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Abstract

Lithium concentrations [Li] and isotopic ratios ['Li]/[°Li]

were measured for effluent fractions from a biphasic zeolite

column. The biphasic state was ascribed to a mixture of hydrated

Linde Type A (LTA) zeolites, [Li, os(NH,).5,]A and [Li, 53 (NH,), ¢, 14,

which were formed by Li ion exchange from hydrated ammonium in

the form (NH,),,[Al,,Si,,0,,] *nH,0 (NH,A). The biphasic Li band of

the column was displaced by ion exchange with a solution of NH,NO,.

A constant [Li] with a much lower level than the concentration

of NH,” in the displacer (NH,NO,) was observed for the effluent

from a short column. This constant lower level of [Li] was

attributable to the biphasic state. On this [Li] plateau of the

effluent, the level of ['Li] shifted higher than the original

isotopic composition of the Li feed, whereas °Li was

concentrated on the biphasic zeolite solid. The accumulation

of °Li in the zeolite proceeded by a mechanism of differential



elution of 'Li from the biphasic zeolite. For the long column

experiment, a significant enrichment of °Li in the zeolite was

observed, whereby a triadic band of Li was probably formed in

the column. Two monophasic and a biphasic state were assigned.

The biphasic band was deemed to push the monophasic bands

forward, thereby enriching the monophasic bands with 'Li, while

°Li accumulated at the end of the biphasic band. The trio

structure of the Li band and isotopic discrimination in the band

were analyzed.

1. Introduction

The microstructures of solid materials are important in that

they can influence certain macroscopic properties. The

formation of structures at the nanometer scale that involve

phase separation by spinodal decomposition [1-5] can improve

material performance and often results in new properties due



to new arrangements of atoms. Typical examples are glasses [6-9],

magnets [10-12], alloys [3,13-17], ceramics [18-21], and

polymers [22,23]. The nucleation and growth mechanism [6,7]

also influences the formation of microstructures.

Recently, a new type of spinodal phase separation induced

by ion-exchange was reported [24] for a hydrated Linde Type A

(LTA) zeolite. The ammonium form of the hydrated LTA zeolite,

(NH,),,[Al,,5i,,0,4] *n H,0 (NH,A), showed two distinct solid phases,

[Li, s(NH,),.4,]A and [Li, ;5(NH,), . ]A hydrates, by Li ion exchange

with aqueous solutions at 295 K. The excess Gibbs function

determined from ion-exchange-isotherm measurements indicated

spinodal and binodal phase separation. Powder X-ray diffraction

analysis confirmed this phase separation. (The diffraction

peaks and the lattice constants of hydrated [Li,(NH,),_,]A were

reported in the reference [24].)

The biphasic zeolite has a unique property [24, 25]. When

the biphasic zeolite was formed by Li ion exchange, 'Li isotopes



moved to the aqueous phase as tetrahydrate [Li(OH,),]", whereas

°Li isotopes were left in the six-membered oxygen rings of the

biphasic zeolite with two hydrated water molecules of the

[Li, ,s(NH,)y.4,]A and [Li,;;(NH,),]A hydrates. In aqueous

solution, strong hydration action captures 'Li isotopes at the

lower levels of the vibrational energy of 'Li tetrahydrates.

At the same time, °Li isotopes are left in the low-frequency

vibrational levels at the center of the six-membered oxygen

rings with two water of hydration molecules. These molecular

vibration levels were clarified in ab initio molecular orbital

calculations [25].

A single-stage separation factor, expressed as o =

(['Li1/[°Li]) ./ (['Li1/[°Li]) 014, Was measured as a function of

the Li molar fraction (Li,) of the zeolite, and had a value of

o =1.02 for 0.0 < Li, < 0.33, while for a higher filling range

0of 0.33<Li,<1.0, the value decreased toa =1.01. The constant

avalue (a = 1.02) over a wide range (0.08 < Li, < 0.33) was



attributable to the coexistence of two equilibria in aqueous
solution: NHA + Li’, <> [Li, o (NH,),,,]A + NH,",,, and NH,A + Li",
<> [Li, ;3(NH,), . 1A + NH4+aq. a=1.02 was also observed for a lower
loading state (Li, < 0.08) [24].

