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Recent study has shown that the spinel type of MnO2 nanoparticles have a required capacity for lithium extraction from liquid resources. The
low lithium adsorption capacity of synthesised ion sieves was found to be an important limiting parameter for their use in industrial
applications. Therefore, increasing the uptake capacity of different ion sieves by studying the effect of six effective parameters, involving
lithium salt compound, manganese salt compound, oxidising reagent, calcination temperature, heating time and Li/Mn mol ratio, on the
synthesised ion sieves was investigated. Hence, in this reported work, a specific approach based on the L9(3

4) Taguchi orthogonal array
was employed to evaluate these parameters and to optimise them in two separate stages. Also, the relative importance of each factor was
determined using analysis of variance. Although, all mentioned parameters had a significant effect on lithium uptake capacity, the
oxidising reagent and the lithium salt compound were the most effective factors. Also, an appropriate ion sieve with a lithium adsorption
capacity of more than 9 mmol g−1 was synthesised for the first time.
1. Introduction: Certain inorganic adsorbents with extremely high
selectivity for lithium ions are called lithium ion sieves. Owing to
their noticeable properties such as low toxicity, low cost, high
chemical stability and high Li+ adsorption capacity, lithium ion
sieves are suitable for the recovery of lithium from salt lake brine
and seawater [1–4].

Manganese oxides derived from spinel lithium manganese oxides
after topotactical extraction of lithium from the spinel framework
are one of the typical lithium ion sieves and are the most widely
studied. This nanostructure material has been used to adsorb Li+

from lithium solutions, and has been shown to satisfy adsorption
performances [5–7]. Over the past 20 years, numerous studies
have been conducted for synthesising ion sieves with high Li+ ad-
sorption capacity. In 1990, an alumina–magnesia mixed oxide gel
with the uptake capacity of 0.014 mmol g−1 lithium from seawater
was synthesised by Kaneko [8]. In 2000, Chitrakar et al. synthe-
sised the spinel manganese antimony oxide with the lithium adsorp-
tion capacity of 2 mmol g−1 [9]. Subsequently, in 2000,
MnO2·0.5H2O was produced as a new ion sieve with an adsorption
capacity of more than 5 mmol g−1 [10]. Stronger ion sieves with an
adsorption capacity of 5.7 mmol g−1 were manufactured by opti-
mising the calcination temperature and Li/Mn mole ratio [11]. In
2002, a λ-MnO2 ion sieve with an adsorption capacity of 3.8
mmol g−1 was synthesised by Lei et al. using the solid phase reac-
tion of Li2CO3 and Mn2O3 at 850˚C and acid treatment of the
synthesised precursor in column [12]. In 2006, Wang et al. synthe-
sised two different ion sieves with the maximum adsorption cap-
acity of 3.17 mmol g−1 through the solid phase reaction of a
mixture of MnCO3 and two different sources of lithium including
Li2CO3 and LiOH in different molar ratios of Li/Mn at 450°C, fol-
lowed by acid treatment of the precursor [13]. In 2007, Zhang et al.
produced four different ion sieves using MnSO4·H2O in the pres-
ence of different oxidising agents including (NH4)2S2O8,
(NH4)2SO4 and LiOH·H2O as the lithium resource. The
maximum adsorption capacity at optimised temperatures attained
was 4.2 mmol g−1 [14]. Again, in 2009, Zhang et al. synthesised
a new ion sieve with an adsorption capacity of more than 6.5
mmol g−1 with some changes in the type of lithium salt compounds,
calcination temperature and time [15]. Using MnCl2·4H2O in the
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presence of LiOH, H2O2 and acid treatment of the resulting precur-
sor led to the synthesis of a new ion sieve with an adsorption cap-
acity of more than 5.33 mmol g−1 [16]. Afterwards, in 2010, Tian
et al. manufactured a new manganese/magnesium ion sieve with
the adsorption capacity close to 5.38 mmol g−1 in the presence of
MnCl2·4H2O, Mg(NO3)2·6H2O, LiOH and H2O2 as the oxidising
agent [17]. Moreover, direct synthesis of a LiMn2O4 spinel was
investigated by Zhang et al. in 2010, and an ion sieve with the
maximum absorption capacity of 3.42 mmol g−1 was achieved
[18]. In the same year, Özgür synthesised a new ion sieve by ultra-
sonic spray pyrolysis and the ion sieve capacity reached 5.57 mmol
g−1 in the best condition [19]. Simultaneously, Ma et al. investi-
gated the stabilisation of LiMxMn2 − xO4 (M:Ni, Al, Ti 0≤ x≤ 1)
and the uptake properties of their ion sieves. The results showed
that the maximum adsorption capacity reached 1.53, 2.93 and
1.35 mmol g−1 by applying ion sieves synthesised by Ti, Al and
Ni, respectively [20]. The strongest ion sieve synthesised by Sun
et al. in the presence of LiNO3 increased the capacity to 6.67
mmol g−1 [21]. Although the influence of some controlling para-
meters such as Li/Mn mole ratio, calcination temperature or
heating time on lithium ion sieve capacity has been investigated
by different researchers, there is no systematic study on these para-
meters and their effect. Also, the effects of some parameters like
oxidising reagent, lithium and manganese salt compound have
not been compared yet.

