow (unspiked surrogate effluent) initially contained 1.43 mg/L As and 

0.05 mg/L Mn. For Ehigh (spiked surrogate effluent), required amounts of NaAsO2 and 

MnSO4.H2O salts were added to yield 3.5 mg/L and 4.5 mg/L for As and Mn, 

respectively.  
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4.4.2  ECG treatment 
 

4.4.2.1  ECG experimental set-up 
 

ECG experiments were conducted in a 2 L Pyrex reactor (Fig. S4.2). Two iron 

electrodes (dimensions: 110 mm × 110 mm × 2 mm; total submerged area: 121 cm2; 

purity: ≥99.5%) were connected to a DC power supply (ARKSEN 605D, USA; 

voltage:  0–30 V; electrical current: 0–10 A). The interelectrode distance (D) was fixed 

at 10 mm. Before each experiment, the electrodes were abraded with sandpaper, dipped 

in 10% HCl for 10 min, and then cleaned with tap water and deionized water. The dried 

electrodes were weighed before and after each test to measure the mass loss, which is 

correlated to the amounts of soluble metals resulting from anode electro-dissolution. 

All experiments were conducted at ambient (~22ºC) temperature. The working volume 

was fixed at 1.8 L. During treatment, the effluent was mixed continuously at a speed 

of 200 rpm using a digital stirrer (Fig. S4.2). Air was injected in the system during the 

ECG treatment to maintain a dissolved O2 content around 8–9 mg/L and to avoid 

reducing conditions (Fig. S4.2). After 1 h of ECG treatment, treated effluents were left 

to settle for 30 min into a 250 mL-graduated cylinder. After 30 min of settling, the 

volume of wet slude was measured. The supernatant was then collected, filtered for 

Fe(II) analyses, and acidified for inductively coupled plasma optical emission 

spectroscopy (ICP-OES) analyses for As, Mn, and total Fe. The produced sludge was 

air-dried for 24 h to determine the amount of dry sludge. 
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4.4.2.2 Effluent treatability tests 

 

A series of three different tests were conducted to evaluate the performance of ECG on 

the removal of As and Mn from synthetic and surrogate mine water (Fig. 4.1).  Two 

series of experiments were performed to evaluate the effect of operating parameters on 

As and Mn removal from SAs and SMn as well as energy and electrode consumptions 

with i) the CD (0.25 to 10 mA/cm2) at an EC of 1.5 mS/cm and ii) the EC (0.25 to 

2.5 mS/cm) at a CD of 0.5 mA/cm2 for As and 2.0 mA/cm2 for Mn. A treatability test 

with the most performant conditions was conducted in triplicate to evaluate the 

reproducibility of the treatment process. Another series of experiments was conducted 

to evaluate the effect of CD at 0.5 mA/cm2 for As and 2.0 mA/cm2 for Mn, as well as 

the effect of EC at 0.25 and 2.5 mS/cm, on the removal of As and Mn from SAs+Mn, and 

on the energy consumption.  

The effect of retention time was also evaluated for the simultaneous removal of As and 

Mn from SAs+Mn. Then, (un)spiked surrogate mine water (Elow and Ehigh) was treated 

under the most performant conditions identified from the previous tests with SAs, SMn, 

and SAs+Mn.  
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Figure 4.1 Experimental approach used to identify the most performant operating conditions for the simultaneous 
removal of As and Mn from synthetic and surrogate mine water

95
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4.4.2.3 Determination of energy and electrode consumption 

 

Energy and electrode consumption are important criteria to be considered when 

evaluating the performances of ECG treatment as they are directly related to operating 

conditions. The energy consumption was estimated using the following equation 

(Kobya et al., 2022):  

Cenergy (kWh/m3) = U × I × t / (V × 1000)      

Where U is the cell voltage (V), I is the current (A), t is the retention time (h), V is 

volume of effluent to be treated (m3). 

The consumption of sacrificial Fe-electrodes was estimated by subtracting the initial 

and final weight of the electrode before and after treatment (Celectrode-experimental) and by 

using the following equation (Celectrode-calculated) (Kobya et al., 2022): 

Celectrode-calculated (kg/m3) = I × t × M / (n × F × V × 1000)    

Where I is the current (A), t is the retention time (s), M is the molecular mass of Fe 

(55.85 g/mol), n is the number of electrons transferred, F is the Faraday’s constant 

(96,500 C/mol) and V is volume of effluent to be treated (m3). 
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4.4.3 Analytical methods 

 

Before and after each ECG treatment, the pH, redox potential (ORP), and EC were 

measured using calibrated electrodes. A VWR Symphony® multimeter (Canada) 

equipped with an Orion 915 BNWP double junction Ag/AgCl electrode and an Orbisint 

CPS 12D Pt electrode were used to measure the pH and ORP, respectively. A VWR 

Traceable® Expanded Range Conductivity Meter equipped with an epoxy probe was 

used to determine the EC. Before each ECG test, the dissolved oxygen concentration 

was measured using an HQ30d portable meter kit with a calibrated LDO101 dissolved 

oxygen probe. The concentrations of dissolved As, Mn, and Fe were measured using 

an ICP-OES (Agilent 5800-Vertical Dual View (VDV)) after sample filtration using 

syringe filter (pore size of 0.45 µm, diameter of 30 mm). The calibration of the 

ICP- OES was validated for each series of measurements using certified multi-element 

standard solutions (Agilent Technologies; TruQ). For Elow and Ehigh, anion 

concentrations were measured using ion chromatography (Metrohm 940 Professional 

IC Vario, Switzerland; CEAEQ, 2014). The different anions were eluted from the 

Supp 5 (150 × 4.0 mm) separation column (Metrohm) using a carbonate buffer 

(1.0 mM NaHCO3, 3.2 mM Na2CO3) at 0.7 mL/min. The 1,10-phenanthroline 

complexation method was used to measure dissolved Fe(II) by UV-Visible 

spectroscopy (Christian, 1994).  
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4.4.4 Toxicity testing 

 

Acute toxicity to D. magna was assessed on untreated and treated Elow and Ehigh 

following the standard analysis method (MA. 500-D.mag 1.1R3m) of the Center of 

Expertise in Environmental Analysis of Quebec (CEAEQ, 2021). (Un)treated effluents 

were kept at 4°C directly after sampling until testing in the laboratories of Bureau 

Veritas (Sainte-Foy, QC, Canada). The samples were brought to room temperature and 

homogenized. Physicochemical parameters (pH, dissolved oxygen, EC, temperature, 

and hardness) were measured before starting the experiment and immediately after the 

counting of immobile or dead organisms. Dilution waters were mixed with Elow and 

Ehigh in different proportions (0, 6.25, 12.5, 25, 50, 100% - v/v) to achieve a final 

volume of 10 mL for each vessel. The dilution waters consisted of hard water 

reconstituted to a 170 mg/L CaCO3 hardness to ensure D. magna survival. Five 

neonates (newborn organisms < 24 h old) from a D. magna culture raised in the 

laboratories of Bureau Veritas were added to each vessel to achieve a density of 

2.0 mL/daphnia. The neonates were incubated at 20 ± 2°C for 48 h (two series of a 16 h 

photoperiod followed by an 8 h darkness period) (CEAEQ, 2021). To confirm the 

quality of the results, neonates were exposed to a positive control containing potassium 

dichromate as a toxicant. Immobile and dead organisms were counted. Immobility is 

defined as the inability to swim for 15 s after a slight agitation of the solution, while 

mortality is defined by the absence of movement of the appendages and antennas, and 

by the absence of a heartbeat. Effluents resulting in ≤50% mortality of the exposed 

D.  magna population after 48 h were deemed as non-acutely toxic, while effluents 

causing >50% mortality (LC50) were considered acutely toxic (MELCC, 2012; Minister 

of Justice, 2021).  
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4.5 Results and discussion 
 

4.5.1 Performance of ECG on As and Mn removal from synthetic effluents SAs and 

SMn 

 

4.5.1.1  Effect of current density on ECG performance  

 

The effect of CD was evaluated in the range of 0.25–10 mA/cm2 for the treatment of 

slightly contaminated SAs and SMn, as CD is one of the most critical operating 

parameters for the removal As and Mn by ECG as well as for energy and electrode 

consumption (Kobya et al., 2022; Moussa et al., 2016). The results of the tests, which 

were performed for 60 min, are presented in Table 4.1 and Fig. 4.2. The findings are 

consistent with previous studies, showing a positive correlation between CD and As 

and Mn removal efficiency (Table 4.1). An important increase in As removal (from 92 

to up to 100%) was observed as CD increased from 0.25 to 1.5 mA/cm2, while a plateau 

was reached at CD >2.0 mA/cm2.  
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Table 4.1  Effect of CD (mA/cm²) on ECG efficiency for the removal of As and Mn from synthetic effluents SAs or SMn 
(two Fe-electrodes; pH: 6.0–6.5; retention time: 60 min; inter-electrode distance: 10 mm). 

CD 
(mA/cm²) 

[As]initial 
(mg/L) 

[Mn]initial 
(mg/L) 

Removal (%) pHfinal ORPfinal 
Fe-electrode mass 
loss (%) [Fe]final  (mg/L) References 

As Mn As Mn As Mn As Mn As Mn   

0.25 3.56 4.3 92 19 6.3 6.01 171 170 0.02 0.01 1.78 1.4 Current 
study 

2.5 3.5 4.3 99 73 6.6 6.3 152 96 0.18 0.25 1.08 1.37 

5 3.5 4.3 100 93 6.6 6.5 155 80 0.44 0.37 1.51 0.92 

7.5 3.3 4.2 100 95 6.8 6.5 -170 71 0.5 0.65 0.4 0.9 

10 3.2 4.2 99 98 6.8 6.5 -205 31 0.7 0.72 0.08 0.47 

5 

1 

- 93 - - - - - - - - Demirel et 
al. (2022) 

7.5 - 95 - - - - - - - - 

10 - 99 - - - - - - - - 

14 - 

5 

- 89 - - - - - - - Demirel et 
al. (2022) 

42 - - 94 - 7.87 - - - - - 

70 - - >95 - - - - - - - 
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This slight improvement of As removal can be attributed to the greater amount of 

Fe(III)-hydroxides produced, which is consistent with the observed increase in 

Fe-electrode mass loss (from 0.018 to 0.70 kg of electrode consumed/m3 with CD 

increase from 0.25 to 10 mA/cm2) (Table 4.1). Indeed, according to the Faraday’s law, 

higher CD results in larger amounts of solubilized Fe from sacrificial electrodes as well 

as OH- ions at the cathode and therefore an increase in the amount of amorphous 

Fe(III)-hydroxides with high surface area produced, which will trap more As (Kobya 

et al., 2016; Ucar et al., 2013). For Mn, removal efficiency seems to be positively 

correlated with the applied CD (results not shown; Mn removal (%) = 23.9 ln(CD) 

+ 47; R2 = 0.9707). These results could potentially be explained by the larger surface 

of Fe(III)-hydroxides produced as CD increased, leading to trapping or sorption of Mn 

ions onto Fe(III)-hydroxides (Nariyan et al., 2017; Oncel et al., 2013; Shafaei et al., 

2010). Although increasing CD enhances As and Mn removal, an important increase in 

energy (from 0.007 to 4.36 kWh/m3) and electrode consumption (from 0.017 to 

0.700 kg/m3) was observed, which is consistent with previous studies (Kobya et 

al., 2014; Touahria et al., 2016). Values of experimental electrode consumption 

(Celectrode-experimental) were closed to the theoretical electrode consumption 

(Celectrode-calculated) for all the conditions tested, which is consistent with a current 

efficiency of 105-118%.  

As energy and electrode consumption and associated operating costs are positively 

correlated to the CD applied to the ECG unit, the identification of the lowest CD value 

allowing a satisfactory removal of the target contaminant is critical ([As]f <0.2 mg/L 

(MELCC; 2012) and [Mn]f <2 mg/L (US CFR, 1996)). New experiments were 

performed with the CD ranging from 0.25 to 2.5 mA/cm2 to identify the most 

performant CD for As and Mn removal from SAs and SMn (Fig. 4.2). Despite improving 

As and Mn removal, the increase in CD led to an increase in both energy (from 0.0067 

to 0.45 kWh/m3) and electrode (from 0.0175 to 0.1751 kg/m3) consumption. An 

important decrease in the amount of As removed per amount of Fe consumed (from 0.3 
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to 0.005 mgAs/mgFe) was observed when increasing CD from 0.5 to 2.5 mA/cm2, 

while a slight increase was observed between 0.25 and 0.5 mA/cm2.  

 

 

 

  

 c.  d. 

Figure 4.2 Effect of CD on the removal efficiencies of As (a) and Mn (b) as well 
as energy and electrode consumption for As (c.) and Mn (d.) (operating conditions: 
two Fe-electrodes; EC: 1.50 mS/cm; pH: 6.0–6.5; retention time: 60 min; inter-
electrode distance: 10 mm; [As]i: 3.48 ± 0.12 mg/L or [Mn]i: 4.32 ± 0.14 mg/L) 

a. b. 
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For Mn, the increase in CD from 0.25 to 2.5 mA/cm2 led to a gradual decrease in the 

amount of Mn removed per amount of Fe consumed ranging from 0.14 to 

0.02 mgMn/mgFe. The most performant CDs were 0.5 mA/cm2 for As and 2.0 mA/cm2 

for Mn, with final concentrations below criteria. It can be noticed that an efficient Mn 

removal required a CD four times greater than that for As. Other tests were performed 

with an inter-electrode distance of 50 mm (instead of 10 mm) to determine if this 

distance can be increased to reduce operating costs without affecting contaminant 

removal. Similar As and Mn removal efficiencies were obtained for both 

inter- electrode distances. While increasing the inter-electrode distance from 10 to 

50 mm led to a two-fold and three-fold increase of the voltage required and the energy 

consumption, respectively, to maintain the target CD. Therefore, the inter-electrode 

distance was fixed at 10 mm for the remaining experiments. 

 

4.5.1.2  Effect of ionic strength on ECG performance  

 

For the treatment of low ionic strength effluents, ECG usually requires the addition of 

supporting electrolytes (e.g., NaCl, Na2SO4) to improve current diffusion and to limit 

the ohmic drop as well as the associated increase in energy required to maintain a target 

CD (Balasubramanian et al., 2009; Shafaei et al., 2010; Ucar et al., 2013). Previous 

studies showed that a higher ionic strength has a negligible influence on the removal 

of As (EC from 0.4 to 2.5 mS/cm; Ucar et al., 2013) or Mn (EC from 2.5 to 7 mS/cm; 

Shafaei et al., 2010) at variable CDs (3.3–10 mA/cm2), while affecting the voltage 

required to obtain the targeted CD. 
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Experiments were conducted on As- and Mn-contaminated effluents with EC ranging 

from 0.25 to 2.5 mS/cm (Table 4.2) at CD values of 0.5 and 2.0 mA/cm2 for As and 

Mn, respectively, to better understand the effect of ionic strength on As and Mn 

removal and energy consumption at low CD. Similar removal efficiencies were 

observed after 60 min of treatment for As (96–98%) and Mn (58–67%), at both low 

and high EC. However, the increase in EC from 0.25 to 2.5 mS/cm led to a three-fold 

decrease in the energy required to apply the targeted CD for the treatment of SAs (from 

0.101 to 0.032 kWh/m3), and a six-fold decrease for SMn (from 0.914 to 0.179 kWh/m3).  

 

Table 4.2 Effect of ionic strength on As and Mn removal as well as energy 
consumption (two Fe-electrodes; CD: 0.5 mA/cm2 for As, 2.0 mA/cm2 for Mn; pH 
6.0-6.5; retention time: 60 min; inter-electrode distance: 10 mm). 

  EC (mS /cm) 0.25 0.5 1 1.5 2.5 

Treatment 
of SAs 

[cont.]f (mg/L) 0.08 0.1 0.15 0.1 0.14 

Removal (%) 98 97 96 97 96 

pHf 6.42 6.5 6.5 6.4 6.4 

Cenergy (kWh/m3) 0.101 0.042 0.040 0.037 0.032 

Treatment 
of SMn 

[cont.]f (mg/L) 1.55 1.97 1.77 1.78 1.8 

Removal (%) 67 58 61 60 58 

pHf 6.13 6.15 6.2 6.2 6.15 

Cenergy (kWh/m3) 0.914 0.471 0.296 0.239 0.179 
[cont.]f: final concentration of contaminant; pHf: final pH 
 

 

Because varying the ionic strength resulted in negligible effects after 60 min of ECG 

treatment, additional experiments were performed to assess its potential impact on the 

kinetics of As and Mn removal and identify the most performant retention time 

(Fig. 4.3). No major differences were observed in terms of As and Mn removal with 

the retention time for the three EC tested, suggesting that ionic strength did not impact 

the kinetics of ECG treatment. However, 60 min of treatment were required to reach 
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the targeted final concentrations for both As and Mn (0.2 mg/L As and 2 mg/L Mn), 

consistent with previous studies (Shafaei et al., 2010). As the retention time was 

independent of the ionic strength of the solution to be treated, the increase in current 

requirements to maintain the target CD with the decrease of ionic strength from 2.5 to 

0.25 mS/cm resulted in a reasonable increase of energy consumption for As (from 0.02 

to 0.09 kWh/m3), while resulting in an important increase for Mn (from 0.27 to 

1.23  kWh/m3). 

 

ECG treatments were further conducted in triplicate under the most performant 

conditions to evaluate the reproducibility of the approach (Table 4.3). Coefficient of 

variation values of 6–8% for As and 7–11% for Mn were obtained, indicating a small 

extent of variation among the conducted triplicates. Thus, the ECG process can be 

considered reproducible for removing As and Mn from effluents with low or high ionic 

strength effluents. Based on these results, ECG can be efficiently used for the treatment 

of As and Mn at low CD without the addition of salts to increase ionic strength, 

resulting in lower residual salinity and potential associated toxicity. 
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a.  b. 
 

c. d. 
Figure 4.3 Evolution of As (a) and Mn (b) removal as well as energy consumption 
(for As (c) and Mn (d)) with retention time for different EC values (operating 
conditions: two Fe-electrodes; CD: 0.5 mA/cm2 for As and 2.0 mA/cm2 for Mn; 
pH: 6.0–6.5; inter- electrode distance: 10 mm; [As]i: 3.38 ± 0.08 mg/L or [Mn]i: 
4.54 ± 0.16 mg/L) 

 

 

 



107 

 

Table 4.3 Reproducibility assessment of the ECG process for the removal of As 
and Mn from SAs and SMn at low and high EC (operating conditions: two Fe-
electrodes; pH: 6.0–6.5; retention time: 60 min; inter-electrode distance: 10 mm; 
[As]i: 3.31 ± 0.04 mg/L or [Mn]i: 4.29 ± 0.08 mg/L).  

*cont.: contaminant; [cont.]f; final concentration of the contaminant, pHf: final pH, ECi/f: initial or final 

EC 

 

 

4.5.2 Performance of ECG on simultaneous removal of As and Mn from SAs+Mn 

 

As different optimal CDs were previously identified for the removal of As and Mn 

from SAs and SMn, respectively, experiments for the treatment of SAs+Mn were conducted 

using two CDs (0.5 and 2.0 mA/cm2). The evolution of As and Mn removal from SAs+Mn 

with time using two different CDs and ECs is presented in Fig. 4.4. Similar removal 

efficiencies were obtained for SAs+Mn (94–96% for As and 59–64% for Mn) as for SAs 

(96–98% As) and SMn (58–67% Mn) under the optimal CD (0.5 mA/cm2 for As and 

Cont.* ECi 
(mS/cm) 

Replicate [cont.]f 

(mg/L) 
Removal  
(%) 

pHf ECf  
(mS/cm) 

As 0.25 1 0.10 97.01 6.21 0.25 

  2 0.10 97.01 6.30 0.26 

  3 0.09 97.25 6.14 0.25 

 2.50 1 0.14 95.72 6.10 2.51 

  2 0.13 96.02 6.23 2.60 

  3 0.12 96.33 6.10 2.52 

Mn 0.25 1 1.45 66.59 6.18 0.25 

  2 1.49 64.52 6.17 0.27 

  3 1.20 71.43 6.20 0.26 

 2.50 1 1.61 62.73 6.13 2.50 

  2 1.49 65.51 6.19 2.51 

  3 1.71 60.96 6.15 2.53 
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2.0 mA/cm2 for Mn), suggesting no antagonistic or synergistic effects for their 

simultaneous removal after 60 min of treatment. However, the removal of As was three 

times faster at higher CD (2.0 vs. 0.5 mA/cm2), requiring only 20 min compared to 

60 min. The removal of Mn was very low (<30%) and slow (>60 min) at low CD 

(0.5 mA/cm2), as previously observed during the experiments performed on SMn. The 

results also showed that at high CD, As was removed before Mn, probably due to 

differing pH requirements: As can be removed at a lower final pH, whereas Mn requires 

higher pH values (Parga et al., 2005). Indeed, the increase in CD led to an increase of 

the amount of OH- ions at the cathode, which results in the gradual increase of pH 

during the treatment (Shafaei et al., 2010; Xu et al., 2017). A slight decrease in energy 

consumption after 60 minutes of ECG treatment was observed for SAs+Mn compared to 

SAs (0.063 vs. 0.097 kWh/m3 at 0.25 mS/cm and 0.017 vs. 0.029 kWh/m3 at 2.5 mS/cm) 

and SMn (0.098 vs. 1.027 at 0.25 mS/cm and 0.210 vs. 0.250 kWh/m3 at 2.5 mS/cm). 

 

The simultaneous and efficient removal of both contaminants was achieved at the 

highest CD, after 60 min of treatment. The efficient removal of As and Mn obtained at 

2.0 mA/cm2 is probably due to the production of sufficient amounts of OH- ions and 

Fe(III)-hydroxides for the sorption or (co)-precipitation of As and Mn. This is 

consistent with the 3.3x increase in the volume of produced sludge (16 mL at 

0.5 mA/cm2 vs. 53 mL at 2.0 mA/cm2), providing greater numbers of sorption sites for 

As and Mn removal. Despite the increased sludge volume, the higher CD value was 

selected for the treatment of surrogate effluents to ensure that both contaminants would 

be removed below the targeted values. 
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c. 

Figure 4.4 Evolution of As (a) and Mn (b) removal as well as energy consumption 
(c) from SAs+Mn at 0.5 and 2.0 mA/cm2 (operating conditions: two Fe-electrodes; 
pH: 6.0-6.5; electrolysis time: 60 min; inter-electrode distance: 10 mm; [As]i: 3.23 
mg/L and [Mn]i: 4.10 mg/L) 

 

 

 

b. a. 



110  

4.5.3 Performance of ECG for As and Mn removal from surrogate mine water 

 

4.5.3.1 Removal of inorganic contaminants from Elow and Ehigh using ECG 

 

Elow and Ehigh were treated using the Fe-ECG process under the optimal conditions 

identified from the previous experiments conducted on the SAs+Mn effluent. 

Physicochemical parameters for Elow and Ehigh met the Quebec’s provincial and 

Canadian’s federal regulations, indicating that ECG was efficient for removing 

contaminants and increasing the pH (Table 4.4). High As removal efficiencies (99%) 

were obtained for Elow and Ehigh, while Mn removal efficiencies were variable (40% for 

Elow and 57% for Ehigh). 

 

An improvement in As removal was observed for Ehigh as compared to SAs+Mn (99% for 

Ehigh vs. 96% for SAs+Mn), which had similar initial As and Mn concentrations. This 

enhancement can be partially attributed to the production of larger Fe-hydroxide flocs 

due to the presence of Ca (215–230 mg/L) in Ehigh, leading to better adsorption of As 

on the surface of the flocs (Ruiping et al., 2007). The superior oxidation of As(III) in 

the presence of Cl-, leading to the production of strong oxidants (i.e., ClO-) during ECG 

treatment, could be another potential cause for the noted improvement (Banerji and 

Chaudhari, 2016). At the same time, the removal of Mn was less efficient (57% for 

Ehigh vs. 61% for SAs+Mn). The presence of SO4
2- (916–1,006 mg/L), which can hinder 

the effective dissolution of the Fe-electrode through the formation of a passivating film 

over time, could probably explain this decreased efficiency; Mn removal seemed to be 

slower than As removal (El-Taweel et al., 2015; Lakshmipathiraj et al., 2010).  
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Table 4.4 Physicochemical characterization of Elow and Ehigh before and after 
treatment by ECG (operating conditions: two Fe-electrodes; CD: 2.0 mA/cm2; pH: 
6.0-6.5; retention time: 60 min; inter-electrode distance: 10 mm).  

Effluent Regulation* Elow  Ehigh Ehigh
** 

  Initial Final Initial Final Initial Final 

pH 6.5–9.5 6.51 7.27 6.54 7.15 7.89 6.14 

ORP (mV) - - 136 - 136 270 448 

EC (mS/cm) - 2.61 2.61 2.50 2.50 3.03 3.08 

As (mg/L) 0.2 1.43 0.02 3.41 0.02 4.05 0.01 

Mn (mg/L) 2 0.05 0.03 4.17 1.81 4.27 0.04 

Fe (mg/L) 3 0.12 0.78 0.09 0.89 0.23 0.22 

Al (mg/L) - 0.05 0.03 0.05 0.03 0.06 0.04 

Ba (mg/L) - 118 116 115 112 435 420 

Ca (mg/L) - 233 231 219 215 483 472 

K (mg/L) - 118 117 115 112 125 120 

Na (mg/L) - 275 275 265 261 535 522 

SO4
2- (mg/L) - 1,006 996 947 918 1,784 1,771 

Cl- (mg/L) - 171 152 143 138 72 68 

Hardness (mgCaCO3/L)  696 606 561 567 1,221 1,202 
* MELCC (2012); ** Results from a previous study published (Safira et al., 2023) 

 

 

4.5.4 Toxicity 

 

Toxicity assessments conducted on Elow and Ehigh before and after the treatment by 

ECG showed that the mine water samples were non-toxic to D. magna (Fig. 4.5). For 

untreated Ehigh, the non-toxicity is inconsistent with a previous study performed on a 

similar effluent composition (4.05 mg/L As and 4.27 mg/L Mn) showing acute toxicity 

(48 h-LC50 of 85.4% (v/v)) (Safira et al., 2023). These results could be partially 
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attributed to slight variations in terms of Ehigh water quality before treatment. For 

example, some variation of the tolerance of D. magna to high concentrations of Na, 

depending on the water hardness, was previously reported (Okamoto et al., 2014). 

