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Abstract: In this works,the extraction kinetics of lithium from high concentration aqueous solutions u-
sing 4’ -acetylbenzo-15-crown-5 and 1-butyl-3-methylimidazolium bis[ ( trifluoromethyl ) sulfonyl] imide
with constant interfacial area cell are reported. The effects of stirring speed , equilibration time , tempera-
ture , interfacial area and the mass transfer resistance zone are studied. The results indicate that the thick-
ness of interface film does not change from 1 600 rpm to 2 000 rpm,the extraction equilibrium time of
lithium ions is 40 minutes ,the mass-transfer resistance of the extraction process is mainly from organic
phase and this extraction process is a mixing-controlled kinetics process that occurs at interfacial are-
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[AcB15C5]1%%°° is obtained by researching the concentration of lithium ions, crown ether, ionic lig-
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a. The extraction kinetic equation of v, , = 10 *

uids. The extraction mechanism of lithium is deduced by determining the mass-transfer rate step of form-
ing the final complex of lithium ions at the interface,which is consistent with the experimental results.
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phoresis '*’

and liquid-liquid extraction '

, molecular distillation, laser separation

=191 Among these ex-

Lithium is the world’ s lightest metal. Lithium

has been considered a strategic energy metal that is

o , aerospace 2] s

applied to nuclear fusion reaction
medicine !, batteries "*) and lubricant "', The de-
velopment of extracting and recovering lithium is
particularly important with the increase of lithium
demand in recent years. During the past decades,the
extraction methods of lithium were reported in litera-

L6] 7

tures ,such as adsorption "', membrane ! electro-
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traction methods, the liquid-liquid extraction is con-
sidered the simple and cost-effective process for lith-
ium extraction.

Owing to high selectivity of crown ether to lithi-
um, crown ether as extractant for extracting lithium

M The com-

have been received universal attention
monly reported for extracting lithium with crown e-
ther depended on the 4’ -substituted group of benzo-
15-crown-5 changing the electronegativity of crown

ether ring that influences the ability to bind with
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[12-13]

lithium ions . In addition, the chemical struc-

tures of the Li" -crown ether complex are simulated

by the calculation of molecular mechanics and quan-

14-15]

tum chemistry ' . In recent years, ionic liquids

have been applied in natural organic compounds, or

metal ions extraction process, generally with encoura-

[16-18

ging results ! Tonic liquid as synergist or sol-

vent doped into the extraction system containing
crown ether for extracting lithium ions, which is in
extraction rate

favor of lithium

[19

improving
! Therefore , it is necessary to study the novel syn-
ergic extraction system consisted of crown ether and
ionic liquid for extracting lithium.

If a new extraction system would be used in in-
dustrial production, information and data on the e-
quilibrium and kinetics of extraction,and mass-trans-
fer parameters should be given. Several methods to
study on kinetics behavior of metal ions extraction
system have been developed to now, such as single
drop method and constant interfacial area "', In
our works, the extraction kinetics of lithium ions in a
novel synergic extraction system consisted of 4’ -
acetylbenzo-15-crown-5 and [ BMIm | [ NTf, | were
studied by using constant interfacial area cell that is
considered to be reliable and simple to operate a-
mong the above method mentioned. Various factors
affecting the extraction rate of lithium such as the
stirring speed , interfacial area,temperature as well as
concentrations of Li*, 4’ -acetylbenzo-15-crown-5

and [ BMIm ] [ NTf, ] were investigated and ana-

lyzed. The kinetics equations were determined by ini-
tial concentration method. Then , the extraction mech-
anism was discussed based on the kinetic result of a-
nalysis of lithium extraction from aqueous phase to

organic phase.

2 Materials and methods

2.1 Reagents and analytical methods

4’ -acetylbenzo-15-crown-5 ( abbreviated as
AcB15CS5) (A. R. , >99% ) was supplied by Tokyo
Chemical Industry Co. , Ltd. lithium bis ( triflu-
oromethane ) sulfonamide ( LiNTf, ) was purchased
from 3A Chemical Technical Co. , Ltd. 1-butyl-3-
methylimidazolium bis [ ( trifluoromethyl ) sulfonyl ]
imide ( [ BMIm ] [ NTY, ] ) was prepared by Lanzhou
Institute of Chemical Physics ( China). All other rea-
gents used were of analytical purity or highest quali-
ty. Ultrapure water was used in experimental process
from a Milli-Q purification system. The lithium con-
centration of aqueous phase was analyzed with in-
ductively coupled atomic-emission
(ICP-AES, iCAP6500 DUO, Thermal Electron Cor-

poration ). Then the concentration of lithium ions in

spectroscopy

the organic phase was obtained by the change of lith-
ium ion concentration in the aqueous phase before

and after extraction.

