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Role of Process Parameters on Phase Purity of o-LiMnO,
and Synthesis of Li;Mn, O, as Lithium Ion-Sieve

FU Yu-Yao YANG Xi-Yun® HUANG Hai-Qiang WANG Yuan-Yuan LI Ji-Shen
(School of Metallurgy and Environment, Central South University, Changsha 410083, China)

Abstract: Spinel Li;¢Mn,40, was synthesized by hydrothermal oxidation of MnSO, with KMnO, to form LiMnO,
following solid-phase roasting. Acid pickling transforms Li;sMn, 0, to lithium ion-sieve. The effects of hydrothermal

temperature, oxygen and molar ratio of MnO,~ to Mn**  (n,, n, ») on LiMnO, composition and the dissolution

percentage of manganese from Lij¢Mn;0, during acid pickling were investigated. Open circuit potential
measurement and chemical analysis indicate that oxygen in the air has involved in the hydrothermal reaction to

produce LiMnO, accompanied by formation of Li,MnO; and LiMn,0, impurities at a theoretical Mo Ty of 1:4. Pure

orthogonal LiMnO, (0-LiMnO,) was obtained with a molar ratio of MnO,™ to Mn* of 1:6 at 160 °C. The Li* adsorption
capacity in salt lake brine was 42.87 mg-g™'. The lithium ion-sieve showed excellent adsorption selectivity toward Li*
in salt lake brine and followed a chemical adsorption process. The adsorption capacity remained at 37.21 mg-¢™ and

the dissolution percentage of manganese decreased to 0.34% after 5 cycles.

Keywords: hydrothermal synthesis; spinel phase; ion-sieve; Li;sMn; 404 Li adsorption

Lithium is known as a new energy metal and for lithium™?. Lithium are distributed in seawater, salt
drives the world forward". The rapid development of lake brines and minerals such as spodumene and
new energy vehicles leads to the increasing demand lepidolite. China has abundant salt lake brines with
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high mass ratios of Mg to Li.

Lithium ion-sieve adsorption is the most
promising method of recovering lithium from salt lake
brines due to its low cost, no pollution and high
selectivity.  Manganese  oxide-based ion  sieve
Hi¢Mn; 0, has the highest theoretical adsorption
capacity (68 mg-¢™) and attracts most attention. The
most common synthesis process of lithium ion-sieve is
hydrothermal formation of LiMnO, followed by roasting
and acid pickling. Two types of Mn* resource were
adopted during the hydrothermal synthesis of LiMnO,:
One is Mn,0; obtained by roasting electrolytic MnOx;
The other depends on the in-situ formation of MnOOH
using oxidant and Mn*-containing solutions*'”. The
latter is more convenient compared to the former and
widely applied for the synthesis of lithium ion-sieve.
However, the actual lithium adsorption capacity in salt
lake brine was generally lower than 30 mg-g™ and the
dissolution percentage of manganese from Li;sMn,s0,
during the acid treatment greater than 3%"", which
limits the industrial application. Many scholars
focused on the effect of synthesis parameters on the
adsorption capacity and stability of lithium ion-sieve.

In fact, Mn**is easy to oxidize by oxygen in the process

of in-situ formation of MnOOH, which makes the
synthesis process carry out in an inert atmosphere!.
However, keeping an inert atmosphere is inconvenient
and high cost. It is seldom reported the effect of
oxygen as oxidant on the composition in the process of
hydrothermal synthesis of LiMnO,.

In this paper, lithium ion-sieve was synthesized
by hydrothermal oxidation of MnSO, with KMnO, to
form LiMnO, following solid-phase roasting and acid
pickling. The effects of hydrothermal temperature, the
molar ratio of MnO,” to Mn** and oxygen in the air on
the composition of LiMnO, were investigated in detail.
The adsorption kinetics and separation performance of
lithium ion sieve in salt lake brine have been

discussed.
1 Experimental

1.1 Materials and reagents

LiOH -H,0, KMnO, and MnSO, produced by
Sinopharm Chemical Reagent Co., Ltd. were used as
raw materials, and all reagents were of analytical
grade. Salt lake brine was from the Lop Nor salt lake

and its main composition was listed in Table 1.

