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MnO, Ion Sieve Adsorbent for Recovering Lithium from Solutions
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(State Key Lab of Chemical Engineering, East China University of Science and Technology, Shanghai 200237)

Abstract: The paper presents preparation and characterization of the MnO, ion sieve for recovering lithium from
aqueous media. Different MnO, polymorphs, produced by low temperature hydrothermal oxidation of Mn?* by
S,0¢* with or without (NH,),S0, at 393 and 423 K, were employed to prepare 4 MnO, based ion sieve adsorbents.
The structure characteristics, adsorption and ion-exchange properties of the adsorbent were studied by XRD
analysis and experimental runs for the Li* isotherms, adsorption kinetic data and the effect of initial pH value on
the capacity. The capacities of SMO-b and SMO-d adsorbents for Li* vs. its equilibrium concentration data were
well fitted by the Freundlich adsorption isotherm model. The relative capacity data suggest that (NH4),S0, is not
necessary for the oxidation. The first order reaction kinetics model is adequate to predict the Li* concentration
decay curves of the kinetic runs. The MnO, based ion sieve adsorbent exhibits an order of magnitude higher

capacity for Li*than for Na*.
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0 Introduction primarily as spodumene in minerals and/or lithium ions
(Li*) in brine and seawater. Lithium compounds, such as
Lithium is the lightest metal and is highly reactive LiCl, Li,CO; and LiOH -H,O are often employed for

in the elemental form,therefore, it exists in the nature making ceramics and glass, aluminum production,
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pharmaceuticals, and batteries as well as for
thermonuclear power generation, military and many
other applications " The worldwide lithium consum-
ption has increased rapidly from less than 100 tons per
year of lithium carbonate equivalent in the early 1 900 s
to more than 70 000 tons per year one hundred years
later™. Production of lithium carbonate from minerals is
energy intensive, environmentally unsound and is
capacity limited due to the shortage of high grade Li
containing minerals. Sustainable development of the
lithium industry in China will depend on cost effective
large scale utilization of its salt lake brine resources
which accounts for 80% of the national lithium
reserves.

Lithium from brine or seawater can be recovered
by solvent extraction, precipitation and adsorption®”.
Solvent extraction is the least attractive one since the
high cost of organic solvent and its potential hazard in
large scale operation. Precipitation technology has been
successfully employed for commercial production of Li
compounds where salt lake brine with a high Li content
and low molar ratio of Mg/Li is readily available. It is
not cost effective for Li recovery from brine with a low
Li content and/or with a ny/n;>1400, such as the case
for most salt lakes in China and Dead Sea of Jordan'.
Adsorption process employing a highly selective ion
sieve adsorbent is the most attractive technology for Li
recovery from low-grade brine or seawater because it is
both cost effective and environmental friendly since its
high capacity for Li* may be regenerated for multi-cycle
operations.

MnO, and TiO, are known to have high adsorptive

+ P However, there have been no

capacity for Li
systematic studies on the effect of different polymorphs
of MnO, precursor on the Li* extraction process. In this
work, several polymorphs of MnO, produced by a
hydrothermal method were employed to prepare the
MnO, based ion sieve adsorbent. The structure
characteristics and ion-exchange property of the
studied by XRD, pH

equilibrium capacity and kinetic experiments. The

adsorbent were titration,

experimental data are reviewed for potential application

for recovering Li from brine or seawater.

1 Experimental

1.1 Preparation of MnQO,based ion sieve adsorbent
To prepare the Li-Mn-O precursor, different
polymorphic forms of MnO, were first produced by

controlled low-temperature hydrothermal oxidation of

N[l’lz+ by 52032_:
MHSO4+(NH4)28208+2H20 - Mn02+(NH4)2SO4+
2H,80, AG® = ~151 kJ *mol™ (1)

The reaction is thermodynamically favored as
suggested by its highly negative change of the standard
Gibbs free energy.

