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a b s t r a c t
It is difficult to extract lithium because of the high ratio of Mg2+ and Li+ in most salt lake brines in 
China. Therefore, the separation process of high Mg2+/Li+ ratio salt lake brine by a negatively charged 
DK nanofiltration membrane was investigated. The stability of the nanofiltration membrane, the con-
centration polarization phenomenon, and the surface charge of the nanofiltration membrane was first 
explored. The ability of the membrane to separate Mg2+ and Li+ at different salinities and pHs was 
further evaluated. The results indicate that due to the viscosity variation of the solution and the con-
centration polarization phenomenon, the membrane flux decreases with rising salinity. The Donnan 
exclusion, dielectric exclusion, and steric hindrance were studied to characterize the ionic fraction-
ations of the nanofiltration membrane. When the salinity was 35 g/L, the Mg2+/Li+ reduced to 1.49. The 
membrane flux remained constant at different pHs, and the retention factor of Mg2+ was always higher 
than that of Li+. It remained at a relatively high level because of the electrostatic interaction between 
the cations and the negative charge on the functional groups on the membrane surface. The difference 
of the cation characters makes the retention factor of Mg2+ higher. The separation effect was relatively 
better under lower pH conditions. 
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1. Introduction

Lithium, the lightest metal element in nature, is mainly 
obtained from minerals and salt lake brine [1,2]. It is widely 
used in greases, batteries, refrigerants, and among many 
other practical applications [3–6]. Lithium resources are 
rich in most salt lake brine of China. For example, there are 
roughly 30 saline in the Qaidam Basin, which account for 81% 
of the total lake saline [7,8]; and the total lithium resources in 
the lakes are about 3.3 m [9]. Most salt lake brine in China, 
however, has a high mass ratio of Mg/Li of 40:1 in a major-
ity of salt lake brine, and the highest mass ratio of Mg/Li is 

roughly 1,837:1 [10–13]. Moreover, the ionic radius of lithium 
is similar to that of magnesium. All of these factors limit the 
development of lithium extraction technology from salt lake 
brine in China.

The primary methods for lithium extraction from salt 
lake brine include precipitation [14], extraction [15], adsorp-
tion [16], electrolysis [17], and nanofiltration [18]. As an 
emerging pressure-driven separation technology, nanofiltra-
tion stands between ultrafiltration and reverse osmosis [18]. 
Compared with other technologies of lithium extraction from 
salt lake brine, the energy consumption of nanofiltration is 
considerably lower. Additionally, the nanofiltration method 
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is environmentally friendly, as no additional chemical 
reagents are needed. Most of the nanofiltration membranes 
contain charged groups [19–21], which are beneficial for the 
separation of magnesium and lithium. Because the pore size 
of the nanofiltration membrane is about 1 nm, corresponding 
to a molecular weight cut-off of 300–500 Da [22], the nanofil-
tration process exhibits different retention factor properties 
for monovalent ions vs. divalent/multivalent ions. Therefore, 
it can be used for the separation of magnesium and lithium. 
Many investigations have been conducted on the separation 
of lithium from salt lake brine by nanofiltration. For example, 
Somrani et al. [23] compared the separation of lithium from 
salt lake brines by using nanofiltration and reverse osmosis 
technology. The results showed that nanofiltration could effi-
ciently separate magnesium and lithium under low flow-rate 
ratio conditions. Wen et al. [18] studied the process of lith-
ium extraction using a Desal-5 DL membrane. The effects of 
Donnan exclusion, dielectric exclusion, and steric hindrance 
on nanofiltration performance were investigated, and the 
results showed that steric hindrance plays a significant role 
in the fractionation of various ionic species at high concen-
tration levels of feed. This is because the ionic radius and the 
mean pore radius of the Desal-5 DL membrane were similar.

The aim of the present work was to study the applicabil-
ity of nanofiltration in separating lithium from salt lake brine 
containing a high mass ratio of Mg2+ and Li+. The separation 
of Mg2+ and Li+ at different salinities and pHs was investi-
gated. The variations of the membrane flux, the retention 
factor of magnesium and lithium, the membrane separation 
factor, and the mass ratio of Mg2+ and Li+ in the permeation 
were analyzed.

