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Abstract: The influence of morphology on the adsorption capacity of spinel-structured MnO, « 0. 5SH,0
lithium ion-sieves ( LISs) prepared by the treatment of a Li, (Mn, (O, precursor in HCl was experimental-
ly investigated. The obtained samples were characterized by X-ray diffraction ( XRD) , scanning electron
microscopy ( SEM ) , transmission electron microscopy ( TEM ) , Fourier-transform infrared spectroscopy
(FT-IR) , X-ray photoelectron spectroscopy ( XPS) , and N, adsorption-desorption isotherms. Spherical
LISs were demonstrated to have a higher adsorption capacity (up to 42. 46 mg/g) and selectivity toward
Li*
mined to largely determine the morphology of the precursor prepared by a typical two-step solid-phase

in solution than their cubic counterparts. As a result, the morphology of reactant Mn, O, was deter-

reaction and its corresponding adsorbent. Additionally ,the results presented here indicate that both sur-
face deprotonation and ion-exchange processes of the as-prepared sieve-type adsorbent contribute to its
enhanced Li " adsorption performance.
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as an important lithium source''

2! However, salt

1 Introduction

The soaring demand for high-quality lithium
products in recent decades has encouraged research-
ers to investigate the separation and extraction of
lithium from salt lakes, which comprise almost 60%

of the global lithium reserves and are thus regarded
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lake brines are also rich in many other metal salts,
such as Na* K" and Mg’". In particular, the simi-
lar ionic radius of Mg’* (0.086 nm) and Li*
(0.090 nm) , the extremely low Li* concentration
(50 x 107° ~1 000 x 10 °) , and high Mg/Li mass
ratio(2 ~ 2000 ) has limited the large-scale produc-
tion of lithium from low-grade salt lake brines. Vari-

ous methods have been employed to improve lithium
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recovery from salt lake, including solar evapora-
tion"*! | co-precipitation'*’ | adsorption">’, solvent ex-

) and electrochemical methods'”’. Due to

traction
its low cost and relatively simple technique, selective
adsorption is believed to be an effective and promis-
ing way to recover lithium from an aqueous solution.

Although various adsorbents have been devel-
oped to recover lithium via selective adsorption, Mn-
based lithium ion-sieves ( LISs) have attracted inter-
est due to their ultra-high theoretical adsorption
capacity, high selectivity, and good chemical and
thermal stability>*’. An adsorbent’ s capacity is de-
termined mainly by the crystal structure ( ramsdelite
or spinel-type ) or surface properties. Further, experi-
demonstrated that only

mental analyses have

MnO, - xH,0 involving N\-MnO, ,MnO, - 0.31H,0,
and MnO, + 0.5H, O adsorb Li* in a solution;
lithium  capacities of \-MnO,,
MnO, - 0.31H, 0 and MnO, - 0.5H, O adsorbent

8,9]

the theoretical

are 38.4,56.4 and 72.3 mg/g, respectively ™
As such, increased attention has been given to
MnO, - 0. 5H,Oprepared by the delithiation of pre-
cursor Li; (Mn, (O, with a spinel crystal structure.
Typically , preparing a Li; (Mn, (O,-type LIS requires
three steps. Firstly ,the Li, ;Mn, (O, precursor is pre-
pared via the phase transformation process of mono-
clinic-structured LiMnO, prepared by either the hy-
drothermal reaction of \-MnOOH with LiOH""°~"*' or
the solid-phase reaction of Mn, Oy and LiOH'"'.
Secondly , the sieve function of the Li;, (Mn, (O,-type
LIS adsorbent is activated via ion exchange between
the Li™ in the precursor and the H” in the solution
with the aid of HCl. The sites where H" replaced
Li" in as-obtained H, (Mn, (O, (MnO, - 0.5H,0)
have a high affinity toward Li* in a Li " -containing
solution, thus providing the MnO, - 0.5H, O-type
LIS good adsorption capacity. Finally, the precursor
Li, (Mn, (O, can be regenerated easily after recove-
ring Li resources in a solution. Repeating these three
steps can effectively realize lithium recovery with
high efficiency and selectivity in what has been de-

scribed as the “LIS effect” ™", Several physio-

chemical properties of precursor Li, ( Mn, (O, have
been demonstrated to impact the adsorption perform-
ance of MnO, - 0.5H, O-type LIS, including the
crystal structure , morphology , dispensability , specific
surface area,and size uniformity. Thus,the structure,
morphology, and dispersibility of the Li, ¢ Mn, ¢ O,
precursor directly and largely influence the LIS ap-
plication property.

