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Effective extraction of lithium from high Mg2+/Li+ ratio brine lakes is of great challenge. In this work, organic–
inorganic hybrid silica nanofiltration (NF)membraneswere prepared by dip-coating a 1,2-bis(triethoxysilyl)eth-
ane (BTESE)-derived separation layer on tubular TiO2 support, for efficient separation of LiCl and MgCl2 salt so-
lutions. We found that the membrane calcinated at 400 °C (M1–400) could exhibit a narrow pore size
distribution (0.63–1.66 nm) owing to the dehydroxylation and the thermal degradation of the organic bridge
groups. All as-prepared membranes exhibited higher rejections to LiCl than to MgCl2, which was attributed to
the negative charge of the membrane surfaces. The rejection for LiCl and MgCl2 followed the order: LiCl N
MgCl2, revealing that Donnan exclusion effect dominated the salt rejection mechanism. In addition, the triple-
coated membrane calcined at 400 °C (M3–400) exhibited a permeability of about 9.5 L ∙m−2 ∙h−1 ∙bar−1 for
LiCl or MgCl2 solutions, with rejections of 74.7% and 20.3% to LiCl and MgCl2, respectively, under the transmem-
brane pressure at 6 bar. Compared with the previously reported performance of NF membranes for Mg2+/Li+

separation, the overall performance of M3–400 is highly competitive. Therefore, this work may provide new
insight into designing robust silica-based ceramic NF membranes with negative charge for efficient lithium
extraction from salt lakes.

© 2019 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights reserved.
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1. Introduction

As the lightest element in nature, lithium is widely utilized in
various fields such as ceramics [1,2], pharmaceuticals, and recharge-
able batteries. [3,4] In addition to Li-containing ores, lithium
resources mainly exist as the ionic form (i.e. Li+) in salt lakes [5]. It
is estimated that lithium reserves are 0.54 million tons in China,
but about 85% of them are stored as brine lithium in salt lakes [6].
Therefore, extraction of Li+ from salt lakes has attracted much inter-
est to meet the growing demand for lithium usage. However, due to
the high Mg2+/Li+ ratio (i.e. the concentration of Li+ is ~0.3 g·L−1

and the ratio of Mg2+/Li+ is ~48.5) and the existence of other salt
ions (e.g. Na+) in salt lakes [7], development of efficient strategies
for selective extraction of Li+ remains challenging.

Recently, approaches such as chemical precipitation, lithium ion-
sieve (LIS) adsorption and solvent extraction have been explored [8,9].
Among them, chemical precipitation is only applicable for the cases
with a low ratio of Mg2+/Li+ of brine or high capacity of Li+ [10].
Despite owing good adsorption capacity for Li+, LISs generally suffer
frompoor structural stability caused by dissolution loss [11]. In contrast,
membrane-based technologies have demonstrated their technical
g Society of China, and Chemical Ind
merits including high efficiency and low energy consumption in water
treatment including desalination [12] and drinking water purification
[13]. Nanofiltration (NF), a pressure-driven separation process with
tunable ionic sieving performance, has been considered as a promising
alternative to conventional lithium extraction approaches [14].

Yang et al. [15] investigated the feasibility ofMg2+/Li+ separation by
using commercial Desal DK NF membranes (GE Osmonics). The Mg2+/
Li+ separation factor (i.e. (C[Mg2+]/C[Li+])permeation/(C[Mg2+]/C[Li+])
retention) in their studywas 0.31, and they believed that intrapore charge
density of the membranes play a dominant role in selective Mg2+/Li+

separation. Subsequently, Bi et al. [16] further investigated a series of
effects (e.g. salt concentration, transmembrane pressure, introduction
of K+ or Na+) on Mg2+/Li+ separation performance using spiral-
wound DK NF membranes and their results revealed that the Mg2+/
Li+ selectivity was dominated by Donnan exclusion effect. Wu et al.
[17] found that their negatively charged polyamide/poly(phthalazinone
ether sulfone ketone) (PA/PPESK) NF membrane could show much
higher rejection to Li+ than to Mg2+, confirming that negatively
charged NF membranes might be used for efficiently separation of
Li+/Mg2+ mixture.

