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Abstract
Some resource recovery processes require process water with concentrations of divalent and monovalent ions below 100 mg/L 
and 500 mg/L, respectively, for optimum performance. This study evaluated the treatment of groundwater from Western 
Australia with nanofiltration (NF) and electrodialysis (ED) methods to produce fit-for-purpose water for the extractives 
industry. Various operating conditions such as pressure and voltage were compared. The NF system removed > 95% of 
divalent cations at the optimum operating conditions, while ED removed > 90% and 98% for monovalent ions (Na+ and Cl−) 
and divalent ions (Ca2+, Mg2+ and SO4

2−), respectively. Greater flow rates increased the current density, which decreased 
the cell performance. The optimum operating conditions for ED were an applied voltage of 1 V per membrane pair, a flux of 
2.98 m3 h−1 m−2, and 40 min of treatment time. The results show that both NF and ED are efficient methods to achieve the 
quality of water required without exceeding the ion concentration threshold for mineral processing applications. From an 
economic point of view, ED is the better option due to its low energy consumption and the relatively low replacement costs 
associated with its high membrane lifetime.

Keywords  Water treatment · Extractives · Resource recovery · Membrane technology · Ion removal

Introduction

Australia is ranked 50th among nations with a medium–high 
risk of experiencing a water crisis, according to estimations 
from the World Resources Institute's water stress index (Wil-
lem et al. 2019). However, with increase in population and 
growth of the two most significant economic sectors (agri-
culture and mining), the demand for water is also expected to 
increase. Looking at the water issue geographically, Western 
Australia, the Australian state where the mining industry is 
most concentrated, is one of the driest regions in the world 
with a limited surface water supply; hence, underground 
water has become one of the main sources of water for the 
industry. However, more than 50% of Western Australia’s 
underground water contains salinity > 1500 mg/L (Rioyo 
2019).

In many operations around the world, low-quality water 
with up to 10 times the total dissolved solids (TDS) of 

seawater have been used for the extractives industry includ-
ing in Australia, Indonesia, and South America (Boujounoui 
et al. 2015). The performance of unit processes such as froth 
flotation, a common technique for mineral recovery, can be 
adversely affected by the water quality and TDS, which can 
eventually result in reduced recovery of valuable minerals 
(Dzingai et al. 2021; Rankin et al. 2023). The adverse effects 
of high ion concentrations in water have been linked to the 
attachment of dissolved ions to mineral surfaces, which 
decreases the effectiveness of flotation circuits (Boujounoui 
et al. 2015; Derhy et al. 2020; Zhang et al. 2017). Addition-
ally, it has been shown that the high reactivity of reagents 
used in the process with salts and the hardness of the water 
can decrease reagent selectivity and make froth flotation 
and tailing management operations very difficult (Jung et al. 
2022; Manono et al. 2020).

Reverse osmosis (RO) is a membrane separation method 
often employed for the removal of dissolved species with 
efficiencies as high as 98% (Wang et al. 2019). However, 
while being an effective ion removal method, RO inherently 
consumes high amounts of energy. It becomes an exorbi-
tantly costly water treatment option for many mineral pro-
cessing activities. Another disadvantage of RO is that the 

 *	 Bogale Tadesse 
	 bogale.tadesse@curtin.edu.au

1	 Western Australian School of Mines, Curtin University, 95 
Egan St, Kalgoorlie, WA 6430, Australia

http://orcid.org/0000-0003-0779-4950
http://crossmark.crossref.org/dialog/?doi=10.1007/s10230-024-01019-8&domain=pdf


634	 Mine Water and the Environment (2024) 43:633–643

high percentage of ions removed by this process can cause 
CaSO4 scaling, which increases operational cost associated 
with regular membrane replacement and high doses of anti-
scaling chemicals (Muhammad et al. 2022).