Analytical grade MnSO, -H,0 (0.25 mol) and the
stoichiometric amount of (NH,),S,05(0.25 mol) were
added to 750 ml of deionized water to form a
homogeneous solution at the room temperature,
transferred to a stainless steel autoclave, then sealed
and maintained for 12 h at 393 K(for MO-a) and 423 K
(for MO-b), respectively. The resulting black solid
filtered,

deionized water to remove residual free ions in the final

products  were washed completely  with
products and finally dried at 393 K for 8 h in static air
to result in MO-a and MO-b. MO-¢ and MO-d were
produced in the same manner except that 0.47 mol of
analytical grade (NH,),SO, was included as the extra
reactant.

Four Li-Mn-O precursors(LMO-a, -b, -¢, -d) were
prepared by wet impregnation of Li on MO-a, -b, -c, -d.
Mixtures of the MO particles and aqueous solution of
LiOH (0.35 mol L, ny/ny, =0.55) were heated in a
rotary evaporator at 393 K for 12 h to remove water and
then calcined at 1 003 K for 6 h in static air. Acid
treatment was performed then to remove Li* from the Li-
Mn-O precursors; 4 g of LMO-a, -b, -c, -d were each
contacted with a hydrochloric acid(200 mL, 0.5 mol - 1)
for 120 h, till the Li* were extracted completely from the
Li-Mn-O lattice, as measured by Metrohm 861 IC with
Metrosep C2 100/4.0
materials were filtered, washed with deionized water,
and dried at 393 K for 8 h to obtain MnO, ion sieve
adsorbents (SMO-a, -b, -¢, -d). Fig.1 presents the flow

diagram of the procedures employed for preparation of

column. The acid-treated

the MnQO, ion sieve adsorbents.
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Fig.1

Flow diagram of the procedures for preparation of

the MnO, ion sieve adsorbents

1.2 Characterization of the MnO, adsorbent
1.2.1 Structural characterization

Phase purity of the samples was examined by X-
ray diffraction (XRD) analysis using a Rigaku D/max
2550 X-ray diffractometer with Cu Ko radiation (A =
0.154 056 nm), operating at 40 kV, 100 mA and
scanning rate of 10°+min™.

1.2.2  Adsorption equilibrium capacity and kinetic

experiments

In the adsorption equilibrium capacity test run,
0.10 g of MnO, ion sieve adsorbent was introduced to a
series of 100 mL of LiCl solutions of different initial
concentrations (1.99, 4.05, 6.09, 8.12, 10.10, 12.31,
16.41, 20.37, 24.73, 30.24, 51.12 mmol - L") at a pH
value of 10.1 maintained by a buffer solution(0.10 mol +
L~ NH,CI and 0.10 mol -L.™" NH,OH), under stirring
(130 r min ") for 144 h at 303 K. The final
(equilibrium) concentration of Li* of the supernatant
was measured in-situ by 1C. In the adsorption rate test
run, 0.10 g of MnO, was introduced to a series of 100
mL LiCl solutions (10.19 mmol - L, pH=10.1) under
stirring(130 r+-min™) at 303 K; One of the samples was

taken periodically for measurement of Li* of the

concentration(mol - L ™"); V-sample volume (100 mL); W-
weight of adsorbent(0.1 g).

1.2.3  Effect of initial pH value on the adsorbents

capacity for Li* and Na*

0.10 g of MnO, was added to 10 mL of mixture of
0.10 mol - L™ MeCl and MeOH in various ratios(Me=Li
and Na) under stirring(130 r+min™) for 144 h at 303 K.
The Li* concentration of the supernatant solution was
measured by IC, and the final pH value of the solution
was measured using Metrohm 827 pH Lab Meter with Pt

