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ABSTRACT 

In this study, the precursor (spinel-type lithium manganese 
oxide) was synthesised using the solid-state method 
following Kitajou (2005), and adsorbent (spinel-type 
manganese oxide) was prepared by extracting Li+ from HCl 
solution. To investigate the effect of synthesis conditions on 
lithium adsorption properties, various conditions, including 
Li/Mn mole ratio (0.5, 0.75) and heating temperature 
(350℃, 450℃, 550 ℃ ) were selected. As a matter of 
practical convenience, simulated geothermal fluids were 
prepared at 100 mgl-1(Li), 700 mgl-1(SiO2) and 1400 mgl-

1(Na), and the pH of the adsorption experiment was 
controlled at pH11 in order to prevent silica scaling during 
pretreatment. XPS and XAFS analyses were used to 
investigate the adsorption of lithium by the prepared 
adsorbent. The largest lithium uptake was found at a Li/Mn 
mole ratio of 0.75 and a heating temperature of 550℃. XPS 
analysis was used to measure the surface amount of lithium. 
Mn K-edge XAFS analysis revealed the redox type site in 
the adsorbent 

1. INTRODUCTION 

Lithium batteries are low weight and high energy density; 
and recently the price has been decreasing because large 
scale production is now possible (Snyder et al., 2009). It is 
expected that the demand for lithium batteries for electric 
vehicles will continue to increase in the future. Therefore, in 
the future the balance between lithium supply and lithium 
demand is likely to change, as some researchers have 
reported (Gruber et al., 2011; Kesler et al., 2012). On the 
other hand, usage of lithium will expand in other areas, for 
example, as a source of nuclear fusion, where lithium is used 
as a precursor for tritium, which may supply one of the 
future energy sources (Hoshino et al., 2011).  Future supply 
uncertainties will remain because there are risks resulting 
from the uneven distribution of lithium resources in the 
world and the oligopoly of supply companies even if there 
are sufficient total lithium resources for future demand 
(Kawamoto and Tamashiro, 2010). From this point of view, 
it is important that the techniques related to lithium recovery 
from brine needs to be improved, and furthermore, it is also 
important that recovery of lithium from seawater or other 
lithium containing water will be established based on a long 
term perspective (Kawamoto and Tamasiro, 2010).  

For the last few decades, many studies have been reported 
on lithium recovery from lithium containing water by 
various methods (Baba et al., 1984; Hano et al., 1992; 
Hayashi et al., 1987; Ikeshoji and Yoneya, 1984; Iwasaki et 
al., 1988; Kamata et al., 2002; Kitamura and Wada, 1978; 
Koyanaka, 1983; Koyanaka and Tsujimura, 1979; Miyai et 

al., 1986; Miyai et al., 2001; Onodera and Iwasaki, 1988; 
Onodera and Iwasaki, 1988; Ooi et al., 1983; Pauwels et al., 
1995; Wada et al., 1983; Yanakase et al., 1983; Yoshinaga 
et al.,  1986; Yoshinaga et al., 1982).  

However, spinel-type manganese adsorbents have a 
relatively large amount of lithium uptake and high 
selectivity for lithium, and thus the use of this kind of 
spinel-type manganese adsorbent has also been reported by 
many researchers in the last two decades (Chitrakar et al., 
2001; Feng et al., 1992; Kitajou et al., 2003; Kitajou et al., 
2005; Kitajou et al., 2006; Miyai et al., 1993; Miyai et al., 
1994; Miyai et al., 2002; Ooi et al., 1989; Ooi et al., 1991; 
Umeno et al., 2002; Wang et al., 2006; Yoshizuka et al., 
2002; Yoshizuka, 2007; Yoshizuka, 2012; Zhang et al., 
1991; Özgür, 2010).  

The purpose of this study is to recover lithium from 
geothermal fluid from geothermal power plants. The 
potential for lithium recovery was suggested because 
relatively high concentrations of lithium exists in geothermal 
fluid (Koyanaka, 1983).  Some studies of the recovery of 
lithium from geothermal fluid by using spinel-type 
manganese adsorbents have previously been reported 
(Hayashi et al., 1988; Kunugita et al., 1990; Park et al., 
2012; Park et al., 2012). 

In the current study we showed the adsorption performance 
of prepared spinel-type manganese adsorbent using a 
simulated geothermal fluid and observed the fine structure 
with X-ray analysis. According to Ooi (1991), lithium 
insertion occurs at three sites, namely: redox sites, Li+-
specific ion-exchange sites and nonspecific ion exchange 
sites (Ooi et al., 1991).  In our study we consider the three 
types of sites.   

