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Abstract 10 

The co-management of different wastewater matrices can lead to synergistic effects in terms of 11 

pollutants removal. Here, real municipal wastewater (MWW) and acid mine drainage (AMD) 12 

were co-treated studies, specifically using the monothetic analysis, i.e. one-factor-at-a-time 13 

(AFAT) approach. Optimum conditions were observed to be 15 min of mixing and 1:7 AMD to 14 

MWW liquid-to-liquid ratio. An increase in pH from ≤2.5 to ≥5.5 was observed hence leading to 15 

concurrent removal of metals, sulphate, and phosphate. Key mechanisms which were governing 16 

the co-removal of contaminants were dilution, precipitation, co-precipitation, adsorption, and 17 

crystallization. Specifically, the metal content of AMD (e.g., Al, Fe, Mn, Zn) was greatly 18 

(⁓95%) reduced, along with the sulphate (⁓92%), while MWW’s phosphate content was 19 

practically removed (≥99%). The fate of Al, Fe, Mn, Sulphate, and phosphate was confirmed 20 

using the product sludge. PHREEQC geochemical model predicted the formation of (oxy)-21 

hydroxides, (oxy)-hydro-sulphates, and metals hydroxides whilst P was removed as Pb, Mn, Al, 22 
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and Fe mineral phases. Ca and sulphate were removed as basanite and Pb, Fe, and Al as hydroxyl 23 

sulphate minerals. Overall, the co-treatment of real coal AMD and MWW appear to be feasible, 24 

yet not practical since exorbitant volumes of MWW are required to attain the desired quality.  25 

Keywords: municipal wastewater, acid mine drainage, co-treatment, partitioning of 26 

contaminants; fate of contaminants; PHREEQC geochemical model. 27 

1 Introduction 28 

The release of untreated acid mine drainage (AMD) and conventional municipal wastewater 29 

(MWW) is a major issue of environmental concern, both in the developed and developing world. 30 

Upon discharge, these effluents rapidly alter the physicochemical properties of receiving 31 

ecosystems, in different ways, hence affecting their ability to foster life [1, 2]. Therefore, the 32 

effective management of such effluents requires robust, yet practical, solutions given the aging, 33 

inadequate, or nonexistent wastewater treatment infrastructure in the developing world [3, 4]. 34 

Specifically, AMD comprise elevated levels of different chemical species such as metals, anions, 35 

oxyanions, and metalloids (e.g., Al, Fe, Mn, As, SO4
2−), while in some cases radionuclides can 36 

also be present [5]. AMD composition is greatly influenced by the type of the host mineral being 37 

weathered, during, or post, mining [1, 6]. When sulphide-bearing minerals such as arsenopyrite 38 

and pyrite get exposed to water and air, very acidic and metalliferous drainage, known as acid 39 

mine or rock drainage (AMD or ARD), is formed [7]. In active mines AMD formation is usually 40 

prevented or AMD is treated, however, in abandoned mines AMD will rise with the water level 41 

and commence to decant to the surface contaminating adjacent ecosystems and receiving water 42 

bodies [8, 9]. On exposure, chemical species contained in AMD can pose hazardous and toxic 43 

effects to aquatic and terrestrial organisms [10, 11], while  mutagenic, teratogenic, and 44 
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carcinogenic effects have also been suggested [12-14]. Nonetheless, if properly treated, minerals 45 

can be recovered and water can be reclaimed [15].  46 

On the other hand, MWW contains notable amounts of microbial contaminants, oxyanions, and 47 

nutrients [3, 16], of which, ammonia and phosphate are the elements of prime ecological concern 48 

[17, 18] due to  eutrophication pressures [3]. In conventional treatment facilities ammonia is 49 

primarily removed through biological treatment (nitrification-denitrification) [19], whilst 50 

phosphate is consumed by microorganisms [20]. The produced sludge is then dewatered and a 51 

dewatering effluent rich in ammonia and phosphates is produced [21]. This dewatering effluent, 52 

or MWW rich in phosphates, can be used as an innovative avenue for AMD treatment. 53 

Specifically, the trivalent (e.g., Fe
3+

 and Al
3+

) and divalent (e.g., Mg
2+

, Ca
2+

, and Mn
2+

) ions 54 

contained in AMD have strong affinity to phosphate [22, 23], while MWW’s neutral to slightly 55 

basic pH can promote the precipitation of metals contained in AMD.  56 

To date, a limited number of studies have focused on the effective co-treatment of MWW and 57 

AMD [24-26]. In particular, Hughes and Gray [27]  used activated sludge to treat AMD and for 58 

phosphates removal from MWW. Phosphates removal was linked to the high Fe and Al content 59 

of the AMD, while metals removal was link to an increase in alkalinity attributed to MWW, 60 

which in-turn promoted their precipitation. Furthermore, Strosnider, et al. [25] explored the 61 

passive co-treatment of Zn-rich AMD and raw MWW. The authors denoted the feasibility of co-62 

treatment at a ratio of 5:1 for AMD and MWW, respectively. However, the proposed technology 63 

entailed other treatment stages, such as lime neutralisation and bio-remediation [28-30]. On a 64 

different study, Smyntek, et al. [31] successfully demonstrated the viability of anaerobic co-65 

treatment of AMD and MWW for the removal of key pollutants from both streams. The use of 66 

AMD sludge for phosphates removal from MWW [32] or the recovery of Fe-species from AMD 67 
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[33] and their use for phosphates removal [34] has also been explored. A two-stage co-treatment 68 

process (batch mixing of AMD-MWW, followed by anaerobic biological treatment) [35] and the 69 

co-treatment by dual-chamber microbial fuel cells [24] have also been proposed. 70 

However, as was highlighted in a recent review by Spellman, et al. [36], various research studies 71 

have dealt with AMD-MWW co-treatment, but so far no study has dealt with the solids can are 72 

contained in the product sludge and have been generated during the interaction of AMD and 73 

MWW (co-treatment process). Therefore, in this work, apart from identifying the optimal 74 

conditions for AMD-MWW co-treatment, focus in also placed in the product sludge and 75 

specifically in identifying the fate and partitioning of inorganic contaminants post the co-76 

treatment process. The results of this work were underpinned by state-of-the-art analytical 77 

techniques, including focused ion beam (FIB) and high-resolution field emission scanning 78 

electron microscopy (HR-FE-SEM), coupled with Energy Dispersion Spectroscopy (EDS) 79 

capabilities. In addition, the advance geochemical model PH REdox EQuilibrium (PHREEQC) 80 