However, these polymeric NF membranes usually suffer from poor
chlorine resistance and severe fouling [18], which limits their practical
applications in brine lakes for Li+ extraction. Owing to excellent chem-
ical stability and regeneration property, robust ceramic NF membranes
ustry Press Co., Ltd. All rights reserved.
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Fig. 1. Schematic illustration of (a) the coating setup and (b) sol–gel based membrane preparation process.
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have gained much popularity for producing high value-added products
[19]. In ceramic membrane family, organic–inorganic hybrid silica
membranes consisting of organic Si\\Cn\\Si bridges and inorganic
Si\\O\\Si bonds have attracted considerable attention for their excel-
lent performance in the applications of gas separation, pervaporation,
reverse osmosis (RO), and membrane reactors [20–22]. In the past de-
cade, 1,2-bis(triethoxysilyl)ethane (BTESE)-derived organic–inorganic
hybrid silica membranes with controllable microporous structures
have been proved with good hydrothermal stability and excellent
chemical resistance over pure silicamembranes. Despite these technical
merits, to our best knowledge, BTESE-derived NFmembranes for selec-
tive separation of monovalent/divalent salt solutions lack investigation.

As the pore structures of BTESE-derived hybrid silica membranes
can be effectively tailored for salt rejection and the membranes are
easy for industrial large-scale production via sol–gel method, BTESE-
derived organic–inorganic hybrid networks are attractive to be con-
structed as NF membranes for Li+ extraction from brine lake with
high Li+/Mg2+ ratio. Here, we aim to prepare BTESE-derived organic–
inorganic hybrid NF membrane with favorable surface charge by sol–
gel method for effective lithium extraction through selectively separat-
ing LiCl and MgCl2 salt solutions. To obtain appropriate microporous
structure, sol–gel chemistry and calcination process were carefully con-
trolled to prepare the BTESE-derived NF membranes. The effects of cal-
cination temperature and coating time on the structural changes and
salt rejection performance of the as-prepared membranes were
Fig. 2. Schematic diagram of the experimental appa
investigated by various characterization techniques and salt rejection
experiments.

2. Experimental

2.1. Preparation of sols and gel powders

1,2-Bis(triethoxysilyl)ethane (BTESE) from ABCR was used as the
precursor. Ethanol (anhydrous) was purchased from Merck. Nitric acid
(HNO3, 65 wt%) was purchased from Lingfeng in Shanghai. Prior to fur-
ther use, the concentrated nitric acid was diluted to 0.1 M using deion-
ized (DI) water.

Organic–inorganic hybrid silica sols were prepared by the following
procedure. First, 5 ml BTESE and 13 ml ethanol were well mixed under
nitrogen atmosphere within a glovebox. Meanwhile, 0.67ml diluted ni-
tric acid solutionwasmixedwith 2.7 ml DI water in a 50ml beaker, and
then, the mixture was drop-wise added into the as-prepared BTESE-
ethanol mixture under vigorous stirring (120 r·min−1) in an ice bath.
Along with continuous stirring, the final mixture was refluxed in a
water bath at 60 °C for 90 min.

Dried flake gels were obtained by drying the corresponding sols for
8 h at room temperature. The obtained gels were then ground into
fine powders followed by a thermal treatment under N2 atmosphere.
The calcination procedure includes a heating up and cooling down pro-
cess at a rate of 0.5 °C ∙min−1, with dwelling time of 3 h at 200, 300 and
ratus for the measurement of NF performance.



Fig. 3. Particle size distribution of the as-prepared BTESE-derived sol.

