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Abstract: Two nanofiltration membranes, a Dow NF 270 polyamide thin film and a TriSep
TS 80 polyamide thin film, were investigated for their retention of ionic species when
filtering mine influenced water streams at a range of acidic pH values. The functional
iso-electric point of the membranes, characterized by changes in retention over a small pH
range, were examined by filtering solutions of sodium sulphate. Both membranes showed
changes in retention at pH 3, suggesting a zero net charge on the membranes at this pH.
Copper mine drainage and synthetic solutions of mine influenced water were filtered using
the same membranes. These solutions were characterized by pH values within 2 and 5, thus
crossing the iso-electric point of both membranes. Retention of cations was maximized
when the feed solution pH was less than the iso-electric point of the membrane. In these
conditions, the membrane has a net positive charge, reducing the transmission rate of
cations. From the recoveries of a range of cations, the suitability of nanofiltration was
discussed relative to the compliance with mine water discharge criteria and the recovery of
valuable commodity metals. The nanofiltration process was demonstrated to offer
advantages in metal recovery from mine waste streams, concomitantly enabling discharge
criteria for the filtrate disposal to be met.

Keywords: mine influenced water; nanofiltration; feed pH; iso-electric point; ion rejection;
metal recovery; discharge criteria
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1. Introduction

The management of water in mining operations is becoming increasingly scrutinized, with water
reuse, water treatment and discharge being major issues faced by the industry [1]. Acid mine drainage
(AMD) is a typical by-product of the mining industry and a specific type of mine influenced water
(MIW). MIW is well known for its adverse impact on the environment and water security [2]. AMD
occurs when rock containing reduced sulphur is exposed to air and water, resulting in metals and
sulphate being released from a variety of rock types, and a broad range of metal concentrations and pH
can result. Johnson and Hallberg [3] highlight two key points in the choice of suitable technologies to
treat mine waters: (i) it is fundamental to consider mine water remediation as a resource, thus
encouraging the recovery and recycling of the products of mine water treatment; and (ii) legislation
defines discharge criteria that may determine the choice of a system to effectively remove sulphate, as
well as metals and acidity from mine waters.

Treatment of mine water is often seen as an end-of-pipe process aimed at producing a discharge
stream that meets specified limits of acidity and concentrations of metals and sulphate. Extensive
reviews have been published on treatment options for acid mine drainage and heavy metal containing
wastewaters [3—5]. Lime neutralization and biological treatments are recognized as the traditional
approaches [6]. Lime is added to precipitate some of the sulphate as gypsum and some metals as
hydroxides. In biological treatments, anaerobic conditions are used to reduce the sulphate to sulphide,
leading to the precipitation of metal sulphides that are incorporated in benthic organics and
live biomass.

Ion exchange and membrane technologies are alternatives to treat mine waters [7]. Differing from
lime neutralization and biological treatments, these technologies have the ability to not only remove
potentially toxic metals and meet discharge criteria, but also to recover those metals and acid from the
mine waters. Extraction of copper, nickel and cobalt from AMD by ion exchange has been already
investigated and shown to produce positive net present values [8]. Membrane treatment by reverse
osmosis (RO) and nanofiltration (NF) is also an established strategy for heavy metal removal, as it is
capable of achieving strict discharge criteria, while providing high efficiency, easy operation and a low
site “foot print” [4]. Recent studies successfully applied membrane separation to treat both synthetic
and real mine water solutions [6,7,9—11]. The authors explored membrane performance under different
experimental conditions with particular attention to the effects of solution temperature, operating
pressure, feed flow and feed concentration on solute rejection and permeate flux. Relatively
unexplored, however, is the effect of mine water pH on membrane performance, although its impact on
solute rejections has been reported [6,9].

RO and NF are known to provide similar rejection performance for polluting metals [9,12];
however, NF has been suggested as the preferable treatment, because it has higher fluxes at lower
pressure, leading to lower capital investment and lower cost of operation and maintenance [12]. NF
also has the ability to selectively concentrate and recover commodity metals and sulphuric acid
without concentrating the full total dissolved solids of the solution [11,13]. To demonstrate the
economic advantage of NF over RO when treating MIW, an indicative cost analysis was recently
performed by Fornarelli et al. [14]. It was shown that capital and operational costs for NF were about
10% and 30%, respectively, less than for RO.
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The NF separation mechanism can be identified as a sum of convection and diffusion transport
mechanisms, ie., sieving effects, together with electromigration as a result of membrane
charge [12,15]. In addition, the Donnan potential develops at the interfaces as a result of ion
distribution [12]. Convective transport of ions with the water flux through the membrane is caused by
the pressure difference between feed and permeate sides [15]. Similarly, diffusive transport is a
consequence of the concentration gradient as achieved by the rejection of solutes [15].
Electromigration is caused by a “streaming potential” difference across the membrane. This streaming
potential is caused by the electric current generated by the convective flow of a fluid that is necessarily
charged through the pores of a charged membrane [15]. For uncharged molecules, sieving or size
exclusion is primarily responsible for separation and is controlled by molecular size in solute form. For
ionic species, both sieving and electromigration are responsible for separation [16,17].

Electromigration is controlled by the membrane charge density and charge polarity, which are both
characterized by the zeta potential (ZP) of the membrane surface. This parameter is usually evaluated
from streaming potential analyses [12,18]. The solution pH has a significant effect on ZP, because it
dictates the charge on the functional groups of the membrane material and of the molecules in
solution [12,16]. Moreover the pH of the system may affect the “openness”, i.e., pore size, of the
membrane [16], thus impacting on the size exclusion rejection mechanism.