Chitrakar et al. ''®" hydrothermally synthesized
fine LiMnO, particles ( approximately 0.1 pm in
size ) by employing A-MnOOH as a starting material.
Their as-prepared spinel-structured MnO, - 0. 5H,0
nanospheres had a typical diameter range of 100 ~
300 nm and a lithium capacity of <37 mg/g from
Li " -enriched seawater. Liu et al. "'’ discovered that
one-dimensional MnO, + 0.5H, O with a nanowire
morphology (50 ~ 200 nm in diameter and 0.5 ~
2 pm in length ) exhibits a fairly good adsorption ca-
pacity of up to 10. 05 mg/g( pH =10)for Li " extrac-
tion from seawater. According to their report, high-
purity LiMnO, was prepared by the combination of
sol-gel and hydrothermal methods using Mn(NO, ), -
4H,0 as a manganese source. Shi et al. "' demonstra-
ted a high Li " adsorption capacity(up to 27 mg/g)of a
MnQO, - 0.5H,0 absorbent with an average size of ap-
proximately 100 ~ 300 nm, prepared by employing
Mn, O, as a starting reagent instead of the commonly
utilized N\-MnOOH , which loses chemical and struc-
tural stability. Accordingly, owing to its higher con-
trollability ,using Mn, O; not only simplifies prepara-
tion but also allows the Li, (Mn, (O,-type precursor
to be prepared with controllable parameters """,
Nevertheless , the adsorption capacity of their as-pre-
pared MnO, - 0.5H, O-type LIS was limited when
compared with its theoretical capacity. Replacing the
unstable A-MnOOH with Mn, O, with its controllable
structure and surface properties may thus allow fur-
ther increases to the adsorption capacity. Further, the
preparation of and working mechanism behind
sphere-like MnO, - 0. 5H,0 adsorbents have not yet
been examined in detail.

Micro-nanostructured Mn, O spheres with abun-
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dant surface-active sites have been synthesized by a
modified polyol method""’. This work therefore aims
to synthesize porous spherical and cubic-like LIS ad-
sorbents. Briefly, benefiting from its higher specific
surface area and mesopores, sphere-like LIS has a
higher Li* adsorption capacity up to 42.46 mg/g
than that of cubic-like LIS. Based on the experimen-
tal results, an adsorption-desorption mechanism of
the as-prepared MnO, - 0.5H, O adsorbent is also
proposed.

2 Experimental Section

Mixtures

2.1 Materials and reagents

Manganese ( I1) chloride tetrahydrate, ammoni-
um hydroxide, ethylene glycol, lithium hydroxide mo-
nohydrate , hydrochloric acid, lithium chloride mono-
hydrate , sodium chloride, potassium chloride, calci-
um chloride and magnesium chloride hexahydrate,
purchased from Sinopharm Chemical reagent Co.
Lid. ,were all analytical grade and all were directly

used without any further purification treating.

2.2 Synthesis of MnO, - 0.5H, O lithium ion-

sieves

N . 3o
Cokimtn >.:H%» fnd
0, L 3o g
*’-\‘ki 4
. MnO, 0.5H,0
L, Mn, 0, lithiim jon sieve

Fig. 1 Schematic of the lithium ion-sieve ( LIS) preparation process

Typically, MnO, - 0. 5H,0 LISs were obtained
from the acid treatment of Li, ( Mn, ( O, precursors
that were synthesized by two-step solid-phase meth-
ods. Here, LISs were prepared as shown in Fig. 1.
Spherical and cubic mesoporous Mn, O; were pre-
pared as detailed by Qi''"”'. The as-prepared Mn, O,
and commercial LiOH + H, O were then mixed at a
molar ratio ( Li/Mn) of 1. 08 to avoid the volatiliza-
tion of lithium at a high temperature. After thorough-
ly mixing and drying, the as-obtained mixture was
calcined at 600 “C for 8 h under an Ar atmosphere
with a temperature increase rate of 10 °C/min in a
tubular furnace to obtain intermediate LiMnO,. The
Li, ¢Mn, (O, (LMO ) precursor was prepared by the
oxidation of as-obtained LiMnO, specimens at 450 °C
for 6 h under an O, atmosphere in a tubular furnace.
Finally, 1 g of as-prepared Li, ( Mn, ¢ O, precursor
was stirred in 250 mL of a 0. 5 mol/L HCI solution
at 25 °C for 9 h,and then filtered , washed ,and dried
at 80 °C for 8 h to obtain the LIS adsorbent. Accord-
ing to the shape differences of the employed Mn, O,
reactants , the as-obtained intermediate LiMnO, , LMO