With the correct membrane selection and precise condi-
tions, nanofiltration (NF) can offer adequate water quality 
by eliminating certain monovalent ions and divalent ions 
(Guerra et al. 2023). NF employs lower transmembrane pres-
sures than RO, which results in cheaper operating costs and 
less scaling than RO membranes (Jeng and Ron 2019). Most 
pollutants may be removed from water using NF membranes 
because of their microporous structure, which can retain par-
ticles up to 0.001 μm in size, while lower molecular weight 
impurities are partially separated in the membrane (Jeng and 
Rong 2019). Both the size of the pores and the solution-dif-
fusion mechanisms, which are typical mass transfer mecha-
nisms of RO and ultrafiltration, are used in NF to separate 
the various impurities.

Charged membranes are used to remove ionic species 
from one solution to another during the electrochemical sep-
aration process known as electrodialysis (ED). This method 
is frequently utilized for producing salt, treating industrial 
effluents, producing organic acids, recovering usable com-
ponents from effluents, and producing drinking and process 
water from brackish and saline water (German et al. 2021). 
In the ED process, cation and anion exchange membranes 
alternate between the cathode and the anode, and anions 
travel towards the anode and cations towards the cathode 
when a voltage difference exists in the two electrodes. The 
anion-exchange membranes retain the cations after they 
have passed through the cation-exchange membranes, which 
contain sulphone groups on their surface. Meanwhile, the 
cation-exchange membranes retain the anions, which move 
via the anion-exchange membranes, which have quaternary 
ammonium as ion-exchange fixed groups. As a result of this 
flow of ions, concentrations rise in the concentrate compart-
ment of the cell while falling in the diluate compartment 
(German et al. 2021; Priyanka et al. 2023).

This study evaluated alternative technologies to RO that 
can produce water with low ion concentrations suitable for 
applications in the resource extractive industries. More spe-
cifically, NF and ED are promising technologies that use 
lower pressure and low electrical potential to separate ions 
across membranes. Hence, this study compared the perfor-
mance and energy consumption of NF and ED applied to 
groundwater from the Goldfields area of Western Australia.

Materials and Methods

Materials.
The reagents used for chemical cleaning of the mem-

branes (NaOH and HNO3), the Na2SO4 used as the 

electrolyte in the electrode compartments of the ED stack 
and the NaCl used for synthetic solutions were all analyti-
cal grade and were supplied by Chem-Supply, Australia.

The raw water for this study was provided by a mining 
operation in the Goldfields region of Western Australia, 
and the characterization of the water is shown in Table 1. 
Groundwater quality in the Goldfields region ranges from 
extremely low (1 g/L of TDS) to extremely high (up to 
250 g/L of TDS). The groundwater used in this study 
contained relatively low TDS compared to most of the 
groundwater in the Goldfields region (Tapley 2017), with 
the main ions of interest being Mg2+, Ca2+, Na+, Cl−, and 
SO4

2−.
Methods.

Nanofiltration

Nanofiltration experiments were performed with a pilot-
scale rig equipped with a 0.1 m3 feed tank, a high-pressure 
booster pump that was used for filtration and for cleaning the 
membranes, and one pressure vessel housing on a standard 
101.6 cm length × 10.2 cm diameter with retractile end caps 
for the easy changing of the membranes (i.e. Dow Filmtec 
(NF90 4040) and Ecotechnol (4040 A)). These membranes 
are characterised as tight NF membranes with relatively high 
sodium chloride rejection (> 85%). The system was oper-
ated at pressures of 8 to 20 bar. The rig was fitted with a 
pressure gauge to regulate the applied system pressure at 
the different conditions tested. The brine flow was recycled 
to the feed tank and the permeate flow was collected in the 
range of 15 and 65% recoveries. The experimental appara-
tus is the same as that described in the previous study by 
the authors (Guerra et al. 2023). Additionally, to maintain 
the repeatability of the experiments and avoid concentration 
polarisation, the membranes were chemically cleaned with 
0.2% w/w caustic solution.