Table 1 Composition of salt lake brine

mg- L™
Mg Na K Li Ca S B Si
106 100 5020 2 480 220.2 27.24 6 831 519.0 28.05
p Mo Fe As Co Ga Cu A
5.26 4.50 0.87 0.63 0.53 0.45 0.42 0.32
Mn Sn Cr Al Ni Pb Y Cd
0.28 0.23 0.20 0.13 0.12 0.04 0.04 0.03

1.2 Pretreatment process
MHSO4 KMnO4
simultaneously added into a LiOH solution through a

solution and solution  were
flowmeter. The mixed solution volume was kept
around 500 ml and molar ratio of Li to Mn fixed as
4.5. After mechanically stirring for 2 h, the mixture
was transferred into a 1.0 L autoclave.
1.3 Preparation of LiMnQO, and precursor
Li;Mn, O,
LiMnO, precipitate was obtained by hydrothermal

treating the above mixture for 18 h at a certain

temperature. After filtration and washing several times
with deionized water, the resulting LiMnO, was
calcined in a muffle furnace at 350~500 C for 4 h to
form the precursor of lithium ion-sieve Li;sMn,;s0,.
1.4 Preparation of lithium ion-sieve

The precursor (0.6 g) was added to 100 mL of
0.5 mol L' HCI at 30 °C and stirred for 3 hours,
centrifuged, washed, and dried to obtain lithium ion
sieve. The percentage of dissolved manganese and
extraction percentage of Li* from each precursor during

acid treatment were calculated by the following equa
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tion: repeated 5 times to test the recycling performance of
o, ) the lithium ion sieve. In each desorption process, the
L omow, precursor Li¢Mn,; 0, were immersed into 0.5 mol - L™

where R; is the rate of dissolved metal ions, %; c; is
the concentration of metal ions in the supernatant
(mg-L™); v, is the volume of the solution (L); m, is the
mass of the precursor (mg); w; is the mass fraction of
metal in the precursor (%).

1.5 Adsorption properties of lithium ion-sieve

The lithium ion-sieve (0.30 g) was immersed in

100 mL salt lake brine and stirred at 30 °C for 20 h.
Then the suspension was filtered and the concentra-
tions of all the metal ions in the supernatant were
determined. The adsorption capacity or the amount of
metal ion adsorbed per gram of ion sieve at equili-
brium (Q).), distribution coefficient (K,), and separation

factor (o) were calculated using equations (2~4):

0="0 2
CO _cl

K=t 3
k(L

a)/leh: kd ((NIC)) (4)

where (), represents the adsorption capacity of Li*
(mg-g™), ¢y is the concentration of Li* in the salt lake
brine (mg-L™), ¢, is the concentration of Li* in the
filtrate after adsorption (mg-:L™), v, is the volume of
salt lake brine (L), my is the mass of lithium ion-sieve
(g); K, represents the distribution coefficient of metal
ion Me"* in brine, and ay," is a separation coefficient
between lithium and Me (Na*, K*, Mg”) in the adsorp-
tion process.
1.6 Adsorption kinetics

The lithium ion-sieve (0.30 g) was added to 100
ml of salt lake brine and stirred at 25 °C, samples
were taken at 1, 2, 6, 12, 20 and 30 h respectively to
determine the concentration of Li* in the supernatant
to calculate the adsorption capacity of lithium ion
sieve. The adsorption process of lithium ion sieve was
simulated by pseudo-second-order kinetic model and
pseudo-first-order kinetic model, respectively.
1.7 Circulating property of lithium ion sieve

The desorption and adsorption of Li* have been

HCI solution. The ratio of solid to liquid was
controlled at 1/100 (w/V, g-mL™). After acid pickling
at 30 °C for 4 h, the lithium ion-sieve was filtered,
washed and dried. Then the ion sieve was added into
the salt lake brine to adsorb lithium. The above
operations were termed as one cycle. The concentra-
tions of manganese and lithium in the effluents were
analyzed to calculate the dissolution percentage of
manganese and adsorption capacity of lithium of each
cycle. The percentage of dissolved manganese and the
capacity of lithium adsorption of each cycle were
calculated by the equation (1) and the equation (2),
respectively.
1.8 Characterization and chemical analysis