2. Theory

2.1. Concentration polarization in the nanofiltration separation 
process 

In pressure-driven membrane separation, the solute and 
solvent are carried to the membrane surface by convective 
transport, where the solvent easily passes through the mem-
brane and the retained solute induces increase in local con-
centration; meanwhile, the rejected solute diffuses back into 
the bulk solution [24]. When the rate of convective transport 
of the solute toward the membrane surface is equal to the rate 
of solute leakage through the membrane plus the rate of the 
solute because of back-diffusion, the system reaches a steady 
state and the concentration gradient is formed in the bound-
ary layer; that is, concentration polarization appears in the 
nanofiltration [24]. The physical model of the mass transport 
through the boundary layer and through the nanofiltration 
membrane layer is shown in Fig. 1. 

As can be seen in this figure, a material balance in the 
boundary layer under steady state can be written qualita-
tively as the following [24,25]:
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dyp= −
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   (1)

where “–” indicates the solute diffusing back into the 
bulk solution in the direction opposite to the solute leak-
age through the membrane. By integrating Eq. (1) with the 

boundary conditions: y = 0, c = cm; y = δ, c = cb, the following 
equation is obtained:
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 is defined as the overall mass transfer coef-
ficient of the solute in the boundary layer, therefore, Eq. (2) 
can be written as:
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In membrane separation, the separation performance of 
the membrane can be represented by the observed retention 
factor, defined as:
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However, the solute concentration at the membrane 
surface is higher than that in the feed due to the effect of 
concentration polarization. Since the solute rejected by the 
membrane is the solute concentration at the membrane sur-
face, the intrinsic retention factor is defined as:
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where cm is difficult to measure directly, but it can be related 
by Eqs. (2) and (5) by the following expression: 

β =
+ −

e

R R e

J
k

J
k

int int( )1
 (6)

where β is the polarization modulus, defined as 
c
c
m

b
, and is 

related to J and k. The overall mass transfer coefficient k can 
be obtained by the following equation [34]:
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Fig. 1. Concentration polarization at a membrane surface.
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where Sc is the Schmidt number, defined as µ
ρD

; a, b, c 

are constants and vary with the flow regime [26–28]; the 
Sherwood number may change under different flow condi-
tions [29–31]:

For laminar flow: ScSh =
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For turbulent flow: ScSh = 0 023 0 875 0 25. Re . .  (9)

It can be seen from Eqs. (8) and (9) that the main factors 
influencing the overall mass transfer coefficient (k) are v, D, 
ρ, and µ, which will influence the concentration polarization 
in the membrane separation process.

2.2. Calculation in the separation of magnesium and lithium

The permeate was collected in the measuring cylinder, 
and the permeation flux (JV) can be calculated as follows: 

J V
A tV = ×

  (10)

The observed retention factor (Robs) of Mg2+ and Li+ is 
calculated by Eq. (4). The separation factor (SF) of the mem-
brane used to express the separation efficiency of the systems 
can be defined as follows:
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When SF = 1, magnesium and lithium are not separated; 
when SF > 1, Li+ penetrates the membrane preferentially and 
the separation effect becomes better when SF is larger.

3. Materials and methods

3.1. Membrane 

Nanofiltration membrane DK-1812 (General Electric 
Company, USA), a spiral-wound membrane, was used in the 
experimental runs, which is a composite-type with an active 
area of 0.38 m2. No further information about the membrane 
charge properties was provided by the manufacturer. 

3.2. Standards and reagents

Magnesium chloride hexahydrate (MgCl2·6H2O, AR, 
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) and 
lithium chloride (LiCl, AR, Shanghai Macklin Biochemical 
Co., Ltd., Shanghai, China) were used to prepare the simu-
lated brine and the mass ratio of Mg2+ and Li+ was 35. All salts 
were dissolved in deionized water with a resistivity more 
than 18 ΜΩ cm obtained by a reverse osmosis membrane 
(UPT-11-20T, China). All solutions were preprocessed by fil-
ter device to remove the impurity which could pollute the 

nanofiltration membrane. Table 1 shows the hydrated radius 
and the diffusion coefficient of the solutes [32–34].