precursor, and objective materials, LISs at each prep-
aration step were labeled C-or S-LiMnO, , LMO, and
LIS, where C and S represent cubic and spherical,

respectively.
2.3 Batch adsorption experiments

10 mg LIS was added into 50 mL 100 mg/L
LiOH solutions with different pH values ranging from
2 to 12, and then the solutions were continuously
stirred in a shaker with a rate of 100 r/min at 25 C
for 48 h. After reaching equilibrium, supernatant
samples were collected to examine the concentration
of Li* by ICP-AES(iCAP6500 DUO, Thermo Fisher
Scientific , America) . Similarly ,10 mg LIS were add-
ed into 50 mL LiCl solutions with different initial
Li* concentrations( 10 ~ 1 000 mg/L) at pH =12,
then stirred (100 r/min,25 °C ) for 48 h,supernatant
samples were taken at intervals to examine the con-
centration changes of Li* by ICP. Furthermore, to
perform the recycling utility of LIS, the Li " -adsorbed
LIS were regenerated by stirring in HCI solution

(0.5 mol/L) to obtain LMO and then were reused to
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capture Li* as mentioned above. Selectivity experi-
ment of LIS to Li* compared with other co-existing
was carried out by stirring 10 mg LIS in 50 mL solu-
tion containing 100 mg/L Li* ,Na* ,K* Ca’* and
Mg** for 48 h(100 r/min,25 °C ,pH =12).

The adsorption capacity Q, ( mg/g) at time ¢
(s), distribution coefficient K, ( ml./g) , separation
factor( aiip ) and concentration factor C, (L/g) were

calculated according to the following equations(1) —

(4)".

Co-C) xV
0, :% (1)
(G, -C,) xV
ERENCET @
K, (Li ,
o, = ¢ éwé<ﬂﬁ = Li,Na,K,Ca,Mg)  (3)
_0.(M,)
€= e, )

where C, (mg/L), C, (mg/L)and C, (mg/L)
are the Li" concentration of at initial, adsorption
time ¢ and equilibrium stages, respectively. V(mL) is
solution volume; W (g)is the weight of LIS. Q, is the
equilibrium adsorption capacity and concentration.

M, indicates Li,Na,K,Ca and Mg, respectively.
2.4 Characterization methods

Crystal structure of as-prepared samples were
characterized by X-ray diffraction ( XRD, Rigaku D/
Max-2200 PC) with Cu Ko-radiation ( A = 1. 540598
A) performed on the samples in the range of 10 ~
80°. Morphologies of samples were observed by scan-
ning electron microscopy ( SEM,Su8010, Hitachi, Ja-
pan) and transmission electron microscope ( TEM,
JEM - 2100, JEOL, Japan ). X-ray photoelectron
spectroscopy ( XPS, Escalab 250Xi, Thermo Fisher
Scientific , America) was used to analyse the surface
of samples. Brunauer-Emmett-Teller ( BET ) gas
sorptometry measurements and Barrett-Joyner-Halen-
da( BJH) methods were conducted on Autosorb-iQ2-
MP at 77 K to examine the porous nature and pore
size distribution. Before measurements, all samples

were degassed at 200 °C for 6 h. Thermal gravimetric

(TGA) performance of specimens were conducted on
Setaram Labsys Evo with a heating rate of 5 “C/min
under Argon atmosphere until 700 °C. The concen-
trations of Li* and other cations were measured by

optical emission spectrometer( ICP,iCAP6500 DUO,

Thermo Fisher Scientific, America).