Table 1   Characterisation of water used in this study showing major 
impurities

Parameter Unit Bore water

pH – 7.5
Conductivity µS/cm 8280
TDS mg/L 4150
Cations
Ca2+ mg/L 140
Mg2+ mg/L 167
Na+ mg/L 1547
Anions
Cl− mg/L 2340
SO4

2− mg/L 735
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Electrodialysis

Electrodialysis module EDR-Z/2X10-0.8_19 (Membrain) 
was utilized in this study. This module was fitted with tita-
nium and platinum electrodes and 10 pairs of non-ion selec-
tive cation and anion exchange membranes designed for high 
rates of ion removal. Each membrane pair consisted of one 
anionic membrane Ralex ® AM(H)-PES with an effective 
surface area of 64 cm2 that contained quaternary ammo-
nium as an ion exchange group and one cationic membrane 
Ralex® CM(H)-PES with an effective surface area of 64 cm2 
that contained sulphone as an ion exchange group, resulting 
in a total effective surface membrane area of 1344 cm2. A 
groundwater sample (1 L) was fed to the module through the 
concentrate and diluate compartments by peristaltic pumps 
(Master flex L/S) at different flow rates and recirculated in 
the stack until the desired concentration of ions was achieved 
in each stream. The effect of the different applied voltages 
was investigated by adjusting the voltage through a rectifier. 
A Na2SO4 solution (0.15 M) was recirculated through the 
electrode compartment to avoid electrode reaction and cor-
rosion during experiments. Samples from the diluate were 
taken at different times to analyse the concentration of ions, 
conductivity, and TDS.

To maintain reproducibility and avoid concentration 
polarisation, the ED stack was chemically cleaned before 
each experiment by a sequence of recirculating 2% NaOH 
for 30 min, followed by flushing with deionised water, then 
circulating 2% HNO3 for 30 min followed by flushing with 
deionised water.

Chemical Analysis

The analysis of cations such as Ca2+, Mg2+, Na+ was con-
ducted using inductively coupled plasma-optical emission 
spectroscopy (ICP-OES; Agilent Technologies, Inc., USA) 
by following the standard method (US. EPA. 2014). Sulphate 
and chloride concentrations were measured using the stand-
ard procedures (APHA 4500 Cl; APHA 4500 SO4

2−) and. 
For the experiment involving NaCl solution, the concentra-
tions of ions in the outlet streams were calculated based on a 
generated concentration-conductivity calibration curve and 
the conductivity of the diluate stream was measured with a 
conductivity meter (Hanna HI98192).

Theory.

Limiting Current Density

The current density in ED can be increased until the ion 
transfer current exceeds the number of ions available to be 
transferred; this point is called the limiting current density 
(LCD). When an ED stack is run at a higher LCD, the pro-
cess exhibits higher electrical resistance or poorer current 

utilization because the ions to be separated at this current 
level do not have sufficient charge transport capacity, and 
this is compensated by protons and hydroxyls produced by 
the hydrolysis of water. Additionally, this can lead to issues 
like salt precipitation or water dissociation. The limiting cur-
rent typically depends on the membrane and solution charac-
teristics, the design of the ED stack, and several operational 
factors including the flow rate of the diluted solution. There-
fore, the LCD must be determined to properly run the elec-
trodialyzer. We determined the LCD by measuring the elec-
trical resistance across the membrane stack (Sandra 2011).

Membrane Selectivity in ED

Membrane selectivity (S) is a parameter that provides an 
understanding of ion selectivity by contributing to the 
knowledge of which ions permeate slower than the others.

where CF is the concentration factor of the ions A and B.

Modelling of ED Systems

Many models have been developed to predict and improve 
ED operations (Ortiz et al. 2005; Sandra 2011). Typical 
components of these models include process factors like 
cell structure, distinctive membrane properties, and operat-
ing variables such as voltage and current. In this study, the 
model and the process were validated using 4.5 g/L NaCl 
synthetic solution so that the effects of other ions in the 
process could be neglected.