3.3. Membrane test unit

Fig. 2 depicts the membrane test unit characterizing 
of the nanofiltration separation device. A laboratory-scale 
nanofiltration test unit (DSP-1812W-S, Hangzhou Donan 
Memtec Co., Ltd., China) was used for the membrane 
study. The feed was pumped to the membrane module 
after removing the impurities by filtering through a filter. 
The flow rates of the concentrated solution were measured 
using a flow meter; the temperature of the feed solution 
was controlled by circulating with cool/hot water; and the 
pressure was controlled by a pressure regulating valve. 
After each experiment, the system was cleaned three times 
by circulating demineralized water at a temperature of 
25°C ± 0.5°C for 5 min and at a pressure of 3.5 ± 0.01 MPa. 
The membrane should be kept in a sealed container with 
0.5% sodium bisulfite if the system shuts down for a long 
time. The temperature of the feed solution was maintained 
constant by circulating cool/hot water, and the transmem-
brane pressure was maintained at 3.5 ± 0.01 MPa. Samples 
of permeate and feed were collected after recirculation of 
both solutions until the system reached the steady state. It is 
necessary to clean the membrane using chemical and physi-
cal methods when the membrane flux or the retention factor 
dropped significantly.

Table 1
The hydrated radius and the diffusion coefficient of the solutes

Mg2+ Li+ H+ Cl–

Hydrated radius (nm) 0.428 0.382 0.280 0.332
Diffusion coefficient D/(104 m2/S) 0.720 1.030 9.310 2.030

Fig. 2. Experimental setup of the nanofiltration separation 
device. 1, Feed tank; 2, pipe filter; 3, pump; 4, inverter; 5, per-
meate; 6, nanofiltration module; 7, pressure regulating valve; 8, 
concentrate flow meter; 9, overflow liquid; 10, concentrate pipe; 
11, feed; and 12 and13, cool/hot water.
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3.4. Experimental procedure

3.4.1. Determination of zeta potential 

The streaming potential of the membrane was measured 
using a streaming potential analyzer (SurPass 3, Anton Paar 
Trading Co., Ltd., Austria). This apparatus was described in 
detail in Elimelech et al. [35] and Childress and Elimelech 
[36]. The membrane was cut into 10 × 20 mm pieces to fit the 
rectangular cell after rinsing and soaking in deionized water 
for 24 h. Two pieces of membrane attached to the cell were 
used for each measurement, which were positioned opposite 
to one another with their active layer side and separated with 
spacers to create a channel flowing through the solutions. 
The mixed salt test solutions (MgCl2 and LiCl) were used for 
evaluating the streaming potential of the membrane at differ-
ent salinities (15–65 g/L) and pHs (3–9). The pH was adjusted 
from the initial value of about 6.5–9 by addition of NaOH. 
HCl was then added to lower the pH to a final value of 3. 

3.4.2. The pure water permeability of the membrane

The nanofiltration membrane was conditioned at differ-
ent operating pressures 0.5–3.5 MPa to study the pure water 
permeability using deionized water and the temperature was 
controlled steadily at 25°C ± 0.5°C. The concentrate flux of 
120.0 L/h was used in the pure water permeability experiment. 
The membrane system was allowed to equilibrate for 5 min.

Kedem and Katchalsky [37] proposed that the relation-
ship between the driving force and the flux can be expressed 
by the flux of the pure water:

J L PV P= ∆ − ∆( )σ Π  (12)

where LP is only related to the temperature and the mem-
brane structure parameters. If pure water is on both sides of 
the nanofiltration membrane, ΔΠ is zero without osmotic 
pressure. Then, the pure water flux can be defined as follows:

J L PV P= ∆  (13)

The pure water permeability LP was obtained based on 
the relationship between the pure water flux and the pres-
sure. The membrane needs to be replaced if LP fluctuates 
greatly.

3.4.3. Membrane separation of lithium and magnesium  
at different salinities and pHs

The nanofiltration membrane test unit was conditioned 
at a constant operating pressure (3.5 ± 0.01 MPa) using solu-
tions of different salinities (15–65 g/L) and different pH val-
ues (over the pH range of 3–5) with MgCl2 and LiCl. The 
concentrate flux of 120.0 L/h was used. The concentration 
and permeate solutions were obtained after the membrane 
system equilibrated for 5 min. The membrane test unit was 
flushed thoroughly with deionized water three times and 
rinsed with a salt solution for each experimental run using 
a new salt solution each time. The temperature of test solu-
tion was maintained at 30°C ± 0.5°C. Three experiments were 
done for each experimental condition and the error bars are 
based on the experimental results.

