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Abstract (max. 200 words) 16 

Acid mine drainage (AMD) are acidic streams rich in dissolved ferrous and non-ferrous metal 17 

sulfates and minor amounts of non-metals. Nanofiltration (NF) has been postulated as a potential 18 

technology in the metallurgical and mining industry to recover strong acids as H2SO4 and 19 

concentrate metallic ions from acidic mine waters. The performance of semi-aromatic polyamide 20 

(NF270) and sulfonated polyethersulfone (HydraCoRe 70pHT) NF membranes were evaluated at 21 

different trans-membrane pressures. Different synthetic solutions were filtered under spiral wound 22 

configuration at two pHs (2.0 and 2.8): i) a solution of Na2SO4 and ii) a solution mimicking AMD 23 

from dams, containing Na2SO4 and Fe2+, Zn2+ and Cu2+. NF270 showed metal rejections higher 24 

than 90 %, while for HydraCoRe 70pHT they were in between 60 and 70%. Metal rejection values 25 

decreased when solution acidity was increased. Chemical composition of the membrane active 26 
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layer and the aqueous metal-sulfate speciation were found to have a large impact on membrane 27 

separation process. Solution-Electromigration-Diffusion-Film model was used to estimate the 28 

membrane permeances to ions from the measured ion rejections. Furthermore, a full scale unit 29 

vessel containing six spiral wound membrane modules was simulated. NF270 showed a higher 30 

capacity for concentrating metal and sulfate ions (100%) than Hydracore 70pHT (50%). 31 

 32 
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 35 

1. Introduction 36 

Acid mine drainage (AMD) are strong acidic streams rich in dissolved ferrous and non-ferrous 37 

metal sulfates, and non-metallic species (e.g., As, Se) [1] occurring in galleries, mine workings, 38 

open pits, waste rock piles, and mill tailings in both operating and abandoned poly-sulfide mining 39 

sites [2–4]. AMD generation is straightforward and its final composition is a function of the 40 

geochemistry of the mineral deposits, presence of oxygen, water availability, microorganisms and 41 

temperature [5]. Due to the environmental threats posed by AMD, research has been focused on 42 

the development of cost-effective and sustainable solutions for the AMD treatment [6]. However, 43 

despite AMD is identified as the main concern for mining and extraction industries, no single 44 

successful initiative has developed the required combination of scale, resources and affordability 45 

to deal with the problem.  46 

The main effort to treat AMD has been allocated to the development of remediation techniques 47 

based on source control and migration control [7]. Source control techniques are directed towards 48 

controlling the formation of AMD at source and are based on avoiding the contact of oxygen 49 

and/or water with sulfide minerals [3,8,9]. Alternatively, sulfide oxidation can also be hindered by 50 

separating selectively sulfide minerals from the waste [8]. However, many attempts to prevent 51 
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AMD generation have proven to be unprofitable [10] with the risk of contaminating surrounding 52 

water bodies such as the underground aquifers. Different remediation options have been 53 

developed for the management of AMD once it has been generated and has eventually 54 

contaminated the surrounding water bodies. Among them are: i) its containment to prevent 55 

migration of contaminants (e.g., using geotechnical measures), ii) active treatments using an 56 

energy source (e.g., pump-and-treat systems, by which AMD-contaminated water is pumped, 57 

treated and, optionally, injected to the aquifer) and iii) passive treatments without any energy 58 

source (e.g., permeable reactive barriers, by which AMD-contaminated groundwater is treated in-59 

situ by an appropriate reactive material placed under ground in the path of the polluted water 60 

flow) [11–15]. Few efforts have been made so far in treating AMD for the recovery of sulfuric acid 61 

and/or dissolved transition metals [5]. These studies have involved AMD treatment with traditional 62 

technologies (chemical precipitation, adsorption, coagulation–flocculation, flotation and 63 

electrochemical methods [16,17]), membrane technologies [18,19], ion-exchange membranes 64 

(IXM) [20], membrane distillation (MD) [21], forward osmosis (FO) [22] and reverse osmosis (RO) 65 

[23]. 66 

Some recent studies have proposed the treatment of AMD by nanofiltration (NF) [18,19,24–28]. 67 

NF has the additional advantage of selectively separating single-charged ions with a wide range 68 

of rejection values, which makes feasible to concentrate metallic ions and, at the same time, 69 

recover acids from AMD [29,30]. Research studies have highlighted that H2SO4 rejection by NF 70 

depends on its speciation. For instance, Visser et al. [25] treated sulfuric acid solutions with 71 

aromatic and semi-aromatic polyamide-based NF membranes and found that at neutral pH 72 

(pH>pKa=1.9), when sulfuric acid is presented mainly as SO42-, the rejection percentage was 73 

higher than 99.9%, but at low pH (pH<pKa1.9), when the prevalent form of sulfuric acid is HSO4-, 74 

the rejection percentage was below 20%. Another factor that must be taken into account in the 75 

membrane performance is its iso-electric point (IEP), which is defined as the pH value at which 76 
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membrane exhibits zero charge [24]. It has been found that at pH lower than the IEP, the 77 

membranes present a positively charged surface, thus leading to high metal rejection, attributed 78 

to the positively charged membrane [18,19,23,24,31]. For example, Mullet et al. [24] filtered AMD 79 

with two polyamide NF membranes (NF270 and TriSep TS80) working at recovery ratios of 70% 80 

and observed that, at pH values lower than the IEP, cation rejection was maximized. Therefore, 81 

as reported by these previous studies, sulfuric acid can be, under appropriate pH, recovered in 82 

the permeate stream, while metal species are retained in the concentrated side. 83 

