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Abstract 10 

Li2Si2O5 nano-brush coated carbon cloth was synthesized using a hydrothermal 11 

method with lithium hydroxide and tetraethyl orthosilicate as the resource chemicals. 12 

Its adsorption capabilities for Mn2+, Cu2+ and Ni2+ ions were demonstrated for 13 

wastewater treatments, and their corresponding maximum adsorption capacities were 14 

325.60, 312.12 and 270.15 mg/g at 298 K, respectively. Brush-like and highly 15 

uniformly Li2Si2O5 nanorods with an average diameter of ~60 nm were uniformly 16 

synthesized onto the carbon cloth. Adsorption experiments showed that the adsorption 17 

behaviors for selected heavy metal ions followed both a pseudo-second-order model 18 

and a Langmuir isothermal model, indicating that the adsorption process was a 19 

monolayer and chemical adsorption one. The key adsorption mechanisms were 20 

identified as surface complexation between heavy metal ions and hydroxyl groups and 21 

ion-exchanges between heavy metal ions and lithium ions. These brush-like nanorods 22 
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have advantages of effective adsorption of heavy metal ions in wastewater due to their 1 

widely exposed active sites and effective ion diffusion and transport. 2 

Keywords: Lithium disilicate; Carbon cloth; Heavy metal adsorption; Nanostructure 3 

 4 

1. Introduction 5 

With the rapid progress of world-wide industrialization and urbanization, a large 6 

amount of wastewater containing heavy metal ions are constantly discharged into 7 

natural environment, causing great threats to human beings, animals and environments 8 

[1-3]. Among these heavy metal ions, Ni can directly lead to pulmonary fibrosis, skin 9 

allergy and respiratory cancer [4]. Cu and Mn do not directly cause severe harm to 10 

human body, but they will potentially damage the liver, kidney and nervous system 11 

when they are accumulated in body for a long time [5, 6]. Currently various methods, 12 

including electrocoagulation [7], adsorption [8], anodic oxidation [9], biodegradation 13 

[10] and photocatalysis [11], have been proposed to remove heavy metal ions from 14 

water resources. Among them, adsorption, a method to remove pollutants directly from 15 

wastewater, has received significant attention because of its low cost, easy operation, 16 

high efficiency and low power consumption. In recent years, various adsorption 17 

materials have been developed, such as activated carbon [12], zeolite [13], chitosan 18 

[14] and metal organic framework [15]. They are usually dispersed into the water in 19 

the forms of powders, particulates or microfibers. However, they tend to agglomerate 20 

easily in the application process, which affects the adsorption performance. In addition, 21 

they are very difficult to separate after adsorption, which also results in so-called 22 

“secondary pollution” [16,17]. Up to now, little attention has been paid to develop free-23 

standing and highly effective adsorbents for facile usage and separation. 24 

Compared with other adsorption materials, silicate, one of the basic components 25 

of minerals with harmless to the environment and low cost, has excellent chemical 26 

stability and active adsorption performance due to its rich oxygen-containing 27 

functional groups on the surface [18,19]. Valenzuela et al. [20] previously synthesized 28 

nanostructured calcium silicates by adjusting the Ca/Si molar ratio, and used them as 29 



an adsorbent to remove Cu2+ and Cd2+ ions from water, with adsorption capabilities of 1 

25.83 mg/g and 16.21 mg/g, respectively. Bai et al. [21] prepared mesoporous 2 

manganese silicates with high oxygen containing functional groups, and reported their 3 

good selective adsorption performance for methylene blue, with the maximum 4 

adsorption capacity of 217 mg/g. 5 

Among all these silicates, Li2Si2O5 has a unique layered structure composed of 6 

[SiO4] tetrahedron frameworks with the mobile Li+ ions resided among layers, and it 7 

contains rich oxygen-containing functional groups, which could be explored as ideal 8 

candidates of adsorbents for wastewater treatment [22,23]. In our previous work [24], 9 

lithium silicate was used as the adsorption material for heavy metal ions for the first 10 

time. We prepared lithium silicate with controllable structures by adjusting the Li/Si 11 

molar ratio of the precursors, and achieved the maximum adsorption capacity of Mn2+ 12 

and Cu2+ ions of 232.43 mg/g and 287 mg/g, respectively. However, we found that 13 

there are many problems remained such as low adsorption capacity, easy 14 

agglomeration of powders, and difficulties for separation and recycling. 15 

The structure of the material greatly affects the adsorption performance. Zheng et 16 

al. [25] loaded CuO onto the surface of a carbon fiber paper, which greatly dispersed 17 

CuO and formed a 3D paper-structure, showing an excellent catalytic activity. If 18 

Li2Si2O5 with its hierarchical nanostructures (such as nanorods or nano-brushes) can 19 

be directly synthesized onto a substrate, the adsorption sites on its surface can be fully 20 

exposed and the surface energy is increased, thus promoting the efficient adsorption 21 

of heavy metal ions. At the same time, the introduction of substrate materials can also 22 

solve the problem that those powder adsorbed materials are difficult to be separated 23 

after adsorption [26,27]. As another cheap and light source, carbon cloth has a unique 24 

porous structure, with its mechanical softness and strength as well as good chemical 25 

stability, all of which are suitable for being used as the supporting substrate for growth 26 

of micro- and nanostructures [28,29]. 27 

In this paper, we synthesized brush-like Li2Si2O5 nanorods on carbon cloth using 28 

an one-step hydrothermal method for heavy metal ions adsorption in wastewater 29 

treatment. Lithium disilicate nanorods were uniformly loaded onto the surface of 30 



carbon cloth to form a brush-like structure. Nanorods with a large aspect ratio show a 1 

large surface energy, and can easily adsorb heavy metal ions. At the same time, these 2 

brush structures prevent the agglomeration of lithium disilicates, thus exposing more 3 

active adsorption sites and leaving more spaces to maximize the adsorption 4 

performance of heavy metal ions in wastewater treatment. As a novel adsorption 5 

material, the brush-like Li2Si2O5 nanorods coated carbon cloth showed an excellent 6 

adsorption efficiency for heavy metal ions in wastewater and easy separation of ions 7 

afterwards. For the demonstration of effective adsorptions of heavy metal ions using 8 

the prepared materials, in this study, we selected three elements (i.e., Mn2+, Cu2+ and 9 

Ni2+) as examples, and tested in the industry wastewater samples. 10 

 11 

2. Experimental 12 

2.1 Preparation of Li2Si2O5 coated carbon cloth 13 

Porous Li2Si2O5 on carbon cloth was synthesized using a hydrothermal synthesis 14 

method as illustrated in Fig. 1. The carbon cloth was treated with a dilute nitric acid 15 

solution (2 mol/L) for removing its surface impurities and oxides, followed by an 16 

ethanol solution cleaning process, before being used as the substrate for growing 17 