3 Results and discussion

3.1 Synthesis of Li,  Mn, , O,-type precursor
and LIS

TG curves of the Mn,0; and LiOH - H,0 mix-

tures and the as-prepared LiMnO, intermediate are
shown in Figs.2 (a) and 2 (b), respectively. Under
the Ar atmosphere, the reactant mixture of Mn, O,
and LiOH - H,0 began a solid-phase reaction at ap-
proximately 100 °C that ended at approximately
600 °C. The total weight loss in this temperature
range was approximately 22.26 % , almost identical
to the theoretical value( —22.35% )from the chemi-
cal reaction(Mn,0O, + 2LiOH - H,0 — 2LiMnO, +
3H,0 1 ). Further calcination of the as-obtained in-
termediate LiMnO, samples at high temperature in
0,(Fig.2(b) )led to an increase in the weight that
increased with calcination temperature and reached a
maximum at approximately 450 °C. From room tem-
perature to 450 °C, this weight gain was approxi-
mately 8. 56 % and is mainly attributable to the oxi-
of Mn’* ( 4LiMnO, + O, — 2.5
Li, 4Mn, ,O, ). Overall, TG analysis demonstrated

dation

the feasibility of preparing a Li, ( Mn, (O,-type pre-
cursor using Mn, 0, as a manganese source.
Compared with the standard characteristic dif-
fractionpeak , those of S-LiMnO, and C-LiMnO, are
in accordance with that of orthorhombic LiMnO,
(JCPDS No. 35 —0749). As shown in Fig. S1, the
morphology of Mn, O, ( Fig. S2) had little influence
on the evolution of their crystal structures. The ob-
tained XRD patterns of spherical Li,  Mn, , O,
(S-LMO) , cubic Li,  Mn, ( O, (C-LMO ), and the
corresponding spherical LIS (S - LIS ) and cubic LIS
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Fig.2 TG curve of(a)Mn,0; and LiOH - H,0 mixtures under Ar stepped at a rate of 10 C/min,
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Fig. 3 (a)XRD patterns of as-obtained S-LMO,C-LMO,S-LIS,C-LIS and

(b)XRD refinement pattern of as-obtained sphere-like LISs

(C-LIS) are shown in Fig. 3(a). The diffraction pat-
terns of C-LMO and S-LMO both have eight typical
peaks at 20 = 18.7°,36.3°,38.1°,44.2°,48.3°,
58.4°,64.1°, and 67.5°, corresponding to (111) ,
(311),(222) ,(400) , (331),(511), (440) , and
(531) crystal planes of cubic Li, (Mn, (O, (JCPDS
card No. 52 1841 ) with the Fd3m
=21 ‘The calculated cell parameters by Ri-

space
group'
etveld refinement(Fig. 3(b) )are a =b =c =0. 8141
nm and @ =B =y =90°, respectively. The lithium-
rich spinel precursor Li;  Mn, ( O, had a crystal
structure similar to that of LiMn, O, (Fig. S3 (a)).

Based on LiMn,O,, the lithium-rich precursor

Li, (Mn, O, could be formulated as (Li) (Li),,
[ Lip ,Mn(IV), ,]10,,where 5/8 of the lithium at-
oms occupy the 8a sites of tetrahedrons,1/4 occupy
the 16d sites of octahedrons, and the remaining 1/8
move freely throughout the structure; this proposed
formulation is detailed in Fig. S3(b).