Among the different models to describe the separation performance of a NF membrane, the 84 

solution-diffusion model is widely applied [32–35]. Yaroschuck et al. [32] coupled the solution-85 

diffusion model to film model theory for single salts (Solution-Diffusion-Film model (SDFM)), and 86 

latter extended to electrolyte mixtures (Solution-Electromigration-Diffusion-Film model (SEDFM)) 87 

[33–36]. SEDFM allows to obtain the membrane permeance to a given ion, which depends upon 88 

both the membrane and ion properties. 89 

This study evaluated the valorization of acidic mine waters, i.e. the recovery of sulfuric acid and 90 

valuable metals (Fe, Zn and Cu) with two NF membranes under a spiral wound (SW) 91 

configuration: a) semi-aromatic polyamide based composite membrane (NF270) and b) a 92 

sulfonated polyethersulfone based composite membrane (HydraCoRe 70pHT). SEDFM was used 93 

to determine the membrane permeances to ions. The main novelty of this work is the effort to 94 

describe the transport mechanisms of ions in AMD through NF membranes taking into account 95 

the different chemical properties of the membranes and the ions speciation. It must be stressed 96 

that the HydraCoRe 70pHT is a novel membrane that has not been used to treat acidic waters 97 

according to the literature review. 98 

 99 
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2. Materials and methods 100 

2.1. Water composition 101 

Two synthetic acid solutions of Na2SO4 (at pH 2.8 and 2.0) with and without metal ions (Fe2+, 102 

Zn2+, Cu2+) were used in this study. Their composition is given in Table 1. The second type of 103 

water mimicked an AMD generated in a poly-sulfide mine in the South of Spain (Río Tinto). This 104 

mine is located in the South-Portuguese zone of the Iberian Peninsula, in the so-called Iberian 105 

Pyrite Bell, which is one of the main poly-sulfide deposits worldwide, mainly composed of pyrite 106 

(FeS2), chalcopyrite (CuFeS2), sphalerite (ZnS) and galena (PbS) [37]. The compositions of the 107 

synthetic waters were based on average values of the AMD stored in the pond of the mine along 108 

one year. Major components (Na+, SO42-, Fe2+, Zn2+, Cu2+) were considered for the experimental 109 

design, while metals at concentrations below 20 mg/L (Ca, Mg and Al, among others) were not 110 

included. The two pH values were selected according to the limit values reported in the mining 111 

operation site 112 

For the first type of water, a solution containing 0.1 M H2SO4 was prepared and NaOH 50% was 113 

carefully added until the desired pH value was obtained (2.8 and 2.0). For the second type of 114 

water mimicking an AMD, appropriate amounts of Fe, Cu, Zn from their respective sulfate salts 115 

were dissolved in the solution described above and pH was adjusted by the addition of H2SO4. 116 

Speciation diagrams obtained with Hydra/Medusa software [38] are shown in Annex I. 117 

Table 1. Concentrations of the both types of water 118 

pH [H+] 

(mmol/L) 

[Na+] 

(mmol/L) 

[SO42-] 

(mmol/L) 

[Fe2+] 

(mmol/L) 

[Zn2+] 

(mmol/L) 

[Cu2+] 

(mmol/L) 

2.8 1.6 200 100 - - - 

2.0 10 190 100 - - - 

2.8 1.6 49 80 45 4 5 

2.0 10  46 94 56 7 3 
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2.2. Membrane set-up and procedure 119 

Two different membranes were tested under SW configuration: NF270 (from Dow Chemical) and 120 

HydraCoRe 70pHT (from Hydranautics). NF270 is a thin-film composite based on a semi-121 

aromatic polyamide active layer, where carboxylic (R-COOH) and amine (R-NH2) groups are 122 

present. NF270 has an IEP value of 3, and the membrane z-potential has a value of 2 and 5 mV 123 

at pH 2.8 and 2, respectively [39]. This membrane is suitable for operation at pH from 2 to 11 up 124 

to a maximum pressure and temperature of 41 bar and 45 °C, respectively. HydraCoRe 70pHT is 125 

based on a sulfonated polyethersulfone active layer. Coatings of sulfonated polysulfone or 126 

sulfonated polyethersulfone have been applied to a porous support to create negatively charged 127 

membranes (due to the presence of R-SO3H groups) with good chemical resistance to acids and 128 

chlorine [40–42]. According to literature, HydraCoRe 70pHT is a negatively charged membrane 129 

with zeta potential value constant (-85 mV) for the pH range from 3 to 11 [43]. Breite et al. [44] 130 

also reported negative values of z-potential from pH 3 to 11 for synthetized membranes 131 

containing sulfonic groups. In addition, membranes containing sulfonic groups (widely used in 132 

electrodialysis and diffusion dialysis) have pKa values between 0 and 1 [45]. Thus it was 133 

expected qualitatively that at the acidity conditions in this study (pH of 2.0 and 2.8) the membrane 134 

was negatively charged [45]. HydraCoRe membrane allows operation at a wider range of pH, with 135 

values lying between 1 and 13.5 and maximum temperature and pressure of 70 °C and 41 bar, 136 

respectively. HydraCoRe 70pHT membrane is suitable for color removal. Nevertheless, the 137 

presence of a high negative surface charge might make this membrane suitable for acid removal 138 

too. Figure 1 shows the chemical active layer of both membranes. 139 
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 140 

Figure 1. Chemical structure of a) NF270 [45] and b) a sulfonated polyethersulfone [46] 141 

 142 

Feed solution (50 L) was kept in a refrigerated tank at 25 ± 2 °C and was pumped to the 143 

membrane module by a diaphragm pump, passing previously through a pre-filter cartridge. The 144 

solution reached the membrane module and two output streams were obtained, the permeate 145 

and the retentate. Both generated streams (retentate and permeate) were recirculated to the feed 146 

tank solution. In order to control the trans-membrane pressure (TMP) and cross-flow velocity 147 

