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Summary: Electrosorption can be used for both desalination of seawater and high value element 

ions enrichment, which has attracted more and more attentions because of its merits of low energy 

consumption, no pollution and inexpensive. The research focuses on the preparation of novel 

electrodes and selective electrosorption properties. In this paper, biomass carbon aerogel was 

prepared by hydrothermal-freeze drying- carbonization method using pomelo peel as raw material. 

A composite electrosorption electrode was obtained using pomelo peel-based carbon aerogel (PCA) 

as main component. The surface morphology, crystal structure, specific surface area and functional 

groups were characterized by Scanning Electron Microscope (SEM), X-Ray Diffraction (XRD), 

Brunauer Emmett Teller (BET) and Fourier Transform Infrared Spectroscopy (FTIR). Then the 

effects of coexisted alkali/alkaline earth metal ions on the adsorption of Rb+ and Cs+ were studied. 

The pomelo peel-based carbon aerogel-manganese dioxide (PCA-MnO2) composite electrode 

shows good adsorption performance on Rb+ and Cs+. When alkali and alkaline earth metal ions 

coexist, PCA-MnO2 composite electrode exhibits the highest adsorption selectivity of Mg2+. The 

research content in this work broadens the source of electrosorption electrode and provides a 

reference for the study of competitive adsorption of alkali/alkaline earth metal ions. 
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Introduction 
 

As a desalination method, electrosorption is 

a non-membrane penetration process under 

atmospheric pressure to remove charged particles or 

ions in aqueous solution by large specific surface 
charged electrode [1]. It is promising to be used in 

the treatment of heavy metal ions such as copper and 

cadmium in metallurgy, mining, electroplating and 

other industries, because of its advantages of cost-

effective, energy efficient and environmentally 

benign [2-5]. On the other aspect, it is also an ion 

enrichment technology. Trace cations are adsorbed 

on the electrode surface by electrosorption, and then 

change electrode potential to desorb ions by 

reversing circuit or remove voltage, so as to enrich 

and purify the target ion [6]. Therefore, it is of high 

research value to apply it to separate high value 
elements. 

 

Rubidium (Rb) and cesium (Cs) are 

extremely active alkali metal elements with excellent 

photoelectric properties [7, 8]. Concentrations of 

rubidium and cesium in seawater are 0.12 mg/L and 

2.3 nmol/L respectively, which make them difficult 

to extract commercially [9, 10]. However, salt lake 

brines in Qinghai and Tibet, China contain higher 
concentrations of rubidium and cesium as a valuable 

liquid mineral resource [11]. Thus, electrosorption 

has great potential applications in enriching and 

separating Rb and Cs from salt lake brine. 
 

The preparation of efficient selective 
electrode is a key factor in the development of 

electrosorption technology [12]. At present, 

electrosorption electrode materials are mainly 

conductive carbon materials, such as activated 

carbon, carbon aerogel, ordered mesoporous carbon, 

carbon nanotubes and graphene, etc [13]. These 

electrode materials have many advantages in 

absorbing large quantities of salt ions, such as good 

conductivity, large specific surface area and superior 

conductivity. However, some carbon materials suffer 

from poor wettability or poor mechanical stability. In 
order to utilize the advantages of carbon materials 

and other kinds of materials with large adsorption 

capacity and good selectivity, many different types of 

composite electrodes were prepared on the basis of 

conductive carbon material, like AC-TiO2, carbon-

polyaniline, RG-RF [14]. These additional 

components can enhance the electrosorption capacity 

by adjusting pore structure, wettability or improving 

the surface functional groups. 
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MnO2 can be used as an inorganic adsorbent 

with good performance for many metal ions [15, 16]. 

However, it cannot be used as electrode material 

alone due to its poor conductivity. In this paper, a 

biomass carbon aerogel was prepared using pomelo 
peel as raw material by hydrothermal-freeze drying-

high temperature carbonization. Then composite 

electrode was obtained after carbon aerogel, carbon 

black and MnO2 being sprayed on graphite plate by 

polyvinylidene fluoride as adhesive, as shown in Fig. 

