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Abstract ; This paper concerns the feasibility of nanofiltration separation of AI’* and Li*, and a new
method for separating and recovering lithium from lepidolite leaching solution was proposed. Factors like
salinity and mass ratio of AI’* /Li* were developed during the separation. The investigation on salinity
indicated that the retention rate of AI’* and Li* decreases with incremental salinity. Li* invariably ex-
hibits a negative concentration gradient diffusion and the retention rate of AI’* can be stabilized above
99%. Separation factor of AI’*/Li* has arrived 248. 333 at the salinity is 45 g/L, and the correspond-
ing zeta potential on the membrane also reaches a maximum value. In the experiments with different
AI’* /Li " mass ratios, inflection points has appeared in the retention rate of AI’* and Li " at different ra-
tios . The pH of solution appeared to decrease first, then increase and finally decrease. Overall, this
paper has found that DK membrane has a high rejection rate of aluminum and a relatively good separa-
tion efficiency and provided a novel vision for future separation of lithium and aluminum from lepidolite
leaching solution.
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1 Introduction

Lithium, as a paramount energy element of the
21st century, is widely used in lithium batteries,
nuclear power, aerospace and space applications,

[1-6]

medical and so on . It is mainly stored in brines

781 Most of lithuim is

and lithium-containing ores
currently derived from spodumene and brines, how-
ever, as the tremendous demand in lithium batteries
and other products, lepidolite could be considered as

a promising resources to extract lithium.
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At present, there are two main methods for ex-
tracting lithium froml epidolite and the principle of
both methods is that the displacement reaction occurs
under different conditions to transfer lithium out of
the insoluble aluminosilicate phase. One method is
that the ore first undergoes a crystal phase transforma-
tion at high temperature, and then the solid phase is
successfully subjected to a leaching process to obtain
a lithium-containing solution, such as chlorination
roasting method °~""! and sulfate method ">~/ An-
other is the ore reacts directly with solution, and lith-

ium in the solid phase is displaced into the solution,
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such as hydrofluoric acid method and sulfuric acid
method . The sulfuric acid method is exceedingly
cumbersome to remove aluminum from the leachate,
so many researchers have made a lot of attempts on
the removal of aluminum ions, including the addition
of acids, alkali and extractant to liquids """, The
process tend to be more complicated and the extrac-
tion efficiency of Li also decreased due to the addi-
tion of chemicals. Another inherent disadvantage is
the generation of large amounts of waste. Since nano-
filtration is relatively mature in the separation of lithi-
um from brine, we attempts to remove Al’" from le-
pidolite leaching solution by nanofiltration.
Nanofiltration ~ was  first  proposed by
J. E. Cadotte in the field of seawater treatment under
the help of FilmTec Corporation ™', It is a separa-
tion by which molecules are sieved and diffused
through a selective layer of the nanofiltration mem-
brane. Compared to other pressure driven membrane
separation processes, such as ultrafiltration, micro-
filtration, reverse osmosis, the role of surface charge

21 As a powerful

is more important in nanofiltration
tool for separating small molecules and salts, nano-
filration has attracted increasingly attention in many

11272 and wa-

applications like wastewater treatmen
ter purification'”’ Additionally, it has been widely
used in the extraction of lithium from salt lakes with
high magnesium to lithium ratio >

Nanofiltration is also commonly used for the re-

moval of heavy metal ions in industrial wastewater.

to recover the electroplated nickel rinsing water and
showed that the retention rate of Ni** by first-class
nanofiltration can reach more than 97% . Wang et
al. " investigated the removal of Cr and Cu by u-
sing NTR — 7450, DL and DK nanofiltration mem-
brane, the experiment found that the DK film has
the best resistance to acidic electroplating
wastewater, with a rejection rate of 96.6% for Cr
and a rejection rate of 90% for Cu. Huang et al.
2 found that the separation of Cr by the nanofilira-
tion membrane was affected by the morphology of Cr
ions, the operating pressure, and the mass concen-
tration of the feed liquid. Zhong et al. " found
that the retention rate of heavy metal ions by nanofil-
tration membranes was higher than 97% whenused
DK nanofiltration membrane to separate sulfuric acid
waste liquid containing Fe’*, Mn®*, Zn** and
AI’* | and found that the interception rate of the four
metal ions could reach above 96%.