(cfv), one by-pass valve before the entrance of the module and a needle valve in the retentate 148 

stream were used. These two valves allowed to vary the TMP, which was directly correlated with 149 

the trans-membrane flux. Several parameters such as pressure, conductivity and flow-rate were 150 

monitored during the experiments by means of manometers, conductivity-meters and flow-151 

meters. NF270 and HydraCoRe 70pHT modules had an active area of 2.6 m2 and 6.4 m2, 152 

respectively. Figure 2 shows a scheme of the experimental setup used. 153 

 154 
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 155 

Figure 2. Experimental setup for the SW membrane configuration including details on the 156 

main system components (feed solution tank, membrane module, pump, on-line 157 

monitoring sensors (T, P, electric conductivity) and piping). Arrows indicate fluid 158 

circulation directions. 159 

  160 

The experimental procedure started with the membrane compaction at 20 bar for 2 hours by 161 

filtering feed solution. After that, feed flow rate was fixed at 14.3 L/min and pressure was 162 

gradually varied from 4.5 to 20 bar. Samples from the permeate side were collected and analyzed 163 

at different TMP. Once an experiment was finished, the membrane was cleaned with de-ionized 164 

water at 10 bar for 1 h and at 20 bar for 1.5 h. To ensure that the membrane was cleaned 165 

successfully, the hydraulic permeability was compared with the corresponding value of a virgin 166 

membrane. If both values differed by more than 5 %, another cleaning was applied again until 167 

differences were below that value.  168 

A second set of experiments was carried out in order to simulate filtration in a vessel containing 169 

six spiral wound membrane modules. For this purpose, the two output streams generated by the 170 

module were collected in different tanks, and only the concentrate collected from one step was 171 
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used as feed solution for the next one. Before filtering the concentrate in the next membrane 172 

step, solution was allowed to circulate through the system for 5 minutes. TMP was fixed at 10 bar, 173 

which was the TMP at which maximum rejections were observed in the first set of experiments. 174 

Concentrate and permeate samples were collected and analysed in each membrane filtration 175 

step.  176 

  177 

2.3. Analytical methods 178 

Samples were analyzed by different techniques, depending on the ion of interest. Sodium and 179 

sulfate were analyzed by ion-chromatography (Dionex ICS-1000 and Dionex ICS-1100). Two 180 

different columns were used: IONPAC® CS16 and IONPAC® AS23 for cations and anions, 181 

respectively. Cationic exchange column used 0.03 mol/L methane sulfonic acid as eluent, while 182 

anionic exchange column used a mixture of 4.5 mmol/L Na2CO3 and 0.8 mmol/L NaHCO3 as 183 

eluent. The pH of feed and permeate solutions were measured with a pH electrode. Copper and 184 

zinc were analyzed by atomic absorption spectrophotometry (VARIAN SPECTRAA-640), and 185 

Fe(II) concentration was determined by an acid-base titration (Mettler Toledo T70), using a Pt 186 

electrode and potassium dichromate (K2Cr2O7) 0.01 mol/L as titrant solution. 187 

The analytical techniques used in this study allowed to measure the total concentration values of 188 

each element (e.g., Na and SO4). Then, from the chemical equilibrium reactions constants it is 189 

possible (Table A1.1 in Annex I) to determine the free concentration values of the different ions in 190 

solution (e.g, Na+, NaSO4-, HSO4-). Then, under this scenario and due to the difficult to describe 191 

the solution-chemistry inside the membrane free-volume, the ion rejections were described 192 

according the predominance of the dominant ions. 193 

 194 
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2.4. Ion rejection modelling by using the Solution-Electromigration-Diffusion-Film  195 

model 196 

Solution-Electromigration-Diffusion-Film model was applied to fit experimental data for both 197 

dominant salt and trace ions [32,34,35,47]. The dominant salt is formed by the cation and anion 198 

with the highest concentration in solution. Trace ions are defined as those whose concentration is 199 

lower than 5 % of the concentration of the dominant salt. In our experiments, the dominant salt 200 

was Na2SO4, while the trace ions were H+ and, when present, Cu2+ and Zn2+. It is worth to 201 

mention that Fe2+, when present, had a concentration comparable to that of the dominant salt 202 

and, therefore, it could not be considered a trace ion. The model allows to relate the observable 203 

(Robs) and intrinsic (Rint) rejections of the dominant salt and trace ions as a function of trans-204 

membrane flux (Jv). Intrinsic rejection takes into account the ion concentration in the solution 205 

adjacent to the membrane surface due to concentration polarization, while observable rejection is 206 

referred to feed solution concentration (see Eqs. 2 and 3). It must be bear in mind that the 207 

applicability of the model is limited to the presence of only one dominant salt. Therefore, while the 208 

model could be applied in those experiments with a feed solution containing only the dominant 209 

salt (Na2SO4), it could not be applied in those others with a feed solution containing also Fe2+ at a 210 

concentration comparable to that of Na2SO4.  211 

Equations from the model are collected in Table 2. Concentrations of dominant salt and trace ion 212 

are referred in equations as cs and ct, respectively. Subscripts identifies the feed (c’) and 213 

permeate side (c’’), while c(m) is referred to the ion concentration in the solution adjacent to the 214 

membrane surface. First of all, the fitting of the dominant salt is performed (Eq. 1) to determine 215 

two parameters: the permeances of the membrane and the concentration polarization layer to the 216 

dominant salt (Ps and Psδ). These parameters allow to determine the thickness of the unstirred 217 

layer (δ). Intrinsic rejection of dominant salt (Rsint) can be calculated by Eq. 6 and its reciprocal 218 

intrinsic transmission (fs). The concentration of trace ions in the solution adjacent to the 219 
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membrane surface can be calculated by Eq. 8 and, then, its intrinsic rejection (Rtint) and reciprocal 220 

intrinsic transmission (ft) can be determined. From Eq. 13 and ft, the parameters b and K are 221 

calculated and used for the determination of the membrane permeances to dominant and trace 222 

ions (P±, Pt) following Eq. 17 and Eq. 18 .  223 

Table 2. Transport equations of SEDF model [32,34,35,47] 224 

Observable salt rejections   

R
‐

‐

   