The following assumptions were made to understand the 
behaviour of the ED stack used for this specific groundwater 
treatment. Firstly, convection and ion interaction were not 
considered while calculating transport because the model 
was based on the Nernst Planck model. Secondly, the effect 
of fouling and scaling on the membranes surface were also 
neglected in this study since small volumes were used and 
the fluxes were constantly monitored during each experi-
ment to minimise the concentration polarization effect. In 
addition, the permeability of the membranes was restored 
by chemical cleaning with caustic solution (0.2% w/w) to 
restore the membrane's permeability after each experiment 
to reduce the concentration polarization effect at maximum. 
Thirdly, it was assumed that the solutions' viscosities would 
not vary as the ion concentration varied throughout the 
experiments. Also, the membranes were always considered 
ideal, so that the cationic membrane was permeable only for 
cations and the anionic membrane was permeable only to 
anions. Lastly, the concentrate and diluate tanks and the ED 
cell were considered perfectly mixed reactors.

(1)SA
B
=

CFA − CFB
(

1 − CFA

)

+
(

1 − CFB

)
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In ED, different mass transport phenomena occur inside 
the stack when current is applied, including the process 
of ion migration flow (M), where the ion exchange mem-
branes carry the charged species in the solution to the 
cathode or anode (Ortiz et al. 2005; Sandra 2011).

where η is the efficiency of the process calculated from Eq. 3 
with the initial and final concentration (Cinitial and Cfinal), N 
is the total number of membrane pairs in the stack, I is the 
current applied, and F is the Faraday constant.

Another mass transport phenomenon is diffusion flux 
(D), which is related to the migration of ions due to the 
gradient in concentration between the concentrate and the 
diluate, which increases with time.

where σcm and σam are the cationic and anionic membrane 
thickness, S is the surface area of membrane, Cc am, and 
Cd am, are the NaCl concentration on the anionic membrane 
(am) surface in the concentrate and diluate compartment, 
and Cc cm and Cd cm are the NaCl concentrations on the cati-
onic membrane (cm) surface in the concentrate and diluate 
compartments.

where t
Na

+ and t
Cl

− are the transport number of sodium and 
chloride and Km is the mass transport coefficient.

In addition to the mass transport equations described 
above, it was necessary to calculate how the NaCl con-
centrations in the diluate and concentrate compartments 
changed with time.

(2)M =
�IN

F

(3)� =
ZFQd

(

C
final

− C
initial

)

NI

(4)

D =
DclamS

�am

(

Ccam − Cdam

)

N +
DNacmS

�cm

(

Cccm − Cdcm

)

N

(5)Cdam = Cd0 −

(

1 − tCl−
)

�I

FKmS

(6)Ccam = Cc0 +

(

1 − tCl−
)

�I

FKmS

(7)Cdcm = Cd0 −

(

1 − tNa+
)

�I

FKmS

(8)Cccm = Cc0 +

(

1 − tNa+
)

�I

FKmS

where Cd and Cc are the concentration in the diluate and the 
concentrate compartments and the sub script “i” and “0” 
refers to the inlet and the outlet concentrations. As can be 
seen, the mass balances represent the change in concentra-
tion accounting for the migration and diffusion phenomena. 
Since the mass balance equations are polynomial, the param-
eters in Table 2 and the function fsolve in Matlab was used to 
solve the system and determine the change in concentration 
of the diluate with time.