(in C language) was used to provide insight on the product sludge post the co-treatment process. 81 

To the authors’ knowledge, this is the first study, in the design and execution, that 82 

comprehensively quantifies the fate and partitioning of chemical species post the interaction of 83 

real coal AMD and MWW.  84 

2 Materials and methods 85 

2.1 Sample collection 86 

In this work, real wastewater effluents were collected, characterised, and used for batch 87 

experimental studies. Specifically, domestic wastewater was collected from a sludge dewatering 88 

stream at a municipal wastewater treatment plant in Gauteng province, South Africa. 89 
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Alternatively, raw wastewater could be used. High-density polyethylene (HDPE) closed-mouth 90 

bottles were used as the sampling containers. As soon as the effluent was collected it was placed 91 

in a cooler and then transferred to the laboratory, where it was refrigerated at 4°C. It should be 92 

mentioned that immediately after collection the wastewater dewatering effluent was passed 93 

through a Macherey-Nagel filter paper (MN 615. Ø125mm) to remove suspended solids and 94 

debris. Similarly, real coal AMD was collected from an active coal mine in Mpumalanga 95 

province, South Africa following the aforementioned procedure. Closed-mouth HDPE bottles 96 

were used as the sampling containers and similarly with the municipal wastewater dewatering 97 

effluent, AMD was passed through a Macherey-Nagel filter paper (MN 615. Ø125mm) to 98 

remove suspended solids and debris. 99 

2.2 Characterisation of the collected effluents 100 

The following analytical techniques were used for aqueous samples characterisation. In-situ 101 

analyses for pH and electrical conductivity (EC) were carried out using a multi-parameter probe 102 

(HANNA instrument, HI9828). Ex-situ analyses were carried out in Magalies Water Services 103 

Laboratory, Brits, North West, South Africa, (ISO/IEC 17025:2017 accredited). The 104 

electrochemical parameters (pH and EC)  of the co-treated AMD-MWW effluent were measured 105 

by means of the Thermo Scientific™ Gallery™ Plus discrete analyser. Finally, inductively 106 

coupled plasma mass spectrometry (ICP-MS) (XSeries 2, Thermo Fisher Scientific coupled to 107 

CETAC ™ ASX-520 Auto sampler) was used to identify the chemical composition of both the 108 

raw AMD and MWW effluents, as well as of the co-treated effluent.  109 

2.3 Prediction of the synthesised mineral phases 110 
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To complement the experimental results and determine the mineral phases that are more likely to 111 

be synthesised from the interaction of AMD with the MWW dewatering effluent (MWW 112 

thereafter), geochemical modelling was applied. The primary aim was to calculate the saturation 113 

indices (SIs) of the mineral phases, based on solution compositions and their respective 114 

concentrations. To this end, the geochemical model PHREEQC along with the WATEQ4F 115 

chemical speciation model were used [37]. Thenceforth, the chemical species which were more 116 

likely to precipitate were determined using the modelled SI numbers. In this case, SI values 117 

lower than unity (< -1) denote an under saturated solution, SI values equal to unity (= 1) denote a 118 

saturated solution and, lastly, SI values higher than unity (> 1) denote a supersaturated solution. 119 

2.4 Co-treatment studies 120 

To acquire an in-depth understanding of the factors influencing the removal of contaminants 121 

from both wastewater matrices, three main operational parameters, i.e., the liquid-to-liquid (L-L) 122 

ratio (effect of AMD to MWW volume), mixing time (effect of contact time), and temperature 123 

were examined. Ambient pH (7.37 for MWW and 2.57 for AMD) was considered for both 124 

wastewater matrices, since this will be the case for scaled up systems. Mixing was achieved by 125 

means of an overhead stirrer at 250 rpm. Specifically, the Phipps & Bird PB-900™ Series 126 

Programmable Jar Tester was used, which allows the replication of actual plant conditions and 127 

operations. To study the effect of L-L ratio, contact time, and temperature, monothetic analysis 128 

(i.e., the one-factor-at-a-time (OFAT) method) was used. Specifically, first the L-L ratiovaried, 129 

keeping the other parameters fixed to identify the optimal L-L ratio, and then a similar approach 130 

was used for contact time and temperature, as shown in Table 1. The effect of temperature was 131 

explored using a hot plate. 132 
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Table 1: Examined parameters and values for the co-treatment of AMD and MWW. 133 

Number Ratio 

(AMD:MWW) 

Time Initial pHs  Final pH  Temperature 

Reg no. mL:mL Minutes MWW:AMD - ℃ 

1 300:100 15 pH 7.37 : 2.57  2.35 26 

2 300:200 15 pH 7.37 : 2.57 2.38 26 

3 300:300 15 pH 7.37 : 2.57 2.39 26 

4 300:400 15 pH 7.37 : 2.57 2.43 26 

5 300:500 15 pH 7.37 : 2.57 2.43 26 

6 300:600 15 pH 7.37 : 2.57 2.5 26 

7 200:700 15 pH 7.37 : 2.57 2.64 26 

8 200:800 15 pH 7.37 : 2.57 2.67 26 

9 200:900 15 pH 7.37 : 2.57 2.74 26 

10 200:1400 15 pH 7.37 : 2.57 3.27 26 

11 50:350 15 pH 7.37 : 2.57 2.98 26 

12 50:450 15 pH 7.37 : 2.57 3.09 26 

13 50:550 15 pH 7.37 : 2.57 3.82 26 

14 50:650 15 pH 7.37 : 2.57 4.02 26 

15 50:750 15 pH 7.37 : 2.57 5.1 26 

16 50:750 1 pH 7.37 : 2.57 4.9 26 

17 50:750 2 pH 7.37 : 2.57  5.0 26 

18 50:750 5 pH 7.37 : 2.57 5.1 26 

19 50:750 10 pH 7.37 : 2.57 5.1 26 

20 50:750 15 pH 7.37 : 2.57 5.2 26 

21 50:750 20 pH 7.37 : 2.57 5.4 26 

22 50:750 30 pH 7.37 : 2.57 5.1 26 

23 50:750 45 pH 7.37 : 2.57 5.2 26 

24 50:750 60 pH 7.37 : 2.57 5.3 26 

25 50:750 90 pH 7.37 : 2.57 5.3 26 
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26 50:750 15 pH 7.37 : 2.57 5 20 