Table 1
Pore structure data of P-200, P-300 and P-400

Powders SBET/m2 ∙g−1 Pore volume/cm3 ∙g−1

P-200 302.6 0.160
P-300 221.4 0.116
P-400 166.7 0.087
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400 °C, respectively. The powder samples were marked as P-200, P-300
and P-400, accordingly, where the specific numbers refer to the calcina-
tion temperature.

2.2. Fabrication of membranes

To prepare BTESE-derived organic–inorganic hybrid silica mem-
branes, the as-prepared BTESE sols were diluted to a solution of
0.17MSi in concentration. Then, the diluted solswere coated on tubular
TiO2 membranes (pore size: 5 nm, outer diameter: 10mm; inner diam-
eter: 8 mm, length: 105 mm, Nanjing Hongyi Ceramic Membranes Co.
Ltd., China) by dip-coatingmethod. Fig. 1 shows the schematic diagram
of the coating setup and sol–gel based membrane preparation process.
In this process, the pulling speed and dwelling time were kept at
0.5 cm ∙s−1 and 60 s, respectively. Then the coated membranes were
dried in an oven at a temperature of 60 °C for 3 h. Subsequently, the
membranes were calcined under N2 atmosphere in a tube furnace. It
should be noted that the calcination process is the same as the calcina-
tion process for gel powders. The integrated coating-calcination process
could be repeated for various times in this study. According to coating
time and calcination temperature, the as-prepared membranes were
named M1–200, M1–300, M1–400, M2–400 and M3–400, respectively.
Fig. 4. (a) N2 adsorption–desorption isotherms and (b)
M refers to membrane and the number followed by M (i.e. 1, 2 and
3) represents coating time. 200, 300 and 400 represent the calcination
temperature.

2.3. Characterization

The microporous structure of powders was analyzed by N2 adsorp-
tion–desorption isotherms with a physical gas sorption instrument
(ASAP2460,Micromeritics) at 77 K. Prior tomeasurements, the samples
were degassed under vacuum at 473 K for 12 h. The pore size distribu-
tion was calculated based on non-local density functional theory
(NLDFT). X-ray photoelectron spectroscopy (XPS) and Fourier trans-
form infrared (FTIR) spectroscopy were used to study the chemical
states of the as-prepared membranes. Zeta potential of the powders in
LiCl and MgCl2 solutions with different pH values were measured with
a zeta potential analyzer (Zetasizer Nano ZS90, Malvern). For zeta po-
tential measurement, 0.03 g P-400 samples were dispersed into 50 ml
salt solution (2 mmol⋅L-1) and 0.1 mol⋅L-1 HCl or NH3 ∙H2O solution
was used to adjust pH of the solution. Surface wettabilities of the as-
prepared membranes were studied through a contact angle analyzer
(A-100P, MAIST, China). The surface and cross-sectional morphology
of the as-preparedmembranes were observed by scanning electronmi-
croscopy (SEM, S4800, Hitach, Japan). The elemental analysis of the
membrane separation layer was performed by X-ray energy-
dispersive spectrometry (EDS).

2.4. Evaluation of membrane performance

The NF performance of the as-prepared membranes was evaluated
by a home-made cross-flow filtration system (Fig. 2). The crossflow ve-
locity was remained up to 2 m ∙s−1 at 18 °C to minimize the effect of
concentration polarization on the feed side. The permeation flux (JV)
was calculated according to the following equation:

JV ¼ V
A� t

ð1Þ

where V is the total volumeof the permeate through themembrane, A is
the membrane area (21.35 cm2), and t denotes the operation time.

The permeability was obtained by linear fitting to the value of flux
over transmembrane pressure.

The concentration of permeate and feed solutions was analyzed by
conductivity meter (DDS-307, Shanghai Leici Instrument Factory). The
rejection (R) of salt was calculated as follows:

R ¼ 1−
Cp

C f

� �
� 100% ð2Þ
/nm
0.5 1.0 1.5 2.0 2.5 3.0

pore size distributions of P-200, P-300 and P-400.