3.5. Analytical methods

Inductively coupled plasma (ICP; ICAP6500 Spectrometer, 
USA) was used to investigate the Li+ concentration. Meanwhile, 
the concentration of Mg2+ was determined by titration with 
0.04539 M Ethylene Diamine Tetraacetic Acid and the ana-
lytical error is ±0.2%. The temperature of the feed was mea-
sured using an infrared thermometer. The pH of the feed was 
adjusted by 1 M HCl, and the pH values of the solutions were 
measured using a pH meter (S210, Mettler-Toledo Instruments 
Co., Ltd., Shanghai). The viscosity of the solutions was mea-
sured using a rotating viscometer (NDJ-8S, Nirun Intelligent 
Technology Co., Ltd., Shanghai).

4. Results and discussion

4.1. Membrane zeta potential

The zeta potential of the DK nanofiltration membrane as a 
function of salinity (15–65 g/L) at constant pH (pH = 5.5) for salt 
solutions (MgCl2 and LiCl) is given in Fig. 3 and the zeta poten-
tial of the DK nanofiltration membrane as a function of pH (over 
the pH range 3–6) at constant salinity (25 g/L) for salt solutions 
(MgCl2 and LiCl) is given in Fig. 4. The figures reveal the follow-
ing: (1) the membrane is negatively charged over the entire pH/
salinity range investigated; (2) the zeta potential becomes more 
negative as the pH/salinity increases. It is suggested that the 
adsorption of anions (Cl– and OH–) from the solution controls the 
membrane surface charge status [35]. Because anions in solutions 
are less hydrated than cations [35], anions can miss the bound 
moisture and approach the membrane surfaces more favorably. 
The concentration of Cl– and OH– in the solution increases with 
increased salinity (MgCl2 and LiCl) and pH, respectively. More 
anions can be absorbed by the nanofiltration membrane and the 
membrane zeta potential becomes more negative. 

4.2. The pure water permeability of the membrane

Fig. 5 illustrates the variation of the pure water flux vs. 
the applied pressure. The results exhibit that the pure water 
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Fig. 3. Zeta potential of the DK nanofiltration membrane as a 
function of salinity for the DK-1812 membrane and MgCl2 and 
LiCl brine system at a constant pH (pH = 5.5) condition.
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flux of the DK nanofiltration membrane increases linearly 
with the applied pressure and the pure water permeability 
LP = 1.312 × 10–11 m/(s Pa), which shows that the nanofiltra-
tion membrane has a good stability within 0.5–3.5 MPa. The 
pure water permeability in this study for the DK nanofiltra-
tion membrane is in line with the one reported by Straatsma 
et al. [38], but is lower than those reported by Hagmeyer and 
Gimbel [39], Bargeman et al. [40], and Bowen and Mohammad 
[41] (Table 2). The possible explanations for the differences 
in pure water permeability include different measurement 
methods, different module configuration, and different rep-
resentativeness of the small membrane sheets used [40].

4.3. Membrane separation of lithium and magnesium at different 
salinities

4.3.1. Effect of salinity on membrane flux 

The relationship between the DK membrane flux and 
salinity is listed in Fig. 6. As can be seen from Fig. 6, the mem-
brane flux decreases significantly with increasing salinity. It 
can be seen from Eqs. (8) and (9) that the overall mass transfer 
coefficient (k), which is related to the polarization modulus, 
is influenced by v, D, ρ, and µ. The diffusion coefficient, D, of 
the solutes is influenced by the viscosity. They can be related 
as follows [42,43]:

D D T
To
o

o= × ×
µ
µ

 (14)

It was reported that the viscosity of the solution was 
affected by the salt concentration, where the solution viscos-
ity increases with increasing salt concentration [25] which 
can be proved in Table 3. With the increase of salt concentra-
tion, more Cl– in the solution is adsorbed in the membrane. 
A great number of Cl– accumulates to form an electric double 
layer in/on the nanofiltration membrane pores, increasing 
the electroviscous effect [44]. This reduces both the diffusion 
coefficient and the membrane flux. The concentration polar-
ization also decreases the membrane flux, which is due to the 

increase in osmotic pressure, ΔΠ, with the increase in salinity. 
According to Jiraratananon et al. [45], the osmotic pressure is 
mainly responsible for the flux decline. Eq. (12) also indicates 
that increase of osmotic pressure reduces the driving force 
(ΔP – σΔΠ), resulting in a lower membrane flux. 