Therefore, in this present Letter, Taguchi method, as a combin-
ation of mathematical and statistical techniques, is used to optimise
the experimental parameters for increasing lithium uptake capacity.
The Taguchi method not only uses fewer experiments for optimisa-
tion of the levels of various parameters, but also can determine the
experimental conditions having the least variability as the optimum
conditions [22–24]. In this Letter, the contribution of the six con-
trolled factors involving manganese salt compound (Mn.S.C.),
lithium salt compound (Li.S.C.), oxidising reagent (Ox.R), Li/Mn
mole ratio (Mol.R.), calcinations temperature (Cal.Te) and heating
time (He.Ti) on the synthesised ion sieve is investigated. In
summary, synthesising a new ion sieve improved characterisation,
especially in lithium uptake capacity, and the main objective of
this reported work was accomplished.
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Table 2 Experimental condition based on Taguchi L9(3
4) array (first stage

of experiment)

Experiment no. Mn.S.C. Li.S.C. Mol.R.

1 MnSO4·H2O LiOH 0.6
2 MnSO4·H2O LiNO3 1
3 MnSO4·H2O Li2B4O7 1.5
4 MnCl2·6H2O LiOH 1
5 MnCl2·6H2O LiNO3 1.5
6 MnCl2·6H2O Li2B4O7 0.6
7 Mn(NO3)2·4H2O LiOH 1.5
8 Mn(NO3)2·4H2O LiNO3 0.6
9 Mn(NO3)2·4H2O Li2B4O7 1

Table 3 Main controlling factors and their levels (second stage of
experiment)

Factor Level

1 2 3
2. Experimental procedures
2.1. Synthesis of ion sieves: All chemicals used in this work
were Merck reagents. A 250 millilitre mixed solution of Mn.S.C
(0.33 mol l−1) and Ox.R (0.33 mol l−1) was added into a
teflon-coated stainless autoclave and stirred vigorously at 250 r
min−1. After the mixed solution was maintained in air at room
temperature for 2 h, the autoclave was sealed and heated at 393 K
for 12 h, and then cooled naturally to room temperature. The
obtained black precipitate (named as MO) was filtrated, washed
completely with deionised water till the conductance of filtrate
reached the same level of the deionised water and dried at 393 K
for 12 h. The spinel type of lithium manganese oxide precursor
(named as LMO) was prepared by wet impregnation of an
aqueous solution of Li.S.C (0.5 mol l−1 with different designed
Li/Mn mol ratios) into MO black solid. Then the mixture was
heated to remove water at 393 K for 12 h in the drier and
calcined at a designed temperature and a designed time in static
air. The Li+ extraction from the Li–Mn–O precursor was carried
out in 0.5 mol l−1 HCl solution at 303 K for 48 h until the lattice
Li+ was completely extracted. The acid-treated materials were
filtered, washed with deionised water and dried at 393 K for 12 h
to obtain the final MnO2 ion-sieves (named as HMO).
Ox.R Na2S2O8 (NH4)2S2O8 KMnO4