Where: 

Eq. 1 

≡ 1
"
  Eq. 2 

R ≡ 1   
Eq.3  

  
Eq. 4 

	
	 	

	 	
  

Eq. 5 

Intrinsic salt rejections   

1
 

Where: 

Eq. 6  

 ≡ 1
"
  Eq. 7 

Trace ion concentration in the solution adjacent to the membrane surface  

Eq. 8 
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1 1

1 1     

Where: 

	    Eq. 9 

	    Eq. 10 

≡   
Eq. 11 

	
	

  
Eq. 12 

Reciprocal transmission of trace ion   

  

Where:  

Eq. 13 

	 " 	   
Eq. 14 

	 " 	   
Eq. 15 

≡   
Eq. 16 

≡    Eq. 17 

Membrane permeances to dominant ions  

  Eq. 18 
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3. Results and discussion 225 

3.1. Rejection of Na2SO4 from solutions at acidic pH (2.0 to 2.8) 226 

The observable rejections for the dominant salt (Na2SO4) and trace ion (H+) as a function of 227 

trans-membrane flux for both membranes (NF 270 and HydraCoRe 70pHT) at pH 2.8 and 2.0 are 228 

depicted in Figure 3. Symbols represent the experimental data and lines are the SEDF model 229 

prediction (equations were shown in Table 2). From the measured concentrations of Na+ and 230 

SO42- in feed and permeate streams, the rejection of each ion was calculated. Due to the low 231 

concentration of H+ in solution, both ions (Na+ and SO42-) permeated together to ensure electro-232 

neutrality and the differences between their rejections were lower than 1 %. Na2SO4 rejection 233 

depicted in the Figure 3 was calculated as the mean of Na+ and SO42- rejections. 234 

 235 

Figure 3. Observable rejection (Robs) curves as a function of trans-membrane flux (Jv) with 236 

feed solution containing sodium sulfate (Na2SO4) at pH 2.8 for a) NF270 and b) HydraCoRe 237 

70pHT membranes, and at pH 2.0 for c) NF270 and d) HydraCoRe 70pHT membranes. 238 

Points and lines represent the experimental data and prediction by SEDF model, 239 

respectively. 240 

 241 
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Both membranes exhibited different performance due to differences in their active layer 242 

properties. First, NF270 allowed to obtain higher trans-membrane fluxes than HydraCoRe 70pHT 243 

for the same TMP (Table 3). Second, NF270 showed Na2SO4 rejection higher than 89 % for both 244 

pH 2.8 and 2.0, while in the case of HydraCoRe 70pHT the rejection was around 75 %. 245 

 246 

Table 3. Trans-membrane pressure and corresponding pH and solvent flux of permeate 247 

stream for NF270 and HydraCoRe 70pHT membrane with Na2SO4 solutions 248 

 NF270 HydraCoRe 70pHT 

 Feed pH = 2.8 Feed pH = 2.0 Feed pH = 2.8 Feed pH = 2.0 

ΔP 

(bar) 

Jv 

(µm/s) 

Permeate 

pH 

Jv 

(µm/s) 

Permeate 

pH 

Jv 

(µm/s) 

Permeate 

pH 

Jv 

(µm/s) 

Permeate 

pH 

8.35 3.8 3.8 3.2 2.9 3.4 3.5 3.1 2.8 

11.5 12.2 3.9 11.5 3.0 5.7 3.6 5.2 2.9 

15.5 17.3 4.1 16.6 3.1 8.1 3.6 7.8 2.8 

20 21.8 4.1 20.5 3.2 11.2 3.6 10.6 2.8 

 249 

Ion rejection depends not only on the type of membrane used as shown in Figure 3 but, for a 250 

given membrane, also on the pH. This influence of pH was reported by Artuğ et al. [48], who 251 

evaluated a number of different commercial NF membranes, including NF270, in a cross-flow 252 

filtration under flat sheet configuration and observed a decrease of Na2SO4 rejection from 98% to 253 

90% when pH was lowered from 6 to 2.5. This decrease was attributed to a change of the 254 

membrane charge, which shifted from negative at pH 6 to positive at pH 2.5. According to 255 

literature, the IEP of the NF270 membrane lies between 2.5 and 3.5, depending on the electrolyte 256 

and its concentration [24,48]. Therefore, it is expected that at pH lower than the IEP, the 257 
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membrane becomes positively charged due to the protonation of carboxylic groups (R-COOH) 258 

and to the partial protonation of amine groups (R-NH3+).  259 

Together with the membrane charge, equilibrium reactions among the different ion species in 260 

solution should also be considered. As shown by the speciation diagrams in Annex I, SO42- is not 261 

the only anion species present at pH 2.8, since it co-exists with HSO4- and NaSO4- (which 262 

represent 10% and 20% of the total sulfate in solution, respectively). Thus, speciation is of 263 

paramount importance, since not all species are equally transported through (and therefore 264 

equally removed by) a membrane. According to the dielectric exclusion phenomenon [49], the 265 

transport of single-charged ions (such as HSO4- and NaSO4-) is favored over that of multi-266 

charged ions (such as SO42-). Moreover, according to Donnan exclusion, transport of counter-267 

ions is favored through the membrane, while the passage of co-ions is impeded. Nevertheless, 268 

despite the electrostatic repulsion between counter-ions and the membrane fixed charges, an 269 

equal number of counter-ions permeate through the membrane to meet electro-neutrality 270 

requirement. Figure 4 illustrates the effect of pH on the transport of ions through the NF270 271 

membrane. These factors explain why salt rejection by NF270 slightly decreased from 89% to 272 

