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ABSTRACT

A two-stage nanofiltration (NF) process was developed to separate magnesium (Mg?) and lithium
(Li*) from brine with a high Mg*/Li* ratio, and the effects of transmembrane pressure, pH and Mg*/Li*
ratio on the volume permeation flux, ion rejection, separation factor (SF) and Mg*/Li*ratio of permeate
were investigated. As the transmembrane pressure increases, the rejection rates of Mg* (R(Mg*)) and
Li* (R(Li%)) vary slightly for the first NF process; whereas R(Mg*) remains almost constant, but R(Li")
increases sharply at first and then levels off for the second NF process. pH is a crucial factor for the two-
stage NF process, and Mg* and Li* can be better separated at lower pH value. The SF of Mg* and Li*
increases with the increase of the Mg*/Li*ratio of the feed solution. The Mg?/Li* ratios of permeate of
West Taijnar salt lake brines can be reduced from the initial 13.25 to 0.17 at pH 3.5. The long-term filtra-
tion test confirms that the two-stage NF process is stable. Thus, the two-stage NF process proposed in
this study can be a promising approach to separate Mg* and Li* from brine with a high Mg?/Li*ratio.
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1. Introduction

Lithium (Li) and Li salts have been widely used in var-
ious applications including batteries, aerospace, nuclear
power, alloys, drugs and lubricants [1]. The global demand
for Li ion battery in the field of electric vehicles is expected
to reach $221 billion by the year of 2024 [2]. Various methods
have been developed to separate Li* from brine with a high
Mg?*/Li" ratio, such as precipitation [3], extraction [4], ion
exchange and sorption [5], and electrodialysis [6]. However,
each method suffers from some limitations that may make
it impractical or undesirable in some circumstances. For
instance, a large quantity of precipitating agent is required
for the precipitation method, and it is difficult to re-extract
solvent for the extraction method. A major challenge for
the ion exchange method is the development of novel ion
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exchange resins with highly selective functional groups.
More importantly, these methods are too costly for brine
with a high Mg?*/Li" ratio, and thus they are more applicable
for the brine with a Mg?*/Li" ratio less than 1.

Nanofiltration (NF) is a pressure-driven membrane pro-
cess with characteristics between ultrafiltration and reverse
osmosis (RO), and it is suitable for a wide range of applica-
tions such as water softening [7,8], wastewater reuse, concen-
tration of juices [9], and desalination [10]. NF has been shown
to be better than some separation methods in extracting mon-
ovalent ions from a system containing multivalent ions [11].
Attempts have been made to separate Mg?* and Li* from brine
with a high Mg*/Li" ratio via a single NF process [6,10,11].
Mg?* can be extracted using the reject solution via the mem-
brane crystallization, membrane distillation or other pro-
cesses; while Li* can be extracted using the permeate solution
via the extraction or other processes. However, separation
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performance of a single NF process is not as good as expected
[10-12]. Thus, it is more desirable to use a two- or multi-stage
NF process. In order to address this problem, a two-stage NF
process was developed in this study to separate Mg?" and Li*
from brine, and the effects of transmembrane pressure, pH
and Mg”/Li*ratio on the volume permeation flux, ion rejec-
tion, separation factor (SF) and Mg?/Li" ratio of permeate
were investigated. A long-term filtration test was performed
to determine the stability of the proposed two-stage process.

2. Experimental setup
2.1. Materials

The two membranes used in this study, 3B015-DACS8-1812
(NF1, molecular weight cut-off [MWCO]: 250-300 Da) and
3B02S-DACS8-1812 (NF2, MWCO: 150-200 Da), were supplied
by Suntar Membrane Technology Co., Ltd. (Xiamen, China),
both of which had an active area of 0.24 m? and could stably
operate in the pH range of 2.0-11.5. Hydrochloric acid (HCI),
LiCl and MgCl,-6H,O were provided by Sinopharm Chemical
Reagent Co., Ltd. (Beijing, China) and used for preparation
of simulated brine with pure water obtained by means of a
RO membrane system (UPT-1-5T, China). The mass ratios of
Mg? to Li* ranged from 3.43 to 24.01, and the salt concentra-
tion (C) was fixed at 6.0 g-L-. The raw brine obtained from
West Taijnar salt lake was also examined in this study, and the
ion concentrations were shown in Table 1. The raw brine was
diluted by pure water before feeding to ensure a total MgCl,
and LiCl concentration of 6.0 g-L". The pH of the diluted
brine (feeding brine) was adjusted with HCL