27 50:750 15 pH 7.37 : 2.57 5.1 25 

28 50:750 15 pH 7.37 : 2.57 5 30 

29 50:750 15 pH 7.37 : 2.57 5.3 35 

30 50:750 15 pH 7.37 : 2.57 5.1 40 

31 50:750 15 pH 7.37 : 2.57 5.1 45 

32 50:750 15 pH 7.37 : 2.57 5.2 50 

 134 

Specifically, the effect of the volume of each effluent was examined by considering L-L ratios 135 

(AMD: MWW) from as low as 1:15 to as high as 3:1. The effect of contact time was examined 136 

by mixing the AMD-MWW solution at time intervals from as low as 1 min to as high as 90 min. 137 

Lastly, the effect of temperature was examined by varying the temperature from 20 to 50 ℃. 138 

Experiments were performed in triplicate and results are reported as mean values. 139 

2.5 Characterisation of the product sludge 140 

The analytical instruments that were used to identify the elemental and mineralogical 141 

composition, along with the morphological and chemical properties and the metal functional 142 

groups of the minerals contained in the product sludge (post-treatment) are shown in Table 2.  143 

Table 2: The equipment used to identify the chemical species post co-treatment. 144 

Parameter Equipment Model 

Morphological 

properties  

FIB 

FESEM-

EDS 

Focused Ion Beam (FIB) combined with High Resolution 

Scanning Electron Microscopy (FE-SEM) coupled with Energy 

Dispersive Spectroscopy (EDS) capabilities. Auriga Cobra FIB-
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FE-SEM (Model: Auriga
@

 V05.05) FE-SEM with Oxford EDS 

Sputtering System, Make: Carl Zeiss, Supplier: Carl Zeiss, 

USA). 

Functional 

groups 

FTIR The Fourier Transform Infrared Spectrometer (FTIR) equipped 

with a Perkin-Elmer Precisely Universal Attenuated Total 

Reflectance (ATR) sampling accessory equipped with a 

diamond crystal (Perkin-Elmer Spectrum 100). 

Mineralogical 

composition 

XRD The powder X-ray diffraction patterns (XRD) were obtained 

from a PANalytical X’Pert Pro powder diffractometer using Cu-

Kα radiation with X’Celerator detector. 

Elemental 

composition 

XRF The Thermo Scientific™ ARL™ PERFORM'X Sequential X-

Ray Fluorescence (XRF) spectrometer for advanced materials 

characterisation integrates bulk elemental analysis. 

Of paramount importance is the high-resolution field emission scanning electron microscope 145 

(HR-FE-SEM), equipped with the cobra column focused ion beam (FIB) and energy-dispersive 146 

X-ray spectroscopy (EDS) capabilities (Carl Zeiss AURIGA® Series modular cross-beam 147 

workstation). This instrument ensured high quality results for the morphological properties of the 148 

minerals contained in the product sludge. Furthermore, the metal functional groups were 149 

ascertained using the Fourier transform infrared spectroscopy (FTIR), with attenuated total 150 

reflectance (ATR) functionality (Perkin Elmer Spectrum 100). Elemental compositions were 151 

ascertained using the XRF. First, the samples were roasted in alumina refractory crucibles at 152 

1,000 °C to determine the Loss On Ignition (LOI). Specifically, 1 g of sample was mixed with 6 153 

g of Lithiumteraborate flux and fused at 1,050°C to produce a stable fused glass bead. The 154 
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Thermo Fisher ARL Perform'X Sequential XRF instrument, with the Uniquant software, was 155 

used for analyses. The software can identify elements in the periodic table between Na and U, 156 

but only the elements with concentrations above the corresponding detection limits are reported. 157 

The values were normalised, to include LOI, to determine crystal water and oxidation state 158 

changes. A standard sample material was prepared and analysed in the same manner as the 159 

examined samples. 160 

Mineralogical composition analysis was performed by means of XRD. The samples were 161 

prepared according to the standardized Panalytical back loading system, which provides nearly 162 

random distribution of the particles. They were then analysed using the PANalytical X’Pert Pro 163 

powder diffractometer, in θ–θ configuration with an X’Celerator detector, variable divergence 164 

and fixed receiving slits with Fe filtered Co-Kα radiation (λ=1.789Å). The mineralogy was 165 

determined by selecting the best–fitting pattern from the Inorganic Crystal Structure Database 166 

(ICSD) database to the measured diffraction pattern, using X’Pert High score plus software. The 167 

relative phase amounts (weight% of crystalline portion) were estimated using the Rietveld 168 

method. 169 

The pH and EC of both raw wastewater matrices were measured using the Thermo Scientific™ 170 

Gallery™ Plus discrete analyser (for), while their chemical characteristics  by means of 171 

Inductively coupled plasma mass spectrometry (ICP-MS). The identified chemical compositions 172 

(Table 3)were also used as inputs in the PHREEQC geochemical model. 173 

3 Results and discussion 174 

3.1 Raw AMD and MWW chemical characteristics 175 
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The physicochemical characteristics of both wastewater streams, before their co-treatment, are 176 

reported in Table 3. 177 

Table 3: The chemical characteristics of the raw AMD and MWW. 178 

Parameter Acid mine drainage (AMD) Municipal wastewater (MWW) 

Nitrite 0.23 mg/L 0 mg/L 

Sulphate (SO4
2−) 12.42 mg/L 72 mg/L 

Iron (Fe) 1.80 mg/L 0.10 mg/L 

Manganese (Mn) 98.71 mg/L 0.10 mg/L 

Chromium (Cr) 0.06 mg/L 0 mg/L 

Copper (Cu) 0.25 mg/L 0 mg/L 

Nitrite (NO2
−
) 1.30 mg/L 0.01 mg/L 

Lead (Pb) 0.28 mg/L 0 mg/L 

pH 2.57 7.37 

Aluminium (Al) 500.00 mg/L 0.01 mg/L 

Electrical conductivity (EC) 1.70 mS/cm 388 mS/cm 

Ammonia (NH3) 0.01 mg/L 120.70 mg/L 

Zinc (Zn) 120.00 mg/L 0 mg/L 

Phosphate (PO4
3−) 1.10 mg/L 114 mg/L 

Calcium (Ca) 622. mg/L 27 mg/L 

Magnesium (Mg) 495.00 mg/L 50 mg/L 

Alkalinity 0 mg/L CaCO3 813 mg/L CaCO3 

Chemical oxygen demand 1480 mg/L 71 mg/L 
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As was expected, both effluents contained elevated concentrations of different contaminants 179 

