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Abstract
This study examined the influence of operating parameters on the electrosorptive recovery 
system of lithium ions from aqueous solutions using a spinel-type lithium manganese oxide 
adsorbent electrode and investigated the electrosorption kinetics and isotherms. The results 
revealed that the electrosorption data of lithium ions from the lithium containing aqueous 
solution were well-fitted to the Langmuir isotherm at electrical potentials lower than –0.4 
V and to the Freundlich isotherm at electrical potentials higher than –0.4 V. This result may 
due to the formation of a thicker electrical double layer on the surface of the electrode at 
higher electrical potentials. The results showed that the electrosorption reached equilibrium 
within 200 min under an electrical potential of –1.0 V, and the pseudo-second-order kinetic 
model was correlated with the experimental data. Moreover, the adsorption of lithium ions 
was dependent on pH and temperature, and the results indicate that higher pH values and 
lower temperatures are more suitable for the electrosorptive adsorption of lithium ions from 
aqueous solutions. Thermodynamic results showed that the calculated activation energy of 
22.61 kJ mol–1 during the electrosorption of lithium ions onto the adsorbent electrode was 
primarily controlled by a physical adsorption process. The recovery of adsorbed lithium 
ions from the adsorbent electrode reached the desorption equilibrium within 200 min under 
reverse electrical potential of 3.5 V.

Key words: lithium recovery, lithium manganese oxide, electrosorption equilibrium, kinetic, 
isotherm

1. Introduction

The recovery of lithium from natural reservoirs is garnering significant attention 
because of the high demand for lithium, which is used in energy storage systems for 
portable electronic devices and electric vehicles [1-3]. Lithium can be recovered from 
various natural sources such as brines and ores [4], as well as the leaching solution of 
spent secondary lithium ion batteries [5,6]. Currently, various attempts have been made 
to recover lithium from solutions such as groundwater and seawater, which contain ex-
tremely low concentrations of lithium compared with other cations [7-11]. To recover 
lithium ions from seawater more effectively, it is important to develop an adsorbent 
that has a high lithium selectivity against other coexisting cations, such as potassium, 
calcium, and magnesium contained in seawater. In particular, lithium manganese oxide 
(LMO) with a spinel structure has been increasingly considered as an effective adsorbent 
because it can selectively recover lithium ions in an aqueous solution containing various 
cations [11-16]. Numerous efforts have been made towards the practical application of 
LMO adsorbent in aqueous solutions by the fabrication of composites using a polymeric 
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HMO powder. PVA dissolved in deionized water, glutaral-
dehyde (GA; 25wt%, Samchun Pure Chemical, Korea) as a 
cross-linking agent, and the HMO powder were mixed using 
a slurry mixer to obtain a homogeneous slurry. The slurry was 
then cast on a graphite sheet (Sigaflex, SGL Carbon, Germa-
ny) using a doctor blade (Mitutoyo, Japan) and dried at room 
temperature. To accelerate the esterification between the PVA 
and GA, an HCl solution was sprayed over the coated slurry. 
The electrode was then pressed using a roll press with a thick-
ness of approximately 150 μm, and the loaded HMO on the 
graphite sheet (10 cm × 10 cm in size) was approximately 
0.4 g.

As a counter electrode, an activated carbon powder (ACP; 
specific surface area of 1260 m2 g–1, Kuraray Chemical, Japan) 
electrode using poly(vinylidene fluoride) (PVdF; Sigma-
Aldrich) as a polymeric binder was used for the experiment 
[24]. The total binder content in the ACP electrode was 15% 
dry weight. The thickness of the ACP composite layer was 
approximately 250 μm, and the loaded amounts of ACP on 
the graphite sheet (10 cm × 10 cm in size) was approximately 
1.0 g.

2.2. Preparation of the test cell

The test cell was fabricated by modifying a conventional 
MCDI cell that consisted of two carbon electrodes, an anion 
exchange membrane and a dielectric spacer [19,24,25]. Fig. 1 
shows a schematic diagram of the test cell and the system con-
figuration of the experimental device. It consisted of the ACP 
electrode for anion capture, the HMO electrode for lithium ion 
adsorption, an anion exchange membrane (Neosepta AMX, 
Tokuyama Soda Corp.), a dielectric spacer (porous urethane 
foam, 200 μm thick), and the two acryl plates. The distance 
between the two electrodes in the assembly of the components 
was maintained at approximately 150 μm by a flexible dielectric 
spacer. The upper plate was designed to give two inlet holes at 
the corner and one outlet hole at the center of the plate with an 
inner diameter of 2 mm so that a solution could flow and contact 
the inner sides of the electrodes. 

binder. The use of a polymeric binder, however, might cause 
a decrease in adsorption efficiency because of the obstruction 
of lithium ion transfer into the composite by the binder on 
the adsorbent surface. In addition, the acidic solution used in 
the desorption of adsorbed lithium ions may lead to structural 
damage by dissolution of manganese from the adsorbent and 
secondary environmental problems [15,16]. 