The typical diffraction peaks of the S-LIS and
C-LIS are displayed in Fig. 3 (a). Briefly, compared
with those of S-LMO and C-LMO, the characteristic
peak intensities of C-LIS and S-LIS were slightly
weakened , and their diffraction peak 20 angles are
shifted slightly to the right. Because the radius of H*
is smaller than that of Li" , exchanging Li* for H*
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caused the plane crystal space to become narrower,
thereby shrinking the unit cell. However, based on
the XRD refinement pattern of the as-obtained S-LIS
(Fig.3(b) ), the face-centered cubic-phase spinel
structure of the precursor was maintained , which in-
dicates that the spinel crystal structure was not de-
stroyed by acid elution of precursor and that the as-
prepared LIS has good structural stability. Further-
more , introducing H* increased the — OH stretching
and bending vibrations of S-LIS when compared with
S-LMO, whereas the intensity and wavenumbers of
the Mn-O asymmetric stretching vibration modes of
the MnOg group did not drastically change,indicating
that the Mn-O bands were maintained ( Fig. S4 ),
which is consistent with the above XRD results.
Fig. 4 displays FE-SEM images of C-LMO, S-
LMO, C-LIS, and S-LIS, TEM images of S-LMO, S-
LIS, and HRTEM images and corresponding SAED
images (insert ) of S-LMO and S-LIS. After high-tem-
perature calcination, a solid-phase reaction occurred
between Mn, 0, ( C-Mn,0, and S-Mn,0, ) and LiOH,
forming precursor Li, ( Mn, , O, with cubic-like or
sphere-like morphology (i. e. , C-LMO and S-LMO,
Figs.4 (a) and 4 (c), respectively ) , demonstrating
that the morphology of the reactant ( Fig. S2 ) largely
determines the shape of the products. The average
diameter of C-LMO and S-LMO were 1.8 and
1.5 pm,respectively. After acid treatment, as depic-
ted in Fig. 4(b)and(d) ,the as-prepared C-LIS and
S-LIS maintained their cubic and spherical morphol-
ogies inherited from their corresponding Mn, O, re-
actant and had an average size of 1.5 and 1.3 pm,
respectively. The cell shrinkage caused by Li* and
H* exchange during acid treatment, as concluded
from XRD (see Fig.3 (a)), likely caused the size
changes of the LISs. TEM images of the S-LMO and
S-LIS are displayed in Figs. 4(e)and 4 (f) ,respec-
tively, to further trace the morphology and structure
changes of S-LMO before and after acid treatment.
These images demonstrate that S-LMO and S-LIS are

porous and confirm the morphology and size observed
from the FE-SEM images( Figs.4(c)and 4(d) ). In
addition, the inter-planar spacings of the lattice
planes shown in the HRTEM image( Fig. 4(g) ) were
0.473 and 0. 247 nm,which agree well with those of the
(111)and (311 ) lattice planes of cubic Li, (Mn, (O,
respectively. Moreover, the corresponding SAED pat-
tern shown in the inset of Fig. 4 (g) confirms the
polycrystalline characteristic of the as-prepared sam-
ples. After acid treating, the inter-planar spacing of
the (111 ) lattice plane of as-obtained S-LIS shrunk
from its corresponding precursor ( S-LMO ) of 0. 473
to 0. 471 nm, which is mainly attributed to ion-ex-

change processes.

Fig. 4

(a —d) FE-SEM images of C-LMO, C-LIS, S-
LMO,and S-LIS; (e — f) TEM images of S-LMO and S-
LIS; (g —h)SAED images of S-LMO and S-LIS
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Under the same desorption conditions,as shown
in Figs.5(a)and 5(b),C-LMO required approxi-
mately 80 more minutes than S-LMO to reach an Mn
loss rate equilibrium (180 versus 100 min, respec-
tively ). The corresponding Li equilibrium desorption

of S-LMO and C-LMO was 94. 4% and 81.7% , re-

spectively. Despite its higher Li desorption, S-LMO
had a lower Mn loss than C-LMO. As the only differ-
ence between these two Li;, (Mn, (O,-type precursors
is their morphology , morphology must influence their
adsorption ; this is discussed in more detail in the fol-

lowing sections.

100 7
90 4 (a) ) (h) - . L
64
80 - .~ - —
S -
% 70 - %:, 5
% 60 = 4 o N
g T ]
g 50 k3
£ 0 £ 3
-— - @
g 30 a
& 21
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10- —e—S_LMO 14 —e—S_LMO
—8—C-LMO —s—C-LMO|
0 I Ll L A
0 50 100 150 200 250 300 350 400 450 500 550

t/min
Fig. 5

3.2
LIS

Adsorption performances of as-prepared

The change in adsorption capacity of S-LIS and
C-LIS with time is shown in Fig. 6 (a). The adsorp-
tion capacity of S-LIS and C-LIS increased with ad-
sorption time linearly until equilibrating after 25 h.
The equilibrium adsorption capacities of S-LIS and
C-LIS were approximately 25.94 and 42.46 mg/g
under the same adsorption conditions, respectively,

which is mainly related to their lithium desorption

50

0 50 100 150 200 250 300 350 400 450 500 550

t/min

(a)Li desorption rate and(b)Mn loss rate as a function of acid treating time of C-LMO and S-LMO

rate ,as shown in Fig. 5(a). Moreover, the adsorption
capacity of S-LIS was increased due to its high spe-
cific surface area(up to 42. 495 m>/g, as determined
from the BET method, Fig. S5)and mesoporous char-
acteristic ( with a pore diameter of approximately
23.418 nm, Table S1). The experimental Li* ad-
sorption data of the S-LIS was analyzed using pseu-
do-first-order and pseudo-second-order kinetic mod-
els( Equations (5) ~ (6))to determine the adsorp-
tion mechanism and the rate constant of the adsorp-

tion processm]

