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a b s t r a c t
Building aerogels-based adsorbents with high adsorption capacity, selectivity, and structure design-
ing through green and simple ways was urgent issue for the removal of Pb2+ from contaminated 
water. In this study, for the first time, chitosan was applied as assistant agents for the liquid-phase 
exfoliation of WS2 nanosheets, and the composite aerogels (CS/WS2) with oriented microchan-
nel structures were obtained via directional co-assembly processes. Owing to the potential H-bond 
between CS and WS2, as well as the sulfur-rich surfaces, CS/WS2 aerogels exhibited promising Pb2+ 
adsorption performance (~275.9 mg/g) than many other chitosan-based adsorbents. Besides, the 
adsorption of Pb2+ by CS/WS2 aerogels were also rapid (reached an equilibrium at ~120 min), selec-
tive (~54% of maximal Pb2+ uptake), and sustainable (maintained ~90% of the maximal uptake). 
This work paved a simple and green way to construct WS2 nanosheets-based aerogels with 
delicate micro-structures and favorable Pb2+ adsorption performances.
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1. Introduction

Water pollution caused by Pb2+ is gaining great attentions 
due to its high toxicity, non-biodegradability and tendency 
to accumulate through food chain, which eventually threat-
ens human health (e.g., binding to proteins in living organ-
isms and inhibiting their functions) and ecological balance 
(e.g., accumulating in soil and affecting plant growth) [1,2]. 
In the past few decades, various Pb2+ removal methods have 
been developed, including biological treatment [3], mem-
brane separation [4], ion exchange [5], chemical reduction 
[6], and advanced oxidation processes [7], which still suffer 

from drawbacks like low efficiency, high costs, and potential 
chemical consumption [8–10]. In contrast, adsorption that 
using clay, carbon-based materials, zeolite and polymers as 
adsorbents is considered as promising strategy for the reme-
diation of Pb2+ contaminated water due to its high perfor-
mance, low cost and simple operation process [11–13].

Recently, transition-metal dichalcogenides (TMDs, 
e.g., WS2 and MoS2) with sulfur rich surfaces that can spe-
cifically interact with Pb2+ through strong Lewis acid-base 
soft-soft interactions, are becoming the perfect adsorbents 
for Pb2+ adsorption [14]. Typically, bulk TMDs are com-
posed of monolayers which consist of strong covalently 



Y. Yuan et al. / Desalination and Water Treatment 282 (2023) 163–176164

bonded atomic tri-layers of sulfur-transition metal-sulfur, 
and stack by weak van der Waals force between neigh-
boring monolayers [15]. Considering that the free spacing 
between neighboring layers is small (e.g., 0.3 nm for MoS2), 
mono- or several-layered transition-metal dichalcogenides 
nanosheets (TMDNs) with high surface areas and abundant 
exposed sulfur atoms are prepared by mechanical cleav-
age, chemical vapor deposition, ion intercalation, or liq-
uid-phase exfoliation [16,17]. To be noted that the obtained 
TMDNs are always composited with polymer matrix to 
form aerogels in order to avoid the agglomeration issue of 
nanoscale TMDNs in water [18]. However, the preparation 
of TMDNs are always low efficient, and the construction of 
TMDNs-based composite aerogels are also complicated and 
lack of structural designing.

Chitosan (CS, poly-β-(1→4)-2-amino-2-deoxy-D-glu-
cose), produced by alkaline deacetylation of chitin (e.g., in 
the shells of shrimp and crab), is one of the most abundant 
and renewable polysaccharides on earth, which can be the 
perfect choice for the construction of TMDNs-based aero-
gels [19,20]. At first, chitosan is rich in amino and hydroxyl 
groups, which can bind to the surfaces of TMDNs via non-
covalent interactions (e.g., H-bond and electrostatic attract-
ing), reduce the surface free energy of TMDNs, and facilitate 
their liquid-phase exfoliation. Secondly, chitosan can eas-
ily crosslink by the deprotonation behavior of hydroxide 
ion on its polymer chain and form highly porous aerogels 
after freeze-drying [21]. At last, as natural polysaccharides 
with plenty of amino and hydroxyl groups, chitosan is 
also promising for the adsorption of Pb2+ through mainly 
chelating interactions, which might provide synergetic 
removal performance of Pb2+ from waste water by its 
composite aerogel [22].