1000 electrode.
2 Results and discussion

2.1 Structural characterization

The XRD patterns in Fig.2-A shows that the
reflections of MO-a and -b are indexed to a mixture of
orthorhombic phase of ramsdellite-MnO,(PDF 39-0375,
with lattice constants ¢=0.927 0 nm, 6=0.286 6 nm, c=
0.453 3 nm) and tetragonal phase of a-MnO, with(PDF
44-0141, a=0.978 5 nm, ¢=0.286 3 nm) and that those
of MO-c¢ and d are pure tetragonal phase of a-MnO,
(PDF 44-0141) with a faint diffraction peak at 22.36°
associated with trace amount of orthorhombic MnO,.
Thus pure a-MnO, may be obtained by proper control of
the hydrothermal oxidation conditions. Tetragonal MnO,

is constructed from double chains of [MnOg] octahedral
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a(hkl): @-MnO, crystal face; r(hkl): ramsdellite MnO, crystal face; ¢(hkl): cubic LiMn,O, crystal face;
m(hkl): cubic Mn,05 crystal face; A(hkl): cubic MnO, crystal face

Fig.2 XRD patterns-A: the oxidation products, B: Li-Mn-O precursors, C: MnO, adsorbents.
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unit forming 2x2 tunnels. NH,* and SO,*~ coexist with
Mn** and S,05* in both reaction systems, thus affecting
the crystal structure and morphology of the products.
Higher SO~ results in a lower formation rate of Mn**
and thus the lower formation rate of various crystal
faces of tetragonal-MnO,. The reactant composition
affects the formation rate of different crystal forms
resulting in various crystal MnO, structures.

As the reaction temperature is increased from
393 K to 423 K, there is no transformation of crystal
structure, as illustrated in the XRD patterns for MO-a/-
b vs. MO-c/-d. Further study is in progress to determine
the relative importance of the temperature and the
reactant composition on the adsorbentstructure.

The reflection peaks in Fig.2-B are much slimmer
and sharper relative to those in Fig.2-A due to smaller
crystalline dimension. Almost all the reflections in Fig.
2-B are indexed to cubic phase of LiMn,O,(PDF 35-
0782, lattice constant=0.824 8 nm). The several faint
diffraction peaks (33.04°, 38.36°, 55.54° and 66.22°)
are associated with trace amounts of cubic phase of
Mn,0; crystal face (PDF 41-1442. lattice constant a=
0.940 9 nm) produced at a relatively low calcination
temperature!',

The reflections in Fig.2-C are denoted as pure
cubic phase of A-MnO,(PDF 44-0992, lattice constant=
0.803 0 nm). Several faint diffraction peaks at 32.96°,
55.32°, 77.92° and 78.92 are likely due to trace
amounts of cubic Mn,O; and cubic LiMn,0, produced
by the residual Li* on the surface. The similar XRD
patterns shown in Fig.2-B and 2-C demonstrate that the
Li-Mn-O precursors and the corresponding MnO,
adsorbents are both cubic phase crystals with slightly
different lattice constants. Although the Li* inserted in
the Mn-O lattice will result in larger lattice dimension,
the Li-Mn-O precursor is very stable during the Li*
extraction process that the Mn sites of the crystal
structure are well maintained.

2.2 Adsorption equilibrium capacity and Kkinetic
experiments

Fig.3-A shows the Li* adsorption isotherm of MnO,
ion-sieve. According to Freundlich adsorption isotherm

as shows in equation(3), the adsorption data are further
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T7=303 K; pH=10.1; V=100 mL; W=0.10 g; contact time=120 h

Fig.3 Li* adsorption isotherms of MnO, ion-sieves
adsorbents (A) and simulated according to

Freundlich equation (B)

simulated as in Fig.3-B.

InQ. = 1/n+InC +InkK; 3)
Q. is amount of lithium ion adsorbed per gram of
adsorbent at equilibrium (mmol ¢ ™); C., equilibrium
concentration of lithium ions(mol - L™'); n and K, Freun-
dlich constants. As shown in Fig.3-A, the exchange
capacity of SMO-b is larger than that of SMO-d in low
concentration of Li* solution, but there is no difference
as the initial concentration of lithium ions exceeds
0.02 mol - L™\, Tt is possible that relatively higher purity
of SMO-b, resulted from the higher purity of LMO-b
precursor, has higher Li* adsorption capacity at low
Li* concentration. It is apparent that the data present
quite good linearity in Fig.3-B, indicating that the
lithium ion exchange process in the experiment is well
accorded with the Freundlich adsorption isotherm.The
adsorption of SMO-b and SMO-d is
calculated to be n=9.03, K;=4.54, and n=6.51, K;=
5.35, respectively, which shows the adsorption is easy

constant

to process.