Fig. 6

40 06
45 (a) (b_) ____ ., Filled by pseudo - lirsl — orcer model
— 7=0.10845x +3.82 071
40 35 R2=0.93877 05
351
= 307 3.0 1 =
< o _ 045
g 251 - — | < <
N N
~
~ 201 2.5 S
< {03
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5 —e—S—Lis y=0.01548x+0.21245 {02
—s— C-Lis R?=0.88814 .
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(a) Adsorption of Li" ions into S-LIS and C-LIS as a function of time and

(b) adsorption kinetic curves of S-LIS fitted with the pseudo-first-order and the pseudo-second-order models
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InCQ, -Q)=InQ, -k xt (5)
l 1 2, ¢t
— = —xQ, + - (6)
)

where k, (min™' ) and k, (mg + g7+ min")

are rate constants of pseudo-first-order and pseudo-
second-order adsorption, respectively. Fig. 6 (b))
shows the adsorption kinetic curves of S-LIS fitted
with the two kinetic models, and the calculated pa-
rameters of adsorption kinetic models are given in
Table 1. The correlation coefficient( R*) of the pseu-
do-first-order model was higher than that of the pseu-
do-second-order model (0. 93887 and 0. 88814, re-
spectively ). Additionally, the calculated equilibrium
adsorption capacity ( (), ) of the pseudo-first-order

Table 1

model (45. 64 mg/g) was closer to the experimental
value of 42. 46 mg/g. Thus, the adsorption rate was
described well by pseudo-first-order kinetics before
reaching equilibrium. The calculated adsorption rate
constant was 3. 013 x10 > s "

The influence of the initial concentration of Li*
ions( C, ) on the adsorption capacity of the S-LIS was
then further analyzed,as shown in Fig. 7 (a). When
C, <100 mg/L,Q, of the Li* ions linearly increased
with C,. When €, > 100 mg/L, Q, did not signifi-
cantly increase further and remained around 42. 46
mg/g. The adsorption isotherm of S-LIS was fitted by
the Langmuir and Freundlich models ( Equations
(7) ~(8)) ,respectively) ° =/

Adsorption rate constants obtained from the pseudo-first-order and pseudo-second-order

kinetic models of Li* onto S-LIS

Pseudo-first-order model

Pseudo-second-order model

k/h! Q./(mg/g) R ky/(mg/ (g« h)) Q./(mg/g) R?
0. 108 45 45. 64 0.938 87 0.019 64 64. 60 0.888 14
InC,
20 25 30 35 40 45 50 55 6.(21 0
B1@ 35 (b) . S EX
40 Fitted by Freundlichisotherm _ = i
1 ® y=0.5621x+1.0795 4136
35 3.0 R2=09414 134
3 301 S 251 {32
S 4
\:Q 25 A §)o 2o 3.0
S 20 o . N {28
. Fitted by Freundlich isotherm {7 ¢
154 1.54 y=0.0165x+0.8 858
o R*=09201 124
] 104e o 122
5 T T T v T T T T T T T T - T T T —2.0
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
C/ (mg/L) C/ (mg/L)
Fig. 7 (a) Adsorption equilibrium capacity of Li " onto S-LIS as a function of initial Li* ions concentration and
(b) Adsorption curves fitted by Langmuir and Freundlich models , respectively
Ce 1 Ce teraction of the adsorbent,respectively ,which can be

0.~ b0, "0, (7)

nQ, = nK, + LInc, (8)
n

where b(L/mg)is the Langmuir adsorption con-
stant, K and n are the Freundlich constants related

to the lithium adsorption capacity and the lithium in-

calculated from the slope and intercept of the plot of

InQe vs InC..