4.3.2. Effect of salinity on the separation of lithium and 
magnesium

The mass transport through the nanofiltration mem-
brane is affected by a combination of the Donnan exclusion, 
dielectric exclusion, and steric hindrance [46]. The Donnan 
exclusion is caused by the electrostatic interaction between 
the ions in the solution and the fixed charge of the membrane 
[47]. The higher the co-ion (ion has the same charge with the 
membrane) charge in the solution, the stronger the repulsion 
and the higher the counterion (ion has the opposite charge 
with the membrane) charge; and therefore, the stronger the 
attraction. Because the membrane is negatively charged, 
the Donnan exclusion is not conducive for separating Mg2+ 
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Fig. 4. Zeta potential of the DK nanofiltration membrane as a 
function of pH for the DK-1812 membrane and MgCl2 and LiCl 
brine system at a constant salinity (25 g/L) condition.
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Fig. 5. Pure water flux as a function of the applied pressure. 
Operating conditions: the temperature, 30°C ± 0.5°C and the con-
centrate flux, 120.0 L/h. 

Table 2
Pure water permeability reported for different DK nanofiltration 
membranes

Membrane Pure water 
permeability 
10–11 m/(S Pa)

Reference

Desal-5 DK 1.5 Bargeman et al. [40]
Desal-5 DK 1.3 Straatsma et al. [38]
Desal-5 DK 1.4 Bowen and 

Mohammad [41]
Desal-5 DK  
(the first batch)

2.2 Hagmeyer and 
Gimbel [39]

Desal-5 DK  
(the second batch)

1.7 Hagmeyer and 
Gimbel [39]

DK-1812 1.3 This study
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and Li+. Dielectric exclusion occurs due to the interaction of 
the ions with the bound electric charges induced by ions at 
the interfaces between media of different dielectric constants 
[48]. The dielectric exclusion is proportional to the square 
of the ionic valence, which helps the separation of magne-
sium and lithium and aids in enhancing the rejection rate of 
Mg2+. Steric hindrance plays a role in separating the solute 
ions dependent on ionic radii, particularly when the ionic 
radii are correlated with the pore radius of the nanofiltration 
membrane [18].

The separation (observed retention factor) of MgCl2 and 
LiCl salt solutions by the nanofiltration membrane as a func-
tion of salinity is given in Fig. 7. Based on Fig. 7, the following 
results are made: (1) The retention factor of Mg2+ increased 
first and then decreased with salinity in the range of 15–65 g/L 
and reached maximum of 93% at 35 g/L (Fig. 7). The retention 
factor of Mg2+ is always higher than that of Li+, which may be 
due to the following: Donnan exclusion has a more remark-
able effect on Mg2+ to pass through the membrane than on Li+, 
but as shown in Table 1, the hydrated radius of Li+ is smaller 
than that of Mg2+ and the diffusion coefficient of Li+ is larger 
than Mg2+. In this manner, Li+ can pass through the mem-
brane more easily. Conversely, the dielectric exclusion is pro-
portional to the square of the ionic valence, which benefits Li+ 

but is detrimental to Mg2+ to pass through the nanofiltration 
membrane. Furthermore, with higher concentrations of feed, 
steric hindrance might be enhanced. Table 1 shows the ionic 
radii of the ions in consideration. It can be seen that the ionic 
radii are comparable with the mean pore radius of the DK 
membrane (0.42 nm [40]). Thus, the DK can exhibit good ste-
ric partitioning of ions, with the potential for rejection fol-
lowing this sequence: Mg2+ > Li+. When the salinity was in the 
range of 45–65 g/L, the decreasing retention factor of Mg2+ 
can be explained as follows [49]: 

J P c cs s f p= −( )β   (15)