Fig. 5. FTIR spectra of P-200, P-300, and P-400.

Fig. 7. Zeta potential of BTESE-derived membranes in LiCl and MgCl2 solutions under
various pH values.
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where Cp and Cf are the concentration of permeate and feed solutions,
respectively. 2 mmol⋅L-1 LiCl or 2 mmol⋅L-1 MgCl2 solutions were pre-
pared as the feed solutions.

3. Results and Discussion

3.1. Characterization of sols and gel powders

The sol–gel chemistry plays a crucial role in the ultimate membrane
structure and properties [23]. The sol needs to be carefully tuned prior
to coating for avoiding sol permeation into the TiO2 support beneath.
Fig. 3 shows the particle size distribution of the BTESE-derived sol pre-
pared in this study. It can be seen that the sol exhibits a narrow
unimodal distributionwith amean particle size about ca. 5 nm. Because
the mean pore size of TiO2 support is 5 nm, the as-prepared sol can be
used for further membrane preparation.

To study the pore structure of the as-prepared BTESE-derivedmem-
branes, N2 adsorption–desorption experiments for the gel powders cal-
cined at 200, 300 and 400 °C were conducted. The pore structure data
derived from the N2 adsorption–desorption experiments are presented
in Table 1. Fig. 4 shows the N2 adsorption–desorption isotherms and
pore size distributions of the obtained gel powders. All three samples
exhibit the type I adsorption isotherm, indicating that the BTESE-
derived networks have typical microporous structure (Fig. 4a). In
Table 1, P-200 has a Brunauer–Emmett–Teller (BET) surface area of
302.6m·g−1 and a pore volume of 0.160 cm3·g−1,while the BET surface
area and the pore volume of P-400 dramatically decrease to
166.7 m·g−1 and 0.087 cm3·g−1, respectively. These results suggest
that a higher calcination temperature leads to a denser structure of
BTESE-derived hybrid silica network, which agrees with our previous
work [24]. According to the hysteresis loops found in N2 adsorption–
/eV

Fig. 6. Deconvolutions of the XPS Si 2p peaks of (
desorption isotherm of the three samples, a small number ofmesopores
existed in these BTESE-derived microporous membranes [25].

To further explore the pore structure of the as-preparedmembranes,
the pore size distributions of the P-200, P-300 and P-400were analyzed
using the NLDFT model. As shown in Fig. 4b, the pore size of the three
samples mainly distributed within the range of 0.5–2 nm. This result
confirms that the as-prepared membranes have microporous struc-
tures, which matches with the pore size characteristics of typical NF
membrane. In addition, the P-400 powders have a narrower pore size
distribution than that of the P-300 and P-200 powders. The pore size
distribution of the P-200 is between 0.5 and 2.6 nm while that of P-
400 is narrower (0.63–1.66 nm). This indicates that higher calcination
temperature leads to a higher cross-linking degree for a BTESE-
derived network, resulting in more concentrated pore size distribution
and smaller pore size of the BTESE-derived networks.

Fig. 5 shows the FTIR spectra of P-200, P-300 and P-400, which indi-
rectly reflects the chemical structures of the hybrid silica networks in
the M1–200, M1–300 and M1–400 membranes. A clear absorption
band appears at 1040 cm−1 which is assigned to the asymmetric
stretching vibration of the Si\\O\\Si groups [26]. It is well-known that
silanol groups would condense to form a Si\\O\\Si network (i.e. dehy-
droxylation process) during the calcination process. The broad absorp-
tion band at 3450 cm−1 can be ascribed to the stretching vibrations of
hydroxyl groups in the silanol groups (Si\\OH). The characteristic
peak for Si\\OH was the strongest when the calcination temperature
is 200 °C (P200), but the relative intensities of Si\\OH characteristic
peak decreased with the increase of calcination temperature. This sug-
gests that a higher calcination temperature could lead to an enhanced
dehydroxylation process (namely, a relatively higher cross-linking de-
gree of the silica network). The characteristic peaks at around
700 cm−1 and 1410 cm−1 can be ascribed to Si\\C stretching vibrations
and CH2 (in Si\\CH2\\CH2\\Si) asymmetric bending vibrations,
/eV /eV

a) P-200, (b) P-300 and (c) P-400 powders.