(Table 3). Specifically, MWW was observed to be enriched with ammonia (NH3) and phosphate 180 

(PO4
3−), containing lower concentrations of sulphate (SO4

2−) and base metals (i.e., calcium (Ca) 181 

and magnesium (Mg)). Relatively high alkalinity was also observed (≥813 mg/L CaCO3), 182 

rendering MWW’s pH circumneutral (pH = 7.37). . Finally, the presence of PO4
3− and NH3 can 183 

be traced back to the decomposition of organic waste (mainly urea, amino acids and 184 

phospholipids) from living organisms [38], which also leads to high chemical oxygen demand 185 

(COD) values.  186 

On the other hand, AMD was observed to comprise iron (Fe) and SO4
2− as major elements, zinc 187 

(Zn), manganese (Mn), aluminium (Al), calcium (Ca), and magnesium (Mg) as intermediate 188 

elements, while lead (Pb), chromium (Cr),  and copper (Cu) were also present, but as trace 189 

elements. These elements and concentrations are typical for AMD matrices, while the presence 190 

of Fe and SO4
2− as major elements suggest that this AMD matrix is formed from pyrite’s (FeS2) 191 

oxidation [39, 40]. As was expected, the COD value was significantly lower than that of the 192 

MWW. The presence of Zn also implies the existence of zinc sulphide (ZnS) in the underlying 193 

mine lithology [41].  194 

As shown in Table 3, the concentrations of the aforementioned elements in both wastewater 195 

matrices are well above the prescribed limits for water being discharged to the environment, as 196 

specified in different standards, guidelines, and specifications [42-44]. Therefore, the high 197 

concentrations of a vast array of different contaminants in both wastewater matrices raises the 198 

question of whether their co-treatment would enjoy synergistic effects in contaminants removal 199 
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and, if that is the case, what are the optimal co-treatment conditions (L-L ratio, contact time, and 200 

temperature).  201 

3.2 Geochemical modelling 202 

To predict the fate of chemical species during the co-interaction of AMD with MWW, the 203 

PHREEQC geochemical model was employ. It was found that the chemical species in the raw 204 

AMD matrix (Table 3) exist as divalent, trivalent, and oxyanions. However, different complexes 205 

are formed during the co-mixing of these wastewater effluents, with the results for the saturation 206 

indexes listed in Table 4. 207 

Table 4: The chemical names, saturation index, and chemical formulas of the produced minerals 208 

from AMD-MWW co-treatment. 209 

Chemical name Saturation index (SI) Chemical formula 

Alunite            6.93 KAl3(SO4)2(OH)6 

Anglesite          3.44 PbSO4 

Anhydrite          0.01 CaSO4 

Cupric Ferrite      5.04 CuFe2O4 

Cuprous Ferrite     1.59 CuFeO2 

Epsomite           0.70 MgSO4:7H2O 

Goethite           6.00 FeOOH 

Gypsum             0.00 CaSO4:2H2O 

Hematite          14.13 Fe2O3 

Hxypyromorphite    0.26 Pb5(PO4)3OH 
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Jarosite(ss)      15.67 (K0.77Na0.03H0.2)Fe3(SO4)2(OH)6 

Jarosite-K        15.17 KFe3(SO4)2(OH)6 

Jarosite-Na       11.13 NaFe3(SO4)2(OH)6 

Jarosite-H (Hydronium)    10.64 (H3O)Fe3(SO4)2(OH)6 

Jurbanite          3.38 AlOHSO4 

Maghemite        3.73 γ-Fe2O3 

Magnetite         8.55 Fe3O4 

Manganese(II)hydrogen phosphate 7.67 MnHPO4 

Lead phosphate 2.59 Pb3(PO4)2 

Lead(II) hydrogen phosphate           2.68 PbHPO4 

Plumbogummite    4.65 PbAl3(PO4)2(OH)5:H2O 

Strengite          9.80 FePO4:2H2O 

As shown in Table 4, the PHREEQC results further support the hypothesis that different mineral 210 

phases are more likely to be synthesized from the interaction of AMD with MWW, which will 211 

then precipitate, if the pH conditions allow, with the product sludge. Firstly, the Fe-species that 212 

can be synthesized are Goethite (FeOOH), Hematite (Fe2O3), Maghemite (γ-Fe2O3), Magnetite 213 

(Fe3O4), Jarosite(ss) ((K0.77Na0.03H0.2)Fe3(SO4)2(OH)6), Jarosite-K (KFe3(SO4)2(OH)6), Jarosite-214 

Na (NaFe3(SO4)2(OH)6), Jarosite H ((H3O)Fe3(SO4)2(OH)6), CupricFerrite (CuFe2O4), and 215 

CuprousFerrite (CuFeO2). Furthermore, the Al-species that can be synthesized include Alunite 216 

(KAl3(SO4)2(OH)6) and Jurbanite (AlOHSO4). Fe and Al also precipitated as iron (oxy)-217 

hydroxides and aluminium (oxy)-hydroxides. Phosphates were removed as Hxypyromorphite 218 

(Pb5(PO4)3OH), Manganese(II) hydrogen phosphate (MnHPO4), Lead phosphate (Pb3(PO4)2,), 219 

Lead(II) hydrogen phosphate (PbHPO4), Plumbogummite (PbAl3(PO4)2(OH)5:H2O), and 220 
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Strengite (FePO4:2H2O). Ca was removed as gypsum (CaSO4·2H2O). Mg was removed as 221 

epsomite (MgSO4:7H2O). Lastly, SO4
2−was removed as CaSO4·2H2Oand Pb, Fe, and Al hydroxyl 222 

sulphate minerals. NH3was partially removed as nitrogen gas and this could have followed the 223 

Le Chatelier's principle. As a preamble, the PHREEQC results were corroborated by the ones 224 

obtained using FTIR and high-resolution SEM-EDS. Furthermore, the predicted mineral phases 225 

are in line with what has been reported elsewhere [48-50]. Therefore, it appears that different 226 

minerals are found in the product sludge, after co-treatment, which if could be recovered could 227 

possibly offset the cost and environmental impacts of the co-treatment process.  228 

 229 

3.3 Optimisation studies 230 

3.3.1 Effect of contact time 231 

The results for varying the contact time are shown in Figure 1.  232 
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Figure 1: The influence of contact time on the removal of contaminants during the interaction of 234 

AMD with MWW (conditions: ambient temperature and pH, 50:750 L-L ratio for AMD and 235 