Li2Si2O5 nanostructures. Firstly, 0.672 g of LiOH·H2O (0.016 mol) was dissolved in 18 

70 mL of water and stirred for 30 min to obtain a transparent solution. Then 3.334 g 19 

of tetraethyl orthosilicate (0.016 mol) was added dropwise into the above solution 20 

within 10 min. The Li/Si molar ratio in the solution was maintained as 1:1. This was 21 

followed by a continuous stirring for 30 min to obtain a uniform mixed solution. 22 

Finally, the above mixed solution was transferred into a polytetrafluoroethylene 23 

covered stainless steel autoclave liner (with a filling ratio of 80%), and a carbon cloth 24 

with a size 2cm×2cm was placed inside. This autoclave was kept at 180℃ for 6 hrs, 25 

and then naturally cooled down to room temperature. After this, the hydrothermal 26 

product was washed with distilled water and ethanol for several times, and then dried 27 

at 60℃ for 24 hrs. The prepared sample was nano-brush Li2Si2O5 (lithium disilicate) 28 

coated carbon cloth, which is denoted as LDCC. 29 



 1 

Fig. 1. Schematic illustrations of the fabrication processes of LDCC. 2 

2.2 Material characterizations. 3 

Surface morphology and microstructure of Li2Si2O5 coated carbon cloth were 4 

observed using a scanning electron microscope (SEM, ZEISS Sigma 300), attached 5 

with an energy dispersive X-ray spectroscope (EDX, Oxford INCA) for chemical 6 

element analysis. Crystalline structures of the synthesized materials were studied using 7 

an X-ray diffractor (XRD, Bruker D8 ADVANCE) with Cu kα radiation. Chemical 8 

elements and their binding information were characterized using an X-ray 9 

photoelectron spectroscope (XPS, Thermo ESCALAB 250XI). Specific surface area, 10 

pore size and volume of products were measured by the Brunauer-Emmet-Teller (BET) 11 

method using N2 adsorption-desorption isotherms (ASAP 2460, MICROMETER). 12 

The inner structures and their interactions were detected using a Fourier Transform 13 

Infrared spectrometer (FTIR, Nicolet iS 10). A Raman spectroscope (Horiba Scientific 14 

LabRAM HR Evolution) was also used and excited using a laser beam with a 15 

wavelength of 532 nm. The contents of metal ions in the solution were determined 16 

using an inductively coupled plasma based optical emission spectrometer (ICP-OES, 17 

PerkinElmer 8300). Zeta potentials were measured using a zeta potential analyzer 18 

(Malvern Zetasizer Nano ZS90). 19 

2.3 Adsorption experiments  20 

Adsorption performance of the LDCC for the heavy metal ions was evaluated 21 

using heavy metal ion solutions at different contact times, initial concentrations, mixed 22 

concentrations, and initial pH values. The carbon cloth samples with a Li2Si2O5 23 



loading rate of ~0.04 g/cm2 were cut into a size of 1 cm × 1 cm, and directly used as 1 

the adsorbents. Solutions of MnSO4⋅H2O, CuSO4⋅5H2O and NiSO4⋅6H2O were 2 

prepared and used as the heavy metal ion solutions. Initially at the same concentration 3 

of 100 mg/L, the changes of LDCC’s adsorption capacity as a function of contact 4 

duration were evaluated under a continuous stirring at 298 K for 24 hrs. The 5 

concentrations of individual type of heavy metal ions were then changed from 50 to 6 

300 mg/L at different temperatures (e.g., 298 K, 308 K and 318 K), and the adsorption 7 

capacities of LDCC at different initial concentrations of heavy metals were evaluated. 8 

The initial pH value of the solution was adjusted to 2, 3, 4, 5 and 6 with different 9 

concentrations of diluted HCl solutions, and the effect of the initial pH value on the 10 

adsorption performance of LDCC at their initial concentration of 150 mg/L was 11 

evaluated. Mixtures of three types of heavy metal ion solutions with their 12 

concentrations of ions of 50 to 250 mg/L were prepared, and the effect of their 13 

concentration after adsorption using LDCC was measured under a continuous stirring 14 

at 298 K, to analyze the selective adsorption behavior of multiple heavy metal ions. In 15 

addition, the influences of coexistence of anions (Cl-, NO3
-, CO3

2-, PO4
3-) and cations 16 

(Na+, K+, Mg2+, Al3+) on the capability of LDCC to adsorb heavy metal ions were 17 

studied. The initial concentrations of anion, cation and heavy metal ions were fixed at 18 

150 mg/L. To evaluate the practical application of LDCC, it as adsorbent was add 19 

directly to 100 mL wastewater obtained from a chemical milling factory under a 20 

continuous stirring at 298 K for 6 hrs. The regeneration process was also performed in 21 

an EDTA-2Na solution. The LDCC after adsorption was added to the solution and 22 

stirred for 24 h at room temperature, and then the adsorbent was collected by 23 

centrifugation and reapplied in the next adsorption process. 24 

The adsorption capacity and removal efficiency (η) of LDCC was calculated 25 

using the following equation: 26 

q = (C0-Ct)×V/W (1) 27 

η = (C0-Ct)/C0 × 100% (2) 28 

where q (mg/g) is the adsorption capacity at a given time t. C0 and Ct (mg/L) are the 29 

heavy metals’ initial concentration and the concentration at a time t (mg/L), 30 



respectively. V (L) is the volume of the heavy metal ions solutions, and W (g) is the 1 

mass of the Li2Si2O5 on carbon cloth. 2 

 3 

3. Results and discussion 4 

3.1 Characterization of Li2Si2O5 on carbon cloth 5 

Fig. 2 shows morphologies and nanostructures of Li2Si2O5 grown on the carbon 6 

cloth using the hydrothermal method. The commercial carbon cloth shows woven 7 

carbon fibers with a diameter of about 10 μm (see Fig. 2(a)). After the hydrothermal 8 

treatment at 180℃, the surface of the carbon cloth was fully covered by white powders 9 

(see Fig. 2 (b1)) of Li2Si2O5, and the Li2Si2O5 obtained using the hydrothermal method 10 

is uniformly distributed on the carbon cloth (Fig. 2(b2)). Moreover, the prepared 11 

carbon cloth supported Li2Si2O5 composite shows a good flexibility (see Fig. 2(c)). 12 

Fig. 2(d) shows the processes of LDCC after adsorption of Mn2+ ions and simple 13 

separation. The white LDCC sample was immersed into the Mn2+ ions solution and 14 

continuously stirred. After a period of time, the color of the sample was changed, 15 

indicating the apparent adsorption effect. The composite after absorption can be easily 16 

separated from the carbon cloth substrate, as can be clearly revealed from Fig. 2d. 17 