2. EXPERIMENTAL 

2.1 Preparation of adsorbent 

The adsorbent was synthesized by the solid state reaction 
method following Kitajou (2005) (Kitajou et al., 2005). 
LiOH•H2O and Mn3O4 were mixed in the agate mortar at 
ratios of Li/Mn (mole ratio) = 0.5, 0.75 respectively and 
heated twice in an electric furnace, with the first calcination 
lasting for 5 hours and the second calcination also for 5 
hours. Between the two calcinations the samples were mixed 
again with agate mortar. The first calcination temperatures 
were 300℃ , 400℃  and 500℃ for each mole ratio, and 
second calcination used temperatures of 350℃, 450℃ and 
550℃. After heating the samples were allowed to cool to 
room temperature in the electric furnace. These prepared 
precursor samples were named: LM-0.5,350, LM-0.5,450, 
LM-0.5,550, LM-0.75,350, LM-0.75,450 and LM-0.75,550, 
respectively, based on the prepared Li/Mn mole ratio and the 
calcination temperature (for example: LM-0.5,550 means 
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the ratio Li/Mn = 0.5 and the second calcination temperature 
= 550℃).  

The lithium extraction process was preceded by treating 2 g 
of the precursor with 2 L of HCl (0.5 M) for 12 h. After the 
acid treatment, the samples were filtered and washed with 
ultra pure water. Finally, adsorbents were prepared after 
being totally dried at room temperature. They were named 
as M-0.5,350, M-0.5,450, M-0.5,550, M-0.75,350, M-
0.75,450 and M-0.75,550, respectively. 

2.2 Lithium adsorption experiment 

For the tests 0.2 g of each prepared adsorbent was added to 
200 ml of simulated geothermal fluid, composed of 100 mgl-

1 (Li), 1400 mgl-1 (Na) and 700 mgl-1 (SiO2), and agitated for 
24 hours with magnetic stirrer. The simulated geothermal 
fluid was designed to avoid silica scaling during 
pretreatment, and the pH value of 11 allows co-precipitation 
of magnesium (Kawabata, 2011). The samples were filtered 
and washed, then residues were used for X-ray analysis and 
filtered solutions were used for determination of lithium 
concentration in order to calculate the amount of lithium 
uptake. This calculation used the following equation: 

q ൌ
C଴ െ C
w

L 

where q is lithium uptake amount, C଴ is initial concentration 
in the simulated geothermal fluid, C is the lithium 
concentration at a certain time, w is weight of adsorbent and 
L is the volume of simulated geothermal fluid. All 
adsorption experiments were carried out at room 
temperature (25℃). Atomic absorption spectrometry (AAS) 
determined the lithium concentration (Thermo Fisher, 
ICE3300). Samples after the adsorption experiment were 
named: LM*-0.5,350, LM*-0.5,450, LM*-0.5,550, LM*-
0.75,350, LM*-0.75,450 and LM*-0.75,550, respectively.  

2.3 Physical Analysis 

To observe the structural variation of the prepared samples, 
X-ray diffraction (XRD) analysis was performed (Rigaku, 
UltimaⅣ). Thermogravimetry - differential thermal analysis 
(TG-DTA) curves were obtained with EXSTAR7000 (Seiko 
Instrument Inc.). 

2.4 XPS and XAFS Analysis 

X-ray photoelectron spectrometer (XPS) analysis was 
carried out by AXIS165 (Shimazu/Kratos, Japan).  The 
operation was performed with a monochromatic Al Kα X-
ray source at 1486.6 eV. To obtain high resolution spectra, 
the pass energy was set at 40 eV (7 mA, 15 kV). All samples 
were fine powder, and so they were fixed on a sample block 
with carbon tape. The pressure was maintained at 10-7 Pa 
during measurement. All spectra were obtained at 0.1 eV 
steps. For correcting the binding energy, a carbon signal at 
284.8 eV was selected to modify the spectra. The software 
VISOIN-2 (Shimazu) was used for data analyses.  

X-ray absorption fine structure (XAFS) analysis was 
performed at BL14B2 in SPring-8, Japan. XAFS spectra of 
Mn K-edge were obtained in a transmission mode from Si 
(111) double crystal monochromator. Some of prepared 
samples were mixed with BN, and they were pressed into 
pellet form. MnCl2, Mn3O4, MnO2 and KMnO4 were 
selected for reference samples. X-ray absorption near edge 
structure (XANES) spectra were acquired with Athena 
software.   