MWW respectively, and 250 rpm mixing speed). 236 

As fixed parameters ambient temperature (26 
o
C) and pH (7.37 for MWW and 2.57 for AMD) 237 

for both effluents were considered, while the AMD to MWW (L-L) ratio was kept constant at 238 

1:15, i.e., 50 mL of AMD were diluted in 750 mL MWW. The reason for using this high dilution 239 

value is that for the effective mineral precipitation, the pH of the AMD-MWW matrix should be 240 

>5. As shown in Figure 1, a decrease in contaminants levels during the interaction of AMD with 241 

MWW is observed with increasing contact time. This is attributed to co-reactions and synthesis 242 

of new products against other complexes. It should also be noted that the Fe-based minerals 243 

contained in AMD also scavenge wastewater’s phosphates content, leading to its reduction, as 244 

will be discussed below. Using the pH value as an indicator, it is observed that the reaction 245 

reaches equilibrium at 15 min of mixing. However, after 5 min, the main pollutants contained in 246 

the AMD matrix, i.e., Al, Fe, and Mn, were drastically reduced, which denotes that relatively fast 247 

chemical reactions are taking place. These elements were observed to have practically depleted 248 

after 15 min of mixing and therefore the 15 min contact time, where the pH value has reached 249 

equilibrium, was considered as the optimal contact time. 250 

3.3.2 Effect of AMD to MWW ratio 251 

To gain insight into the processes that govern contaminants attenuation, a wide range of L-L 252 

(AMD:MWW) ratios, from as low as 1:15 to as high as 3:1, were examined using three different 253 

volumes for the AMD, i.e. 50, 200, and 300 mL, and varying the MWW volumes from 100 to 254 
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1400 mL (Table 1). The variations in the levels of different water quality determinants with 255 

varying AMD-MWW ratios are shown in Figure 2. 256 
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Figure 2: Variations in the levels of different water quality determinants, i.e., (a) EC, Ca, and 258 

Mg; (b) Fe, Al, Mn, and sulphate; (c) ammonia, P, Zn; and (d) Cr, Cu, Ni, Pb, and pH, with 259 

varying AMD-MWW ratios (conditions: ambient temperature and pH, 250 rpm mixing speed, 260 

and 15 min contact time).  261 

AMD dilution with MWW grossly influences the pH of the AMD-MWW matrix and by 262 

extension the ability of the co-treatment process to precipitate the metal content of AMD. The L-263 

L ratio also influences the (co)adsorption and other chemical reactions that lead to minerals 264 

synthesis, and thus it will define the minerals that can be recovered from the product sludge. This 265 

plays a significant role in the formation of oxyhydrosulphates, amongst other chemical species. It 266 

should be noted that minerals recovery and water reclamation are important factor for 267 

introducing reuse, recycle, and resource recovery paradigms in wastewater management [15, 16, 268 

45]. This can promote the sustainable management of such wastewater streams. Furthermore, it 269 

has been reported that significant MWW alkalinity is consumed during AMD-MWW co-270 

treatment, implying that an alkali addition might be necessary [27]. As such, the pH could be 271 

adjusted using chemical reagents such as sodium hydroxide (NaOH) [41] and periclase (MgO) 272 

[46, 47], but chemical addition is outside the remit of this work. 273 

The AMD-MWW matrices were mixed for 15 min, which was identified as the optimal contact 274 

time. As shown in Figure 2, contaminants removal efficacy largely increases with decreasing 275 

AMD: MWW L-L ratios, i.e., when AMD is diluted to larger MWW volumes. This is an 276 

indication that dilution plays an indispensable role in contaminants attenuation from both 277 

wastewater streams, and particularly from the AMD. Interestingly, the final levels, after co-278 

treatment, of different contaminants were not proportional to the dilution factors, thus, grossly 279 

suggesting that other mechanisms, such as adsorption, are at play which aid the attenuation of 280 
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contaminants from the AMD-MWW matrix. This is further supported by the fact that the EC 281 

value of each examined L-L ratio grossly varied from the mean EC value, suggesting the 282 

existence of other mechanisms beyond dilution.  283 

As shown in Figure 2, when the pH was ≥ 5, then ⁓95% of the metal content (i.e., Al, Fe, Mn, 284 

and Z) is removed, with the required AMD:MWW ratio to reach this pH value being 1:7, i.e., the 285 

50:350 ratio. Higher dilution with MWW is not practical, since typically the AMD volumes that 286 

need treatment are larger than the MWW volumes. A drastic reduction in SO4
2− (>20%) was also 287 

observed. Thenceforth, the PHREEQC model confirmed the synthesis of Jarosite-K and Jarosite-288 

Na and oxyhydrosulphates. The existence of Jarosite-K and Jarosite-Na is supported by the 289 

levels of K and Na that were identified in the product sludge, as is discussed below. 290 

Overall, an increase in AMD dilution with MWW can play a critical role in contaminants 291 

attenuation, with the optimal AMD: MWW L-L ratio, in terms of real-world applications, being 292 

1:7. Specifically, MWW is deficient in metals and SO4
2−but it is rich in NH3 and phosphates. On 293 

the other hand, AMD is rich in metals and SO4
2−and deficient in NH3 and phosphate. As such, 294 

phosphate affinity to divalent and trivalent Fe and Al contained in AMD, along with the increase 295 

in the pH of the AMD-MWW matrix, can be considered as the underlying mechanisms for 296 

contaminants removal. It should be also mentioned that no linear relationship between dilution 297 

(L-L ratio) and contaminants concentrations was identified, which suggest that other mechanisms 298 

such as precipitation, adsorption, co-precipitation, co-adsorption are contributing to the 299 

attenuation of chemical species in the AMD-MWW matrix.  300 

3.3.1 Effect of temperature 301 
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Finally, the effect of temperature on the co-treatment of AMD and MWW was examined and 302 

results are shown in Figure 3.  303 

 304 

Figure 3: The effect of temperature variation on the co-treatment of AMD and MWW 305 

(conditions: ambient pH, 50:750 L-L ratio for AMD and MWW respectively, 15 min contact 306 

time, and 250 rpm mixing speed). 307 

As shown in Figure 3, the effect of temperature (examined range 20 ℃ to 50 ℃) on the removal 308 

of contaminants from the two wastewater streams is insignificant. Specifically, the removal 309 

efficacies for Al, Fe, Mn, SO4
2−, and pH, as expressed in % removal, were observed to remain 310 

constant regardless of temperature variations (Figure 3).In all examined cases ≥97% of Al and 311 