 18 



Fig. 2. (a1) and (a2) Macro-/microscale morphology of Li2Si2O5 nanorods grown on carbon cloth. 1 

(b1) and (b2) Carbon cloth before loading. © Demonstration of flexibility of carbon cloth after 2 

loading. (d) Adsorption and separation phenomena of LDCC for the adsorption of Mn2+ ions. 3 

Fig. 3 shows microstructures of carbon cloth supported Li2Si2O5 composites. In 4 

Fig. 3(a), the Li2Si2O5 with shapes of nanobrushes are assembled and grown on the 5 

carbon fibers. Higher magnification SEM images (Fig. 3(b) and (c)) show that these 6 

nanobrushes are composed of nanorods with an average diameter of 60 nm ± 200 nm 7 

and an average length of ~10 μm. Due to the woven structures of carbon fibers in the 8 

carbon cloth, these nanorods are also closely contacted with each other. Not only are 9 

these nanostructures stable, but also they are easily adsorb substances such as 10 

contaminants. In addition, these nanobrushes have many edges and sharp places, with 11 

large surface energy [30]. Therefore, this unique brush-like structure composed of 12 

nanorods can provide more active sites and spaces for capturing heavy metal ions. 13 

Large volumes of porous structures of these nanobrushes can be clearly observed as 14 

shown in the yellow frame in Fig. 3(c), which enables fast transport of heavy metal 15 

ions and also maximizes the adsorption capacity of the material. Fig. 3(d) shows EDX 16 

analysis results of the LDCC, which show that Si and O elements are evenly distributed 17 

throughout the nanorods. Au elements were also observed from the EDX spectrum, 18 

which is because of gold coating of samples before SEM observation. Li elements 19 

were not clearly identified because the beryllium window in the EDX absorbs X-ray 20 

of light elements such as Li [31]. The existence of Li element was proven in the 21 

following XRD and XPS results. Figs. 3(e-f) show the TEM images of the nanorods 22 

of Li2Si2O5 and its corresponding selective area electron diffraction (SAED) image. 23 

The results reveal that each nanorod has single crystal characteristics, corresponding 24 

to the orthorhombic structure of Li2Si2O5 [32]. The formation of these single crystals 25 

is because under both high temperature and high pressure, lithium and silicon sources 26 

formed dissolved products in the hydrothermal environment and reached a 27 

supersaturation. During the subsequent process, the solubility was reduced and 28 

precipitate was formed and grown into single crystals. Similar crystal growth 29 

mechanisms have been reported in our previous work [33, 34]. In addition, these single 30 



crystal structures were found to be anisotropic, which is advantageous for the efficient 1 

diffusion of ions and exposure of more adsorption sites, thus improving the adsorption 2 

performance of the material [35]. 3 

 4 

Fig. 3. (a-c) SEM images of LDCC. (d) EDX mapping image of Fig. (b). (e-f) TEM and SAED 5 

images of a single Li2Si2O5 nanorod. 6 

XRD spectrum of the LDCC is shown in Fig. 4(a). The diffraction peak at the 2θ 7 

angle of 25.6° is corresponding to the (002) crystal plane of carbon. Another 8 

diffraction peak (100) of the carbon cloth is identified at 43.5° [36]. The left diffraction 9 

peaks at the 2θ angles of 11.9°, 12.8°, 20.1°, 21.2°, 21.8°, 29.8°, 34.1° and 35.5° are 10 

related to the planes of (110), (020), (200), (210), (021), (221), (150), and (002) of 11 

Li2Si2O5, respectively (JCPDS card no. 33-0816) [32, 35]. No other peaks were found 12 

from the XRD spectrum. 13 

Fig. 4(b) shows the XPS survey spectrum of LDCC. It can be seen that there are 14 

no other elements except Li, Si, O and C in the LDCC. Figs. 4(c) and (d) show the N2 15 

adsorption-desorption isotherms and obtained pore size distribution of the LDCC. The 16 

sample shows the typical type IV isotherms with the H3 type hysteresis loop [37]. The 17 

isotherms have not leveled off at pressures close to the saturation vapor pressure and 18 

there are not parallel and horizontal branches, which indicates that lithium disilicate 19 

has a mesoporous structure. The porosity distribution was calculated by the N2-Density 20 



Functional Theory model (DFT), which showed two peaks centered at around 1.88 nm 1 

and 3.30 nm. The pore diameters of 1.88 nm and 3.30 nm were derived from the pores 2 

of lithium disilicates, and the pores generated by stacked nanorods, respectively. The 3 

Brunauer-Emmett-Teller (BET) specific surface area of LDCC was up to 9.27 m2/g 4 

with the total pore volume of 0.059 cm3/g. 5 

 6 

Fig. 4. (a) XRD patterns of the LDCC. (b) Survey XPS spectra of the LDCC. (c) N2 adsorption-7 

desorption isotherms of the LDCC. (d) Pore diameter distribution curve of the LDCC. 8 

3.2 Adsorption performance of LDCC 9 

Fig. 5(a) shows the obtained relationship between the adsorption capacity of the 10 

LDCC for heavy metal ions and the adsorption time. The values of qt and qe (mg/g) are 11 

the adsorption capacities of the LDCC at time t and an equilibrium time, respectively. 12 

Ce is the equilibrium concentration (mg/L). It can be seen that the adsorption curves 13 

obviously show two stages, i.e., the initial deceleration adsorption stage and the later 14 

equilibrium stage. The adsorption of heavy metal ions by the LDCC is quite rapid in 15 

the initial stage, which is mainly because there are numerous active sites and oxygen-16 

containing functional groups on surfaces of LDCCs, which promotes the adsorption 17 



effect. With the increase of contact time, the adsorption sites are gradually occupied 1 

by the adsorbates, thus the active areas are decreased. Simultaneously the adsorption 2 

rate is gradually decreased, finally reaching an equilibrium adsorption capacity [39]. 3 

Results also show that the adsorption rate of Mn2+ ions by the LDCC is the highest, 4 

followed by those of Cu2+ and Ni2+ ions. The main reason is because the ionic radius 5 

of Mn2+ ions is much larger than those of Cu2+ and Ni2+ ions, whereas the solubility 6 

product of Cu2+ ions is much smaller than that of Ni2+ ions [40]. The equilibrium 7 

adsorption capacities of LDCC for solutions with Mn2+, Cu2+ and Ni2+ ions with a 8 

given ion concentration of 100 mg/L are 249.95, 249.93 and 249.87 mg/g, respectively.  9 

 10 

Fig. 5. (a) Effects of contact time on adsorption capacities of Mn2+, Cu2+ and Ni2+ ions using 11 