2.2 Experimental process
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Fig. 1 Diagram of the whole set of devices used in experiments for lithium extraction kinetics
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Constant interfacial area cell used in kinetics
experiments of lithium extraction is shown as
Fig. 1. Constant interfacial area cell with laminar
flow had been used as apparatus reported previously,
which was proved to be a more reliable technique for

h ') In addition, the interface was

kinetics researc
stable and smooth in the study of kinetics. In our ex-
periments ,25 mL organic phase was placed into the
cell,and then the same volume of aqueous phases
was carefully poured onto the top of the organic
phase and there was no mixing. Before obtaining the
sample to be tested, the stirrers in the aqueous and
organic phase were rotated at the same speed but in
opposite direction for 5 minutes, which resulted in a
stable interface between the aqueous phase and the
organic phase. In the mass-transfer process,0. 1 mL
the solution to be detected and analyzed was re-
moved in aqueous phase every 180 s. The experi-
ments were repeated, and experimental results could

be replicated.
2.3 Mathematical relationships of Kinetics

It is assumed that the mass-transfer process in-

volves only Li* in experiment. According to the

method used by Danesi and He '~/ the following
equation would be written ;
kll(!

i, <=Li, (1)

oa

The mass-transfer rate (v )through the interface
between aqueous phases and organic phases can be

obtained as described in equation ;

dm _Vod[Li*] _V,dLi"]

T T S Sdi

The kinetics equation is confirmed by initial

= (2)

concentration method. The component concentration-

times curve is fitted with the function f (¢) ,and the

relationship between the mass-transfer rates and
times (t)is expressed as follows:

vLi,OZf’<t> (3)

The reversible reaction is negligible at the be-

ginning of the extraction reaction. The mass transfer

rate can be expressed as;

v =k [Li"]§"-[[BMIm] " ]{?-[ AcBI5C5 ¢
(4)
During the extraction experiments, the initial
concentration of component B is changed while the
initial concentration of other components is kept un-
changed. A series of data on the mass-transfer rates
are obtained at different initial concentrations of
component B. There is a linear relationship between
Iny, and In[ B], since the initial concentrations of
other components are the same in each experiment.
Inv; y =nln[B], +C (5)
In this extraction system containing AcB15C5
and[ BMIm | [ NTf, | ,v,; , could be written as:
lg(vy;o) =lgh +n,+lg[Li" ] +n,-lg[ [BMIm] " ]
+n,+lg[ AcB15C5 ] (6)
The effect of temperature on the extraction rate
of Li* can be processed by the Arrhenius equation
(7) with fixing LiNTf,, [ BMIm ] [ NTf, ] and
AcB15C5, which can obtain the reaction apparent
activation energy (E ).
k=A-«e /8D (7)
When the concentration of Li* [ BMIm | © and
AcB15C5 are unchanged, the relationship between
Iny and E, was derived according to Eq. (4) ,as fol-
lows .
Vio =4y + et/ (8)
Taking natural logarithm on each side of Eq.

(8) ,the equation could be translated as follows;

E(l
lnvu’o = _RT+1nA1 (9)
Where “aq” and “org” represent respectively the a-

“le al’ld

oa

queous phase and the organic phase.
“k,,” refer to the forward and reverse mass-transfer
constants , respectively. “R” is the universal gas con-
stant (8.314 J-mol ' -K™'). “A” is the pre-expo-
nential factor that is a constant determined only by
the nature of a chemical reaction. “T”
Fahrenheit; “0”
means Li* or[ BMIm] * or AcB15C5. “n,,n,,n,”

are the reaction order of corresponding components.

represented

represents an initial state. “B”

173

n” is the slope that is the same as the reaction or-

der. “A, and C” are two constants.
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3 Results and discussion

3.1 Effect of the stirring speed
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cm

0.00014

0.00012

0.00010

0.00008

:

5
=]
S]