Cal.Te, °C 450 500 550
He.Ti, h 6 12 18

Table 4 Experimental condition based on Taguchi L9(3
4) array (second

stage of experiment)

Experiment no. Ox.R Cal.Te, °C He.Ti, h

1 Na2S2O8 450 6
2 Na2S2O8 500 12
3 Na2S2O8 550 18
4 (NH4)2S2O8 450 12
5 (NH4)2S2O8 500 18
6 (NH4)2S2O8 550 6
7 KMnO4 450 18
8 KMnO4 500 6
9 KMnO4 550 12
2.2. Design of experiments: Experimental design approaches were
used to optimise the processing parameters and to study the
parametric influence on responses. However, conventional
experimental design methods, especially full-factorial approaches,
are generally complex and do not always provide the desired
results. Moreover, these methods require a large number of
experiments when the number of factors increases. So far, several
innovative experimental designs have therefore been suggested,
of which the Taguchi approach has received much attention in
recent years [24]. In the current study, six processing variables,
which are assumed to be important parameters, with three levels
for each, were first selected and a Taguchi experimental design
based on a L9 orthogonal array were then employed to study their
effects on the lithium uptake capacity of synthesised ion sieves.
To optimise the lithium uptake capacity, total experiments were
conducted in two stages. Table 1 shows the selected three
variables involving (Mn.S.C.), (Li.S.C.), (Mol.R.) and their three
levels, along with the L9 matrix designed in this first stage of the
optimisation study. The other parameters were fixed. SO
(NH4)2S2O8 was selected as (Ox.R) and (Cal.Te) and (He.Ti)
were adjusted to 450°C and 6 h, respectively. The Taguchi L9(3

4)
statistical design array which indicates the combination of factors
and levels for the synthesis of ion sieves is given in Table 2.
After performing the experiments, the output variables were ana-

lysed to extract independently the main effects of the input factors.
So, statistical analysis such as the analysis of mean (ANOM) and
the analysis of variance (ANOVA) were performed to find the
optimum levels of each controlling factor and to estimate how
much the variance in lithium uptake is due to control factors or
experiment error, respectively, [25, 26]. Furthermore, the percent-
age contribution of each factor was determined by this method
[27]. Finally, confirmation tests were conducted.
Table 1 Main controlling factors and their levels (first stage of
experiment)

Factor Level

1 2 3

Mn.S.C MnSO4·H2O MnCl2·6H2O Mn(NO3)2·4H2O
Li.S.C LiOH LiNO3 Li2B4O7

Mol.R 0.6 1 1.5
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By optimising (Mn.S.C.), (Li.S.C.) and (Mol.R.) in the former
experiment, the effect of three remaining controlling factors, in-
volving (Ox.R), (Cal.Te) and (He.Ti), were investigated. Similar
to the previous test, these experiments were accomplished in three
levels by L9(3

4) orthogonal arrays. The optimised factors in the pre-
vious tests were selected as fixed conditions in the new tests. The
process parameters and their levels for these tests are given in
Table 3. Furthermore, Table 4 shows the selected L9 orthogonal
array with the assignment of parameters. It is also worth mentioning
that some variables and their levels have never previously been
investigated. Hence, in this Letter, not only the optimisation of op-
erating conditions is considered, but also the synthesis of the
lithium ion sieve under relatively novel conditions is studied.