To overcome these challenges, we previously reported an 
electro-assisted lithium recovery system [17,18] using the con-
cept of a modified membrane capacitive deionization (MCDI) 
process [19,20]. Compared with the conventional adsorption 
process using an adsorbent-binder composite, the recovery sys-
tem with the electro-assisted method was noteworthy in that the 
lithium adsorption/desorption rates were improved, and the use 
of acidic solutions in the desorption process were not required. 
Moreover, a relatively excellent selectivity of lithium ions 
against other cations, such as potassium, sodium, calcium, and 
magnesium dissolved in seawater, was obtained [21]. 

In this study, we report in detail the isotherms and kinetics 
of the adsorption of lithium ions from aqueous solution under 
an electrical potential on the adsorbent electrode. We investigat-
ed the influence of the pH, temperature, applied potential, and 
lithium ion concentration experimental parameters. The classi-
cal Langmuir and Freundlich adsorption isotherms were used 
to understand the adsorption behavior of lithium ions during 
electrosorption, and the electrosorption rates were determined 
quantitatively using pseudo-first and second-order kinetics mod-
els. Moreover, we discuss the effect of electrosorptive potential 
on lithium ion recovery in terms of the recovered amount during 
the electro-desorption process. We expect that this experimental 
information will induce further development of electro-assisted 
lithium recovery systems for use in practical lithium ion recov-
ery from such solutions as waste effluent, ground water, and 
seawater.

2. Experimental

2.1. Preparation of electrodes

The preparation procedure of the spinel-type LiMn2O4 pow-
der (LMO) and adsorbent electrode used in this study was re-
ported in our previous reports [18,21]. Briefly, the LMO was 
prepared through a solid-state reaction [22] using Li2CO3 (99%, 
Aldrich, USA) and MnCO3 (99.9%, Aldrich) as the reactants. 
After mixing reactants at a lithium/manganese molar ratio of 1 
of 2 by ball milling, the mixture was calcined at 500°C for 4 h 
in air. The calcined powder was then immersed into a 0.3 M HCl 
solution and stirred by a mechanical stirrer for 5 days to fully 
extract the lithium ions from the LMO framework through an 
H+/Li+ exchange reaction, which was confirmed by inductively 
coupled plasma (ICP) analysis [23]. The resulting LMO powder 
was washed with deionized water for several times until the fil-
trate reached a neutral pH, and then the filtered powder was col-
lected and dried at 60°C overnight. Here, the resultant adsorbent 
powder is designated as HMO.

For the preparation of adsorbent electrodes, polyvinyl al-
cohol (PVA; molecular weight of 31,000–50,000, 98–99% 
hydrolyzed, Sigma-Aldrich) was used as a binder for the 

Fig. 1. Schematic view of the lithium recovery system using electrodes: 
(a) test cell, (b) activated carbon electrode, (c) HMO electrode, (d) anion 
exchange membrane, (e) porous urethane spacer, (f ) potentiostat, (g) 
peristaltic pump, (h) Li-solution reservoir, (i) deionized water reservoir, 
and (j) effluent reservoir.
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2.6. Activation energy

The activation energy of the electrosorption of lithium ions 
onto the HMO electrode was calculated as a function of temper-
ature using the Arrhenius model. The form of the model equa-
tion can be expressed as follows:

ln k2  (6)

where k2 is the pseudo-second-order rate constant, A is the Ar-
rhenius constant, E is the activation energy of adsorption, R is 
the gas constant, and T is the temperature in Kelvin and E/R is 
the slope value of lnk2 versus 1/T.