87% when pH was lowered from 2.8 to 2.0 (Figure 3). On the one hand at pH 2.0, SO42 partially 273 

shifted to HSO4- (showing a prevalence of 40% of the total sulfate, see Annex I) and to NaSO4- 274 

(around 20 % of total sulfate), which better permeate through the membrane than SO42-. On the 275 

other hand, lowering pH from 2.8 to 2.0 resulted in a more positively charged membrane (z-276 

potential increased from 2 to 5 mV when pH was decreased [39]), which further favored the 277 

passage of HSO4- and NaSO4- through the membrane. Proton rejection also decreased. 278 

Transport of H+ was favored instead of Na+ due its lower size and higher diffusivity. Due to the 279 

positive membrane charge, the dominant ion in solution (Na+) controlled the transport of ions 280 

through the membrane. Visser et al. [25] filtered acidic Na2SO4 solutions (5·10-3 M) with different 281 
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NF membranes in a dead-end module and reported that Na2SO4 rejection decreased when pH 282 

was lowered due to the presence of single-charged HSO4-.  283 

 284 

 285 
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Figure 4. Schematic representation of the ion transport (expressed by arrows) depending 286 

on pH for NF270 and HydraCoRe 70pHT membranes. 287 

 288 

Na2SO4 rejection for HydraCoRe 70pHT decreased from 75 % (pH 2.8) to 70% (pH 2.0). Similarly 289 

to the NF270 membrane trend, the charge of the HydrCoRe 70pHT membrane is affected by pH 290 

solution though in a different way. At both pH (2.8 and 2.0), this membrane is expected to be 291 

negatively charged, due to the presence of ionized sulfonic groups (R-SO3-). As reported in the 292 

literature, HydraCoRe 70pHT contains a negatively charged active layer with zeta potential value 293 

constant (-85 mV) for the pH range from 3 to 11  [43]. According to ion-exchange membranes 294 

data, the pKa values for sulfonic groups lies in between 0 and 1, thus it is expected that at the 295 

evaluated pH range (2 to 2.8) the membrane is negatively charged [50]. Figure 4 illustrates the 296 

effect of pH in relation to the pKa value of HSO4-/SO42- equilibrium on the transport of ions through 297 

the HydraCoRe 70 pHT membrane. The negative charge at pH 2.8 impedes the passage of SO42- 298 

(predominant species accounting for approximately 70% of the total sulfate as shown in Appendix 299 

I). However, at pH 2.0 the transport of species HSO4- and NaSO4- (which together account for 300 

around 60% of the total sulfate) was favored, leading to lower rejections, despite the negative 301 

membrane surface charge. Proton rejections slightly decreased when pH was lowered. For this 302 

membrane, rejections reached a maximum at trans-membrane flux of approximately 5 μm/s and 303 

started to decrease at higher trans-membrane fluxes. This behavior might be related to the 304 

concentration polarization [51,52]. The decrease in ion rejection was caused by a low mass 305 

transfer coefficient inside the module, leading to a higher ion concentration in the nearby of the 306 

membrane. Therefore, there was a higher concentration difference between both sides of the 307 

membrane that led to lower observable rejection values. No data of Na2SO4 rejection for 308 

HydraCoRe 70pHT was found in literature for comparison.  309 

The membrane permeances to ions are collected in Table 4. These values were in agreement 310 

with the dielectric exclusion phenomena [49], by which the membrane permeance to an ion 311 
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decreases as the absolute value of the charge of the ion increases, e.g., membrane permeance 312 

to SO42- was much lower than to Na+ and H+. For NF270, an increase in membrane permeance to 313 

SO42- was observed when pH was lowered, caused by the shift of SO42- to HSO4-. Due to the 314 

higher positive membrane charge at pH 2.0 (5 mV instead of 2 mV, [39]) a decrease in 315 

membrane permeance to Na+ was observed, while for H+ an increase of its value was noticed 316 

due to lower electrostatic repulsion between the ion and the membrane. Published studies 317 

reported similar values of NF270 membrane permeances to ions under FS and SW 318 

configurations [32,34,35,47,53]. Reig et al. [53] filtering Na2SO4 solutions at neutral pH with 319 

NF270 membrane under FS and SW configurations, determined membrane permeances to Na+ 320 

of >60 µm/s (higher than in the present study) and to SO42- in the range of 0.03-0.12 µm/s (lower 321 

than in the present study). No data were published for H+. These differences can be attributed to 322 

the lower pH (2.0 and 2.8) of the present study than in the mentioned previous studie (neutral 323 

pH). At neutral pH carboxylic groups of NF270 are expected to be ionized (R-COO-), thus leading 324 

to a negative surface charge. When pH is lowered carboxylic groups and amine groups get 325 

protonated (R-COOH and R-NH2+), leading to a positive surface charge. This implies that Na+ will 326 

suffer an electrical repulsion, while SO42- will pass easily at acidic pH.  327 

For HydraCoRe 70pHT membrane, the decrease in pH led to an increase of membrane 328 

permeance to ions in solution, e.g., membrane permeance to Na2SO4 increased from 0.5 to 0.7 329 

µm/s when pH was lowered from 2.8 to 2.0. As mentioned above, the most favored ion to 330 

permeate through the membrane is H+ because of its size and higher diffusivity. Calculated 331 

values of membrane permeance to H+ were in agreement with this fact, as they were more than 332 