Indeed, acute toxic effects of Na towards D. magna were observed at different 

concentrations, depending on water hardness (1,600 mg/L vs. 423 mg/L for hardness 

values of 45 mgCaCO3/L and 240 mgCaCO3/L, respectively). In the present study, both 

hardness and Na concentrations of non-toxic Ehigh (561 mg/L CaCO3 and 265 mg/L 

Na) were lower than the toxic Ehigh from the previous study (1,221 mg/L CaCO3 and 

535 mg/L Na; Safira et al., 2023). Another potential source of this inconsistent toxicity 

for untreated Ehigh might be the higher salinity and sulfate content of the water from the 

previous study (Safira et al., 2023) vs. the present one (Table 4.4). This is consistent 

with previously reported observations on the D. magna tolerance at lower salinities 

(Schuytema et al., 1997; Semsari and Megateli, 2007). A total absence of mortality was 

noted for untreated Elow (Fig. 4.5a) and treated Ehigh (Fig. 4.5b) for all dilutions, while 

5% mortality was reported for untreated Ehigh at concentrations of 6.25% and 100%. 

Considering that 5% mortality only represents one dead organism of D. magna, these 

effects are considered to be biologically insignificant (CEAEQ, 2021; Foudhaili et 

al., 2020b). However, 30% mortality and 15% immobility were observed for treated 

Elow at a concentration of 100%, despite a slight decrease in the concentrations of all 

the chemical elements that were initially present. The reason for this increase in 

immobility and mortality after ECG treatment for Elow remains unclear but could be 

partially attributed to the residual concentration of sulfate (997 mg/L), as previously 

documented in the literature (Radić et al., 2014; Foudhaili et al., 2020b). However, the 

non-toxicity of treated Elow and Ehigh effluents emphasizes the potential advantages of 

ECG for environmental protection applications.
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Figure 4.5 Mortality evolution of D. magna for (un)treated Elow (a) and Ehigh (b) 
 

 

 

 

b. 

a. 
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4.6 Conclusion 

 

The effect of operating conditions (CD, ionic strength, and retention time) on the 

efficient and simultaneous removal of As and Mn from synthetic effluents containing 

As (SAs), Mn (SMn), or As+Mn (SAs+Mn) and two surrogate (Elow: unspiked and 

Ehigh: spiked) neutral mine water was evaluated using Fe-electrode ECG. CD was 

identified as the one of the most critical operating parameters affecting the removal of 

Mn (19-98%), while highly efficient removal of As (94-99%) was obtained, regardless 

of the CD applied. Satisfactory Mn removal (60%) was achieved at a CD four times 

higher than that used for As removal, confirming that Mn requires higher ORP and pH 

conditions relative to As. The inter-electrode distance did not influence the removal 

efficiency, although it led to a two- or three-fold increase in the required voltage, 

energy consumption, and associated operating costs. The increase in the ionic strength 

of the effluent to be treated (from 0.25 to 2.5 mS/cm) was found to decrease the 

required voltage by three- or six-fold, with a negligible impact on the removal 

efficiency of As (96-98%) or Mn (58-67%). The results showed that ECG can 

efficiently treat SAs and SMn, even at low CD and ionic strength, resulting in residual 

salinity and potentially low toxicity. Neither antagonistic nor synergistic effects were 

observed for the simultaneous removal of As and Mn from SAs+Mn using the most 

performant conditions identified for SAs and SMn. However, as observed for SAs and 

SMn, a higher CD was needed for the efficient removal of Mn from SAs+Mn, while As 

removal from SAs+Mn was highly efficient at both low and high CD. The removal of As 

was faster and more efficient from SAs+Mn than Mn (20 vs. 60 min and 97-98% vs. 

59-64%, respectively) at a CD of 2.0 mA/cm2. Finally, efficient removal of As and Mn 

was obtained for Elow and Ehigh, with no addition of toxicity toward D. magna after the 

ECG treatment. These results suggest that ECG could be a promising option for the 

simultaneous removal of As and Mn from real mine waters in a one-step treatment. 
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Further studies will be needed to investigate the mechanisms involved in simultaneous 

removal of As and Mn by ECG as well as the stability of the produced sludge to ensure 

the performance of this process for the long-term treatment of mine water.  
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Figure S4.1 Mechanisms involved in As and Mn removal using 
Fe- electrocoagulation

Figure S4.2 Electrocoagulation experimental set-up: (1) power supply, (2) air 
source, (3) digital stirrer, (4) Pyrex reactor, (5) Fe-electrode

(1)

(2)

(3)

(4)

(5)



 

Table S4.1 Examples of the ECG applications for the removal of As and Mn from synthetic or real effluents. 

Concentration of 
contaminant 
(mg/L) 

pHᵢ/ pHₐ* Nature of 
electrodes 

Inter-electrodes 
distance (mm) 

Retention time 
(min) 

Current density 
(mA/cm²) 

Removal 
efficiency (%) References 

Synthetic effluent 

As: 50 pHᵢ: 7 Fe-stainless-steel 15 55 15 94 Balasubramanian et 
al. (2009) 

As: 0.15 
pHi: 6.5 Fe-Fe 13 7.5 0.5 94.1 

Kobya et al. (2011) 
pHi: 7 Al-Al 13 4 0.75 96.5 

As: 2-5 pHᵢ: 5 Al-Fe 10 12 3V 99 Ali et al. (2012) 

As: 0.5 pHᵢ: 7 Fe-Fe 10 180 0.2 90 Banerji and 
Chaudhari (2016) 

As(III): 25 pHa: 6.5–7 Mild steel 2 40 5.2 99 Lakshmipathiraj et 
al. (2010) 

As: 0.55 pHᵢ: 7 Al-Al 10 95 10 98.5 Thakur and Mondal 
(2016) 

Mn: 50-200 pHₐ: 4-9 Al-Al 5 35 15 40-65 Hanay and Hasar 
(2011) 

Mn: 100 pHₐ: 7 Al-Al 10 30 6.25 80 Shafaei et al. (2010) 

Mn: 2 pHᵢ: 7 Ti-Ti 20 60 10 96.5 Safwat et al. (2023) 

* pHi/pHa: initial/adjusted pH; D: inter-electrode distance; CD: current density 
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Table S4.1 (continued) Examples of the ECG applications for the removal of As and Mn from synthetic or real 
effluents. 

Concentration of 
contaminant 
(mg/L) 

pHᵢ/ pHₐ* Nature of 
electrodes 

Inter-electrodes 
distance (mm) 

Retention time 
(min) 

Current density 
(mA/cm²) 

Removal 
efficiency (%) References 

Groundwater 

As: 1 pHa: 3 – 6 and 9 Al-Al - 40 10 99.9 Demirel et al. 
(2022) 

As: 2.86 pHi: 2.86 Fe-Fe 6 1.5 4.6 95.54 Parga et al. (2005) 

Real mine/industrial effluent 

As: 0.15 
pHᵢ: 2.43 Fe-Fe 10 40 200-500 

As: >99 
Oncel et al. (2013) 

Mn: 40.6 Mn: 25-99.9 

As: 0.55 pHᵢ: 7.7 Al-Al 10 30 10 76.3 Touahria et al. 
(2016) 

Mn: 8.34 pHᵢ: 6.62 Fe-Fe 30 45 2.23 99.7 
Reátegui- Romero 
et                  al. 
(2018) 

Mn: 5 pHᵢ: 6 
Fe-Fe 

20; 40 90 42 
94 Gatsios et al. 

(2015) Al-Al 69 (Al-Al) 

* pHi/pHa: initial/adjusted pH; D: inter-electrode distance; CD: current density 
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5.1 Abstract 

 

Despite being efficient in removing (in)organic contaminants from effluents, ferrate 

(Fe(VI)) have scarcely been used for the removal of metal(loid)s from mine effluents. 

The present study evaluated the performance of wet vs. solid ferrate to remove As(III) 

and Mn(II) from synthetic and surrogate neutral mine effluents. The experiments were 

done using single (SAs or SMn containing 3.5 mg As/L or 4.5 mg Mn/L, respectively) 

and binary (SAs+Mn containing 3.5 mg As/L and 4.5 mg Mn/L) synthetic effluents as 

well as surrogate mine effluents (Elow and Ehigh). Firstly, Fe(VI) type, optimal dose, 

adjusted pH (pHa), and retention time were assessed to evaluate their effect on the 

treatment of SAs and SMn. Then, the performance of Fe(VI)s, alone or combined with 

Fe(III), was tested for the removal of As and Mn from SAs+Mn. Lastly, the most 

performant conditions were applied to Elow and Ehigh; the toxicity to D. magna was 

evaluated before and after treatment. The results showed that at pHa of 5.5, Fe(VI)s 

efficiently removed As (>98%) and Mn (>97%) from both SAs, SMn, and SAs+Mn within 

the first minute. The Fe(VI)s dose required had to be adjusted depending on the 

contaminant to be removed (SAs or SMn vs. SAs+Mn). The use of Fe(VI)s+Fe(III) showed 

improved removal efficiencies for As (99%) and Mn (>99%), while requiring a lower 

Fe(VI) dose. Moreover, the Fe(VI) treatment of Ehigh, initially acutely toxic, entailed 

the elimination of D. magna toxicity. These findings provide new insights for the 

potential application of Fe(VI) in the removal of metal(loid)s from mine water. 

 

Keywords: Advanced oxidation process (AOPs), metal(loid)s removal, toxicity, 

residual salinity, contaminated mine water 
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5.2 Résumé 

 

Bien qu’efficaces pour le traitement d’effluents contaminés par des composés 

(in-)organiques, peu d’études se sont intéressées à l’utilisation des ferrates (Fe(VI)) 

pour l’enlèvement des métaux et métalloïdes présents dans les eaux minières. La 

présente étude a évalué la performance des ferrates, solides vs. liquides, pour enlever 

l’As(III) et le Mn(II) présents dans des eaux minières neutres synthétiques et de 

substitution (produites à partir de rejets miniers réels). Les expériences ont été réalisées 

sur des effluents synthétiques simples (SAs ou SMn contenant 3,5 mg As/L ou 

4,5 mg Mn/L) ou binaires (SAs+Mn contenant 3,5 mg As/L et 4,5 mg Mn/L) ainsi que 

des eaux minières de substitution (Efaible et Eélevé). Tout d’abord, l’effet de la nature et 

de la dose de Fe(VI), du pHajusté (pHa) et du temps sur l’efficacité d’enlèvement de l’As 

et du Mn présents dans SAs et SMn a été évalué. La performance des Fe(VI), seuls ou 

combinés à des sels de Fe(III), sur l’enlèvement de l’As et du Mn présents dans SAs+Mn 

a été évaluée. Enfin, les conditions les plus performantes ont été appliquées au 

traitement de Efaible et Eélevé et la toxicité envers D. magna a été évaluée sur l’effluent 

avant et après traitement. Les résultats montrent qu’à pHa de 5,5, Fe(VI)s enlève 

efficacement l’As (>98%) et le Mn (>97%) présents dans SAs, SMn et SAs+Mn en 

seulement une minute. La dose de Fe(VI) requise nécessite d’être ajustée en fonction 

du contaminant présent (SAs ou SMn vs. SAs+Mn). L’utilisation de Fe(VI)s+Fe(III) a 

montré une amélioration des efficacités d’enlèvement de l’As (99%) et du Mn (>99%), 

tout en diminuant la dose de Fe(VI) ajoutée. De plus, le traitement par les Fe(VI) de 

Eélevé, effluent initialement toxique, a permis d’éliminer la toxicité envers D. magna. 

Ces résultats offrent de nouvelles perspectives pour l’application potentielle des Fe(VI) 

pour le traitement des eaux minières contaminées.  
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Mots-clés: procédé d'oxydation avancé, enlèvement des métaux/métalloïdes, toxicité, 

eau minière contaminée, salinité résiduelle.  
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5.3 Introduction  

 

Over the last decade, As and Mn have been the target of increasing concerns due to 

their frequent co-occurrence in surface water, groundwater, and mine-impacted water 

(Bondu et al., 2020; Luo et al., 2020; Tiwari et al., 2017). Growing mining activities 

associated with the exploitation of low-grade deposits is partially responsible for the 

higher As and Mn concentrations in mine and natural water (Coudert et al., 2020; 

Neculita and Rosa, 2019). Increasing concentrations of As and Mn in water raise 

significant health concerns, especially in public areas and where private wells provide 

the main source of drinking water (Bondu et al., 2020; Buschmann et al., 2007; Oza et 

al., 2021). As proof of the current awareness of As and Mn toxicity, regulations 

controlling concentrations in mine effluents and drinking water are evolving (Health 

Canada, 2019; INSPQ, 2017; MELCC, 2012; Ministry of Justice, 2022; 

US CFR, 1996), leading to new treatment challenges to reach lower As and Mn 

concentrations. The conventional method for As treatment is chemical co-precipitation 

in the presence of Fe(III) as a coagulant, at pH 4–7 (Chang et al., 2006; Coudert et al., 

2020; Inam et al., 2021; MEND, 2014), while Mn(II) is usually oxidized to Mn(IV) 

prior to its precipitation as Mn-oxides at pH 9–10 (Chang et al., 2006; Gordon et 

al., 1989; Neculita and Rosa, 2019). Despite satisfactory removal efficiencies 

(50-99%), conventional treatment methods show limitations and challenges, 

particularly for the simultaneous removal of both contaminants. The high amounts of 

required chemicals for the oxidation of As(III) and Mn(II), the differing pH conditions 

for (co- )precipitation, and the contradictory Fe/contaminant ratios required 

(Fe/As > 4/1 vs. Fe/Mn < 4/1) are some of the main factors limiting the simultaneous 

removal of As and Mn using conventional methods (Bora  et al., 2018; Chang et 

al., 2006; Habib et al., 2020). Therefore, there is a real need to develop innovative 

methods to remove As and Mn from mine effluents with a one-step treatment.  
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Ferrates, highly oxidized iron species (from Fe(IV) to Fe(VIII), with Fe(VI) as the most 

stable and easier to produce), are a promising option for the simultaneous removal of 

As and Mn from mine water. Known for their strong oxidizing power (E° = +2.20 V in 

acidic media, E° = +0.72 V in alkaline media) and their ability to generate in situ 

environmentally-friendly coagulants (Fe(III)-hydroxides), Fe(VI) are highly efficient 

species for the removal of metal(loid)s from contaminated water (Goodwill et al., 2016; 

Lee et al., 2003; Machala et al., 2020; Munyengabe et al, 2021). Because solid ferrate 

(K2FeO4) had low purity (20-40 %), high amounts are needed to reach the 

Fe(VI)/contaminant target ratio, leading to increased residual salinity and potential 

associated toxicity. Ferrates are able to remove As or Mn from contaminated water 

through: (i) the oxidation of As(III) to As(V) and Mn(II) to Mn(IV), (ii) the 

(co-)precipitation of FeAsO4 and MnO2 and/or incorporation of As(V) into 

Fe(III)-hydroxide nanoparticles, and (iii) the sorption of As(V) onto Fe(III)-hydroxides 

formed in situ; while generating a low amount of highly stable sludge (Sharma, 2002; 

Sharma et al., 2005). Previous studies have demonstrated the effectiveness of Fe(VI) 

for the removal of As (> 99%) (Lan et al., 2016; Prucek et al., 2013; Wang et al., 2020) 

or Mn (90%) (Goodwill et al., 2016; Lim and Kim, 2010; Munyengabe et al., 2021) 

from synthetic and real effluents. The efficiencies of As and Mn removal were found 

to be dependent on: i) the type (wet vs. solid) and dose of Fe(VI); and ii) the adjusted 

pH (pHa) of the solution, which drives the isoelectric point of formed 

Fe(III)-hydroxides (Goodwill et al., 2016; Lee at al., 2003; Lim and Kim, 2010; Sharma 

et al., 2005; Wang et al., 2020). Previous studies showed that the removal of As and 

Mn was more efficient under neutral to slightly acidic conditions, with optimal pHa 

varying from 6 to 7.5 for both contaminants (Goodwill et al., 2016; Lan et al., 2016; 

Lee et al., 2003; Lee et al., 2015; Lim and Kim, 2010; Prucek et al., 2013). For example, 

an increase of As removal from 80 to up to 100% was observed when decreasing the 

pH from 10 to 6.6 (Prucek et al., 2013). A recent study showed that decreasing the pH 

from 6.5 to 4.0 led to a slight increase of As removal, while decreasing the amount of 

Fe(VI) dose (Wang et al., 2020). Lim and Kim (2010) observed that Mn removal 
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increased from 40 to almost 65% when increasing the pH from 3 to 6. Some studies 

also reported the combination of Fe(III)-based coagulants (Jain et al., 2009; Lee et 

al., 2003; Quino-Favero et al., 2021) or Al-based coagulants (Kong et al., 2023) with 

Fe(VI) in As removal for economic purposes. Despite promising As and Mn removal 

efficiencies, optimal treatment conditions (e.g., Fe(VI) dose, pH) for low-contaminated 

mine effluents containing both contaminants are yet to be developed.  

 

Advanced oxidation processes (AOPs) have been widely used in water and wastewater 

treatment. However, previous studies mainly focused on the efficiency of AOPs rather 

than their performance (removal efficiency, regulations, residual salinity, toxicity of 

treated effluent, and operating costs) (Goodwill et al., 2016; Munyengabe et al., 2021; 

Prucek et al., 2013). In addition, by-products with higher toxicity than the original 

contaminant can be formed during AOPs, depending on initial water quality 

(Olmez-Hanci et al., 2014; Rueda-Márquez et al., 2020). Only a few studies have 

evaluated the toxicity of the final effluent after treatment by Fe(VI), mostly targeting 

the removal of emerging organic contaminants such as pharmaceutical products (Han 

et al., 2015; Yang et al., 2016; Zhang et al., 2022). To date, there is no consensus about 

the role of Fe(VI) in the elimination of toxicity of the effluents. A negligible 

contribution of Fe(VI) treatment to the toxicity has been observed with a toxic effluent 

initially containing organic contaminants (Han et al., 2015; Malik et al., 2017; Zhang 

et al., 2022). For example, the degradation of bisphenol from a synthetic effluent using 

Fe(VI) generated aromatic intermediates (e.g., benzoquinone, hydroquinone, styrene), 

leading to an increased toxicity to marine luminescent bacteria (Vibrio fischeri) in the 

first 5 min. A longer retention time (up to 60 min) allowed the diminution of the toxicity 

towards V. fischeri, which was explained by the degradation and/or mineralization of 

these toxic by-products (Han et al., 2015). In another study, comparative performance 

of coagulation, ozone, a three-step treatment (coagulation + ozone + coagulation), and 

Fe(VI) to remove chemical oxygen demand (COD) and color from highly contaminated 

wastewater, including a toxicity assessment through a seed germination test using 
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spinach seeds (Spinacia oleracea) was evaluated (Malik et al., 2017). Effluent treated 

by Fe(VI) + FeSO4 showed the highest toxicity removal (75%), while treatment by 

coagulation alone, ozone alone, or coagulation + ozone + coagulation showed lower 

toxicity removal (32%, 45%, and 58%, respectively) (Malik et al., 2017). Consistently, 

the toxicity of two pharmaceuticals, fluoxetine (FLU) and fluvoxamine (FLX), to 

protozoa (Spirostomum ambiguum) was evaluated before and after treatment with 

Fe(VI). The 24h-EC50 was estimated at 0.99 mg/L for FLU and 1.59 mg/L for FLX 

before treatment. After treatment using 400 mg/L of Fe(VI), the toxicity of FLU 

decreased 3.5–4.2-fold, while for FLX toxicity removal was more efficient and 

decreased 7-fold (Drzewicz et al., 2018). Previous studies showed that the salinity, 

which can be added during the treatment with Fe(VI) due to its low purity (20-40%), 

is a potential source of toxicity to aquatic species, including Daphnia Magna, through 

several pathways: (i) increase of osmotic pressure from the combined effect of all 

constituents, (ii) the individual toxicity of ions and (iii) ion imbalance; causing 

extreme, sometimes irreversible, alterations in the structure of freshwater communities 

(Gonçalves et al., 2007; Van Dam et al., 2014). Therefore, residual salinity is an 

important factor to consider when evaluating the performances of a process treatment, 

considering its potential impact on the toxicity to D. magna. Nevertheless, to the 

authors’ best knowledge, there is no previous study that evaluates the toxicity on 

D.  magna of mine effluents initially containing As and Mn, before and after treatment 

by Fe(VI).  

In this context, the main objective of the present study was to evaluate the performance 

of Fe(VI), alone or in combination with Fe(III), for the simultaneous removal of As(III) 

and Mn(II) from synthetic and surrogate neutral mine effluents. To this end, the effect 

of operating conditions (e.g., type and dose of Fe(VI), pH, retention time) on As and 

Mn removal from a single synthetic effluent (i.e., SAs, SMn) using Fe(VI) was evaluated. 

Then, the performance of Fe(VI) alone or in combination with Fe(III) to simultaneously 

remove As and Mn from a binary synthetic effluent (i.e., SAs+Mn) was assessed. Finally, 
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the optimal operating conditions were tested on surrogate mine effluents (Elow and Ehigh) 

and their toxicity to D. magna, before and after treatment with Fe(VI) and Fe(III), was 

evaluated.  

 

5.4 Materials and Methods 
 

5.4.1 Preparation and characterization of mine effluents and Fe(VI) 
 

5.4.1.1 Preparation of synthetic effluents ⎯ SAs, SMn, and SAs+Mn 

 

Stock solutions (50 mg/L) of As(III) and Mn(II) were freshly prepared before each 

series of tests by dissolving the required amount of sodium arsenite (87 mg NaAsO2, 

99% purity, Sigma-Aldrich) or manganese sulfate (154 mg MnSO4.H2O, 99% purity, 

Laboratoire MAT) in 1 L of deionized water. Synthetic effluents SAs, SMn, and SAs+Mn 

containing 3.5 mg As/L and/or 4.5 mg Mn/L were then prepared by diluting the stock 

solution with deionized water. The concentrations of As and Mn used in the present 

study were selected based on the mean composition of a real mine effluent (n = 292, 

monitoring data from 2016 to 2021) collected at an active gold mine site in Northern 

Quebec, QC, Canada (Table 5.1). The pH of the As solution was adjusted to neutral pH 

using 1 M H2SO4 before the tests. Effluents SAs, SMn, and SAs+Mn were characterized for 

physicochemical parameters and metal(loid) concentrations, before and after the 

treatment, as described in Section 5.4.3.  
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5.4.1.2 Preparation of Elow and Ehigh 

 

Due to the complexity of obtaining large volumes of real mine water, the performance 

of Fe(VI) was evaluated on surrogate mine effluents (Elow and Ehigh) prepared by 

washing desulfurized and filtered tailings from the active gold mine site in Northern 

Quebec (data collected and presented in Table 5.1) to simulate the generation of mine 

drainage occurring on the site. The washing was performed with deionized water at a 

solid-to-liquid ratio of 1:1. The surrogate mine effluent, referred to as unspiked 

surrogate effluent or Elow, was characterized for its physicochemical parameters before 

and after treatment. A second surrogate effluent, named spiked surrogate effluent or 

Ehigh, was prepared using the same approach; As and Mn were added to Ehigh using the 

NaAsO2 and MnSO4.H2O salts to achieve initial concentrations similar to the ones used 

in the treatability tests performed on SAs, SMn, and SAs+Mn (Table 5.1). Elow and Ehigh 

were treated under the most performant operating conditions, which were identified 

based on treatability tests carried out with SAs, SMn, and SAs+Mn.  

 

5.4.1.3 Preparation of wet and solid ferrate 

 

Wet sodium ferrate, Fe(VI)w, was synthesized using an adapted protocol based on 

previous studies (Ciampi and Daly, 2009; Gonzalez-Merchan et al., 2016; Thompson 

et al., 1951; Van Dam et al., 2014). Synthesis required: (i) a source of Fe3+ 

(e.g., Fe(NO3)3), (ii) a suitable oxidant (e.g., NaOCl), and (iii) strong alkaline 

conditions (e.g., NaOH) to assure Fe(VI)w stability (Eq. 5.1). 
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2 Fe(NO3)3 + 3 NaOCl + 10 NaOH → 2 Na2FeO4 + 3 NaCl + 6 NaNO3 + 5 H2O     

(Eq. 5.1) 

 

Solid potassium ferrate, Fe(VI)s, was obtained from NANOIRON Future Technology, 
Czechia (Nanoiron Envifer, 2023). The purity of Fe(VI)s was checked prior to Fe(VI) 

solution preparation using UV-VIS (ultraviolet-visible) spectroscopy at 510 nm by 

dissolving a given amount of Fe(VI)s (40 mg as K2FeO4) in 100 mL of deionized water, 

which was selected after performing several tests using different solvents such as a 

carbonate buffer and tap water (Thompson et al., 1951). The purity of the solid Fe(VI) 

used was 25%. For the treatability tests, a stock solution of Fe(VI)s (600 mg/L as 

Fe(VI)) was freshly prepared at the beginning of each series of experiments to avoid 

variations related to the dissolution of small amounts of solid Fe(VI) in the effluent to 

be treated and to improve the reproducibility of the treatment. The concentration of the 

stock solution of Fe(VI)s was confirmed before each treatment using UV-VIS 

spectroscopy at 510 nm. For the experiments performed with Fe(VI)s and Fe(III), ferric 

sulfate (Fe2(SO4)3.5H2O, Anachemia) was used to prepare a 500 mg/L Fe(III) stock 

solution. 

 

5.4.2  Fe(VI) treatment 

 

The protocol included three sets of Fe(VI) treatability testing: (i) one set of 

17 treatability tests to evaluate the effect of the type (solid vs wet) and dose of Fe(VI), 

pHa, and retention time on the removal of As and Mn from effluents SAs and SMn; 

(ii) one set of 10 tests to investigate the effect of Fe(VI)s dose and the addition of Fe(III) 
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on the performance of the simultaneous removal of As and Mn from effluent SAs+Mn; 

and (iii) one experiment conducted on the unspiked and spiked surrogate mine effluents 

(Elow and Ehigh) to evaluate the performance (including toxicity assessment) of the most 

performant treatment conditions identified from previous experiments conducted on 

synthetic effluents.  

 

5.4.2.1 Fe(VI) experimental set-up 

 

Laboratory-scale experiments were performed in 750 mL beakers installed on a 

six- paddle jar tester (Phipps and Bird LU-09-0905, Richmond, Virginia, USA) to 

control the reaction and flocculation mixing time. The same sequence was used to 

conduct Fe(VI)-alone treatability testing on effluents SAs, SMn, and SAs+Mn  (Fig. 5.1a). 

Each beaker was filled with 500 mL of the solution to be treated and the required 

amount of Fe(VI)w or Fe(VI)s was added to achieve the target Fe(VI)/contaminant 

molar ratio. The mixture was stirred at 250 rpm for 3 min. The pH was then adjusted 

to the required pH using a 1 M H2SO4 solution and the mixture was mixed at 60 rpm 

for 20 min. Then, the agitation was stopped, and the mixture was left to settle for 

30 min. The mixing duration and speed of each step (addition of Fe(VI), pH adjustment 

and settling) were selected based on previous studies (Lee et al., 2003; Wang et 

al., 2020) and visual changes in solution color (from purple to slightly orange for SAs 

and brown reddish for SMn and SAs+Mn) and apparition of flocs.  