Herein, in this study, for the first time, chitosan was 
applied as assistant agent for the liquid-phase exfoliation of 
WS2 nanosheets and the construction of composite aerogels. 
The CS/WS2 aerogels (CS/WS2) with oriented microchannel 
structures were fabricated via simple co-assembly processes 
and applied for the removal of Pb2+ from wastewater. Owing 
to the three-dimensional anisotropic porous structure and 
sulfur-rich surfaces, the CS/WS2 aerogels exhibited promis-
ing Pb2+ adsorption performance (~275.9 mg/g), which was 
higher than many chitosan-based adsorbents reported in the 
literatures. Besides, the adsorption of Pb2+ by CS/WS2 aero-
gels were also rapid (reached an equilibrium at ~120 min) 
and selective (maintained ~54% of the maximal Pb2+  
uptake).

2. Materials and methods

2.1. Materials

Chitosan with a deacetylation degree of 80%–95%, 
lead nitrate, ethylenediaminetetraacetic acid disodium salt 
(EDTA-2Na), cadmium nitrate and cupric nitrate were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., (China). 
WS2 was obtained from Sigma-Aldrich. Glacial acetic acid 
was from Shanghai Macklin Biochemical Co., Ltd., (China). 
Sodium hydroxide was supplied by Yantai Shuangshuang 
Chemical Co., Ltd., (China). Ultrapure water (resistivity: 
18.2 MΩ/cm) was utilized for all the aqueous solutions.

2.2. CS assisted liquid-phase exfoliation of WS2 nanosheets

Briefly, certain amount of chitosan (0.01, 0.05, 0.1, 0.25, 
0.5, 1, 1.5, 2, 3, 4, 5, and 6 g) was dissolved in 100 mL of 
5 wt.% acetic acid solutions, and stirred at room temperature 
for 6 h. Then, bulk WS2 was added to chitosan solution at 
an initial concentration of 5 mg/mL and treated by ultrasonic 
crusher (Tianhua, TH-70BQX, China) with a power of 700 W 
at 25°C for 8 h. The mixture was centrifuged at 3,000 rpm 
for 10 min to remove bulk WS2, and the supernatant was 
retained as CS/WS2 dispersion.

2.3. Preparation of CS/WS2 aerogels

The CS/WS2 dispersion was immersed in 1 M NaOH 
at room temperature for 24 h to get the dark green hydro-
gels. The hydrogels were washed with ultrapure water for 
several times to remove NaOH, and then freeze-dried in a 
freeze dryer (Alpha 2–4, Christ, Germany) at 0.12 bar (abso-
lute pressure) for 24 h. The obtained aerogels were abbrevi-
ated as CS/WS2 aerogels. As control, aerogels without WS2 
nanosheets (abbreviated as CS) were also prepared.

2.4. Adsorption experiments

Typically, known amounts of adsorbents (i.e., CS and CS/
WS2 aerogels) were immersed into 10 mL of metallic salt solu-
tion (e.g., Pb2+, Cu2+, and Cd2+) with different concentrations 
and shaken at 150 rpm certain time and temperatures. The 
pH values were ranging from 1.0 to 5.0, and the initial con-
centrations of Pb2+ were ranging from 7.5 to 115 μg/mL. Then, 
the solution was filtered through a PES membrane (0.22 μm), 
and the adsorption amounts of metallic ions were calcu-
lated by the changes of solution concentrations (measured 
by an atomic absorption spectrophotometer, WFX-130B, 
China). All the experiments were conducted in triplicates, 
and the relative errors were within 5%. The adsorption 
capacities of heavy metal ions on per unit mass of adsor-
bent were calculated according the following equations:
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where qe (mg/L) and qt (mg/L) were the adsorption quan-
tities at saturation and specific time (min), Ce (mg/L) and 
Ct (mg/L) were the concentrations of metallic ions at satura-
tion and specific time (min), C0 (mg/L) and v (L) were the 
initial concentration and volume of metallic salt solution, 
and m (g) was the weight of sample.