600 700

Extraction time/s

Mole numbers of Li* per unit area/ (mol
=
&

200 300 400 500 800 900
Fig. 2 Fitting linear of mole numbers of Li" per unit area
vs extraction time. C ( LINTf,) = 1.0 mol - L', C
(AcB15C5) =0.2 mol -L™", € ([ BMIm] [ NTf,]) =0.5
mol-L™" ,pH=7.33,5=9.85 em®,7=298. 15 K

Table 1 Variation of equations of fitting linear

in Fig. 2 with stirring speed

Equation:f (t) = vt + C

Stirring Slope Intercept Adj. R-
speed/rpm  /( x107%)  /( x1077) Square
400 7.456 29 3.096 4 0.994 8
600 9.7941 4 10.3551 0.996 6
800 10.322 7 3.0454 0 0.996 9

1 000 12.725 6 23.428 3 0.991 4
1200 13.725 3 27.768 0 0.990 3
1 400 14.601 0 31.902 0 0.993 0
1 600 15.150 8 35.966 2 0.991 3
1 800 15.3511 76.167 9 0.995 3
2 000 15.317 3 83.324 8 0.994 7
2 200 15.499 1 73.198 9 0.9959

In solvent extraction kinetics experiments, the
effect of stirring speed was investigated firstly that
influenced the forward reaction of Li* in the two
phases. As shown in Fig. 2 and Table 1, we studied
the stirring speed from 400 rpm to 2 200 rpm by fit-

ting linear of the Li" concentration in the organic

phase vs extraction time. The slope of fitting linear
was the average mass-transfer rate of Li™ at a specif-
ic stirring speed in Table 1. The relationship between
Iny and stirring speed was presented in
Fig. 3. Obviously, it was almost a straight line at the
stirring speed in range of 400 ~ 1 400 rpm. Results
showed that diffusion played a key role in the aver-
age mass-transfer rate with the thickness of interface
film at slow stirring speed. The average mass-transfer
rate was dependent of the stirring speed. After stir-
ring speed increasing, the interface film was going to
be thinner and mass transfer was going to be acceler-
ated. Furthermore ,the average mass-transfer rate had
not changed in range of 1 600 ~2 000 rpm in addi-
tion to the negligible small variation. This was be-
cause stirring speed had a small effect on the average
mass-transfer rate, which could be judged prelimina-
rily that the kinetic mechanism of the extraction re-
action was a chemical control reaction or a hybrid
control mechanism. At this moment, the thickness of
interface film no longer changed. All other kinetic

experiments were carried out at 1 800 rpm in order

to consider only the effect of interface reaction.
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Fig. 3 Effect of stirring speed on the average mass-transfer

rate of Li" obtained the slope in Fig. 2. C (LiNTf,) =1.0
mol-L™", € (AcB15C5) =0.2 mol-L™", C ([ BMIm ]
[NTf,]) =0.5 mol- L' ,pH =7.33, §=9.85 cm®, T =
298.15 K
The influence of the extraction system contai-
ning AcB15C5 and[ BMIm ] [ NTf, ] on the extrac-
tion rate of Li* with extraction equilibration time was

determined at 293. 15 K. The results were shown in
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Fig. 4. The extraction process trended to equilibration

when extraction time was about 40 mi-

nutes. Compared with other extraction systems, the
extraction equilibrium time of this system was rela-
tively short. Moreover, the main reason for the result
was that the extraction rate of lithium ions in this ex-

traction system was not high ,which have been repor-

[10, 19, 25]

ted in previous literature . In order to ensure

mass transfer, all kinetic experiments were far from

the equilibrium state of Li™.
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Fig. 4  Equilibration time on extraction at 1 800 rpm.
C(LiNTf,) =1.0 mol-L™",C (AcBI15C5) =0.2 mol-L™",
C ([BMIm][NTf,]) =0.5 mol-L™',pH =7.33, S =
9.85 cm,T=293.15 K

3.2 Effect of temperature
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Fig. 5 Fitting linear of mole numbers of Li* per unit area

vs extraction time. C ( LINTf, ) = 1.0 mol - L',

C(AcBI15C5) =0.2 mol-L™",C ([ BMIm][NTf,]) =0.5
mol+L™" ,pH=7.33,5=9.85 cm’