LDCC. (b) Effects of initial concentration on adsorption capacities of Mn2+, Cu2+ and Ni2+ ions 12 

using LDCC. 13 

Fig. 5(b) shows the obtained results of LDCC's adsorption capacities for three 14 

types of heavy metal ions with different concentrations at different temperatures (i.e., 15 

298 K, 308 K and 318 K). It can be seen that when the initial concentration of ions is 16 

low, the adsorption is enhanced rapidly, because at this stage, the adsorption sites have 17 

not been fully occupied. Results also show that with the increase of concentration of 18 

ions, the adsorption tends to become slower and gradually reaches its equilibrium 19 

adsorption capacity. The maximum adsorption capacity can be expressed by the 20 

adsorption capacity at the equilibrium condition. The obtained maximum adsorption 21 

capacities of LDCC for Mn2+, Cu2+ and Ni2+ ions are 325.60, 312.12 and 270.15 mg/g 22 

at 298 K, respectively. The adsorption capacities of Mn2+, Cu2+ and Ni2+ ions by the 23 



LDCC are increased with the increases of their initial concentrations, which is mainly 1 

attributed to the increased driving forces of adsorption [41]. It was also found that the 2 

adsorption capacities of LDCC for these three heavy metal ions showed an upward 3 

trend between 288 K and 308 K, indicating that the process of heavy metal ions 4 

adsorbed onto LDCC has shown an endothermic nature. All the above results show 5 

that the lithium disilicate plays a major role in the adsorption of heavy metal ions in 6 

wastewater. 7 

Fig. 6 summarizes the reported adsorption properties of many commonly used 8 

adsorption materials reported in literature, i.e., data from references of [42-52], as well 9 

as the data of nanobrush like LDCC in this study. The value of qm is the maximum 10 

adsorption capacity of the LDCC (mg/g). Clearly, the LDCC prepared in this study has 11 

shown one of the best adsorption performances for heavy metal ions, compared with 12 

many of other reported materials in literature as seen in Fig. 6. 13 

 14 

Fig. 6. Comparisons of adsorption properties among the reported adsorption materials and that of 15 

LDCC in this study (in which yellow, green and red areas represent Mn2+, Cu2+ and Ni2+ ions, 16 

respectively). 17 

The initial pH value of the aqueous solution is one of the important factors that 18 

significantly affect the adsorption behavior of the adsorbent. This is because there are 19 

strong adsorption competitions for the adsorption positions between hydrogen ions and 20 

heavy metal ions, and heavy metal ions could be hydrolyzed and precipitated in the 21 

alkaline solution. Therefore, we have further investigated the adsorption of the heavy 22 

metal ions at various pH values from 2 to 6 with an initial ion concentration of 150 23 



mg/L. Fig. 7(a) shows the changes in the adsorption performance of LDCC for heavy 1 

metal ions at different pH values. It can be seen that the adsorption quantities of Mn2+, 2 

Cu2+ and Ni2+ ions by the LDCC are increased with the increase of pH value of the 3 

system. At a lower pH value, there is a strong competition between H+ ions and heavy 4 

metal ions occupied the same adsorption position on surface groups of the LDCC, thus 5 

resulting in a lower adsorption capacity of the LDCC [53]. With the increase of pH 6 

value, the competition between H+ ions and adsorption sites are significantly reduced, 7 

and the interactions between heavy metal ions and adsorption sites are increased, so 8 

the adsorption capacity of the LDCC is gradually increased. In addition, the states of 9 

the functional groups are also altered by the proton concentrations at different pH 10 

values [54]. The higher the H+ concentration, the easier the protonation of OH- occur 11 

in an acidic condition, which may hinder the complexation of OH- with heavy metal 12 

ions [55]. These two effects weaken the interactions between LDCC and heavy metal 13 

ions, thus decreasing the adsorption capacity of LDCC. 14 

The surface charge of adsorbent may also be changed due to the changes of pH 15 

values of solutions. The changes of LDCC’s surface charges promote the electrostatic 16 

attractions or repulsions between LDCC and heavy metal ions, thus resulting in the 17 

changes of adsorption capacities of the materials for heavy metal ions. Fig. 7(b) shows 18 

the effects of different initial pH values on the zeta potentials of LDCC. It can be seen 19 

that the zeta potential is lower than 0 mV for the LDCC with a lower pH range (e.g., 20 

below 6), but then it decreases with the increase of the pH value, indicating that there 21 

is a negative potential on the surface of LDCC. The zeta potentials at the pH values of 22 

the solutions from 2.0 to 6.0 are between -1.72 mV and -23.31 mV. At a lower pH 23 

value, there are abundant hydrogen ions, which compete with heavy metals for 24 

adsorption sites, and they will be preferentially exchanged with Li+ ions rather than 25 

with heavy metal ions. 26 
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Fig. 7. (a) Effect of initial solution pH values on the adsorption of heavy metal ions. (b) Zeta 2 

potential of LDCC. (c) The cycling performance of LDCC for adsorbing heavy metal ions. (d) 3 

Effect of co-existing anions and cations on Mn2+, Cu2+, Ni2+ ions removed by LDCC. (e) 4 

Capacity and removal percentage of heavy metal ions in real wastewater before and after 5 



adsorption. (f) Adsorption properties of LDCC for mixed ions with different initial 1 

concentrations. (g) Effect of contact time on adsorption capacity of the LDCC toward mixed 2 

ions. (h) XPS spectra of LDCC after Mn2+, Cu2+ and Ni2+ adsorption. 3 

To further assess the possibility of LDCC as an adsorption material for practical 4 

applications, cycling performance tests were conducted using the heavy metal ion 5 

solution with an initial concentration of 150 mg/L. The obtained results are shown in 6 

the Fig. 7(c). After five cycles, the adsorption capacities of LDCC for Mn2+, Cu2+ and 7 

Ni2+ are decreased by 18.26%, 17.02% and 14.94% respectively. The main reasons for 8 

such decreases of LDCC's adsorption capacities are the destruction of the material 9 

structures, the occupied active functional groups and non-renewable active centers on 10 

the surface, and minor ion-exchanges [54, 55]. 11 

A small amount of lithium ions are normally produced due to ion-exchange in the 12 

solution after heavy metal ions are adsorbed by the composite. This can be solved by 13 

adding TEOS and NaOH into the solution, and our results show that white lithium 14 

disilicate precipitation was clearly produced in the solution. The reaction can be 15 

described using Eq. (3) [32]. Therefore, this process can be applied to facilitate the 16 

recovery and reuse of lithium ions during the practical applications. 17 

2Li+ + 2SiO2·H2O + 2OH- = Li2Si2O5·2H2O + H2O (3) 18 

There are inevitably many anions and cations in practical wastewater, which will 19 

affect the migration of target heavy metal ions in environmental media. The commonly 20 

reported ions in wastewater include cations such as Na+, K+, Mg2+, Al3+, and anions 21 

such as Cl-, NO3
-, CO3

2-, PO4
3- [56]. In this study, we have further investigated their 22 

influences. Fig. 7(d) shows the influences of the above inorganic ions with a fixed 23 

concentration of 150 mg/L on the adsorption capabilities of Mn2+, Cu2+ and Ni2+ ions 24 

by LDCC. Obviously, monovalent and divalent cations such as Na+, K+, Mg2+, show 25 

little influences on the adsorption process. However, trivalent Al3+ show a strong 26 

inhibition effect, which significantly reduced the adsorption rates of Mn2+, Cu2+ and 27 