The constant a of 1.02 over a wide range of low filling values
(Li, < 0.33) was evident from column experiments [25]. When an
NH,A column was fed with a LiNO; solution ([Li] = 50 mM) at 293
K, the Li concentration ([Li]) of the effluent fractions showed
a plateau ([Li] = 20 mM) with a 'Li separation effect. The
biphasic state of the zeolite restricted [Li] to a constant
value of [Li] = 20 mM, which corresponds to the plateau of the
isotherm for the forward ion exchange, NH,A + Li* — [Li,(NH,),,]A
+ NH, .

The biphasic state is deemed essential to accumulate °Li in
the zeolite, and is effective for continuous release of 'Li

isotopes. Therefore in this investigation, column experiments

were conducted while maintaining the biphasic state of the



zeolite. The lithium concentrations [Li] and isotopic ratio

['Li]/[°Li] were measured for the effluent fractions from the

biphasic zeolite columns. The mechanism for the accumulation

of °Li in a column was studied. Furthermore, a long-column

experiment was carried out to clarify the effect of the

development of the biphasic band. As a new aspect of the

ion-exchange-science of zeolites, the structure of the Li band

and the discrimination of Li isotopes based on the phase

separation phenomenon are discussed.

2. Experimental

All chemicals used in the experiments were reagent grade.

The ammonium form of LTA zeolite (NH,A) was prepared from

commercial NaA powder (Tosoh) by ion exchange [25].

The ion-exchange solution was NH,NO, with pH 8, which was

prepared by mixing an acid (HNO;) and a base (NH,;) to obtain



the desired pH. The commercial solid NH,NO, regent contained

considerable amounts of Na as an impurity; therefore, NH,NO,

solution prepared from the acid and base had very low impurity

levels of sodium. The prepared NH,NO, solution thus completely

exchanged the Na ions in the zeolite.

Following the removal of the smaller particles less than ca.

1 um by decantation, the resulting homogeneous powder of NH,A

(ca. 10 um) was packed into a glass tube column (1 cm internal

diameter). The size of the particles was confirmed using a

conventional optical microscope (Nikon) with a hemocytometer

(Thoma cell counting chamber).

Lithium nitrate solution at pH 8 was prepared by mixing LiOH

and HNO,, and was fed into the NH,A column to form a broad

adsorption band of [Li,(NH,),_,]A throughout the column. Ammonium

nitrate solution at pH 8 was used for the elution of Li from

the column.

The feeds and the eluents were run with a pressure device



operated at constant pressure below 1 kg/cm’. The flow rate and

the temperature were maintained at 5 cm’ h™' and 288 K,

respectively. The effluent fractions were collected hourly. The

column experiments were performed for different column lengths

(Table 1). For a long column (60 cm), three short columns were

connected with fine tubes.

The feed and eluent concentrations were almost the same, and

the feed volume was nearly constant. The experimental

conditions are summarized in Table 1.

A flame-emission spectrometer (Shimadzu AA650) was used for

[Li] measurements of the feed and effluent. The ammonium ion

concentration was measured with an ammonium electrode (TOA

Electronics Ltd. IM-55G). When the molar fraction of NH,NO, in

the effluents exceeded 0.25, the emission intensity for Li atoms

increased up to 110%. For this reason, the measured [Li] values

in the effluent fractions were corrected using the conservation

principle, where the total amount of lithium in the effluent



10

equals that in the feed (Table 2). The total amount of Li of

the effluent was calculated by numerical integration with a

software of mathematics [26].