The adsorption desorption cycle experiment was per-
formed to evaluate the reusability of aerogel. During the 
desorption process, the aerogel loaded Pb2+ was soaked into 
0.2 M EDTA-2Na solution. And the aerogel was washed sev-
eral times at certain temperature. Subsequently, the aerogel 
was immersed in distilled water to remove residual solu-
tion and freeze dried 12 h. And the adsorption and regen-
eration were further repeated for five cycles.
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2.5. Characterization

The microstructures of samples were analyzed by using 
a Hitachi H-7650 transmission electron microscope (TEM, 
Japan) and a Quanta 250 field emission environmental scan-
ning electron microscope (FE-SEM, USA). UV-Vis spectro-
photometric analyses were performed on a U2910 UV-Vis 
spectrophotometer (Hitachi, Japan). Fourier-transform 
infrared spectroscopy (FT-IR) were recorded by a FT-IR 
micro infrared spectrometer (Nicolet 5700, U.S.) in the wav-
enumber ranging from 4,000 to 500 cm–1. Raman spectra 
were measured by a Raman spectrometer (LabRAM HR 
Evolution, France). X-ray diffraction (XRD) patterns were 
recorded on a D8 Advance X-ray diffractometer (Bruker, 
Germany). The surface chemistry of samples was analyzed 
by a PhI 5000 VersaProbe X-ray photoelectron spectros-
copy (XPS) system (UIVAC-PHI, Japan) equipped with an 
Al Kα (hv = 1,486.6 eV) X-ray source. Curve-fitting analy-
sis of the XPS data was performed using MultiPak 9.3. All 
spectra were calibrated following the standard C1s binding 
energy (284.8 eV) and the curve-fitting was performed using 
the Gauss-Lorentz method. Thermal properties of samples 
were evaluated with a thermogravimetric (TG) analyzer 
(NETZSCH STA409PC, USA). The samples were heated 
under dry nitrogen purge (a flow rate of 10 mL/min) from 
room temperature to 1,000°C (a ramp rate of 10°C/min). The 
specific surface areas and pore sizes of aerogels were mea-
sured by nitrogen adsorption apparatus (Micromeritics, 
AsAp2020, USA). The mechanical properties of aerogels were 
characterized using an electron universal testing machine 
(Jinan Tianchen Testing Machine Manufacturing Co., Ltd).

3. Results and discussion

3.1. Preparation and characterization of aerogels

Chitosan possessed plenty of functional groups (e.g., –OH 
and –NH2) that can stably bound to the surfaces of transition 
metal dichalcogenides nanosheets (TMDNs) via noncovalent 
interactions (e.g., H-bond and electrostatic attraction), facil-
itate the layer-by-layer liquid-phase exfoliation of TMDNs 
under ultrasonic, and hinder the restacking and aggregation 
of as-exfoliated TMDNs by forming stable hybrids (Fig. 1A) 
[23]. Taking WS2 as an example, after sonicating in the solu-
tion of chitosan followed by removal of unexfoliated bulk 
WS2, the dispersion of nanoscale WS2 with color of dark green 
was obtained (Fig. S1). Ultraviolet-visible (UV-Vis) spectros-
copy was employed to evaluate the exfoliation efficiency of 
TMDNs in the presence of CS. Comparing with the negligi-
ble absorption of bulk WS2 and CS, the absorption peak at 
~630 nm of CS/WS2 dispersion may imply the presence of 
exfoliated WS2 (Fig. S2). The concentrations of CS solutions 
and ultrasonic time seemed to be two dominated factors that 
affected the exfoliation efficiency of WS2. As shown in Fig. 1B 
and C, the absorption intensity at 630 nm were enhanced 
with the increase of chitosan concentrations, and reached a 
maximum at an initial chitosan concentration of ~20 mg/mL. 
Further increasing the concentrations of chitosan resulted in 
declined exfoliation efficiency, which might be ascribed to 
the improved viscosities of solutions (Fig. S3) [24]. In addi-
tion, the exfoliation amount of WS2 progressively increased 
and reached an equilibrium at ≈7 h (Fig. 1D and Fig. S4).