In this Letter, the lithium uptake was carried out by stirring
(300 r min−1) 100 mg of each ion sieve in 100 ml of lithium
enriched buffer solution (pH = 11) with a uniform initial Li+ con-
centration of 20 mmol l−1 at 25°C, and the Li+ concentration of
supernatant solution was determined after 120 h by ICP. (Qe), the
amount of Li+ adsorbed per gram of ion sieve at equilibrium
(mmol g−1) was also calculated according to (1), where Ce is the
concentration, of metal ions at equilibrium (mmol l−1), C0 is the
initial concentration of lithium ions (mmol l−1), W is the weight
of adsorbent (g) and V is the solution volume (ml) [15, 20]

Qe = C0 − Ce

( ) · V/W (1)
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Figure 1 Contribution of each factor on the response (first stage of
experiment)
2.3. Distribution coefficient (Kd) measurements: The selectivity of
Li+ compared with other coexisting cations was carried out by
stirring about 100 mg of the optimised HMO ion sieve from this
research in 10 ml of enriched solution containing 17 mmol l−1

Li+, Na+, K+ and Mg2+, respectively, for 120 h at 303 K and at
pH = 10. The distribution coefficient (Kd), separation factor (aLi

M )
and at concentration factor (CF) were calculated according to the
following equations [15]

Kd = C0 − Ce

( ) · V/ Ce ·W
( )

(2)

aLi
Me = Kd Li( )/Kd Me( ) M :Li, Na, K and Mg (3)

CF = Qe Me( )/C0 Me( ) (4)

2.4. Materials characterisation: The crystalline structure of the
precursor and synthesised adsorbent were determined by X-ray
phase analysis (XRD, PHILIPS, X’pert MPD system, λ = 1.54 Å)
with Kα Cu radiation. The morphology and average particle size
of the synthesised adsorbent nanoparticles were characterised by
scanning electron microscopy (SEM, Tescan Vega-II) and
transmission electron microscopy (TEM, PHILIPS CM20).
Inductively coupled plasma optical emission spectrometry (ICP,
VARIAN OES) was used for the determination of initial and final
Li+ concentrations.

3. Results and discussion
3.1. First stage of experiment: The results of the matrix experiment
which was conducted under the conditions of Table 2 are illustrated
in Table 5. The lithium uptake capacity, ranges from 1.47 to
8.49 mmol g−1. Table 6 shows the ANOVA for the result of nine
experiments of lithium adsorption capacity. In this Table, SS, F,
V and ρ% represent the sum of squares because of variation about
the mean, degrees of freedom, sum of squares per degree of
freedom (Vfactor = SSfactor/F ) and percentage contribution of the
relative effect (SSfactor/SStotal) × 100, respectively. Subsequently,
the Fvalue(Ffactor = Vfactor/Verror) and Pvalue were calculated. As
illustrated in Table 6, Fvalue of the whole factors was greater than
the extracted Fvalue of the Table for (α = 0.05). It means that the
able 5 Results of first stage experiments

xperiment no. Lithium adsorption, mmol g−1

5.89
7.44
2.33
1.96
3.24
1.47
3.56
8.49
2.4

able 6 Analysis of variance (first stage of experiment) F(0.05, 2, 2) = 19

SSfactor Df V F-value p-value

odel 51.9 6 8.65 61.24 0.0162 significant
n.S.C 15.87 2 7.93 56.18 0.0175
i.S.C 28.4 2 14.2 100.54 0.0098
ol.R 7.63 2 3.82 27.02 0.0357
rror 0.28 2 0.14
otal 52.18 8 F

o
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variance of all factors is significant compared with the variance
of error and all of them have a significant effect on the response.
The significance of each coefficient was also determined by
pvalues, which are listed in this Table. Pvalue less than 0.05
indicate that model terms are significant.