Results and Discussion

Nanofiltration Performance.
Two NF membranes (4040A and NF90 4040) were evalu-

ated under different operating conditions where the rejec-
tion (% Robs) of calcium, magnesium, sodium, sulphate, and 
chloride ions was assessed (Figs. 1 and 2). Both membranes 
exhibit a similar pattern of ion rejection; as transmembrane 
pressure rises, so does ion rejection, which is consistent with 
findings from other studies (Guerra et al. 2023). Figure 1 
shows that when the recovery increases, the membrane 
performance decreases. This is because the concentrate 

(9)NV
cell

dCc0

dt
= (Cci − Cc0)Qc +M − D

(10)NVcell

dCd0

dt
= (Cdi − Cd0)Qc −M + D

(11)V
tan k

dCci

dt
= (Cc0 − Cci)Qc

(12)V
tan k

dCdi

dt
= (Cd0 − Cdi)Qd

Table 2   Model parameters used in this study based on data available 
in the literature

Parameter Value References

DNa cm (m2 s−1) 3.28 × 10 −11 [17]
DCl am (m2 s−1) 3.28 × 10 −11 [17]
Km (m s−1) 0.77 × 10 −03 [17]
η 0.85
F (C equi−1) 96,485
tNa+ 0.4 [16]
tCl- 0.6 [16]
S (m2) 0.0064
N 10
σam (mm) 0.17
σcm (mm) 0.17



637Mine Water and the Environment (2024) 43:633–643	

returning to the feed stream raises the ion concentration to 
be rejected. This in turn increases the ion driving force and 
alters the properties of the membrane surface, thereby affect-
ing the rejection of ions. However, this pattern was mainly 
observed in the removal of monovalent ions, which were 
reduced by 6% and 5% when the water recovery increased 
from 15 to 65% for the NF90 and 4040A membranes, respec-
tively. On the other hand, the removal of divalent ions was 
greater than that of the monovalent ions due to hydration 
energy, since it is more difficult for hydrated divalent ions 
to permeate through the pores of the membrane, which 
enhances their retention. As shown in our previous study 

(Guerra et al. 2023), the pore radius of the membranes tested 
is ≈ 0.29 nm and the ions’ respective Stokes radius are 0.31, 
0.348, 0.184, 0.231, and 0.121 for Ca2+, Mg2+, Na+, SO4

2−, 
and Cl−, respectively.

The effect of the transmembrane pressure on ion rejection 
is shown in Fig. 2. As demonstrated in our previous study, 
the removal of monovalent ions is affected at high pressures 
because the mass transfer mechanism is dominated by con-
vection on these specific membranes (Guerra et al. 2023). 
The membrane rejection processes appear to be governed 
by the transmembrane pressure, increasing with applied 

a

b

Fig. 1   Effect of water recovery on ion rejection (Robs) at 12 bars. a: 
NF90 4040 and b: 4040 A

a

b

Fig. 2   Ion rejection at different pressure at 65% recovery a: NF90 
4040 and b: 4040A
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pressure, and reaching a maximum rejection at > 12 bar of 
applied pressure. On the other hand, when 8 bar of pres-
sure was applied, the NF90 4040 appeared to strongly reject 
divalent ions. Figure 2 further demonstrates that at applied 
pressures > 12 bar and for all examined recovery ranges, the 
4040A and NF90 4040 membranes rejected more than 95% 
of the divalent cations (Ca2+, Mg2+) and more than 74% 
of the Na+. At the same 12 bar of pressure, the evaluated 
membranes were able to reduce the sulphate and chloride 
concentrations by 87% and 73%, respectively.

Electrodialysis Performance.

Modelling of a Synthetic NaCl Solution

Figure 3 shows the experimental and theoretical data for the 
concentration of NaCl in the diluate over time at a current 
density of 14 A/m2. Even though the model was created 
on an idealised foundation and had numerous restrictions 
and suppositions, the differences between the experimen-
tal and predicted results were small, with an error of 2% 
during the first two hours of the experiment. However, this 
error increased up to 14% after that. We attribute most of 

this increase in the relative error between the model predic-
tions and the experimental data with time to the assump-
tion of maximum efficiency of the ion permeability of the 
membranes and parameters assumed from theory not having 
been measured experimentally. Also, problems of scaling 
and polarization of the membranes may have contributed to 
the deviations of the model (Ortiz et al. 2005; Rioyo 2019).