TheS-LIS adsorption isotherms fitted by Lang-
muir model and Freundlich models are shown in

Fig. 7(b) ,and the corresponding calculated parame-
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ters are given in Table S2. As shown in Fig. 7(b),
the simulated curve by Freundlich model shows
higher correlation coefficient( R*) about 0. 9414 than
that of Langmuir model (R* =0.9201) , herein indi-
cating that the Freundlich model is more suitable for
analysing the adsorption experimental data. Further-
more , the calculated Freundlich constant n is 1. 78,
indicating that the adsorption of Li* on as-prepared
adsorbent is a multilayer physical adsorption
process.

Asdisplayed in Fig. 8 (a) ,solution pH obviously

effects the adsorption capacity of S-LIS. Generally,

the adsorption capacity of S-LIS toward Li* is below
5 mg/g in acidic environment and changes little with
pH. Once the S-LIS works in an alkaline solution, Q,
sharply increases with pH,which is mainly attributed
to the deprotonation process of S-LIS between its ex-
changed H" on porous surface with Li* during ion-
exchange reaction and OH ™ in solution. More , Fig. 8
(b) confirms that, Li* adsorption capacity of S-LIS
increases with temperature , which indicates the en-
dothermic and diffusion-controlled Li* uptake nature

of this sorption processu‘”.
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oy (b) .
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354
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.20 =
Sing Ql 384
154
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364
54
. 35
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pH T/K

Fig. 8 Effects of(a)pH and(b) temperature on adsorption capacity of S-LIS

Selectivity experiments were then performed to
clarify the influence of co-existing cations on Li* ad-
sorption, such as Na® ,K* ,and Ca’" ;the results are
summarized in Fig. 9 (a) and Table 2. The designed
S-LIS demonstrated high selectivity ,with a Q, of Li”
of 42. 009 mg/g and nearly no adsorption of any oth-

er cation. Additionally, the concentration coefficient

(a)
40 4 0.30
0.25
30 A 0.20{
—~ ap V..
80 Y
E 015
201 <010
0.051
104 0.00
"t Na- K- Ca- Mg~
Metal ion
0 - r T T T
Lit Na* K* Ca* Mg*
Metal ion

(b) 1004

Desorption rate of Li/%

(C.) and distribution coefficient (K, ) of Li" were
higher than those of other cations; further, the order
of the calculated coefficient of specificity (ay, ) of S-
LIS toward different cations was Li* >Na® >K* >
Mg”* >Ca’". Thus,the S-LIS was concluded to have

good selectivity toward Li".
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Fig. 9 (a) Adsorption capacity of various metal ions on S-LIS, (b) desorption rate of Li" ,

(¢)loss rate of Mn,and(d)Li"* adsorption capacity for the first five desorption-adsorption cycles of S-LIS

After adsorption, the adsorbent was regenerated
by acid treatment, and adsorption was repeated four
times to characterize the cyclical performance ;results
are shown in Figs. 9(b) ~9(d). By the fifth adsorp-
tion-desorption cycle, the adsorption capacity of re-

generated S-LIS decreased from 42. 46 to 40. 56 mg/¢g,

thereby maintaining a desorption >90% and averaging
an adsorption capacity fade of only 0.38 mg/g rate
with each cycle. This loss is due to the gradual in-
crease in the dissolution of Mn from 4. 0% to 5. 3%
with increasing adsorption-desorption cycles caused

by the Jahn-Teller distortion of Mn®* "%,

Table 2 Calculated Li* adsorption selectivity parameters on S-LIS

Metal ions C,/ (mg/L) C./(mg/L) 0./(mg/g) C./(x107°L/g) K/ (ml/g) oy,
Li* 100. 146 91.482 42. 009 419. 478 459.21 1
Na* 100. 785 100. 723 0. 301 2.987 2.98 154. 09
K* 100. 211 100. 169 0. 204 2.036 2.03 226.21
Ca’* 100. 575 100. 571 0.019 0.193 0.19 2416. 89
Mg 100. 201 100. 192 0. 044 0. 439 0. 44 1043. 66

3.3 Preparing and working mechanism of S-
LIS

As the Li" adsorption of the as-prepared S-LIS
detailed above demonstrate that the valance state of
Mn in the precursor and target adsorbent plays a
critical role , XPS was employed to clarify the forma-
tion and working mechanisms of S-LIS. The obtained
XPS Mn 2p spectrum of S-LMO is shown in Fig. 10
(a) ,where the peaks at 653.8 and 642 eV are as-
signed to Mn 2p,,, and Mn 2p,,, , respectively. The