2.2. Experimental procedure

All experiments were carried out in a laboratory setup on
the basis of a spiral wound DK-1812 model (Suntar Membrane
Technology Co., Ltd, Xiamen). The filtration system is sche-
matically shown in Fig. 1. Each cell had an active membrane

Table 1
pH and ion concentrations of the raw brine from West Taijnar
salt lake (g-L7)

pH 6.2
Na* 2.041
K 1.043
Li* 8.666
Ba* 0.008
Ca* 0.132
Mg* 114.800
Mg*/Li* 13.25
NF2
Permeate 1 Permeate 2
Feed solution —@ NF1
Retentate 2

Retentate 1

Fig. 1. Schematic of the two-stage filtration system.

area of 0.24 m?, and new membranes were thoroughly cleaned
with deionized water. The feed temperature was fixed at 20°C
+ 0.2°C using a circulating water cooling system. In the filtra-
tion tests, a small amount of samples were taken out from the
feed and permeate tanks every 30 min for elemental analysis
when the system reached a stable state under each operation
condition. The flux was measured by collecting permeate, and
both permeate and retentate were recycled to feed tanks after
flux measurement. In the separation tests, permeate was col-
lected into the permeate tank while the retentate was recycled
into the feed tank. The permeate of the first NF stage (in which
NF1 was used) was used as the feed for the second NF stage (in
which NF2 was used). The separation efficiency of both NF1
and NF2 was characterized by volume flux, rejection rate and
SE. All experiments were repeated at least twice depending on
the errors, and the averages and deviations were calculated.

The volume permeate flux (J, m*m™ s™) was used to
describe the rate at which the solution permeated the mem-
brane, which was defined as the permeate solution volume
per area per unit of time.

Vv
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where V, A, and At are the volume of permeate solution (m?),
the active surface area of the membrane (m?), and the perme-
ation time (s), respectively.

The rejection rate (R, %) was calculated by Eq. (2) as
follows:

: CPi o,
R(z):(lfcﬁ)xloo/o )

where C and C, are the concentration of i in permeate (g-L™)
and feed (g'L™), respectively, in which i refers to either Mg*"
or Li*.

The SF (no unit) was used to describe the separation
efficiency.
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where C,, *and C ' are the Mg* and Li* concentrations in
permeate (g-L™") and feed (g-L™"), respectively.

2.3. Separation stability

The separation stability of NF1 and NF2 membranes was
evaluated by a long-term filtration test using the raw brine
with a pH of 6.2 and 3.5, respectively. The membrane was
pressurized with DI water at 0.8 MPa and 20°C + 0.2°C for
0.5 h to achieve a stable stage, and the volume permeate flux
(/,,) for pure water was measured. Then, the brine was con-
tinuously fed for 3 h, and the steady flux and concentration
of Mg* and Li" were measured every 15 min, which were
denoted as ], and Cpi, respectively. After that, the fouled
membrane was thoroughly washed with DI water at 0.4 MPa
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and 20°C + 0.2°C for 20 min, and the volume permeate flux
(J,,) for pure water was measured again at 0.8 MPa and 20°C
+0.2°C. The experiment was stopped after four cycles.

The relative flux (RF, no unit) was calculated by Eq. (4).

Ja
]7;0

RF = )

2.4. Measurements of ion concentration and pH

Mg?* and Li* concentrations were determined using
inductively coupled plasma (ICAP6300 spectrometer, USA)
as described in our previous study [12]. The pH of the solu-
tion was measured using a FE20K pH meter (Mettler Toledo,
Shanghai).