From Eq. (15), the flux of solute Js is a function of the con-
centration on both sides of the membrane. And the osmotic 
pressure ΔΠ increases with increasing salinity, which can 
reduce the water flux. The Mg2+ concentration in the permeate 
increases with the decrease of water flux. When the salinity 
increases constantly, more ions are transported from the bulk 
solution toward the membrane surface. As shown in Eq. (6) 
the polarization modulus β increases, which indicates the 
concentration polarization is enhanced. This can increase the 
Mg2+ flux and decrease the Mg2+ retention factor. (2) The reten-
tion factor of Li+ is reduced persistently. This can be explained 
by the following: the membrane becomes more negative with 
an increase in salinity (Fig. 3), so the electrostatic interaction 
between the cations in the solution and the fixed charge of the 
membrane (Donnan exclusion) is enhanced. More Li+ with 
less of hydrated radius and greater diffusion coefficient can 
go through the membrane, thereby increasing the Li+ concen-
tration in the permeation. Moreover, the enhanced concen-
tration polarization with increasing salinity can also decrease 
the retention factor of Li+. Additionally, the concentration of 
Cl– increases with an increase in the salinity. A potential dif-
ference is formed at the separation interface because a large 
amount of Cl– can pass through the membrane. Therefore, to 
maintain electroneutrality, Li+ passes through the membrane 
first under the negative concentration gradient. At the same 
time, the retention factor of Li+ remains negative because of 
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Fig. 6. The DK membrane flux as a function of salinity for the 
DK-1812 membrane and MgCl2 and LiCl brine system. Operat-
ing conditions: the salinity, 15–65 g/L; the operating pressure, 
3.5 MPa; the operating temperature, 30°C ± 0.5°C; and the con-
centrate flux, 120.0 L/h. 

Table 3
The variation of the viscosity for the solution under different 
salinity conditions

Salinity (g/L) Viscosity (mPa s)

15 1.17
25 1.19
35 1.35
45 1.43
55 1.57
65 1.65
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Fig. 7. Effect of salinity on retention factor of Mg2+ and Li+ and on 
SF. Operating conditions: the salinity, 15–65 g/L; the operating 
pressure, 3.5 MPa; the operating temperature, 30°C ± 0.5°C; and 
the concentrate flux, 120.0 L/h.
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the anti-concentration gradient transport and the competitive 
transmission between the co-ions (Mg2+ and Li+). 

Dielectric exclusion decreases as Donnan exclusion 
increases with the increase of the feed concentration; 
the dielectric exclusion phenomenon therefore increases the 
screening of the membrane fixed charge and thus reduces the 
electric exclusion [46]. The decrease of the dielectric exclu-
sion could reduce the retention factor of Mg2+ and prevent 
the separation of Mg2+ and Li+ [50], which can be proved by 
the variation of the SF (Fig. 7). The retention factor of Mg2+ 
is always higher than that of Li+ and the concentration of 
Li+ in the permeate increases as the salinity increases, so the 
SF of the membrane increases first. Then, the SF decreases 
when the salinity is at 45 g/L, which may be affected by the 
decrease in the dielectric exclusion. As can be seen from the 
date variations (Table 4) of the Mg2+/Li+ in the permeation, 
when the salinity is 45 g/L, the concentration of Mg2+ in the 
permeate increased 76.74% compared with that at 35 g/L 
salinity and even more with continually increasing salin-
ity, and at the same time the Mg2+/Li+ in the permeate also 
increased. It is inferred that when the feed concentration 
is 45 g/L, the dielectric exclusion experiences a descending 
trend. As can be seen in Table 4, the yield of Li+ decreases 
with increasing salinity though the retention factor of Li+ is 
reduced persistently and the concentration of lithium in the 
permeate increases. This may be explained by the decreasing 
membrane flux with increasing salinity (Fig. 6). Therefore, 
the suitable salinity is 25 g/L.

4.4. Membrane separation of lithium and magnesium at different pH

4.4.1. Effect of pH on the membrane flux 

The relationship between the DK membrane flux and pH 
is shown in Fig. 8. As can be seen, the nanofiltration mem-
brane flux decreases slightly and then maintains stable. The 
flux remains constant within the studied pH, which is consis-
tent with the result of Richards et al. [51] and Mänttäri et al. 
[52] for nanofiltration membranes examined under different 
pHs. However, for these studies, it could not be concluded 
that pH did not affect the membrane permeability. For exam-
ple, the results of Childress and Elimelech [34] for the flux 
of NF-55 nanofiltration membrane at different pHs revealed 
that the flux is steady at pH 3–9, but there was a slight peak at 
pH = 5, which may be due to: (1) the pore size of NF-55 nano-
filtration membrane increased because of conformational 
changes of the cross-linked membrane polymer structure; (2) 
the electroviscous effect of the solution was decreased; and 

(3) the decrease of the osmotic pressure at the membrane 
surface increased the net driving pressure. 