For the Fe(VI)s+Fe(III) treatability tests performed on effluents SAs+Mn, Elow, and Ehigh 

(Fig. 5.1b), Fe(VI)s was added to the effluent and the mixture was stirred at 250 rpm 

for 3 min. Then, the required dose of Fe(III) was added, the pH was adjusted with 

NaOH to 5.5, the reaction was run for 5 min at 60 rpm, and left to settle for 15 min.  
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   a.                   

   b. 

 

Figure 5.1 Process steps followed for (a) Fe(VI)s/w and (b) Fe(VI)s+Fe(III) 
treatability tests on synthetic and surrogate mine effluents 

 

 

5.4.2.2 Single synthetic effluent treatability tests 

 

Two series of experiments were performed to evaluate the effect of operating 

parameters on As and Mn removal from effluents SAs and SMn: (i) the type (solid vs. 

wet) and dose (14 to 56 mg/L for As and 2 to 7 mg/L for Mn) of Fe(VI); the doses were 

selected based on previous relevent studies on As or Mn removal by Fe(VI); at pHa of 

5.5 and 6.0 for As and 5.5 and 6.5 for Mn; and (ii) the reaction time (0 to 20 min) under 

the most performant conditions previously identified. Then, a treatability test was 

performed in triplicate with the most performant conditions to evaluate the 

reproducibility of the treatment process. 
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5.4.2.3 Binary synthetic effluent treatability tests  

 

Two series of experiments were conducted on the effluent SAs+Mn to evaluate the effect 

of operating conditions on the simultaneous removal of As and Mn as follows: 

(i) Fe(VI)s dose (from 5 to 28 mg/L) alone, and (ii) Fe(VI)s dose (10, 12.5, 15 mg/L) 

with the addition of Fe(III) at different doses (6, 8, 10 mg/L). These tests were 

conducted at the most performant pHa and reaction time identified in Section 5.5.2. 

 

5.4.2.4 Unspiked and spiked surrogate mine effluent treatability tests 

 

Elow and Ehigh collected after the washing of desulfurized and filtered tailings were 

treated with Fe(VI)s+Fe(III) under the most performant conditions identified from the 

previous tests with synthetic effluents (pHa: 5.5, reaction time: 5 min, settling 

time: 15 min). Elow was the unspiked surrogate sample containing 1.6 mg As/L and 

0.05 mg Mn/L, and Ehigh was the spiked surrogate effluent containing 3.5 mg/L of As 

and 4.5 mg/L of Mn. The concentrations of Fe(VI)s and Fe(III) were adjusted to 4.3 

and 2.0 mg/L, respectively, for Elow and at 12.5 and 8 mg/L for Ehigh to maintain the 

same contaminant/Fe(VI)+Fe(III) ratio than for the effluent SAs+Mn. Finally, the toxicity 

on D. magna was assessed for Elow and Ehigh before and after treatment (Section 5.5.4).   
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5.4.3 Analytical methods 

 

The main physicochemical parameters (pH, redox potential (ORP), electrical 

conductivity (EC)) were measured before and after treatment, with Fe(VI)s/w alone or 

Fe(VI)s+Fe(III). The pH and ORP were measured with calibrated electrodes 

(Orion 915 BNWP double junction Ag/AgCl for pH and Orbisint CPS 12D Pt for ORP) 

connected to a VWR Symphony® multimeter (VWR, Canada). A value of 220 mV for 

the standard ORP was used. EC was measured with a VWR Traceable® Expanded 

Range Conductivity Meter equipped with an epoxy probe calibrated using a 

1,413 µS/cm conductivity standard (VWR, Canada). Dissolved As, Mn, and Fe 

concentrations were measured before and after each treatability test using inductively 

coupled plasma optical emission spectroscopy (ICP-OES, Agilent 5800-Vertical Dual 

View (VDV), Canada) after sample filtration using syringe filter (pore size of 0.45 µm, 

diameter of 30 mm). The quality of the measurement was ensured using two certified 

multi-element standard solutions (Agilent Technologies; TruQ, Canada). Anion 

concentrations were assessed for Elow and Ehigh only by ion chromatography (Metrohm 

940 Professional IC Vario, Switzerland) (CEAEQ, 2014) with a Supp 5 (150 × 4.0 mm) 

separation column (Metrohm), a 945 professional detector, and an 858 professional 

sample processor. A carbonate buffer (1.0 mM NaHCO3, 3.2 mM Na2CO3) was 

injected in the separation column at 0.7 mL/min to eluate the different anions. Two 

quality control solutions (6 and 15 ppm) prepared from a 1,000 ppm stock solution 

containing all anions (SCP Science, Canada) were used for quality control. Dissolved 

Fe(II) was measured, directly after the treatment and filtration of the sample using 

syringe filter (pore size of 0.45 µm, diameter of 30 mm), by UV-VIS spectroscopy at 

507 nm using the 1,10-phenanthroline complexation method (Christian, 1994). The 

Fe(II) concentration was calculated and confirmed based on a calibration curve of a 



134  

known ferrous ammonium sulfate solution (Fe(NH4)2(SO4)2.6H2O, 98.5% purity, 

Laboratoire MAT, Canada).  

 

5.4.4 Toxicity testing 

 

Acute toxicity to D. magna was tested based on the standard analysis method 

(SPE 1/RM/14) of the Environmental Technology Centre of Environment Canada 

(Environment Canada, 2000) at Bureau Veritas (Sainte-Foy, QC, Canada). Being 

characterized by its broad distribution in wide range of habitats, ease of cultivation in 

laboratory, sensitivity, high reproduction rate and short life cycle, D. magna is an 

extensively used organism for the evaluation of acute toxicity in the Quebec’s 

provincial and Canadian’s federal regulations (Foudhaili et al., 2020a; Lee et al., 2015; 

MELCC, 2012; Ministry of Justice, 2022). Untreated and treated effluents were stored 

at 4°C. Prior to testing, samples were conditioned to room temperature and 

physicochemical parameters (pH, EC, dissolved oxygen (DO), temperature, and 

hardness) were measured. Toxicity tests consisted of mixing the effluents with dilution 

water in different proportions (0, 6.25, 12.5, 25, 50, 100% - v/v), to obtain a final 

volume of 150 mL for each test vessel. The dilution water was hard water reconstituted 

at the laboratory to a hardness of 170-180 mg/L CaCO3 to ensure D. magna survival. 

Neonates (< 24 h old) from a D.  magna culture raised in the laboratories of Bureau 

Veritas were used for the toxicity tests. To obtain a density of 15.0 mL/daphnia 

(equivalent to 67 Daphnia/L), 10 neonates were added to each vessel. As per the 

standard method, the neonates were exposed to a 16 h photoperiod and an 8 h darkness 

period over 48 h (Environment Canada, 2000). Immobile (inability to swim for 15 s 

after a slight agitation of the solution) and dead (absence of movement of the 

appendages and antennas and absence of heartbeat) organisms were counted after the 
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48 h-period of incubation at 20 ± 2 °C. Potassium dichromate was used as a toxicant 

for quality control. Physicochemical parameters (pH, temperature, DO, and EC) were 

measured directly after the counting for all dilutions, including the control (dilution 

water). Based on Directive 019 (D019) (MELCC, 2012) and Metal and Diamond 

Mining Effluent Regulations (MDMER) (Ministry of Justice, 2022), effluents resulting 

in the mortality of > 50% (LC50) of the exposed D. magna after 48 h of exposure were 

considered acutely toxic, while effluent mixtures causing the mortality of ≤ 50% of the 

population were classified as non-acutely toxic.  

 

5.5 Results and discussion 

 

5.5.1 Characterization of synthetic and surrogate mine effluents 

 

The main physicochemical characteristics of all the solutions and effluents used in the 

treatability tests are presented in Table 5.1. As mentioned previously, the 

concentrations of As and Mn in effluents SAs, SMn, and SAs+Mn were selected to simulate 

a real gold mine effluent. The real mine effluent had neutral to alkaline pH (from 7.5 

to 11) and contained 0.16-39 mg/L As (average: 3.5 mg/L) and 0.03-4.5 mg/L Mn 

(average: 0.9 mg/L). The surrogate mine effluents, referred to as Elow and Ehigh, showed 

neutral to slightly alkaline conditions consistent with the real mine effluent, with pH of 

7.71 and 7.89, respectively.  
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Table 5.1 Physicochemical characteristics of synthetic, unspiked and spiked surrogate mine effluents before treatment 
compared to the real mine effluent 

Parameter 
(unit) 

  
As 
(mg/L)   

Mn 
(mg/L) 

EC  
(µS/cm) 

pH 
ORP  
(mV)  

Fe 
(mg/L) 

Ca  
(mg/L) 

SO4
2- 

(mg/L) 

Real mine effluent 
(n = 292) 

Minimum 0.16 0.03 250  7.11 ⁕n.a. 0.04 37.0 15.0 

Maximum 39.0 4.50 6,600 11.0 n.a. 230 831 655 

Average 3.50 0.90 2,600 8.50 n.a. 59 267 328 

SAs (n = 17) 
 
SMn (n =12) 

As ⁕⁕3.67 ± 0.32 - 5.55 ± 0.20 8.75 ± 0.14 238 ± 15 0.01 ± 0.01 n.a. n.a. 

Mn  - 4.45 ± 0.20 20.1 ± 2.6 5.82 ± 0.14 431 ± 20 0.01 ± 0.01 n.a. n.a. 

SAs+Mn 

(n = 17) 
 As + Mn 3.42 ± 0.04 4.31 ± 0.09 26.7 ± 3.6 7.62 ± 0.48 233 ± 8 0.01 ± 0.01 

n.a. n.a. 

Surrogate effluent 
Elow 1.60 0.05 3,030 7.71 260 0.23 471 1,755 

Ehigh 4.05 4.27 3,020 7.89 270 0.23 483 1,784 
⁕ n.a.: not available, ⁕⁕ mean ± standard deviation 

136 
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The EC, as an indicator of the dissolved species, was close to that measured on the 

mine site (EC: 2.9-3.0 mS/cm for Elow and Ehigh vs. EC: 2.6 mS/cm for the real mine 

effluent). For Elow, As and Mn concentrations (1.6 and 0.05 mg/L, respectively) were 

lower than the target (i.e., average and maximum concentrations of As and Mn, 

respectively, found at the mine site). Therefore, the surrogate effluent was spiked with 

NaAsO2 (2.3 mg As/L) and MnSO4.H2O (4.2 mg Mn/L) salts to reach the desired As 

and Mn concentrations in Ehigh (4.05 mg/L for As and 4.27 mg/L for Mn). 

 

5.5.2 Performance of Fe(VI) on As and Mn removal from synthetic effluents 
 

5.5.2.1 Effect of ferrate type, ferrate dose, and pH on Fe(VI) performance 

 

The performance of Fe(VI)w and Fe(VI)s to remove As(III) and Mn(II) from effluents 

SAs and SMn was evaluated using various Fe(VI) doses (14-56 mg/L as Fe(VI) for As 

vs. 2-7 mg/L for Mn) and at different pHa (6.0 and 5.5 for As vs. 6.5 and 5.5 for Mn). 

For As, the results showed a similar removal efficiency for Fe(VI)s and Fe(VI)w, at 

both pHa (Fig. 5.2a), except for the tests performed at 14 mg/L Fe(VI). Indeed, higher 

removal efficiencies were obtained for 14 mg/L Fe(VI)s compared to the same dose of 

Fe(VI)w. For Mn, an opposite effect to the one observed for As was detected. Indeed, 

Fe(VI)w seemed a little more efficient than Fe(VI)s except at high doses (7 mg/L of 

Fe(VI)) (Fig. 5.2b). The higher Mn removal efficiencies observed at 2 and 5 mg/L for 

Fe(VI)w relative to Fe(VI)s can be due to the stronger oxidizing conditions of Fe(VI)w 

(ORPfinal: 800 mV for Fe(VI)w vs. 500 mV for Fe(VI)s), mainly because of the residual 

NaOCl (used for Fe(VI)w synthesis). It should be noted that strong oxidizing conditions 

are required to oxidize Mn(II) to Mn(IV) at pH below 8.0  (Freitas et al., 2013; Oruê et 
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al., 2020). Despite slightly lower Mn removal efficiencies, Fe(VI)s was selected for the 

further tests because of the 13–14 times lower residual salinity (and therefore lower 

potential associated toxicity) of the treated effluent when using Fe(VI)s rather than 

Fe(VI)w (Fig. 5.2c,d). The use of large amounts of NaOH and NaOCl to synthesize 

Fe(VI)w can explain the higher residual salinity.  

Better As removal was obtained at a pHa of 5.5 relative to 6.0 regardless of the type of 

Fe(VI) used (Fig. 5.2a), while Mn removal seemed to be slightly affected by the pHa 

tested (between 5.5 and 6.5), except at the lowest Fe(VI)w dose (Fig. 5.2b). Similar 

tendencies were observed in previous studies using different Fe(VI) doses or initial 

As/Mn concentrations (Lan et al., 2016; Prucek et al., 2013; Wang et al., 2020). For 

example, Prucek et al. (2013) found that As removal efficiency increased from 80 to 

up to 100% as the pH decreased from 10 to 6.6. Consistently, in a recent study, a 

decrease in pH from 6.5 to 4.0 resulted in a slight increase in As removal, while leading 

to a decrease in the required Fe(VI) dose for efficient As removal (> 99%, 

[As]initial =  0.05 mg/L) from a synthetic effluent (Wang et al., 2020). The higher As 

removal efficiency observed as the pHa decreased could be explained by the higher 

oxidation potential of Fe(VI) at slightly acidic pH and the lower solubility of Fe(OH)3 

under these conditions (Wang et al., 2020). Indeed, the predominant species of Fe(VI) 

at pH 5.5 is the protonated form HFeO4
-, which is known to react faster and more 

efficiently with As than the unprotonated form present at pH > 7 (Lee et al., 2003; 

Sharma, 2011). Moreover, the dominant species of As(V) is negatively charged 

(H2AsO4
-) at pH 5.5, which is more easily adsorbed on the surface of 

Fe(III)-hydroxides (Wang et al., 2020). This lower Fe(VI) dose requirement as the pH 

decreased from 6.0 to 5.5 was also observed in the present study (Table 5.2). An almost 

complete removal of As (98%  removal and [As]final: 0.05 mg/L) was obtained using 

only 22 mg/L of Fe(VI)s at pH 5.5, while requiring twice the amount of Fe(VI)s at pH 6 

to achieve the same performance. However, lowering the dose of Fe(VI)s required to 

efficiently remove As resulted in an important decrease in residual salinity 
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(EC = 0.19 vs. 0.42 mS/cm when using 22 mg/L vs. 56 mg/L of Fe(VI)s), and hence a 

decrease in the associated operating costs and amount of produced sludge. In contrast, 

Mn(II) is known to be more efficiently removed at high pH (9–10) after its oxidation 

to Mn(IV) using conventional oxidants such as ozone or potassium permanganate 

(Gordon et al., 1989; Goodwill et al., 2016). However, the oxidation of Mn(II) to 

Mn(IV) can occur under slightly acidic pH and strong oxidizing conditions. In the 

present study, the strong oxidizing power of Fe(VI) obtained at Fe(VI) doses higher 

than 5 mg/L at pHa of 5.5 overcomes the requirement for high pH to oxidize Mn(II) to 

Mn(IV), which can explain the efficient removals observed (> 80%) for most of the 

Fe(VI) doses tested at both pHa. Of note, a slightly lower Mn removal efficiency 

(decrease of 10 to 20% depending on the type of Fe(VI) used) was obtained at a pHa of 

5.5 vs. 6.5 at the lowest Fe(VI) dose tested (2 mg/L). The Mn removal efficiency was 

similar to that obtained by Lim and Kim (2010) under similar pH conditions for the 

treatment of synthetic effluents. Indeed, in this last study, it was observed that the Mn 

removal efficiency from an effluent initially containing 5.5 mg Mn/L increased from 

40 to 80% as the pH increased from 3 to 6.  

Additional experiments were conducted to evaluate the effect of Fe(VI)s dose on the 

performance of As and Mn removal at a pHa of 5.5 from SAs and SMn (Table 5.2). 

Removal efficiency increased as the applied Fe(VI)s dose increased from 14 to 

56 mg/L, which is consistent with the literature (Prucek et al., 2013; Sharma et al., 

2007; Wang et al., 2020). For example, Prucek et al. (2013) reported increased As 

removal ([As]i: 100 mg/L) from a synthetic effluent with an increasing Fe(VI) dose, 

from 200 to 2,000 mg/L. This positive correlation was attributed to better contact 

between Fe and As because of a higher amount of coagulant produced 

(i.e., Fe(III)-hydroxides), providing more sorption sites for As(V) (Prucek et al., 2013; 

Sharma et al., 2007; Wang et al., 2020).  
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Figure 5.2 Effect of Fe(VI) type at different doses and pHa on As (a) and Mn (b) 
removal efficiency and residual salinity (c,d) from SAs and SMn (reaction time: 20 
min; settling time: 30 min)

a. 
b. 

c. 
d. 
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Table 5.2 Effect of Fe(VI)s dose on As (average [As]initial: 3.5 ± 0.3 mg/L) or Mn 
(average [Mn]i: 4.5 ± 0.2 mg/L) removal from SAs and SMn at pHa = 5.5 (reaction 
time: 20 min; settling time: 30 min) 

Contaminant [Fe(VI)] 
(mg/L) 

Fe(VI)/cont. 
Molar ratio pHa 

[cont.]f 

(mg/L) 
[Fe]f 

(mg/L) pHf 
ECf 
(mS/cm) 

ORPf 
(mV) 

As 14 2.5/1 5.58 0.28 0.16 6.84 0.12 288 
 17 3.0/1 5.49 0.27 0.20 7.13 0.15 328 
 22 4.0/1 5.60 0.05 0.02 7.04 0.19 381 
 28 5.0/1 5.42 0.12 0.01 6.74 0.24 294 
 42 7.5/1 5.49 0.05 0.04 6.21 0.31 368 

  56 10.0/1 5.48 0.03 0.05 6.78 0.42 342 

Mn 2 0.25/1 5.45 2.14 0.01 6.55 0.04 373 
 5 0.5/1 5.60 0.15 0.01 6.63 0.06 426 

  7 0.75/1 5.53 0.01 0.03 6.76 0.07 497 
 *cont.: contaminant 

 

This explanation is consistent with the decrease of residual Fe (from 0.16 to 0.05 mg/L) 

observed in the present study when Fe(VI)s doses increased from 14 to 56 mg/L. For 

Mn, an important increase in removal efficiency was also observed when Fe(VI)s 

increased from 2 to 7 mg/L for all tested pH (6.5 and 5.5) (Fig. 5.2b and Table 5.2). A 

small loss of efficiency (nearly 4%) was observed for 7 mg Fe(VI)w/L at pHa 6.5 and 

5.5, probably due to the stronger oxidizing conditions (ORPfinal was around 870 mV for 

7 mg Fe(VI)w/L vs. 490 mV for all other Fe(VI)s doses), leading to further oxidation of 

insoluble Mn(IV) to soluble Mn(VII), as evidenced by the light pink color of the final 

solution. This phenomena was previously reported by Goodwill et al. (2016) when 

using a Fe(VI)/Mn molar ratio greater than 2/3, which is close to the actual Fe(VI)/Mn 

molar ratio of 0.5/1 in the present study (Table 5.2), indicating that Fe(VI) doses higher 

than 5 mg/L can be problematic. 
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Based on these results, Mn was efficiently (99%) removed using a low dose of Fe(VI)s, 

while As required higher dose to achieve the same removal efficiency (Fe(VI)/Mn 

molar ratio of 0.5/1 vs. Fe(VI)/As molar ratio of 10/1). The most performant treatment 

conditions for As and Mn removal from SAs and SMn (meeting the regulatory criteria of 

[As]final < 0.2 mg/L corresponding to 98% removal and [Mn]final < 2 mg/L 

corresponding to 97% removal) and residual salinity were identified as the following: 

(i) pHa of 5.5 and Fe(VI)s dose of 22 mg/L (Fe(VI)/As molar ratio of 4/1) for As, and 

(ii) pHa of 5.5 and Fe(VI)s dose of 5 mg/L (Fe(VI)/Mn molar ratio of 0.5/1) for Mn. 

The difference in dose requirements could be due to the mechanisms involved in 

contaminant removal (oxidation for Mn vs. oxidation and coagulation/sorption for As). 

5.5.2.2 Effect of reaction time on As and Mn removal using Fe(VI) 

 

The evolution of As(III) and Mn(II) removal efficiencies with time was assessed after 

addition of 22 mg/L of Fe(VI)s for As and 5 mg/L of Fe(VI)s for Mn and adjustment of 

the pH to 5.5 (Fig. 5.3). Results indicated similar As(III) and Mn(II) treatment 

efficiencies, with almost complete removal within the first minute of reaction. This 

could be due to the low pHa at which Fe(VI) is highly reactive (Sharma et al., 2007), 

favoring As(III) and Mn(II) oxidation and removal. Most previous studies evaluated 

the kinetics of Fe(VI) oxidation reactions at high pH (8 to 12), due to greater Fe(VI) 

stability under alkaline conditions (Goodwill et al., 2016; Lee et al., 2003; Sharma, 

2011). For example, pH of 8.8 and 9.2 were selected for the evaluation of the reaction 

kinetics of Fe(VI) and Mn(II), even if pH of 6.2 and 7.5 were used for the removal of 

Mn, because at pH lower than 7.5 the reaction was too fast to measure the kinetics 

(Goodwill et al., 2016). Similarly, the reaction rate between As and Fe(VI) was too fast 

to be measured at pH below 8.4 (Lee et al., 2003). The second-order rate constant 

decreased from 3.54 x 105 to 1.23 x 103 M/s when the pH of the reaction increased 

from 8.4 to 11. In the present study, both As(III) and Mn(II) were removed within the 
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first minute, indicating very fast kinetics and potential competition between the 

contaminants for the oxidant once they are both present. Despite high removal 

efficiencies within the first minutes (99% for As and 98% for Mn), additional reaction 

and settling times were required for the precipitation of Fe(III)-hydroxide nanoparticles 

as well as sorption, incorporation, or co-precipitation of As(V) (Lee et al., 2003; Prucek 

et al., 2013) and the precipitation of Mn-oxides (Goodwill et al., 2016). The reaction 

time was decreased from 20 to 5 min in the following tests. Two settling times (15 and 

30 min) were tested to evaluate their impact on the removal of As and Mn to optimize 

the treatment performance and associated capital costs related to the size of the settling 

tank. Similar removal efficiencies (99% for As and 98% for Mn) as well as size and 

settling of generated flocs were found for both settling times. Thus, the settling time 

was reduced to 15 min.  

 

Figure 5.3 Evolution of As and Mn removal efficiency with time (Fe(VI)s dose: 
22 mg/L for As; 5 mg/L for Mn; pHa = 5.5) 
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Treatability tests were conducted in triplicate (Table 5.3) under the most performant 

conditions (Fe(VI)s dose of 22 mg/L for As and 5 mg/L for  Mn, pHa of 5.5, reaction 

time of 5 min, settling time of 15 min) to evaluate the reproducibility of Fe(VI) 

treatment to remove As and Mn from effluents SAs and SMn. Similar treatment 

performances were obtained in terms of final As and Mn concentrations as well as pH, 

ORP, and EC, indicating the reproducibility of the treatment. Based on these findings, 

Fe(VI)s can be considered a promising, reproducible, and highly efficient process for 

the removal of As and Mn from mine effluent. 

 

Table 5.3 Performance of Fe(VI)s treatment on As and Mn removal from SAs and 
SMn (Fe(VI) dose: 22 mg/L for As and 5 mg/L for Mn; [As]initial: 3.4 mg/L or 
[Mn]initial: 4.7  mg/L; pHa: 5.5; reaction time: 5 min and settling time: 15 min)  

cont.: contaminant 

 

 

 

 

Contaminant Triplicate [cont.]final pHfinal ECfinal (mS/cm) ORPfinal (mV) 

As 1 0.03 6.45 0.18 411 

 2 0.02 6.41 0.19 420 

 3 0.02 6.65 0.19 395 

Mn 1 0.04 6.42 0.042 357 

 2 0.05 6.41 0.045 358 

 3 0.04 6.45 0.045 354 
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5.5.3 Performance of Fe(VI) on As and Mn removal from synthetic effluent SAs+Mn 

 

5.5.3.1 Effect of Fe(VI) on the simultaneous removal of As and Mn    

 

Different Fe(VI)s doses (from 5 to 28 mg/L) were applied to the effluent SAs+Mn at 

pHa =  5.5 to evaluate their effect on the simultaneous removal of As and Mn 

(Fig. 5.4a). As observed for the effluents SAs and SMn (Table 5.2), an increase in Fe(VI)s 

doses led to a progressive improvement of both As and Mn treatment from the effluent 

SAs+Mn. The results indicated that Fe(VI)s simultaneously and efficiently removed 

99%  of As  and 98% of Mn from the effluent SAs+Mn in a one-step treatment. However, 

simultaneous removal of As and Mn required a slight increase in the Fe(VI)s dose, from 

22 mg/L for SAs or 5 mg/L for SMn (Table 5.2) to 28 mg/L for SAs+Mn to achieve the 

same performance, i.e., to meet regulatory criteria. It should be noted that to reach the 

0.2 mg/L criteria for As (D019) and 2 mg/L for Mn (US CFR), the required dose of 

Fe(VI)s was increased 1.3- and 3.0-fold, respectively (28 mg/L for SAs+Mn vs. 22 mg/L 

for SAs and 15 mg/L for SAs+Mn vs. 5 mg/L for SMn) (Fig. 5.4a, Table S5.1). However, 

the total amount of Fe(VI)s required for SAs+Mn was close to the combined amount 

required to treat SAs and SMn. The loss of Mn removal efficiency (45% vs. 98% for 

SAs+Mn and SMn, respectively) observed when using 5 mg/L of Fe(VI)s can be explained 

by the competition between As(III) and Mn(II) during the oxidation step. This is 

consistent with the similar evolution of As and Mn concentrations with time observed 

in the effluents SAs and SMn (Fig.  5.3). Similar competition between Mn(II) and organic 

matter or As(III) and Sb(III) for intermediate Fe(VI) oxidizing species was observed 

by Goodwill et al. (2016) and Wang et al. (2020), respectively. Competition between 

As(III) and Mn(II) for intermediate oxidizing species (i.e., Fe(IV)) produced at pH 

=  5.5 was also noted during the treatment of an As-contaminated groundwater using 

an electrocoagulation process (Catrouillet et al., 2020). The higher loss of Mn removal 
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efficiency vs. As (3.0-fold vs. 1.3-fold increase in the required amount of Fe(VI)s) 

could be attributed to the fact that Mn(II) needs to be oxidized to Mn(IV) before its 

subsequent precipitation as MnO2, while the removal of As(III) requires oxidation to 

As(V) prior to co-precipitation and sorption on Fe(III)-hydroxides. As a result, the 

removal of As(III) seems to be more impacted by the presence of Fe(III) than the use 

of a strong oxidant, as compared to the removal of Mn(II).  