Table 2 Variation of equations of fitting linear

in Fig. 5 with temperature

Equation:f (1) = vt + C

Temperature Slope Intercept Adj. R-
/K /(x1077)  /(x107%) Square
303. 15 2.803 16 2.622 24 0.975 6
298. 15 2. 440 50 1.159 39 0. 966 8
293. 15 1.529 52 0.204 22 0.962 7
288. 15 1.397 49 1.394 93 0.9815
283. 15 1.257 19 1. 462 69 0.985 6
278.15 1.031 87 1. 567 05 0.993 9

Considering different temperatures have a great
influence on the viscosity of solutions and reaction
rate ,the effect of temperature on the average mass-
transfer rate is investigated. The results were presen-
ted in Fig. 5 and Table 2. The lithium concentration
in the organic phase decreased sharply with in-
creased temperature , which indicated this system was
an exothermic reaction to the extraction of lithium i-
ons. In Table 2 ,the slope of fitting linear was the av-
erage mass-transfer rate of Li* at a selected tempera-
ture. In addition, it can be seen from Fig. 6 that the
average mass-transfer rate of Li* increased when
temperature rose. This phenomenon was because in-
creasing temperature increased the energy of partici-
20
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Fig. 6 Effect of temperatures on the average mass-transfer
rate of Li" obtained the slope in Fig. 5. C (LiNTf,) =1.0
mol- L™, € (AcB15C5) =0.2 mol - L™", C ([ BMIm]
[NTf,]) =0.5 mol-L™" ,pH =7.33,5=9. 85 cm’
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pating ,and therefore raised the proportion of activa-
ted molecules promoting the average mass-transfer
rate of Li" in the system.

According to Iny vs 10°/T, the fitting linear is
shown in Fig. 7. From Fig. 7,Iny was proportional to
1/T, which accords with Arrhenius equation. It is
generally believed that temperature has little effect on
diffusion control process on extraction but chemical
control reaction on extraction is sensitive to tempera-
ture. According to Li” s and Wang’ s reports ")
the chemical controlled reaction on extraction kinet-
ics keeps the extraction rate of Li* under control
when the value of the apparent activation energy is
more than 40 kJ - mol ™' ; the diffusion controlled re-
action on extraction kinetics keeps the extraction rate
of Li* under control when the value of E, is less
than 20 kJ - mol ~'. In addition, the value of E, be-
tween 20 kJ-mol ™' and 40 mol-L ™" is considered a
mixed controlled regime. In accordance with the
slope of the straight line in Fig. 7,the apparent acti-

vation energy FE, of the extraction reaction was

20. 441 kJ - mol ™', which indicated that the extrac-
tion kinetics of this system on extracting Li" is a
mixed controlled regime within the specified range of

278.15 K ~303. 15 K.
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1000/T (K™)

Fig. 7 Fitting straight-line of Inv vs 1 000/T. C ( LiNTY, )
=1.0 mol - L™", € (AcB15C5) = 0.2 mol - L™, C
([BMIm][NTf,]) =0.5 mol-L™" ,pH =7.33, $=9.85

2
cm

3.3 Effect of interfacial area
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Fig. 8 Fitting linear of mole numbers of Li* per unit area
extracted into organic phase vs extraction time under differ-

ent interfacial area. C ( LINTf,) = 1.0 mol - L™, C
(AcBI5C5) =0.2 mol-L"', € ([BMIm][NTf,]) =0.5
mol-L™" ,pH=7.33,T =298.15 K

Table 3  Variation of equations of fitting linear

in Fig. 8 with interfacial area

Equation:f (¢t) =v+t + C

Interfacial area Slope Intercept Adj. R -
/em® /(x107%)  /( x107%) Square
9.85 15.318 7 8.258 92 0.995 0
8.27 12.623 7 1.182 34 0.995 1
7.01 10. 687 1 1.219 70 0.999 3
5.75 9.287 44 -1.62174  0.9945
4.51 6.799 71 6.799 71 0.998 8

It is an important content of kinetic research to
determine whether the chemical reaction takes place
in the bulk phase or at the interface. If the reaction
is an interfacial reaction, the mass-transfer rate
should be proportional to the interfacial area. The re-
action as opposed to the interfacial reaction is inde-
pendent to the interfacial area. To distinguish be-
tween these two types of reactions, the effect of inter-
facial area on the mass-transfer rate was studied from

different interfacial areas in the range of 4. 5lcm’ ~

9.85 c¢m” as shown in Fig. 8 and Table 3. It is ob-
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served that the increase of the interfacial area is ben-
eficial to improve the mass-transfer rate. The rela-
tionship between the fitting mass-transfer rate and
the interfacial area can be obtained as shown in
Fig. 9. The fitting straight line with v and S is de-
scribed as v = 1.545 07 x 10™% S + 7.32451 x
10 "', The intercept of fitting line is negligible com-
pared to the data of mass-transfer rates and interfa-
cial areas. Thus, the relationship between the mass-
transfer rate and interfacial area is a line passing
through the origin. This result suggests that the mass-
transfer rate is dependent on the change of interfacial

area,and the reaction takes place at interfacial area.