100 times higher than the permeance to Na+. The shift of SO42- to HSO4- at lower pH resulted in 333 

an increase of the membrane permeance to sulfate from 0.22 to 0.28 µm/s, when pH was 334 

lowered from 2.8 to 2.0. 335 
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A comparison of membrane permeances to ions between the two membranes showed that 336 

HydrCoRe 70pHT generally presented higher membrane permeances than NF270. For instance, 337 

at pH 2.0, membrane permeances to dominant salt (Na2SO4) and SO42- were 0.7 µm/s and 0.28 338 

µm/s, respectively, while they were 0.4 µm/s and 0.18 µm/s, respectively, for NF270. 339 

 340 

Table 4. Concentration polarization and membrane permeances to Na2SO4 (Ps and Psδ), 341 

and membrane permeances to Na+, SO42- and H+ for NF270 and HydraCoRe 70pHT 342 

membrane under SW configuration at pH 2.8 and 2.0 343 

pH 

Permeance to salt, 

Na2SO4 (µm/s) 
Membrane permeance to ion (µm/s) 

Ps(δ) Ps Na+ SO42- H+ 

NF270 

2.8 17.0 0.4 1.7 0.17 422.0 

2.0 12.8 0.4 1.2 0.18 410.3 

HydraCoRe 70pHT 

2.8 4.7 0.5 1.2 0.22 486.6 

2.0 4.8 0.7 1.9 0.28 653.6 

 344 

 345 

3.2. Rejection of metallic ions (Fe2+, Zn2+ and Cu2+) in Na2SO4/H2SO4 solutions at acidic 346 

pH (2 to 2.8)	347 

Figure 5 shows the rejection of all the elements for both membranes when a synthetic AMD was 348 

filtered at pH 2.8 and 2.0. Figures 5a and 5c represent the experimental data for NF270 and 349 

Figures 5b and 5d the data for HydraCoRe 70pHT.  350 
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NF270 showed high rejection for the metallic ions in solution (>90 % at pH 2.8 (Figure 5a) and 351 

>95 % at pH 2.0 (Figure 5c)). These rejection values increased with trans-membrane flux and 352 

concentration polarization was not observed along the flux range. For both pH conditions 353 

rejection followed the trend R(Fe2+) ≈ R(Zn2+) ≈ R(Cu2+) > R(Na+)> R(H+), according to dielectric 354 

exclusion [49]. Differences in cations rejections could be related to differences in ion diffusivities 355 

inside the membrane. An increase in rejection was mainly caused by the positive membrane 356 

charge, as explained in section 3.1. At pH 2.0 the membrane was more positively charged and 357 

the passage of cations through it was impeded, thus leading to a lower rejection of H+ (higher ion 358 

diffusivity than Na+ and metallic ions).  359 

 360 

 361 

Figure 5. Observable rejection (Robs) curves as a function of trans-membrane flux (Jv) with 362 

feed solution mimicking AMD at pH 2.8 for a) NF270 and b) HydraCoRe 70pHT membranes, 363 

and at pH 2.0 for c) NF270 and d) HydraCoRe 70pHT membranes. 364 

 365 

Rejections for all ions were lower for the HydraCoRe 70pHT membrane than for the NF270 366 

membrane because of the negative charge of the former, which favored the transport of cations 367 
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through the membrane. For this membrane, rejections for all species at pH 2.8 (Figure 5b) were 368 

approximately constant at volumetric trans-membrane fluxes below 5 µm/s. From this flux 369 

onward, rejections gradually decreased due to concentration polarization. Rejections of double-370 

charged metals were around 75 % for the first trans-membrane fluxes and decreased to 65 %. 371 

When pH was decreased to 2.0 (Figure 5d), rejections for all the species in solution also 372 

decreased. At this pH the membrane was still negatively charged, but the concentration of HSO4- 373 

(which is less affected by dielectric exclusion and therefore its permeance through the membrane 374 

is favored) was higher than that of SO42-, resulting in lower sulfate rejections. The presence of 375 

this single-charged anion made cations rejection decrease. At the first trans-membrane flux 376 

values, metallic ions rejections were around 70 %, and in this case no concentration polarization 377 

was observed. For both cases, rejection for cations followed the previous trend: R(Fe2+) ≈ 378 

R(Zn2+) ≈ R(Cu2+) > R(Na+)> R(H+). 379 

From a hydraulic point of view, NF270 showed a better performance under the tested conditions, 380 

achieving higher permeate fluxes and rejections for the same applied pressure than HydraCoRe 381 

70pHT (Table 5).  382 

Results showed that both membranes allow to concentrate metallic species in the retentate 383 

stream, specially the NF270 membrane. A diluted stream of sulfuric acid is recovered in the 384 

permeate. The concentration factor on the retentate stream can be enhanced if AMD is treated 385 

sequentially by a series of NF steps. 386 

 387 

 388 

 389 

 390 

 391 

 392 



 

22 
 

 393 

 394 

Table 5. Trans-membrane pressure and corresponding pH and solvent flux of permeate 395 

stream for NF270 and HydraCoRe 70pHT membrane with Na2SO4 solutions containing 396 

metallic ions 397 

 NF270 HydraCoRe 70pHT 

 pH = 2.8 pH = 2.0 pH = 2.8 pH = 2.0 

ΔP 

(bar) 

Jv 

(µm/s) 

Permeate 

pH 

Jv 

(µm/s) 

Permeate 

pH 

Jv 

(µm/s) 

Permeate 

pH 

Jv 

(µm/s) 