However, using a higher dose of Fe(VI)s for satisfactory As(III) and Mn(II) removal 

efficiencies led to higher residual salinity (EC = 0.23 mS/cm for the effluent SAs+Mn vs. 

0.19 and 0.04 mS/cm for the effluents SAs and SMn) (Table S5.1 and Table 5.3) and 

potentially associated operating costs. Therefore, additional experiments were 

conducted using a new source of Fe in the place of Fe(VI)s to produce Fe(III)-hydroxide 

sorption sites for As removal. 
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  a. 

 b. 

Figure 5.4 Influence of Fe(VI)s  (a) and Fe(VI)s+Fe(III) (b) on the simultaneous 
removal of As and Mn from the effluent SAs+Mn (pHa: 5.5; reaction time: 5 min; 
settling time: 15 min) 
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5.5.3.2 Addition of ferric salt effect 

 

The use of Fe(III) as a supporting coagulant for the treatment of As by Fe(VI) was 

previously attempted to reduce the necessary Fe(VI)s dose, residual salinity, and 

operating costs (Jain et al., 2009; Lee et al., 2003). The amount of Fe(VI)s required to 

remove As from a solution decreased from 2 to 0.5 mg/L when using Fe(III) (Lee et 

al., 2003). Several doses of Fe2(SO4)3 (6, 8, 10 mg/L as Fe(III)) were tested in the 

present study as a coagulant to enhance the performance of Fe(VI)s for As(III) and 

Mn(II) removal, while reducing the dose of Fe(VI)s required. The amount of Fe(III) 

was calculated depending on the results obtained for the treatment of the effluent SAs+Mn 

by Fe(VI)s only, targeting the same total amount of Fe. Residual As and Mn 

concentrations measured in the effluent after treatment with different doses of Fe(VI)s 

and Fe(III) are presented in Fig. 5.4b.   

Based on the results presented in Fig. 5.4b, the gradual replacement of Fe(VI) by Fe(III) 

slightly deteriorated the removal of Mn (from 99.6 to 90%) and to an even lesser extent 

of As (from 99.4 to 94%), when increasing the Fe(III) added from 0 to 10 mg/L. These 

findings confirm that As removal is more impacted by the number of available sorption 

sites on Fe(III)-hydroxides than by the use of an oxidizing agent (i.e., Fe(VI)), while 

the removal of Mn(II) requires stronger oxidizing conditions for its oxidation to 

Mn(IV) and precipitation as Mn-oxides. Nevertheless, the addition of Fe(III) decreased 

the amount of Fe(VI)s needed by nearly 50% (12.5 mg/L with Fe(III) vs. 28 mg/L 

without Fe(III)) to achieve satisfactory As and Mn removal efficiencies (> 99% for As 

and > 97% for Mn) from the effluent SAs+Mn and meet the criteria for effluent discharge 

in the environment. The amount of Fe(VI)s could be decreased from 15 to 12.5 mg/L 

when adding Fe(III) to the system to efficiently remove Mn ([Mn]final  < 2 mg/L). This 

small decrease in Fe(VI)s dose could be attributed to the pH decrease (around 3.5) after 

Fe(III) addition. Indeed, Fe(VI) is a stronger oxidizing agent under acidic conditions, 
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improving Mn(II) oxidation to Mn(IV). However, the pH needs to be increased at the 

end of the treatment to reach the regulatory criteria (6 < pH < 9). It should be noted 

that the amount of neutralizing agent required to adjust the pH is quite negligible, 

leading to a slight increase in residual salinity. Because Fe(VI) is more expensive than 

Fe(III) and produces more residual salinity (because of its low purity, around 25% 

FeO4
2-), the combined use of a smaller amount of Fe(VI)s as an oxidant and of Fe(III) 

as an additional coagulant is promising to efficiently remove As (99%) and Mn (97%), 

while meeting the regulatory criteria ([As]final  = 0.03 mg/L < 0.2 mg/L, 

[Mn]final = 0.13 mg/L < 2 mg/L), lowering residual salinity (Table S5.1), and cutting 

operating costs. 

 

5.5.4 Performance of Fe(VI)s and Fe(III) on As and Mn removal from surrogate mine 
effluent 

 

5.5.4.1 Treatment by Fe(VI) and Fe(III) 

 

Elow and Ehigh were treated using Fe(VI)s and Fe(III) under the optimal conditions 

([Fe(VI)]: 12.5 mg/L, [Fe(III)]: 8 mg/L; pHa: 5.5, reaction time: 5 min, settling time: 

15 min) identified in previous treatability testing performed on the effluent  SAs+Mn 

(Table 5.4). For the treatment of Elow, the amounts of Fe(VI)s and Fe(III) were adjusted 

to 4.3 and 2.0 mg/L, respectively, to maintain the same contaminant/Fe(VI)+Fe(III) 

ratio, as the initial concentrations of As and Mn were lower than for the effluent SAs+Mn 

(Table 5.1).  
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High As and Mn removal efficiencies were achieved for both Elow (97% for As and 

80% for Mn) and Ehigh (> 99% for As and 99% for Mn) using the most performant 

conditions previously identified. A slight increase in Mn removal (from 97 to 99%) 

was observed between the effluents SAs+Mn and Ehigh (with similar initial As and Mn 

concentrations), while comparable As removal was achieved (99%). This improvement 

in Mn removal could be explained by the presence of Ca (470–480 mg/L), which 

promotes the formation of larger Fe(OH)3 flocs, allowing for better removal of residual 

Mn(II) through sorption on the surface of the flocs (Ruiping et al., 2007). The attraction 

between Mn(II) and the negatively charged Mn-oxides (pHPZC of MnO2 = 1.8) could 

also contribute to a better Mn(II) removal (Xie et al., 2018). The amount of sludge 

produced was relatively low (8.10-2–3.10-1 g of wet sludge/m3, which is equivalent to 

4.10-2–1.10-2 g of dry sludge/m3), facilitating its handling and storage. These results are 

in agreement with the literature, with minimal sludge production as one of the 

advantages of Fe(VI) treatment (Heřmánková et al., 2020).  
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Table 5.4 Effect of Fe(VI)s+Fe(III) addition on As and Mn removal (pHa: 5.5; 
reaction time: 5 min; settling time: 15 min) from Elow and Ehigh.  

Effluent  Elow Ehigh 

[Fe(VI)] (mg/L)   4.3 12.5 

[Fe(III)] (mg/L)   2.0 8.0 

[contaminant]initial(mg/L) 
As 1.56 4.05 

Mn 0.05 4.27 

[contaminant]final (mg/L) 
As 0.04 0.01 

Mn 0.01 0.04 

Efficiency (%) 
As 97 100 

Mn 80 99 

[Fe]final (mg/L)   0.25 0.22 

pHfinal   5.55 5.69 

pHa after filtration   6.15 6.14 

ECfinal (mS/cm)   2.97 3.08 

ORPfinal (mV)   415 448 

Mass of dry sludge (g)   0.12 0.24 
 

 

5.5.4.2 Toxicity 

 

Based on the results, the untreated and treated effluents SAs+Mn were deemed acutely 

toxic to D. magna (results not presented), which may be mainly attributed to the low 

hardness of the deionized water used (< 0.05 mg/L CaCO3). A hardness greater than 

80 mg/L CaCO3 is recommended to eliminate hardness as a factor of toxicity towards 

D. magna (Environment Canada, 1996). Results also showed that the mortality of 
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D.  magna decreased from 70% to less than 10% in undiluted Ehigh after treatment by 

Fe(VI)s+Fe(III), while a total absence of mortality for both untreated and treated Ehigh 

was found for other dilutions (Fig. 5.5b). A mortality of 30% was observed in the 

treated Elow at 100% dilution (% - v/v), while Elow before treatment showed no mortality 

with all dilutions (Fig. 5.5a). This mortality, which is equivalent to three dead D. magna 

species, could be due to unhealthy organisms used in this test and should be considered 

with caution. Another potential cause of this mortality might be the presence of Ba 

(420 mg/L) and Na (540 mg/L) in high concentrations, which can be problematic for 

this sensitive organism (Okamoto et al., 2014). With a 48 h LC50 > 100% (v/v) 

(equivalent to < 1 acute toxic units⎯TUa; defined as 100/LC50), untreated and treated 

Elow and treated Ehigh were non-toxic (Fig. 5.5), while before treatment Ehigh was 

considered acutely toxic with a 48 h LC50 of 85.4% (v/v) (equivalent to 1.17 TUa) 

(Ministry of Justice, 2022). The observed toxicity in Ehigh before treatment could be a 

result of relatively high As (4.05 mg/L) and Mn (4.27 mg/L) contents compared to the 

acceptable concentrations defined for aquatic life protection (0.005 mg As/L (CCME, 

1999); 0.6–1.9 mg Mn/L ( Reimer, 1999). Based on these results, it can be concluded 

that toxic by-products were not generated during treatment by Fe(VI), which is 

consistent with previous studies performed on different organisms (e.g., Spirostomum 

ambiguum, Spinacia oleracea) (Drzewicz et al., 2018; Malik et al., 2017).  

The non-toxicity observed for untreated and treated Elow and treated Ehigh confirm that 

the toxicity observed for the effluent SAs+Mn was not due to the presence of potentially 

toxic Fe(VI) by-products or the final concentration of As or Mn (which were similar). 

This confirms that the hardness of the water can be a potential factor of toxicity to 

D.  magna (< 0.05 vs. 1,200 mg/L CaCO3 for the effluent SAs+Mn vs. Elow and Ehigh). 

Indeed, Ca2+ plays an important role in the protection of D. magna by binding on its 

surface, thus decreasing the toxicity effect of other contaminants (Heijerick et al., 2002; 

Paulauskis et al., 1988; Yim et al., 2006). 
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Figure 5.5 Mortality evolution of D. magna for untreated and treated Elow (a) and Ehigh (b). 

a. 

b. 
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5.6 Conclusion 

 

This study evaluated the performance of Fe(VI), alone or in combination with Fe(III), 

for the simultaneous removal of As and/or Mn from synthetic and surrogate neutral 

mine effluents. Both Fe(VI)s and Fe(VI)w showed similar As removal efficiency from 

the effluent SAs, while Fe(VI)w showed higher Mn removal efficiency from the effluent 

SMn. However, Fe(VI)w greatly increased the residual salinity and justified the use of 

Fe(VI)s for further tests. Fe(VI)s efficiently removed As (98%) and Mn (97%) at 

pHa = 5.5 in the first minute of the reaction time from the effluents SAs and SMn, 

respectively. An increase in Fe(VI)s doses led to an efficiency improvement. Fe(VI)s 

doses of 22 mg/L and 5 mg/L, respectively, were required to remove As from the 

effluent SAs and Mn from the effluent SMn to meet the regulatory criteria (< 0.2 and 

< 2 mg/L for As and Mn, respectively). The application of 28 mg Fe(VI)/L efficiently 

removed As (99%) and Mn (98%) from the effluent SAs+Mn in a one-step treatment. 

A higher Fe(VI)s dose was required to efficiently treat SAs+Mn than for SAs or SMn, 

probably because of the competition between As(III) and Mn(II). The amount of Fe(VI) 

had a greater impact on Mn than As removal efficiency, as stronger oxidizing 

conditions are required for Mn(II) oxidation, while As removal is affected by the 

amount of Fe(III)-hydroxides produced. The combination of Fe(VI)s+Fe(III) showed 

efficient removal of As (99%) and Mn (97%), with a lower Fe(VI)s dose vs. Fe(VI)s 

alone, lower residual salinity, and lower associated operating costs. Finally, the 

Fe(VI)s+Fe(III) treatment was tested with the most performant conditions for the 

removal of As and Mn from two neutral surrogate mine effluents, Elow and Ehigh. 

Efficient As and Mn removal was found, while resulting in a low amount of dry sludge. 

Lastly, the Fe(VI)s+Fe(III) treatment eliminated Ehigh toxicity to D. magna, while no 

toxicity was measured for untreated and treated Elow. The findings suggest that Fe(VI) 

alone or in combination with Fe(III) could be a promising option for the simultaneous 



155 

 
 

removal of metal(loid)s from synthetic or real mine effluents. Forthcoming studies will 

have to focus on the stability of the produced sludge. 
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Table S5.1 Effect of Fe(VI) and Fe(VI)+Fe(III) doses on the performance of As and Mn removal from a binary contaminant effluent 

Binary contaminant-Fe(VI)s         

[Fe(VI)] Fe(VI)/As(III) 

molar ratio 

Fe(VI)/Mn(II) 

molar ratio 

pHa [contaminant]i 

(mg/L) 

[contaminant]f 

(mg/L) 

Efficiency 

(%) 

[Fe]f 

(mg/L) 

pHf ECf  

(mS/cm) 

ORPf  

(mV) 

    As Mn As Mn As Mn     

5 0.88/1.0 0.5/1.0 5.46 3.45 4.30 2.42 2.05 30 52 0.84 6.10 0.06 277 

10 1.76/1.0 1.0/1.0 5.60 3.45 4.30 2.84 3.08 18 28 0.75 6.20 0.09 253 

10 1.76/1.0 1.0/1.0 5.43 3.47 4.45 2.75 2.76 21 38 3.13 6.04 0.08 373 

12.5 2.2/1.0 1.25/1.0 5.40 3.41 4.15 2.51 2.34 26 44 3.50 6.20 0.11 450 

12.5 2.2/1.0 1.25/1.0 5.45 3.42 4.34 2.66 2.62 22 40 4.67 6.30 0.12 447 

15 2.64/1.0 1.5/1.0 5.54 3.42 4.29 1.10 0.12 68 97 0.10 6.17 0.13 437 

15 2.64/1.0 1.5/1.0 5.42 3.36 4.38 0.99 0.08 71 98 0.15 6.10 0.13 419 

20 3.52/1.0 2.0/1.0 5.46 3.45 4.30 0.21 0.09 94 98 0.16 6.10 0.17 477 

20 3.52/1.0 2.0/1.0 5.52 3.38 4.20 0.35 0.10 90 98 0.19 6.25 0.17 516 

22 4.0/1.0 2.3/1.0 5.60 3.38 4.20 0.33 0.10 90 98 0.22 6.34 0.18 522 

28 5.0/1.0 2.9/1.0 5.48 3.34 4.27 0.05 0.08 99 98 0.03 6.23 0.23 466 
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Table S5.1 (continued) Effect of Fe(VI) and Fe(VI)+Fe(III) doses on the performance of As and Mn removal from a binary contaminant 
effluent 

Binary contaminant-Fe(VI)s + Fe(III)        

[Fe(VI)] 

(mg/L) 

[Fe(III)] 

(mg/L) 

pHa [contaminant]i 

(mg/L) 

[contaminant]f 

(mg/L) 

Efficiency 

(%) 

[Fe]f 

(mg/L) 

pHf ECf  

(mS/cm) 

ORPf  

(mV) 

   As Mn As Mn As Mn     

10 10 5.30 3.42 4.29 0.02 0.05 99 99 < 0.01 5.52 0.14 397 

10 10 5.41 3.42 4.29 0.41 0.86 88 80 0.12 5.58 0.14 353 

12.5 8 5.42 3.42 4.34 0.03 0.13 99 97 < 0.01 6.04 0.13 343 

12.5 8 5.40 3.42 4.34 0.03 0.12 99 97 < 0.01 5.98 0.13 293 

15 6 5.42 3.47 4.45 0.02 0.01 99 100 < 0.01 6.08 0.12 412 

15 6 5.40 3.47 4.45 0.02 0.02 99 100 0.03 6.06 0.13 408 
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6.1 Abstract 

 

The electrocoagulation (ECG) and ferrate (Fe(VI))-based processes are increasingly 
acknowledged as efficient for the simultaneous removal of As and Mn from synthetic 
and real mine effluents. Prior to design of full-scale applications, more information on 
the physicochemical, mineralogical, and environmental characterization of the 
produced sludge is required. The main objective of this study was to characterize and 
evaluate the leaching potential of problematic elements in As- and Mn-rich sludge 
produced during ECG and Fe(VI) treatment of circumneutral surrogate mine water. To 
do so, PHREEQC modelling was carried out on the effluents, both before and after 
ECG and Fe(VI) treatment, to calculate the saturation index of dissolved As, Fe, and 
Mn species. A physicochemical and mineralogical characterization of the sludge was 
also performed using powder X-ray diffraction (PXRD) and a scanning electron 
microscope equipped with an energy dispersive spectrometer (SEM-EDS). Then, a 
non-sequential selective extraction procedure (N-SEP) combined with a USGS field 
leaching test (FLT) was conducted to evaluate the environmental behaviour of the 
As- and Mn-rich sludge. Geochemical modelling indicated that the Fe(VI) and ECG 
processes favour the precipitation of Fe-(oxy)hydroxides (lepidocrocite, 
schwertmannite, ferrihydrite). Chemical characterization showed that the 
Fe(VI)-sludge contained higher As and Mn concentrations and lower Fe concentrations 
than the ECG-sludge (3.8% As, 5.3% Mn, and 34% Fe for the Fe(VI) sludge vs. 
1.2% As, 0.77% Mn, and 52% Fe for the ECG-sludge). These findings can be explained 
by the smaller amount of sludge produced during the Fe(VI) treatment and the higher 
removal efficiency of this method, especially for Mn. The PXRD patterns suggested 
the formation of poorly crystalline Fe-(oxy)hydroxides (lepidocrocite or β-FeO(OH) in 
the ECG-sludge vs. ferrihydrite in the Fe(VI) sludge); however, no As- or Mn-bearing 
minerals were identified. Findings from N-SEP tests showed different speciation of As 
and Mn in the sludge, with a higher proportion of As bound to poorly crystalline 
Fe-(oxy)hydroxides in the Fe(VI) sludge than the ECG-sludge (97% and 71%, 
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respectively), and higher proportion of Mn associated with the residuals in the 
Fe(VI)-sludge than the ECG-sludge (57% and 5.7%, respectively). Finally, FLT results 
indicated that very low concentrations of As (<0.05 mg/L) and Mn (<0.5 mg/L) were 
leached from the ECG- and Fe(VI) sludge, with the Fe(VI) treatment resulting in 
slightly better As and Mn immobilization in the sludge relative to the ECG process. 
Nevertheless, both treatment processes were satisfactory in terms of efficient removal 
of As and Mn and their immobilization in the produced sludge. 
 

 

Keywords: advanced oxidation processes, mine water, As and Mn contamination, 

metal(loid)s removal, mineralogy, sludge stability 
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6.2 Résumé 

 

Les procédés de traitement par électrocoagulation (ECG) et utilisation des ferrates 

(Fe(VI)) sont de plus en plus reconnus comme efficaces pour enlever simultanément 

l'As et le Mn des eaux minières synthétiques et réelles. Avant la conception d’unités de 

traitement à pleine échelle, des informations additionnelles sur la caractérisation 

physico-chimique, minéralogique et environnementale des boues produites sont 

nécessaires. L'objectif principal de cette étude était de caractériser et d'évaluer le 

potentiel de lixiviation des éléments problématiques présents dans les boues riches en 

As et en Mn produites lors du traitement par ECG ou par Fe(VI) des eaux minières 

contaminées. Pour ce faire, une modélisation PHREEQC a été réalisée sur les effluents, 

avant et après traitement par ECG ou par Fe(VI), afin de calculer l'indice de saturation 

des espèces dissoutes (e.g., As, Fe et Mn). Une caractérisation physicochimique et 

minéralogique des boues a également été réalisée à l'aide de diffraction des rayons X 

sur poudre (PDRX) et d'un microscope électronique à balayage équipé d'un 

spectromètre à dispersion d'énergie (MEB-EDS). Ensuite, une extraction non 

séquentielle (N-SEP) combinée à un test de lixiviation sur le terrain (Field leaching 

test - FLT) de l'USGS ont été réalisées pour évaluer le comportement environnemental 

des boues riches en As et en Mn. La modélisation géochimique a indiqué que les 

procédés de traitement par Fe(VI) ou par ECG favorisent la précipitation des 

oxydes/hydroxydes de Fe (lépidocrite, schwertmannite, ferrihydrite). La 

caractérisation chimique a montré que des teneurs plus élevées en As et Mn et des 

teneurs plus faibles en Fe sont présentes dans les boues de Fe (VI) (3,8% As, 5,3% Mn, 

et 34% Fe) par rapport aux boues d’ECG (1,2% As, 0,77% Mn, et 52% Fe). Ces 

résultats peuvent s’expliquer par la plus faible quantité de boues produites lors du 

traitement par les Fe(VI) et par une efficacité d’enlèvement plus élevée, en particulier 

pour le Mn. Les diffractogrammes PDRX suggèrent la formation d'(oxy-)hydroxydes 
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de Fe faiblement cristallins (lépidocrocite ou β-FeO(OH) pour les boues ECG vs. 

ferrihydrite pour les boues de Fe (VI)), alors qu'aucun minéral porteur d'As ou de Mn 

n'a été identifié. Les résultats des tests N-SEP ont montré une spéciation différente de 

l'As et du Mn dans les boues ECG et Fe(VI), avec une proportion plus élevée d'As lié 

aux (oxy-)hydroxydes de Fe faiblement cristallins (97% pour les boues Fe(VI) vs. 71% 

pour les boues ECG) et une proportion plus élevée de Mn associé à la fraction résiduelle 

dans les boues de Fe(VI) (57% pour les boues Fe(VI) vs. 5,7% pour les boues ECG). 

Enfin, les résultats FLT ont indiqué que de très faibles concentrations d'As 

(<0,05 mg/L) et de Mn (<0,5 mg/L) étaient lixiviées à partir des boues d'ECG et de 

Fe(VI), le traitement au Fe(VI) entraînant une légère meilleure immobilisation de l'As 

et du Mn dans les boues par rapport au procédé ECG. Néanmoins, les deux procédés 

de traitement se sont révélés satisfaisants en termes d'enlèvement efficace de l'As et du 

Mn et de leur immobilisation dans les boues produites. 

 

 
Mots clés: procédés d'oxydation avancés, eaux de mine, contamination par l'As et le 

Mn, enlèvement des métaux/métalloïdes, minéralogie, stabilité des boues 
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6.3 Introduction  

 

Growing exploitation of low-grade gold deposits is partially responsible for the 

co-occurrence of As and Mn in contaminated mine and natural waters (Bondu et al., 

2020; Luo et al., 2020; Tiwari et al., 2017). Efficient treatment of As and Mn is required 

prior to the release of mine water to the environment to reduce potential health and 

environmental impacts related to the toxicity of these elements (Neculita and Rosa, 

2019; Ryskie et al., 2021; USEPA, 2002). Several conventional and emerging 

technologies, including advanced oxidation processes using ferrate (Fe(VI)) and 

electrocoagulation (ECG), have been successfully applied for the efficient removal of 

As and Mn from synthetic or real mine water (Del Àngel et al., 2014; Reátegui- Romero 

et al., 2018; Safira et al., 2023). Previous studies have documented the removal of 

As(III) and Mn(II) from contaminated water using Fe(VI), beginning with oxidation to 

As(V) and Mn(IV), followed by (co-)precipitation and adsorption on newly formed 

Fe(III)-hydroxides (Goodwill et al., 2016; Wang et al., 2020). The partial incorporation 

of As into the structure of Fe(III)-hydroxide nanoparticles has also been reported 

(Prucek et al., 2013; Wang et al., 2020). During ECG treatment using Fe-electrodes as 

sacrificial anodes, As(III) is oxidized to As(V) and removed by (co-)precipitation and 

adsorption onto newly formed Fe(III) hydroxides. Mn(II) is removed by adsorption or 

trapping (sweep coagulation) by the Fe(III)-hydroxides or by precipitation as Mn(OH)2 

at pH > 7 (Kobya et al., 2022; Li et al., 2012; Oncel et al., 2013; Shafaei et al., 2010). 

In both processes, As and Mn are removed from contaminated mine water as 

(co-)precipitated or sorbed species; as such, the produced sludge could be prone to 

leaching under changing environmental conditions (pH or Eh). Although several 

studies have evaluated the efficiency of Fe(VI) or ECG for the removal of As and Mn 

from synthetic and real wastewater (and, to a lesser extent, contaminated mine water), 

there is still limited knowledge on the chemical and mineralogical composition of the 
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produced sludge as well as its stability over time. If improperly managed, this As- and 

Mn-rich sludge may represent a secondary source of contamination (Coudert et al., 

2020; Jouini et al., 2019a; 2020a).  

To better anticipate the environmental stability of the sludge and provide solutions for 

improving its management, it is crucial to characterize in detail its chemistry and 

mineralogy, and to assess metal(loid) mobility. Physical and chemical characteristics 

of the produced sludge are highly dependent on the quality of the wastewater and the 

treatment used (Amanda and Moersidik, 2019; Coudert et al., 2020; Jouini et al., 

2019a,b). Previous studies have documented that the stability of metal(loid)-rich sludge 

is affected by its physical (particle size), chemical, and mineralogical (mineralogy, 

crystallinity) composition, as well as the site related disposal characteristics (pH, Eh, 

salinity, hydrological conditions, freeze-thaw cycles, temperature) (Coudert et 

al., 2020; Jouini et al., 2019a, 2020c; Kousi et al., 2018; Neculita and Rosa, 2019; Neil 

et al., 2014; Northrup et al., 2018).  