1.50E-007}
= =1.54507x107® - S+7.32451x 10"
T, 13SE-007F v x X
§ 120E-007F
3
E 1.05E-007}
>
9.00E-008
7.50E-008f
L}
1 1 1 1 1 1
5 6 7 8 9 10
Slem?
Fig. 9 Effect of interfacial area on the average mass-

transfer rate. C (LINTf,) =1.0 mol-L™",C ( AcB15C5)
=0.2 mol-L™" € ([ BMIm][NTf,]) =0.5 mol-L™",
pH=7.33,7=298.15 K

3.4 Determination of the mass transfer resist-

ance zone

To learn more about the mass transfer resistance
zone in kinetics experiment, these three situations
that stirring is only done in the aqueous phase or
stirring is only operated in the organic phase and
stirring takes place in the two phases are investigated
by the average mass-transfer rate of Li* that obtains
by the slope of fitting straight-line. The results can
be seen from Fig. 10. At the same extraction times,
the average mass-transfer rate on lithium ions of only
the stirred aqueous phase or the stirred two phases

would be greater than the average mass-transfer rate

of only the stirred organic phase. This showed that
the mass transfer resistance was mainly in organic
phase. So, the extraction process occurs mainly on
the interface or in the aqueous phase and is almost

impossible to occur in organic phase.
~

5 0.00030 |

Slope,=1.51954x10”
AdjR-Square-0.9732 Slope,~1.2

0.00027

0.00024
0.00021

0.00018

0.00015

200 300 400 500 600 700 800 900
Extraction time/s

Mole numbers of Li* per unit area/ (mol

Fig. 10 Effect of different stirring zone on the average

mass-transfer rate of Li*. € (LINTf,) =1.0 mol-L™",C
(AcBI5C5) =0.2 mol-L™",C ([BMIm][NTf, ]) =
0.5 mol-L.™" ,pH =7.33,5=9.85 ecm’,T =298.15 K

4 Extraction kinetics equation

4.1 Effect of LiNTf, concentration

u Experimenta\data of 1.0 mel L'LiNTf,
0.0006 [ Experimenta\data of 2.0 mel L'LINT,
A Experimenta\data of 3.0mel L'LiNT£
¥ Experimenta\data of 4.0 me] L'LiNT:
0.0005 | @ Experimenta\data of 5.0 mel L LiNTf,
- —Lincarfit of 1.0 molL'LiNTY,
—Lincar fit of 2.0 molL-'LiN T,
—Lincarfit of 3.0 molL'LiNT:
0.0004 b —Lincarfitof 40molL-'LiNTS,
—Lincar fitof 50 molL-'LiNT{. #,

0.0003 |

0.0002

0.0001 |

0.0000

4
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Mole numbers of Li* per unit area/ (mol * em™)

Extraction time/s

Fig. 11 Fitting linear of mole numbers of Li* per unit area
extracted into organic phase vs extraction time under differ-
of LiNTf, in phase. C

ent concentrations aqueous

(AcB15C5) =0.2 mol-L™",C ([ BMIm] [ NTf,]) =0.5
mol-L™ ,pH=7.33,5 =9.85 cm’,T=298. 15 K
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Table 4 Variation of equations of fitting linear

in Fig. 11 with the concentration of LiNTf,

Equation:f (¢) =p-t+C

LiNTf, concentration Slope Intercept Adj. R-
/(mol-L™") /(x1077) /(x1077) Square
1.0 1.506 49 -7.16200 0.996 4