As mentioned, the contribution of each factor to the synthesised
ion sieves for lithium adsorption was determined as presented in
Fig. 1. This analysis reveals that the order of factors that influence
the lithium uptake are Li.S.C >Mn.S.C >Mol.R, respectively. The
error variance contribution is 0.55%. In other words, the experiment
in this work has 99.45% of confidence if the interaction of factors is
not considered. Fig. 2 shows the effect of each parameter level on
the response variable, and demonstrates that the best adsorption
was obtained when Mn.S.C was set at the first and the third
levels, Li.S.C at the second level, and MOL.R at the first level.
Generally, in the equilibrium reaction R-H+ + Li+⇔R-Li+ + H+

according to the Le Chatelier’s principle, increasing the lithium
uptake could be achieved by removing proton ions from the
medium solution, which could be attained by adding OH− ions.
Raising the pH of the solution or enhancing the intrinsic acidity
of the exchange sites increases lithium ion adsorption. It seems
that the increase in the intrinsic acidity of the ion sieve sites could
be assigned to the nucleating pH during processing. Therefore,
strong acidity is advantageous for the sorption of lithium from a
weak basic solution like seawater [11, 21]. Furthermore, the effect
of the Mol.R factor is shown in Fig. 2. As can be seen, increase
in Li/Mn mole ratio decreases the lithium uptake. This could be sat-
isfied by generation of different amounts of the impurity phase like
Mn2O3 and Mn3O4, especially when the Li/Mn mole ratio is larger
than 0.7. This fact is confirmed in a previously published paper [13].

Regarding the Mn.S.C factor, the uptake of lithium ions increases
in the order of MnCl2·6H2O <Mn(NO3)2·4H2O <MnSO4·H2O. In
addition, concerning the Li.S.C factor, the increase in lithium
igure 2 Effect of each parameter level on the response variable (first stage
f experiment)
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Table 8 Analysis of variance (second stage of experiment) F(0.05, 2, 2)
= 19

SSfactor df V F-value p-value

model 52.27 6 8.71 618.82 0.0016 significant
Ox.R 49.61 2 24.81 1762 0.0006
Cal.TE 1.98 2 1 70.48 0.014
He.Ti 0.67 2 0.34 23.91 0.0.04
error 0.028 2 0.014
total 52.3 8

Figure 3 Contribution of each factor on the response (second stage of
experiment)
adsorption follows the order of Li2B4O7 < LiOH < LiNO3 and it is
the most significant factor. This reality could be satisfied by the
fabrication of the strong acidity sites during the synthesis process.
Prediction of lithium uptake at optimised conditions was the last

objective of the Taguchi statistical design and one of the most im-
portant goals of this research. By determination of optimised factors
and their levels, the optimised lithium ion sieve will be predicted by
the following equations [22, 28]

Y =
∑n

i=1
y
i

n
= 4.086 (5)

YOpt = y+ A1 − y
( )+ B2 − y

( )+ C1 − y
( ) = 8.7 (6)

In (5), y is the grand average of the responses and in (6) YOpt is the
predicted surface area at the optimum condition. After prediction, a
verification test should be conducted. In this step, two samples were
prepared under the optimum condition (Mn.S.C1and3, Li.S.C2 and
Mol.R1) named 10, 11. The lithium uptake of samples 10 and 11
was measured as 7.64 and 8.56 mmol g−1, respectively.
Therefore, the best result formed under the optimum condition
(Mn.S.C3, Li.S.C2 and Mol.R1) and the difference between the pre-
dicted (8.7 mmol g−1) and the achieved values is negligible. The
low error of (1.6%) confirms the predictability of the process and
the accuracy of the experimental results.

3.2. Second stage of experiment: As mentioned, these tests were
conducted by applying the optimised condition from the previous
tests. The whole lithium uptake with synthesised ion sieves under
the conditions presented in Table 3 are listed in Table 7. Table 8
shows the results of the ANOVA. Comparing the two F-values of
factors, the Table demonstrates that all parameters have a
significant effect on the response.
The contribution of each factor on the synthesised ion sieves for

lithium adsorption is shown in Fig. 3. This analysis reveals that the
oxidising agent as the main factor has the greatest impact on uptake
capacity. Fig. 4 shows the effect of each parameter level on the re-
sponse variable and demonstrates that the best uptake capacity was
obtained when all factors were set at their first levels. Then, the pre-
diction of lithium uptake at the optimised conditions was con-
ducted. By identifying the optimal parameters, the optimised ion
sieve will be predicted by the following equations [22, 28]