4.4.2. Effect of pH on the separation of magnesium and 
lithium

Most of the nanofiltration membranes are charged and 
the property of charges has a great influence on its separa-
tion performance. The pH of the feed and the permeate is 
listed in Table 5. As can be seen from this table, the pH of the 
permeate is significantly lower than that of the feed. The rea-
son for this might be the following [53,54]: the nanofiltration 
membrane is negatively charged under the studied pH, so 
cations can pass through the nanofiltration membrane under 
the combined force of the Donnan exclusion and electrostatic 
attraction of the charge on the nanofiltration membrane sur-
face. As can be seen from Table 1, the hydrated radius of H+, 
Mg2+, and Li+ is: Mg2+ > Li+ > H+ and diffusion coefficient of H+, 
Mg2+, and Li+ is: H+ > Li+ > Mg2+. It can therefore be inferred 
that the sequences of these three ions passing through the 
nanofiltration membrane are as follows: H+ > Li+ > Mg2+. Due 
to the acidic condition of the solutions, a large number of H+ 
can pass through the nanofiltration membrane, leading to a 
lower pH in the permeate than in the feed.

Table 4
The variations of the concentration of Mg2+ and Li+ in the permeate and the yield of Li+ under different salinity conditions

Salinity (g/L) c
p( )Mg2+  (g/L) c

p( )Li+  (g/L) Mg2+/Li+ in the permeate The yield of Li+ (%)

15 0.419 0.112 3.729 15.013
25 0.419 0.238 1.763 13.943
35 0.662 0.445 1.489 10.749
45 1.170 0.670 1.746 8.195
55 2.018 0.960 2.103 3.977
65 4.087 1.050 3.892 1.197
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Fig. 8. The DK membrane flux as a function of pH for the DK-1812 
membrane and MgCl2 and LiCl brine system. Operating condi-
tions: pH, 3–5.5; the operating pressure, 3.5 MPa; the operating 
temperature, 30°C ± 0.5°C; and the concentrate flux, 120.0 L/h.
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The relationship between the retention factors of Mg2+ 
and Li+ and pH is examined and shown in Fig. 9, as can be 
seen, with an increase in pH, the retention factor of Mg2+ is 
always higher than that of Li+ and remains at a relatively high 
level. When pH < 4, the retention factor of Mg2+ decreases 
slightly while the retention factor of Li+ reduces more signifi-
cantly. This may be due to the following: when pH < 4, the 
concentration of H+ in the solution increases with decreasing 
pH. Because the solution pH can be regulated by adding HCl, 
the lower the pH, the higher the H+ concentration. Therefore, 
the competition between co-ions (Mg2+, Li+, and H+) is more 
intense, especially for H+ and Li+. As can be seen from Table 1, 
the hydrated radius of H+ is less than that of Li+ and Mg2+, but 
the diffusion coefficient of H+ is much greater than that of 
Li+ and Mg2+. Thus, a large amount of H+ in the solution can 
pass through the nanofiltration membrane first by the elec-
trostatic attraction between the cations and the negative sur-
face charge of the nanofiltration membrane, and the retention 
factors of Mg2+ and Li+ increase with decreasing pH, espe-
cially for Li+. As shown in Table 5, the pH of the permeation 
is lower than that of the feed, suggesting that a large amount 
of H+ enters the permeation. When pH > 4, the retention fac-
tors for Mg2+ and Li+ remain stable, which may be due to the 
following: the concentration of H+ in the solution decreases as 
the pH increases, but the solution remains acidic. H+ can still 
pass through the nanofiltration membrane first and maintain 
a relatively stable retention factor of Mg2+ and Li+. The chang-
ing trend of retention factor with pH is consistent with the 
zeta potential changes with pH over the study range of 3–5.5 
(Fig. 4), which declines rapidly when pH < 4, but reduces 
slowly in pH over the range of 4–6. 