1. The effects of electrode composition, voltage and 

coexisting ions on the electrosorption performance of 

composite electrode were comprehensively studied 

with Rb and Cs as target ions. 
 

Experimental 
 

Chemicals 

 

RbCl (99.5%) and CsCl (99.5%) were 
provided by Xinjiang Nonferrous Metal Research 

Institute. MnO2 was purchased from Tianjin 

Guangfu Fine Chemical Research Institute. Carbon 

black (cabot Vulcan xc-72), N,N-dimethylacetamide 

(99%) and polyvinylidene fluoride (99%) were 

purchased from Shanghai Macklin Biochemical Co. 

Ltd. All reagents were directly used without further 

purification. 
 

Preparation of PCA and PCA-MnO2 composite 

electrode 
 

Firstly, pomelo peel as purchased was 

washed with deionized water and cut into cubes of 

about 2 cm×2 cm×2 cm. These cubes were put into 

teflon-lined reactor and hydrothermally treated at 

180oC for 12 h. The processed cubes were fully 

washed with 50% ethanol solution and frozen in the 

refrigerator at -15oC for 12 h. Then the frozen pomelo 

peel cubes were freeze-dried using freeze dryer under 

-35oC for 50 h. Finally, lyophilized cubes were 

carbonized in tube furnace at 800oC (heating rate: 

5oC·min-1) for 1 h under nitrogen protection to obtain 

biomass carbon aerogel. The preparation process is 
shown in Fig. 1. 

 

4 g powdered PCA, 0.5 g carbon black and 

0.5 g polyvinylidene fluoride were added into 40 mL 

of N,N-dimethylacetamide and mixed well. The 

mixture was uniformly sprayed on a 6 cm×8 cm×0.8 

cm graphite plate placed on a heating board by a 
Hansa Infinity CRplus 0.2 mm spray gun. The 

graphite plate after being spraying was dried at 80oC 

for 12 h and then dried in vacuum drying oven at 

80oC for 2 h to further remove volatile organic 

compounds. The load of electrode was calculated 

according to the weight change of graphite plate 

before and after being sprayed.  
 

The preparation process of PCA-MnO2 

electrode refers to the process of PCA electrode by 

adding different weights of MnO2 to N,N-

dimethylacetamide. 
 

Structural Characterization 
 

The surface morphology of PCA and MnO2 

was obtained by a SU-8010 scanning electron 
microscope (SEM, Hitachi, Japan). A X-Pert.PRO X-

ray diffractometer (XRD) made by Malvern 

Panalytical Ltd. was used to analyze the crystal 

structure of PCA and MnO2. The specific surface area 

of these two main components were analyzed by BET 

(JW-BK100B, JWGB, China) method. Functional 

groups of PCA were analyzed by a NEXUS Fourier 

transform infrared spectrometer (FTIR).  
 

 

 
 

Fig. 1: Schematic representation of the preparation and electrosorption of PCA-MnO2 composite electrode.
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Electrosorption experiments 

 

The eletrosorption device is composed of 

stabilized DC power, cubic organic glass tank, 

magnetic stirrer and electrode. The electrode distance 
was maintained at 6 mm. And the electrode voltage 

was set to 1.2 V. In order to reduce diffusion 

resistance of ions in solution and sampling error, the 

solution was stirred with magnetic stirrer at 700 rpm 

during electrosorption process. When concentration 

of ions in solution no longer changes, the 

electrosorption reaches equilibrium. Then the 

desorption process was completed by reversing the 

circuit. Based on the preliminary electrosorption 

experiment, the changes brought about by changing 

composition of electrode, voltage and coexisting ions 

on the electrosorption of Rb+ and Cs+ were studied. 
All the alkali and alkaline earth ions were determined 

by atomic absorption spectrophotometer. The 

adsorption capacities of Rb+ and Cs+ were calculated 

by equation (1): 

 

0( )t
t

C C V
q

m


      (1） 

 
where qt is the adsorption amount at time t (h), C0 and 

Ct are concentrations of initial and at contact time t 

respectively, V (L) is solution volume, m (g) is the 

mass of coating on the electrode. 