The crystalline phases were characterized by
XRD using a Rigaku Rint-2000 X-ray diffractometer
equipped with monochromatized Cu Ko radiation (A=
0.154 056 nm), operating at 40 kV and 100 mA, and
a scanning rate of 10°-min~" in a 26 range of 10°~
80°. The morphology of the particles was characterized
by field emission scanning electron microscopy (MIRA3
TESCAN). The concentrations of manganese and
lithium were determined using an atomic absorption
spectrophotometer (TAS-999F, Beijing). The manganese
valence was characterized after oxidation-reduction
titration analyses by using the standard oxalic acid
method!"®.

DTA-TG curve was performed on a MAC science
(system 001 200 TG-DTA) at a

1

thermal analyzer
heating rate of 5 °C *min™" under an air atmosphere.
Open circuit measurement was carried out using a
Reference 600 + electrochemical workstation. The
working electrode was Pt wire (0.5 mm diameter, 0.5
cm long). The counter electrode was a platinum foil
(about 2 cm?. All potentials were measured and
reported relative to a saturated Hg/HgO electrode.
When the MnSO, and KMnO, solution were
added into the LiOH solution, the change of open

circuit potential with time was recorded.
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2 Results and discussion

2.1 Effect of hydrothermal temperature

The XRD patterns of LiMnO, obtained at different
hydrothermal temperatures are shown in Fig.1. Table 2
shows the extraction percentage of Li * and the
percentage of dissolved manganese of the precursor as
well as the adsorption capacity of Li * of the
corresponding lithium ion sieve.

It is found from Fig.1 that all the XRD patterns
are indexed to orthogonal LiMnO, (PDF No.35-0749).
A characteristic impurity peak near 18.7° was observed.
A lot of scholars have different opinions about the
peak source. Wang et al ascribed the peak to MnO,
due to Mn(OH), oxidation". Ji et al. and Liu et al.
attributed it to Li,MnO; owing to the oxidation of Mn*"

to Mn** by oxygen from the autoclave™". Increasing

e: LiMnO,
m: Impurity phase
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Fig.1 XRD patterns of precipitates obtained at different

hydrothermal temperatures

hydrothermal temperature lead to an increase of peak
intensity at 18.7°. Supposing that oxygen participates
in the reaction to some extent during the pretreatment
process and hydrothermal reaction. The impurity peak
at 18.7° was attributed to Li,MnO; and LiMn,O,. The
exact origin of the peak was discussed in the following
section.

To check the effect of hydrothermal temperature
on the composition of precursor Li;¢Mn;¢0, LiMnO,
was roasted at 450 °C for 4 h. Table 2 shows the
properties of precursor and adsorption capacity of its
ion-sieve H;¢Mn;¢0,. It is observed that the percentage
of dissolved manganese increased with increasing
hydrothermal  temperature. Both the extraction
percentage of Li* and adsorption capacity increase
slightly with the increasing temperature, reaching a
maximum at 160 °C, and then decreased. The increase
in the percentage of dissolved manganese is due to an
increase in LiMn,0, content. The extraction percentage
of Li* is related to the crystal structure of LiMnO,.
When the hydrothermal temperature reached 140 °C,
the reaction rate became slow and LiMnO, growth was
imperfect, resulting in a low extraction percentage of
Li* and adsorption capacity. When the temperature
increased to 160 °C, LiMnO, crystal develops comp-
letely, which is beneficial to the extraction and adsorp-
tion of Li* ions. Further increasing the temperature
leads to the formation of Li,MnO;, which in turn

reduced Li* extraction and adsorption performance?.

Table 2 Performance of precursor and ion-sieve synthesized at different hydrothermal temperatures

Dissolution percentage
Temperature / °C
of manganese / %

Extraction percentage
of Li*/ %

Adsorption capacity

of Li*/ (mg-g™)

140 2.44
160 2.62
180 2.74
200 293

84.88 28.35
86.32 30.29
84.62 26.56
85.03 26.46

2.2 Effect of molar ratio of MnO,/Mn*

The formation of orthogonal LiMnO, can be
expressed by equation (5). The theoretical molar ratio
of MnO,~ to Mn** was 1:4. However, the presence of

either Li,MnO; or LiMn,0, as shown in Fig.1 indicates

that the oxidant was excessive in the hydrothermal
reaction. It is assumed that the excessive oxidant
originates from oxygen in the air and autoclave.