Limiting Current Density

Figure 4 shows the relationship between the limiting cur-
rent density and V at flow velocities of 2.3 and 4.2 cm/s. 
Although a plateau was not identified, a change in slope 
beyond ≈ 1.8 V and 2.1 V corresponding to the LCDs of 
120 A/m2 and 145 A/m2 that were observed for the two flow 
velocities tested (interception dotted lines in Fig. 4). Possible 
reasons for the absence of the characteristic LCD plateau 
include the strength of the electric field, the cell's structure, 
and the turbulence promoters inside the cell, which would 
all tend to lessen the visibility of the plateau (German et al. 
2021; Sandra 2011). The experimental data for the ground-
water at two different flow velocities shows that the LCD 

Fig. 3   Comparison of experi-
mental and theoretical Cd with 
ED time for 4.6 g/L NaCl 
solution

Fig. 4   Limiting current density 
for bore water at different flow 
velocities
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increases as the flow velocity increases. This is because high 
flow rates increase turbulence and reduce the thickness of 
the diffusion layer. This allows electroactive species to move 
through cells more quickly and reach the membrane surface 
faster than at low flow velocities. Additionally, because cur-
rent is proportional to the speed of ion movement, the latter 
increases at higher flow velocities (German et al. 2021).

Effect of Applied Voltage on Ion Removal

The performance of the ED module was evaluated through 
the concentration of ions and the change in TDS concentra-
tion. The removal of total dissolved ions from the groundwa-
ter is shown in Fig. 5. Generally, these are removed faster as 
higher voltage is applied to the ED stack because of higher 
current flow and increased movement of ions from the dilu-
ate to the concentrate. The desired ion removal is reached 
faster at higher applied potential and a TDS concentra-
tion < 1000 mg/L produced concentrations of < 500 mg/L 
for monovalent ions such as Na+ and K+ and < 100 mg/L 
for divalent ions such as Ca2+ and Mg2+, which are in the 
suitable range for mineral processing operations (Jung et al. 
2022, 2024).

The ion exchange membranes make selective permeation 
of ions with opposite charges easier, which facilitates the 
transport of co-ions. Figure 6 shows the depletion of cations 
and anions from the dilute stream (groundwater) with the 
applied voltage. As the voltage is increased, the removal 
of ions is faster because the current flow is increased. At 
low voltages, such as 0.4 V/membrane pair, divalent and 
monovalent ions are depleted differently. The depletion rate 
at 0.4 V/ membrane pair depends on the charge of each ion. 
Divalent ions such as calcium, magnesium, and sulphate 
are depleted at a slower velocity than monovalent ions. 
This is because monovalent ions are less hydrated, making 
them more susceptible to pull out faster from the diluate. In 

addition, the higher the concentration of a specific ion in 
comparison with the other ions, such as the monovalent ions 
in the groundwater used in this study, the more it is removed 
by the membrane. This agrees with the results displayed in 
Table 3, which show the ion selectivity of the membranes 
towards the cations and anions at three different voltages. 
Calcium is transported slower than sodium and magnesium 
and chloride ions are transported faster than divalent sul-
phate ions. In addition, the membrane selectivity changes 
when different voltages are applied. More specifically, when 
applied voltage is increased, selectivity of the membrane 
is decreased due to an increase in electrostatic force on the 
membrane surface, resulting in deposition of monovalent 
and divalent ions at comparable rates (Nwal et al. 2003; 
Patel et al. 2020).

Effect of Flow Rate on Ion Removal

The effect of the feed velocity on desalination was evaluated. 
Figure 7 shows the depletion of TDS on the diluate side 
and its enrichment in the concentrate stream. TDS analysis 
shows that, relative to the initial feed concentration, there 
was a noticeable decrease and increase in TDS from the 
diluate and concentrate streams, respectively. Comparing a 
specific point, at 210 min, the reduction of TDS in the dilu-
ate at flow velocities of 2.3 and 4.2 cm/s was 82% and 74%, 
respectively. This suggests that an increase in flow veloc-
ity will negatively affect TDS depletion from the diluate to 
the concentrate stream. This is explained by the shortened 
residence time of contact between the streams and the mem-
branes. The free movement of ions at low velocities allows 
the monovalent ions to find exchange sites on the membranes 
easily, which are usually occupied first by divalent ions that 
generally impose stronger electrostatic forces (Karimi et al. 
2018).