 

Results and discussion 

 

Electrode characterization 

 

The key point to design an efficient 

electrosorption system is to prepare electrodes with 
large adsorption capacity. Good conductivity and 

large specific surface area are preconditions for large 

electrosorption capacity [17]. SEM images were 

obtained for analyzing surface morphology of 

materials, and studying the distribution of pores 

exposed on the outer surface which also is an 

important factor affecting the adsorption rate and 

amount (Fig. 2) [18]. Fig. 2a and 2b with different 

magnifications show that the surface of PCA is 

smooth with irregular shape and large internal voids 

which provides a large number of adsorption sites for 

the adsorption of ions and small diffusion resistance. 
In contrast, MnO2 are submicron irregular particles 

with large surface area (Fig. 2c and 2d). PCA and 

MnO2 are physically mixed to maintain their original 

morphologies respectively (Fig. 2e and 2f).  

 

The XRD spectra of PCA and MnO2 are 

shown in Fig. 3. PCA shows two broad diffraction 

peaks at 23° and 45°, which belongs to (002) and 

(100) reflections of crystalline carbon, respectively. 

The broader diffraction peaks indicate that PCA has 

amorphous structure with a certain graphitization that 

makes it conductive well. Five diffraction peaks at 

22.4°, 37.2°, 42.6°, 56.6° and 66.7° belong to (002), 
(100), (101), (102), (110) reflections of crystalline 

MnO2 respectively. Compared with standard cards, it 

is confirmed that MnO2 added into electrode is 

hexagonal ε-MnO2. 

 

 
 

Fig. 2: SEM images of PCA (a,b), MnO2 (c,d) and 

PCA-MnO2 (e,f) electrode. 

 

 
 

Fig. 3: XRD pattern of PCA and MnO2. 

 

Porous structure in electrode materials can 

provide large specific surface area and a large 

number of adsorption sites, which is the prerequisite 
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for realizing high adsorption capacity in 

electrosorption. Based on the N2 adsorption -

desorption isotherm curve in Fig. 4, the specific 

surface areas of PCA and MnO2 are calculated by 

BET and BJH method listed in Table 1. The specific 
surface area of PCA after carbonization at 800°C is 

310 m2/g with pore volume of 0.255 cm3/g. The 

adsorption-desorption isotherm of PCA belongs to 

the fourth type of adsorption-desorption isotherm 

specified by IUPAC, which is the adsorption-

desorption characteristic of mesoporous materials 

[19]. But the specific surface area of MnO2 is only 

30.3 m2/g with pore volume of 0.049 cm3/g, which 

are smaller than that of PCA. These results are 

consistent with the situation observed in SEM 

images.  

 

 
 

Fig. 4: Nitrogen adsorption-desorption isotherms 

of PCA and MnO2. 

 

Table-1: Specific surface area and pore volume of 
PCA and MnO2. 

Sample Specific surface area (m2/g) Pore volume (cm3/g) 

PCA 310 0.255 

MnO2 30.3 0.049 

 

The types of surface functional groups of 

PCA were studied by FTIR. According to FTIR 
spectrum in Fig. 5, the peak at 870 cm-1 is attributed 

to the stretching vibration of C-H. The peak at 1581 

cm-1 is from the stretching vibration of C=O in the 

lignin. The peak at 1137 cm-1 refers to the 

asymmetric stretching of -COC-. And the peak at 

3413 cm-1 represents the axial deformation of O-H 

[20]. These data indicate that part of carboxyl and 

hydroxyl groups still remain on the surface of PCA 

after high-temperature carbonization, which play 

important roles in metal ions adsorption. 