The exfoliated WS2 exhibited typical two-dimen-
sional sheet-like morphology, and the homogeneous 

Fig. 1. (A) Schematic illustration of the liquid-phase exfoliation of WS2 nanosheets and the preparation of CS/WS2 aerogels. 
(B) UV-Vis spectra and (C) UV-Vis absorption at 630 nm of the dispersions of WS2 nanosheets exfoliated under different CS con-
centrations (ultrasonic for 10 h). The optical images were set as insets. (D) UV-Vis absorption at 630 nm of the dispersions of 
WS2 nanosheets exfoliated in 20 mg/mL CS solution for different ultrasonic times.
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contrast suggested the nanosheets were mono- or multi-lay-
ers (Figs. 2A and B) [25]. Typically, polymer assisted liq-
uid-phase exfoliation of transition metal dichalcogenides 
nanosheets was ascribed to the noncovalent interactions 
(e.g., H-bond and electrostatic attraction) between them 
[26]. As presented in Fig. 2C, the CS/WS2 hybrids exhib-
ited characteristic peaks of CS at 3,444 cm–1 (–OH and –NH2 
stretching vibrations), 2,925 cm–1 (–CH stretching vibration 
in –CH and –CH2), 1,603 cm–1 (–NH2 bending vibration), 
1,380 cm–1 (–CH symmetric bending vibration in –CHOH–), 
1,080 and 1,027 cm–1 (–CO stretching vibration in –CONH) 
in their FT-IR spectra, indicated the presence of CS on the 
surfaces of WS2 nanosheets [27]. Besides, a distinct red shift 
from 1,603 cm–1 (CS/WS2) to 1,598 cm–1 (WS2) was observed 
in partially enlarged FT-IR spectra, implied the variations of 
chemical environments around –NH2 in CS and the poten-
tial H-bond between CS and WS2 (Fig. 2D). The X-ray pho-
toelectron survey spectrum (XPS) of CS/WS2 demonstrated 
the characteristic peaks of O1s, N1s, C1s, S2p, and W4f, 
indicated the presence of both CS and WS2 in these compos-
ite aerogels (Fig. 2E). Fig. 2F presented the high-resolution 
S2p spectra of CS and CS/WS2 hybrids, in which the bind-
ing energies at around 161.8 and 163.0 eV, corresponded to 
S2p2/3 and S2p1/2 components of WS2, shifted to higher val-
ues (162.6 and 163.7 eV) in CS/WS2 hybrids, also implied the 
potential H-bond between –NH2 and –OH of CS and S atom 
of WS2 (Fig. 2G). Anyway, these strong interactions made 
CS stably bond to the surfaces of WS2, and facilitated their 
efficient liquid-phase exfoliation [28].

Chitosan can form hydrogels via phase inversion pro-
cesses, during which the protonated chitosan was easily 
deprotonated by alkali, and cross-linked into hydrogels. 

As shown in Fig. 3A, the dark green CS/WS2 aerogels were 
obtained by NaOH triggered crosslinking, water exchange, 
and freeze-drying processes. The uniform crosslinking net-
works in CS/WS2 aerogels and the according element map-
ping images of S, W, and C were observed by SEM, indicating 
the successful compositing of chitosan and WS2 nanosheets 
(Fig. S5). The presence of CS and WS2 nanosheets in CS/
WS2 aerogels can be further verified by Raman spectra and 
XRD patterns. The Raman spectrum of CS exhibited no obvi-
ous Raman bands in the case of visible region excitation, 
and the new peaks at 351 and 420 cm–1, assigned to the A1g 
and E2g photon modes of WS2 showed up in CS/WS2 aero-
gels [29,30], demonstrating the presence of WS2 nanosheets 
in hybrid aerogels (Fig. S6). The CS/WS2 aerogels displayed 
both characteristic patterns of CS (10.8° for crystal Ⅰ and 20.1° 
for crystal II) [31] and WS2 (14.4° for the layer-packing dif-
fraction) [32], also indicating the successful compositing of 
these two components (Fig. S7).