The solution pH at which the net membrane charge is zero is the iso-electric point (IEP). The
membrane surface is negatively charged, i.e., negative ZP, when the solution pH is higher than the IEP
and positively charged otherwise. Previous work has been carried out to determine the ZP and IEPs
across a range of commercially available NF membranes. These studies were conducted for a range of
single and binary salt solutions and pH values, and the IEPs of some commercially available NF
membranes are summarized in Table 1. Artug and Hapke [19] determined the IEPs of three NF
membranes (NF PES 10, NF 2, NF 270) as being less than three, and indicated that the distribution of
dissociable acidic groups on the membrane surface, such as carboxylic and amine containing groups,
determined the zeta potential of the membrane itself. Carvalho et al. [12] conducted tangential
streaming potential (TSP) analyses on four commercially available NF membranes. They found the
IEPs at pH values between five and six by using 0.1 mM KCI solutions. Their results differ from
experiments conducted by other authors who tested the same NF membranes, but with different
solution chemistries (10 mM NacCl). This discrepancy demonstrates that the ZP and IEP vary with
solution chemistry. Childress and Elimelech [20] conducted a series of streaming potential analyses to
investigate the effect of solution chemistry on the surface charge and the ZP of selected RO and NF
membranes. In the presence of an electrolyte solution (NaCl), the IEP of these membranes ranged from
3.0 to 5.2, and all membranes displayed a curve characteristic of amphoteric surfaces with acidic and
basic functional groups. Results with salts containing divalent ions (CaCl,, Na;SO4 and MgSQOy)
showed that solution chemistry has a marked effect on the surface charge, with divalent cations more
readily adsorbed to the membrane surface than divalent anions.
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Table 1. Iso-electric point (IEP) of different commercial nanofiltration (NF) membranes as
measured in the existing literature.

Authors Membrane  pHrange Solution IEP
0.01 M NaCl 4
0.01 M NaCl + 0.001 M CaCl, 3-3.5
NF 70 2-9
0.01 M NaCl + 0.001 M Na,SO, 4
0.01 M NaCl + 0.001 M MgSO -
Childress and Elimelech [20] e S
0.01 M NaCl 3
0.01 M NaCl + 0.001 M CacCl, 3.5
TFCS 2-9
0.01 M NaCl + 0.001 M Na,SO, 3
0.01 M NaCl +0.001 M MgSO, 3
) Desal 5DK  3-11 0.002 M KCI 4
Hagmeyer and Gimbel [21]
NTR-729 3-11 0.002 M KCI 4
0.01 M NaCl 3.2
Childress and Elimelech [16] NF 55 3-9 0.01 M NaCl + 2 mg L™ humic acids no IEP
0.01 M NaCl + 1 mM surfactants no IEP
NF 270 - 0.001 M KCI 33
Desal 5 DK — 0.001 M KCl 4.1
Tanninen et al. [22] Desal KH - 0.001 M KClI 4.9
BTP-NF-1 - 0.001 M KCI 6
BTP-NF-2 — 0.001 M KCI 5.4
NF 270 557 0.001 M NaCl 2.8
’ 0.001 M CaCl, 3.5
0.001 M NaCl 43
NF 90 2.5-7
0.001 M CaCl, 43
Artug [15]
0.001 M NaCl 34
NF PES 10 2.5-7
0.001 M CaCl, 3.5
0.001 M NaCl 3.2
NF 2 2.5-7
0.001 M CaCl, 2.9

A thorough understanding of the membrane performance (i.e., water flux and solute rejection) as a
function of feed pH is mandatory, because pH affects several of the system characteristics [16]. Many
studies focusing on the relationship between feed pH, membrane charge and ion rejection agree on the
significant effect of feed pH, with abrupt changes and minimum rejections being expected at the
IEP [15,17,21]. Minimum rejections at the IEP are explained as a consequence of the fact that size
exclusion is the only active separation mechanism at the IEP [23]. In the case of a NaCl solution,
Childress and Elimelech [16] found that water flux was maximal and salt rejection minimal at the
membrane pore IEP, primarily due to decreased electrostatic repulsion and increased pore size.
Hagmeyer and Gimbel [21] used ZP measurements to predict ion rejection of two NF membranes in
binary and ternary ion solutions. While for one NF membrane, minimum rejections were found at the
IEP, the second NF membrane minimum of rejection was found to be at a pH value one unit higher
than the IEP. Zhong et al. [9] also found minimum rejections at feed pH one or two pH units higher
than the IEP. In their tests on NF 270 membrane, Al-Rashdi et al. [24] found minimum rejections at
the IEP for some, but not all metals. All the reviewed papers explained the observed trends as a
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function of feed pH and membrane charge polarity relative to the IEP; however, no detailed
explanation was given regarding the occurrence of minimum rejections, either at or above the IEP.
These studies demonstrate the complexity of NF separation mechanisms and the need for further
research to fully understand the performance of NF. This is particularly relevant in more complex
multi-component chemical streams, such as MIW.

Since the IEP of commercially available NF membranes ranges between pH 3 to 5 (Table 1), thus
bracketing the pH range of most MIW and AMD streams, understanding the rejection behaviour for a
particular membrane-mine water problem is critical for the evaluation of a NF treatment strategy. The
objective of this study was to investigate the performance of two NF membranes on different MIW
streams, in order to: (i) understand the relationship between solute rejection and feed pH; and
(i1) determine the commercial implications associated with optimal NF membrane selection for
specific mine water streams.