3. Results and discussion
3.1. Separation of Mg*" and Li* from simulated brine
3.1.1. Effect of transmembrane pressure

Fig. 2 shows that the volume permeate flux of the simu-
lated brines with different Mg?/Li* ratios increases linearly
with the increase of transmembrane pressure, indicating that
both NF1 and NF2 membranes perform well regardless of the
Mg?/Li* ratio. Fig. 3 clearly shows that for NF1 membrane,
the rejection rates of Mg* (R(Mg*)) and Li* (R(Li*)) vary
slightly with increasing transmembrane pressure; whereas
for NF2 membrane, R(Mg?*) remains largely unchanged, but
R(Li*) increases sharply at first and then slowly with increas-
ing transmembrane pressure. The steric hindrance indicates
that Mg* has a higher retention than Li* due to its larger
Stokes radius (the sieving effect of NF), and Li* has a higher
diffusion coefficient than Mg? [13,14]. As a result, R(Mg?)
is higher than R(Li") for both NF1 and NF2 membranes, and
thus Mg* could be preferentially separated from Li*, which
can be explained by Eq. (5) as follows:

J,=BxAC; (5)
where B and AC, are the permeation coefficient and concen-

tration difference of the salt on the sides of the membrane,
respectively.

(@3
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Clearly, as the transmembrane pressure increases, both
the volume permeate flux and AC, increase, resulting in an
increase of salt rejection of both Mg** and Li* [15-17]. And the
rejection of Li*increases quickly at first and then levels off for
NF2 membrane, which might be caused by the dense surface
or the small pore size of NF2 membrane. Compared with NF1,
NF2 has lower volume permeate flux but higher salt rejection
due to the small size of NF2. The molecular cut-off of NF1
is 250-300 Da, whereas that of NF2 is 150200 Da, indicating
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Fig. 3. Effect of transmembrane pressure on rejection rate of Mg
and Li* (Mg*/Li*=3.43, pH = 6.1), (a) NF1, (b) NF2.
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Fig. 2. Effect of transmembrane pressure on the volume permeate flux (pH = 6.1), (a) NF1, (b) NF2.
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that NF2 has smaller a pore size than NF1. Taking into account
the volume permeate flux and rejection rate, a transmembrane
pressure of 0.8 MPa is determined to be suitable.

3.1.2. Effect of feed solution pH

The surface charge of NF membrane is zero at a cer-
tain pH (isoelectric point, IEP), below which it is positively
charged and above which it is negatively charged [18,19].
Thus, the pH of the solution can have a significant effect on
the separation process. The IEPs of NF membranes used in
this study range from 4.00 to 4.55 [20]. As shown in Fig. 4,
R(Mg?*) decreases for NF1, but changes only slightly for NF2
with increasing pH, whereas R(Li") increases with increasing
pH for both NF1 and NF2. Similar result was also reported by
Sun et al. [10] and Ji et al. [21]. Additionally, the SF of Mg*'
and Li* decreases sharply with the increase of pH, suggesting
that the separation efficiency of the two membranes decreases
with the increase of pH. This can be attributed to the fol-
lowing reasons. First, the surfaces and pores are positively
charged at a pH lower than IEP but negatively charged at a
pH higher than IEP, and the negative charges increase with
the increase of pH [22]. According to the Donnan exclusion
theory, a positively charged membrane (pH < IEP) is bene-
ficial for the separation of Mg* and Li* from brine, and the
Donnan exclusion on rejection decreases as the counter-ion
valance increases (pH > IEP). As the pH of the solution
is adjusted with HCL, the lower the pH of the solution is,
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the higher the H' concentration will be. Thus, the negative
charges on the surface of NF membranes can be screened and
then turned to positive charges by H', and thus Mg? and Li"*
will be repelled by the positively charged surface. However,
the electric potential at the separation interface resulting from
a large amount of CI-through the membrane can drive Li* to
pass through the membrane to maintain electroneutrality [6].
The Donnan exclusion can be reduced as the pH increases,
leading to a decrease of R(Mg*") and an increase of R(Li*). The
dielectric exclusion (DE) also plays a crucial role in the sepa-
ration of Mg?* and Li* from brine, which is partly due to ions
with different dielectric constants at the interface of exter-
nal solution and pore solution of membranes. The exclusion
energy is proportional to the square of ion charges including
anions and cations, and the concentrations of H* and total ions
are higher at a lower pH. Thus, DE can contribute to the sep-
aration of Mg* and Li*at lower pH, and this effect becomes
less pronounced with increasing pH. Finally, according to the
sieving effect of NF membranes, Mg* has a larger size than
Li*, and Li* is a monovalent ion which can pass through the
NF membrane more easily than the divalent ion (Mg?). The
surface of NF2 membrane is much denser than that of NF1
membrane, resulting in better separation effect.