Permeate 

pH 

8.35 10.2 3.48 10.3 2.94 1.3 3.20 1.3 2.55 

10.5 14.1 3.56 13.5 2.98 3.9 3.23 4.1 2.70 

14.7 19.9 3.67 17.9 3.06 6.8 3.23 6.5 2.56 

19.7 26.3 3.76 23.7 3.12 9.6 3.21 8.6 2.57 

 398 

 399 

3.3. Metal and sulfate recovery and concentration factors in acidic mine waters. 400 

A full-scale vessel was simulated with the bench-scale NF module by recirculating and filtrating 401 

the concentrate stream sequentially in 6 steps (Figure 6). This experiment was performed with 402 

both membranes and with the synthetic AMD (i.e. including double-charged metals) at pH 2.8. 403 

From the experiments performed in sections 3.2, a pressure of 10 bar was selected for two 404 

reasons: i) ion rejection barely increased at higher TMP for both membranes and ii) concentration 405 

polarization phenomena was avoided for HydraCoRe 70pHT. Table 6 collects the concentrations 406 

of feed solution, as well as the rejection of the different species for each filtration step. 407 

 408 

 409 
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Table 6. Concentration of the ions in the feed and rejection achieved in each membrane 410 

step. 411 

 NF270 HydraCoRe 70pHT 

 pH [Na+] 

(mg/L) 

[SO42-] 

(mg/L) 

[Fe2+] 

(mg/L) 

[Zn2+] 

(mg/L) 

[Cu2+] 

(mg/L) 

pH [Na+] 

(mg/L) 

[SO42-] 

(mg/L) 

[Fe2+] 

(mg/L) 

[Zn2+] 

(mg/L) 

[Cu2+] 

(mg/L) 

Feed 2.95 1400 9950 4330 380 172 2.86 1180 7920 3610 333 314 

Rejection 

 NF270 HydraCoRe 70pHT 

 H+ Na+ SO42- Fe2+ Zn2+ Cu2+ H+ Na+ SO42- Fe2+ Zn2+ Cu2+ 

Mem. 1 78.6 87.1 91.6 92.7 93.7 92.0 51.0 57.7 59.2 60.7 64.9 66.4 

Mem. 2 76.6 86.2 90.9 91.8 92.9 89.6 48.7 53.8 54.3 58.9 62.6 63.9 

Mem. 3 75.5 84.3 90.0 90.9 92.4 89.2 46.3 50.1 49.7 55.7 59.3 61.4 

Mem. 4 74.9 82.7 88.3 90.2 91.7 88.3 47.5 45.7 45.1 48.2 55.9 58.0 

Mem. 5 74.3 80.9 86.5 88.2 90.6 86.9 46.3 42.4 41.0 44.0 53.0 56.2 

Mem. 6 73.7 77.7 83.9 87.0 89.1 86.1 47.5 37.8 36.8 39.9 48.0 52.2 

 412 

 413 

For NF270 double-charged metal cations and sulfate were rejected by more than 90 % in the first 414 

filtration step, and the rejection value gradually decreased down to 84-89% in the last filtration 415 

step. Proton rejections also decreased after each step. The fact that solution became 416 

concentrated led to an increase of diffusive forces in the separation process and, then, to lower 417 

rejections. At the end of the process, concentration factor for all the metals in solution was around 418 

2. Concentration factor was defined as the ratio between the concentration of ion i at the end of 419 

the process (i.e. in the concentrate stream obtained after the sixth step) relative to that in the feed 420 

stream. 421 
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 422 

Figure 6.  Details on the variation of the total concentration of the main components  (SO42-423 

, Fe2+, Zn2+ and Cu2+) and pH along a series of 6 membrane steps at TMP of 10 bar at pH 2.8 424 

for (a) NF270 and (b) HydraCoRe 70pHT  425 

 426 

For HydraCoRe 70pHT, metallic ion rejections were all between 61-66% in the filtration steps. At 427 

pH 2.8, HydraCoRe 70pHT membrane presented a strong negative charge, resulting in low cation 428 

rejections. Along the whole process, rejections for all the elements in solution decreased, due to 429 

higher diffusive forces in the separation process and proton rejections also decreased. In the 430 

overall process metal ions were concentrated by 50%.  431 
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Experiments simulating AMD filtration through a full-scale vessel containing 6 spiral wound 432 

membrane modules were not performed at pH 2.0, but the performance of both membranes at 433 

this pH was estimated by applying mass balances assuming that the rejections were the same as 434 

those obtained in the single-step experiments at pH 2.0 discussed at section 3.2 and shown in 435 

figure 5. Figure 7 shows the calculated ion concentrations in each step for both membranes.  436 

 437 

Figure 7. Details of the variation of the total concentration of the main components  (SO42- , 438 

Fe2+, Zn2+ and Cu2+) and pH for a feed stream at pH 2.0 for (a) NF270 and (b) HydraCoRe 439 

70pHT. Values were calculated taking into account data from the single step filtration in 440 

section 3.2.  441 

 442 
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Results showed that both membranes would allow to obtain an acidic stream containing sulfuric 443 

as permeate and a stream rich in metallic ions as concentrate. NF270 membrane provided a 444 

permeate with a lower concentration of H2SO4 (but also of Fe(II) as impurity), while the 445 

HydraCoRe 70pHT provided a permeate with a higher concentration of H2SO4 (but also of Fe(II) 446 

as impurity). 447 

With regard to the concentrate stream, the concentration factors for the double-charged metal 448 

ions were around 2 and 1.5 for the NF270 and HydraCoRe 70pHT membranes, respectively. 449 

These concentration factors were moderate and similar for all the studied metals (Fe2+, Zn2+ and 450 