2. Experimental Section
2.1. Membranes and Mine Water Samples

Two NF membranes were tested in this study. A Dow NF 270 polyamide thin film composite NF
membrane was used, because of the availability of published work describing its zeta potential and IEP
and, therefore, the ability to compare the current results. NF 270 is considered a “loose” NF
membrane [24], with nominal MgSOj rejections of about 97% and molecular weight cut-off of 270 Da.
The published NF 270 IEP range is between pH 2.5 and 4 [15,22,24]. A TriSep TS 80 polyamide thin
film composite NF membrane was also assessed as an example of a “tight” NF membrane. It is
characterized by a nominal monovalent ion rejection of 80%-90%, a higher than 99% rejection of
polyvalent ions and has a molecular weight cut-off between 100 and 200 Da. The IEP of TS 80 has
been found at about pH 3 [25,26].

A sample of mine water was provided by a copper mine in Western Australia, and identified
hereafter as MW A. The sample originated as mine runoff during periods of intense precipitation at the
mine site. The composition of MW A is shown in Table 2. Two more samples, namely MW B and
MW C, were recreated as based on the analytical composition of MW A. The pH of the samples (A—C)
varied from 4 to 5.5 (Table 2). A fourth sample referred to as MW D was prepared by modifying the
pH of sample MW C (Table 2). MW D has a very similar composition to MW C, however the pH was
lowered to a value of 2.60 by titration with hydrochloric acid.

2.2. Methods
Three sets of tests were conducted on four mine water samples and on two NF membranes.
2.2.1. IEP Tests

A first set of tests, referred to as the IEP Tests (Table 3), were performed to empirically estimate the
position of the IEP and the relative membrane charge polarity of NF 270 and TS 80 by filtration of a
NaCl-Na,SOy4 solution. The literature suggests that the position of the IEP and membrane charge can
be estimated from the rejection minima of simple ternary ion systems [15,27]. The synthetic
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NaCl-Na,SO, solution contained approximately 700 mg L™ of sodium chloride and 15 g L™ of
sodium sulphate, within the sulphate levels of typical mine water solutions [6]. The IEP tests were
carried out with feeds ranging from pH 5 to pH 2 in 0.2 pH decrements by dosing hydrochloric acid.
Test details, i.e., the feed flow rate, feed temperature, feed pressure and permeate flux rate, are listed in
Table 3.

Table 2. Composition of mine water (MW) samples. MW A: provided by a copper mine in
Western Australia. MW B and MW C: samples recreated based on the analytical
composition of MW A. MW D: sample prepared from MW C by titrating the pH down
from 4.10 to 2.60. NM: parameter not measured.

Parameter Unit MW A MWB MWC MWD
pH - 4.56 5.50 4.10 2.60
Aluminium, A’*  mgL™ 14 0.4 NM NM
Calcium, Ca** mg L™ 480 260 280 270
Copper, Cu* mg L™ 410 270 610 590
Iron, Fe’* mg L™ 0.14 0.02 NM NM
Potassium, K" mg L™ 310 340 NM NM
Magnesium, Mg”*  mg L™ 770 870 900 900
Manganese, Mn>*  mg L™ 440 420 530 500
Sodium, Na"* mg L™ 2000 3000 3800 3600

Sulphate, SO4* mg L™ 6900 8700 10,500 10,200
Chloride, CI” mg L™ 2300 NM 3000 2900

Table 3. Details of experimental tests conducted on four mine influenced water samples
and two nanofiltration membranes.

Feed

NF Feed Flow Feed Pressure  Permeate Flux
Type of Test Feed Sample 1 Temperature P
Membrane (Lh) ©0) (bar) Rate(Lm “h)
IEP Test NaCl-Na,SO4 NF 270 200 37+4.1 20+0.0 130+ 0.0
IEP Test NaCl-Na,SO, TS 80 225 25+0.0 10+£0.5 33+5.8
Feed pH Test MW A NF 270 200 25+0.6 7+1.2 32+£25
Feed pH Test MW B TS 80 225 25+0.5 19+£2.8 35+4.6
Recovery Test MW C TS 80 225 25+ 1.2 23+5.0 32+£20
Recovery Test MW C NF 270 225 25+0.5 10+£2.7 34+£0.9
Recovery Test MW D TS 80 225 25+0.5 22+6.2 33+1.6
Recovery Test MW D NF 270 225 25+0.8 10+£1.9 34+1.5

2.2.2. Feed pH Tests

A second set of tests, referred to as the Feed pH Tests (Table 3), were carried out to determine the
impact of feed pH and membrane charge on ion rejection when filtering mine water through two
different NF membranes. MW A was filtered by using the NF 270 membrane. MW B was filtered
using the TS 80 membrane. Each test started at the initial pH of the tested water (pH 4.56 and 5.50 for
MW A and MW B, respectively), and the pH was decreased in 0.2 pH decrements by the addition of
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hydrochloric acid. Further test details, i.e., the feed flow rate, feed temperature, feed pressure and
permeate flux rate, are listed in Table 3. The membranes were conditioned for 30 min in contact with
the feed at zero applied pressure at each pH value before applying pressure and collecting the samples.