Fig. 5   TDS removal in the dilu-
ate stream at different voltages
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Specific Treatment Capacity

Table 4 shows the effect of the applied voltage on treatment 
capacity for the groundwater used in this study. The findings 
show that increasing the applied voltage markedly increased 
the treatment capacity. Systems with a specific treatment 
capacity > than 30 L/h m2 are difficult to operate and require 
high control and optimisation due to high current densities 
(PCCell 2023). Based on the characteristics of the water 
and the results obtained, we found that an applied voltage 
exceeding 1 V per membrane pair can be complicated to 
operate.

Energy Cost Estimation.
In membrane processes, energy cost is the main compo-

nent contributing to operating costs. The high consumption 

of energy in processes such as NF and ED is principally 
associated with the energy consumed in the process of ion 
mass transfer due to the high voltage and high pressures used 
in these processes, which could represent up to 60% of the 
total water treatment cost (Sahu 2021). Specific energy con-
sumption (SEC) can be used to help estimate energy costs.

Electrodialysis

In ED systems, the desalination energy for a specific flow 
rate is determine by:

where U is the applied voltage, I is the current, and t is the 
time to achieve a concentration of TDS below 1000 mg/L 
(Sosa et al. 2021).

Figure 8 shows the SEC of ED to produce a diluate with 
an adequate concentration of ions from groundwater tested 
at a fixed productivity of 14.8 L m−2 h−1. As expected, 
the SEC increases exponentially with the number of ions 
to be depleted from the diluate stream due to the energy 
required to mobilise ions through the membranes. The 

(13)SECED =
U ∫ t

0
Idt

Qd∗ ∗ t

Fig. 6   Effect of voltage per 
membrane pair on ions removal; 
a) 0.4, b) 0.6, c) 1, and d) 2 V/ 
membrane

a b

c d

Table 3   ED membrane selectivity towards selected cations and ani-
ons

0.4 V/pair 1 V/pair 2 V/pair

SCa
Mg

 − 0.00494  − 0.00199  − 0.000849
SCa
Na

 − 0.06307  − 0.04801  − 0.00200

SCl
SO4

0.068325 0.00223 0.002299
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applied voltage results showed that a specific energy con-
sumption of about 0.45 kWh/m3 was needed to achieve 
75% TDS removal to generate water within the thresholds 

of < 100 mg/L and < 500 mg/L of divalent and monovalent 
ions, respectively.

Nanofiltration

The specific energy requirements for a pressure-driven pro-
cess can be quantified by the correlation of the pressure and 
the recovery of permeate and generally, the energy require-
ment increases as the pressure of the system increases (Dach 
2009). The specific energy consumption of membraned-
based water treatment is given by:

where ΔP is the transmembrane pressure in bar (in this 
specific study, 12 bar was the pressure at which maximum 
equilibrium rejection was achieved), ɳ is the global pump-
ing efficiency (generally 85%), and r is the water recovery 
of the system.