3. Results and Discussion

3.1. Adsorption kinetics

The most important factor in the adsorption study is the mass 
transfer rate. Considering the electrosorptive ion adsorption 
on the surface of the electrode, the adsorption and insertion of 
lithium ions onto the HMO electrode can be divided into the 
following three steps: (1) the mass transfer of lithium ions from 
the solution to the interface of the electrode and electrolyte; (2) 
the transfer of ions to the solid surface; and (3) the diffusion 
of lithium ions into the lithium vacant sites on the adsorbent. 
Typically, as illustrated in Fig. 2a, the adsorption efficiency was 
highly affected by the concentration of lithium ions in the aque-
ous solution. In this system, the adsorbent-based lithium ad-
sorption system might suffer from a slow adsorption rate when 
the concentration of lithium ions in the solution is low. On the 
other hand, the lithium adsorption rate can be improved under 
an applied electrical potential, as depicted in Fig. 2b, and the 
experimental results are shown in Fig. 3. As shown in Fig. 3, 
the adsorption rate and equilibrium capacity increased with ap-
plied electrical potential. These results indicate that the adsorp-
tion of lithium ions on the adsorbent was strongly affected by 
the electrical potential. The adsorption capacity increased with 

2.3. Electrosorption properties

We investigated the influences of pH, temperature, electri-
cal potential, and concentration of lithium ions in the feed so-
lution on the lithium ion adsorption performance of the HMO 
electrode. The solution was continuously fed using a peristaltic 
pump from an influent reservoir with a flow rate of 20 mL min–1. 
The uptake of adsorbed lithium ions during the electrosorption 
process was calculated by the following equation [26]:

 (1)

where qt (mg g–1) is the adsorbed amount at sampled time (t), Co 
is the initial concentration of lithium ions, Ct is the concentration 
of lithium ions at sampled time (t), V is the solution volume (L), 
and m is the mass (mg) of the applied adsorbent. The concentra-
tion of lithium ions in the sampled solution was analyzed with 
an ICP-atomic emission spectrophotometer (ICP-AES; Optima 
7300D, Perkin Elmer).

2.4. Adsorption kinetics

The adsorption kinetics were determined using the classical 
pseudo-first-order and pseudo-second-order adsorption kinetics 
equations [27-29], which are presented below. 

 (2)

 (3)

where qe and qt are the amounts of adsorbed lithium ions (mg/g_

adsorbent) on the HMO electrode at equilibrium and time t (min), 
and k1 (min–1 or h–1) and k2 (g mg–1 min–1 or g mg–1 h–1) are 
pseudo-first and second-order rate constants, respectively. The 
lithium concentration of the feed solution was varied from 10 to 
500 mg L–1 under various applied potentials (0 to –1.2 V).

2.5. Adsorption isotherms

The adsorption behavior of lithium ions on the HMO elec-
trode was described quantitatively using adsorption isotherms. 
The classical Langmuir and Freundlich isotherms were used 
to describe the model of adsorption/electrosorption. Both iso-
therms were plotted using the following equations by applying 
the experimental data.

 (4)

 (5)

where qe is the adsorbed amount of lithium ions at equilibrium 
(mg/g_adsorbent), qm is the maximum adsorption capacitance corre-
sponding to monolayer coverage (mg/g_adsorbent), KL is the Lang-
muir constant related to sorption energy (enthalpy of adsorp-
tion), and C is the equilibrium concentration of lithium ions. KF 
(L mg–1) is the Freundlich constant, and 1/n is an indication of 
the adsorption tendency of the adsorbate. 

Fig. 2. Schematic illustration of lithium ion movements in solution (a) 
without electrical potential (physisorption) and (b) with electrical poten-
tial. 
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as shown in Fig. 5, the experimental data and the pseudo-
second-order kinetic model were in good agreement for vari-
ous electrical potentials and a wide range of initial lithium 
concentrations with the higher R2 values of >0.99. Thus, the 
electrosorption kinetics of lithium ions on the adsorbent elec-
trode more closely followed the pseudo-second-order model 
rather than the first-order model.

an increasing electrical potential up to –1.2 V. Compared with 
physisorption without the electrical potential, the equilibrium 
capacity increased by 5.7 times at –1.2 V. Although the adsorp-
tion capacity did not increase proportionally with the electrical 
potential, we considered that the adsorption rate and capacity 
of lithium ions with respect to the HMO electrode depended on 
the electrical potential through the increasing electrostatic force 
[30].