The identification and quantification of mineral phases encountered in post-treatment 

sludge, in terms of the surface morphology, elemental content, and distribution of the 

flocs within the phase, can provide information on the possible attenuation processes 

that occurred during the selected treatment. This improved understanding of the 

immobilization methods (co-precipitation, adsorption, precipitation) can contribute to 

further insights on the potential mobility of metal(loid)s and the short- or long-term 

stability of reactive metal(loid)-bearing minerals under different environmental 

disposal conditions (redox conditions) (Jamieson, 2011; Jamieson et al., 2015). The 

mineralogical characterization of As-bearing sludge from the treatment of synthetic 

and sometimes real effluents and the short-term stability of this material has been 

extensively studied (Clancy et al., 2013; Harris, 2000; Welham et al., 2000), whereas 

the characterization of Mn-bearing sludge from mine water treatment is sparsely 

documented (Butler, 2011; Ginder-Vogel and Remucal, 2016; LeBourre et al., 2020). 
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However, the mineralogical characterization of As- and Mn-bearing sludge produced 

from the treatment of real mine effluents can be challenging (Nazari et al., 2017; 

Pantuzzo and Ciminelli, 2010), depending on the initial composition of the effluent to 

be treated and aging of the sludge. Precipitation of As in the form of scorodite 

(FeAsO4.2H2O) is considered an attractive option for its immobilization, as scorodite 

is known to be stable under mildly acidic (pH > 2) to neutral conditions. However, high 

concentrations of As can be released from scorodite under strongly acidic (pH < 2; 

20-206 mg/L of As) and alkaline conditions (pH > 8; 45-787 mg/L of As) (Coudert et 

al., 2020). The reductive dissolution of scorodite may also result in the release of As to 

the environment (Demopoulos, 2005; Lagno et al., 2010; Revesz et al., 2015). Ferric 

arsenate (FeAsO4.4-7H2O), another well-known As bearing precipitate formed during 

mine water treatment, is stable under slightly acidic medium (pH 3-4) and is considered 

a suitable form for the safe disposal of As-bearing sludge under typical environmental 

disposal conditions (Harris, 2000). Previous studies have shown that oxidative 

precipitation of Mn(II) produces more stable sludge, even at low pH (3.5), than that 

produced from the precipitation of Mn(II) at high pH (Watzlaf, 1987; Watzlaf, and 

Casson, 1990). Another study reported an increase in Mn mobility with decreasing pH 

from Mn-bearing residues produced from sorption on Fe(III) hydroxides or 

precipitation at high pH (> 9) (Ginder-Vogel and Remucal, 2016). Anaerobic 

conditions, such as those found in tailings impoundment facilities, can affect the 

stability of hydrous Mn-oxides, resulting in reductive dissolution and the release of Mn 

and any other metal(loid)s adsorbed on the mineral surface (Butler, 2011; 

Ginder-Vogel and Remucal, 2016; Tobiason et al., 2016). For As- and Mn-rich residues 

generated from the sorption of As on Mn-oxides, a lower release of As has been 

observed under neutral (pH 6.5–7) than under acidic (pH 3) and alkaline conditions 

(pH 8) (Ettler et al., 2015). However, the presence of competing ions such as PO4
3- and 

Ca2+ can be responsible for As release from the surface of Mn-oxides (Lafferty et 

al., 2011).  
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To evaluate the potential release of problematic metal(loid)s from mine residues, 

including post treatment sludge, several leaching tests such as the toxicity 

characteristics leaching procedure (TCLP; Pinto et al., 2014), the synthetic 

precipitation leaching procedure (SPLP; Kim et al., 2005; Pinto et al., 2014), the 

Ph-dependent leaching test (pH-stat; Cappuyns and Swennen, 2008; Van Herreweghe 

et al., 2002), (non-)sequential extraction (Fernández-Ondoño et al., 2017; 

Rakotonimaro et al., 2021), and the field leaching test (FLT; Hageman, 2007) have 

been developed. Most of these tests are standardized and used to assess the short-term 

stability of the sludge or to classify them as hazardous, non-hazardous, valuable, or 

non-valuable materials (Jouini et al., 2019b). Each of these leaching tests has 

advantages and drawbacks. For example, the sequential extraction procedure (SEP) 

was designed to assess the mobility of metals from low to moderately contaminated 

soils and sediments; however, the speciation of metal(loid)s and their mobility can be 

impacted by the previous leaching step in the test (re-adsorption of As on other mineral 

phases and desorption in the subsequent extraction step) (Caraballo et al., 2018; 

Rakotonimaro et al., 2021; Wenzel et al., 2001). The non-sequential selective 

extraction procedure (N-SEP, or parallel extraction procedure) was developed to better 

evaluate the mobile and solid-phase fractionation of As by separately mixing solid 

samples with reagents of increasing dissolution strength (Ma et al., 2019; Turunen et 

al., 2016). The main limitations of the TCLP test for the evaluation of metal(loid) 

release from mine residues are related to the use of acetic acid and acidic pH conditions, 

potentially leading to an underestimation of As release (Ghosh et al., 2004). The FLT 

test was developed by the U.S. Geological Survey (USGS) to assess the mobility of 

metal(loid)s from mine waste (Hageman, 2007; Hageman et al., 2015). The main 

challenge associated with the FLT is the lack of specific criteria for the allowable 

metal(loid) concentration. In previous studies using FLT, alone or along with other 

leaching tests, the authors compared the concentration of metal(loid)s found in the FLT 

leachate with the TCLP criteria for regulated metal(loid)s (e.g., As) or drinking water 

and aesthetic objective criteria for non-regulated metals (e.g., Mn) (Akhavan and 
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Golchin, 2021; Al-Abed et al., 2006; Hageman et al., 2015; McCann and Nairn, 2022). 

Up to the best of our knowledge, a chemical and mineralogical characterization of 

As- and Mn-rich sludge produced during ECG and Fe(VI) treatment, as well as an 

assessment of the potential release of metal(loid)s using static tests, has not yet been 

conducted.  

In this context, the main objective of the present study was to characterize As- and 

Mn-rich sludge produced during ECG and Fe(VI) treatment of circumneutral surrogate 

mine water and to evaluate the possible leaching of problematic elements from these 

post treatment-sludges. The methodological approach included chemical and 

mineralogical characterization combined with static leaching tests and thermodynamic 

equilibrium calculations to better understand the composition of the As- and Mn rich 

sludge produced during ECG and Fe(VI) treatment and the stability of these materials 

(Fig. 6.1). 

 

6.4 Materials and methods 
 

6.4.1 Preparation of surrogate mine water and sludge production  

 

The surrogate mine water (Ehigh) was prepared by washing desulfurized mine tailings 

collected from an active mine site located in Northern Quebec with deionized water 

(solid/liquid: 1:1); the resulting liquid was spiked with NaAsO2 and MnSO4.H2O salts 

to reach the target concentrations encountered on the mine site (3.5 mg/L of As and 

4.5 mg/L of Mn; Safira et al., 2023). Ehigh was characterized for its physicochemical 

parameters (pH and oxidation-reduction potential (ORP)) using a VWR Symphony® 
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multimeter equipped with electrodes that were calibrated daily (Orion 915 BNWP 

double junction Ag/AgCl electrode for pH; Orbisint CPS 12D Pt electrode for ORP). 

Electrical conductivity (EC) was determined using a VWR Traceable® Expanded 

Range Conductivity Meter equipped with an epoxy probe that was calibrated daily. 

Metal(loid) concentrations were measured, after sample filtration using syringe filter 

(pore size of 0.45 µm, diameter of 30 mm), using inductively coupled plasma optical 

emission spectroscopy (ICP OES; Agilent 5800-Vertical Dual View (VDV), Canada); 

the instrument was calibrated before each series of analyses using certified 

multi-elements standard solutions (Agilent Technologies; TruQ).  

Several experiments for the treatment of Ehigh using ECG and Fe(VI) were conducted 

to produce the required amount of sludge for further analyses. The tests were executed 

under the most performant operating parameters, which were identified in previous 

studies (Safira et al., 2023; Safira et al., 2024). For ECG, a 2 L Pyrex reactor was used 

to perform the experiments, with a 1.80 L working volume. Two iron electrodes 

(dimensions: 110 mm × 110 mm × 2 mm; total submerged area: 121 cm2; 

purity: ≥ 99.5%) were directly connected to a DC power supply (ARKSEN 605D, 

USA; voltage: 0–30 V; electrical current: 0–10 A), with an inter-electrode distance of 

10 mm (Safira et al., 2024). For the Fe(VI) treatment, a 20 L plastic pail was used as 

the reactor vessel, with a 10 L working volume. A digital agitator was utilized to 

continuously mix the water. The steps involved in the ECG and Fe(VI) treatment 

processes are presented in Fig. S6.1. For both processes, the effluent was left to settle 

after treatment and filtered using Whatman filter papers (nylon, diameter of 90 mm, 

pore size of 0.45 µm) to collect the solid sludge. The collected wet residue was air-dried 

for 24 h, ground using a mortar and pestle, and homogenized. Sub-samples of dried 

sludge were collected for chemical (0.50 g) and mineralogical (synchrotron powder 

X-ray diffraction (PXRD): 1 g; scanning electron microscope equipped with an energy 

dispersive spectrometer (SEM-EDS): 0.50 g for ECG and 0.80 g for Fe(VI)) 
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characterization, as well as for the evaluation of the leaching potential of metal(loid)s 

using the N-SEP and FLT (2.20-2.50 g) (Fig. 6.1).  

 

6.4.2 Geochemical modeling and thermodynamic equilibrium calculations 

 

Geochemical calculations were conducted using PHREEQC-Version 3 (Parkhurst and 

Appelo, 2013) with the minteq.v4.dat thermodynamic database; these calculations 

helped in the evaluation of the mineral precipitation processes likely to occur under the 

conditions prevailing during the treatment of Ehigh by ECG and Fe(VI). The speciation-

solubility models were constructed based on defined pe–pH–temperature conditions 

and concentrations of dissolved solids to represent as accurately as possible the 

physicochemical conditions prevailing at different stages of contaminated mine water 

treatment. The focus was on determining saturation indices for Fe- and 

Mn-(oxy)hydroxides and the speciation of Fe, Mn, and As in solution during treatment. 

The simulation steps for ECG treatment involved: i) calculation of mineral saturation 

indices for the initial solution; ii) simulation of the solution after pH adjustment with 

HCl; iii) simulation of the solution after current application, and iv) simulation of the 

final solution, after treatment. The simulation steps for the Fe(VI) treatment model 

included: (i) calculation of mineral saturation indices for the initial solution; 

(ii) simulation of the solution after Fe(VI) addition; (iii) simulation of the solution after 

ferric sulfate addition; (iv) simulation of the solution after pH adjustment with H2SO4, 

and (v) simulation of the final solution, after treatment (Fig. S6.1). 
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6.4.3 Physicochemical and mineralogical composition of the sludge  

 

The physicochemical characterization of the ECG and Fe(VI) sludge consisted of 

determining the water content and the chemical elemental composition, while the 

mineralogical characterization consisted of identifying the As- and Mn-bearing phases 

using PXRD and SEM-EDS analyses. 

Water content was determined by drying the sludge sample, collected after 30 min of 

settling, at 60°C for 48 h. Then, the dried sample was left to cool in a desiccator for 2 

h before weighting twice successively to obtain a fixed measurement (ASTM, 2010). 

The mass water content was then calculated by dividing the mass of water in the sample 

by the total mass (mass of water in the sample + mass of dry sample). Dried sludge 

produced from the ECG and Fe(VI) treatments were subjected to strong acid digestion 

(HNO3, Br2, HCl, and HF) to determine their chemical composition (USEPA, 1996). 

The concentrations of metal(loid)s in the digestate were determined using inductively 

coupled plasma mass spectrometry (ICP-MS; relative precision of 5%). The analyses 

were performed at the SGS Canada Inc. laboratories.  

PXRD for phase identification of minerals was performed at the Canadian Light 

Source, University of Saskatchewan, Canada. Samples were mounted in polyimide 

capillaries with an inside diameter of 0.5 mm. The Canadian Macromolecular 

Crystallography Facility Bend Magnet beamline (CMCF-BM or 08B1-1) was used for 

the collection of PXRD patterns. The 08B1-1 utilizes a Si (111) double crystal 

monochromator. Data collection was performed using a photon energy of ~18 keV 

(wavelength λ = 0.68880 Å) and a sample–detector distance of ~350 mm. 

Two-dimensional (2D) diffraction patterns were collected using a Pilatus3 S 6M 

detector with an active area of 423.6 mm x 434.6 mm.  



172  

SEM analyses were conducted on the produced sludges at the Geology and Sustainable 

Mining Institute labs (GSMI) at the Mohammed VI Polytechnic University (Morocco). 

The SEM (TESCAN TIMA) was equipped with two 30 mm² energy dispersive 

spectrometers (Element EDAX 30) for the micro-analysis of phases. The analysis was 

conducted at 25 KeV energy and a beam current of 8 nA.  Prior to SEM analysis, the 

samples were mounted into 25 mm carbon coated polished sections. 

6.4.4 Leaching tests  

 

Two static leaching tests (N-SEP and FLT) were performed to assess the potential 

mobility of As and Mn from the ECG and Fe(VI) post-treatment sludge. The N-SEP 

procedure subjected separate sludge samples to different reagents of increasing 

dissolution strength to evaluate As and Mn speciation (Rakotonimaro et al., 2021). The 

different reagents and operating conditions (solid-to-liquid ratio (S/L) and retention 

time) used for the three extraction steps (Step 1, 2 and 3) are presented in Fig. 6.1. 

Since the stronger extractants were expected to dissolve the phases leached in weaker 

conditions, the amount of As and Mn associated with each fraction (F1+F2: soluble 

and readily exchangeable (Step 1), F3: bound to poorly crystalline/amorphous 

Fe-(oxy)hydroxides (Step 2 - Step 1), F4: adsorbed onto crystalline Fe-(oxy)hydroxides 

(Step 3 – (Step 2 + Step 1)), and F5: residual (Total digestion – (Step 3 + Step 2 + 

Step 1)) was calculated by subtracting the amount obtained in the weaker fractions 

from the amount extracted in the next strongest extraction (Fig. 6.1). The amount of As 

and Mn associated with the residual fraction (F5) was calculated by subtracting the 

amount leached from the sum of Steps 1, 2, and 3 from the total digestion performed 

using HNO3, Br2, HCl, and HF. For quality control, blank samples were analyzed. The 

N-SEP was selected to limit the desorption or re adsorption of As on mineral phases, 

which may occur during oxidative and reducing steps of conventional sequential 

extraction (Rakotonimaro et al., 2021; Wenzel et al., 2001). 
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Figure 6.1 Experimental approach used for chemical and mineralogical characterization as well as stability assessment 
of As- and Mn-rich sludge from Fe(VI) and ECG treatment  
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The USGS-FLT was performed by mixing the dried sludge samples with deionized 

water at a solid/liquid ratio of 20/1 (similar to TCLP and SPLP tests). The mixtures 

were shaken by hand for 5 min and then settled for 10 min (Hageman, 2007). After 

settling, the leachate samples were collected and characterized for pH, EC, and ORP. 

The leachates were then filtered at 0.45-μm and acidified (2% HNO3) prior to the 

determination of metal(loid) concentrations by ICP-OES. 

 

6.5 Results and discussion 

 

6.5.1 Treatment performance, geochemical modelling, and thermodynamic 

equilibrium calculations 

 

Both the ECG and Fe(VI) treatments efficiently removed As (99.4% and 99.7%, 

respectively) and Mn (58.5% and 98.6%, respectively) from circumneutral surrogate 

mine water (Table S6.1). The removal efficiencies obtained in this study were 

consistent with previous results obtained during identification of the most performant 

operating conditions (Safira et al., 2023; 2024). The amount of sludge produced during 

the ECG treatment was estimated at 1,277 mg of sludge per L of treated effluent (wet 

basis after 30 min of settling, equivalent to 278 mg/L in dry basis), whereas 440 mg/L 

sludge (wet basis, equivalent to 80 mg/L in dry basis) was produced during the Fe(VI) 

treatment. 

The geochemical models tested in PHREEQC were designed to improve the 

understanding of the processes likely to affect Fe, Mn, and As concentrations during 

Fe(VI) and ECG treatments. The relevant mineral phases for both treatment processes 
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are reported in Table 6.1, and the corresponding saturation index are presented in 

Table S6.2. Ferrihydrite and lepidocrocite were selected first, as they are mineral 

phases that were likely to precipitate according to rapid reaction kinetics (Bigham et 

al., 2002); this was confirmed by the mineralogical analysis using PXRD (see 

section 6.5.3.2). However, other phases were also considered here (Table 6.1) as 

mineralogical analyses were only performed on a fraction of the precipitated sludge; 

other mineral phases may have been present if the sludge was heterogeneous.   

A five-step model was proposed for the Fe(VI) treatment (Fig. 6.2). representing the 

solution chemistry at various stages in the treatment process: (i) initial solution 

chemistry (Ehigh), including calculation of the saturation indices of relevant minerals; 

(ii) solution chemistry after the addition of Fe(VI) in the form K2FeO4; (iii) solution 

chemistry after the addition of iron sulfate (Fe2(SO4)3.5H2O); (iv) solution chemistry 

after the addition of sulfuric acid (H2SO4) for pH adjustment; and (v) final solution 

chemistry, after treatment. The pH and ORP (used for pe calculations) were measured 

at all steps, while the concentrations of dissolved species were measured only at steps 1 

and 5. All measured parameters were used as inputs for the model. For steps 2-3-4, 

concentrations are calculated (estimated) from known quantities of added reagents, 

assuming that all reagents were dissolved. For steps 2, 3, and 4, concentrations were 

calculated (estimated) from known quantities of added reagents, assuming that all 

reagents were dissolved. The results showed that pH slightly increased between steps 1 

and 2 and significantly decreased thereafter, while pe increased between step 1 and step 

2 and remained stable thereafter (Fig. 6.2). 
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Table 6.1 Mineral phases selected during the geochemical modeling and corresponding reactions 

Minerals Formula Reaction log k ΔH (kJ) 

Ferrihydrite Fe(OH)3 Fe(OH)3 + 3 H+ = Fe3+ + 2 H2O 3.19 0.00 

Goethite FeOOH FeOOH + 3 H+ = Fe3+ + 2 H2O -1.00 -14.48 

Hematite Fe2O3 Fe2O3 + 6 H+ = 2 Fe3+ + 3 H2O -4.01 -30.85 

Jarosite (K) KFe3(SO4)2(OH)6 KFe3(SO4)2(OH)6 + 6 H+ = K+ + 3 Fe3+ + 2 SO4
2- + 6 H2O -9.21 -31.28 

Lepidocrocite FeOOH γ-FeOOH + 3H+ = Fe3+ + 2 H2O 1.37 0.00 

Schwertmannite Fe8O8(SO4)1.26(OH)5.48 Fe8O8(SO4)1.26(OH)5.48 + 21.48 H+ = 8 Fe3+ + 1.26 SO4
2- + 13.48 H2O 18.5 NA 
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Measured and estimated dissolved species concentrations suggested that Fe increased 

significantly between steps 1 and 2 and decreased between steps 4 and 5 (Fig. 6.2). 

Based on previous studies, the other dissolved solids were expected to exhibit stable 

concentrations between steps 1 and 4, while a decrease might occur during the 

precipitation phase, which is accompanied by the formation of coagulants upon pH 

adjustment (between steps 4 and 5) (Fig. 6.2). The saturation index calculations 

suggested that all Fe-bearing phases identified in Table 6.1 were supersaturated during 

the five steps of the model, except for jarosite-K, which was undersaturated in the initial 

effluent (Ehigh) and become supersaturated between steps 2 and 5.

Figure 6.2 Evolution of pH, pe and dissolved concentrations considered in the 5-
steps Fe(VI) model
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For the ECG treatment, a four-step model was suggested (Fig. 6.3) to characterize the 

solution chemistry at various stages in the treatment process: (i) initial solution 

chemistry, including calculations of the saturation indices for all minerals; (ii) solution 

chemistry after the addition of HCl to adjust the pH; (iii) solution chemistry after 

application of the current; and (iv) final solution chemistry, after treatment. The pH 

and ORP were measured during the experiments at all steps except step 3 (current 

application), while concentrations of dissolved species were measured only for steps 1 

and 4. All measured parameters were used as inputs for the model. For steps 2 and 3, 

concentrations were calculated (estimated) from known amounts of added reagents, 

assuming that all reagents were dissolved. The amount of Fe at step 3 was calculated 

according to the applied current, using Faraday’s law. The results indicated that pH 

increased between steps 3 and 4 (6.54 to 7.15), while the ORP remained stable at the 

beginning and decreased significantly between steps 3 and 4 (Fig. 6.3).  Measured and 

calculated dissolved solids concentrations showed that Fe increased considerably 

between steps 2 and 3 and decreased between steps 3 and 4 (Fig. 6.3). Based on 

previous studies, the other dissolved species were anticipated to remain stable during 

steps 1 to 3 and to decrease during the precipitation phase, which followed the 

formation of coagulant species (steps 3 and 4). The results also showed that the Mn 

concentration decreased slightly during the precipitation step, unlike the As 

concentration, which significantly decreased in this step (Fig. 6.3). The saturation index 

calculations suggested that all Fe-bearing phases presented in Table 6.1 were 

supersaturated during the four stages of the model, except for jarosite-K, which was 

undersaturated in the initial effluent (between steps 1 and 2) and became supersaturated 

between steps 3 and 4. 

Saturation indices (Table S6.2) do not provide direct information on the precipitation 

or dissolution of solids, as these processes depend on the reaction kinetics for the 

physicochemical conditions prevailing during the experiments. Nevertheless, the 

models suggested that the Fe(VI) and ECG treatments generated conditions conducive 
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to the precipitation of several Fe(III)-(oxy)hydroxides (lepidocrite, schwertmannite, 

ferrihydrite), which is consistent with the literature. However, the mineral phases

identified in the mineralogical analyses for the Fe(VI) treatment, ferrihydrite, did not 

show significant variation in saturation indices in the model, whereas the mineral phase 

identified for the ECG treatment, lepidocrocite, showed variation between steps 2 and 3 

(Section 6.5.3.2). Thus, the model results were consistent with mineralogical 

observations, but they did not allow more precise identification of the precipitated 

mineral phases. The formation of solid phases such as goethite, hematite, and 

manganite and the incorporation of metals into the Fe-(oxy)hydroxide phases were 

predicted to be thermodynamically favorable, but may not be kinetically favored during 

the short timeframe of Fe(VI) and ECG treatment; however, these phases might be 

formed during long-term storage of the sludge (Coudert et al., 2020; Freitas et al., 

2013).

Figure 6.3 Evolution of pH, pe and dissolved concentrations considered in the 4-
steps ECG model
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6.5.2 Chemical composition of post-treatment sludges  

 

The physicochemical characterization of the sludge produced during Fe(VI) and ECG 

treatment is presented in Table 6.2. The ECG-treated sludge exhibited concentrations 

ranging from 290 mg/kg for Mg to 520,000 mg/kg for Fe, in the sequence Fe > As > 

Ca > Mn > S > Na > K > Al > Ba > Mg. The Fe(VI)-treated sludge exhibited 

concentrations ranging from 150 mg/kg for Ba to 340,000 mg/kg for Fe, in the 

sequence Fe > Mn > As > Ca > S > K > Al > Na > > Mg > Ba. 

 

Table 6.2 Humidity and chemical composition of sludge produced from Fe(VI) 
and ECG treatment 

Parameter Fe(VI) ECG 

Water content (%) 80 78 

Al (mg/kg) 2,000 670 

As (mg/kg) 38,000 12,000 

Ba (mg/kg) 150 380 

Ca (mg/kg) 9,900 11000 

Fe (mg/kg) 340,000 520,000 

K (mg/kg) 2,600 940 

Mg (mg/kg) 920 290 

Mn (mg/kg) 53,000 7,700 

Na (mg/kg) 1,700 1,800 

S (mg/kg) 7,000 3,500 
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Concentrations of Al, K, Mg, S, Mn, and As were higher in the Fe(VI) sludge, whereas 

Ba, Fe, and, to a lesser extent, Ca and Na were more concentrated in the ECG sludge 

(Fig. 6.4). The higher Fe concentration in the ECG sludge is attributed to the higher 

amount of Fe added to the system (133 mg/L) through the dissolution of the 

Fe-electrode at a current density of 2 mA/cm2, compared to the addition of only 

20.50 mg/L in the Fe(VI) treatment (12.5 mg Fe(III)/L added as Fe(VI) and 8 mg/L 

added as Fe(III)). The 3.2- and 6.9-times higher concentrations of As and Mn measured 

in the Fe(VI) sludge in comparison to the ECG sludge could be attributed to the 

superior removal of Mn (99.1% for Fe(VI) vs. 57.0% for ECG) and As (99.8% for 

Fe(VI) vs. 99.4% for ECG), when using Fe(VI); in addition to the 3.5-times smaller 

amounts of dried sludge produced (0.08 g/L for Fe(VI) vs. 0.28 g/L for ECG). The high 

amounts of K and S in the Fe(VI) sludge are attributed to the addition of the solid 

potassium ferrate (K2FeO4) reagent and to the pH adjustment (H2SO4). The higher Mg 

and Al contents in the Fe(VI) sludge may have resulted from a small variation between 

the initial composition of the surrogate mine water used for the ECG treatment 

(Mg: 2.48 mg/L; Al: 0.03 mg/L) and that used for the Fe(VI) treatment (Mg: 5.2 mg/L; 

Al: 0.07 mg/L); in addition, the smaller volume of sludge produced during the 

Fe(VI) treatment resulted in a higher factor of concentration of these elements. The Ba 

and Ca contents were slightly higher in the ECG sludge than the Fe(VI) sludge, which 

could be partially explained by greater adsorption of these elements during the 

ECG treatment (Esmaeilirad et al., 2015; Nigri et al., 2020). 
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Figure 6.4 Comparison of element concentrations measured in the Fe(VI) and 
ECG sludge

Mass balance calculations ensured the quality of the results and allowed the recovery 

of As and Mn initially present in Ehigh. For the ECG treatment, the mass balance 

calculations showed almost complete As recovery in the sludge, with nearly no As 

mass loss during the treatment process (input/output = 0.99). However, for Mn, the 

results showed that 52.0% was trapped in the sludge, while 41.5% remained in the final 

solution, leading to mass loss of 6.4%. For the Fe(VI) treatment, 82% of the As initially 

present in Ehigh was recovered in the sludge, while 0.27% remained in the final solution. 

Based on the mass balance calculation, an 18% mass loss of As occurred in the 

Fe(VI) treatment, perhaps due to some errors in the estimation of the amount of dry 

sludge produced. For Mn, 96% was recovered in the produced sludge, with only 1.36% 
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of the Mn remaining in the final solution, indicating a negligible loss of 2.49% during 

the treatment. 

 

6.5.3 Mineralogical characterization of ECG- and Fe(VI)-sludge 

 

6.5.3.1 Scanning electron microscope (SEM-EDS)  

 

The X-maps from the SEM analysis on polished sections suggested the presence of a 

relatively homogeneous precipitate for the ECG-sludge (Fig. 6.5a) and a heterogeneous 

precipitate in the case of the Fe(VI)-sludge (Fig. 6.5b). Indeed, during ECG treatment 

As and Mn distributions were relatively distributed within the analyzed particle. 