To save operating cost and enhance lithium re-
covery from the ores, a novel process was introduced
in this paper to separate aluminium and lithium of
lepidolite leaching solution by nanofiltration. Conse-
quently, the possibility of separating AI’*/Li* by
nanofiltration was preliminarily explored under dif-
ferent operating conditions in AI’* | Li*/ Cl~/ H,0
system in this study. Based on our previous research
and other researcherss literatures on the retention of
ions by several nanofiltration membranes, this exper-

iment chose DK nanofiltration membrane with better

Lou et al. "**'used membrane separation technology separation efficiency.
Table 1 Ions retention of several membranes in the literatures
Retention rate
Membrane Literature
Li Others
DL -85% Mg: 61% ~67% Wen et al. "
DK -75% Mg: 90% Li et al.
NF - Al: >78% Kettunen et al. '
15% 95% Somrani et al. %

Cr(I) : 35% 1. 7]

Huang et a
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2 Materials and Methods

2.1 Preparation of feed

It was well-known that theanion of lepidolite
leaching solution based the sulfuric acid method was
S0,”". Due to SO,>” cannot pass through nanofiltra-
tion membrane, so Ba>* or Ca>* can be added to re-
move or partially remove SO,”” from the solution in
the actual production. In this paper, SO,”” was re-
moved completely in order to study the separation
effect and separation mechanism of AI’*/Li*. Syn-
thetic lepidolite leaching solution without SO,”~ was
prepared by dissolving aluminum chloride hexahy-
drate and lithium chloride monohydrate.

All the reagents were supplied by Sinopharm
Chemical Reagent Co., Lid, China.
chloride hexahydrate ( AICl, - 6H,0, AR, 97% )
H, O,

Aluminum

and lithium chloride monohydrate ( LiCl -

AR, 97% ) were used as received. Deionized water
(resistivity, 18.25 M - cm) was obtained by an
ultrapure water machine (UPT - II - 20T, Chengdu
Ultrapure Technology Co. , Ltd, China).

Separation experiments were performed under
different salinity (15, 25, 35, 45, 55 g/L.) and
r,, . (mass ratio of AI’*/Li*: 3,6, 15, 25, 35).
Table 2 shows the operating conditions of separation
experiments. Concentrate and permeate solution
were obtained after equilibration of the membrane
system for 10 minutes. The device was thoroughly
rinsed with salt solution before each experiment run
3 times to ensure that there is no residual water in
the instrument. Also be rinsed the membrane unit 3
times with deionized water at the end of each experi-
ment. No concentrate and permeate was circulated
in the experiment. Each experiment was repeated for
three times to improve the accuracy and error bars

were added to the graphs.

Table 2 Experimental operating conditions

Salinity
P /MPa L /LPM T /K T
/(g/L)
15
25
Salinity 3.4 3.5 293.15 35 6
45
55
6
Ty 3.4 3.5 293.15 45 15
25
35

2.2 Seperation set-up

A lab-scalenanofiltration unit device ( DSP -
1812W - S, Hangzhou Donan Memtec Co. , Litd.
China) was used for the nanofiltration experiments.

The membrane was located in a radial flow circular

unit with the feed entering the center of the mem-
brane and flowing radially outward (Fig. 1). Pres-
sures and flows were interrelated, which were set by
manual valves. If the temperature of the circulating
liquid exceeded a set value, the heat exchanger

starts to work and the temperature decreased. The



82

I

528 &

concentrate stream J, that had not passed through the
membrane can be recycled to the feed. The perme-
ate stream J, can be removed or recycled to the feed
tank. Sampling can be done in the feed tank and

from permeation flow.
2.3 Membrane

The spiral-wound nanofiltration membrane ( DK
- 1812, General Electric Company, USA) used in
this experiment has the characteristic of retaining
multivalent ions while penetrating monovalent ions,
in which a polyamide selective layer is supported on

Ip

.