To support the assumption, the pretreatment

process was carried out in a glove box to completely
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isolate the oxygen and the molar ratio of MnO,7Mn?*
was kept at 1:4. After the pretreatment was completed,
the suspension was transferred into the autoclave and
N, was blown for 30 min. The XRD patterns of the
resulting hydrothermal products with and without
oxygen isolation are shown in Fig.2.
MnO,;+4Mn**+120H+5Li* — 5LiMnO,+6H,0 (5)
It can be seen from Fig.2 that the hydrothermal
product is pure LiMnO, (PDF No.35-0749) after oxygen
was completely isolated. The manganese content was
58.42% , nearly identical to the theoretical content
(58.52% ) of LiMnO,, and manganese valence was
3.08. This result indicates that oxygen in the air
dissolves into the suspension in the pretreatment

process and participates in the oxidation reaction.

b ¢ : LiMnO,
m: LiMnO,

.

Without oxygen isolation

o

PDF No.35-0749

|
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Fig.2 XRD patterns of hydrothermal product obtained

after complete oxygen isolation

In order to avoid the inconvenience of oxygen
removal, an attempt to reduce the amount of oxidant

KMnO, was made by changing the n,n - from 1:4
to 1:5, 1:5.5 even 1:6, the XRD patterns of the

resulting precipitates are shown in Fig.3.
As shown in Fig.3, the impurity peak at 18.7°
was significantly reduced and even disappeared at a

the ny,o-in, > of 1:6. The results again confirm the fact

that oxygen either from air or autoclave participates in

Eo %36 4
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Fig.3 XRD patterns of hydrothermal products obtained

under different molar ratios of ny ,n, -
.

the oxidation reaction.

To further support the fact, the molar ratio of
MnO,” to Mn** was kept at 1:6, and N, continuously
blown into the autoclave for 30 min in order to
remove the oxygen in the autoclave and suspension.
The XRD patterns of the hydrothermal products are
also shown in Fig.3. Both LiMnO, and Mn;0,
diffraction peaks were observed. The appearance of
Mn;0, indicates that the oxidation reaction was
incomplete in the absence of oxygen when the molar
ratio of MnO, to Mn* was 1:6.

The valence of Mn (Zy,) and mass fraction of
manganese (wy,) in the LiMnO, sample obtained at
different molar ratios of MnO,” to Mn* were measured.
The results are shown in Table 3.

When the molar ratio of MnO,~ to Mn** decreased
from 1:4 to 1:6, the Mn valence decreased from 3.32
to 3.02 and the mass fraction of manganese increased
from 55.69% to 58.54% . The valence of Mn higher
than 3.0 means that the sample contains other
compounds besides LiMnO,. The theoretical mass
fraction of manganese in Li,MnQO;, LiMnO,, LiMn,0,
and Mn;0, is 47.03%, 58.52%, 60.77% and 72.03%,

respectively. The sample obtained at a molar ratio of

Table 3 Mn valence in LiMnO, at different molar ratios of MnO,” to Mn*

nMno;:nan' 1:4 1:5 1:5.5 1:6 1:6 (0, removal)
wy, | % 55.69 56.62 57.61 58.54 58.70
A 3.32 3.23 3.15 3.02 3.00
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MnO,™ to Mn** of 1:6 had a mass fraction of manganese
close to LiMnO,. When the oxygen in the autoclave
was removed, a small amount of Mn;O, was formed
due to insufficient oxidation, resulting in a higher
mass percentage of manganese.

It is deduced from the mass fraction of manganese
and valence in Table 3 that the sample is composed of
LiMnO,, Li;MnO; and LiMn,O, Assuming that the
total mass of Mn was 1 mol, LiMnO,, Li,MnO; and
LiMn,0,

respectively. The mass fraction of LiMnO, (wyy,0,),

account for x, y and (1 —x —y) mol,
Li;MnOs (wy; y,0,) and LiMnyO4 (w0yy,.0,) in the sample
can be calculated by the following equation (6~10).