3.1.3. Effect of the Mg*/Li" ratio

Fig. 5 shows the R(Mg?), R(Li*) and SF as a function of the
Mg?/Li* ratio of simulated brine. It shows that as the Mg*/Li*
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Fig. 4. Effect of simulated brine pH on the SF and rejection rate of Mg* and Li* (Mg*/Li*= 3.43, AP = 0.8 MPa), (a) NF1, (b) NF2.
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Fig. 5. Effect of the Mg*/Li* ratio of simulated brine on SF and rejection rate of Mg* and Li* (pH = 3.5), (a) NF1, (b) NF2.
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ratio increases, R(Mg?") remains largely unchanged but R(Li")
decreases continuously. Thus, SF increases with increasing
Mg?/Li* ratio of the simulated brine. This is particularly pro-
nounced in the second NF stage, in which R(Mg?") can reach
above 99.0% and R(Li") is decreased to —-20.0%, and the SF can
reach 98 as the Mg?/Li* ratio of the feed solution increases.
This is because as the Mg?/Li" ratio increases, the Mg*" con-
centration and the exclusion energy increase, resulting in a
stronger DE and a higher SF [6]. Thus, a high separation effi-
ciency of Mg? and Li* could be expected after the two-stage
NF process, which will be discussed below.

3.1.4. Mg*/Li" ratio of permeate

Fig. 6 shows the Mg?*/Li* ratio of permeate from simu-
lated brine with different mass concentration ratios of Mg*
to Li* (3.43 to 24.01) at pH = 3.5 and 4.5, respectively. Li* per-
meate preferentially to maintain electroneutrality compared
with Mg?*, because they have a smaller Stokes radius and a
lower valence than Mg?*. As a result, Mg* and Li* can be frac-
tionated by NF1 and NF2 membranes because of ion com-
petition. The Mg*/Li* ratio of permeate decreases and then
tends to be stable as the transmembrane pressure increases,
which increases with increasing Mg?/Li" ratio and pH of the
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simulated brine. For NF2 process, the Mg?/Li*ratio of perme-
ate can be reduced to 0.14 at pH = 3.5. This can be explained
by the combined effects of Donnan exclusion, DE and ste-
ric hindrance that govern the mass transport inside the NF
membrane [6]. The lower the pH, the more the number of
positively charges on the surface or in the interior of the
membrane. As a result, the Donnan exclusion and DE result
in a higher separation efficiency. In addition, the R(Mg?*")
and R(Li") increase with the increase of transmembrane pres-
sure, because increasing volume permeate flux can cause a
decrease in permeate concentration (Eq. (5)). Thus, the two-
stage NF process may be a promising approach for the sepa-
ration of Mg* and Li* from brine.

3.2. Separation of Mg** and Li* from salt lake brine

The pH of salt lake brine (originally equal to feed brine) is
adjusted to 3.5 with HCI. Fig. 7 shows that the Mg?/Li" ratio
of the salt lake brine declines after the two-stage NF process.
Especially, the Mg*/Li" ratio of the permeate is decreased
from 13.25 to 7.03 in the first NF stage and then to 0.17 in the
second NF stage at pH = 3.5, while only a slight decrease is
observed at pH = 6.2. This is because the surface of NF1 and
NF2 membranes is positively charged at pH = 3.5. The DE
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Fig. 6. Effect of transmembrane pressure on the Mg*/Li" ratio of permeate, (a) NF1/pH = 3.5, (b) NF1/pH = 4.5, (c) NF2/pH = 3.5,

(d) NF2/pH = 4.5.
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and Donnan principle can enhance the separation of Mg
and Li* from brine. The brine with a small Mg*/Li" ratio of
0.17 can be treated directly with extraction or other tradi-
tional treatment processes.