Y =
∑n

i=1
y
i

n
= 5.97 (7)

YOpt = y+ A1 − y
( )+ B1 − y

( )+ C1 − y
( ) = 9.11 (8)

After prediction, a confirmation test should be conducted. In this
step, a sample was prepared under the optimum condition (Ox.
R1, Cal.Te1 and He.Ti1) named HMOFinal. The lithium uptake of
this sample was measured to be 9.04 mmol g−1, which is the
maximum among the adsorbents studied to date. Since the
Table 7 Result of second stage of experiments

Experiment no. Lithium adsorption, mmol g−1

1 9.11
2 8.63
3 7.46
4 7.23
5 6.62
6 6.31
7 2.78
8 3.44
9 2.17
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difference between the predicted (9.11 mmol g−1) and the achieved
values is negligible (0.07 mmol g−1) the result is reliable.

Concerning the Cal.Te factor, the increase in lithium adsorption
follows the order of 550° < 500° < 450°. The extractability of
lithium from the heat-treated samples was investigated using a
0.5 M HCl solution. The Li+ extractability reached to 99.5% for
the lithium manganese oxides obtained at 450°C. However, the ex-
tractability was decreased by increasing the calcination temperature
for samples obtained above 450°C, as only 88% of lithium ion
could be extracted for the sample calcined at 550°C. The difference
in the lithium extractability may have been because of the differ-
ences in the lithium distribution in the solid depending on the
heating temperature. Regarding the He.Ti factor, the uptake of
lithium ions increases in the order of 18 h < 12 h < 6 h. Therefore,
it has confirmed the previous report, in which increase in calcin-
ation time decreased the lithium uptake [13]. However, an increase
in heating time improves the spinel phase crystalline, but increases
the content of impurities especially Mn2O3 and Mn3O4. The forma-
tion of the Mn2O3 impurity, with Li+ adsorption capacity less than
1.1 mg g−1, could be the primary reason for decreasing Li+ uptake
with the increase of heating time [13]. On the subject of the Ox.R
factor, the uptake of lithium ions increases in the order of
Figure 4 Effect of parameter levels on the response variable (second stage
of experiment)
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Table 9 Li+ adsorption selectivity on HMO ion sieve

Me C0 Ce Qe CF Kd aLi
Me

Ions (mmol.L−1) (mmol.g−1) (103 × L.g−1) (ml.g−1)

Li+ 16.87 0.019 1.68 99.58 88 421 1
K+ 16.86 15.61 0.124 7.35 7.95 11122
Na+ 16.91 14.64 0.237 13.93 16.18 5464
Mg2+ 16.78 16.53 0.025 1.49 1.51 58556

T = 303 K, pH = 10, V = 10 ml, W = 100 mg and time = 120 h.

F

KMnO4 < (NH4)2S2O8 < Na2S2O8. This could be satisfied by the
electrochemical reactivity of synthesised powders resulting from
different oxidising agents. An increase in the nanostructure MnO2

electrochemical reactivity in the alkaline medium leads to an in-
crease in ionic uptake capacity. Since the ion sieve synthesised
by Na2S2O8 is more reactive than the ion sieves synthesised by
the other oxidizing reagents, the uptake capacity increased in
these samples [29]. In fact, the difference in the MnO2 electrochem-
ical reactivity leads to the difference in the ion exchange capacity,
because of the variety of the structure and morphology, the variety
of generated impurity, and the number and dimensions of the MnO2

narrow sized tunnel [29]. Therefore, MnO2 with higher reactivity
has a greater ion exchange capacity.
3.3. Distribution coefficient measurements: Table 9 shows the Li+

selectivity of the HMO ion sieve compared with the uptake
Figure 5 XRD pattern of LMO precursor and HMO ion-sieve
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behaviours of other coexisting ions in the enriched solution,
including Na+, K+ and Mg2+, respectively. The equilibrium
distribution coefficients (Kd) of the ion sieve are in the order of
Mg2+ < K+ < Na+ < < Li+, indicating high selectivity for lithium
ions. Also, there exist more obvious discriminations among the
values of the distribution coefficients (Kd) and the separation
factor (aLi