The results are shown in Table 4.

3x+4y+3.5(1-x—y)=Zy, (6)
x y l-x—y 1

58.52% * 47.03% T 60.77% ~ w,, @
%Wy, Mo

Wm0 =7 x100% 8

LiMnO, MM" 0 @8
w M i, Mn

wl,izwln()isz1OO% 9

Mn
wl,iMn204:[1_(w[,iNIn()z+wl,i2Mn()1)]X100% (10)

Where M ;y,0,» M w0, and My, represent the molecular

weight of LiMnO,, Li,MnO; and the relative atomic
weight of manganese, respectively.

It can be seen from Table 4 that LiMnO, content
increased from 56.54% to 98.16% while Li,MnO;
decreased from 27.72% to 0.16% when the molar
ratio of MnO,” to Mn* changed from 1:4 to 1:6. When
the MnO,/Mn* ratio decreased to 1:6, the product was
nearly pure LiMnO, with a very small amount of
Li,MnO; and LiMn,0,. It is deduced that pure LiMnO,
can be obtained when the amount of oxidant was
reduced to a certain extent.

In order to find the effect of oxygen on the

pretreatment process, the change of open circuit

potential with pretreatment time was recorded and is
shown in Fig.4. Before the MnO,” and Mn** solutions
were added into the LiOH solution, the open circuit
potential maintained constant with time. When MnO,~
and Mn** were added dropwise into the LiOH solution,
redox reaction occurs and forms MnOOH through
equation (11) and (12).

SH*+MnO,+4e — MnOOH+2H,0 (11)

120H+4Mn*-4e — 4MnOOH+4H,0 (12)

[-48.48 mV

nMnO4' :nMnZ*
32.5mV 1
86

G\
M7/%¢\
’ M A A .

5=

===

(oIS NV RN
W

-0.51

-0.68

-0.85 VAR
0 200 400 600 800
t/s

Open circuit potential / V

1000 1200

Fig.4 Open circuit potential with time during
pretreatment

According to the Nernst equation, the open
circuit potential depends on the concentration ratio of
MnO, to Mn** in the solution, increasing with increasing
concentration of MnO,~, and decreasing with increasing
concentration of Mn*. Upon MnO,~ and Mn** solutions
were added into the LiOH solution, the MnSO, solution
immediately formed Mn(OH), precipitate instead of
oxidation to form MnOOH, resulting in the increase of
open circuit potential. After a period of time, MnO,~
and Mn** ions form MnOOH and the concentration of
MnO,~ decreased, resulting in a sharp drop in the
open circuit potential. When the addition rate was
equal to the oxidation reaction rate, the concentrations
of MnO,~ and Mn?** remained unchanged and the open

circuit potential kept stable.

Table 4 Hydrothermal product components obtained at different molar ratios of MnO, to Mn*

0, Ty, Wiivno, ! % Wi, Mo, !/ % Wiinn, 0, ! %
1:4 56.54 27.72 15.74
1:5 67.62 19.13 13.25
1:5.5 77.23 10.35 12.42
1:6 98.16 0.16 1.68
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When the molar ratio of MnO,” to Mn** changed
from 1:4 to 1:6, the maximum open circuit potential
decreases from -48.4 to -220 mV due to the
decreasing of MnO,4~ concentration. However, the stable
open circuit potentials were very close. The results
again support the fact that oxygen from the air acts as
an oxidant and participates in the oxidation. When the
molar ratio of MnO,™ to Mn** was high, such as 1:4 or
1:5, excessive oxidant resulted in the oxidation of
MnOOH to Mn* and subsequent formation of Li,MnOs;
and LiMn,0, When the molar ratio of MnO,” to Mn**
was relatively low, MnO,” combined with oxygen
oxidizes all Mn** ions to produce pure MnOOH followed
by conversion to LiMnO,. As a result, all MnO,~ and
Mn** ions were transformed to precipitate and made no
great difference to the open circuit potential.

It is deduced that the LiMnO, formation reaction
proceeds according to equation (13).