11

g

a polysulfone layer. The following process parame-
ters are recommended by the manufacturer; opera-
tional temperature range 283 ~ 323 K; pH 2 ~ 11
during processing and pH 2.5 ~10. 5 during clean-
ing; maximum pressure of 3.5 MPa during process-
ing; effective membrane area 0. 38 m”. In addition,
in order to further study the separation mechanism of
ions, a series of essential tests about surface hydro-
philicity and membrane charge have been carried out
on the surface properties of the membrane, just as
Table 3 shows"™®

Cold water 1

<

—

w

v
N\

~4H1a

S Jve | !

X

1 Circulating tank; 2 Drain valve; 3 Pipeline filter; 4 Pump; 5 Frequency converter; 6 Safety relief valve; 7 Pressure

gauge ; 8 membrane; 9 Pressure gauge; 10 Pressure regulating valve

Fig. 1

Experimental set-up of the nanofiltration separation

Table 3 Characterization methods for membrane

Characterization methods

Membrane characteristics

Instrument

Contact angle measurements

Zelapotential measurements

Mathematical modeling based on

Pore size; membrane thickness

solute retention data

Surface hydrophilicity

Membrane charge

DSA30, Kruss

Supass, Anton Paar

2.4 Analysis and measurement

Concentration of cations in the solution was

measured by inductively coupled plasma-optical e-
mission spectrometry (ICP — OES). Other measure-

ments for the required data are shown in Table 4.
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Table 4 Instruments required

Parameter Model Instrument

Li* ICAP6500 spectrometer Thermo Scientific

AP* ICAP6500 spectrometer Thermo Scientific
Organic molecules content TOC - L Shimadzu
T Infrared thermometer GM320 Benetech

pH pH meter S210 Mettler Toledo

Viscosity

Digital rotary viscometer NDJ — 88

Shanghai Jingke

2.5 Calculation

Retention rate, R, refers to the permeability of
ions, which is the main indicator for evaluating its
separation ability.

R:(l-?’)xloo% (1)

F

Where € and C; are, respectively, the concentra-
tion of ions of the permeate and feed solution, (g/
L).

Separation factor, SF, means the ratio of the
mass ratio of Li* and AI’" in the permeate and the
feed solution.

(Cui+/Chpi)p
(Cus/Chpi)p
When SF > 1, lithium ions preferentially pass

SF = (2)

through the membrane to be enriched. The larger the
value is, the better the separation effect.

Permeate flux, J, refers to the volume of per-
meate permeated through the effective membrane ar-
ea per unit time, reflecting the ability of the compos-
ite membrane to handle a certain concentration of so-
lution.

B V
Tt - S - 3600

Where V is the volume ofthe permeate, L; S is the

J (3)

effective area of the diaphragm, m’; and ¢ is the

time taken for sampling, h.

3 Result and discussions

3.1 Characterization of membranes

3.1.1 Zeta potential of the membrane

When the membrane is in contact with the elec-
trolyte solution, an electric double layer of the diffu-
sion layer and the dense layer may be formed at the
membrane-liquid interface. The boundary between
the two layers is a sliding surface, and the potential
on the sliding surface is named as zeta potential.
The charge performance of the surface can be char-

acterized by measuring the zeta potential *"

10

Zeta potentian/mW
b
(=]
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n

-70
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Fig. 2 Isopotential point curve of DK membrane

The zeta potentialwas displayed as a pH — {
curve at a pH between 3 to 10. When { = 0, the

charging effect disappears, and the corresponding
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pH is 3. 52.  increases first and then decreases with
increasing pH, and it is positive near the isopotential
point (IEP).