2.2.3. Recovery Tests

A third set of tests is referred to as the Recovery Tests (Table 3). The aim of these tests was to
determine the impact of different feed pH on species rejection and to relate the results to discharge
criteria and recovery of commodity metals, such as copper. These tests were conducted on samples
MW C and MW D, identical except for their pH values: MW C had a pH equal to 4.10, while the pH
of MW D was artificially altered to 2.60 using hydrochloric acid (Table 2). A maximum volumetric
recovery of 70% was established for each test (the permeate volume is equal to 70% of the feed
volume), and both NF 270 and TS 80 membranes were used to filter both feed solutions. The
membranes were conditioned for 30 minutes before each test started.

2.3. Experimental Set-Up

The schematic diagram of the cross-flow flat sheet membrane test unit is shown in Figure 1 (a
membrane surface area of 0.0138 m?). Filtration experiments were carried out at operating pressures of
5 to 20 bar and a permeate flux of about 30 to 35 L m? h™' (Table 3). The feed flow rate and
temperature were constant at 200-225 L h™' and 25 °C, respectively (Table 3). The IEP Tests and Feed
pH Tests were carried out in batch re-circulation mode from a start feed volume of 2.5 L: both the
permeate and retentate were re-circulated to the feed tank, except for the sample volumes of 30 mL
extracted from the system at each sampling point. A composite permeate sample was collected during
Recovery Tests, whilst the retentate was re-circulated to the feed tank. Feed and composite permeate
samples (30 mL) were extracted at volumetric recoveries of 0%, 25%, 50%, 60% and 70%.

Figure 1. Schematic diagram of lab-scale NF unit test.

Retentate
FM
Feed Membrane Cell
Tank [S 5] and Housing 0
Feed ﬁ
V-01 N Legend:
VN V-03 FM: Rotameter (FlowMeter)
V-02 M: Pump motor
Pl: Pressure gauge
PSH: Pressure switch
Feed Pump V-01: Feed tank drain valve
V-02: Unitisolation valve
Permeate V-03: Pressure control valve

All metal and sulphur analyses were conducted using inductively coupled plasma—optical emission
spectroscopy (ICP-OES), while chloride analyses were conducted using an ion selective electrode.
These analyses were performed by a third party commercial laboratory. A total of forty feed and
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permeate control samples were submitted for analysis in a number of discreet batches to determine the
precision associated with the ICP-OES method. Analytical precision was calculated as the relative
standard deviation of the control samples. An associated error equal to 4% was found on both feed and
permeates samples. Temperature and pH were monitored during the tests using a TPS Aqua-CPA
series combination pH, temperature and conductivity meter. Ion rejection was calculated for each ion
as the concentration ratio between the permeate and feed sample.

3. Results and Discussion

3.1. IEP Tests

The results of the IEP Tests are shown in Figure 2, where the relationship between ion rejection and
feed solution pH is presented. The aim of the IEP Tests was to empirically determine the position of
the IEP and the relative membrane charge polarity of NF 270 and TS 80.

Figure 2. Ion rejection as a result of the IEP Tests. Tested feed solution: sodium chloride
and sodium sulphate solutions. Tested membrane: NF 270 and TS 80.

100

= -
y—
-5 J

‘K ™ - -y
&
\\l

e Na*- WF270

\ —f— 5 NF2T70
= &= Na*_ T580
=4 52-_TS80

h =]
L4
-

=l
=

[z
=

Ton Rejection (%0)

1
[

S

=]
=

1.00 2.00 3.00 4.00 5.00 6.00
Feed pH

Minimum rejections of sodium and sulphur were obtained at pH 3.0 when testing the NF 270
membrane (solid lines, Figure 2), suggesting that the IEP was in the vicinity of pH 3 under these
conditions. This is consistent with previous studies locating the IEP of NF 270 at about
pH 3 [15,22,24]. Rejection minima at the IEP were also found by Szoke et al. [27] and Artug [15]. It
follows that in this solution, the membrane was positively charged at pH values lower than three and
negatively charged at pH values higher than three. Rejections of sodium and sulphur (as sulphate)
followed the same trend (solid lines, Figure 2) as expected from the maintenance of the charge
balance [28]. Negative chloride rejections were observed (data not shown). This increased
concentration of chloride in the permeate suggests that it passed through the membrane more easily
than sulphate [22,28].

No rejection minima were found when testing the TS 80 membrane (dashed lines, Figure 2);
however, a slight change in the rejection of sodium was observed around pH 3, in accordance with
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literature data suggesting that TS 80 has an IEP at about pH 3 [25,26]. Sodium rejections decreased at
a pH higher than three (dashed lines, Figure 2), possibly explained by a negative membrane charge. In
contrast, sulphate rejection increased at pH values higher than three. This trend in sulphate rejection
can be explained in two ways. First, the membrane is negatively charged at a pH higher than three;
thus, sulphate rejection increased in accordance with an increasingly negatively charged
membrane [6,27]. Second, as the pH increases above two, sulphur is increasingly present as sulphate
ion, which is highly rejected by NF membranes. As the pH is reduced, the bisulphate form
predominates [22,29].

Explanations concerning the occurrence of minimum rejections at the IEP are contentious, as
varying results have been observed and published in the literature. These differences are highlighted in
this study, where definite rejection minima were observed for only one of two tested membranes.
Similarly, Hagmeyer and Gimbel [21] and Al-Rashdi et al. [24] did not find results consistent with
rejection minima at the IEP in their experiments. However, it was observed that either a rejection
minimum or a change in the trend of ion rejection was coincident with a change in membrane charge
polarity and the IEP location. In agreement with existing literature [24,26], the IEP Tests suggested
that the IEP could be located at pH 3 for both membranes.