MnO,+6Mn**+180H +7Li*+0.50, —

7LiMnO,+9H,0 (13)

It is calculated that the oxygen from the
autoclave only accounts for 23.44% of the theoretical
oxygen amount, the other 76.56% is from the
dissolved oxygen during the pretreatment process.

Fig.5 shows the XRD patterns of Lij¢Mn;s0,
obtained under different molar ratios of ny,n, - It is
shown that all the XRD patterns are indexed to
LijgMn, 0, (PDF No.52-1841). A small impurity peak
near 20.96° was observed in the range of 1:4, 1:5 and
1:5.5. When the molar radio of MnO, to Mn* was 1:6,
the impurity peak disappeared. In addition, the peak
intensity ratio of (400) to(311) plane gradually increased

SEM HV: 200 kV

SEMMAG: 50.0kx | D¢
View field: 4.15 ym _Dat

from 1.64 to 2.27 when the molar ratio of MnO,” to
Mn** increased from 1:6 to 1:4. Increasing the
lithium content in the spinel may lead to growth rate
of (400)-plane in the lattice being faster than (311)
plane. The structure tend to be regular octahedron'".
When molar ratio of MnO,™ to Mn** was 1:6, the peak
intensity ratio of (400) to (311) was 1.64, close to the
theoretical ratio (1.61) denoted by the PDF No.52-
1841. This result indicates that reducing KMnO,

amount can obtain the desirable phase and structure.

A ) 16
1:5.5
A A A 1:5
1:4
|PDF No.52-1841
1 11 L1, | 1 Ly L 1. |
10 20 30 40 50 60 70 80

20/(°)
Fig.5 XRD patterns of Li;¢Mn,¢0, obtained under

different molar ratios of n,, -n

Mn0, Ty

Fig.6 shows the SEM images of Li¢Mn;sO,,
lithium-extracted and lithium-reinserted sample. The
morphology did not change significantly, the sizes of
most particles were in a range of 0.1~0.2 pm, which
was small enough and beneficial for ionic diffusion.
However, the aggregate phenomenon was reduced after
pickling. The looser surface reduces the mass transfer

resistance and completes the ion exchange process

SEM MAG: 50.0 kx
View field: 4.15 ym _ D:

Fig.6 SEM images of Li;sMn, 0, (a), lithium-extracted (b) and lithium-reinserted sample (c) obtained under

molar radio of MnO, to Mn* of 1:6
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quickly. amounts of impurities as shown in Table 4. The

Table 5 shows the properties of Li; ¢Mn; 40, obtained
under different molar ratios of ny ,n > and the
adsorption capacity of the corresponding lithium ion-
sieve.

As can be seen from Table 5, a lower molar ratio

lead to a higher adsorption capacity due to smaller

percentage of dissolved manganese showed a small
decrease due to the decrease of LiMn,O, content. It is
found that the adsorption capacity of Li* and the
extraction percentage of Li* increased with an increase

of mass fraction of LiMnO.,.

Table 5 Performance of precursor and ion-sieve obtained under different molar ratios of MnO,/Mn*

Extraction

Dissolution percentage Adsorption capacity

Ty, Ty, Wi, | % )
percentage of Li* /% of manganese /% of Li*/ (mg-g™)
1:4 55.85 86.32 2.62 30.29
1:5 66.70 93.77 2.51 37.80
1:5.5 77.23 95.48 242 39.43
1:6 98.16 97.82 2.18 42.87

2.3 Effect of roasting temperature
DTA-TG (differential thermal-gravimetric analysis)
curve was measured to find the optimum roasting

temperature of 0-LiMnO, obtained at a M0 oy of 1:

6. As shown in Fig.7, the evaporation of adsorbed
water caused nearly 1% weight loss below 200 °C.
When the temperature was in a range from 200 to 480
°C, LiMnO, oxidation occurd through equation 14 and
lead to 5.2% weight gain. A weight loss about 0.26%
was observed for the temperature between 349 and
390 °C, which may result from the transformation of
Li,MnO; and LiMn,O, to LiMnO, accompanied by

oxygen release according to reaction (15)*.