≥99% of Fe were removed from AMD post the co-treatment, regardless the changes in the 312 

temperature of the AMD-MWW matrix, i.e., from 20 ℃ to 50 ℃. This is also the case for 313 

SO4
2−and Mn, where the removal percentages were practically constant (80% and 75% 314 

respectively) and were not affected by temperature variations. However, even though 315 

temperature appears to not affect most of the main pollutants of both AMD and MWW effluents,  316 
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increased temperatures can promote the  removal of NH3 as nitrogen gas [2]. Overall, the 317 

removal efficiencies of some of the main contaminants appear to be unaffected by temperature 318 

variations. Therefore, given the engineering challenges of wastewater temperature control at 319 

industrial scale, this technology is most likely to be scaled up under the South African and other 320 

sub-Saharan countries temperate climate. 321 

3.4 Co-treatment of AMD and MWW at optimal conditions 322 

Here the contaminant removal efficacies under the identified optimal conditions , i.e., L-L ratio 323 

1:7 (AMD: MWW), contact time 15 min, and ambient water temperature, are reported (Table 5) 324 

and  discussed. .  325 

Table 5: The effect of co-treating AMD-MWW at 1:7 ratio, 15 min contact time, and ambient 326 

temperature. 327 

Determinant AMD MWW Co-treatment Theoretical product 

pH 2.57 7.37 5.1 4.97 

SO4 (mg/L) 12418 72 900 12490 

Fe (mg/L) 1800 0.09 0.90 1800.09 

Mn (mg/L) 98,71 0.09 6.90 98.8 

Cr (mg/L) 0.06 0 0.03 0.06 

Cu (mg/L) 0.25 0 0.01 0.25 

Ni (mg/L) 1.30 0.01 0.10 1.31 

Pb (mg/L) 0.28 0 0 0.28 

Al (mg/L) 500 0,01 0,20 500 
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EC (mS/cm) 1700 388 256 2088 

NH3 (mg/L) <0.01 210.70 190 210.71 

Zn (mg/L) 120 <0.02 0.10 120.02 

PO4 (mg/L) 1.10 140 1.26 141.1 

Ca (mg/L) 622 27 66 649 

Mg (mg/L) 495 50 71 545 

Alkalinity 0 mg/L CaCO3 813 mg/L CaCO3 250 406.5 

COD 1480 mg/L 71 mg/L 1250 775.5 

As shown in Table 5, MWW was rich in NH3 and phosphates, while of other chemical species, 328 

such as Mg and Ca which also are partly responsible for the elevated EC value, were present. 329 

Similar to the pH of natural water, the pH of MWW was circumneutral. Overall, the identified 330 

concentrations can be considered typical for MWW [25, 30, 49]. On the other hand, the AMD 331 

was rich in Al, Fe, and SO4
2−, while low concentrations of Mn, Mg, Ca, and heavy metals were 332 

also identified. The pH was acidic, which causes the dissolution of the identified metals in its 333 

matrix.  334 

Post co-treatment, the product water was observed to comprise different concentrations of 335 

contaminants from both streams, however,  at significantly lower concentrations, suggesting that 336 

synergistic effects are achieved during co-treatment. Specifically, contaminants metals 337 

precipitate in the product sludge due to  the increase in pH. The reduction of NH3 concertation 338 

(~10%) and this may be attributed to co-adsorption and co-precipitation and to ammonia 339 

stripping. The drastic reduction of phosphates could be explained by Al and Fe scavenging and 340 

their subsequent precipitation in the product sludge, as shown in equations (1) and (2) [23]:  341 
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Al3+ +  PO4
3−  →  AlPO4       (1) 342 

Fe3+ +  PO4
3−  →  FePO4       (2) 343 

 344 

As a result the product sludge was found to contain valuable minerals, as is discussed in detail 345 

below, and therefore their recovery could promote resource recovery paradigms in wastewater 346 

management. 347 

Overall, it appears that AMD-MWW co-treatment can be promising, however based on the 348 

obtained results (Table 5) cannot act as a standalone treatment method. At best, AMD-MWW 349 

co-treatment can be considered as a low-cost pre-treatment method, albeit bearing in mind  that 350 

much larger MWW compared to the AMD volume will be required in real-word applications. 351 

Nonetheless, as mentioned above the co-treatment process can be modified using chemical 352 

addition, such as sodium hydroxide (NaOH), to control the pH of the AMD-MWW effluent. 353 

Furthermore, the high ferrous content in the AMD matrix suggest that this can be utilized for 354 

mineralizing organic compounds, mainly found in the MWW matrix, using the Fenton's reagent, 355 

an advance oxidation process (AOPs) where hydrogen peroxide (H2O2) and ferrous iron catalyst 356 

are used for decontamination [51]. For example, Fe²⁺ -rich AMD [52] or iron recovered from 357 

AMD sludge can be use as the catalyst in Fenton reagent  [53]. The Fenton's reagent can also be 358 

assisted by ultraviolet (UV)/visible irradiation, i.e., photo-Fenton, thus further improving the 359 

removal of micro-contaminants and organic pollutants that are typically contained in MWW 360 

[51]. By improving treatment efficiency apart from minerals recovery,  water could also be 361 

reclaimed (e.g., for irrigation), which would be of paramount importance in reuse, recycle, and 362 
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resource recovery wastewater management schemes. All the above will be examined in future 363 

works of our group.  364 

3.5 Characterisation of the minerals contained in product sludge 365 

3.5.1 Elemental composition analysis using XRF 366 

The elemental composition (Wt%) of the product sludge, i.e., after AMD-MWW co-treatment, , 367 

was identified using the XRF technique. To verify the obtained data, the United States 368 

Geological Survey (USGS) Standard Reference Material BHV O-1 was used. Results for the 369 

BHV O-1 standard and for the product sludge are shown in Table 6. 370 

Table 6: Elemental composition (Wt%) of the product sludge. 371 

Composition (Wt%)  

BHV O-1 Certified 

standard 

BHV O-1  

Analysed 

Product sludge 

SiO2 49.94 48.65 0.80 

Al2O3 13.8 13.83 2.53 

MgO 7.23 7.66 2.37 

Na2O 2.26 1.90 0.89 

P2O5 0.273 0.33 15.93 

Fe2O3 12.23 11.86 27.31 

K2O 0.52 0.53 1.02 

CaO 11.4 10.62 1.34 

TiO2 2.71 2.49 0.01 

V2O5 0.0566 0.06 0,01 
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Cr2O3 0.0422 0.04 0,01 