A thermal ionization mass spectrometer (Finnigan MAT 262)

was operated using the double filament (Re-Ta) technique for

the isotopic measurements of ['Li]/[°Li]. In the present

analysis, the accuracy of the isotopic measurements was

improved by the addition of a small amount of La(NO,), to the

LiNO, samples. A drop of the sample LiNO, solution (0.5 puL)

containing La(NO,), on a tantalum filament was evaporated at

0.6 Aand finally dehydratedwithin 30 s at 2.0 A. The temperature

of the sample was 39310 K, and was monitored with a

radiothermometer (Minolta TAO0510bF). The formation of

lanthanum oxide on the surface protected the hygroscopic LiNO,

sample from water in the ambient air (When a LiNO, sample

contains a small amount of water, the intensity of the Li isotope

beams are unstable). Stable intensities of the Li isotope beams
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generated from the LiNO, sample on the Ta filament were achieved

by heating the ionization filament (Re) of the mass spectrometer

ion source. The signal intensity of the 'Li and that of °Li were

alternately acquired with the Faraday cup of the mass

spectrometer by switching the magnetic field strength. After

the repeated measurements, the average isotopic ratio for the

original LiNO,; feed solution for 21 samples was R4 = 12.51%0.02

(95% confidence limits).

3. Results

The measured C_. = [Li] and R_,= ['Li]/[°Li] for the effluent

fractions from the experiments (Table 1) are shown in Figs. 1

and 2. All the effluent data were interpolated and the amounts

of both isotopes of Li in the total effluent were calculated

(Table 2) with the software of mathematics [26]. The calculated

isotopic ratios for the total effluent (R, = 12.5) of Entries
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1-4 were equal to each other and were consistent with the

original value of the feed (R, = 12.51). The R, and C.; values

are plotted as R./R,, and C./C,, respectively, where C,

represents the LiNO, concentration in the feed, and also

indicates the NH,NO, concentration as eluent (Table 1). The

origin of the abscissa in both figures indicates the switchover

from Li feed to Li elution.

While feeding the LiNO; solution (C,=ca. 50 mM), the effluent

concentration [Li] = C., immediately reached a plateau (C. =

20 mM) for Entries 1-3 (Fig. 1), which corresponds to C../C,

0.4. After switching from feeding to elution with NH,NO, (C,

ca. 50 mM), the plateau ([Li] = 20 mM) maintained an unsaturated

value of C./C, = 0.4. The isotopic ratios were stable at R, =

12.7 over a wide range of elution, which was higher than the

original value (R, = 12.5, Table 2) and corresponded to R.;/R,

= 1.02.

Figure 2 shows plots of C./C, and R./R, for Entry 4. The
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effluent data for Entry 1 are also displayed for comparison.

In the feeding process for Entry 4, all the Li ions in the feed

were absorbed into the zeolite column. After the beginning of

Li elution, the Li concentration slowly increased (up to C.;

= 20 mM) until the plateau (C./C, = 0.4), which appeared in the

latter half of the elution volume (500-750 mL). In the last

elution of Li, significant °Li enrichment (R, =7.5) was obtained

(Res/R, = 0.6 at V = 750 mL). Over almost the entire range of

the elution volume, the observed Li isotopic ratios for Entry

4 were higher those for Entry 1. The isotopic ratio R./R, = 1.04

was high and almost constant over a wide range of effluent volume

(200-500 mL).

4. Discussion

4.1. Displacement Chromatography
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In ion exchange chromatography, the separation of ions is

accomplished in one of two ways: by the development of ion

elution or ion displacement [27]. In Figure 1, the wide

rectangular effluent curves of Li (Entries 1 to 3) are typical

of displacement chromatography. In the displacement of the ion

absorption bands of the column, the effluent concentration for

the plateau is typically the same level as the displacer (C./C,

= 1.0). However, for every experiment in this study, the

effluent plateau was suppressed (C./C, = 0.4), presumably by

the formation of biphasic zeolite. (The two phases were reported

[24, 25] as [Li; (4(NH,),.5,]A and [Li, ;5(NH,),. ¢, ]A.)