8LiMl’lOz+202 4’5Li1A6Mn1_6O4 (14)
LizMnO3+LiMn204 - 3L1Mn02+0502 (15)
The continuous decrease in weight above 480 °C
106
105 - 1
. 480°C
104 S 1l 2
. 390 C g
S 103 =
= &
2 13 ©
5102 o
= E
&
101 2
—_— 42 &
5
100 =
9 1

1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700
Temperature / 'C

Air atmosphere and heating rate of 5 °C-min™'

Fig.7  DTA-TG curves of LiMnO,

was due to the decomposition of Li;¢Mn;s0, and the
volatilization of Li*™».

The XRD patterns of Li;¢Mn; 404 obtained at
different roasting temperatures are shown in Fig.8.

It can be seen from Fig.8 that pure Li;¢Mn;c0,
was obtained by roasting LiMnO, at 350~450 C for 4
h. The higher the roasting temperature, the better the
crystallinity was. When the temperature reaches 500
°C, some peaks appear at 20.6° and 65.6° and are
more likely to be characteristic peaks of Li,MnO; and
LiMn,O".

Fig.9 shows the extraction percentage of Li* and
the percentage of dissolved manganese of the
precursor as well as the adsorption capacity of Li* of

the corresponding lithium ion sieve at different roasting

e:Li Mn O

1674
m: Impurity phase

. . .
500 C

450 'C
I

400 'C
__L___,N_A A A
PDF No.52-1841 350 C
1 1l [1 | 1y N L1 |
10 20 30 40 50 60 70 80

20/ ()
Fig.8 XRD patterns of samples at different roasting

temperatures
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Fig.9 Extraction percentage of Li* and dissolution percentage of manganese (a) and corresponding adsorption
capacity of Li* (b) at different roasting temperatures
temperatures. It is observed that the extraction adsorption capacity initially increased and then tended

percentage of Li* gradually decreased with an increase
of roasting temperature. The percentage of dissolved
manganese showed a similar trend but appeared a
minimum at 450 °C. The response can be interpreted
from two sides. On the one hand, the extraction rate of
Li* was ion exchange between Li* and H* ions. As the
the  Lij¢Mn, 60,4
crystallinity was well developed and lithium ions were
On

the other hand, Li,MnO; content increased with

roasting temperature increased,

more difficult to escape from the crystal lattice™,

increasing temperature, while Li,MnO; did not have
Li* extraction property in dilute hydrochloric acid. The
increase in temperature lead to a more complete
which turn decreased the
dissolution percentage When the

temperature exceeded 450 °C, the sample began to

oxidation reaction, in

of manganese.

decompose and form Mn*, resulting in an increase in
the dissolution rate of manganese.

The adsorption capacity of Li* increased with
increasing temperature, reaching a maximum of 41.34
mg- g™ at 450 °C. After that, it began to decrease. The
crystal structure was not well developed at a low
temperature. Correspondingly, the adsorption capacity
of Li* was low. When the temperature exceeded 450
C, as shown in Fig.6, the decomposition occured
accompanied by Li* volatilization™, resulting in the
decrease of adsorption capacity of Li*.

2.4 Adsorption kinetics, selective adsorption and
cycling performance

Fig.10 the the

adsorption capacity and time. It is obvious that the

shows relationship  between

to reach equilibrium around 42.76 mg-¢g™ at 20 h.
The pseudo-first-order kinetic model (equation

(16)) and the pseudo-second-order kinetic model

(equation (17)) are used to analyze the adsorption process

and determine the rate constant of the adsorption
[24]

process
3
10~ 0)=1e0.~5 305 (16)
t 1 s
O ko 0, 17
0=01-¢ ") (18)

where (), is adsorption capacity of Li* on ion sieve at
adsorption time ¢, mg-g™; Q, is equilibrium adsorption
capacity of Li* on ion sieve, mg-g™; k, is adsorption
rate constant of pseudo-first-order kinetic model, h™;
ko is adsorption rate constant of pseudo-second-order
kinetic model, g-mg™+h™; ¢ is adsorption time, h.