Table 5 compares the SECs for the two best conditions 
for treating groundwater by NF and ED with the SECs from 
previous studies where similar operating conditions and 
feed water were used. For the sake of this comparison, we 
assumed a standard water consumption of 3 m3 per ton of 

(14)SECNF =
ΔP100

�r36

Fig. 7   Effect of feed linear 
velocity on ion removal

Table 4   Effect of voltage on specific treatment capacity

Applied voltage (V/ membrane pair) STC (L/h m2)

0.4 2.13
0.6 7.44
1 14.88
2 37.20

Fig. 8   Effect of feed ions removal on energy consumption

Table 5   Comparison of specific energy consumption and cost

SEC (kWh/m3) $/ton References

Nanofiltration 0.523 0.192 This study
0.68 0.25 [25]

Electrodialysis 0.454 0.167 This study
0.4—0.5 0.14 – 0.18 [26, 27]
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ore processed in mineral processing operations, and elec-
tricity prices of 0.123 $/kWh for industry, as reported by 
the Australian Energy Council in 2022 (Kitchen and Wang 
2022; Rankin et al. 2023). In this study, we found that a 
single stage of NF with 4040A membrane at 12 bar of trans-
membrane pressure produced water of sufficient quality for 
mineral separation, at an energy cost of 0.192 $/ton, while 
the energy cost to produce water with similar characteristics 
by ED at 1 V/membrane pair of applied voltage was ≈ 0.167 
$/ton, 13% less than NF for this specific groundwater.

Membrane replacement cost is another key operating cost 
in NF and ED. This variable is associated with the produc-
tion rate of each membrane and its operational time (life-
time). This parameter can be expressed by the following 
expression (Nayara et al. 2016; Winston and Sirkar 1992).

where RC is the unit replacement cost represented in AUD 
per every m3 of water produced at different amounts of mem-
brane lifetime, MC is the cost of the membrane (AUD/m2), 
which was obtained from a local membrane provider, FR 
is the percentage of water recovered, and Mp is membrane 
productivity (L/m2/day).

The RC estimated for NF and ED based on Eq. 15 is 
shown in Fig. 9. It is important to note that as the ion rejec-
tion increases, the lifetime of the membrane is reduced due 
to multiple factors such as fouling and concentration polari-
sation, resulting in an increased driving force (pressure or 
voltage) to achieve the same results (Govardhan et al. 2020; 
Liu et al. 2020). The main advantage of ED systems is that 

(15)RC = 2.74FRMCM
−1

P

these systems usually provide long lifetimes and depend-
ing on the critical ions for each mineral processing opera-
tion, the membranes can be perm-selective to monovalent 
ions. This leads to prolonged lifetimes via reduction of the 
polarisation by other ions that are not critical (Amshave 
et al. 2020). Ultimately, the cost optimisation of membrane 
processes will depend mainly on the driving force of the 
system and the type of membrane selected to achieve the 
water quality required.

Conclusions

The resource extractive industry requires large volumes of 
high purity water, necessitating the use of methods such as 
reverse osmosis to remove impurities, which has high energy 
consumption and operational costs. This study examined NF 
and ED as alternative methods, which under the right condi-
tions of operation and suitable membranes, can potentially 
be used to treat water with high salinity. In this work, the NF 
and ED modules produced water with less than 100 mg/L 
of divalent ions (SO4

2−, Ca2+, and Mg2+), and less than 
500 mg/L of monovalent ions (Cl− and Na+). In the case 
of NF, the ion rejection is proportional to the transmem-
brane pressure. Also, both membranes (NF90 4040, 4040A) 
rejected more than 95% of the Ca2+ and Mg2+ and more 
than 74% of the Na+ at pressures over 12 bar, with a recov-
ery of 65%. The ED results indicate that ion concentration, 
linear velocity, and voltage are key to considering ED as an 
alternative. The optimum ED operating conditions at the 
flow rate recommended by the manufacturer of 45 L/h is an 
applied voltage of 1 V per membrane pair where the process 
can be easily controlled in large-scale operations. At these 
specific conditions (1 V per membrane pair and 45 L/h) and 
40 min of treatment, the removal achieved was more than 
90%, 98%, and 87% of monovalent ions (Na+ and Cl−), diva-
lent ions (Ca2+, Mg2+, and SO4

2−), and TDS respectively. In 
terms of energy consumption, ED is 13% more energy effi-
cient than NF. Subtle differences were observed for mem-
brane replacement costs of the two technologies.
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