3.2. Feed pH Tests

The results of the Feed pH Tests on MW A and MW B are shown in Figures 3 and 4, respectively.
The objective of the Feed pH Tests was to determine the impact of feed pH on ion rejections of two
different NF membranes. Note that MW A was tested on the NF 270 membrane, while MW B was
tested on the TS 80 membrane. The rejections of the major cations (calcium, copper, magnesium,
manganese and sodium) and sulphur (as sulphate) are shown at different feed pH values.

3.2.1. Feed pH Tests Using NF 270

Filtration of MW A through the NF 270 membrane achieved rejections above 95% for all
multivalent cations at a feed pH lower than three; however, rejections decreased as the pH increased
(Figure 3a). Similar trends of lower metal rejections at a high feed pH were also found by
Zhong et al. [9] and Al-Rashdi et al. [24]. Cations were highly rejected when the membrane was
positively charged (pH < 3), but the rejection decreased as the membrane became increasingly negative
(at pH > 3). An opposite trend was observed for sulphur rejections, with higher rejection at increasing
pHs (Figure 3a). This trend is explained by the joint effect of membrane charge (changing from
positive to negative when passing the IEP at pH 3) and sulphate-bisulphate equilibrium. No distinct
rejection minima were observed in Figure 3a for either cations or anions; however, the trends in ion
rejection indicate a change in membrane function, suggesting that the IEP is in the vicinity of pH 3. As
expected, sodium rejections were quite low for the NF 270 membrane, ranging between 40% and 50%
(Figure 3b).

The results obtained using the NF 270 membrane confirmed the findings of previous studies on the
importance of membrane charge to determine ion rejections in NF-MIW applications [6,9,24]. NF is
widely regarded as being a suitable technique to treat mine water, as it allows the concentration and
recovery of valuable metals; however, the position of the membrane IEP relative to the feed pH must
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be carefully considered. It should be noted that NF membranes vary in terms of their rejection
characteristics, and metal rejection might be further improved by deploying alternative commercially

available NF membranes.

Figure 3. Ion rejection at varying feed pH as a result of the MW Tests. Tested feed
solution: MW A. Tested membrane: NF 270 membrane. (a) Rejection of multivalent ions.

Significant (p-value < 0.05) decreasing trends of cation rejections are shown for a pH
higher than three; (b) Rejection of sodium ion.
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3.2.2. Feed pH Tests Using TS 80

Filtration of MW B using a TS 80 membrane showed different results when compared to the tests
using NF 270 (Figure 4). Rejection of multivalent cations and sulphur was less affected by the feed
pH, and rejections higher than 95% were observed across the pH range tested (Figure 4a). Moreover,
as expected, higher rejections were observed for TS 80 when compared to NF 270, particularly for
sulphur, copper and calcium. This is in accordance with TS 80 exhibiting a higher salt rejection than
the NF 270. MacNaughton et al. [30] also observed very high ion rejections when comparing TS 80
with other NF membranes. Sodium rejections in the Feed pH Tests and the IEP Tests on TS 80 showed
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very similar results (Figures 2 and 4b): in both cases, sodium rejections decreased at a pH higher than
the IEP, as a consequence of the membrane charge becoming increasingly negative.

Figure 4. Ion rejection at varying feed pH as a result of MW Tests. Tested feed solution:
MW B. Tested membrane: TS 80 membrane. (a) Rejection of multivalent ions;
(b) Rejection of sodium ion.
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3.2.3. Comparison between NF Membranes

The results of the Feed pH Tests revealed TS 80 to be a more suitable membrane than NF 270 for
treating mine water streams. Rejection performance of TS 80 was less affected by the feed pH for all
multivalent cations and sulphur (Figures 3a and 4a). Moreover, due to higher rejections, the use of TS
80 will maximize the concentration and recovery of commodity metals at any operating pH. It should
be noted, however, that to achieve a similar flux during these tests, the TS 80 operated at almost three

times the pressure of NF 270 (Table 3). This directly correlates to power consumption, giving
NF 270 an advantage in terms of operating costs.
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3.3. Recovery Tests

The results of the Recovery Tests are shown in Table 4. These tests were performed at two pH
values: the recovery test on MW C was run at pH 4.10, while the recovery test on MW D was run at
pH 2.60.

Table 4. The results of the Recovery Tests. Tested feed solution: MW D at pH 2.60 and
MW C at pH 4.10. Tested membrane: NF 270 and TS 80.

Recovery Test on MW D Recovery Test on MW C Estimated permeate
(feed pH = 2.60; (feed pH = 4.10; . concentration second
Discharge 1
recovery = 70%) recovery = 70%) L pass (mg L )
Ion Criteria
L Permeate L. Permeate 1
Rejection C trati Rejection C trati (mgL ) FeedpH FeedpH
%) oncentration %) oncentration — 260 —4.10
(mg L™ (mg L™
TS 80
Ca** 98 5.7 95 13 50 0.1 0.6
Cu* 97 15 94 34 1-50 0.4 1.9
Mg* 97 28 94 53 50 0.9 3.1
Mn** 97 13 95 29 0.005-0.5 0.3 1.6
Na® 94 200 87 490 — 11 63
SO,* 98 246 95 510 250-1000 6 25
CI’ 84 470 78 650 — 76 141
NF 270
Ca** 94 12 93 19 50 0.7 1.3
Cu* 94 27 91 47 1-50 1.7 4.3
Mg* 95 38 95 49 50 1.9 2.6
Mn®* 95 20 94 27 0.005-0.5 1.0 1.6
Na" 52 1300 50 1600 — 626 800
SO,* 94 480 95 450 250-1000 31 22
Cl 4 2200 -8 2800 — 2104 3015