Fig. 8. Surface and cross-sectional SEM images of (a) M1–400, (b) M2–400 and (c) M3–
400. The insets of surface SEM images of M1–400, M2–400 and M3–400 are water
contact angles of the corresponding membrane surfaces.
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respectively [27]. The relative intensities of the characteristic peak for
Si–C and CH2 decreased with the increase of the calcination tempera-
ture. This suggests that the thermal degradation of the organic bridged
groups in the silica powders occurs at higher calcination temperatures.

Fig. 6 shows the Si 2p core-level spectra of P-200, P-300 and P-400
powders analyzed by XPS. The Si 2p peaks can be decoupled into
three peaks corresponding to X2SiO2/2 (102 eV), XSiO3/2 (102.8 eV)
and SiO4/2 (103.7 eV), where X represents organic groups in
organosilica [28]. The presence of the pure inorganic moiety (SiO4/2)
was caused by the decomposition of organic chains. The contents of
SiO4/2 moiety in P-200, P-300 and P-400 are 24.5%, 30.3% to 46.8%,
Fig. 9. EDS spectra ana
respectively, which confirms that a higher calcination temperature re-
sults in much more SiO4/2 moiety formed in the networks.

As NF membrane surfaces are usually negatively or positively
charged, different surface charges lead to different salt rejection perfor-
mances. According to Donnan effect that salt rejection performance
strongly depends on the surface charge of a NF membrane [29], thus
the zeta potential measurements were carried out to investigate the
surface charge property of the as-prepared BTESE-derived NF mem-
branes in LiCl and MgCl2 solutions with different pH values. Fig. 7 illus-
trates the zeta potential evolutions with pH of P-400 in 2 mmol⋅L-1 LiCl
and MgCl2 solutions. P-400 exhibited negative zeta potential in either
LiCl or MgCl2 solution under the whole pH range. In the LiCl solution,
the zeta potential values of P-400 decreased dramatically with the in-
crease of pH. The zeta potentials of P-400 in MgCl2 solution varying
with pH showed a similar downwards tendency as that in LiCl solution,
but the decrease was more moderate. It could be explained by the in-
creasing degree of dissociating of hydrogen bond at high value of pH
that more negative charge could be accumulated in the membrane sur-
face [30]. Therefore, the charge repulsion between the as-prepared
membrane and solution increases, which promotes the Donnan effect
of membranes. It is worth noting that the zeta potential values of P-
400 in LiCl solution was much lower than those in MgCl2 solution
when the pH value was above 7, indicating that the as-prepared
BTESE-derived hybrid silica membrane surface could ionize more
\\OH in the LiCl solution. The as-preparedmembrane exhibits stronger
electronegativity in LiCl solution than that of MgCl2 solutionwhen pH is
above 7, and this difference might be beneficial for separating LiCl and
MgCl2 in brine.

3.2. BTESE-derived hybrid silica NF membranes

The surface and cross-sectional morphologies of the as-prepared
BTESE-derived NF membranes were imaged by SEM (Fig. 8). From the
top view of the SEM images, M1–400, M2–400 and M3–400 show sim-
ilar surface morphologies with no visible cracks or defects. Surfacewet-
tability is an important property for a membrane [31–33]. The insets in
surface SEM images show thewater contact angles of M1–400, M2–400
lysis of M3–400.
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Fig. 10. The purewater flux of the as-preparedmembranes as a function of transmembrane
pressures.
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andM3–400 membrane surfaces, respectively. M1–400membrane had
the highest water contact angle value, while M3–400 membrane
showed the highest hydrophilicity. In the cross-sectional view, the
thickness of top layers for M1–400, M2–400 and M3–400 membranes
are 1.25, 1.4 and 1.5 μm, respectively. This indicates the thickness of
BTESE-derived layer can slightly increase along with the increase of
coating time.