 

 
 
Fig. 5: FTIR spectrum of PCA. 

 

Electrosorption of Rb+ and Cs+ by PCA electrode 

 

Static electrosorption of 100 mL 2 mmol/L 

RbCl and CsCl was performed by PCA electrode with 

electrode distance of 6 mm and voltage of 1.2 V. Fig. 

6 shows the effect of time on the electrosorption of 

Rb+ and Cs+ by PCA electrode. In the initial stage of 

electrosorption, there are large number of adsorption 

vacancies to ensure the rapid increase of adsorption 
amount. As the electrosorption process continues, the 

adsorption amount increased rapidly, resulting in 

most sites being occupied [21]. The electrosorption 

processes reach equilibrium after 2h, and the 

equilibrium adsorption capacity of PCA electrode for 

Rb and Cs are 12.8 μmol/g and 29.7 μmol/g, 

respectively, which are lower than the adsorption 

amount of other kinds of Rb and Cs adsorbent. For 

example, the maximum adsorption capacity of 

polyacrylic acid adsorbent for Rb and Cs reached 2.0 

mmol/g and 1.7 mmol/g [22]. Therefore, it is 

necessary to optimize the electrode and 
electrosorption conditions to improve its 

electrosorption performance of Rb and Cs.  

 

 
 

Fig. 6: Effect of time on the electrosorption of Rb+ 

and Cs+ by PCA electrode. 
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Electrosorption of Rb+ and Cs+ by PCA-MnO2 

electrode 

 

MnO2 is an efficient inorganic adsorbent for 

heavy metal ions such as Pb2+ and Cr3+ [23, 24]. 
However, it cannot be used alone as electrode 

material for electrosorption because of its non-

conductive property. We combined it with PCA to 

prepare PCA-MnO2 composite electrode, and studied 

the enhancement of Rb and Cs electrosorption. 

 

(1) Electrosorption of Rb 

 

The electrosorption conditions of PCA-

MnO2 composite electrode are consistent with these 

of PCA electrode. It can be seen from Fig. 7 that the 

addition of MnO2 significantly improved the 
electrosorption effect of Rb+ on PCA-MnO2 

electrode. When the mass ratio of PCA and MnO2 is 

1:4, the equilibrium electrosorption capacity reaches 

a maximum of 85.4 μmol/g. But the electrosorption 

amount decreased as the content of MnO2 continues 

to increase. The increasing amount of MnO2 may 

reduce the conductivity of the PCA-MnO2 electrode, 

which resulted in the poor performance of 

electrosorption [25-27]. 

 
 

Fig. 7: Effect of time on the electrosorption of Rb+ 

by PCA-MnO2 composite electrode. 

 

(2) Electrosorption of Cs 

 

Fig. 8 shows the effect of time on the 

electrosorption of Cs+ by PCA-MnO2 electrode with 
different compositions under the same experimental 

conditions. Compared with Rb+, the effect of 

electrode composition on Cs+ adsorption shows the 

same regulation. PCA-MnO2 (1:4) composite 

electrode has the largest adsorption capacity for Cs+, 

which reachs 63.8 μmol/g. But the electrosorption 

amount of Cs+ by PCA-MnO2 are all smaller than 

Rb+. It is attributed to the higher selectivity of MnO2 

to Rb+ than to Rb+ [28].  

 

 
 
Fig. 8: Effect of time on the electrosorption of 

Cs+ by PCA-MnO2 composite electrode. 

 

(3) Competitive electrosorption of Rb and Cs 

 

Rb and Cs often coexist in natural solid and 

liquid mineral resources due to their very similar 

chemical properties. When Rb+ and Cs+ are separated 

from solution by electrosorption method, they will 

inevitably affect each other during separation 

process. Hence the electrosorption selectivity of 
PCA-MnO2 electrode for Rb+ and Cs+ in 100 mL of 

1 mmol/L RbCl + 1 mmol/L CsCl solution was 

further studied. The effect of electrode voltage on the 

electrosorption selectivity in the two-component 

solution was also investigated. As shown in Fig. 9, 

the electrosorption amounts of Rb+ are still larger 

than that of Cs+ in the competitive system. But both 

of them are smaller than their respective 

electrosorption amounts in one-component system. 