To be noted, unlike pure CS aerogels that with uneven 
and dense micro cross-linked structures (Fig. S8), the CS/
WS2 aerogels possessed highly porous and honeycomb-like 
micro network morphologies (Fig. 3B–D). Such hierarchical 
microstructures might be ascribed to the potential co-assem-
bly behavior of WS2 nanosheets and CS that triggered by 
the noncovalent H-bond interactions. As rigid two dimen-
sional nanocomponents, WS2 nanosheets joined the cross-
linking process of CS, which resulted in the formation of 
oriented micro channels along with the anisotropic growth 
of ice crystals. The WS2 nanosheets endowed CS/WS2 aero-
gels with enhanced deformability under compression, as 
the compressive stress of CS/WS2 was greater than that of 
CS under same strain conditions (Fig. 3E). In addition, the 

Fig. 2. (A,B) Transmission electron microscopy (TEM) images of exfoliated WS2 nanosheets. (C) FT-IR spectra and (D) magnified 
FT-IR spectra (ranging from 1,650 to 1,550 cm–1) of WS2, CS, and CS/WS2 hybrids. (E) XPS survey spectra of WS2, CS, and CS/
WS2 hybrids. (F) S2p spectra of bulk WS2 and CS/WS2 hybrids. (G) Schematic illustration of the potential H-bonding interactions 
between WS2 and CS.
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co-assembly of chitosan and WS2 nanosheets exhibited neg-
ligible effects on the nitrogen adsorption isotherms prop-
erties of aerogels, and their pore sizes slightly declined 
(Fig. 3F and Table S1). The presence of thermal stable WS2 
nanosheets (only a small weight loss even heating up to 
1,000°C) in composite aerogels also slightly improved the 
thermal stabilities of CS/WS2 aerogels, which can be seen in 
the TG analysis (Fig. 3G).

3.2. Adsorption study

3.2.1. Effect of adsorbent dosage and pH on adsorption

Benefiting from the anisotropic co-assembled micro 
structures, as well as the specific and strong interactions 
between WS2 and Pb2+, the CS/WS2 aerogels exhibited supe-
rior adsorption performance toward Pb2+. When the initial 
concentration of Pb2+ was 100 μg/mL, pH = 5, and the dos-
age of aerogels was 1 mg/10 mL, the CS/WS2 aerogels pre-
sented superior adsorption performance (~206 mg/g) than 
pure CS aerogels (~63 mg/g), which might be ascribed to 
the denser adsorption sites (i.e., sulfur atoms on the surface 
of WS2 nanosheets) [33]. However, the adsorption capac-
ity decreased with more adsorbents used due to the large 
number of unoccupied adsorption sites (Fig. 4A). Besides 
the dosages of adsorbents, pH values of systems were also 
dominated factors on the removal efficiency of Pb2+ (Fig. 4B). 
Obviously, low pH values were negative to the adsorp-
tion of Pb2+ by CS/WS2 aerogels (206.5 mg/g at pH = 5.0, 
and 13.8 mg/g at pH = 1.0), which might be ascribed to the 
competition between H+ and heavy metal ions in the inter-
actions with Pb2+, as well as the structural deformation of 
aerogels in low pH [34]. The CS/WS2 aerogel displayed 
a pHzpc value at around 3.3, beyond which the negative 
charged adsorbents facilitated their electrostatic attrac-
tion with Pb2+, and exhibited higher adsorption capacity 

(Fig. S9). However, when the pH values were beyond 5.0, 
hydroxide precipitations occurred due to the hydrolysis 
of Pb2+. Above all, the dosage of adsorbents and the pH 
value were fixed at 1 mg and 5 for further researches.