To study the uniformity of the as-prepared membranes, the EDS-
mapping analysis was conducted for the separation layer of M3–400
membrane (Fig. 9). According to the elemental analysis, we observed
that O element could be found in both supporting layer and separation
layer and Si element is uniformly dispersed in separation layer,
confirming that the separation layer consists of Si and O. In addition,
very rare Si dots could be found in the supporting layer, which suggests
that very small amount of BTESE-derived sol may penetrate into the
supporting layer in the coating process.
Table 2
Pure water and 2 mmol⋅L-1 LiCl or MgCl2 aqueous solution permeabilities of the as-prepared m

Membranes Pure water permeability/L·m−2·h−1·MPa−1 LiCl solution perm

M1–200 293 292
M1–300 322 295
M1–400 317 322
M2–400 230 218
M3–400 95 91

Note: the permeabilities were given based on the average of five experiments under pressure

0.2 0.4 0.6 0.8 1.0

Fig. 11. Rejections of the M1–200, M1–300 and M1–400 membranes to (
Fig. 10 shows purewaterflux (Jv) of the as-preparedmembranes as a
function of transmembrane pressure. The permeate flux of the five
membranes increases linearly to the applied pressure. The pure water
permeabilities of M1–200, M1–300 and M1–400 were similar (293,
322 and 317 L ∙m−2 ∙h−1 ∙MPa−1, respectively). The pure water perme-
abilities of M2–400 and M3–400 membranes were 230 and
95 L ∙m−2 ∙h−1 ∙MPa−1, respectively. It was found that calcination tem-
perature had nearly no effect on the pure water permeabilities of the
corresponding membranes, while coating time significantly influenced
the pure water permeability that more coating times resulted in lower
pure water permeability. As evidenced by SEM images, the thickness
of BTESE-derived separation layer increasedwith increasing the coating
time, resulting in the rise of resistance.

Table 2 lists the pure water and 2 mmol⋅L-1 LiCl or MgCl2 aqueous
solution permeabilities of the five BTESE-derived hybrid silica NFmem-
branes prepared by different calcination temperatures and coating
times. The five membranes exhibited similar permeabilities when
treating LiCl or MgCl2 solutions compared with those for pure water.
This result indicates that osmotic pressure effects caused by the salt sol-
utes are negligible when the concentration of LiCl or MgCl2 solutions is
2 mmol⋅L-1.

Fig. 11 shows the rejection performance of M1–200, M1–300 and
M1–400 to LiCl and MgCl2 under different transmembrane pressure.
Under the applied transmembrane pressures of 0.2–1.0 MPa, the rejec-
tions of the three membranes to MgCl2 were below 10%, while those to
LiCl were around 20%with some fluctuations. These results suggest that
calcination temperature for BTESE-derived hybrid silica membrane
preparation has no obvious influence on rejections to LiCl and MgCl2
salt solutions or there are some defects existed in the threemembranes.
In addition, the order of rejections to LiCl and MgCl2 solutions did not
follow the size order of the hydrated ions (Table 3) [34], but it agreed
well with previous reports for Donnan exclusion theory of negatively
charged NF membranes [35,36].

To investigate the effect of coating time on rejection performance of
the prepared membranes to LiCl and MgCl2 salt solutions, the rejection
performance of M1–400, M2–400 and M3–400 to LiCl and MgCl2 as a
embranes

eability/L·m−2·h−1·MPa−1 MgCl2 solution permeability/L·m−2·h−1·MPa−1

289
315
335
234
95

= 0.2, 0.4, 0.6, 0.8 and 1.0 MPa.

0.2 0.4 0.6 0.8 1.0

a) MgCl2 and (b) LiCl as a function of the transmembrane pressure.