3.3.1. Metal Rejections at 70% Water Recovery

Ion rejections and concentrations in the composite permeates at a volumetric recovery of 70% are
shown in Table 4 for the major cations (calcium, copper, magnesium, manganese and sodium) and for
sulphate and chloride. Rejections were higher for all cations at a solution pH of 2.60, translating into
lower ion concentrations in the composite permeate at 70% recovery (Table 4). At pH values lower
than the IEP, both the NF 270 and TS 80 membranes are positively charged, and this can explain the
higher rejections of cations. In order to maintain electroneutrality, the anions, sulphate and chloride,
were also more rejected at pH 2.60 than at pH 4.10. These results are in accordance with the Feed pH
Tests conducted with the same membranes and similar feeds. Interestingly, Na rejections are much
higher for TS 80 than for NF 270, confirming TS 80’s higher published salt rejection characteristics
(Table 4). The higher transmission of Na through NF 270 also explains the low and negative rejections
of Cl in order to maintain electroneutrality.
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The analytical error associated with the measurement of ion concentrations in the feed and permeate
samples was propagated to the calculation of ion rejection and transmission through the membranes.
The precision associated with rejection data varied between 0.4% and 0.6% for all ions. The analytical
error was therefore well below the difference in ion rejections at the two pH values (Table 4),
confirming the difference in pH as being the main explanation of the observed changes in ion
rejections.

To the best of our knowledge, few studies have tested TS 80 on mine waters. MacNaughton et al. [30]
tested TS 80 and other commercially available NF membranes on uranium mill effluent. The authors
reported a feed pH close to neutral and stated that TS 80 was negatively charged, i.e., feed pH was
higher than the membrane IEP. At a volumetric recovery of 80%, they found lower rejections than in
our study (rejections of Ca®" ~ 85%, Mg™" ~ 86%, Na" ~ 25%, Mn>" ~ 90%, SO, ~ 85%). A
comparison between the results of MacNaughton ez al. [30] and data from the current study at feed pH
4.10 shows the importance of the feed pH and the membrane IEP in rejection performance. A general
consideration for all ions in solution is that lower rejections were achieved when the feed pH was
higher than the membrane IEP.

3.3.2. Nanofiltration of MIW for Environmental Discharge

Discharge criteria for mine waters are site-specific, and the industry must comply with increasingly
stringent environmental targets. The application of NF as an end-of-pipe membrane treatment process
to meet discharge criteria is quite well established in the literature [11,31]. General discharge criteria
for water, as suggested by Rieger ef al. [10] and shown in Table 4, were considered.

Lower metal ion concentrations were observed in the composite permeate at pH 2.60 compared to
pH 4.10 for both membranes; however, discharge limits were not met for copper or manganese in a
single pass. Sulphate concentrations in the composite permeate exceeded the guideline limit at both pH
values for NF 270 and at pH 4.10 for TS 80 (Table 4). In order to meet discharge criteria for all ions, a
two-pass system, where the permeate from the first pass is re-filtered through a membrane, might be
necessary. The concentration of ions in the permeate after a second pass was estimated assuming ion
rejections remained constant for the second pass (Table 4). With a two-pass system, discharge criteria
were met for sulphate at both pH values and by both membranes. However, the general discharge
criteria for copper and manganese were met for TS 80 at pH 2.60 only (Table 4).

These results demonstrate that two factors need to be considered when treating mine influenced
water by nanofiltration to meet discharge criteria. First, a membrane with appropriate ion rejection
selectivity needs to be chosen; it was demonstrated that TS 80 offers higher rejections overall
compared to NF 270 and would, therefore, be a more appropriate membrane when the ultimate
treatment requirement is to meet environmental guidelines. Second, once the fit for purpose membrane
is chosen, understanding the interaction between the membrane IEP and mine water pH is also
important to meet discharge criteria. The guiding factor in designing a treatment for MIW is the nature
of the stream to be treated, particularly the pH, the identity of the metals contained in the stream and
their particular discharge criteria.
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3.3.3. Nanofiltration of MIW for Metal Recovery

It has been demonstrated that NF is a viable technology in mining processes for acid and metal
recovery applications [29,32,33]. NF has also been applied to the treatment of MIW [6,9,11]; however,
to the best of our knowledge, few studies focused on the use of NF with the final purpose of recovering
commodity metals from mine influenced water streams.

To this end, a mass balance on copper was calculated on both MW C and MW D when the TS 80
membrane was tested (Figure 5). The mass balance was based on analyses of the initial feed sample,
final concentrate and composite permeate samples at 70% volumetric recovery. A feed flow rate of
100 kL h™" was considered as representative of a typical mine water treatment plant. Mass balance
results show that, when operating at pH higher than the IEP (pH of 4.10, Figure 5b), approximately
2.4 kg h™' of copper were lost in the permeate, while only 1 kg h™' was transmitted to the permeate at a
pH lower than the IEP (pH of 2.60, Figure 5a). A difference of about 1.4 kg h™' of copper was
therefore not recovered in the concentrate when operating at a pH higher than the IEP. Given the
copper price of US$5,600 per ton of CuS concentrate, this difference equates to a potential loss of Cu
of about $69,000 per year. This loss could be significant in offsetting capital and operating costs and
demonstrates the importance of understanding the interactions between membrane and solution
chemistry.