The lithium ions were distributed between the solid and the

solution according to the equilibrium condition C.;/C,= 0.4 with

the isotope effect. (In the case of the equilibrium condition

C./C, = 1.0, no isotope effect is observed in the effluent,

because every lithium ion in the feed simply moves to the

effluent via a column solid.) The concentrations of both
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isotopes in the effluent were analyzed in the following way.
The effluent concentration C., = [Li] is expressed as a
function of the effluent volume V using the following empirical
equation in this study.
V.-V

. Cmax V_Vf r
[Li] =C,; =T [1 +tanh( v )tanh( v )], (1)

g-f gr

Here, C Ver Vo Vyg, and V are the height of the plateau,

max ’ r/r g-r

the frontal volume, the rear volume, the gradient factor for

the front, and the gradient factor for the rear, respectively.

The pair of hyperbolic functions expresses the rectangular

shape of the effluent concentration. The function y = tanh x

is step-like fromy = -1 toy =1 at x = 0, so the function y

= tanh (x-x;) tanh (—x+x,) is rectangular in the region {x; <

x<x, -1<y<1}, when x, is sufficiently far from x,. Separate

experiments conducted using ion-exchange resin confirmed that

Eg. (1) holds for any effluent curve, including an elution



16

development curve. The function tanh (x-x;) tanh (—x+x,)
exhibits a peak when x, is close to x.

In Fig. 3, the development of Li band displacement (['Li +
°Li]) for Entry 1 is shown with the curve of Eq. (1) determined
by FindFit package of the software [26]. The effluent
concentrations of both isotopes, ["Li] = [Li] R,/(1+R,) and

7
[°Li] =[Li]/(1+R,), are depicted using the polynomial R, =EanV"

n=1
calculated with Fit command of the software [26].

The curve for [°Li] multiplied by R, = 12.5 was also added.
The isotopic composition in the feed is expressed as ['Li]/[°Li]
= R, = 12.5; therefore, the difference between 12.5[°Li] and
['Li] indicates isotopic deviation from the original (12.5[°Li]
= ['Li]) ratio.

The curve of 12.5[°Li] has a peak just before the end of
effluent elution. At the same time, based on the conservation
principle ([Li] = ['Li + °Li] = constant), a corresponding

deficit of ['Li] is observed, although it is not obvious at the



17

scale of Fig. 3.

The elution level of ['Li] shifted the 12.5[°Li] level upward

over a wide range of effluent volume. This continuous isotope

effect is the main mechanism for [°Li] accumulation, which

emerges as a peak just before the end of the chromatographic

elution.

4.2. Isotopic enrichment in the biphasic zeolite after the

elution process

For Entry 1 (Table 1), the amounts of each Li isotope, which

left in the zeolite from the effluent, were calculated from the

fitting functions of the effluent (Fig.3). The results are shown

in Fig. 4. Lithium ions were captured in the zeolite in the

feeding process (V = -240 to V = 0 mL) and were released from

the zeolite at a constant rate in the elution process (V = 0

to 420 mL). The Li isotopic ratio for the zeolite (R,.;i;:.) Was
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almost equal to that for the feed solution in the feeding process,
while it was gradually decreased in the elution process.
Significant enrichment of °Li occurred at the last stage of
elution, where R, ;;:./R, = 0.77 at V= 430 mL. Further enrichment
was observed for Entry 4 (Fig. 5) with R,.;;:./R, = 0.6 at V =
750 mL, because the higher isotopic shifts of R../R, = 1.04 were

effective over a wide range of effluent volume (Fig. 2).

4.3. Mechanism for °Li enrichment in the zeolite

The separation factor ¢, for the Li isotopes is defined as:

UL/ [°Li] _[Li°L]) _m(1-§)
ULil/[°Lil  [Li°Li] §1-m)"

(2)

where concentrations with a bar represent the solid phase and

those without a bar represent the liquid phase. The parameter

£ is the molar fraction of 'Li in the solid. Similarly, the
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parameter 17 represents the molar fraction of 'Li in aqueous
solution. 1 and § are related through the isotopic separation

factor, a:

ag

’7=m. (3)

There is initially a certain amount (m) of Li in the zeolite
solid. If a small amount (Am) of Li in the solid moves to the
aqueous phase, then the amount of Li in the solid decreases to
m-Am, and the molar fraction of 'Li in the solid also decreases
to £-AE due to the isotopic effect, whereas the amount of 'Li
(nAm) in the aqueous solution increases. The balance of 'Li

between the solid and liquid phases is expressed as:

Em=(m-Am) (§- A +nAm. (4)

In this case, the differential relation is expressed as:
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dm _d8 1 1 1
e L = (5)

Integration from the initial amount of Li in the solid (m,) to
an amount m gives:

_E m

n— - oln )=In—0 6
& 1-§ m, (®)

fmd_m xdg_ 1 (lé
mm Mn—g_a—l

Therefore, the separation factor yields:

L
o< &m, _ _ my; ,(initial) .
hl(l_gﬁn In My ¢

(1-E)m,  m,, (initial)

This differential elution mechanism is equivalent to the
Rayleigh distillation [28], or the differential distillation
mechanism [29].

For Entries 1 and 4, the fractional amount of ’'Li in the
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zeolite is plotted against that of °Li on a logarithmic scale

in Fig. 6. Almost linear relationships were observed for both

Entries 1 and 4, which suggests that the differential elution

mechanism is generally appropriate. The isotopic separation

factors for Entries 1 and 4 were calculated using Eq. (7), and

the results are shown in Figure 7. For Entry 4, the calculated

a values were high at the initial and final stages of elution,

which is attributable to the chromatographic multi-stage

separation. The lowest o values were a=1.02 and a=1.05 for

Entries 1 and Entry 4, respectively. These are consistent with

the continuous isotope effect of the effluent for Entries 1

(Res/Ry, = 1.02) and 4 (R./R, = 1.04).

4.4 Formation of the triadic band for Li

Fitting calculations by the software [26] showed that the

shape of the effluent curve for Entry 4 was not consistent with
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one or two component curves. The effluent curve could be fitted

with three components, as expressed by:

3 V-V, V.i-V
C,=2A [l +tanh(V—f'1)tanh({;—)] (8)

Mo

[Li] =2 C, = :

i=1 i=1

g-f-i g-r-i

The resultant curves at FindFit command [26] are shown in Fig.

8. (Separate column experiments were conducted, which confirmed

monadic, dyadic and triadic bands with an increase in the amount

of Li loading on hydrated NH,A.) The C, curve expresses the

biphasic band, while the C, and C, curves correspond to distinct

monophasic bands. The two monophasic bands were separated in

front of the biphasic band by ion-exchange displacement in the

long column. On the other side, the formation of a trio of Li

bands is an unexpected phenomenon. When there are three bands

in a cation-exchange-resin column, each band typically

corresponds to a different chemical element. Therefore, the C,,

C,, and C, curves were regarded as different kinds of ions,
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labeled in Fig. 8 as Li-A, Li-B, Li-C, respectively. Each

Li-band may be classified as a type of Li occupancy in the zeolite,

in accordance with the thermodynamic study [24] of phase

separation (Fig. 9). In Figure 9, Li-A is the monophasic Li

formed with the lowest occupancy of x in the hydrated zeolite

(NHA < [Li,(NH;),,]A < [Li; s(NH),.,]A); Li-B is another

monophasic Li formed with an occupancy of x between the binodal

and the spinodal ([Lig.e(NHy)o. 0,18 < [Li,(NH,),]A <

[Li, ;,(NH,),4]A); andLi-C is the biphasic Li within the spinodal

curve ([LiO.lZ(NH4)O.88]A < [LiX(NH4)1—x]A < [Li0.24(NH4)0.76]A) °

When the Li-C band displaces the Li-A and Li-B bands forward

by ion-exchange, 'Li isotopes tend to shift ahead toward the

former bands, whereas °Li isotopes remain in the Li-C band.

Finally, at the end of elution, °Li accumulation appears as a

high peak (Figs. 10 and 11).