The pseudo-first-order kinetic model can be

transformed into equation (18) and then fitted expo-
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nentially. The kinetic fitting results are shown in Fig.
11. Table 6 lists the fitted parameters.
(R of the pseudo-

second-order kinetic model for the adsorption process

The correlation coefficient

was 0.999, while that of pseudo-first-order kinetic
0.909. The

adsorption process conformed to the pseudo-second-

model was result suggests that the

order kinetic model and was controlled by chemical
adsorption process™?,

The equilibrium adsorption capacity (().) obtained
by fitting pseudo-second-order kinetic model was
43.60 mg-g™', which was consistent with the maximum
adsorption capacity in Fig.10.

Table 7 shows the concentration changes of the
main metal ions in the salt lake brine before and after
adsorption. Only K* ions are adsorbed slightly in salt
lake brine, and ax" was 33.38, much larger than that
for Li*. Indicating that the lithium ion-sieve towards Li*
ions had good separation and selectivity performance.

The cycle performance of lithium ion-sieve is

+

shown in Fig.12. The initial adsorption capacity of Li
was 42.87 mg-g™ and reduced to 37.21 mg-g™" after
five cycles. The dissolution percentage of manganese
decreased from 2.33% to 0.34% and remained stable
after 3 cycles.

The manganese valence increased from 3.94 to
3.97 after one-cycle acid pickling, indicating that a
small amount of Mn* was present in the precursor and
disproportionation occured to form Mn* and Mn*.
Mn?* entering into the acid solution lead to manganese
dissolution. After 2 cycles, the percentage of dissolved
manganese tended to be stable, indicating that Mn**
ions had nearly depleted and subsequent manganese
dissolution was due to the reduction of MnO,-0.5H,0
by chloride ions according to equation (19).

MnO,-0.5H,0+4HCl — MnCL+Cl,+2.5H,0 (19)

The relatively high Li* ion adsorption capacity
and selectivity prove that the synthesized lithium ion-
sieve is an excellent candidate for Li* recovery from

salt lake brines.
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Fig.11  Pseudo-first-order kinetic (a) and pseudo-second-order kinetic curves (b) fitting of ion sieve adsorption

Table 6 Fitting parameters of two kinetic equations

ki/h ky/ (gemg™-h™) R? Q./ (mg-g™)
Pseudo-first-order 1.01 — 0.909 41.03
Pseudo-second-order — 0.035 0.999 43.60
Table 7 Selective adsorption of the ion sieve in salt lake brine
Metal ion co/ (mg-L7") ¢,/ (mg-L™ K, ayt
Lit 290 161 0.267 1.0
Na* 3020 3016 0 —
K 1 690 1 647 0.008 33.38
Mg* 109 820 109 815 0 —
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Fig.12  Cycle performance of lithium ion-sieve in salt

lake brine
3 Conclusions

Li;6Mn; 0, was synthesized through a hydro-
thermal reaction to form LiMnO, followed by roasting.
Acid pickling transforms Li;Mn;O, to lithium ion-
sieve. The results show that hydrothermal temperature,
molar ratio of MnO,7Mn** have a great influence on
LiMnO, purity and adsorption performance of the
lithium ion sieve. The LiMnO, contained a small
amount of Li,MnO; and LiMn,0,. With the presence of
oxygen in pretreatment process or hydrothermal
reaction, pure orthogonal LiMnO, was obtained at a
molar ratio of MnO4~ to Mn** of 1:6, deviated from the
theoretical ratio of 1:4. Open circuit potential measure-
ment confirms that oxygen participates in the
oxidation reaction to form LiMnO,.

Pure Li;sMn,¢0, can be obtained by roasting pure
LiMnO, at 450 °C for 4 h. The percentage of dissolved
manganese was only 2.18% and the extraction
percentage of Li* was 97.82%. The adsorption capacity
of corresponding lithium ion-sieve in Lop Nor salt
lake brine was 42.87 mg-g™. Distribution coefficients
of metal ions are in the order: Li* = K* > Na* > Mg™.
After 5 cycles, the Li* ion adsorption capacity was
3721 mg g " and the percentage of dissolved
manganese decreased to 0.34% . The adsorption
process for the ion-sieve in salt lake brine fits well
with a quasi-second-order kinetic model and is

controlled by chemical adsorption.
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