The adsorption rate is important to understanding the lith-
ium adsorption behavior on adsorbents. To examine the ef-
fect of applied electrical potential on lithium ion adsorption, 
the electrosorption was continued until the reaction reached a 
dynamic equilibrium (as determined by monitoring the con-
ductivity of the effluent solution) to give the lithium ions full 
access to the HMO electrode. Fig. 4a shows the linearized 
plot fittings of the first-order kinetic model under the experi-
mental conditions of 100 mg L–1 lithium ions in the feed solu-
tion at 25°C, and Fig. 4b shows the effect of different initial 
concentrations of lithium ions for electrosorption. The pseu-
do-first order kinetics model appeared to be well fitted for an 
adsorption potential of –0.4 V, as presented in Table 1; how-
ever, the coefficients of determination of the linearized plots 
under other conditions (R2) did not match properly with that 
of the pseudo-first-order kinetics model. On the other hand, 

Fig. 3. Electrosorption capacities and rates of lithium ions with various 
applied electrical potentials.

Fig. 4. Plots of the pseudo-first-order kinetics model with (a) different 
electrical potentials at 100 mg L–1 and (b) different initial concentrations 
of lithium ions at –1.0 V. 

Table 1. Pseudo-first-order and pseudo-second-order parameters of the HMO and ACP electrodes system for the adsorption of lithium ions from 
aqueous solution under various applied voltages (T=25°C, Co=100 mg L–1)

Applied potential
Pseudo-first-order model Pseudo-second-order model

qe

(mg g–1)
k1

(h–1) R2 qe

(mg g–1)
k2

(g mg-1 h-1) R2

Physisorption 2.070 0.682 0.901 2.175 1.193 0.993

–0.4 V 5.436 0.400 0.969 5.510 0.682 0.996

–0.8 V 5.876 0.248 0.866 5.882 0.604 0.991

–1.0 V 11.335 0.564 0.929 11.506 0.444 0.999

–1.2 V 11.838 0.681 0.753 11.993 0.581 0.999
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dlich adsorption isotherms. The Langmuir equation is the most 
commonly used isotherm because of its simplicity and capabil-
ity to correlate a variety of adsorption experimental data into the 
isotherm model. To understand the effect of ion concentration 
and applied potential on the adsorption and/or electrosorption 
behavior, systematic experiments were conducted under various 
lithium concentrations of the feed solution (10 to 500 mg L–1) 
and applied electrosorption potentials (physisorption to –1.2 V 
against the HMO and ACP electrode system). The linearized 

3.2. Adsorption isotherms

Electrosorption is generally defined as the potential-induced 
adsorption onto the surface of electrodes [31]. Thus, it is impor-
tant to understand equilibrium adsorption in designing an ad-
sorption system under applied electrical potential. In this study, 
the adsorption behavior of lithium ions on the HMO electrode 
can be described quantitatively using the Langmuir and Freun-

Fig. 5. Plots of the pseudo-second-order kinetics model with (a) differ-
ent electrical potentials at 100 mg L–1 and (b) different initial concentra-
tions of lithium ions at –1.0 V.

Table 2. Parameters determined by plotting the Langmuir and Freundlich isotherms for the electrosorption performance of the HMO and ACP 
electrodes system

Applied potential
Langmuir Freundlich

qm KL R2 KF n R2

Physisorption 5.116 0.008 0.966 0.165 1.898 0.965

–0.4 V 11.898 0.015 0.972 1.116 2.746 0.965

–0.8 V 17.117 0.009 0.879 1.140 2.552 0.933

–1.0 V 19.139 0.015 0.879 1.777 2.684 0.914

–1.2 V 20.973 0.016 0.883 2.412 3.041 0.926

Fig. 6. Electrosorption isotherms of lithium ions with various applied 
voltages. (a) The Langmuir isotherm and (b) the Freundlich isotherm. (T 
of 25°C, V of 1000 mL, and adsorption time of 500 min).
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interaction between the adsorbent and adsorbate becoming 
stronger at low temperatures [35,36]. Therefore, we conclud-
ed that a lower operation temperature might be advantageous 
for enhancing the adsorption capacity of lithium adsorption 
on the adsorbent electrode used in this system. 

3.4. Activation energy

The pseudo-second-order rate constants were used to eval-
uate the spontaneity of the lithium adsorption on the HMO 
electrode during the electrosorption process and the type of 
interactions between the adsorbent and lithium ions. Accord-
ing to Eq. 6, k2 was plotted versus 1/T, and a straight line with 
slope –Ea/R was obtained. In the capacitive ion adsorption 
process, the magnitude of activation energy should provide 
information on the type of adsorption [37]. As shown in Fig. 
8, the calculated Arrhenius activation energy was 22.61 kJ 
mol–1. This indicates that the adsorption of lithium ions on 
the adsorbent electrode under application of an electrical po-
tential was mainly dominated by physisorption rather than 
chemisorption (E > 40 kJ mol–1) [38].