Ni2+ on LDCC from 81.27%, 77.72% and 68.69% to 23.33%, 32.59% and 17.94%, 28 

respectively. This is because Al3+ ions have a higher valence state and a lower ionic 29 

radius than those of the other ions, and it also has a high affinity to LDCC [57]. These 30 



cause the LDCC to preferentially adsorb Al3+, as shown in Fig. S1. Among the anions 1 

studied, the adsorption rates of Mn2+, Cu2+ and Ni2+ by LDCC in the presence of PO4
3- 2 

were increased by 7.52%, 15.03% and 1.29%, respectively, compared with those 3 

without PO4
3-. The reason is attributed to that the PO4

3- reacted with Mn2+, Cu2+ and 4 

Ni2+ adsorbed on the surface of LDCC and became a multi-component complex, thus 5 

becoming newly formed active centers for enhancing the adsorption [58]. Similarly, 6 

CO3
2- also show the improved removal ability of three heavy metal ions. In contrast, 7 

Cl- ions of the monovalent anion show an inhibitory effect on the adsorption of Mn2+, 8 

Cu2+ and Ni2+ ions by LDCC. The reason is attributed to that Cl- was strongly bonded 9 

to the non-ionized Si-OH or the SiOMe+ group formed on the LDCC surface [59]. 10 

In order to verify the feasibility of the prepared composite for practical 11 

applications, we have directly used the synthesized composite as the adsorbent to the 12 

wastewater, which was obtained directly from a chemical milling factory. The 13 

obtained mixture was continuously stirred for 6 hrs during the process. The types and 14 

concentrations of heavy metal ions contained in the wastewater before and after 15 

removal are shown in the Fig. 7(e). It can be seen that the composite has shown 16 

excellent adsorption performance for Cu2+, Ni2+ and Al3+ ions in the wastewater, and 17 

the removal percentage reaches 97.61%, 88.72% and 98.05%, respectively. The reason 18 

for the better adsorption performance of the Al3+ ions is that aluminum ions have 19 

higher valence than the other heavy metal ions, which makes them have higher affinity 20 

in the solution. In addition, it was found that the composite showed good adsorption 21 

properties for Pb2+ ions. The above results demonstrate that the prepared composite 22 

can be used in actual wastewater treatment. 23 

When these mixed ions are coexisted in a mixture, they will compete for 24 

adsorption sites of the adsorbent, which would be interested to study. Here as a 25 

demonstration, we still use Cu2+, Mn2+ and Ni2+ three ions for this study. Fig. 7(f) 26 

shows the adsorption effects for mixing these three heavy metal ions at different initial 27 

concentrations. It can be found that the LDCC has the best adsorption capacity for 28 

Cu2+ ions, followed by Mn2+ ions. As the initial concentration of mixed ions is 29 

increased, the adsorption capacity of Cu2+ ions are also increased, and the adsorption 30 



capacity of the mixed ions is equivalent to that of single Cu2+ ions only. The adsorption 1 

capacity of Mn2+ ions is also increased with the increase of its initial concentration in 2 

the mixture, but the adsorption capacity in this mixture is decreased significantly 3 

compared with that of solution with only Mn2+ ions. The adsorption capacity of Ni2+ 4 

ions in this ion mixture is also decreased with the increase of its initial concentration. 5 

A reasonable explanation for these results is that the ionic radius of Cu2+ (0.077 nm) 6 

is larger than those of Mn2+ (0.067 nm) and Ni2+ (0.069 nm), and Cu2+ has a greater 7 

affinity for hydroxyl in the surface of LDCC [60]. These are mainly attributed to the 8 

differences in their chemical characteristics. As we know, Cu has a higher 9 

electronegativity (1.9) than those of Mn (1.55) and Ni (1.8) [61]. In addition, Cu 10 

(Cu(OH)2:19.6) has a higher value of pKsp (i.e., the negative log of solubility product 11 

constant) than both of those Mn (Mn(OH)2:12.7) and Ni (Ni(OH)2:14.7). These factors 12 

result in that Cu2+ ions are favorably adsorbed through surface complexation of LDCC 13 

or sorption reactions, compared with those of Mn2+ and Ni2+ ions. These results 14 

demonstrate that the adsorption behaviors of LDCC for Mn2+, Cu2+ and Ni2+ ions are 15 

attributed to the following factors: (1) greater hydrolysis constant, (2) larger atomic 16 

weight, (3) larger ionic radius, and (4) higher solubility of the product, all of which 17 

provide Cu with improved efficacy for LDCC surface complexation or sorption 18 

reactions. 19 

Fig. 7(g) shows the relationship between the adsorption amounts and adsorption 20 

time of LDCC when the initial concentration of mixed ions is 150 mg/L. It can be seen 21 

that for the adsorbed Cu2+ ions, the adsorption curve shows two stages, i.e., the initial 22 

deceleration adsorption stage and a later equilibrium stage, as already explained before. 23 

The adsorption of Cu2+ ions by the LDCC is increased rapidly in the initial contact 24 

stage, which is mainly because there are a large number of hydroxyl and numerous 25 

adsorption sites on the surface of LDCC, and Cu2+ ions are preferentially and rapidly 26 

adsorbed in the initial stage. With the further increase of contact time, the number of 27 

adsorption sites and OH- groups are decreased, thus the adsorption rate is gradually 28 

decreased, finally reaching an equilibrium adsorption capacity in the subsequent 29 

process. The adsorption rates of Mn2+ and Ni2+ ions are relatively low in the initial 30 



contact stage, because Cu2+ ions are preferentially adsorbed. When the adsorption of 1 

Cu2+ ions becomes saturated, the adsorption rates of Mn2+ and Ni2+ ions are gradually 2 

increased. The adsorption capacity of Mn2+ ions is higher than that of Ni2+ with the 3 

increase of time, which is mainly because the radius of Mn2+ is larger than that of Ni2+. 4 

Fig. 7(h) shows the XPS spectra of LDCC after adsorption of three heavy metal 5 

ions. It can be seen that the binding energy values at the peaks of Cu (Cu 2p3/2 and 6 