3.1.2

membrane

The pure water permeability of the

Lp as an important membrane structure parame-
ters, is only related to the temperature. Standard pro-
cedures were followed for membrane charaterization
with pure water; the transmembrane flux was meas-
ured at an applied pressure range of 2. 1 ~3.4 MPa
at 293. 15 K. The average water permeability was
calculated as 1.192 x 107" m - s™' Pa™' by
(3 -1)") which is consistent with previous litera-

[41
ture - -

140 y=8.783 74438.870 97x A

120

Flux/ (L-m7”h™*)
g

o0
[=]

1.0 15 2.0 2.5 30 35
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Fig. 3 The pure water permeability of the membrane

Jy =L,(AP-ocAw) (4)
Where [y is the water flux; AP is the applied
pressure; L is the pure water permeability; o is the
reflection coefficient; and A is the osmotic pres-
sure, however, when we are talking about pure wa-
ter, A =0.
3.1.3 Pore radius
Organic molecules are removed by a sieving
mechanism, based on the small pore size of the mem-
brane. The membranes pore size are often character-
ized by the molecular weight cut-off; the molecular
weight of a molecule which is retained for 90% '**'.
The effective pore radius r,(nm) of composite mem-
brane was evaluated by the Steric-hindrance pore

model that reported in previous study. Using the data

in the Table 5, the regression curve of the organic
molecular Stokes radius and molecular weight is es-
tablished as shown in Fig. 5, an equation is obtained
as (5) [43]. Based on Steric — hindrance pore mod-
el, r, can be estimated as 0. 446 nm.

r, =0. 04673 MW" > (5)

0.7 [l

o
[
=

0 200 200 600 300 1000
MW/Dar

Fig. 4  Correlation between Stokes radius and molecular

weight of neutral molecules

500

400
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100
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Fig. 5 The retention of different neutral molecules with dif-

ferent molecular weight
3.2 Separation of AI’*/Li* at different salinity

When the operating temperature and operating
pressure were kept at 293 K and 3.4 MPa, respec-
tively, and the initial mass ratio of aluminum to lith-
ium was maintained at 6, the observation that the sa-
linity of the solution changes between 15 ~ 55 ¢g/L
was shown in Fig. 6. The retentions of ions depend
on the valence, concentration, and chemical nature

of the compounds in solution, as well as the surface
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charge, charge density, and chemical nature of the

20 At the micro

group on the membrane surface'

level, the separation mechanism is the combination
b

of steric hindrance, Donnan exclusion and dielectric

exclusion ( DE) between ions and the fixed groups

451 As the feed concentration

of the membrane
increases, the cations on the surface of the mem-
brane will enhance the DE exclusion, and the shiel-
ding effect of the adsorbed counter ions on the fixed

charge weakens the Donnan exclusion ‘**/.

Fig. 5 Molecular weight of neutral molecules and their Stokes radius

Solute Ethanol Isopropanol n-Butanol Glucose Sucrose Raffinose o — Cyclodextrin
Mw 46.07 60. 06 74 180. 16 342. 30 504. 42 972.84
T, 0. 198 0.241 0.258 0. 365 0.471 0.584 0. 701
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Fig. 6 Effect of salinity on the separation

It can be seen from the Fig. 6a the retention
rate of AI’* by the DK membrane is above 99%
whatever the salinity is, and steric hindrance plays a
leading role in the retention of AI’*. This is not only
due to the large hydration radius of aluminum ions,

but also the complicated complex formed by Al'*

and water, resulting in the polymerization of polynu-
clear aluminum in solution.