The relationship between SF of the membrane and pH 
is listed in Fig. 10. As shown, when pH < 4, the SF of the 
membrane decreases sharply with pH, which is related to the 
variation of Mg2+/Li+ in the permeate (Fig. 10). The retention 
factors of Mg2+ and Li+ decreases, and as can be seen from 
Table 6, the increasing trend of Mg2+ concentration in the per-
meate with pH is clearer than that of Li+. Thus, the Mg2+/Li+ 

in the permeate increases, resulting in a decrease in the SF. 
When pH > 4, with the increases of pH, the SF increases 
slightly and then decreases slowly, which is in agreement 
with the variation of Mg2+/Li+ in the permeate. The change of 
the SF can also be due to the initial concentration difference 
(Table 6) between Mg2+ and Li+, resulting from the operating 
error in the preparation of the feed with different pHs. And 
as can be seen in Table 6, the feed pH has little effect on the 
yield Li+.

5. Conclusion

A DK membrane was used to investigate the possibil-
ity of separating Mg2+ and Li+ from a simulated brine with 
a high Mg2+/Li+ ratio. The stability and the surface charge of 
the DK nanofiltration membrane were investigated, and the 
results show that the DK nanofiltration membrane exhibits 
good stability within 0.5–3.5 MPa. The nanofiltration mem-
brane is negatively charged and the zeta potential becomes 
more negative as the salinity and pH increase. The separation 
of Mg2+ and Li+ by the nanofiltration membrane at different 
salinities and pHs was also studied. Results show that the 
DK nanofiltration membrane flux decreases with increasing 
salinity and the membrane exhibits a high retention factor for 
Mg2+, but a poor retention factor of Li+ by the combination of 
Donnan exclusion, dielectric exclusion, and steric hindrance. 

Table 5
The pH of the feed and the permeate for the DK-1812 membrane 
and MgCl2 and LiCl simulated brine system 

Feed pH Permeate pH

2.89 2.48
3.40 2.97
4.02 3.65
4.70 4.35
5.13 5.04
5.77 5.04
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Fig. 9. Effect of pH on retention factors of Mg2+ and Li+ for the 
DK-1812 membrane and MgCl2 and LiCl brine system. Operat-
ing conditions: pH, 3–5.5; the operating pressure, 3.5 MPa; the 
operating temperature, 30°C ± 0.5°C; and the concentrate flux, 
120.0 L/h.
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When the feed concentration is 35 g/L, the Mg2+/Li+ in the per-
meate reduces to 1.49 and the SF is 22.60, the separation per-
formance of magnesium and lithium works best. However, 
the yield of lithium is 10.8%, which is relatively lower com-
pared with 25 g/L. Additionally, the membrane flux remains 
constant with pH. The retention factor of Li+ decreases from 
–42.7% at pH 2.89 to –53.7% at pH 4.02 and the retention 
factor of Mg2+ is always higher than Li+ and remains at a rel-
atively higher level, which may be due to the fact that H+ 
has a smaller hydrated radius and a greater diffusion coef-
ficient than Mg2+ and Li+, and therefore, it can pass through 
the nanofiltration membrane more easily. When the feed 
pH = 2.89, the Mg2+/Li+ in the permeation is 0.83 and the SF is 
42.09. These results show that the separation performance of 
magnesium and lithium works better at lower pH conditions. 
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Symbols

D — Diffusion coefficient of the solute, 104 m2/S 
c —  Solute concentrations in the boundary 

layer, g/L
cp — Solute concentrations in the permeate, g/L
δ — Boundary layer thickness, m
cm — Concentration at the membrane surface, g/L
Sh — Sherwood number
dh — Hydraulic diameter, m
L — Length of the membrane module, m
V —  Volume of the permeate penetrated 

through the membrane, L
A — Membrane active area, m2

t — Time taken to obtain the permeate, s
SF — Separation factor of the membrane
c

c
f

Mg

Li

2+

+













 —  Concentration ratio of the Mg2+ and Li+ in 
the feed

c

c
p

Mg

Li

2+

+













 —  Concentration ratio of the Mg2+ and Li+ in 
the permeate

ΔP — Applied pressure, MPa
LP — Pure water permeability, m/(S Pa)
ΔΠ — Osmotic pressure, MPa

T — Temperature, K
µ — Solution viscosity, Pa s
Js — Salt flux, L/m2 s
Ps — Salt permeation coefficient
cf — Solute concentrations on the feed, g/L
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