Table 3
Radii of hydrated ions [34]

Ions Li+ Mg2+ Cl−

Ion radius/nm 0.094 0.072 0.164
Hydrated radius/nm 0.382 0.428 0.332

Fig. 13. Rejections and permeabilities of M3–400 membrane to 2 mM LiCl solution for 8 h
at 6 bar.
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function of the applied transmembrane pressure are given in Fig. 12. It
was obvious that the rejections of the three membranes to LiCl or
MgCl2 salt solutions increased drastically with the increase of coating
time. As mentioned above that mesopores existed in our BTESE net-
works, repeatedly coating may cover and repair the mesopore-
induced defects on the hybrid silica separation layer, resulting in the im-
provement of salt rejections. In addition, under the same applied trans-
membrane pressure, M1–400, M2–400 and M3–400 all exhibited high
rejections to LiCl solution and low rejections to MgCl2 solution. This re-
sultwas similar to that of the single-coatedmembranes, confirming that
the separation mechanismwould not change with the increase of coat-
ing time.

The as-prepared membranes showed the optimal salt rejections to
both LiCl and MgCl2 solutions, when the applied transmembrane pres-
sure was 0.6 MPa. The similar rejections of M1–400, M2–400 and M3–
400 to LiCl orMgCl2 solutionswere found if the applied transmembrane
pressure was above 6 bar. When operated at applied transmembrane
pressure of 0.6 MPa, the salt rejections of M3–400 to LiCl andMgCl2 so-
lutions were 74.7% and 20.3%, respectively. This phenomenon could be
ascribed to the relationship between water flux and concentration po-
larization modulus. We deduced that when the pressure was below
0.6 MPa, the dominant effect of salt rejection is diffusion. It is believed
that rejection in NF process may increase with the increase of applied
pressure at a relatively low transmembrane pressure range, because
water flux can increase proportionally to the difference of the applied
pressure and the osmotic pressure while the amount of solute passed
through the membrane did not significantly increase [37]. When the
pressure was above 0.6 MPa, the convection effect was predominant
in the NF process. With relatively high pressure, the improved water
flux promoted the convection transport of solute. In addition, the higher
pressure resulted in the increase of the concentration polarization in the
boundary layer and the consequent increase of solute convection rate.
As a result, the rejections in our system could reach to their stable states
ultimately, which agreed with a previous report by Zhang et al. [38].

To study the stability of M3–400 membrane, NF experiment of the
membrane was tested for 8 h at 0.6 MPa to 2 mmol⋅L-1 LiCl solution.
As shown in Fig. 13, permeabilities and rejections of the M3–400mem-
brane almost kept the same (91 L·m−2·h−1·MPa−1 and 74%) with
some negligible fluctuations within the operation time. This result
/MPa
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Fig. 12. Rejections of the M1–400, M2–400 and M3–400 membranes to (
indicates that the as-prepared NF membrane has a good stability for
long time running.

Table 4 summarizes the permeabilities and the rejections to MgCl2
and LiCl of reported NFmembranes in literatures andM3–400 prepared
in this study. We note that NF performance for salt rejection is domi-
nated by a complicated synergetic effect (e.g. diffusion, convection,
electromigration and etc.) [39], and different combinations of operation
parameters and membrane materials may lead to different salt separa-
tion performance. To achieve the goal of extracting lithium from high
Mg2+/Li+ ratio brine lake, ideal NF process should offer state-of-the-
art selectivity (i.e. a large absolute difference in rejection rates between
LiCl and MgCl2) and permeability. Based on such criterion, the as-
prepared M3–400 operated at 0.6 MPa exhibits excellent permeability
(95 L ∙m−2 ∙h−1 ∙MPa−1) and relatively high selectivity (R[LiCl]-R
[MgCl2] = 49.9%), compared with LiCl and MgCl2 separation perfor-
mance of those membranes listed in Table 4. In this work, we studied
the Li+/Mg2+ separation performance of the as-prepared membranes
based on the ideal single-component experiments, and further efforts
are needed for the mixed solutions in the near future.
4. Conclusions