The radius of AI’* is 0. 439 nm, which is close
to the pore size of the membrane, 0.446 nm, and
the radius will be larger than the pore size of the

membrane after hydration. As salinity increase, the
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retention of AI’* shows a slight downward trend and
more AI’* will be pushed’ through the membrane
because of concentration polarization. Besides, Li*
has passed through the membrane under negative
concentration gradient as Fig. 6a signified. And the
negative retention rate of Li* basically shows a al-
most linear decrease trend with the increase of salin-

ity, it can finally reach to —51. 7% when the salin-

Table 6 Ionic radius and diffusion coefficient of various ions

ity is 55 g/L. It is the same as the retention tenden-
cy of the monovalent ions described in the prior liter-

146470 Since Li* has a smaller hydration radi-

ature
us and a larger diffusion coefficient, it is easy that
Li " diffuses toward the other side of the membrane.
It is firstly carried by a large amount of Cl~ and by
driving force of potential difference to maintain elec-

trical neutrality.

[48,49]

AW T D,
lTon
/g mol ™! /nm /(m*s™") x107°
Li* 6.941 0.238 1.03
AP* 26. 982 0. 439 -
Cl™ 35.45 0. 121 2.03

As shown in Fig. 6b, the decrease in pH of
the solution is due to the fact that more OH ™ are
combined with increased aluminum ions, resulting
in the increase of free H" in the solution. Influ-
ence of zeta potential on the surface charge distri-
bution is a key factor affecting the ion transport
process. The chargeability of membrane surface is
depends on the feed pH, as well as the type and

200 therefore, this

concentration of electrolyte
experiment has measured the zeta potential in dif-
ferent solutions. And it was found to be less stable
during the measurement because of the longer time
required for the formation of the electric double
layer in the high concentration solution ',
Therefore, in order to obtain a more accurate po-
tential value, potential of the membrane surface is
measured multiple times. The test results indicate
the membrane surface is negatively charged at dif-
ferent salinity at a pH between 2.5 and 3.2,
which is totally opposite of the IEP diagram ( Fig.
3) . There are two causes contributing to the
change in charging performance, one of which is
that the cation is more hydrated than the ani-

on"*) | and the larger diffusion coefficient of C1~

is another reason. Therefore, a large amount of
Cl~ is adsorbed on the surface of the membrane in
the solution.

The Zeta potential increases first and then de-
creases as Fig. 6c¢ shows. Higher salinity makes
more Cl~ to be adsorbed on the surface of the mem-
brane, so that the value of zeta potential has in-
creased to 134. 7 mV. Nevertheless, more Al’* has
been accumulated on the surface of the membrane on
account of concentration polarization, which decrea-
ses the zeta potential then. Charge effect between
cations and Cl~ on the surface will be weakened cor-
respondingly. The trend of SF and zeta potential are
exactly the same (Fig. 6c), because the larger the
negative electromotive force on the surface, the easi-
er the transmission of Li*, so the SF reaches the
maximum 248. 333 when the electromotive force is
the largest at 45 g/I.. The decrease in the zeta po-
tential causes the driving force of the counter ion ad-
sorbed on the membrane to pass through the mem-
brane to reduce, so the SF tends to decrease. This
also indicates that the charge performance of the film
surface plays a decisive role in the separation of

AP /Li*.
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Fig. 6d has shown the viscosity of the solution
increases slightly and the corresponding flux renders
an opposite decrease from 67 to 10 L - m *h ™' with
incremental salinity. The more AI’* accumulated on
the surface of the membrane, the stronger the polari-
zation of AI’* concentration, which increases the re-

sistance of Li* permeation.

3.3 Separation of AI’*/Li* at different r,, ,;

When the working temperature and working
pressure are maintained at 296. 15 K and 3.4 MPa,
respectively, the fixed salinity is optimal 45 g/L and

2075
/\‘\-‘- 9.0
2 0 98.5
& .
3 —Li
=20 ——Al 98.0
)
g8 97.5
£ 40
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g
e —60 6.5
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-20 200
[
—40 180
L ]
= -60) 160
% -80 140
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N_120 100
-140 80
0 10 20 30 20

the mass ratio of aluminum to lithium in the feed so-
lution is changed. The observation of the experiment
in which the mass ratio of aluminum to lithium varies
between 3 ~ 35 is shown in Fig. 7. It can be seen
from Fig. 7a that the retention of AI’" first increases
and then decreases, but remains stable at more than
99% . Because sieving mechanism plays a leading
role in the separation of aluminium and lithium.
Therefore, this work does not take into account the

effect of complex morphological distribution of alumi-

num ions in high salinity solutions on separation.