2.0 2.82247 4.63180 0.9983

3.0 3.78525 27.2614  0.9899

4.0 5.16992 -23.7548 0.9893

5.0 6.697 12 -15.8560 0.9916

From Fig. 11 and Table 4, the average mass-
transfer rate is increased when the concentration of
Li* changes from 1.0 mol-L " t0 5.0 mol-L~". The
result is that the chemical reaction proceeds to the
forward reaction with increasing of the initial reactant
concentration. In addition, the increasing of the ini-
tial reactant concentration enhances the mass-trans-
fer rate of Li" by increasing a great number of acti-
vated molecules in one-unit volume. As shown in
Fig. 12 ,the Inp has a fine linear relationship with the
concentration of Li ™. The fitting slope is determined
to be 0.907 1 that is very close to 1. Thus, the ex-
traction reactions are first order reaction on lithium i-

ons based on Eq. (5).
——Linear Fit of Inv vs In[LiNTf,]

-144}

-14.7}

N
bl
(=]
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Slope=0.9071

N
b
W
T

Inv/mol - cm™+ s
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@
(=)}
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L 1 1
0.0 0.3 0.6 09 1.2 15
In[LiNTE)/ (mol - L)

Fig. 12 Effect of the concentration of lithium ions on the
average mass-transfer rate. C ( AcB15C5) =0.2 mol-L™",
€ ([BMIm][NTf,]) =0.5 mol-L " ,pH =7.33,5 =9. 85
em®,T=298.15 K

4.2 Effect of 4’ -acetylbenzo-15-crown-5 con-

centration

0.00035

1 AcBt5
~VAcBt

0.00030

[11]]eapen

0.00025

0.00020}

0.00015 |-

0.00010 |

0.00005}-*

0.00000

Mole numbers of Li* per nuit area/ (mol * cm)
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Extraction time/s

Fig. 13  Fitting linear of mole numbers of Li " per unit area

extracted into organic phase vs extraction time under differ-

ent concentrations of AcB15C5. C ( LiNTf,) = 1.0 mol -

L™',C ([BMIm][NTf,]) =0.5 mol-L™"' ,pH =7.33,S =

9.85 em”,T=298.15 K

Table 5 Variation of equations of fitting linear

in Fig. 13 with the concentration of AcB15C5

Equation:f () =v+t + C

AcB15C5 concentration  Slope Intercept Adj. R-
/(mol-L™") /(x1077) /(x107%)  Square
0.20 1.53003 -1.93135 0.9955

0.25 1.89453  39.0963  0.901 7

0.30 2.25564 41.6676  0.9725

0.35 2.49971 56.1526  0.9387

0.40 2.769 03  68.4572  0.944 1

It would be seen from Fig. 13 and Table 5 that
different concentrations of AcB15C5 in organic phase
affect the average mass-transfer rate obviously. In
Table 5, the slopes representing the average mass-
transfer rate remains increasing with the concentra-
tion of AcB15C5 changed from 0.20 mol - L' to
0.40 mol+L~". The relationship between Iny and In
[ AcB15C5] is studied as shown in Fig. 14. Iny has
a fine linear relationship with In[ AcB15C5 ] . The

obtained slope of fitting straight line is determined to



2

ZHU Wen-bo,et al: Extraction Kinetics of Lithium lons from High Concentration Aqueous Solutions Using Crown Ether and lonic Liquids 39

be 0. 855 5 that is very close to 1. Thus, the extrac-

tion reaction is described as first order reaction on

AcB15C5 on the basis of Eq. (5).

51— Linear Fit of Inv vs In[AcB15C5]

-152}
-153} [

Solpe=0.8555
-154}

-15.5F

Inv/ (mol*em™2+s™)

-15.6}

-157F = 1 1 1 1

16 -15 -14 -13 -12 -11 -10 -09
In[AcB15C5)/ (mol L)

Fig. 14  Effect of the concentration of AcB15C5 on the av-
erage mass-transfer rate. C ( LINTf,) = 1.0 mol - L™, C

([BMIm][NTf,]) =0.5 mol-L™",pH =7.33,S =9.85
em”,T=298.15 K

4.3 Effect of[ BMIm] [ NTf,] concentration

m Experim cnta\data of 0.50 melL-[BMIm][NTY,
0.00035F o Exgerim cnta\data of 0.75 melL-[BMIm Fng

A Experim cnta\data of 1.00 melL-'[BMIm|[NT:
'w Experim cnta\data of 1.25 melL[ BMIm|[NT
0.00030 |- # Experim cnta\data of 1.50 melL'[BMIm][NT,