Cu 2p1/2 are at 934.4 eV and 954.3 eV) are higher than those of Mn (Mn 2p3/2 and 7 

Mn 2p1/2 are at 641.3 eV and 653.1 eV) and Ni (Ni 2p3/2 and Ni 2p1/2 are at 855.6 8 

eV and 873.3 eV). As it is well-known, the higher the binding energy, the easier is for 9 

the substance to form chemical bonds. Therefore, in the co-existing system of Mn2+, 10 

Cu2+ and Ni2+ ions, Cu2+ ions are easier to be adsorbed, if compared with those of Mn2+ 11 

and Ni2+ ions. 12 

3.3 Discussions on adsorption mechanisms of LDCC 13 

Adsorption kinetics is an important feature of the adsorption process, which is 14 

often studied from results of adsorption capacity (i.e., amount of adsorbate adsorbed 15 

by unit adsorbent) and contact time of the adsorption processes. To understand the 16 

adsorption mechanisms related to the adsorption process for the LDCC in this study, 17 

we have applied different kinetic models to compare with the experimentally obtained 18 

data. The following models are used in this study, e.g., pseudo-first-order, pseudo-19 

second-order and intra-particle diffusion (IPD) kinetic models [61, 62], with their 20 

adsorption kinetics described by Eqs. (4)-(6), respectively: 21 
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where K1, K2 and Ki are pseudo-first-order, pseudo-second-order and intra-particle 25 

diffusion rate constants, respectively. 26 

Fig. 8 shows the linear fitting results using the pseudo-first-order model, pseudo-27 

second-order model and intra-particle diffusion model when the LDCC adsorbs the 28 

heavy metal ions. The fitting parameters used are presented in Table 1. Figs. 8(a)-(f) 29 



show that for fitting the experimental data of LDCC adsorption of three heavy metal 1 

ions, the pseudo-second-order model shows a much higher correlation coefficient 2 

value (R2). Compared with the pseudo-first-order model, the pseudo-second-order 3 

model shows a much better fitting result with a good linearity, and the theoretical 4 

adsorption capacity value is much closer to the experimental data of qe. Therefore, we 5 

can conclude that the adsorbing process of the LDCC for heavy metal ions is 6 

dominated by the chemical adsorption process, which is consistent with those reported 7 

in the literature [55, 61]. Figs. 8(g)-(i) show the linear fitting results using the IPD 8 

model. It can be found that IPD model has produced two fitting stages [63]. The first 9 

fitting stage represents the diffusion of heavy metal ions on the surface of LDCC 10 

during the adsorption process. The second stage is a linear one, corresponding to the 11 

diffusion of heavy metal ions in the LDCC particles or pores. The curved section is 12 

mainly due to the boundary layer effect in the adsorption process of heavy metal ions. 13 

In addition, the R2 value (<1) fitted by the IPD model does not pass through the origin, 14 

as shown in Figs. 8(g)-(i), indicating that IPD occurs in the adsorption process [64]. It 15 

shows that the adsorption process involves multiple steps, including quick adsorption 16 

at the outer surface and diffusion into the bulk material. 17 

 18 



 1 

Fig. 8. (a) The fitting curves of the pseudo-first-order model. (b) The fitting curves of the pseudo-2 

second-order model. (c) The fitting curves of the intra-particle diffusion model. 3 

Table 1. 4 

The kinetics parameters of the pseudo-first-order model, pseudo-second-order model and intra-5 

particle diffusion model for Mn2+, Cu2+ and Ni2+ adsorption on LDCC. 6 

Heavy 

metal 

ions 

Experimental Pseudo-first-order model  Pseudo-second-order model  Intraparticle diffusion model 

qe,exp 

(mg/g) 

qe,cal 

(mg/g) 

K1 

(min-1) 

R2  qe,cal 

(mg/g) 

K2 

(g/mg·min) 

R2  Kd1 

(mg/g·min0.5) 

R1
2 Kd2 

(mg/g·min0.5) 

R2
2 

Mn2+ 249.95 86.47 0.01695 0.8250  263.85 0.00007 0.9973  16.453 0.9934 0.00145 0.9259 

Cu2+ 249.93 107.02 0.01902 0.9020  269.54 0.00005 0.9960  14.985 0.9964 0.00271 0.9946 

Ni2+ 249.87 224.72 0.01075 0.9546  298.51 0.00001 0.9953  10.833 0.9961 0.15972 0.9458 

 7 

Adsorption isotherms describes the relationship between the amount of adsorbate 8 

and the concentration of adsorbate at a constant temperature, which can be used to 9 

analyze and determine the maximum adsorption capacity of adsorbents. Langmuir 10 

isotherm model and Freundlich isotherm model were used to study the adsorption 11 

process in this study [60, 65]. These two adsorption isotherms models (i.e., Langmuir 12 

isotherm and Freundlich isotherm model) are expressed using the Eqs. (7) and (8): 13 

Ce

q
e
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1

KLq
m

+
Ce

q
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  (7) 14 

lnq
e
 = lnKF+

1

n
lnCe (8) 15 

where KL is the Langmuir adsorption equilibrium constant (L/mg). KF and n are the 16 

Freundlich constant and heterogeneity factor, respectively. 17 

Fig. 9 shows the obtained adsorption isotherm curves of three heavy metal ions 18 

fitted using the Langmuir isotherm model and Freundlich isotherm model at different 19 

temperatures (e.g., 298 K, 308 K and 318 K). The corresponding fitting parameters are 20 



listed in Table 2. Results show that compared with the Freundlich isotherm model, the 1 

Langmuir isotherm model shows a better linearity and a higher coefficient value, and 2 

its calculated qe value is very close to the experimental value. These results show that 3 

the adsorption of Mn2+, Cu2+ and Ni2+ ions by the LDCC is strongly linked to the 4 

monolayer chemical adsorption on the surface of adsorbent [58]. Results clearly show 5 

that the LDCC can be used to remove heavy metal ions due to its surface groups and 6 

unique micro- and nanostructures [66]. 7 

 8 

Fig. 9. Isothermal curves of LDCC adsorption of various heavy metals at different temperatures. 9 

Table 2. 10 

The kinetics parameters of the Langmuir model and Freundlich model for Mn2+, Cu2+ and Ni2+ 11 

adsorption on LDCC. 12 

Heavy 

metal ions 

Langmuir model  Freundlich model 

qm KL R2  KF 1/n R2 

Mn2+ 325.60 0.47136 0.9980  156.234 0.16298 0.81847 

Cu2+ 310.32 0.98014 0.9943  173.151 0.13306 0.80851 

Ni2+ 268.95 0.60219 0.9977  144.329 0.13554 0.83194 

 13 

Through the investigations of adsorption thermodynamics, the driving forces of 14 

the adsorption process and the influences of various factors on adsorption have been 15 

analyzed. The adsorption thermodynamics of Mn2+, Cu2+ and Ni2+ ions onto the LDCC 16 

were studied at different temperatures (e.g., 298 K, 308 K and 318 K). The 17 

corresponding thermodynamic parameters including Gibbs free energy changes (ΔG0), 18 

enthalpy changes (ΔH0), and entropy changes (ΔS0) at various temperatures of 298 K, 19 