3.5. Effect of pH

Fig. 9 shows the electrosorption kinetics and electrosorption 
capacities of lithium ion solutions with various pH values. The 
pH of the solutions was adjusted using LiCl, LiOH, and HCl. 
The solution was purged with N2 gas (99.999%) to remove the 
dissolved oxygen during the experiment. As shown in Fig. 9, 
the pH of the solution played a significant role in lithium ion 
electrosorption under an applied electrical potential of –1.0 V. 
The lithium ion uptake increased from 3.1 mg/g_adsorbent at pH 
5 to 11 mg/g_adsorbent at pH 11. A lower solution pH reduced the 
lithium uptake, in which even the adsorbed lithium ions could 
be extracted from the adsorbent structure because of the compet-
ing ion exchange reaction between the protons in solution and 
the lithium ions on the adsorbent. The results showed that the 
adsorption rate and capacity decreased with a decreasing solu-
tion pH, which corresponded to the adsorption contribution to 
physisorption [39]. 

plots of Langmuir and Freundlich isotherms for lithium ions are 
presented in Fig. 6. The parameter values and correlation coef-
ficients for the adsorption isotherms are presented in Table 2, 
which confirmed that all of the isotherm model parameters for 
the electrosorption of lithium ions in the HMO and ACP elec-
trode system were well fitted for the two isotherm models. More 
specifically, according to the correlation coefficient (R2), the 
Langmuir isotherm correlated better with the experimental data 
at the lower electrical potential range (< –0.4 V). On the other 
hand, the Freundlich isotherm correlated better at the higher 
electrical potential range (–0.8 to –1.2 V). These results indicate 
that monolayer adsorption was predominant at a low electrical 
potential, and multilayer adsorption was predominant at a high 
electrical potential because of the formation of a thicker electric 
double layer. Several studies have also applied the Freundlich 
equation to describe electrosorption in a capacitive system with 
high electrosorption potentials (> –1.0 V) [19,32]. However, it 
is difficult to explain the electrosorption mechanism using the 
classical Langmuir and Freundlich adsorption isotherm models 
because of the presence of an electrical potential. To explain 
the electrosorption phenomenon, various approaches have been 
employed. Biesheuvel et al. [33] suggested a modified Donann 
model that describes ion storage in the micropores of porous 
carbon materials such as activated carbon. Han et al. [34] sug-
gested a quasi-equilibrium system that shows a Freundlich-like 
sorption behavior attributed to the micropore structure of the 
electrode material. 

3.3. Effect of temperature

We investigated the effect of temperature on electrosorp-
tion in the range from 15 to 45°C at –1.0 V adsorption poten-
tial, and the results are represented in Fig. 7. It was found that 
the temperature of the feed solution had a significant effect on 
the adsorption performance. Moreover, a lower temperature 
was more favorable for lithium ion adsorption on the HMO 
electrode under an electrical potential, where the amount of 
adsorbed lithium increased from 6.65 mg/g_adsorbent at 45°C to 
12.66 mg/g_adsorbent at 15°C. This might have been due to the 

Fig. 7. Electrosorption kinetics of lithium ions at various solution tem-
peratures.

Fig. 8. Arrhenius plot for the activation energy of the electrosorption of 
lithium ions on the adsorbent-ACP electrodes system.
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adsorption potential of -1.2 V was applied, and this indicated 
that the adsorption capacity was dependent on the electrical 
potential for this electro-based lithium recovery process.

4. Conclusions

To understand the electrosorption behavior of lithium ions on 
an adsorbent electrode in the proposed electro-assisted lithium 
recovery system, we investigated the influence of experimen-
tal parameters, including pH, temperature, applied potential, 
and lithium ion concentration. The electrosorption capacity in-
creased with an increasing electrostatic force. The experimental 
data were well matched with the Langmuir isotherm at poten-
tials lower than –0.4 V and the Freundlich isotherm model at 
potentials higher than –0.4 V. The amount of adsorbed lithium 
ions decreased with an increasing solution temperature. The 
electrosorption kinetics well fit the pseudo-second-order kinetic 
model. The calculated activation energy was 22.61 kJ mol–1, 
which indicated that the adsorption of lithium ions on the HMO 
surface was primarily consistent with physical adsorption. In 
the desorption process, adsorbed lithium ions were effectively 
recovered with an electrical potential of 3.5 V within 200 min 
from the effluent water. 
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