When voltage is 0.8 V, the electrode has the highest 

electrosorption selectivity of Rb+ and Cs+. The 

electrosorption amount ratio of Rb+ and Cs+ reaches 
8.4:1. The increase of electrode voltage devotes to 

increase electrosorption amounts of Rb+ and Cs+ [27, 

29]. However, the electrosorption selectivity 

decreases during this process, which indicates that 

high voltage would inhibit the selectivity of the 

electrode for Rb+ and Cs+ [30].  

 

Effect of alkali and alkaline earth metal ions 

 

Natural water bodies usually dissolve other 

inorganic ions of different concentrations, such as 
Na+, K+, Mg2+ and Ca2+. Therefore, the 
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electrosorption of Rb+ and Cs+ is mainly affected by 

the existence of these cations with high 

concentration. The similar chemical properties make 

alkali and alkaline earth metal ions the main 

interference factor to the electrosorption of Rb+ and 
Cs+. Hence, the effects of alkali/alkaline earth metal 

ions on the electrosorption of Rb+ and Cs+ on the 

PCA-MnO2 electrode were investigated in stages. 

 

 
 

Fig. 9: Effect of electrode voltage on adsorption 

capacities of Rb+ and Cs+. 

 

(1) Competitive adsorption of K+, Rb+ and Cs+ 

 

Chemical properties of K+ is very similar to 

Rb+ and Cs+. Thus, a three-component solution of 0.5 
mmol/L KCl+0.5 mmol/L RbCl+0.5 mmol/L CsCl 

was used to investigate the effect of coexisting K+ on 

the electrosorption property of PCA-MnO2 

electrodes. Fig. 10 shows the electrosorption 

amounts of three kinds of ions by PCA-MnO2 

electrodes with different compositions. These 

electrodes have the same electrosorption selectivity 

order for the three ions (q: K+ > Rb+ > Cs+). PCA-

MnO2 (1:4) composite electrode has the largest 

electrosorption capacity for K+, Rb+ and Cs+, which 

reaches 18.4 μmol/g, 13.2 μmol/g and 8.9 μmol/g, 
respectively. The electrosorption capacities of 

cations are related to radius of hydrated ions, specific 

surface area and pore size of electrode. In one-

component solution, electrosorption capacity 

decreases with the increasing of ion hydration radius 

[31]. It is consistent with one-component 

electrosorption of PCA and PCA-MnO2 electrodes. 

However, the electrosorption selectivity of the PCA-

MnO2 electrode in three-component solution is 

opposite to ion hydration radius. 

 
 

Fig. 10: Effect of coexisting K+ on adsorption of 

Rb+ and Cs+ by PCA-MnO2 composite 

electrode. 

 
(2) Competitive electrosorption of alkali metal ions 

 

The initial concentration of five alkali metal 

ions were all controlled at 0.5 mmol/L. The results of 

competitive electrosorption shown in Fig. 11 indicate 

that there is a large difference in the electrosorption 

selectivity of the three composite electrodes for alkali 

metal ions. The electrosorption amounts of alkali 

ions decrease with the increase of ion radius when 

PCA-MnO2 (1:4) electrode is used to adsorb the five 

ions. These three kinds of composite electrode hardly 

adsorb Cs+ under present conditions. It can be seen 
that composition of solution also has a significant 

effect on the electrosorption process of alkali metal 

ions. 

 
 

Fig. 11: Effect of coexisted alkali metal ions on 

adsorption of Rb+ and Cs+ by PCA-MnO2 

composite electrode. 
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Competitive electrosorption of multiple 

alkali/alkaline earth metal ions 

 

When eight components of LiCl, NaCl, KCl, 

RbCl, CsCl, MgCl2, CaCl2 and SrCl2 coexist, the 
three electrodes exhibit completely different 

electrosorption performance for the eight kinds of 

ions (Fig. 12). But there is an obvious phenomenon 

that all of the three PCA-MnO2 electrodes have the 

largest electrosorption capacities for Mg2+. 