Mn 2p,,, spectrum fitted by CasaXPS software ( NIST
Standard Reference Database 20, Version 4.1, on-
line)is depicted in Fig. 10(b). The two distinctive
peaks in the fitted Mn 2p,, spectrum located at
642.2 and 643.2 eV are attributable to the Mn’* -0

24 -26]

and Mn**-0 bonds, respectively' ,and the cal-

culated Mn’* ratio is approximately 30% , according
to the area of the fitted curves. According to crystal
field theory,Mn’ " is in a high-spin state and posses-

4 . . . 4+ . .
ses a d’ electronic configuration , whereas Mn*" is in

. 3 . .
a low-spin state and possesses a d’ electronic config-
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uration ; they are both in the octahedral field of an
k'?"* The octahedral field enables

the 5d orbits of manganese to be split into five lower-

oxygen framewor

energy orbits, comprising two e, orbits and three ¢,,

4+

orbits. Therefore , the three d electrons in Mn™ " are

stable , whereas the extra electron in Mn’* is more
active , thereby causing the so-called Mn®* dispropor-
tion(2Mn’* <>Mn** + Mn*>*)'*7" Additionally,
this excess electron can freely move in solid materi-
als and is easily attracted to free Li", as shown in

Fig. 10 (¢ ).
Li, (Mn, (O,-type precursor, free Li*

During the acid treating of the
dissolved into
solution may capture adjacent electrons by part of

4 3
Mn** T Mn’"

. . 4 . .
oxidized into Mn*" and remains in the structure to

to form dissolvable Mn? is thus further

stabilize its framework. Finally, structural Li* is re-
placed by H" in solution, thus forming MnO, -
0.5H,0 LISs(5Li, (Mn, ,O, + 8H" — 8MnO,

0.5H,0 + 8Li*).

The proposedworking mechanism of the as-pre-
pared adsorbent is summarized in Fig. 11. Once the
MnO, + 0.5H, O adsorbent is added into the Li"-
containing solution, deprotonation promotes the H*
in the surface -OH groups( Fig. S4)to migrate out of
the adsorbent framework and to combine with OH~
in solution , thus inserting Li* into the main body of
the adsorbent' >/, This process may be accelerated
; thus, pH
and temperature influence adsorption performance

(Fig. 8 ). The solution-based Li”

into the vacant sites caused by the deprotonated H*

by intensifying the concentration of OH~

then intercalates

The lithiation process is motivated by the ion-ex-
change reaction between H" and Li" and thus trans-
0.5H, O
corresponding precursor, Li, ¢ Mn, ; O, ( 8MnO, -
0.5H,0 + 8Li* —5Li, (Mn, O, + 8H" ). As dis-
cussed above , the regenerated Li; (Mn, (O, could be

treated by acid again to form MnO, - 0. 5H,O0.

forms the adsorbent MnO, into its
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Mn2p,, ‘-
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Fig. 10

(b)fitted splitting curves of Mn 2p,,, ,and( ¢) schematic of MnO,

(a) High-resolution XPS Mn 2p spectrum of as-prepared spherical Li, (Mn, (O, ,

-+ 0.5H,0 preparation by adsorbent
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4 Conclusions

A porous Li, (Mn, (O,-type adsorbent MnO,
,S-LIS)

from so-

0. 5H,0 with a spherical morphology (1. e.
was successfully synthesized to recover Li*
lution via a simple two-step solid-phase method em-
ploying morphology-controlled Mn, O; and commer-
cial LiOH + H, O as starting materials. The results
presented here confirm that the morphology, specific
surface area,and pore diameter influence the adsorp-
tion of the as-prepared adsorbents, especially S-LIS.
The as-prepared S-LIS has a higher Li*
capacity (42. 46 mg/g)than C-LIS with a similar av-

erage diameter did, which is thus attributable to its

adsorption

spherical morphology. The adsorption of Li* on the
prepared S-LIS was explained by the Freundlich iso-
therm and pseudo-first-order kinetics models. Fur-
ther, surface deprotonation and lithiation processes
motivated by ion-exchange reactions begin the ad-
sorption process of the solid adsorbent powder from

an aqueous solution.
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