Cu2+), resulting in a limited selectivity and indicating that a post-treatment is needed for the 451 

separation and recovery of these metals. This post-treatment can be based on oxidation of Fe2+ 452 

to Fe3+ and subsequent removal of Fe3+ 1) by precipitation as Fe(OH)3(s) at pH 3 (but at the 453 

expenses of hindering sulfuric acid recovery), or  2) by NF unit, followed by an ion-exchange step 454 

using a Cu/Zn selective impregnated resin. 455 

 456 

4. Conclusions 457 

Polyamide-based NF membrane (NF270) showed a better performance (higher trans-membrane 458 

fluxes and rejections) than sulfonated polyethersulfone-based one (Hydracore 70pHT) for AMD 459 

treatment. NF270 allowed to obtain rejection values higher than 90 % for SO42- and for double-460 

charged metals (Fe2+, Zn2+ and Cu2+), while HydraCore 70pHT showed rejection values around 461 

75 %, which decreased at higher trans-membrane fluxes due to concentration polarization 462 

phenomena. When pH was lowered from 2.8 to 2.0 SO42- shifted to HSO4- and NaSO4-, which 463 

were less affected by dielectric exclusion than SO42-, resulting in a lower rejection of total sulfate 464 

for both membranes. Another factor that must be taken into account in the separation process is 465 

the membrane charge. At the typical pH range of AMD, NF270 has a positive charge (because 466 

carboxylic and amine groups are fully and partially protonated, respectively), while HydraCoRe 467 
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70pHT has a negative surface membrane charge (because sulfonic groups are fully dissociated). 468 

This negative charge provides HydraCoRe 70pHT of permanent ionized groups, exhibiting a 469 

behavior approaching an ion-exchange membrane. Then, ion transport is more influenced by the 470 

presence of these groups, favoring the transport of single-charged cations. However the 471 

differences in selectivity of the sulfonated membrane, between single-charged (Na+, H+) and 472 

double-charged cations is not enough to ensure a selective separation and then provide higher 473 

concentration factors. 474 

The SEDF model allowed to determine the membrane permeances to ions (Na+, SO42- an H+). 475 

When those values were compared with others from studies at neutral pH, they reflected the 476 

effects of chemical speciation and the changes of acid-base properties of the membrane. SEDF 477 

model based on Na2SO4 (dominant salt) was suitable to fit the experimental data and showed 478 

that feed pH and chemical composition are key parameters affecting rejection and trans-479 

membrane flux.  480 

NF270 membrane was able to concentrate the metal ions (up to a factor of 2), while HydraCoRe 481 

concentrated metals 1.5 times. NF270 also allowed to obtain a dilute sulfuric acid stream with 482 

some impurities (mainly Fe(II)) as permeate. This process will be more effective in solutions with 483 

higher sulfuric concentrations, which could lead to lower acid rejections. Moreover, HydraCoRe 484 

70pHT membrane allowed to remove the acidity from the effluent. Although metals were 485 

concentrated, it was possible to obtain a richer stream of sulfuric acid, but with more impurities in 486 

solution. 487 
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 495 

Nomenclature 496 

 497 

c   salt concentration in the feed solution (mol·m-3) 

c   salt concentration in the solution adjacent to the membrane surface (mol·m-3) 

c"   salt concentration in the permeate (mol·m-3) 

c   trace ion concentration in the feed solution (mol·m-3) 

c   trace ion concentration in the solution adjacent to the membrane surface (mol·m-3) 

c"   trace ion concentration in the permeate (mol·m-3) 

D   ion diffusion coefficient in the membrane (m2·s-1) 

D   solute diffusion coefficient in the concentration-polarization layer (m2·s-1) 

D   dominant ion diffusion coefficients in the concentration-polarization layer (m2·s-1) 

D   dominant salt diffusion coefficient in the concentration-polarization layer (m2·s-1) 

D   trace ion diffusion coefficient in the concentration-polarization layer (m2·s-1) 

f  reciprocal dominant salt trans-membrane transfer 

f  reciprocal trace ion trans-membrane transfer 

J   trans-membrane flux (µm·s-1) 

P   concentration-polarization layer permeance to the dominant salt (m·s-1) 

P   membrane permeance to the dominant salt (m·s-1) 

P   membrane permeances to the dominant ions (m·s-1) 

P  membrane permeances to the trace ions (m·s-1) 
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Pe   dominant salt Péclet number  

Pe   trace ion Péclet number  

R   dominant salt intrinsic rejection  

R   trace ion intrinsic rejection  

R   dominant salt observable rejection 

R   trace ion observable rejection  

Z   ion charge 

Z   dominant ion charges 

Z  trace ion charge 

Greek letters 

α fraction of trace ion over salt diffusion coefficients in the concentration polarization-

layer 

δ estimated concentration-polarization thickness (m) 

 498 

   499 
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Annex I – Speciation diagrams 500 

Table A1.1. Chemical equilibrium constants at 25ºC for the reactions considered in this 501 

study  502 

Chemical reaction - logK 

Na SO ↔ NaSO  0.70 

H SO 	 ↔ HSO  1.98 

Fe SO ↔ FeSO  2.25 

Fe H SO ↔ FeHSO  3.07 

Cu SO 	 ↔ CuSO  2.31 

Zn SO 	 ↔ ZnSO  2.37 

Zn 2	SO ↔ Zn SO  3.28 

 503 

 504 

Table A1.2 collects the chemical speciaton diagrams for the two kinds of water tested: a) 0.1 M 505 

Na2SO4 and b) a solution mimicking AMD from dams, containing Na2SO4 and Fe, Zn and Cu. 506 

Table A1.2. Chemical speciation diagrams for Na2SO4 solutions with and without metals 507 

(Cu, Zn, Fe) 508 

 Na2SO4 solution Na2SO4 solution with metallic ions (Cu,Zn,Fe) 

H 
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Na 
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Fe  

 

Zn  
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