—_ —Lincar Etaf 0.50 mol L] BMIm][NT{,

0 —kincargl:ff (1](7)3 moh]:f2 BM%m N%‘
wn L.~ Lincar Ltaf 1.00 molL.™ m

K 000025 | e e 129 moll I BMImNT: A
'E —Lincar Etaf 1.50 molL-2 BMIm][NT{.
§ 0.00020}

3
E 0.00015}
=

£ 0.00010}
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500 600 700 800 900

200 300 400
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Fig. 15 Fitting linear of mole numbers of Li* per unit area
extracted into organic phase vs extraction time under differ-
ent concentrations of [ BMIm ] [ NTf, ] in organic phase. C
(LiNTf,) =1.0 mol-L.™", € (AcB15C5) =0.2 mol-L™",
pH=7.33,5=9.85 cm 2,7 =298.15 K

We know from the works of predecessors that
the mechanism by which ionic liquids promote the
increase of the extractives of metal ions is cation ex-
change between metal ions and organic cations in i-
onic liquids "7+ 287
the effect of [ BMIm ] [ NTf, | concentration on the

average mass-transfer rate in the extraction kinetics

. It is necessary to investigate

experiment. Experiments with [ BMIm ] [ NTf, | con-
centration changed from 0.5 mol+L™" to 1.5 mol +
L~" were conducted. As shown in Fig. 15 and Table
6, [ BMIm ] [ NTf, ] concentration has significant
effect on the average mass-transfer rate of Li* . In
Table 5, the slopes are the average mass-transfer
rates that go up with increase of concentration of
[ BMIm | [ NTY, ]. The relationship between Iny and
In [[ BMIm ] [ NTf, ] ] is studied as shown in
Fig. 16. Iny has a fine linear relationship with In
[ AcB15C5 ] . The obtained slope of fitting straight
line is determined to be 0. 8328 that is very close to
1. Thus, the extraction reaction is described as first
order reaction on [ BMIm ] [ NTf, | on the basis of
Eq. (5).

Table 6 Variation of equations of fitting linear

in Fig. 15 with the concentration of [ BMIm][ NTf, ]

Equation:f (¢t) =kt + C

[ BMIm] [ NTY, ]

Slope Intercept Adj. R-
concentration %1077 /( %10 S
oy /(x107) /(x107)  Square
0.50 1.538 59  1.591 83 0.974 3
0.75 1.862 85  2.427 91 0.991 2
1. 00 2.67341 -2.00378 0.989 1
1.25 3.49208 -8.62658 0.9911
1.50 3.61194  3.763 18 0.999 2
~14.8F —Linear Fit of Inv vs In [ BMIn] [Nsz] [
-15.0F
-15.2F

Sople=0.8328
-154}

Inv/ (mol*cm™2+s1)

-15.6f

-15.8| 1 ! 1 1 !
-0.6 -0.4 -0.2 0.0 0.2 04

In [BMIm] [NTE,] / (mol+12)

Fig. 16 [Effect of the concentration of [ BMIm ] [ NTf, | on
the average mass-transfer rate. C (LiINTf,) =1.0 mol -L™",

C (AcB15C5) =0.2 mol-L™" ,pH =7.33,5=9.85 cm’, T
=298.15 K
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4.4 Extraction Kinetics equation

The accurate extraction kinetic equation cannot

be obtained because k value is unknown. lg k can be

obtained by calculating the intercepts of fitting linear
in Figs. 11, 13 and 15.Thus, k value is
10 7387 = 0901 54 298, 15 K. Thus, the extraction ki-

netics equation at 293. 15 K can be expressed as:

V/‘i‘() — 10—3.843 £0.001 | [ L1+ ]09071 . [ [BMIH]] + }0.8328 . [ ACB15C5]0A8555 (10>

5 Study on extraction mechanism

According to the above experimental results, the
kinetics mechanism of lithium ions with the system
containing AcB15C5 and[ BMIm ] [ NTf, ] can be de-
scribed as:

(1) Diffusion balance of extractant and ionic

liquid from organic stationary layer to interface
K

AcBI5CS,,, kéAcmscsi
-1

i (11)
[ BMIm | ;g k\——\ [ BMIm ]
2

(2) Diffusion balance of lithium ions from aque-

ous stationary layer to interface ;
k3

Li;, =Li (12)

aq ks
(3) The exchange behavior between lithium i-

ons and cations of ionic liquids at the interface :
kg

L =[BMIm]/ (13)