However, during Fe(VI) treatment, As and Mn showed different distributions within 

the analyzed particle. Within the analyzed particle (Fig. 6.5.b), all the zone depleted in 

Fe is enriched in As, but only a small area of this zone is enriched in Mn. The elemental 

punctual microanalysis conducted by EDS (n = 48) for the ECG sample (Fig. 6.6a) 

indicated that Fe (5.19–49.4 wt.%) and O (43.2–53.3 wt.%) (Table 6.3) were the main 

chemical elements in the precipitate; this was consistent with the geochemical 

modelling and the PXRD patterns, suggesting the presence of poorly crystalline 

Fe-(oxy)hydroxides, most likely consisting of lepidocrocite (γ-FeOOH) or β-FeO(OH).  
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Figure 6.5 X-mapping of selected areas from (A) precipitate formed during ECG 
and (B) precipitate formed during Fe(VI) treatment of Ehigh 
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The high Fe content found in the ECG-sludge was attributed to the Fe-electrode 

dissolution to produce coagulant for As and Mn removal, while the other species were 

initially present in the water.  

The presence of other elements filling the matrix of the Fe-(oxy)hydroxides was 

confirmed by EDS microanalysis. Other chemical species that were detected in the 

formed precipitate include As, Mn, Ca, Cl, Si, S, Al, K, Na, and Mg (Table 6.3). In 

general, the ECG sludge was richer in As (avg. 1.87 wt.%) than Mn (avg. 0.19 wt.%). 

Considering the results of circular hierarchical cluster analysis, the data can be divided, 

considering all variables, into three groups (Fig. 6.6). The average chemical 

composition of the identified groups is illustrated in Table 6.3. For As-bearing 

precipitates, three groups of precipitates, based on As content, were identified as 

follows: (i) the first category is characterized by an As content of 1.87 ± 0.42 wt.%, 

(ii) the second and the third categories are characterized by relatively low As content 

of about 0.03 ± 0.07 wt.% and 0.01 ± 0.01, respectively. The Mn-bearing minerals can 

be grouped into three different categories: (i) the first one is identified with Mn content 

of 0.19 ± 0.14 wt.%, (ii) the second category is distinguished by a Mn content of 

0.15 ± 0.16 wt.%, and (iii) the third group is characterized by comparatively low Mn 

content of 0.01 ± 0.01 wt.%. Fig. S6.2 reflects a low positive correlation between As 

and Fe of about 0.301, which means that high As-content bearing minerals are 

accompanied by high Fe-content bearing minerals. The correlation between Fe and Mn 

appears to be significant and positive (r = 0.476), meaning that medium Mn-content 

bearing minerals (0.15–0.19 wt.%) are associated with high Fe-content bearing 

minerals. A low positive correlation between As and Mn is observed (r = 0.221). 

Therefore, it appears that both contaminants are mostly associated to different 

Fe-bearing particles, which might be attributed to the different mechanisms involved 

in their removal (i.e., (co-)precipitation and sorption for As vs. sweep coagulation and 

sorption for Mn) (Gomes et al., 2007; Oncel et al., 2013).  
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For the Fe(VI) treatment, the elemental analysis by EDS (n = 29) also showed that 

O (39.8–45.6 wt.%) and Fe (34.1–50.7 wt.%) were the major chemical components in 

the newly formed precipitate (Fig. 6.7, Table 6.3), which was consistent with the 

geochemical modelling. These results were also consistent with PXRD patterns 

showing the presence of a poorly crystalline phase most likely corresponding to 

ferrihydrite (Fe10O14(OH)2). The following chemical species were identified in the 

precipitate as well: As, Mn, Ca, Si, S, Al, K, and Na (Table 6.3). The high Fe content 

measured in Fe(VI) sludge was mainly introduced to the system from the potassium 

ferrate reagent (K2FeO4) used as strong oxidant and coagulant for the simultaneous 

removal of As and Mn. Multivariate and circular hierarchical analysis (Fig. 6.7) shows 

the precipitated phases can be divided into 5 groups; the chemistry of these groups is 

presented in Table 6.3. The As content was about 7.20 ± 0.41 wt.% for group 1, 

5.30 ± 0.68 wt.% for group 2, 4.96 ± 2.61 wt.% for group 3, 2.80 ± 2.19 wt.% for group 

4, and 0.29 ± 0.47 wt.% for group 5. Further, five categories of Mn-bearing minerals 

(Table 6.3) were identified: (i) the first category is of 3.61 ±1 .49 wt.% Mn content, 

(ii) the second one, Mn content is 12.9 ± 3.42 wt.%, (iii) the third group is with Mn 

content of 4.14 ± 3.19 wt.%, (iv) the fourth group is identified by Mn content of 

1.33 ± 0.51 wt.% and (v) the last group is with 0.48 ± 0.76 wt.% Mn content.  

Fig S6.3 shows a negative correlation between Fe and both As and Mn (r = -0.384 for 

As and -0.721 for Mn) and a positive correlation between As and Mn (r = 0.488) in the 

Fe(VI) precipitate. This means that As- and Mn-bearing minerals with high content of 

these elements are associated to low Fe-content bearing mineral. On the other hand, As 

and Mn are positively correlated, indicating that high As-content bearing minerals are 

also Mn-bearing minerals, or associated with high Mn-content bearing minerals, which 

is the opposite of what was previously observed for ECG-sludge. Based on these 

results, both contaminants were present within the same Fe-bearing precipitates, 

indicating that sorption or incorporation onto newly formed Fe-(oxy)hydroxides might 

be the main mechanisms involved in their removal. Additional mineralogical 
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characterization (X-ray absorption fine structure (EXAFS)) will be needed to validate 

this hypothesis.  

 

 

  a. 

b. 

 
 

Figure 6.6 Multivariate analysis of EDS data in ECG sample 

a. 
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 a. 

b. 

 

Figure 6.7  Multivariate analysis of EDS data in Fe(VI) sample 
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Table 6.3 Summary of the chemical composition (wt. %) of the identified groups as analyzed 
using SEM-EDS. 

    As Ca Cl Fe Mn O2 Si S Al K Na 

    ECG 
Group 

1 
Average  1.87 1.37 0.80 49.4 0.19 43.2 2.39 0.72 - 0.01 - 
SD* 0.42 0.20 0.26 2.3 0.14 2.7 0.19 0.21 - 0.06 - 

Group 
2 

Average  0.03 1.27 0.71 48.9 0.15 45.2 2.35 0.50 0.65 0.21 - 
SD* 0.07 0.52 0.28 5.9 0.16 3.1 2.66 0.38 0.97 1.02 - 

Group 
3 

Average  0.01 0.31 0.06 5.19 0.01 53.4 25.5 - 7.93 5.46 2.13 
SD* 0.01 0.43 0.08 6.78 0.01 4.4 5.5 - 2.49 5.72 1.82 

    Fe(VI) 

Group 
1 

Average  7.20 1.90  - 43.5 3.61 39.8 1.73 0.97 0.08 0.72 - 
SD* 0.41 0.19  - 1.4 1.49 1.3 0.26 0.03 0.18 0.18 - 

Group 
2 

Average  5.30 2.04  - 34.1 12.9 42.4 1.40 0.69 0.16 0.77 0.27 
SD* 0.68 0.09  - 4.4 3.4 1.3 0.96 0.46 0.33 0.03 0.54 

Group 
3 

Average  4.96 2.45  - 42.9 4.14 43.1 1.71 0.45 - - - 
SD* 2.61 0.82 -  4.3 3.19 1.3 0.45 0.52 - - - 

Group 
4 

Average  2.80 1.00  - 50.5 1.33 40.8 1.39 1.06 0.10 0.94 - 
SD* 2.19 0.94  - 3.1 0.51 2.0 0.19 0.15 0.18 0.17 - 

Group 
5 

Average  0.29 0.65  - 50.7 0.48 45.6 0.16 1.79 - 0.31 - 
SD* 0.47 0.36 -  1.7 0.76 1.1 0.33 0.13 - 0.19 - 

* SD : standard deviation 

 

 

6.5.3.2 Synchrotron powder X-ray diffraction (PXRD) 

 

The PXRD patterns suggested that the ECG (Fig. 6.8) and Fe(VI) (Fig. 6.9) sludge 

were mainly composed of poorly crystalline Fe-(oxy)hydroxide hydrates, which is 

consistent with the literature. The PXRD patterns for the ECG sample showed a broad, 

poorly crystalline feature most likely consisting of lepidocrocite (FeOOH) and/or 

β-FeO(OH) (Fig. 6.8). Lepidocrocite is known to adsorb arsenate (Gomes et al., 2007; 

Wang and Giammar, 2015). The formation of poorly crystalline Fe-(oxy)hydroxide 
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phases such as lepidocrocite, magnetite, and Fe hydroxide during ECG treatment using 

Fe-electrodes has been noted in previous studies (Gomes et al., 2007; Kobya et 

al., 2022). The red-brown color of the ECG sludge (Fig. 6.1) was consistent with the 

presence of lepidocrocite (Scheinost and Schwertmann, 1999). No other crystalline 

mineral phases could be identified. 

 

 
 
 

 

Figure 6.8 PXRD pattern used for phase identification of ECG sludge sample 

 

The PXRD patterns for the Fe(VI)-sludge showed a poorly crystalline phase most 

likely corresponding to ferrihydrite (Fe10O14(OH)2), a mineral known to adsorb 

arsenate species (Alarcón et al., 2014) (Fig. 6.9a). The low angle shoulders of the 

features could also suggest the presence of amorphous ferric arsenate (FeAsO4.xH2O) 

(Fig. 6.9a). The formation of poorly crystalline Fe-(oxy)hydroxides during As removal 

by Fe(VI) and the adsorption of As(V) have been previously reported (Kong et 

al., 2023; Wang et al., 2020). The dark brown color of the produced sludge appeared 

to be consistent with the presence of significant amounts of ferrihydrite and/or Mn-
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oxides (Fig. 6.1) (Michel et al., 2007; Post, 1999). However, Mn-oxide minerals were 

not detected in the Fe(VI) sludge PXRD spectrum.  

 

 

 a. 

b. 

Figure 6.9 The PXRD pattern for Fe(VI) sludge sample, compared to ferrihydrite 
and amorphous ferric arsenate (a), and crystalline mineral phase identification 
(background subtracted PXRD pattern)  (b) 
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These findings could partially be explained by the preferential sorption of Mn(II) on 

Fe-(oxy)hydroxides (especially ferrihydrite) at a low Fe/Mn molar ratio (< 16/1), rather 

than catalytic oxidation and precipitation as hausmannite (Mn(II,III)2O4), resulting in 

the formation of manganite with time (Lan et al., 2021). The crystalline mineral phases 

identified in the Fe(VI) sludge sample were quartz, albite, dolomite, and fluorite 

(Fig. 6.9b); these were most likely fine particles originating from the mine tailings from 

which the surrogate mine water was produced. 

 

6.5.4 Environmental characterization of the sludge 

 

6.5.4.1 As and Mn fractionation in the sludge using N-SEP 

 

Four extraction steps (including total digestion and 3 N-SEP extraction steps) were 

performed on the sludge to determine the fractions and total concentrations of As and 

Mn (Fig. 6.10). Ammonium acetate-extractable for As was low in both treatments 

(0.15–0.45%), while Mn ranged from 1.6% in the Fe(VI)-sludge to 24% in the 

ECG-sludge; this indicated a mostly negligible presence of easily exchangeable or low 

solubility As and Mn from these materials (F1 + F2; Fig. 6.10). The results of the 

second extraction step suggested that 97% of the As in the Fe(VI)-sludge was bound 

to poorly crystalline Fe-(oxy)hydroxides (F3; Fig. 6.10), which was consistent with 

previous PXRD patterns (Fig. 6.9), while only 71% of the As was bound to the 

Fe-(oxy)hydroxide surfaces in the ECG-sludge. These findings indicated that 

adsorption of As on poorly crystalline Fe (oxy)hydroxides was one of the mechanisms 

of As retention occurring during both the ECG and Fe(VI) treatment, which is 

consistent with the literature (Kobya et al., 2022; Li et al., 2012; Sharma et al., 2007). 

Furthermore, the Fe/As molar ratio was six times lower in Fe(VI)-sludge 
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(Fe/As : 10.6/1) than the ECG-sludge (61.2/1), suggesting that As in the Fe(VI)-sludge 

was probably hosted in the Fe (oxy)hydroxides through co-precipitation or 

incorporation (Rakotonimaro et al., 2021); this is consistent with a previous study 

highlighting a partial incorporation of As into the structure of Fe-(oxy)hydroxide 

nanoparticles (Prucek et al., 2013). A slightly higher proportion of Mn (F3: 54%) was 

bound to poorly crystalline or amorphous Fe-(oxy)hydroxides in the ECG-sludge 

relative to the Fe(VI) sample (F3: 42%). This difference can be explained by the 

different removal mechanisms involved in ECG and Fe(VI) treatment. During 

ECG treatment, Mn is removed as Mn(II) trapped in the formed flocs; in contrast with 

Fe(VI) treatment for which Mn(II) is oxidized and removed as an oxide, and only the 

residual soluble Mn(II) is adsorbed onto Fe-(oxy)hydroxide surfaces. This could 

explain the higher Mn fraction associated to poorly crystalline or amorphous 

Fe-(oxy)hydroxides in the ECG sludge. This observation is consistent with the larger 

proportion of Mn associated with the residual fraction in the Fe(VI)-sludge vs. that in 

the ECG-sludge (56.7% and 5.56%, respectively), suggesting the formation of 

Mn-oxides during Fe(VI) treatment that are not dissolved in the first extraction steps 

of the N-SEP. The findings showed that none of the As or Mn was adsorbed onto 

crystalline Fe-(oxy)hydroxides (F4) in either treatment, which may further support the 

identification of only poorly crystalline Fe-bearing phases in the PXRD patterns. The 

co-precipitation of As with Fe (oxy)hydroxides or the incorporation of As into these 

phases, as well as the formation of Mn-oxides during Fe(VI) treatment, will likely 

favour the immobilization of these contaminants and lower their mobility in the field. 
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Figure 6.10As, and Mn fractions of the As- and Mn-rich sludge produced from 
ECG and Fe(VI) treatment: F1+F2: soluble or readily exchangeable; F3: fraction 
bound to poorly crystalline or amorphous Fe-oxides/hydroxides; F4: fraction 
adsorbed onto crystalline Fe-oxides/hydroxides and F5: residual fraction

6.5.4.2 Evaluation of As and Mn mobility from the sludge using FLT approach 

A FLT was performed on fresh sludge to assess the potential mobility of As and Mn 

from these post treatment residues. Metal(loid) concentrations in the FLT leachate were 

compared to: (1) Quebec’s provincial criteria of Directive 019 (MELCC, 2012), (2) the 

surface water quality criteria (SWQC) for a hardness between 10 and 400 mg/L CaCO3

(SWQC1 and SWQC2 correspond to SWQC at water hardness of 10 and 400 mg/L 

CaCO3, respectively; MELCCFP, 2023), and (3) the TCLP criteria (USEPA, 1992) 

(Table 6.4). Despite the high concentrations in the sludge, very low amounts of Fe, As, 

and Mn were leached from the ECG- and Fe(VI)-sludge. Indeed, less than 0.1% of the 
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total amount of Fe, As, and Mn initially present in the sludge were mobilized through 

the FLT, indicating that the target elements were efficiently immobilized in the sludge 

at near-neutral pH. 

 

Table 6.4 Concentrations of the main metal(loid)s in the eluates collected after 
FLT relative to standard regulations  

Elements ECG Fe(VI) SWQC1 SWQC2 D019 TCLP 
 (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

Arsenic 0.03 0.05 0.15 0.15 0.2 5 

Calcium 74.8 63.6 - - - - 

Iron 0.13 0.09 1.30 1.30 3 - 

Potassium 38.1 45.5 -  - - 

Manganese 0.49 0.10 0.26 6.52 - - 

 

 

The concentrations of As measured in the FLT leachate were 3–5 times lower than the 

SWQC and 4-7 times lower than the Directive 019 criteria, highlighting that this 

element is poorly mobilized from ECG- and Fe(VI)-sludge at near neutral pH and under 

oxidizing conditions. This low mobility of As could be explained by the mechanisms 

involved in ECG and Fe(VI) treatment, favoring oxidation to As(V) followed by 

(co-)precipitation and sorption onto the Fe-(oxy)hydroxide structure. The 

concentration of As leached from the Fe(VI) sludge was slightly higher than that from 

the ECG sludge; this can be explained by the three-times higher initial amount of As 

in the Fe(VI)-sludge rather than its higher mobility from the sludge. When considering 

the proportion of As mobilized (amount of As leached divided by the initial amount of 

As), it can be noted that the Fe(VI) sludge was more stable than the ECG sludge 
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(fraction leached of 0.0026% and 0.0055%, respectively). These findings could be 

explained by the (co-)precipitation and internal sphere complex adsorption of As that 

occurred during the Fe(VI) treatment, as well as its incorporation into the structure of 

Fe (oxy)hydroxides (Kong et al., 2023; Nkele et al., 2022; Prucek et al., 2013). In 

addition, the As concentrations released from the FLT did not exceed the criteria set 

for TCLP (< 5 mg/L, Directive 019, 2012) for either the ECG or the Fe(VI) sludge. A 

previous study showed similar results for As release from different mine wastes using 

FLT and TCLP tests (Hageman et al., 2015), despite different pH conditions (near 

neutral vs. pH 4.9) and retention times (5-min and 18-h for FLT vs. 18-h for TCLP). 

By comparing FLT results to the TCLP criteria, both the ECG and Fe(VI) sludges can 

be classified as a non-hazardous waste. These results are consistent with previous 

studies evaluating the mobility of As from Fe-bearing sludge, with scorodite, 

schwertmannite, ferrihydrite, and ferrous arsenate identified as the main Fe-bearing 

minerals (Raghav et al., 2013; Rait et al., 2010). 

Despite its 7-times lower initial content in the sludge, the concentration of Mn was 

higher in the FLT leachate from the ECG-sludge than that from the Fe(VI)-sludge. This 

increased amount of Mn leached from the ECG-sludge, which exceeded the SWQC1 

criteria, may be attributed to its removal as Mn(II) by trapping or sweep coagulation 

by the Fe-(oxy)hydroxides (Oncel et al., 2013). In contrast, during Fe(VI) treatment, 

Mn is oxidized to Mn(IV) and precipitated as Mn oxides or immobilized by adsorption 

or (co-)precipitation with newly-formed Fe (oxy)hydroxides (Goodwill et al., 2016; 

Sharma, 2010), resulting in the production of more stable sludge under the FLT 

conditions. This finding is in agreement with the high stability of Mn-bearing sludge 

produced from oxidative precipitation treatments relative to high pH Mn(II) 

precipitation methods (Watzlaf, 1987; Watzlaf and Casson, 1990).  The leaching of Fe 

from the ECG- and Fe(VI)-sludge was very low, with concentrations 10-times and 

14-times lower than the SWQC and D019 criteria, respectively. The low Fe 

concentrations were related to the stability of Fe-(oxy)hydroxides under oxidizing 
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conditions at near-neutral pH (Acero et al., 2006; Coudert et al., 2020; Raghav et al., 

2013). The leaching of Fe could be explained by the partial dissolution of poorly 

crystallized Fe-(oxy)hydroxides (Coudert et al., 2020; Theng and Yuan, 2008). Overall, 

the concentrations of As, Fe, and Mn generally met the SWQC and D019 criteria, 

except for Mn leaching from the ECG-sludge, which exceed SWQC1 criteria; this 

highlighted that the ECG and Fe(VI) processes efficiently immobilized As and Mn 

during the treatment of circumneutral contaminated mine water. 

 

6.6 Conclusion 

 

A physicochemical, mineralogical, and environmental characterization of ECG- and 

Fe(VI)-sludge was conducted to assess the potential mobility of As and Mn. The 

efficient removal of As (99%) and Mn (58–98%) by ECG and Fe(VI) resulted in the 

production of As- and Mn-rich sludges (1.2–3.8 wt.% As and 0.77–5.3 wt.% Mn). 

SEM-EDS characterization showed relatively homogeneous As- and Mn particles in 

the ECG sample. Different categories of As- and Mn-bearing particles were identified, 

with a low positive correlation between the As and both Mn and Fe contents, as well 

as significant positive correlation between Fe and Mn contents, in the different classes 

of precipitates, indicating that As and Mn were mostly immobilized into different 

Fe-bearing particles. A relatively heterogeneous phase was identified in the 

Fe(VI)-sludge, with a positive correlation observed between the As and Mn contents, 

as well as a negative correlation between Fe and both As and Mn contents, indicating 

that As and Mn were immobilized within the same type of particles. PXRD patterns 

indicated the formation of poorly crystalline Fe-(oxy)hydroxide (lepidocrocite or 

β-FeO(OH) for the ECG-sludge and ferrihydrite for the Fe(VI)-sludge), which are 

known for their ability to adsorb As(V); however, no As- or Mn-bearing minerals were 
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identified. Results from N-SEP showed that As was mainly associated with poorly 

crystalline Fe-(oxy)hydroxides (70–97%), which is consistent with the mineralogical 

characterization, while Mn was distributed within the soluble and easily exchangeable 

(20%) and poorly crystalline Fe-(oxy)hydroxide (54%) fractions in the ECG-sludge 

and within the poorly crystalline Fe-(oxy)hydroxide (42%) and residual (57%) 

fractions in the Fe(VI)-sludge. All contaminants in the FLT leachate were below the 

D019 or surface water quality criteria, except for Mn in the ECG sludge, which 

exceeded SWQC1 for a water hardness at 10 mg/L CaCO3. This non compliance of 

SWQC1 for Mn leaching from the ECG-sludge is not deemed as a major limitation for 

full-scale ECG and Fe(VI) applications. New studies are necessary to better evaluate 

the long-term stability of the sludge using similar conditions to the mine site, such as 

performing kinetic tests. 
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Fig. S6.1 Process steps followed for the treatment of circumneutral contaminated mine 

water using ECG (a) and Fe(VI) (b).



 

 

 

Figure S6.2  Elemental distribution and correlation between the analyzed elements in the precipitated minerals in ECG sample 
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Figure S6.3  Elemental distribution and correlation between the analyzed elements in the precipitated minerals in Fe(VI) sample 
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Table S6.1 Physicochemical composition of Ehigh before and after ECG and 

Fe(VI) treatment and associated removal performance. 

Treatment ECG  Fe(VI)  
 Initial Final Removal 

(%) Initial Final Removal 
(%) 

pH 8.21 7.15  7.87 5.69   
pe 7.8 5.8  7.9 11   

Al (mg/L) 0.05 0.03 40.0 0.06 0.04 33.3 

As (mg/L) 3.41 0.02 99.4 4.05 0.01 99.8 

Mn (mg/L) 4.17 1.81 56.6 4.27 0.04 99.1 

Fe (mg/L) 0.09 0.89 - 0.22 0.23 - 
B (mg/L) 0.49 0.49 - 0.4 0.39 2.5 

Ba (mg/L) 115 112 3.8 435 420 3.4 

Ca (mg/L) 219 216 1.5 483 472 2.4 

Cu (mg/L) 0.08 0.08 - 0.08 0.08 - 

Cd (mg/L) 0.003 0.003 - 0.003 0.003 - 
Li (mg/L) 0.08 0.08 - 0.08 0.08 - 

K (mg/L) 115 112 2.6 125 145 - 

Mg (mg/L) 5.78 5.05 12.6 9.84 9.63 2.1 

Na (mg/L) 265 261 1.3 535 522 2.4 

Ni (mg/L) 0.003 0.003 - 0.003 0.003 - 
Pb (mg/L) 0.1 0.1 - 0.1 0.008 92.0 

S (mg/L) 320 312 2.6 534 526 1.4 

Si (mg/L) 3.35 0.32 90.4 3.64 3.26 10.4 

Se (mg/L) 0.02 0.02 - 0.02 0.02 - 

Cl (mg/L) 143 138 3.5 68.0 72.3 -6.4 
Br (mg/L) 0.1 0.1 - 0.1 0.1 - 

P (mg/L) 0.1 0.1 - 0.1 0.1 - 

F (mg/L) 0.1 0.1 - 0.1 0.1 - 

N (mg/L) 32 28 12.5 91.0 93.7 –3.0 
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Table S6.2 Saturation index for the selected mineral phases during geochemical 

modeling. 

Minerals Ferrihydrite Goethite Hematite Jarosite 
(K) 

Lepidocrocite Schwertmannite 

Fe(VI) 
treatment 
steps 

1 3.94 8.15 18.3 -1.08 5.89 16.2 

 2 5.49 9.70 21.4 0.31 7.44 25.8 

 3 5.07 9.28 20.6 7.49 7.02 29.5 

 4 4.45 8.67 19.3 7.59 6.40 26.2 

 5 2.67 6.88 15.7 1.69 4.62 11.5 

ECG 
treatment 
steps 

1 3.55 7.76 17.5 -3.44 5.50 12.1 

 2 2.99 7.20 16.4 -0.01 4.94 11.9 

 3 6.17 10.38 22.8 9.41 8.12 37.3 

 4 4.35 8.56 19.1 2.11 6.30 21.2 



 

 

 



 

CHAPTER 7 

GENERAL DISCUSSION 

Mine water, including processing effluents and mine drainage, can entail the release of 

several contaminants into the surrounding environment, if not properly managed or 

treated. The co-occurrence of As and Mn in mine-impacted waters (i.e, mine water, 

groundwater and surface water in the vicinity of mining activities) is attracting 

increasing attention because of their detrimental effects on aquatic ecosystems and 

human health. As a proof of the current awareness related to As and Mn contamination, 

regulation controlling their concentration in mine and drinking water are becoming 

more and more stringent, leading to new challenges for their efficient removal to meet 

lower concentrations. Conventionally, As is removed from mine water by chemical 

co-precipitation in the presence of Fe(III) at pH 4-7, while Mn(II) is oxidized to 

insoluble Mn(IV) using strong oxidants before its precipitation as Mn-oxides at 

pH 9-10. However, these treatments have shown multiple limitations for the 

simultaneous removal of As and Mn from mine water such as: (i) the requirement of 

large amounts of oxidants, (ii) the contradictory effect of Fe on As or Mn removal 

(Fe/As > 4/1 vs. Fe/Mn < 4/1), and (iii) the different pH conditions needed for their 

removal. Recently, ECG and Fe(VI) have been proven to be efficient for the removal 

of As or Mn from synthetic effluents and to a lesser extent from real effluents. Despite 

the increasing co- occurrence of As and Mn in mine water, there are only few studies 

targeting the simultaneous removal of these contaminants from lightly contaminated 

mine water using these technologies. Moreover, the identification of the most 

performant operating conditions (i.e, CD, ionic strength and retention time for ECG 

and Fe(VI) nature and dose, pHa and retention time for Fe(VI)) on the simultaneous 

removal of As and Mn is still ongoing. It is worthy to mention that little is known about 

the acute toxicity of the effluents treated using ECG or Fe(VI) as well as on the stability 
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of the sludge produced, even if these parameters are crucial for the identification of the 

most performant treatment option. Therefore, there is a requirement for developing 

innovative treatment methods for the simultaneous removal of As and Mn from mine 

water and for better considering removal efficiency, residual salinity, acute toxicity, 

sludge stability and operating costs to assess the performance of the treatment.  