In summary, BTESE-derived silica NFmembranes with negative sur-
face charge were successfully prepared by sol–gel method through a
dip-coating process for lithium extraction. BTESE-derived sol with a
mean particle size of ~5 nm was used for membrane preparation and
the effect of calcination temperature on the BTESE-derived organic–in-
organic hybrid silica networks were compared. As evidenced by N2
/MPa
0.2 0.4 0.6 0.8 1.0

a) MgCl2 and (b) LiCl as a function of the transmembrane pressure.



Table 4
Comparison of the MgCl2 and LiCl separation performance of NF membranes

Membranes Concentration/mol·L−1 Permeability/L ∙m−2 ∙h−1 ∙MPa−1 Rejection/% References

MgCl2 LiCl MgCl2 LiCl

DK-1812 0.063 0.0016 9.0 96 85 [40]
PA-B2-E3 0.099 0.0144 6.0 84.6 68.1 [41]
PBI 0.0034 0.0034 19.5 84 25 [42]
NF90–2540 0.14 0.0086 7.0 100 15 [43]
DAPP/TMC-PAN 0.021 0.0024 28.0 70.4 21.8 [44]
MPD/TMC-PPESK 2.0 2.0 13.4 96.5 99.1 [45]
M3–400 0.002 0.002 95 23.5 73.4 This work

Note: DK-1812: spiral-wound DK-1812model with the membrane core model of 3B02S-DAC8-1812; PA-B2-E3: Polyamide composite NF membrane with 2% branched poly (ethylene
imine) and 3% ethylenediaminetetraacetic acid; PBI: polybenzimidazole nanofiltration membrane; NF90-2540: NF90-2540 (F6749226) purchased from Filmtec (DOW, USA); DAPP/
TMC-PAN: interfacial polymerization of 1,4-bis(3-aminopropyl) piperazine and trimesoyl chloride on the polyacrylonitrile ultrafiltration hollow fiber membrane; MPD/TMC-PPESK: in-
terfacial polymerization of m-phenylene diamine and trimesoyl chloride on poly(phthalazinone ether sulfone ketone).
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adsorption–desorption experiments, calcinating BTESE-derived silica
membranes at 200, 300 and 400 °C could produce microporous struc-
tures with pore size mainly distributed in the range of 0.5–2 nm corre-
sponding to the pore size characteristics of typical NF membranes. The
chemical states of the membranes prepared at the three temperatures
were similar, while a higher calcination temperature led to a narrower
pore size distribution due to the enhanced dehydroxylation and thermal
degradation of the organic bridge groups in BTESE-derived networks.
Zeta-potential measurements confirmed that the as-prepared BTESE-
derived silica membranes displayed higher negative charge density in
LiCl solution than that in MgCl2 solution. All single-coated membranes
calcined at 200, 300 and 400 °C exhibited similar permeabilities in
terms of pure water, 2 mmol·L-1 LiCl solution or 2 mmol·L-1 MgCl2 so-
lution, and poor rejections to either LiCl solution or MgCl2. Under trans-
membrane pressure of 6 bar, the rejections of BTESE-derived
membranes calcinated at 400 °C could significantly promote from
22.8% to 74.7% when the coating time increases from one to three. We
found all the prepared membranes showed higher LiCl rejection than
MgCl2 rejection, which demonstrated that Donnan exclusion effect
was the predominant mechanism in salt rejection. Our optimal M3–
400 could exhibit an excellent permeability of 9.50 L ∙m−2 ∙h−1 ∙bar−1

and relatively high selectivity to LiCl and MgCl2 solutions (R[LiCl] =
74.7% and R[MgCl2] = 20.3%) at a transmembrane pressure of 6 bar.
Therefore, the negatively charged BTESE-derived silica NF membranes
may offer an efficient tool for lithium extraction in practical
applications.
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