MnO 0.168 0.17 0.22 

NiO 0.0154 0.02 0.01 

CuO 0.017 0.02 0.00 

ZrO2 0.0242 0.10 0.01 

S  - 0.02 0.66 

Cl  - 0.01 0.01 

Co3O4  - 0.01 0.03 

ZnO  - 0.02 0.03 

Ag2O  - 0.04 0.05 

SrO  - 0.12 0,01 

Y2O3  - 0.02 0.01 

Nb2O5  - 0.04 0.01 

WO3  - 0,01 0.01 

PtO2  - 0.01 0.01 

ThO2  - 0.05 0.02 

Loss of ignition (LOI)  - 1.37 46.73 

Total 100.69 99.99 99.98 

As shown in Table 6, the product sludge was dominated by Fe and P as major elements, amongst 372 

intermediate concentrations of Mg, Al, Ca, S, and K, and traces of other elements. This confirms 373 

that the interaction of AMD with MWW can lead to the removal of contaminants from both 374 

wastewater streams and their settling in the product sludge. The high LOI values that were 375 



27 | P a g e  

 

observed in the product sludge denote the presence of hydrated species in the formed sludge, as 376 

is also reported in the XRD and FTIR results and was further conformed by PHREEQC model. 377 

3.5.2 Mineralogical composition using XRD 378 

The mineralogical properties of mineral phases that were contained in the product sludge were 379 

measured by means of XRD and the obtained XRD pattern is shown in Figure 4. 380 

 381 

Figure 4: Mineral phases contained in the product sludge. 382 

As shown in Figure 4, the interaction of AMD with the MWW led to the formation of crystalline 383 

and amorphous phases. The crystalline phases were observed for basanite (2CaSO₄ ·H₂ O), 384 

aluminium phosphate (AlPO4), iron phosphate (FePO4), and jarosite-K (KFe₃ (SO₄ )₂ (OH)₆ ). 385 

The results corroborate the ones obtained from the PHREEQC geochemical model. The results 386 

are also in agreement with the ones obtained by the XRF and particularly on the key elements 387 

which were observed to be prominent in the XRF analysis. The XRD results further support the 388 

hypothesis that Fe and SO4
2− from the AMD matrix, and K and P from the MWW matrix co-389 
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precipitate from their initial matrices to the product sludge to form the observed mineral phases 390 

(Figure 4). The noise in the peak confirms that  a large fraction of the formed minerals phases 391 

that is not crystalline, due to formation conditions. 392 

3.5.1 Metal functional groups of the product sludge 393 

The metal functional groups of the minerals that were synthesized during the co-treatment 394 

process and precipitated in the product sludge were identified and characterised using Fourier 395 

transform infrared (FTIR) spectroscopy. In Figure 5, the FTIR spectrum, along with the metal 396 

functional groups that were identified in the product sludge, are shown. 397 

 398 

Figure 5: The metal functional groups that were identified in the product sludge using FTIR 399 

technique. 400 

Firstly, FTIR spectroscopy revealed the presence of Fe-O (550 cm
-1

) [54] in the product sludge. 401 

This implies the existence of Fe-based minerals in the sludge, which confirms the ability of the 402 

co-treatment method to remove Fe-species that were initially contained in the AMD matrix. 403 
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Furthermore, the presence of Al-O (600-700, and 1550 cm
-1

) and SO4 (1050 cm
-1

) [7] further 404 

denotes the attenuation of these elements from the AMD matrix and their transition to the 405 

product sludge. Ca-Mg-O groups (…. cm
-1

) [55] denote the presence of base metals, which are 406 

an indication that these metals attenuate P through co-adsorption and co-precipitation. 407 

Furthermore, FTIR spectroscopy also revealed the presence of P and K, which are the key 408 

elements in human waste. Their presence confirms that these chemical species have precipitated 409 

from the MWW matrix to the product sludge. The presence of water (-OH group) denotes that 410 

the product sludge is hydrated, and the mineral phases therein are in hydrated form and nature 411 

(hydroxides). The obtained results are in agreement with the PHREEQC results. . It should be 412 

noted that due to competing ions and multiple interferences, struvite could not be formed from 413 

this co-treatment process. Results are in agreement with the ones presented in the water quality 414 

section and with the FE-SEM-EDS results, which are shown below. 415 

3.5.2 Morphological properties of the synthesised minerals 416 

The morphological characteristics of the producτ sludge are shown in Figure 6. As detailed in 417 

Table 2, FIB combined with high resolution (HR) FE-SEM and coupled with EDS was used to 418 

identify the morphological properties of the synthesised minerals. In particular, the Auriga Cobra 419 

modular cross-beam workstation was used. The FE-SEM function offers clear, ultra-high-420 

resolution images, with practically no distortion (Figure 6). This ensures that the obtained 421 

images can be used towards effectively revealing the morphology of the minerals under study.  422 
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 423 

Figure 6 (a-c): The FE-SEM images showing the changes in morphological properties of the 424 

resultant sludge from the co-treatment of AMD and MWW at (a)1 μm, (b) 200 nm, and (c) 100 425 

nm magnification. 426 
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As shown in Figure 6, the product sludge comprise regular shaped spherical-like structures, 427 

homogenously distributed across its entire surface. Furthermore, the morphological properties of 428 

the sludge surface were observed to remain the same regardless of the magnification (from 1 µm 429 

to 100 nm), hence denoting uniformity and consistency in the obtained results. The FE-SEM 430 

results also suggest that the sludge comprise nanomaterials with octagonal structures. The 431 

octagonal structure has been widely reported for Fe-based minerals, such as goethite and 432 

magnetite [56]. Therefore, the presence of octagonal and spherical particles could further allude 433 

to the presence of Fe-based minerals. The observed uniformity also suggests that these minerals 434 

are well-synthesized and cohesive. This is further confirmed by the elemental mapping and spot-435 

point-shoot results, which are discussed below. 436 

3.5.3 Elemental composition of the synthesised minerals 437 

As mentioned above, the utilised FE-SEM instrument was equipped with an Energy-dispersive 438 

X-ray spectroscopy (EDS) detector, which was used towards identifying the map sum spectrum 439 

and elemental composition of the product sludge. Results are shown in Figure 7. 440 

 441 
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Figure 7: The map sum spectrum showing the elemental composition of the product sludge. 442 