308 K and 318 K in the adsorption processes were calculated using Eqs. (9 )-(11) [67]: 20 



ΔG0= -RTlnKC (9) 1 

lnKC=
ΔS

0

R
-
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 (10) 2 
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q

e
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where KC is the Langmuir equilibrium constant at a given temperature. By plotting the 4 

relationships between lnKC and 1000/T, the parameters ΔH0 and ΔS0 were calculated 5 

from the slope and intercept of the linear regression. The obtained results are 6 

summarized in Table 3. The calculated ΔG0 values of Mn2+, Cu2+ and Ni2+ ions are all 7 

negative, indicating that the adsorption processes of heavy metal ions onto LDCC were 8 

spontaneous processes [68]. Additionally, the values of ΔH0 are greater than zero, 9 

which indicates that the adsorption is an endothermic process and confirms the results 10 

that the adsorption capacity of LDCC towards these heavy metal ions are increased 11 

with the increase of temperature [69]. The values of ΔS0 are all larger than zero, 12 

indicating that there are increased solid/solution interfaces during the adsorption 13 

processes of Mn2+, Cu2+ and Ni2+ ions [70]. 14 

Table 3. Thermodynamic parameters for the adsorption of Mn2+, Cu2+ and Ni2+ ions on LDCC. 15 

Heavy 

metal 

ions 

T (K) 

Thermodynamic parameters 

lnKC ΔG0 (kJ/mol) ΔS0 (J/K·mol) ΔH0 (kJ/mol) 

Mn2+ 298 0.651 -1.614 42.375 11.014 

 308 0.841 -2.154   

 318 0.929 -2.456   

Ni2+ 298 0.350 -0.867 45.666 12.741 

 308 0.569 -1.456   

 318 0.672 -1.777   

 16 

In order to explore the adsorption mechanism of LDCC for heavy metal ions, the 17 

surface compositions of LDCC samples before and after adsorption were further 18 

studied using the XPS. The binding states of heavy metal elements adsorbed on the 19 

surface of LDCC samples containing Mn2+, Cu2+ and Ni2+ ions were further analyzed 20 

based on the high resolution spectra of various elements, and the results are shown in 21 

Figs. 10(a)-(c). In Fig. 10(a), The fitted Mn 2p3/2 peak at 641.3 eV shows that 22 

manganese was completely oxidized into a state of Mn4+. This indicates that the main 23 



adsorbate on the surface of LDCC sample is MnO(OH)2, which is caused by the 1 

oxidation of Mn(OH)2 in the air [67]. Fig. 10(b) shows that the characteristic peaks of 2 

Cu 2p3/2 and Cu 2p1/2 are at 934.4 eV and 954.3 eV, and two peaks at 942.5 eV and 3 

962.1 eV are the satellite peaks of Cu 2p3/2 and Cu 2p1/2, respectively. The main fitted 4 

peaks of Cu 2p1/2 at 934.4 eV and Cu 2p1/2 at 954.3 eV are consistent with the binding 5 

energy values of Cu(OH)2, which is also confirmed by the satellite peak at 942.5 eV 6 

[68]. This indicates that there is a layer of Cu(OH)2 on the surface of LDCC, which is 7 

consistent with the color change of the sample after Cu2+ adsorption from the 8 

experimental observations. Similarly, as shown in Fig. 10(c), there are two peaks at 9 

binding energies of 861.7 eV and 879.5 eV, which are assigned to the satellite peaks 10 

of Ni 2p3/2 and Ni 2p1/2, respectively. The binding energy values of 855.6 eV and 873.3 11 

eV are assigned to the characteristic peaks of Ni 2p3/2 and Ni 2p1/2, which can be 12 

confirmed by the presence of pale green Ni(OH)2 on the surface of LDCC [69]. 13 



 1 

Fig. 10. (a-c) Mn 2p, Cu 2p and Ni 2p XPS spectra of LDCC after adsorption. (d) FT-IR spectra 2 

of LDCC before and after Mn2+, Cu2+ and Ni2+ adsorption. (e) Raman spectra of LDCC before 3 



and after Mn2+, Cu2+ and Ni2+ adsorption. (f) Li+ concentration after LDCC adsorption. (g) Si 2p 1 

and (h) O 1s XPS spectra of LDCC after adsorption. 2 

FTIR spectra of the LDCC before and after adsorption of heavy metal ions were 3 

obtained, and the results are shown in Fig. 10(d). The peak at 3603 cm-1 can be 4 

assigned to the stretching vibration mode of non-hydrogen-bonded hydroxyl (Si(OH)) 5 

in nanorod-like crystals, and the weak peak at 3477 cm-1 and the peak at 1637 cm-1 can 6 

be assigned to the vibrational mode of hydrogen-bonded hydroxyl groups [70]. After 7 

adsorption of heavy metal ions, the intensities of these three characteristic absorption 8 

peaks are decreased, indicating that OH- groups on the surface of LDCC are reacted 9 

with heavy metal ions [71]. At the same time, the characteristic absorption peak of Si-10 

O-Si at 1100 cm-1 due to asymmetric stretching has been shifted due to the electrostatic 11 

reactions between siloxane cage and metal ions [58]. The above analysis clearly 12 

reveals the interactions between hydroxyl and heavy metal ions in the adsorption 13 

process. In addition, the characteristic absorption peaks at 500 and 747cm-1 are 14 

attributed to the O-Li-O bending vibrations [72]. They are disappeared or shifted after 15 

absorption of heavy metal ions, indicating that Li+ interacts with heavy metal ions 16 

through an ion-exchange mechanism [73]. 17 

Fig. 10(e) shows the Raman spectrum of the composite before and after the 18 

adsorption of heavy metal ions. The characteristic peaks at 505 and 758 cm-1 are 19 

assigned to the bending vibrations of Si-O-Si bonds in Q4 structural units, respectively. 20 

The peaks at 640 and 1093 cm-1 are assigned to the bending vibrations of Si-O in Q3 21 

structural units, respectively. After the composite completed the adsorption of heavy 22 

metals, the characteristic peaks of the composite were attenuated. At the same time, 23 

the Raman spectra of the adsorbed heavy metal ions also showed the characteristic 24 

peaks of heavy metals. The two broad peaks at 490 and 619 cm-1 are identified as the 25 

vibrations of the Mn-O stretching mode. The three broad peaks at 462 and 969 cm-1 26 

are identified as the vibrations of the Cu-O stretching mode. The three broad peaks at 27 