5. Conclusion
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The chromatographic displacement of the biphasic Li band

carries the advantage that °Li isotopes effectively concentrate

in the last effluent. In particular, for the long column, the

spinodal decomposition band of Li functions as a displacer band,

which displaces 'Li toward the former dyadic band. As a result,

°Li is remarkably left at the end of the band. The formation

of the triadic band with isotope separation is a new phenomenon

in the field of ion exchange.
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Table 1

Experimental conditions

Entry Column length Feed Feed volume Eluent
L (cm) C, = [Li] (mM) Vieea (ML) C, = [NH,] (mM)
1 10 50.7 241.0 53.9
2 20 50.4 261.4 49.4
3 30 50.4 241.8 49.4
4 60 53.3 243.2 53.9




Table 2

Amount of Li isotopes in the total effluent fractions

7

Entry Li .4 (mmol) Li, . (mmol) "Li, .. (mmol) *Li, . (mmol) R, = 'Li,. / °Li. .
1 12.2 12.2 11.3 0.903 12.5
2 13.2 13.2 12.2 0.979 12.5
3 12.2 12.2 11.3 0.901 12.5
4 13.0 13.0 12.0 0.963 12.5

The suffix t-ef used here is an abbreviation for the total effluent fractions.



Figure Captions

Fig. 1. Column-experiments for Entries 1 to 3 (Table 1): Li

concentrations and isotope ratios are indicated with filled and

open circles (Entry 1), gray and open squares (Entry 2), and

gray and open diamonds (Entry 3), respectively. The horizontal

line (R./R, = 1) indicates the origin of the Li-isotope-ratio

of the feed solution (R, = 12. 5). The vertical line shows the

switching point from Li supply to Li elution.

Fig. 2. Comparison between Entries 1 and 4 (Table 1): Li

concentration and isotopic ratios are indicated with filled and

open squares (Entry 1), and filled and open circles (Entry 4),

respectively. The horizontal line (R./R, = 1) indicates the

origin of the feed solution (R,= 12.5). The vertical line shows

the switching point.



Fig. 3. Development of the displacement of the Li band for Entry

1: ['Li+°Li] = 10.67[1 + tanh(0.0518(V + 165))tanh(0.0633(407

- V))]. The broken lines indicate the effluents of each Li

isotope using the expressions in the text with the polynomial,

R, = ['Li]/[°Li] = 12.76 + (1.469x107°)V — (8.755x107°%)v’ —

(7.710x107°%)v’ + (5.191x107*°)V* — (5.589x107*)V° — (9.678x107*°)V®

+ (1.116x107"°)V’. The dotted line shows the magnification of

[°Li] by R, = 12.5 for comparison with ['Li] (see the main text).

Fig. 4. Accumulation and subsequent elution of Li (Entry 1).

The thin solid line is the amount of both Li isotopes (°Li +

'Li). The peak indicates the switching from accumulation to

elution. The amounts of Li isotopes are shown with broken lines.

For comparison between the amount of 'Li and °Li, the amount

of °Li is magnified by R, = 12.5 (dotted line). The Li isotope



ratios of the zeolite (R /R,) are also shown (thick solid

zeolite

line).

Fig. 5. Elution of Li (Entry 4): The amount of °Li, magnified

by R, = 12.5 (dotted line) is higher than the elution of 'Li

(broken line). Lithium isotope ratios of the zeolite are shown

as a thick solid line.

Fig. 6. Mechanism for the differential elution of Li isotopes:

The solid line with filled circles is for Entry 1 and the dotted

line with open circles is for Entry 4.

Fig. 7. Lithium isotope separation factor (a) for the elution

process as a function of the fractional amount of °Li in the

zeolite. The filled circles are for Entry 1 and the open circles

are for Entry 4.



Fig. 8. The triadic band of Li appeared in the Entry 4 experiment.

Li-A: C,=4.14(1 + tanh[0.101(V—28.3)]tanh[0.0265(132 -V)]);

Li-B: C, = 8.48(1 + tanh[0.182(V — 124) Jtanh[0.0152(357 - V) 1);

Li-C: C,=10.25(1 + tanh[0.0133(V—356)]tanh[0.412(757 -V)1]).

The measured [Li] (filled circles) and fitted curve (thin solid

line) with [Li] = C, + C, + C, are also shown.