The following sections will focus on further discussion of the results obtained to answer 

to the specific objectives and hypothesis formulated at the beginning of this research 

project on: (i) the effect of the presence of both As and Mn on the most performant 

operating conditions required for the treatment of SAs+Mn compared to SAs or SMn only 

using ECG and Fe(VI); (ii) the effect of competing ions (i.e., SO4
2-, Cl-) on the 

performances of ECG and Fe(VI), (iii) the potential mobility of As and Mn from the 

sludge produced by ECG and Fe(VI), and (iv) the identification of the most performant 

treatment for the simultaneous removal of As and Mn from circumneutral mine water.  

 

7.1 Effect of operating conditions on the simultaneous removal of As and Mn using 
ECG and Fe(VI) 

 

A comparison of the most performant operating conditions required for the removal of 

As and Mn from SAs and SMn vs. SAs+Mn was performed to confirm our hypothesis that 

the simultaneous removal of As and Mn from lightly contaminated mine water will 

result in the reinforcement of critical operating conditions (i.e., CD for ECG and 

Fe(VI) dose for Fe(VI)) and higher retention time to achieve satisfactory removal 

efficiencies compared to the effluents containing only As or Mn. 
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7.1.1 Current density 

 

Controlling the degree of electrode dissolution and the amount of produced cationic 

species, which act as coagulant, as well as the production rate of the gas bubbles and 

the size of the flocs, CD is one of the most critical parameters of ECG. Depending on 

the quality of the effluent to be treated (i.e., synthetic vs. real effluent or the co-presence 

of different contaminants and their concentrations), the amount of coagulant required 

may vary, resulting in the application of different CD (Kobya et al., 2011; 

Reátegui--Romero et al., 2018; Safwat et al., 2023). From previous studies, the CD is 

known to positively affect the contaminant removal and therefore, the removal 

efficiency of As and Mn from contaminated mine water is expected to be improved 

when increasing the CD (Gomes et al., 2007; Kobya et al., 2011, Parga et al., 2005; 

Reátegui- Romero et al., 2018; Shafaei et al., 2010). However, little is known about the 

effect of the presence of both As and Mn on the required CD for their simultaneous 

removal using ECG, despite the fact that As and Mn removal are Fe-dependent.  

In the current study, different CD (0.25-10 mA/cm2) were tested for the treatment of 

SAs, SMn, SAs+Mn to remove As and Mn below the targeted values (< 0.2 mg As/L and 

< 2 mg Mn/L). As was efficiently removed from SAs (97-99%) at low CD (0.5, 

1 mA/cm2), with a plateau (>99%) achieved at CD higher than 2.5 mA/cm2. 

Satisfactory Mn removal (60-70%) required CD higher than 2.0 mA/cm2, with a 

gradual increase up to 98% at 10 mA/cm2. The difference observed in the required CD 

between As and Mn removal could be attributed to the different mechanisms involved 

in their removal: (i) (co-)precipitation or adsorption on the Fe(III)-hydroxide surfaces 

for As, requiring the production of Fe(III) at the anode and (ii) sorption on 

Fe-hydroxides, trapping (sweep coagulation) by these hydroxides, or deposition on the 

cathode surface for Mn, resulting in the importance of producing more Fe-hydroxides 

(Kobya et al., 2022; Oncel et al., 2013; Shafaei et al., 2010; Xu et al., 2017). These 
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results indicated that a 4-times higher CD was required for the efficient removal of Mn 

(> 2 mA/cm2) from SMn compared to As (> 0.5 mA/cm2) from SAs, highlighting the 

importance to select the appropriate CD for the simultaneous removal of these 

contaminants and identify if higher CD are required when both contaminants are 

present or not. Therefore, the efficiencies of two CDs (0.5 and 2 mA/cm2) were 

evaluated for the simultaneous removal of As and Mn from SAs+Mn.  Based on the results 

presented in Table 7.1, the presence of both As and Mn did not affect their removal 

efficiencies at 0.5 and 2 mA/cm2, evidencing that there is no antagonistic or synergistic 

effect between the two contaminants for their removal using ECG (Fig. 4.4). However, 

the results indicated that for an efficient simultaneous removal of As and Mn, the higher 

CD required for Mn removal is needed for the simultaneous removal of both 

contaminants below the targeted values. At low CD (0.5 mA/cm2), only 30% of Mn 

was removed after 1 h, while at 2 mA/cm2, more than 58% of Mn was removed within 

the same time, decreasing final concentrations below the targeted value (Fig. 4.4).   

 

Table 7.1 Effect of the co-occurrence of As and Mn on the CD required to achieve 
similar removals for SAs, SMn and SAs+Mn 

 Removal from SAs 
(%) 

Removal from SMn    
(%) 

Removal from 
SAs+Mn (%) 

CD : 0.5 mA/cm2 

As  97 - 94-96 

Mn  - 27 26-30 

CD : 2 mA/cm2 

As  - - 99 

Mn  - 58-67 59-64 
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However, no increase of CD at values higher than the ones required for Mn removal 

from SMn is required because of the presence of both As and Mn in SAs+Mn, which may 

be attributed to the different mechanisms involved in their removal (i.e., Fe(III) 

required for As co-precipitation or sorption vs. Fe(III)-hydroxides for Mn sorption or 

trapping). In summary, the presence of As and Mn did not impact the required CD for 

the efficient removal of As and Mn from synthetic single and binary effluents. 

However, the presence of Mn in the effluent to be treated is the driving factor for the 

selection of the optimal CD, because of the higher CD required for its efficient removal 

compared to As. The requirement for the higher CD (2 vs. 0.5 mA/cm2) as optimal 

value confirms the first formulated hypothesis (H1) regarding the effect of the 

co-occurrence of As and Mn on the needs for more stringent operating parameters for 

their simultaneous removal. 

  

7.1.2 Fe(VI) dose  

 

The dose of Fe(VI) required for the efficient removal of As and Mn below the targeted 

criteria is a critical parameter that directly affect the performance of Fe(VI) treatment. 

Acting as a strong oxidant for both As(III) and Mn(II) oxidation and as coagulant for 

As(V) co-precipitation and sorption, the dose of Fe(VI) to be added is strongly 

dependent of the quality of the effluent to be treated and the concentration of 

contaminants to be removed. The ratio of Fe(VI)/As or Fe(VI)/Mn required for the 

efficient removal of these contaminants from synthetic effluent (with simplified 

composition – no competing ions) is not clearly established in the scientific literature. 

In the present study, several Fe(VI)s doses were tested for the removal of As from SAs 

(14-56 mg Fe(VI)/L) and Mn from SMn (2-7 mg Fe(VI)/L) at pHa 5.5. The results 

indicated a slight increase in As removal efficiencies from SAs with final concentrations 

ranging from 0.28 to 0.03 mg/L with the increase of Fe(VI)s dose from 14 to 56 mg/L. 
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At doses higher than 22 mg Fe(VI)/L, the final concentration of As met the regulations 

(0.2 mg/L), with no important improvement in terms of As removal while increasing 

the Fe(VI) dose. An important increase (from 54 to 97%) in Mn removal was observed 

when increasing Fe(VI) from 2 to 5 mg/L, while a small decrease of Mn removal 

(nearly 4%) was observed at Fe(VI)w dose of 7 mg/L, which can be explained by the 

oxidation of insoluble Mn(IV) to soluble Mn(VII) (Goodwill et al., 2016). These results 

showed that the dose of Fe(VI) to be added for Mn removal should be carefully 

selected, because doses higher than the optimal Fe(VI)/Mn ratio of 0.5/1 (2/3 identified 

by Goodwill et al., 2016) could entail the oxidation of Mn(IV) to Mn(VII), resulting in 

Mn release from the sludge. The different requirements of Fe(VI) doses for As and Mn 

removal (22 vs. 5 mg Fe(VI)/L, respectively) could be explained by the different 

mechanisms involved in their removal. For the efficient removal of As, sufficient 

amounts of Fe(III)-hydroxides must be produced to favour (co-)precipitation, 

adsorption or incorporation after the oxidation step. For Mn(II), oxidation to Mn(IV) 

prior to precipitation as MnO2 seems to be the driving step in its efficient removal. To 

evaluate the effect of the co-occurrence of As and Mn in synthetic effluents, several 

doses of Fe(VI)s (5-28 mg/L) were assessed for their simultaneous removal from SAs+Mn 

at pHa 5.5. The Fe(VI)s dose required to achieve similar removal efficiencies was 

approximately 28 mg/L, which is 1.3-5.6 times higher that the dose required for SAs 

(22 mg/L) and SMn (5 mg/L) (Table 7.2). This increase in the Fe(VI) dose, which is 

close to the sum of the doses required for SAs and SMn (28 mg/L vs. 22+5 mg/L), reflects 

a competition between As and Mn, particularly for the oxidation step, and emphasizes 

that Mn removal depends on the oxidation step, while As removal could be more 

impacted by the produced Fe(III)-hydroxides. Despite the addition of larger amounts 

of Fe(VI) added compared to the Fe(VI)/Mn ratio of 0.5/1 to avoid the oxidation of 

Mn(IV) to Mn(VIII), no production of insoluble and purple Mn(VIII) was observed, 

confirming the competition between As and Mn for Fe(VI) during the oxidation step. 

It is also worthy to mention that the increase of Fe(VI) dose would result in an increase 

in the residual salinity, which may affect the associated acute toxicity as well as 
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operating costs. In addition, the increase of Fe(VI) dose required for the simultaneous 

removal of As and Mn supports the first hypothesis (H1) postulated in this study in 

terms of higher demands of operating parameters when As and Mn are both present in 

mine water. 

 

 

Table 7.2 Effect of the co-occurrence of As and Mn on the dose of Fe(VI) 
required to achieve similar removals for SAs, SMn and SAs+Mn 

 Removal from SAs 
(%) 

Removal from SMn    
(%) 

Removal from 
SAs+Mn (%) 

Fe(VI) – 5 mg/L 

As  - - 30 

Mn  - 97 52 

Fe(VI) – 22 mg/L 

As  98 - 90 

Mn  - - 98 

Fe(VI) – 28 mg/L 

As  97 - 99 

Mn  - - 98 
 

 

Additional experiments were performed using a Fe(III) salt as a supporting coagulant, 

in the endeavour to decrease the Fe(VI) dose and confirm the hypothesis that the 

removal of As was mainly impacted by the amount of Fe(III)-hydroxide produced and, 

to a lesser extent, by the dose of oxidant used. Several doses of Fe(III) salt (6, 8, 

10 mg Fe(III)/L) were tested and selected to obtain a total amount of Fe equivalent to 

the dose of 28 mg Fe(VI)/L. Upon the addition of 8 mg Fe(III)/L, the dose of Fe(VI) 

was decreased to 12.5 mg/L without affecting the removal of As and Mn, while 

reducing the residual salinity by 44% (0.231 mS/cm for Fe(VI) only; 0.130 mS/cm for 
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Fe(VI)+Fe(III)). However, the addition of the Fe(III) salt led to a slight decrease in the 

final pH (6.23 vs. 5.98), which must be adjusted prior the final effluent discharge.  

 

7.1.3 Retention time 

 

The retention time is an important factor to consider for the optimization of an ECG 

process to reduce the consumption of energy and associated costs as well as the size of 

the equipment required to accommodate a certain flowrate. In previous studies 

performed on the removal of As and Mn using ECG, the retention treatment time varied 

from few minutes (5 min) to several hours (60-180 min), depending on the operating 

conditions applied (e.g, CD, number of electrodes), and the targeted removal 

efficiencies (Banerji and Chaudhari, 2016; Reátegui- Romero et al., 2018; Shafaei et 

al., 2010). Here, the kinetics of As and Mn removal from SAs+Mn was investigated at 0.5 

and 2 mA/cm2, which were the optimal CDs identified for the treatment of SAs and SMn, 

respectively (Fig. 7.1). From Fig 7.1a, it can be observed that the removal of As appears 

to be slightly faster in the presence of Mn in the solution, within the first 20 minutes of 

treatment at 0.5 mA/cm2, while after 30 minutes, no difference was observed in terms 

of As removal for the different conditions tested. This slightly faster As removal 

observed in the first minutes of treatment at low CD in the presence of Mn can be 

explained by the co-precipitation of Fe-As-Mn-hydroxides or its sorption on 

Fe-/Mn- hydroxides. It can be noticed that the Mn removal efficiencies were slightly 

better and faster for the effluents containing only Mn compared to SAs+Mn at both low 

and high ionic strength (Fig 7.1b). There is no evidence that the small differences 

observed in Mn removal efficiencies between SMn and SAs+Mn can only be attributed to 

the presence of As, as it could also be due to the slightly higher initial Mn 

concentrations in SAs+Mn (4.5-4.7 mg/L) compared to SMn (4.01 mg/L) or to the lower 

final pH (5.9-6.1 for SAs+Mn vs. 6.3-6.5 for SMn) (Parga et al., 2005).  
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a. 

b. 
 

Figure 7.1 Evolution of As and Mn removal from SAs and SAs+Mn at 0.5 mA/cm2 
(a.) and from SMn and SAs+Mn at 2.0 mA/cm2 (b) 
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With the Fe(VI) treatment, experiments carried out on SAs and SMn showed that the 

removal of As and Mn was very fast, occurring within the first minute of the reaction. 

This can be due to the strong oxidizing power of Fe(VI) under the slightly acidic 

conditions (pHa: 5.5) used for the treatment of SAs and SMn. At a pHa of 5.5, the 

Fe(VI) species are highly reactive, thus promoting the oxidation of As(III) to As(V) 

and Mn(II) to Mn(IV). However, considering the similar behaviour of As and Mn 

removal from SAs and SMn within the first minute of reaction, a possible competition 

between both contaminants can be expected if they are present in the same effluent. 

When both contaminants were present in the effluents to be treated, a loss of efficiency 

of Mn removal (from 98% for SMn to 52% for SAs+Mn) was observed when using 

5 mg Fe(VI)/L (optimal dose identified for Mn removal from SMn), while a lower loss 

of efficiency was observed for As (from 99% for SAs to 90% for SAs+Mn) when using 

22 mg Fe(VI)/L (optimal dose identified for As removal from SAs). The greater loss of 

removal efficiency observed for Mn compared to As can be explained by the 

competition between As(III) and Mn(II) during the oxidation step and by the fact that 

Mn(II) needs to be oxidized to Mn(IV) before its subsequent precipitation as MnO2, 

while the removal of As(III) requires oxidation to As(V) prior to co-precipitation and 

sorption on Fe(III)-hydroxides.  

In summary, the removal of As(III) seems to be more impacted by the presence of 

Fe(III) than by the use of a strong oxidant, as compared to the removal of Mn(II). 

Similar competition between As(III) and Sb(III) or Mn(II) and organic matter for 

intermediate Fe(VI) oxidizing species was observed by Wang et al. (2020) and 

Goodwill et al. (2016), respectively. Consequently, the co-occurrence of As and Mn 

seems to be more detrimental to the effective removal of Mn than As, if the dose of 

Fe(VI) is not adequately adapted to the initial composition of the mine water to be 

treated. Indeed, the treatment using Fe(VI) can be considered competitive in terms of 

required retention time (only 23 min: 3 min mixing, 5 min reaction time and 15 min 

settling) compared to ECG and conventional precipitation processes. ECG retention 
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time (1.5 h: 1 h reaction time and 30 min settling) is quite comparable to the typical 

retention time of conventional precipitation ranging from 1.5 to 2.5 h (10-30 min of 

reaction time followed by  1-2 h of settling time) depending on the water quality and 

contaminants concentrations (Stuetz and Stephenson, 2009). 

 

7.1.4 Effect of competing ions on treatment performance 

 

A comparison of the removal efficiencies of As and Mn from SAs+Mn and Ehigh was 

performed to confirm/infirm the hypothesis that the presence of competing ions 

commonly found in real mine water (i.e., Ca, Na, Ba, Cl-, SO4
2-, NO3

-) will negatively 

impact the performance of treatment processes, especially when using ECG 

(Table 7.3). From the literature review, it is expected that the presence of different 

cations or anions (e.g., Ca, Na, Ba, Cl-, SO4
2-, NO3

-) found in real mine water in variable 

concentrations may improve or worsen the treatment performance, in terms of 

contaminant removal efficiency and acute toxicity of final effluent (Banerji and 

Chaudhari, 2016; Foudhaili et al., 2020b; Lakshmipathiraj et al., 2010; Maitlo et 

al., 2018; Radić et al., 2014; Xu et al., 2017). For example, studies reported an 

enhancement of Mn removal using the ECG treatment in the presence of Cl- ions 

(1.40 mg/L), which was explained by an increase of the oxidizing conditions due to the 

formation of strong oxidizing species (i.e., ClO-), leading to the oxidation of Mn(II) to 

Mn(IV) and its subsequent removal as MnO2 (Xu et al., 2017). The positive effect of 

Cl- (3.5 mg/L) on As removal was also reported and attributed to the prevention of 

passivation layer formation on the anode surface, leading to a better dissolution of 

sacrificial electrodes (Lakshmipathiraj et al., 2010). On the contrary, the presence of 

SO4
2- and NO3

- hinder the anode dissolution, because of promoting the passivation of 

the anode. The presence of carbonate may, as well, affect the As removal due to its 
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competition with arsenate for sorption onto Fe-hydroxide surfaces (Banerji and 

Chaudhari, 2016; Lakshmipathiraj et al., 2010; Maitlo et al., 2018).  

 

Table 7.3 Effect of the presence of competing ions on the performances of ECG 
and Fe(VI) treatment for the simultaneous removal of As and Mn 

  SAs+Mn Ehigh 

ECG 

As removal (%) 96 99 

Mn removal (%) 61 57 

Acute toxicity (before → after) n.a. non toxic → non 
toxic 

Mortality (before → after - expressed in 
%) n.a.  5 → 0 

Fe(VI) 

As removal (%) 99 > 99.9 

Mn removal (%) 97 99 

Acute toxicity toxic → toxic toxic → non toxic 

Mortality (%) 100 → 70 70 → 10 
 

Here, the ECG treatment results showed a slight increase in As removal efficiency for 

Ehigh compared to SAs+Mn (Table 4.4, Table 7.3), while a slight diminution of Mn 

removal (from 61% for SAs+Mn to 57% for Ehigh) was observed. For the Fe(VI) treatment, 

similar removal efficiencies were obtained for the removal of As and Mn from SAs+Mn 

and Ehigh, indicating that there is no detrimental effect related to the presence of 

competing ions in the surrogate mine water. The slight improvement in As removal 

(from 96 to 99%) by ECG and Mn removal (from 97 to 99%) by Fe(VI) can be 

attributed to the presence of Ca2+ ions in surrogate mine water, promoting the 

production of larger Fe-hydroxides flocs and therefore increasing the sorption of As 

and Mn (Ruiping et al., 2007). The attraction between Mn(II) and the negatively 
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charged Mn-oxides (pHPZC of MnO2 = 1.8) could also contribute to a better Mn(II) 

removal during the Fe(VI) treatment (Xie et al., 2018). The decrease in Mn removal 

efficiencies when treating Ehigh by ECG can be attributed to the passivation of 

Fe-electrodes by SO4
2-, leading to a less efficient dissolution of the cathode and 

therefore a lower production of OH- ions. The slower removal of Mn compared to As 

by the ECG treatment could explain why only Mn was affected by the passivation of 

the sacrificial electrodes over time (El-Taweel et al., 2015; Lakshmipathiraj et 

al., 2010). In terms of toxicity of the final effluent, it can be noticed that a toxicity was 

observed for SAs+Mn before and after treatment by Fe(VI), while for Ehigh, all the 

effluents were non-toxic after treatment by Fe(VI) and ECG. Untreated Ehigh was found 

to be toxic for the experiments performed with Fe(VI), while no toxicity was observed 

for the experiments performed with ECG. This difference in untreated Ehigh between 

Fe(VI) and ECG experiments might be due to some variations in Ba (420 mg/L) and 

Na (540 mg/L) concentrations, in addition to the hardness of the water, as previously 

reported by Okamoto et al. (2014). Another potential source of this inconsistent toxicity 

for untreated Ehigh might be the higher salinity and sulfate content, as previously 

reported (Schuytema et al., 1997; Semsari and Megateli, 2007). The presence of 

toxicity in SAs+Mn in the effluent before and after treatment by Fe(VI), while untreated 

Ehigh for ECG, which has the same initial and final As and Mn concentrations was 

non-toxic, can be attributed to the lower hardness of the effluent (< 0.05 for SAs+Mn 

vs. 1,200 mg CaCO3/L for Ehigh). Based on these results, it can be concluded that toxic 

by-products were not generated during treatment by Fe(VI) or ECG on the surrogate 

mine effluent, with a composition similar to real contaminated mine water. In 

summary, the results indicated that the competing ions can positively or negatively 

affect the performance of the treatment in terms of removal efficiency or toxicity. This 

observation is partially consistent with the second hypothesis (H2) of the current study, 

which stated that the competing ions negatively affect the treatment performance. 
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7.2 Potential mobility of As and Mn from the sludge produced from ECG and Fe(VI)  

 

The immobilization of As and Mn from contaminated mine water using ECG and 

Fe(VI) produces metal-rich sludges that may represent a secondary source of 

contamination if not properly managed. Therefore, chemical, mineralogical and 

environmental characterization are required to characterize ECG- and Fe(VI)-sludge 

and to evaluate their stability, and to better understand the removal mechanism. The 

assessment of sludge stability aimed at testing the hypothesis that the mobility of As 

and Mn from the sludge produced by Fe(VI), through incorporation of As into the 

structure of Fe-oxides/hydroxides nanoparticles and oxidation of Mn followed by 

precipitation as Mn-oxides, adsorption or (co-)precipitation with Fe-hydroxides, is 

expected to be lower than for ECG. A few studies have been performed to characterize 

the sludge produced by ECG and Fe(VI) treatments (Gomes et al., 2007; Kong et 

al., 2023). And to the best of the author’s knowledge, there is no study focusing on the 

evaluation of As and Mn mobility from the ECG- and Fe(VI)-sludge. According to 

previous studies, during As removal by Fe(VI), a partial incorporation into the 

Fe- hydroxide nanoparticles was noted as one of the removal mechanisms, with 

adsorption, (co-)precipitation or precipitation as ferric arsenate (Prucek et al., 2013; 

Wang et al., 2020). This partial incorporation is expected to retain As better than its 

sequestration by adsorption or (co-)precipitation. According to previous studies, the 

removal of Mn by oxidative precipitation is expected to increase the Mn stability in the 

produced sludge than its removal by high-pH neutralization (Watzlaf, 1987; Watzlaf, 

and Casson, 1990).  To better anticipate the processes that impact the concentrations 

of As, Mn and Fe during the ECG and Fe(VI) treatments, geochemical calculations 

were performed with PHREEQC. The calculations for both ECG and Fe(VI) treatments 

suggest that the mineral phases likely to precipitate during treatment are primarily 

Fe-oxides/hydroxides. The two mineral phases that were selected among others as the 
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most likely precipitating phases are ferrihydrite and lepidocrocite due to their rapid 

reaction kinetics (Bigham et al., 2002). Further, these two mineral phases were 

identified in the mineralogical characterization using PXRD. In the current study, 

PXRD patterns showed the formation of poorly crystalline Fe-(oxy)hydroxide 

hydrates. For the ECG sludge, the generated phase appeared to be lepidocrocite 

(FeOOH) or β-FeO(OH), while for the Fe(VI) sludge, the dominant phase appeared to 

be ferrihydrite. The two phases are amenable to adsorb species such as arsenate 

(Alarcón et al., 2014; Gomes et al., 2007; Wang and Giammar, 2015). Additionally, 

the findings from PXRD analyses are in agreement with previous studies, which 

reported the formation of poorly crystalline phases such as lepidocrocite during ECG 

and Fe(OH)3 or Fe2O3 nanoparticles during Fe(VI) treatment for As removal (Gomes 

et al., 2007; Kong et a., 2023; Prucek et al., 2013; Wang et al., 2020). To evaluate the 

mobility and fractionation of As and Mn from the Fe(VI) and ECG sludges, the 

environmental behaviour of the sludges was investigated using N-SEP and FLT tests. 

The N-SEP results revealed that the major As fraction (97% for Fe(VI); 71% for ECG) 

was associated to the poorly crystalline Fe-(oxy)hydroxides. These findings are 

consistent with previous studies that have reported that As adsorption is a potential 

removal mechanism during ECG and Fe(VI) treatment (Kobya et al., 2022; Li et 

al., 2012; Sharma et al., 2007). In addition, the co-precipitation or incorporation of As 

into Fe-(oxy)hydroxides nanoparticles during the Fe(VI) treatment are potential 

immobilization mechanisms for As. This could be explained by the lower Fe/As molar 

ratio (10.6/1) in Fe(VI) treatment than in ECG (61.2/1) treatment (Rakotonimaro et 

al., 2021). Similar findings were previously reported in literature and the partial 

incorporation of As into the Fe-(hydr-)oxide nanoparticles is recognized as a possible 

removal mechanism of As during Fe(VI) (Prucek et al., 2013). The Mn removal 

through trapping by the generated flocs during ECG and by oxidation from Mn(II) to 

Mn(IV) and formation of Mn-oxides in Fe(VI) treatment resulted in slightly higher 

fraction of Mn bound to poorly crystalline Fe-(oxy)hydroxides in the ECG-sludge 

(54%) than in the Fe(VI)-sludge (42%). Indeed, the co-precipitation or incorporation 
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of As, the oxidation of Mn and formation of Mn-oxides during Fe(VI) treatment are 

factors enhancing the stability of the produced sludge and decreasing the potential 

leaching of both elements on the environment. This result is in line with the hypothesis 

(H4) of the lower mobility of As and Mn from the Fe(VI)-sludge than for the 

ECG- sludge. This low As mobility was also found in the FLT leachate for both ECG 

and Fe(VI) treatments. The concentrations of As measured in the FLT leachate are 3- to 

5-times lower than those of the SWQC and 4-7 times lower than the D019 criteria. The 

oxidation of As(III) to As(V) and its subsequent co-precipitation and sorption onto the 

Fe-(oxy)hydroxide surfaces can explain the increased As immobilization during the 

two treatments. The concentration of As mobilized from Fe(VI) sludge (0.05 mg/L) is 

slightly higher than that from ECG (0.03 mg/L). This could be attributed to the higher 

initial As content in the Fe(VI) sludge, the latter being more stable than the 

ECG-sludge, when the proportion of As mobilized is considered  (0.0026% of leached 

from Fe(VI)-sludge vs. 0.0055% for ECG-sludge). Furthermore, the Fe(VI)- and 

ECG-sludge can be considered as non-hazardous when the FLT leachate 

concentrations are compared to TCLP criteria (< 5 mg/L). In terms of Mn leaching 

during FLT test, the Fe(VI)-sludge could be more stable than the ECG-sludge. The Mn 

concentration in the ECG-sludge exceeded the SWQC1 criteria (0.26 mg/L). This 

finding may confirm the hypothesis related to the higher Fe(VI)-sludge stability and 

can be related to the suspected Mn removal mechanism (trapping as Mn(II) in ECG vs. 

oxidation and removal as Mn-oxide in Fe(VI)). Furthermore, this higher stability of 

Mn after oxidative precipitation was already reported in literature (Watzlaf, 1987; 

Watzlaf and Casson, 1990).  