Fig.4-A shows the lithium adsorption kinetics of
MnO, ion-sieves under certain reaction conditions. The
adsorption kinetics is examined with a first-order rate

expression, the so-called Lagergren equation(4)!", as in
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Fig4 Li* adsorption kinetics of MnO; ion-sieves
adsorbents (A) and simulated according to
Lagergren equation (B)
Fig.4-B.

0(0.-0) = InQ.—h o @
Q, is amount of lithium ion adsorbed per gram of
adsorbent at time ¢ (mmol +g ™); k.., adsorption rate
constant(s™); z, contact time(s)

As shown in Fig.4-A, the adsorption rate of SMO-b
is faster than that of SMO-d before 96 h, and there is no
difference after. It also shows that adsorption of Li* on
SMO-b is easier than that on SMO-d, indicating that
the ternary Li-Mn-O precursor has great influence on
the Li* adsorptive property of the final Mn-O ion-
sieve. Fig.4-B shows reasonably good linearity on the
plot of In(Q.—0,), showing that the adsorption rate can
be well described by first-order kinetics before attaining
equilibrium. The value of the adsorption rate constant is
calculated, via the linear slope, to be 7.53 %10 and
5.83 x10 ™ s, respectively, indicating a rather slow
adsorption rate, which is probably resulted from the
current static adsorption condition.

2.3 Effect of initial pH value on the adsorbents
capacity for Li* and Na*

The pH titration curves and adsorption capacity of

SMO-b ion sieve toward lithium and sodium ions are
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pH value
T=303 K; pH=10.1; V=10 mL(0.1 mol - L™ MeCl+MeOH; Me= Li*
and Na); W=0.10 g contact time=144 h
Fig.5 pH titration curves (A) and adsorption capacity
(B) toward lithium and sodium ions of ion-sieve
at different pH values
shown in Fig.5-A and -B, respectively. The titration
curve shows monacid behavior with a high exchange
capacity for lithium ions, yet pretty low exchange
capacities for sodium ions over the pH range studied.
The ion-exchange capacity reaches 3.47 mmol -g™ for
lithium ions and only 0.37 mmol - g™ for sodium ions at
pH value of 12.5, indicating that the sample exhibits a
remarkable lithium ion-sieve property. The high
selectivity for Li* is due to the steric effect of the
insertion site. And the Na* uptake can be regarded as
the number of nonspecific ion-exchange sites on the
surfaces of the powder . SMO-b ion sieve shows a

dibasic acid behavior. A

dissociating below pH value of 4, can be ascribed to Li*

stronger acidic  site,
-specific ion-exchange sites, and weaker acidic sites,
dissociating above pH value of 4, can be ascribed to

redox-type sites.
3 Conclusions

(1) Four MnO, polymorphs were produced by low
temperature hydrothermal oxidation of oxidation of Mn*

by S,05*" with and without (NH,),SO, at 393 and 423 K.
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The different MnO, polymorphs were employed to
prepare 4 MnO, based ion sieve adsorbents with
different structural and adsorptive properties.

(2) The LiMn,0, precursor is very stable during the
Li* extraction process and that the locations of Mn in
the crystal structure are well maintained.

(3) Adsorptive capacities of SMO-b and SMO-d
adsorbents for Li* are well represented by the Freund-
lich adsorption model. The generally higher relative
capacities of SMO-b suggest that addition of (NH4),SO,
is not necessary.

(4) The adsorption kinetic data are consistent with
the apparent first order reaction kinetics.

(5) The highly selective nature of the experimental
adsorbent is demonstrated by its much higher capacity
for Li* and Na*, and the capacities for both increase

with a higher initial pH value employed in the test run.
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