Figure 5. Copper mass balance calculated for (a) MW D at pH = 2.60 and for (b) MW C at
pH = 4.10. The feed flow rate and volumetric recovery are fixed at 100 kL h! and 70%,

respectively.
a
MW D, Feed pH = 2.60
—
— 1919 mg Cu?* L-!
590 mg Cu?*L! 58 kg Cu2*h-!
59kg Cu?*h!
15mg Cu?"L!
1.05 kg Cu2*h!
b
MW C, Feed pH =4.10
—_—
—_—> 1907 mg Cu?*L-!
610 mg Cu** L! 57 kg Cu2*h'!
61 kg Cu2*h'!
34 mg Cu?*L!

2.40 kg Cu2*h!
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4. Conclusions

The performance of two nanofiltration membranes treating mine influenced water streams was
investigated in this study. Particular attention was given to the relationship between feed pH,
membrane surface charge and the iso-electric point and how such a relationship impacted on ion
rejections. The results were presented and discussed with the perspective of nanofiltration technology
as both an end-of-pipe treatment of mine influenced water, i.e., to meet environmental targets for safe
discharge, and of nanofiltration technology as an in-process treatment of mine influenced water, i.e., to
recover valuable commodity metals, such as copper.

Ion rejection was significantly impacted by membrane charge. Metal rejection increased when the
solution pH was below the membrane iso-electric point and diminished as the feed solution pH rose
above the IEP, particularly when a “loose” nanofiltration membrane was used. “Tight” nanofiltration
membranes with an iso-electric point higher than the feed pH can simultaneously ensure compliance
with environmental guidelines and maximize copper recovery.

Nanofiltration was shown to be successful in achieving metal recovery objectives and meeting
discharge criteria; however, understanding the relationship between membrane performance and
solution characteristics is essential for an optimal implementation of NF on mine influenced water.

Current research is focused on further validation of the results of this study. Additional tests are
being performed with different mine water feeds and nanofiltration membranes, and a detailed cost
benefit analysis is planned at the end of the test campaign, which will better quantify the lifecycle cost
differences between RO and NF for a specific feed.

Conflicts of Interest
The authors declare no conflict of interest.
Author Contributions

All three authors significantly contributed to the paper. Mark Mullett developed the hypothesis,
designed the test campaign, provided resources and management support for the study, contributed
significantly to the test work and reviewed the whole paper. Roberta Fornarelli contributed to the
design of the test campaign, performed the vast majority of the test campaign and wrote the entire
paper, including the literature review and the discussion of the results in the context of the existing
literature. David Ralph provided funding for the analytical work, consulted on the design of the
individual tests throughout the campaign and thoroughly reviewed the paper prior to submission.

Acknowledgments

The authors are grateful to Hatch Technologies and Peter Snowsill, Director, Process Separations,
for funding and support during this series of studies.



Membranes 2014, 4 178

References

10.

1.

12.

13.

14.

Global Water Intelligence. Water for Mining, Opportunities in scarcity and environmental
regulations. Avaliable online: http://www.globalwaterintel.com/market-intelligence-reports/
water-mining-opportunities-scarcity-and-environmental-regulation/ (accessed on 30 June 2011).
Evangelou, V.P.; Zhang, Y.L. A review: Pyrite oxidation mechanisms and acid mine drainage
prevention. Crit. Rev. Environ. Sci. Technol. 1995, 25, 141-199.

Johnson, D.B.; Hallberg, K.B. Acid mine drainage remediation options: A review. Sci. Total
Environ. 2005, 338, 3—14.

Fu, F.; Wang, Q. Removal of heavy metals ions from wastewaters: A review. J. Environ. Manag.
2011, 92, 407-418.

Zinck, J.; Griffith, W. Review of Mine Drainage Treatment and Sludge Management Operations,
MEND Report 3.43.1. Avaliable online: http://mend-nedem.org/wp-content/uploads/
MEND3.43.1 ReviewofMineDrainageTreatmentSludgeManagementOperations.pdf (accessed on
21 March 2014).

Al-Zoubi, H.; Rieger, A.; Steinberger, P.; Pelz, W.; Haseneder, R.; Hartel, G. Optimization study
for treatment of acid mine drainage using membrane technology. Sep. Sci. Technol. 2010, 45,
2004-2016.

Al-Zoubi, H.; Rieger, A.; Steinberger, P.; Pelz, W.; Haseneder, R.; Hartel, G. Nanofiltration of
acid mine drainage. Desalin. Water Treat. 2010, 21, 148-161.

Nodwell, M.; Kratochvil, D. Sulphide precipitation and ion exchange technologies to treat acid
mine water. In Proceedings of the 9th International Conference on Acid Rock Drainage, Ottawa,
Ontario, Canada, 20-26 May 2012; Price, W.A., Hogan, C., Tremblay, G., Eds.; Golder
Associates Ltd.: Kanata, Ontario, Canada, 2012.

Zhong, C.M.; Xu, Z.L.; Fang, X.H.; Cheng, L. Treatment of acid mine drainage (AMD) by
ultra-low-pressure reverse osmosis and nanofiltration. Environ. Eng. Sci. 2007, 24, 1297-1306.
Rieger, A.; Steinberger, P.; Pelz, W.; Haseneder, R.; Hartel, G. Mine water treatment by
membrane filtration processes—Experimental investigations on applicability. Desalin. Water
Treat. 2009, 6, 54-60.