Me). The relatively high selectivity for Li+ can be
explained by the ion-sieve effect of the spinel lattice with a
three-dimensional (1 × 3) tunnel suitable in size for fixing Li+ in
the cubic phase MnO2 ion sieves obtained from Li–Mn–O
precursors. So, Li+ can enter the (1 × 3) tunnel during the
sorption process, while other metal ions can only adsorb on the
adsorbent surface sites because of their large ionic radius being
too large [15]. The results also indicate that Na+, K+ and Mg2+ in
solution do not interfere with Li+ during the adsorption/
ion-exchange process, since the high concentration factor (CF) of
Li+ is observed compared with the (CF) values of other metal ions.
3.4. XRD results: The XRD patterns of the ternary oxide precursor
(LMO) and the MnO2 ion sieve (HMOFinal) are given in Fig. 5. The
LMO sample could be readily indexed to the pure cubic phase
Li1.353Mn1.626O4 [space group: Fd3 m(227), JCPDS 1-088-1087]
with the lattice constant a = 8.148 Å. The more compact Mn–O
lattice made the Li1.353Mn1.626O4 spinel more stable after the Li+

was extracted. The HMO sample could be indexed to the pure
cubic phase Li0.04Mn2O4 [space group: Fd3 m (227), JCPDS
1-088-0590] with the lattice constant a = 8.058 Å calculated
according to the equation of 1/d2 = (h2 + k2 + l2)/a2. It should be
noted that the XRD patterns of the LMO precursor and the HMO
ion sieve were quite similar, assembling the same cubic phase
with lattice constants of 8.148 and 8.058 Å, respectively, this
indicates that the Mn–O lattice is stable during the Li+ extraction
process and the locations of manganese in the crystal structure
are well maintained. The rigid structure with little swelling or
shrinking in an aqueous environment is important for the strong
igure 6 SEM image of LMO precursor and HMO ion-sieve

Micro & Nano Letters, 2015, Vol. 10, Iss. 2, pp. 58–63
doi: 10.1049/mnl.2014.0342



Figure 7 TEM image of MnO2 ion-sieve
steric or the ion-sieve effect of MnO2 during the lithium selective
adsorption process [14].

3.5. SEM and TEM results: In Fig. 6, SEM pictures of the LMO
precursor and HMO ion sieve are presented. The results show
that all morphologies are the same. The prepared powders show a
nanorod morphology of the needle-like structure with sharp edges
and rough surfaces. In Fig. 7, the TEM picture reveals that the
tiny sticks of the MnO2 ion sieve, previously characterised by the
SEM technique, consist of the assembling of straight needles with
diameters less than 50 nm, and lengths up to several hundred
nanometres.
However, the high uptake rate and capacity can be related to the

special particle structure of the ion sieve, especially the smaller size
in length. So, lithium ions can enter the pores from the medium so-
lution and cover the nanorod particles, and because of the ion
sieve’s special structure, the path way between Li+ and H+ ions
during the ion exchange process becomes shorter. Therefore, the
ion exchange process can be performed easily.

4. Conclusion: A novel manganese oxide was synthesised as a
lithium ion sieve using the hydrothermal method. The Taguchi
method with the L9(3

4) orthogonal array was implemented to
optimise the experimental conditions for the increasing lithium
uptake capacity of synthesised ion sieves. To this end, six
parameters including manganese salt compound, lithium salt
compound, (Li/Mn) mole ratio, oxidising reagent, calcination
temperature and heating time were chosen as the main
parameters. As a result, it can be concluded that the lithium salt
compound and the oxidising reagent had the most significant
effect on lithium adsorption. The best ion sieve with a maximum
uptake capacity of more than 9 mmol g−1 was synthesised by the
explained method for the first time. Compared with past
optimised results the lithium uptake capacity increased 35%. So,
the presented material is the most promising adsorbent for lithium
in sea water because of its large uptake capacity.
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