Moreover, compared with the five-component 

solution, the electrosorption capacities of Cs+ in 

eight-component solution increase obviously. 

 

 
 

Fig. 12: Effect of coexisted alkali/alkali-earth 

metal ions on adsorption of Rb+ and Cs+ by 
PCA-MnO2 composite electrode. 

 

Electrosorption process involves migration 

of ions in solution, diffusion in the interface between 

electrode and solution and adsorption on the surface 

of electrode. Ion migration rate is affected by factors 

such as ion mobility and electric field intensity. The 

electrosorption behavior of ions in one-component 

solutions is affected by hydration radius, which could 

be affected by charge density and potential of itself 

[32, 33]. It makes the order of ionic radius reverse to 
the order of hydration radius. The hydration radius 

and ionic radius of the eight ions obtained from 

literatures are listed in Table-2. The order of ion 

hydration radiuses is Mg2+>Ca2+> 

Sr2+>Li+>Na+>K+>Rb+≈Cs+, while the order of ionic 

radius is Cs+>Rb+>K+>Sr2+>Ca2+>Na+>Li+>Mg2+. 

During the adsorption process of ions on the surface 

of electrode, ions with larger radius could occupy 

more surface area. When multiple metal ions coexist, 

ions may be adsorbed on the electrode surface after 

dehydrating water molecules to compete for more 

adsorption sites as shown in the schematic diagram 
(Fig. 13).  

Table-2: Ionic and hydrated radiuses of alkali and 

alkaline earth metal ions. 
Element Ionic radius Hydrated radius 

Li 0.94[34] 3.82[34] 

Na 0.95[35] 3.58[35] 

K 1.33[35] 3.31[35] 

Rb 1.52[36] 3.29[36] 

Cs 1.86[34] 3.29[34] 

Mg 0.86[35] 4.28[35] 

Ca 0.99[35] 4.12[35] 

Sr 1.13[37] 3.90[38] 

 

 
Fig. 13: Schematic diagram of electrosorption of 

alkali/alkali-earth metal ions by the 

composite electrode. 

 

Reusability 

 

Cyclic stability is one of the important 
figures of merit to evaluate the electrode 

performance. Good cyclic performance can reduce 

the cost of electrosorption process significantly. Rb+ 

was selected to investigate the cycle performance of 

PCA-MnO2 (1:4) composite. After six cycles of 

electrosorption-desorption, the electrosorption 

capacity of Rb+ decreases from 85.4 μmol/g to 84.0 

μmol/g, which confirms that the PCA-MnO2 

electrode has good cyclic electrosorption 

performance.  

 

 
 

Fig. 14: Cyclic adsorption performance of Rb+ by 

PCA-MnO2 (1:4) composite electrode. 

Conclusions 
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In this paper, a biomass carbon aerogel with 

large specific surface area was prepared by 

hydrothermal-freeze drying-carbonization method 

using pomelo peel as raw material, and then sprayed 
onto the graphite plate to electro-adsorb Rb+ and Cs+. 

After combining MnO2, the electrosorption 

capacities of both Rb+ and Cs+ increase obviously. 

However, too much MnO2 may reduce the 

conductivity of the composite electrode, which 

resulted in a lower adsorption performance of 

electrosorption. The mass ratio of PCA and MnO2 has 

a significant effect on the electrosorption selectivity 

of alkali and alkaline earth metal ions. When the five 

alkali metal ions coexist, their electrosorption 

capacities increase with the decrease of ion radius. 

After 6 electrosorption-desorption cycles, the 
electrosorption capacity of Rb+ only decreases by 

1.6%, which may be caused by incomplete 

desorption. 
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