Mortazavi, S.; Chaulk, J. Treatment of acid mine drainage streams using membrane separation. In
Proceedings of the 9th International Conference on Acid Rock Drainage, Ottawa, Ontario,
Canada, 20-26 May 2012; Price, W.A., Hogan, C., Tremblay, G., Eds.; Golder Associates Ltd.:
Kanata, Ontario, Canada, 2012.

Carvalho, A.L.; Maugeri, F.; Pradanos, P.; Silva, V.; Hernandez, A. Separation of potassium
clavulanate and potassium chloride by nanofiltration: Transport and evaluation of membranes.
Sep. Purif. Technol. 2011, 83, 23-30.

Tanninen, J.; Manttari, M.; Nystrom, M. Nanofiltration of concentrated acidic copper sulphate
solutions. Desalination 2006, 189, 92-96.

Fornarelli, F.; Mullett, M.; Ralph, D. Factors influencing nanofiltration of acid mine drainage. In
Reliable Mine Water Technology; Brown, A., Figueroa, L., Wolkersdorfer, Ch., Eds.; Publication
Printers: Denver, CO, USA, 2013; Volume I.



Membranes 2014, 4 179

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Artug, G. Modelling and Simulation of Nanofiltration Membranes. Ph.D. Thesis,
Hamburg-Harburg University, [zmir, Turkey, 2007.

Childress, A.E.; Elimelech, M. Relating Nanofiltration Membrane Performance to Membrane
Charge (Electrokinetic) Characteristics. Environ. Sci. Technol. 2000, 34, 3710-3716.

Qin, J.J.; Oo, M.H.; Lee, H.; Coniglio, B. Effect of feed pH on permeate pH and ion rejection
under acidic conditions in NF process. J. Membr. Sci. 2004, 232, 153—159.

Tay, J.H.; Liu, J.; Sun, D.D. Effect of solution physico-chemistry on the charge property of
nanofiltration membranes. Water Res. 2002, 36, 585-598.

Artug, G.; Hapke, J. Characterization of nanofiltration membranes by their morphology, charge
and filtration performance parameters. Desalination 2006, 200, 178—-180.

Childress, A.E.; Elimelech, M. Effect of solution chemistry on the surface charge of polymeric
reverse osmosis and nanofiltration membranes. J. Membr. Sci. 1996, 119, 253-268.

Hagmeyer, G.; Gimbel, R. Modelling the rejection of nanofiltration membranes using zeta
potential measurements. Sep. Purif. Technol. 1999, 15, 19-30.

Tanninen, J.; Platt, S.; Weis, A.; Nystrom, M. Long-term acid resistance and selectivity of NF
membranes in very acidic conditions. J. Membr. Sci.2004, 240, 11-18.

Ferreira-Esmi, C.; Schrive, L.; Barre, Y.; Palmeri, J.; Deratani, A. Using nanofiltration in a
“zero-rejection” process: the removal of Ni*" and Co>" from salty wastewater. Desalin. Water
Treat. 2013, 51, 476-484.

Al-Rashdi, B.A.M.; Johnson, D.J.; Hilal, N. Removal of heavy metal ions by nanofiltration.
Desalination 2012, 315, 2-17.

Nghiem, L.D. Removal of Emerging Trace Organic Contaminants by Nanofiltration and Reverese
Osmosis. Ph.D. Thesis, School of Civil, Mining and Environmental Engineering, University of
Wollongong, Wollongong, Australia, 2005.

Verliefde, A.R.D.; Heijman, S.G.J.; Cornelissen, E.R.; Amy, G.L.; van der Bruggen, B.;
van Dijk, J.C. Rejection of trace organic pollutant with high pressure membranes (NF/RO).
Environ. Prog. 2008, 27, 180—188.

Szoke, S.; Patzay, G.; Weiser, L. Characteristics of thin-film nanofiltration membranes at various
pH-values. Desalination 2002, 151, 123—129.

Artug, G.; Roosmasari, K.; Richau, K.; Hapke, A. A comprehensive characterization of
commercial nanofiltration membranes. Sep. Sci. Technol. 2007, 42, 2947-2986.

Soldenhoff, K.; McCulloch, J.; Manis, A.; Macintosh, P. Nanofiltration in metal and acid
recovery. In Nanofiltration—Principles and Application; Schafer, A.lL., Fane, A.G., Waite, T.D.,
Eds.; Elsevier Advanced Technology: Oxford, UK, 2005; Chapter 19, pp. 459-477.
MacNaughton, S.J.; McCulloch, J.K.; Marshall, K.; Ring, R.J. Application of nanofiltration to the
treatment of uranium mill effluents. In Technologies for the Treatment of Effluents from Uranium
Mines, Mills and Tailings, Proceedings of a Technical Committee Meeting, Vienna, Austria,
1-4 November 1999; IAEA: Vienna, Austria, 2002; pp. 55-65.

Mortazavi, S. Application of Membrane Separation Technology to Mitigation of Mine Effluente
and Acidic Drainage; MEND Report 3.15.1. Avalible online: http://mend-nedem.org/wp-content/
uploads/2013/01/3.15.1.pdf (accessed on 21 March 2014).



Membranes 2014, 4 180

32. Van der Merwe, I.W. Application of nanofiltration in metal recovery. J. S. Afr. Inst. Min. Metall.
1998, 98, 339-342.

33. Cameron, R.; Edwards, C. Membrane technology applications in mineral processing. In
Proceedings of the 44th Annual Canadian Mineral Processors Operators Conference, Ottawa,
Ontario, Canada, 17-19 January 2012.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