3.3. Separation stability

The separation stability of the two-stage NF process was
evaluated by RF and Mg?*/Li* ratio of the brine permeate.
Fig. 8 shows RF and Mg?*/Li" ratio of the brine permeate for

0 13 777 ] pH=6.2 ol the leed brine
o [_1pH=3.5 of the feed brine
= ?
v}
12+ %
= P
o,
z
= 9F
(=]
[+]
g
kS
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L5}
] %
o
=]
- 3F
e
-4 0.17

Feed brine Permeate of NF1  Pcrmcate of NF2

Fig.7. Mg*/Li*ratio for feed brine and permeate of NF1 and NF2.
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Fig. 8. RF (a) and Mg?/Li* ratio of NF permeate (b) as a function
of operating time.

both NF membranes during the four filtration cycles. In each
circle, RF of NF1 and NF2 membranes at pH = 6.2 increases
with operating time at the beginning because the membranes
are compacted at the beginning of the filtration. After the
attainment of a stationary thickness, RF changes slightly in
the range of 0.97-1.02, indicating that the two membranes
have a stable filtration performance. However, RF of both
membranes at pH = 3.5 decreases gradually with operating
time. After washing with DI water, NF1 and NF2 membranes
show a stable RF value of 0.89 and 0.81, respectively. On the
one hand, as the pH of the solution changes from 6.2 to 3.5,
the surface of NF membranes becomes positively charged.
Thus, the repulsive force of Mg* and Li" increases due to
Donnan exclusion, leading to an increase in filtration resis-
tance; and the osmotic pressure of the solution increases as
the pH decreases. On the other hand, the membrane matrix
would be in a less expanded state at a lower pH because of
the lower intramembrane electrostatic repulsion [20,23-25].
Therefore, RF of both membranes at pH = 3.5 is lower than
that at pH = 6.2. Fig. 8(b) shows that the Mg*'/Li* ratio of NF
permeate hardly changes with operating time in each circle
and the Mg*/Li" ratio decreases with decreasing pH, which
can be attributed to the combined effects of Donnan exclu-
sion and DE [6]. These results confirm that the two-stage NF
process has a good separation stability.

4. Conclusions

A two-stage NF process was proposed in this study for
the separation of Mg?" and Li* from brine with a high Mg?/Li*
ratio. Both NF1 and NF2 membranes have remained well
throughout the NF process. As the transmembrane pressure
increases, R(MMg?*) and R(Li") vary slightly for the NF1 pro-
cess; whereas R(Mg?*) remains almost constant, but R(Li*)
increases sharply at first and then levels off for the NF2 pro-
cess. pH plays a critical role in the two-stage NF process.
R(Mg?*) decreases with increasing pH, whereas the opposite
is observed for that of Li*. Accordingly, the SF of Mg* and
Li* decreases sharply with the increase of pH. The lower the
pH is, the better the separation of Mg* and Li* will be. The
SF increases as the Mg*/Li" ratio of feed solution increases.
The Mg?/Li* ratio of permeate of simulated brine and brine
obtained from West Taijnar salt lake can be reduced to 0.14
and 0.17 at pH 3.5, respectively. The long-term filtration test
confirms that the two-stage NF process is quite stable. The
effects of other cations and anions in brine on the separation
of Mg* and Li* as well as the accurate economic analysis
should be studied in the future. The Mg* and Li" in salt lake
brine may be completely separated with a positively charged
NF membrane.
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Symbols

A — Active surface area of membrane, m?

B —  Permeation coefficient, m*kg™ s™

C, —  Concentration of i in feed, g-L™

C; ' —  Concentration of i in permeate, g-L™

I, —  Volume permeate flux, m*>m=s™

J,and ], — Volume permeate flux of DI water before and
after long-term filtration test, m*>m=-s!

I —  Volume permeate flux of brine, m*>m=s™

R —  Rejection rate, %

RF —  Relative flux, no unit

SF —  Separation factor, no unit

\% —  Volume of permeate solution, m*

AC, —  Concentration difference of salt on the sides
of the membrane, g-L™

At —  Permeation time, s

i —  Mg*orLi"
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