Fig. 9. The phase separation diagram of hydrated [Li,(NH,),,]A

cited from the reference [24]. The calculated spinodal (convex

solid line) and binodal (dotted line) curves for the molar

fractions of Li in the zeolite (x) are shown. The critical

temperature is T, = 405 K. The calculated ion-exchange isotherm

of 295 K (sigmoidal solid line) is also plotted. The Li molar

fractions of the aqueous solution are denoted by y. Closed and

open circles indicate forward (Li" + NH,A — [Li,(NH,),,]A + NH,")



and reverse (LiA + NH,” — Li" + [Li, (NH,), ,]A) ion-exchange data,

respectively. The sinusoidal behavior of the isotherm (0.12 <

X < 0.24) implies the phase separation of the hydrated state

zeolite. The thermodynamic calculations of the diagram from the

ion-exchange data are described in the original [24].

Fig. 10. °Li enrichment and 'Li depletion at the end of the

effluent (Entry 4). The broken lines indicate the effluents of

the Li isotopes using the expression in the text with the

polynomial: R, = ['Li]/[°Li] = 17.10 =-(1.297x10Y)V +

(1.629x107°)v* — (1.025x107°)v’ + (3.487x107°)V* — (6.493x107"")V°

+ (6.214x107"*)V® - (2.386x107"7)V’. The dotted line shows the

magnification for [°Li].

Fig. 11. Lithium isotope concentrations for the Li-A, Li-B, and

Li-C bands (solid lines). The dotted line indicates the



magnification for [°Li].



Cc

ef

—> LiINOg  —P NH4NOjq

1.14

0 O ¢
' ° %
o o

-1

-0.86

-0.72

Fig. 1, A. Ishikawa et al.

origin

R

ef

/Ry



—>LiNOg —&> NH4NOg

5 1.14
5
00y 0.
% ........ o 8 & OGO
| - .00 1
3 X
::: —{) :
o @ 0.86
&
Cet/Co <« & ®
- for2
[ 0.58

-250 0 250 500 750

V/mL

Fig. 2, A. Ishikawa et al

origin

ef

/A

0



[Li] /mM

24

12.5 x [6Li)

16

8
L
PEC I A B R R R B
R -
-250 0 250
V/mL

Fig. 3, A.Ishikawa et al.




Li in zeolite /f mmol

—= LiNOg —> NH4NOjg

9
6U+7Li 7
A 1 origi
VAR ! gin
/
6. / i
/
. ;
/ L 0.9
/ o
3] ./: s 2
/ 2
_j o
/' 0.8
/ — T
0l — ,
-250 0 500

VimL

Fig. 4, A. Ishikawa et al.




Li in zeolite / mmol

Fig. 5, A. Ishikawa et al.

0.9

0.8

. 0.7

. 0.6

Flzealite / Ro



7L elution

0.1

0.01

6

0.1
Li elution B P

Fig. 6, A. Ishikawa et al.




1.13

D
[®) O
o o
o 0
1.09 | o N
0 0
0
()
‘.,’
1.05
1.01 -
1

0.5

6Li elution ———yp{>

Fig. 7, A. Ishikawa et al.



[Li] / mM

24

—>  NH4NO3

16

0
- \
e !
Li-As * LB Li-C
. ! \
y ! v
« ! A
L § ,': 1
1 .
' \
¢ " \
¢« ! \
| S ¥, 1
] \
’ > 4
’ ‘é\' .'/ * ~

V/mL

Fig. 8, A. Ishikawa et al.




TIT

Fig. 9, A. Ishikawa et al.



(Li] / mM

—> NH4NO3
27

-
-

125 L] |

("Li + 6L o oy
18 P

Fig. 10, A. Ishikawa et al.



125 x [BLi)/mM

[’ Lil/mM,

(BLi)/mM,

———> NHzNO3

27
125 x L §
............. i
18. :
9
oL
_./]
0 7 T
0 250 500 750
v/ mL

Fig. 11, A. Ishikawa et al.




	Ishikawa et al 2nd Rev
	Table1
	Table2
	FigureLegends2ndRev
	Fig1
	Fig2
	Fig3
	Fig4
	Fig5
	Fig6
	Fig7
	Fig8
	Fig9
	Fig10
	Fig11