(4) A chemical reaction between lithium ions

and extractant occurred at the interface;
ks
Li/" +AcBISCS<==[AcBISCS - Li];" (14)

-5

(5) Diffusion balance of[ BMIm] * from the in-

terface to aqueous stationary layer;
k

6
[ BMIm] ' k\:\[BMIm]; (15)
-6
( 6 ) Diffusion balance of the

[ AcB15C5- ] " from the interface to organic stationa-

complex

ry layer:
K

[ AcB15C5-Li] " %[ACBISCS'UT (16)

org

The subscript “i” represents the interface be-
tween the aqueous stationary layer and the organic
stationary layer. In the above reaction described, the
reaction step (1),(2),(5)and (6) are high-speed
equilibrium process. And the reaction step (3) and
(4) may be the key mass-transfer rate controlling

steps in the extraction process of lithium ions. The

kinetic equation of Li* can be obtained as:

Vo =ky Xks x C(Li" ), x C([BMIm] "), x C(AcB15C5), (17)

In the abovereaction, the following equations can be

by X C(ACBISCS), K, (k_y +hk, +hs x C(AcBI5CS),) x C(AcBI5CS)

obtained on basis of the steady-state approximation.

C(AcBISCS), =

kyxC(Li"),, (19)

C(Ll )i:k73+k4+k5 xC(ACBlSCS)l

k_,+kyxC(Li*), k_ (k_y+k, +ks x C(AcBI5C5),) +ky xks x C(Li*)

- (18)

aq

k, x C([ BMIm] *
CC[BMIm] ), = X ELBMImI D)

= (20)

kykokyks (k_y +ky +k,C(ABISCS) ) C(Li*), C([BMIm] *), C(AcBI5CS)

org org

POk k) + [k, +k +kC(ABISCS),] - [k_,(k_, +k, +k;C(AcBI5CS),) + (hsksC(Li") )]

Due to k_; +k,>ks-C(AcBI15C5),,k_, - (k_; +k,
+ks - C(AcBISCS), ) >kiks-C(Li") . Thus, Eq.
_hikyksks - C(LIT)

aq

+ C(AcBI15C5)

(21)

(23) can be expressed as follows:

+ C([BMIm] ")

org

VUio =

(k—l +1) ° (k-z _k-4) ° (k-3 +k4)

=E (22)
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k

ky ks ks

viio =k - C(Li")

Eq. (25) inferred from the mass-transfer rate deter-

a

mining steps (3)and (4)is consistent with the ex-

Tk w1) (ko —ky) - (ky +hy)
.+ C(AcB15C5)

(23)

. C([BMIm] ")

perimental results.

org org ( 24 )

e

P

Aqueous phase

\

L Aqueous stationary layer

-
Lnterfacial zone { ..

¢ !

1
&
A

Organic phase

Interfacial plane
"~ Organic stationary layer

1
<o
/

Fig. 17 The illustration of mass-transfer process of lithium ions at interfacial area

6 Conclusions

The extraction kinetics of lithium with 4’ -
acetylbenzo-15-crown-5 and 1-butyl-3-methylimid-
azolium bis [ ( trifluorometyl ) sulfonyl ] imide dis-
solved in dichloromethane have been investiga-
ted. Various factors including stirring speed , temper-
LiNTY,
AcB15C5 concentration, [ BMIm ] [ NTf, ] concentra-

tion were studied respectively through the effect on

ature, interfacial area, concentration ,

the average mass-transfer rate of lithium i-
ons. Through the analysis of experimental data of
stirring speed , temperature and interfacial area, lithi-
um extraction in the system is controlled by the
chemical reaction at the interface between aqueous
phase and organic phase. Lithium extraction is first
order with changing the concentration of LiNTf,,
AcBI15C5 and [ BMIm | [ NTf, ] . An initial mass-
transfer rate equation is inferred to rely on experi-
mental results, which is proposed as v,, =
[Li*]%%" [[BMIm]* )%

[ AcB15C5]%®% on lithium extraction by LiNTf,,

AcB15C5 and[ BMIm ][ NTf, ]. The extraction mech-

-3.843£0. 001
10 *

anism of lithium extraction is well deduced by deter-
mining the mass-transfer rate step of forming the fi-
nal complex of lithium ions at the interface,which is
consistent with the experimental results.
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