3. RESULTS AND DISCUSSION 

Figure 1 and 2 show the XRD patterns of precursors and 
adsorbents. All prepared precursors and adsorbents were 
mainly composed of spinel-type structure except for M-
0.5,350. In general, their crystallinity increased with 
increasing calcination temperature. For the Li/Mn = 0.5 
series, the α-Mn2O3 peak were seen more obviously than for 
the Li/Mn = 0.75 series. The structure change between 
precursor and adsorbent were observed from the peak shift 
of the XRD patterns. The peak shift due to lithium 
desorption became higher (higher 2 θ value) with increasing 
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Figure 1: XRD patterns of precursors and adsorbents that 
were prepared for Li/Mn=0.5. Solid lines are 
precursors (LM-0.5,350, LM-0.5,450 and LM-
0.5,550) and dotted lines are adsorbents (M-
0.5,350, M-0.5,450 and M-0.5,550) 
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Figure 2: XRD patterns of precursors and adsorbents 
that were prepared for Li/Mn=0.75. Solid lines are 
precursors (LM-0.75,350, LM-0.75,450 and LM-
0.75,550) and dotted lines are adsorbents (M-
0.75,350, M-0.75, 450 and M-0.75,550). 
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diffraction angle. However, the peak of adsorbent was 
similar for each precursor. This means that lithium 
desorption was occurring topotatically. This kind of small 
peak shift between precursor and adsorbent has been 
reported for various synthesis conditions (Chitrakar et al., 
2001; Feng et al., 1992; Kitajou et al., 2006; Ooi et al., 
1991; Wang et al., 2006; Özgür, 2010).  One reason for the 
peak shift derived from the difference in size between the 
lithium ion and hydrogen ion, because these peak shifts are 
related to the decrease of d value based on Bragg’s law 
(nλ=2dsinθ) causing a change from the lithium ion (larger) 
to the hydrogen ion (smaller) (Özgür, 2010). Therefore, this 
change was expected from an ion exchange site. Another 
reason suggested was that the peak shift was derived from a 
redox type site due to the change of oxidation state from 
trivalent manganese to tetravalent manganese, which 
decreases the effective ionic radius (Feng et al., 1992).  M-
0.5,550 and M-0.75,550 kept the relative intensities of each 
of their precursors. Therefore, they strongly maintained their 
structure when lithium extraction occurred.  

Figure 3 and 4 show the lithium uptake amount of each 
adsorbent for 24 hours. For the Li/Mn = 0.5 series, M-
0.5,450 and M-0.5,550 adsorbed almost the same amount of 
lithium (15 mg/g). The maximum uptake amount for 24 
hours was M-0.75,550, which adsorbed about 24 mgg-1 of 
lithium. In summary, under these conditions, the uptake t of 
lithium increased in the order: M-0.5,350, M-0.75,550 and 
M-0.75,550 (about 5 mgg-1) <M-0.5,550 and M-0.5,550 (15 
mgg-1) < M-0.75,550 (24 mgg-1). The lithium uptake 
occurred almost at the same speed for M-0.5,450, M-0.5,550 
and M-0.75,550 in terms of the shape of the curve for the 
rate of lithium insertion. However, for M-0.75,550, the 
lithium uptake within 1 hour was remarkably large  
(14 mgg-1) compared against M-0.5,450 and M-0.5,550 
(approximately 7 mgg-1).  Therefore, this means that some 
fast-acting insertion sites were synthesized in M-0.75,550. 

 
Figure 3: Lithium uptake amount for 24 hours from 

simulated geothermal fluid for adsorbents in the 
Li/Mn = 0.5 series. The amount of each adsorbent 
= 2 g and simulated geothermal fluid = 200 ml. 
pH = 11. 

 
Figure 4: lithium uptake amount for 24 hours from 

simulated geothermal fluid for adsorbents in the 
Li/Mn =0.75 series. The amount of each 
adsorbent = 2 g and simulated geothermal fluid = 
200 ml. pH = 11. 