450, 664 and 980 cm-1 are identified as the vibrations of the Ni-O stretching mode. 28 

Fig. 10(f) shows the equilibrium concentration of Li+ in the solution after the 29 

LDCC adsorbs three heavy metal ions with their initial concentration of 150 mg/L. It 30 



can be seen that the concentration of Li+ produced by the LDCC after adsorption of 1 

Mn2+, Cu2+ and Ni2+ ions are 24.43, 23.83 and 21.65 mg/L, respectively. The 2 

concentration differences among these three ions are quite small, indicating that the 3 

Li+ of LDCC is actively participated in the adsorption process through ion-exchange, 4 

but has a limited effect. 5 

Fig. 10(g) shows the high-resolution XPS spectra of Si 2p after adsorption with 6 

heavy metal ions, which can be assigned to the Si-OH of LDCC at 102.6 eV. It was 7 

reported that after adsorption of heavy metal ions, these sites were transferred to a 8 

higher binding energy [55]. The O 1s spectra of LDCC before and after adsorption 9 

shown in Fig. 10(h) can be divided into four different peaks. Compared with the O 1s 10 

spectra of LDCC before adsorption, the peak area ratio corresponding to hydroxyl in 11 

the O 1s spectra after adsorption is significantly reduced. It clearly shows that the 12 

hydroxyl groups in the LDCC are involved in the adsorption process [53]. The 13 

significant peak shifts of Si 2p and O 1s indicate the strong adsorption of heavy metal 14 

ions of oxygen-containing functional groups. These reactions can be described using 15 

Eqs. (12)-(15): 16 

Mn2+ + 2OH- → Mn(OH)2 (12) 17 

2Mn(OH)2 + O2 → 2MnO(OH)2 (13) 18 

Cu2+ + 2OH- → Cu(OH)2 (14) 19 

Ni2+ + 2OH- → Ni(OH)2 (15) 20 

In addition, the surface areas and pore structures of LDCC before and after the 21 

adsorption of heavy metal ions were characterized by the N2 adsorption-desorption 22 

method. The results are shown in Fig. 11 and Table 4. The type IV curve of the 23 

composite shown in Fig. 4(c) and that of LDCC after the adsorption are similar. The 24 

specific surface area and pore volume of the composite are increased after cycling. The 25 

reason may be that some products were formed by complexation, such as Ni(OH)2, 26 

and they were remained in the composite after several cycling. The accumulation of 27 

these complexes on the surface of the composite produced accumulation pores, which 28 

led to the increases of specific surface area and pore volume [74], which confirms that 29 

the adsorption of heavy metal ions by the composite is a chemical adsorption. 30 



 1 

Fig. 11. N2 adsorption-desorption isotherms of the LDCC before and after cycling. 2 

Table 4. 3 

Textural characteristics of the LDCC before and after cycling. 4 

Samlple SBET 

(m2/g) 

Total Pore 

Volume (cm3/g) 

Average Pore 

Size (nm) 

LDCC after Mn2+ 35.1543 0.08916 9.7617 

LDCC after Cu2+ 41.7838 0.10583 10.1308 

LDCC after Ni2+ 32.9167 0.07775 9.2164 

LDCC 9.2709 0.01481 8.1467 

 5 

Fig. 12 shows the surface morphology and EDX results of the LDCC after its 6 

adsorption of Mn2+, Cu2+ and Ni2+ ions. It can be seen that except for Si and O elements 7 

of the LDCC, Mn, Cu and Ni elements are all evenly distributed on the surface of 8 

LDCC, indicating that the adsorption is relatively uniform. Figs. 12(a), (b) and (c) 9 

show clearly the brown loaded products after Mn2+ adsorption, the blue loaded 10 

products after Cu2+ adsorption, and the light green loaded products after Ni2+ 11 

adsorption, respectively. This is dramatically different with the white loaded products 12 

on the original substrate (carbon cloth) surface (Fig. 2). This significant color changes 13 

clearly show that LDCC nanorods can be effectively used for heavy metal adsorbents, 14 

which is consistent with XPS analysis results. As shown in Fig. 3, the adsorbed 15 

nanorod structures are strongly adhered onto carbon cloth and form evenly distributed 16 

clusters of nanorods. There are also some irregularly flower-like clusters attachments 17 

which are identified as the adsorbed heavy metal ions. It is worthwhile to note that the 18 



morphology of nanorods have hardly been modified, revealing their very stable 1 

structures. 2 

 3 

Fig. 12. SEM and EDX images of LDCC after adsorption: (a) Mn2+, (b) Cu2+, (c) Ni2+. The insets 4 

are the color change of LDCC after adsorption. 5 

Based on the above analysis, we proposed adsorption mechanisms of the LDCC 6 

for the heavy metal ions, which are illustrated shown in Fig. 13. Firstly, due to the 7 

strong interactions between liquid and the hydroxyl groups of LDCC, heavy metal ions 8 

are adsorbed onto the LDCC. Secondly, on the surfaces of LDCC, heavy metal ions 9 

and LDCC have ion-exchange reactions (mainly through lithium ions). In addition, the 10 

nanobrush-like structures of nanorods on the carbon cloth are advantageous for the 11 

adsorption of heavy metal ions, providing numerous active sites and enhancing ions’ 12 

diffusions, thus promoting the adsorption and resulting in an excellent adsorption 13 

performance through the synergistic effects.  14 



 1 

Fig. 13. The adsorption mechanism of Mn2+, Cu2+ and Ni2+ by LDCC. 2 

4. Conclusion 3 

In this paper, nanobrush-like Li2Si2O5 composites (LDCC) and uniform 4 

microstructures have been successfully prepared using the lithium hydroxide and 5 

tetraethyl orthosilicate as raw materials, deposited onto the carbon cloth used as the 6 

supporting materials. The composites were synthesized using a hydrothermal method 7 

at 180℃ for 6 hrs with a Li/Si ratio of 1:1. The adsorption behavior of LDCC for heavy 8 

metal ions was explained using the pseudo-second-order model and Langmuir 9 

isothermal model, indicating that the adsorption process was the monolayer chemical 10 

adsorption. The maximum adsorption capacities of Mn2+, Cu2+, Ni2+ ions were 325.60, 11 

312.12 and 270.15 mg/g at 298 K, respectively. In addition, the LDCC had a preferred 12 

adsorption for Cu2+ ions. The unique nanobrush-like structure with its numerous 13 

surface groups and active sites significantly enhanced the adsorption of heavy metal 14 

ions. The adsorption mechanisms are mainly attributed to the surface interactions 15 



between heavy metal ions and hydroxyl groups, along with the ion-exchange between 1 

a small amount of heavy metal ions and lithium ions. 2 
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