As shown in Figure 7, the product sludge was found to comprise O, Fe, S and P as its major 443 

elements, whilst low concentrations of K, Al, Mg, and Ca and traces of Na, Si, Cr and Mn were 444 

also identified. This composition denotes a clear representation of the AMD-MWW mixture in 445 

the product sludge and by extension the attenuation of these contaminants from the AMD-MWW 446 

matrix and their settling to the product sludge. Furthermore, as discussed above, Mg contributes 447 

to the removal of NH4
+ and PO4

3− from AMD-MWW matrix, while Fe and Al were removed as 448 

oxyhydrosulphates, as was emphasized in the PHREEQC results. The sorption of P onto Fe and 449 

Al trivalent and Mn, Ca, and Mg divalent ions is also apparent due to affinity ranges. 450 

Thenceforth, the formation of oxy-hydroxides and oxy-hydrosulphates are apparent in the 451 

obtained sum spectrum results (Figure 7). Furthermore, the presence of K is traced back to the 452 

jarosite species. As a result, the sludge appears to be rich in minerals that could be possibly 453 

harvested for future beneficiation. This could offset the cost and environmental impacts of the 454 

co-treatment process and promote resource recovery paradigms in wastewater management. 455 

3.5.4 Elemental composition analysis 456 

In this section, the FE-SEM and the corresponding EDS elemental mapping images of the 457 

product sludge are given and discussed. The aim is to acquire an in-depth understanding of the 458 

sludge’s elemental composition. Results are shown in Figure 8.  459 

 460 

 461 
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 462 

Figure 8: (a) The FE-SEM image product sludge and EDS elemental mapping for O (b), S (c), K 463 

(d), Fe (e), P (f), Cl (g), Al (h), Mn (i), Si (j), Mg (k), Ca (l), Na (m), Cu (n), and Cr (o).  464 
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The elemental mapping confirmed the existence of O, S, K, Fe, P, Cl, Al, Mn, Si, Mg, Ca, Na, 465 

Cu and Cr in the sludge matrix (Figure 8). These elements were also identified in the sum peaks 466 

presented in Figure 7. The existence of these elements further support that the co-treatment of 467 

AMD and MWW can attenuate contaminants from both matrices, since the product sludge 468 

contains key elements from both of these matrices. Therefore, results suggest that the co-469 

treatment of AMD and MWW can act as a passive treatment method for the AMD, while the 470 

MWW also enjoys some benefits of the co-treatment process, primarily due to P attenuation. 471 

3.5.5 Spot analysis using HR-SEM-EDS 472 

To further corroborate the results of the elemental composition, EDS spot-analysis was 473 

employed. The morphological properties and the spot-analysis with elemental distribution of the 474 

product sludge are shown in Figure 9.  475 

 476 
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 477 

Figure 9 (a-h): The SEM-EDS showing: (a) the spot analysis image for the product sludge, and 478 

(b) – (h) the relevant EDS spectra.  479 
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Specifically, O, Fe, and S were identified as the main elements, while similarly to the elemental 480 

composition analysis (Figure 8) lower concentrations of P, Mg, Al, and K, along with traces of 481 

Ca, Si, Cl, and Na were identified in the product sludge (Figure 9). The FE-SEM results 482 

corroborate the estimates of the PHREEQC geochemical model, which largely emphasised the 483 

formation of K-jarosite, oxy-hydroxides, and oxy-hydrosulphates. These results are also in 484 

agreement with the FTIR and the EDS results . Furthermore, it appears that the product sludge 485 

comprises different sizes of morphological properties for boulders therein, but these have the 486 

same elemental composition. The obtained results further confirm that the interaction of AMD 487 

with MWW lead to the attenuation of the main contaminants from both matrices and the 488 

synthesis and precipitation of these minerals to the product sludge. 489 

4 Conclusions and recommendations 490 

The findings from this study suggest that the co-treatment of acid mine drainage (AMD) and 491 

municipal wastewater (MWW) is feasible, yet not promising for real-world applications due to 492 

the large MWW volume compare to the AMD volume. The efficacy of the process is primarily 493 

governed by dilution, which increases the pH of the AMD-MWW matrix, along with other 494 

mechanisms such as adsorption, co-adsorption, complexation, crystallization, co-precipitation, 495 

and precipitation. These mechanisms play a critical role in the attenuation of contaminants from 496 

these wastewater effluents. In detail, low AMD:MWW ratios, i.e., AMD is diluted into a higher 497 

MWW volumes, were found to improve co-treatment efficiency, with the optimal AMD:MWW 498 

ratio being 1:7. The optimum contact time, i.e., mixing duration, was 15 min (mixing speed 250 499 

rpm), following by 30 min settling. The reaction kinetics were observed to be independent of 500 

temperature, hence the process will most probably not be affected by winter and summer 501 

temperature variations. Advanced analytical techniques (i.e., FTIR and FE-SEM-EDS) 502 
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confirmed the presence of O, Al, Fe, S, Mn, P, K, Ca and Mg as main elements in the product 503 

sludge, i.e., the sludge that is product after  co-treatment. The sludge morphology was spherical, 504 

having a homogenous surface at different examined nano-scaled magnifications. The particles 505 

shapes were the same in different magnifications. 506 

The PHREEQC model suggested that Fe-species were removed as Goethite, Hematite, 507 

Maghemite, magnetite, Jarosite (ss, K, Na, and H) and copper-based minerals, while Al was 508 

removed as Alunite and Jurbanite. Furthermore, Al and Fe were also precipitated as iron and 509 

aluminium (oxy)-hydroxides. Phosphates were removed as Pb, Mn, Al and Fe mineral phases. 510 

Ca and SO4
2−were removed as gypsum, whilst Pb, Fe, Al were removed as hydroxyl sulphate 511 

minerals. Chemical species were observed to exist as oxyanions, monovalent, divalent, and 512 

trivalent ions, and as well as different complexes. In light of the above, the viability of co-513 

treating AMD with MWW at industrial scale appear not to be practical considering the required 514 

volumes of MWW to AMD and their respective capacity and location. The product sludge was 515 

also highly mineralized and complex, thus making the recovery of the synthesized minerals 516 

challenging. Future research should focus on pre-treatment techniques, but more importantly on 517 

controlling the pH of the AMD-MWW matrix, e.g., by NaOH addition, as a mean to reduce the 518 

high MWW volumes. Finally, due to AMD’s high iron content the Fenton's reagent can 519 

maximize the co-treatment efficiency. 520 
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