 

 



221 

 

7.3 Comparison between ECG and Fe(VI) performances 

 

The findings from the current study are consistent with the results from previous studies 

on the removal efficiencies of As and Mn by ECG and Fe(VI) from synthetic and real 

effluents (Tables 2.3; 2.5) (Goodwill et al., 2016; Lakshmipathiraji et al., 2010; Lee et 

al, 2003; Parga et al., 2005; Shafaei et al., 2010; Wang et al., 2020). The results 

presented here also revealed that ECG and Fe(VI) can remove As and Mn efficiently 

and simultaneously from Ehigh without deteriorating the efficiency achieved with the 

treatment of synthetic effluents (SAs+Mn). However, the Fe(VI) treatment allowed for 

removing As (99.7%) and Mn (98.6%) almost completely from Ehigh, which initially 

contained 4.05 mg As/L and 4.27 mg Mn/L (Table 7.4). ECG was found to be less 

efficient in removing Mn (58.5%) from Ehigh which contained 4.17 mg Mn/L, and 

highly efficient for As removal (99.4%) with an initial concentration of 3.41 mg As/L 

(Table 7.4). These results are in accordance with the hypothesis (H3) on the higher 

performance using Fe(VI) than ECG for the removal of As and Mn from slightly 

contaminated mine water. The removal mechanism of Mn and the more demanding 

operating conditions for its treatment compared to As are probably the reasons for the 

different efficiencies between the ECG and Fe(VI) treatments. Indeed, the As removal 

relies on the production of Fe(III)-hydroxides to promote its (co-)precipitation or 

adsorption after the oxidation step. This observation was confirmed with the 

experiments performed using Fe(VI) in combination with Fe(III) as supporting 

coagulant. During the experiments, the amount of Fe(VI) decreased from 28 mg/L to 

12.5 mg/L after the addition of 8 mg/L as Fe(III), the As removal did not deteriorate, 

suggesting the dependency of As removal on the production of coagulant species, with 

lower amount of the oxidant. On the other hand, the removal of Mn required more 

oxidizing conditions, and thus it was more affected by the amount of Fe(VI) added.  
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In the case of Mn removal by ECG, which depends on the production of OH- (higher 

final pH), and the Fe-hydroxides, the identification of the most performant CD value 

to achieve satisfactory Mn removal (60% - equivalent to final [Mn] < 2 mg/L) lead to 

the application of higher CD (2 mA/cm2) compared to As removal (CD: 0.5 mA/cm2). 

This difference in CD requirements could be attributed to the dependency of As on the 

produced Fe-hydroxides which was achieved at this low CD, even at low pH value. 

Eventually, the more critical operating conditions required for Mn removal (higher 

amounts of Fe(VI) and higher value of CD) may have an important effect on the overall 

treatment performances and costs.  

 

The amount of sludge produced at the end of a treatment is a critical factor in the 

evaluation of its performance. The importance of considering the produced sludge lies 

in its further handling, discharging, and storage. The sludge may further be exploited 

for the recovery of valuable materials. In fact, the treatment by Fe(VI), according to 

the current study results (Table 7.4), produced considerably lower amounts of sludge 

in wet basis (440 g/m3), and lower masses of dry sludge (80 g/m3) compared to the 

ECG (1,227 g/m3 in wet basis; 300 g/m3 in dry basis). From a practical standpoint, the 

differences in the amounts of generated sludge can lead to increased difficulties and 

costs associated with the handling of ECG-sludge. These challenges would probably 

affect the evaluation of the process performance. The salinity is a known cause of 

toxicity to aquatic organisms. Therefore, the residual salinity of an effluent after the 

treatment is a crucial factor to consider before the final discharge. Due to the addition 

of chemicals (K2FeO4, Fe2(SO4)3•xH2O, H2SO4) when using the Fe(VI)s for the As and 

Mn removal, the residual salinity (expressed in EC (mS/cm)) was slightly increased 

with respect to the initial effluent salinity (Table 7.4). However, when the ECG 

treatment was performed, no change of salinity was observed, because no chemicals 

were added, except few drops of HCl for the pH adjustment before the treatment. 

Finally, it is worthy to mention that due to the addition of Fe2(SO4)3•xH2O salt in 

combination with Fe(VI), the final pH required a slight adjustment to respect the 
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regulations (MELCC, 2012, 6 < pH < 9). However, the amount of neutralizing agent 

(NaOH) added for this purpose was low and did not considerably contribute to the 

observed increase of the residual salinity.   

 

Table 7.4    Comparison between Fe(VI) and ECG performances for simultaneous 
removal of As and Mn from lowly-contaminated mine water 

Treatment Parameter 

 
Removal efficiency (%) pH EC (mS/cm) Mass of dry sludge (g/m3) 

As Mn Adjusted Final Initial Final 

ECG 99.4 58.5 6.50 7.15 2.50 2.50 278 

Fe(VI) 99.7 98.6 5.50 5.69 3.02 3.08 80 

 

 

The evaluation of the total operating costs (OCs) per 1 m3 of treated effluent by ECG 

and Fe(VI) was performed according to the variables and costs defined in Tables 3.1 

and 3.2. The estimated costs for each variable considered in the preliminary 

techno- economic evaluation for ECG and Fe(VI) are shown in Table 7.5. The ECG 

treatment cost evaluation indicated that the major component of the treatment 

contributing to the total cost was the electrodes’ cost. As shown in Table 7.5, the total 

cost of the ECG treatment was $2.04 CAD/m3. The cost of energy and neutralizing 

agent was very low compared to the estimated cost of the electrodes’ consumption. For 

the Fe(VI) treatment, as indicted in Table 7.5, the cost of the required Fe(VI)s was the 

main contributor to the total cost, which was 2.51 $ CAD/m3, with lower contribution 

of the other components (i.e Fe(III) salt, deionized water, neutralizing agents and the 

cost of equipment).  
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Table 7.5  Preliminary OCs evaluation for the treatment of Ehigh by ECG and Fe(VI) 

Parameter 
Total cost  
($ CAD/m3)  

ECG 

Cenergy  0.083 

Cneutralizing agent  0.01 

CElectrodes 1.95 

Fe(VI) 

Creagents   

Fe(VI)s 2.48 

Fe(III) salt 0.01 

Deionized water-Fe(VI) solution 0.01 

Deionized water-Fe(III) solution 0.004 

H2SO4 0.0005 

NaOH 0.0002 
 



 

CHAPTER 8 

GENERAL CONCLUSION 

The main objective of this study was to evaluate the performance of ECG and Fe(VI) 

treatments to simultaneously remove As and Mn from slightly contaminated mine 

water. To do so, treatability tests were performed on synthetic mine effluent containing 

only As (SAs), only Mn (SMn) and As and Mn (SAs+Mn) as well as surrogate mine water 

(Elow and Ehigh) to evaluate the effect of operating conditions on the removal of As and 

Mn. The physicochemical, mineralogical and environmental characterization of As- 

and Mn-rich sludge originating from the treatment of mine water using ECG and 

Fe(VI) was performed to assess the potential leaching of these contaminants with time. 

Then, the performances of ECG and Fe(VI) were compared.  

For ECG, the CD was the main operating factor influencing the removal of Mn and to 

a lesser extent of As, while the dose of Fe(VI) highly affected the performances of the 

treatment. Moreover, the results showed that ECG can efficiently treat SAs and SMn, 

even at low CD (0.5 mA/cm2 for As and 2.0 mA/cm2 for Mn) and ionic strength (from 

0.25 to 2.5 mS/cm), resulting in low residual salinity and potential associated toxicity. 

Neither antagonistic nor synergistic effects were observed for the simultaneous 

removal of As and Mn from SAs+Mn using the most performant conditions identified for 

SAs and SMn. The effect of inter-electrode distance (between 10 and 50 mm) and ionic 

strength (from 0.25 to 2.5 mS/cm) was quite negligible on the removal of As and Mn 

from SAs, SMn or SAs+Mn, while significantly increasing the consumption of sacrificial 

Fe-electrodes as well as energy. The removal of As was faster and more efficient from 

SAs+Mn than Mn (20 vs. 60 min and 97–98% vs. 59–64%, respectively) at a CD of 

2.0 mA/cm2. Finally, efficient removal of As and Mn was obtained for surrogate mine 
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water (Elow and Ehigh), with no addition of toxicity toward D. magna after treatment 

by ECG. 

For Fe(VI), the results highlighted that the dose of Fe(VI)s was the main operating 

factor influencing the removal of both Mn and As. The high dependency of Mn removal 

efficiency towards the dose of Fe(VI) added was attributed to the strong oxidizing 

conditions required during the treatment to oxidize Mn(II) to Mn(IV) prior to its 

precipitation, while the removal of As through (co-)precipitation and sorption on 

Fe-(oxy)hydroxide was most sensitive to the amount of newly formed 

Fe(III)-hydroxide. A 1.3- to 5.6-times higher dose of Fe(VI)s was required to efficiently 

remove As and Mn from SAs+Mn compared to SAs and SMn, which can be explained by 

some competition between As(III) and Mn(II). The combination of Fe(VI)s+Fe(III) at 

pHa of 5.5 showed efficient removal of As (99%) and Mn (97%), with a lower Fe(VI)s 

dose vs. Fe(VI)s alone, lower residual salinity, and lower associated operating costs. 

Finally, an efficient removal (99%) of As and Mn was obtained for Elow and Ehigh, with 

no addition of toxicity toward D. magna after the Fe(VI) treatment.  

These results suggest that ECG and Fe(VI) could be promising options for the 

simultaneous removal of As (>97%) and Mn (57-99%) from slightly contaminated 

mine water (<10 mg/L), in a one-step treatment process. However, the simultaneous 

removal of As and Mn required the application of more stringent operating conditions 

(higher CD for ECG and higher Fe(VI)s dose for Fe(VI)) to achieve satisfactory 

performances (similar to the treatment of SAs and SMn). The results also showed that 

the presence of competing ions such as Ca2+ can positively affect the ECG treatment 

performance in terms of contaminant and toxicity removals through the production of 

larger Fe-(oxy)hydroxide flocs, while the presence of SO4
2- negatively affected the 

removal of Mn by ECG, because of the potential formation of a passivating film at the 

surface of the sacrificial Fe-electrodes.  
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As for conventional treatment, both ECG and Fe(VI) processes produced As- and 

Mn-rich sludge that might represent a secondary source of contamination if not 

properly managed. A physicochemical and mineralogical characterization of these 

sludge showed that they were mainly composed of O (49-56 wt%) and Fe (56-57 wt%), 

with variable concentrations of As (1.2% for ECG-sludge vs. 3.8% for Fe(VI)-sludge) 

and Mn (0.77% for ECG-sludge vs. 5.3% for Fe(VI)-sludge). The lower content of As 

and Mn in ECG-sludge can be explained by the higher amounts of sludge produced and 

the lower removal efficiency obtained during ECG treatment, especially for Mn. The 

mineralogical characterization (PXRD and SEM-EDS) showed the formation of 

relatively homogeneous precipitate during the ECG treatment and heterogeneous 

precipitate with the Fe(VI) treatment, composed of poorly crystalline 

Fe-(oxy)hydroxides (lepidocrocite or β-FeO(OH) for ECG-sludge vs. ferrihydrite for 

Fe(VI)-sludge). This is in accordance with the N-SEP results, showing that a higher 

proportion of As was bound to poorly crystalline Fe-(oxy)hydroxide (97% for Fe(VI) 

vs. 71% for ECG), while a higher proportion of Mn was associated to the residuals 

(57% for Fe(VI) vs. 5.7% for ECG). Finally, FLT results indicated that very low 

amounts of As and Mn were leached out from the sludge produced by both ECG and 

Fe(VI) treatment. Indeed, the concentrations of As measured in the FLT leachate are 

3-5 times lower than those of the SWQC and 4-7 times lower than the D019 criteria. 

For Mn, the concentration leached out from ECG sludge slighlty exceeded the SWQC1 

criteria (0.26 mg/L), while the sludge from Fe(VI) met the criteria, indicating that 

Fe(VI) sludge seemed to be more stable than ECG sludge. This can be related to the 

suspected Mn removal mechanism (trapping as Mn(II) in ECG vs. oxidation and 

removal as Mn-oxide in Fe(VI)).  

Considering all these results, Fe(VI) treatment can be considered more performant than 

ECG with respect to As and, more importantly, Mn removal efficiency and sludge 

stability, despite higher residual salinity (that is not related to additional toxicity 

towards D. magna) and operating costs.  
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This study showed that Fe(VI) and ECG can be promising options for the simultaneous 

removal of As and Mn from mine water. Yet, few recommendations can be formulated 

to favor the industrial application of these technologies for the treatment of As- and 

Mn-contaminated mine water including:  

1) Additional treatability tests will be recommended to better understand the effect 

of water quality on the performances of ECG and Fe(VI) treatment and better 

document how the co-occurrence of contaminants (such as identify if other 

inorganic contaminant can be removed) can affect their removal efficiencies as 

well as operating costs; 

2) Additional mineralogical characterization of the fresh ECG- and Fe(VI)-sludge 

using X-ray absorption spectroscopy (XANES; XAFS) will be needed to 

further improve the knowledge about the mechanisms involved in As and Mn 

removal within the newly formed Fe-bearing precipitates by ECG and Fe(VI);  

3) The geochemical behavior of fresh and “aged” ECG- and Fe(VI)-sludge using 

static (i.e., pH-dependent leaching tests, anoxic leaching tests) and kinetic tests 

should be studied to better evaluate the long-term stability of the sludge. The 

effect of chloride on the mobility of As and Mn from ECG- and Fe(VI)-sludge 

should also be evaluated; 

4) The physical behavior of the ECG- and Fe(VI)-sludge in terms of its settlability, 

and its spontaneous tendency to separate from water can be important criteria 

to assess to better identify the most performant treatment process; 

5) ECG and Fe(VI) treatability tests must be performed at pilot scale in continuous 

mode to better evaluate the effect of hydraulic retention time on the removal of 

As and Mn and the requirement for air injection during ECG treatment; 

6) A techno-economic analysis of ECG and Fe(VI) treatment using reagent and 

electricity consumption values as well as considering the required space and 

cost of aeration in ECG from pilot scale experiments should be done.



 

APPENDIX 

7) # Treatment of surrogate mine water (Ehigh) using ECG at current density of 2 
mA/cm2 

8)  
9) database c:\phreeqc\database\WATEQ4F.DAT 
10)  
11) SELECTED_OUTPUT 1 
12)  
13) -file  Reem_ECG_data_PHREEQC.csv 
14) -pH true 
15) -pe  true 
16) -totals Al As As(+3) As(+5) Mn Mn(2) Mn(3) Mn(6) Mn(7) Fe Fe(+2) Fe(+3) 

B Ba Ca Cu Dc Li K Mg Na Ni Pb S Si Se Cl Br P F N C  
17)  
18) -saturation_indices Jarosite(ss) Jarosite-Na Jarosite-K JarositeH Goethite 

Hematite Ferrihydrite Lepidocrocite Schwertmannite Fe(OH)3 Fe(OH)3(a) 
Fe(OH)2.7Cl.3 Basaluminite Al(OH)3(a) Boehmite Pyrolusite Manganite 
Birnessite Bixbyite 

19)  
20) END  
21)  
22) PHASES  
23)  
24) Lepidocrocite #From minteq.v4 database 
25)  FeOOH + 3H+ = Fe+3 + 2H2O 
26)  log_k 1.371 
27)  delta_h -0 kJ 
28)  
29) Ferrihydrite #From minteq.v4 database 
30)     Fe(OH)3 + 3H+ = Fe+3 + 3H2O 
31)     log_k     3.191 
32)     delta_h   -73.374 kJ 
33)  
34) Schwertmannite #From Nordstrom (2020) 
35)     Fe8O8(SO4)1.26(OH)5.48 + 21.48H+ = 8Fe+3 + 1.26SO4-2 + 13.48H2O 
36)     log_k     18.5 
37)  
38) Basaluminite #From Nordstrom (2020) 
39)     Al4(OH)10SO4 + 10H+ = 4Al+3 + SO4-2 + 10H2O 
40)     log_k    24.0 
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41)  
42) Fe(OH)3 #From Nordstrom (2020) 
43)     Fe(OH)3 + 3H+ = Fe+3 + 3H2O  
44)     log_k     3.0 
45)  
46) Manganite 
47)  MnOOH + 3H+ + e- = Mn+2 + 2H2O 
48)  log_k 25.34 
49)  delta_h -0 kJ     
50)      
51) END     
52) SOLUTION 1 # initial Ehigh composition before the application of the current, 

and the adjustment of pH (i.e before the Fe electrode dissolution)  
53)  
54) units mg/L 
55) temperature 22  
56) pH 8.21 
57) pe 7.8 
58) Al 0.05 
59) As 3.41 
60) Mn 4.17 
61) Fe 0.09 
62) B 0.49 
63) Ba 115 
64) Ca 219 
65) Cu 0.08 
66) Cd 0.003 
67) Li 0.08 
68) K 115 
69) Mg 5.78 
70) Na 265 
71) Ni 0.003 
72) Pb 0.1 
73) S 320 
74) Si 3.35 
75) Se 0.02 
76) Cl 143 
77) Br 0.1 
78) P 0.1 
79) F 0.1 
80) N 32 
81) C 1 charge  
82)  
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83) END 
84)  
85) SOLUTION 2 # Ehigh (with the same composition of solution 1) after pH 

adjustment with 0.034 mL of 1 M HCl (change of Cl concentration is 
negligible)  

86)  
87) units mg/L 
88) temperature 22  
89) pH 6.50 
90) pe 7.8 
91) Al 0.05 
92) As 3.41 
93) Mn 4.17 
94) Fe 0.09 
95) B 0.49 
96) Ba 115 
97) Ca 219 
98) Cu 0.08 
99) Cd 0.003 
100) Li 0.08 
101) K 115 
102) Mg 5.78 
103) Na 265 
104) Ni 0.003 
105) Pb 0.1 
106) S 320 
107) Si 3.35 
108) Se 0.02 
109) Cl 143.002 
110) Br 0.1 
111) P 0.1 
112) F 0.1 
113) N 32 
114) C 1 charge  
115) END 
116)  
117) SOLUTION 3 # This is the composition of Ehigh after the application 

of the current. Fe concentration after the Fe electrode dissolution. Fe according 
concentration calculated according to the current density applied using 
Faradays law, and assuming that the composition of the Ehigh is the same. 

118)  
119) units mg/L 
120) temperature 22  
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121) pH 6.54 
122) pe 7.8 
123) Al 0.05 
124) As 3.41 
125) Mn 4.17 
126) Fe 127 
127) B 0.49 
128) Ba 115 
129) Ca 219 
130) Cu 0.08 
131) Cd 0.003 
132) Li 0.08 
133) K 115 
134) Mg 5.78 
135) Na 265 
136) Ni 0.003 
137) Pb 0.1 
138) S 320 
139) Si 3.35 
140) Se 0.02 
141) Cl 143 
142) Br 0.1 
143) P 0.1 
144) F 0.1 
145) N 32 
146) C 1 charge  
147) END 
148)  
149) Solution 4 # Final solution composition (sample collected after 1 h of 

reaction and 30 min of settling) 
150)  
151) units mg/L 
152) temperature 22  
153) pH 7.15  
154) pe 5.8 
155) Al 0.03 
156) As 0.02 
157) Mn 1.81 
158) Fe 0.89 
159) B 0.49 
160) Ba 110.59 
161) Ca 215.71 
162) Cu 0.08 
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163) Cd 0.003 
164) Li 0.08 
165) K 112.03 
166) Mg 5.05 
167) Na 261.43 
168) Ni 0.003 
169) Pb 0.1 
170) S 311.76 
171) Si 0.32 
172) Se 0.02 
173) Cl 138 
174) Br 0.1 
175) P 0.1 
176) F 0.1 
177) N 28 
178) C 1 charge  
179)  
180) END 



 

181) # Title Ferrate treatment for As and Mn removal (step by step) 
182) database c:\phreeqc\database\WATEQ4F.DAT 
183)  
184) SELECTED_OUTPUT 1 
185)  
186) -file  Reem_data_PHREEQC.csv 
187) -pH true 
188) -pe  true 
189) -totals Al As As(+3) As(+5) Mn Mn(2) Mn(3) Mn(6) Mn(7) Fe Fe(+2) 

Fe(+3) B Ba Ca Cu Dc Li K Mg Na Ni Pb S Si Se Cl Br P F N C  
190) -saturation_indices Jarosite(ss) Jarosite-Na Jarosite-K JarositeH 

Goethite Hematite Ferrihydrite Lepidocrocite Schwertmannite Fe(OH)3 
Fe(OH)3(a) Fe(OH)2.7Cl.3 Basaluminite Al(OH)3(a) Boehmite Pyrolusite 
Manganite Birnessite Bixbyite 

191)  
192) END  
193)  
194) PHASES  
195)  
196) Lepidocrocite #From minteq.v4 database 
197)  FeOOH + 3H+ = Fe+3 + 2H2O 
198)  log_k 1.371 
199)  delta_h -0 kJ 
200)  
201) Ferrihydrite #From minteq.v4 database 
202)     Fe(OH)3 + 3H+ = Fe+3 + 3H2O 
203)     log_k     3.191 
204)     delta_h   -73.374 kJ 
205)  
206) Schwertmannite #From Nordstrom (2020) 
207)     Fe8O8(SO4)1.26(OH)5.48 + 21.48H+ = 8Fe+3 + 1.26SO4-2 + 

13.48H2O 
208)     log_k     18.5 
209)  
210) Basaluminite #From Nordstrom (2020) 
211)     Al4(OH)10SO4 + 10H+ = 4Al+3 + SO4-2 + 10H2O 
212)     log_k    24.0 
213)  
214) Fe(OH)3 #From Nordstrom (2020) 
215)     Fe(OH)3 + 3H+ = Fe+3 + 3H2O  
216)     log_k     3.0 
217)  
218) Manganite 
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219)  MnOOH + 3H+ + e- = Mn+2 + 2H2O 
220)  log_k 25.34 
221)  delta_h -0 kJ     
222)      
223) END     
224)  
225)  
226) SOLUTION 1   #Initial composition of the water, metals concentrations 

analyzed by ICP, anions by IC 
227)  
228) units mg/L 
229) temperature 22  
230) pH 7.87 
231) pe 7.9 
232) Al 0.06 
233) As 4.05 
234) Mn 4.27 
235) Fe 0.22 
236) B 0.4 
237) Ba 435 
238) Ca 483.23 
239) Cu 0.08 
240) Cd 0.003 
241) Li 0.08 
242) K 125 
243) Mg 9.84 
244) Na 535 
245) Ni 0.003 
246) Pb 0.1 
247) S 533.56 
248) Si 3.64 
249) Se 0.02 
250) Cl 68 
251) Br 0.1 
252) P 0.1 
253) F 0.1 
254) N 91 
255) C 1 charge 
256)  
257) END  
258)  
259) SOLUTION 2 #Water composition after addition of 12.50 mg/L as 

FeO42- (solution prepared from K2FeO4 solid), (pH, pe higher than initial 
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conditions), to assume that the concentrations are still the same as in solution 1 
except Fe and K (because they can be calculated and there is no analysis for the 
metals during this step). Followed by 3 min rapid mixing. 

260)  
261) units mg/L 
262) temperature 22  
263) pH 9 
264) pe 11 
265) Al 0.06 
266) As 4.05 
267) Mn 4.27 
268) Fe 12.72 
269) B 0.4 
270) Ba 435 
271) Ca 483.23 
272) Cu 0.08 
273) Cd 0.003 
274) Li 0.08 
275) K 150 
276) Mg 9.84 
277) Na 535 
278) Ni 0.003 
279) Pb 0.1 
280) S 533.56 
281) Si 3.64 
282) Se 0.02 
283) Cl 68 
284) Br 0.1 
285) P 0.1 
286) F 0.1 
287) N 91 
288) C 1 charge  
289)  
290) END 
291)  
292) SOLUTION 3 #Water composition after the addition of ferric sulfate 

solution as supporting coagulant, the addition was 8 mg Fe(III)/L (here also we 
will assume the same composition as in solution 2, except Fe, S and the pH 
value. pe no change) 

293)  
294) units mg/L 
295) temperature 22  
296) pH 6.17 
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297) pe 11 
298) Al 0.06 
299) As 4.05 
300) Mn 4.27 
301) Fe 20.72 
302) B 0.4 
303) Ba 435 
304) Ca 483.23 
305) Cu 0.08 
306) Cd 0.003 
307) Li 0.08 
308) K 150 
309) Mg 9.84 
310) Na 535 
311) Ni 0.003 
312) Pb 0.1 
313) S 541.56 
314) Si 3.64 
315) Se 0.02 
316) Cl 68 
317) Br 0.1 
318) P 0.1 
319) F 0.1 
320) N 91 
321) C 1 charge 
322)  
323) END 
324)  
325) SOLUTION 4 #Water composition after pH adjustment with 0.15 mL, 

0.1 M H2SO4, directly after the addition of Fe(III) solution (to assume the same 
composition as in solution 3, execept the S concentration and the pH value). 

326)  
327) units mg/L 
328) temperature 22  
329) pH 5.52        #During the experiment, the color of ferrate vanishes after 

adjustment of pH. During the pH adjustment, the precipitate starts to form. 
330) pe 11 
331) Al 0.06 
332) As 4.05 
333) Mn 4.27 
334) Fe 20.72 
335) B 0.4 
336) Ba 435 
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337) Ca 483.23 
338) Cu 0.08 
339) Cd 0.003 
340) Li 0.08 
341) K 150 
342) Mg 9.84 
343) Na 535 
344) Ni 0.003 
345) Pb 0.1 
346) S 542.04 
347) Si 3.64 
348) Se 0.02 
349) Cl 68 
350) Br 0.1 
351) P 0.1 
352) F 0.1 
353) N 91 
354) C 1 charge 
355)  
356) END 
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