b
2.65
S
‘% 2.60
3
% % 2.55
£
;Ej 2.50
Q
[==1
2.45
0 10 20 30 40
Tavii
3 1.7
—a—Flux
24 —e—Viscosity
1.6
:\ wn
= 20 e
B €
Iz '-4 1.5\:
7 S 6 E
= .2
12 1.4 i
8 1.3
0 10 20 30
Tavii

Fig. 7 Effect of r,,;; on the separation

When the r,,,, is 6, the retention of AI’* de-
creases after reaching a maximum of 99.28% , and
Fig. 7c¢ shows that the corresponding zeta potential
reaches a maximum of —134.835 mV. This is be-
cause when the surface charge of the membrane is
large, DE affects the transmission of AI’* in addition
At the interface between the ex-

to the sieve effect.

tra-membrane solution and the membrane pore solu-

tion, DE is produced due to the difference in ion di-
electric constant. Repulsive energy is proportional to
the square of the ionic charge including cations and

; [52]
anions .

Therefore, the zeta potential has an op-
posite tendency to the retention of AI’*.
The retention of Li" reaches a minimum to -

76.7% when v, ,, is 25, and then rises slightly

while the transmission of Li* depends only on the
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charge effect and the concentration polarization
(Fig. 7a). The resistance of Li* through the mem-
brane increases when r,,,; is 35 because more alu-
minum is retained and accumulates on the membrane
surface as the aluminum content in the solution in-
creases.

As r,,,; increases, pH decreases first, then in-
creases and then decreases (Fig. 7b). This com-
plex variation is due to the presence of zwitterionic
A’ *. Since more OH ™ in the solution is bonded by
A" | the pH is lowered. However, the increase of
pH is owing to the amount of AI’* present in the so-
lution with the increase of r,,,., and AI’* forms its
own polynuclear aluminum polymer.

Zeta potential is considerably affected by pH.
When r, ,; is 6, pH reaches a minimum of 2. 458,
and the zeta potential reaches maximum value. Since
hydrated aluminum has a lower charge and a larger
radius than A’ * | the effect of aluminum on the sur-
face charge of the membrane is further reduced, and
zeta potential reaches a maximum due to the large a-
mount of Cl~ on the surface of the membrane. After
that, as rising of the ratio of aluminum to lithium,
more aluminum accumulates on the surface of the
membrane , which inevitably leads to a continued de-
crease of the surface charge of the membrane. SF
first rises rapidly when the r,,,; increase from 3 to
6, then the upward trend slows down, and decreases
after reaching a maximum of 178. 74 at a r,, ,; of 25
(Fig. 7c). As with the salinity experiment, the var-
iational trend of SF is still consistent with zeta poten-
tial, which again proves that the surface charge
plays a decisive role in the transmission of Li* and
Al

The viscosity of the solution increases signifi-
cantly with the increasing of r, ,;; when the salinity is
45 g¢/L because of the presence of aluminum polymer
in the solution. And the flux of the permeate solution

decreases slightly.

4 Conclusion

This study developed nanofiltration as a new

method for extracting lithiumfrom lepidolite leaching
solution. The effect of salinity and r,;,;; on the sepa-
ration of AlCl,/LiCl system was carried out. Moreo-
ver, the salinity and r,,;; have been confirmed to
have a considerable influence on the separation,
mainly because the surface charge of the membrane
is different in different solutions. And slight changes
will affect the charge partitioning, Donnan exclusion
and dielectric exclusion, on the membrane surface to
change the AI’*/Li* transmittance property. In this
experiment, AI’* in this artificial leaching solution
was almost completely removed by nanofiltration sep-
aration, which provided a new way to seek a more
environmentally friendly and effective method for ex-

tracting lithium from lepidolite leaching solution.
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