Figure 5 shows the TG-DTA curves for M-0.5,550 and M-
0.75,550, representing the maximum uptake of each Li/Mn 
mole ratio. These weight losses were approximately 10% 
and 13% at 800℃ respectively. The first weight losses of M-
0.75,550 occurred around 200℃  in combination with a 
broad endothermic peak. This endothermic peak corresponds 
to the condensation reaction of hydroxyl, which would 
synthesize an ion exchange site (Zhang et al., 1991). There 
are some irregular exothermic peaks from 180℃ to 270℃. 
According to Zhang (1991), the exothermic peak around 
270℃  corresponds to a change from spinel-type manganese 
oxide to β-MnO2, and this change is specific for the spinel-
type manganese oxide. However, M-0.75,550 had two 
exothermic peak around 180℃ and 220℃, for reasons that 
are still unknown. The relatively sharp weight loss in 
combination with an endothermic peak at around 540℃ 
corresponds to phase change from MnO2 to Mn2O3, and the 
weight loss is due to emission of oxygen gas. The weight 
loss between 100℃ to 300℃ shows good correlation with 
lithium uptake (Zhang et al., 1991), with 4% for M-0.5,550 
and 7% for M-0.75,550.  In light of the lithium uptake 
amount from the adsorption experiment, the difference of 
weight loss between M-0.5,550 and M-0.75,550 are 
matching. Meanwhile, the TGA curve for M-0.5,550 showed 
a broad exothermic peak around 270℃. However the peak 
was not shown clearly, and we could not make conclusions 
about this exothermic peak for M-0.5,500. 
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Figure 5: DTA-TG curves of M-0.5,550 and M-0.75,550 

adsorbents.  

To demonstrate the change in structure after lithium 
adsorption, XRD patterns of LM*-0.5,550 and LM*-
0.75,550 are shown in Figure 6 and 7. The peak position got 
back to approximately same place as fo the precursors, and 
thus lithium adsorption occurred with while the spinel 
structure was maintained. Lithium insertion progressed 
topotaticaly as the lattice constant increased (Feng et al., 
1992).   

 

Figure 6: XRD patterns of precursor and adsorbent that 
were prepared at Li/Mn = 0.5, 550℃ (bottom) 
and sample of after lithium adsorption (top).  

 

 

Figure 8 shows the Mn 2p spectra, Mn 3p spectra and Li 1s 
spectra for LM-0.75,550, M-0.75,550, LM*-0.75,550 and 
M*-0.75,550 which were obtained after a second acid 
treatment. The Li 1s spectra relates to the existence of 
lithium on the surface of the sample. The result show the 
lithium on the surface of the precursor was almost removed 
with the acid treatment. While lithium is attached to the 
surface during the adsorption experiment, however the 
attached amount is less than for the precursor. With the 
second acid treatment, the surface lithium was dissolved 
again. The Li/Mn (mole ratio) on the surface of the samples 
was roughly calculated by the peak separation and their 
intensities. It showed approximately Li/Mn = 0.1.Lithium 
was attached on the surface after adsorption. However the 
amount of lithium on the surface was less than total amount 
of lithium that was calculated from dissolution of samples 
with H2O2 and HCl. It is suggested that lithium uptake 
mainly occurred inside the adsorbent.  

 

Figure 9 showed Mn K-egde XANES spectra of LM-
0.5,550, M-0.5,550 and LM*-0.5,550, and LM-0.75,550, M-
0.75,550 and LM*-0.75,550. From the peak of XANES 
spectra around 6560 eV, the oxidation state of manganese 
was determined by comparing results with those from 
reference materials. For the Li/Mn = 0.5 series, the oxidation 
state of Mn was almost tetravalent for the precursor and the 
adsorbent. However, after lithium uptake, the oxidation state 
decreased, indicating that some tetravalent manganese 
changed to trivalent manganese. It was derived from redox 
type sites. For the Li/Mn = 0.75 series almost the same peak 
shift was observed when lithium adsorption occurred. As 
indicated by these shifts, both of the adsorbents have redox 
type sites in themselves. 
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Figure 7: XRD patterns of precursor and adsorbent that 
were prepared at Li/Mn = 0.75, 550℃(bottom) and 
sample of after lithium adsorption (top). 

Figure 8: XPS spectra of LM-0.75,550, M-0.75,550,
LM*-0.75,550 and M*-0.75,550 on Mn 2p, Mn 3p
and Li 1s 
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4. CONCLUSION 

In this case, the largest lithium uptake was synthesized 
under the condition that the Li/Mn mole ratio was 0.75 and 
the heating temperature was 550℃ . This adsorbent can 
adsorb about 24 mgg-1 of lithium in 24 hour. However in 
this study the lithium concentration of the simulated 
geothermal fluid was much higher than in a normal 
geothermal fluid and there were lower concentrations of 
other elements. Therefore, the actual lithium uptake amount 
would probably be less than the lithium uptake measured in 
this experiment. XPS analysis was used for rough 
classification of lithium absorption on the surface of the 
adsorbent. Lithium absorption occurred, but the amount was 
less than total lithium uptake amount, showing that lithium 
was adsorbed within the adsorbent. The prepared adsorbents 
had a redox type sites.  
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