3.2.2. Adsorption kinetics

Adsorption kinetics was one of the key points to eval-
uate the performance of adsorbents, for which the rapid 
response was very important for wastewater treatment [35]. 
As depicted in Fig. 4C, the Pb2+ were rapidly adsorbed by 
CS/WS2 aerogels in the first 120 min, then the adsorption 
rates slowed down and reached equilibrium in the follow-
ing time. The equilibrium adsorption capacities for Pb2+ 
were 44.88, 99.09, 226.97 mg/g, corresponding to the initial 
concentrations of Pb2+ at 50, 75, and 100 μg/mL, respectively. 
The date was further simulated with the pseudo-first-order 
and pseudo-second-order kinetic models according to the 
following equations.

ln lnq q q k te t e�� � � � 1  (3)

t
q k q

t
qt e e

�
� �
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2
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where qt and qe represented the adsorption capacities (mg/g) 
at the time t and adsorption equilibrium; k1 (min–1) and 
k2 (mg/g min) were rate constants of the pseudo-first-order 
and pseudo-second-order adsorption, respectively.

Fig. 4D and E and Table S2 show the adsorption kinetic 
plots of Pb2+ adsorption on the surfaces of CS/WS2 aerogels. 
The fitting result of pseudo-second-order kinetic model 
(R2 > 0.99) was better than that of the pseudo-first-order 
kinetic model (R2 > 0.82), indicated that the adsorption of 

Fig. 3. (A) Optical photograph and SEM images (B,D) of CS/WS2 aerogels. (E) Compression performance and (F) BET isotherms of 
CS/WS2 aerogels and CS aerogels. (G) Thermogravimetric curves of WS2, CS aerogels, and CS/WS2 aerogels.



Y. Yuan et al. / Desalination and Water Treatment 282 (2023) 163–176168

Pb2+ by CS/WS2 aerogels was mainly controlled by chemical 
interactions [36]. In addition, the adsorption isotherms were 
also evaluated to study the migration of Pb2+ from aque-
ous solution to the surfaces of CS/WS2 aerogels [37]. The 
adsorption performances at different temperatures (25°C, 
35°C, and 45°C) and initial concentrations (100 μg/mL) of 
Pb2+ were recorded and fitted into the linearized Langmuir 
and Freundlich isotherm models as follows (Fig. 4F–H):

C
q

C
q K q

e

e

e

m L m

� �
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where Ce represented the equilibrium concentration (mg/L); 
qe was the equilibrium adsorption capacity (mg/g); qm rep-
resented the maximal adsorption capacity (mg/g) under 
experimental conditions; KL, KF and n were the relative 
model constants.

The calculated parameters derived from the two mod-
els are listed in Table S3. The higher correlation coefficient 
of Langmuir model (R2 ˃ 0.99) than Freundlich model 
(R2 ˃ 0.97) indicated a monolayer adsorption mechanism 
of Pb2+ onto the surfaces of CS/WS2 aerogels [38]. The high 
number of available adsorption sites on the surfaces of CS/
WS2 aerogels endowed them a maximum adsorption capac-
ity of ~275.9 mg/g, which was higher than many other chi-
tosan-based adsorbents reported in literatures (Fig. 4I and 
Table S5). The thermodynamic parameters, such as changes 

Fig. 4. Effects of (A) adsorbent dosage and (B) pH on the adsorption capacities of Pb2+ by CS and CS/WS2 aerogels. (C) Effect of 
contact time on the adsorption of Pb2+ on CS/WS2 aerogels. (D) Pseudo-first-order and (E) pseudo-second-order kinetic models for 
the adsorption of Pb2+ by CS/WS2 aerogels. (F) Equilibrium isotherms of Pb2+ adsorption on CS/WS2 aerogels. (G) Langmuir iso-
therm model. (H) Freundlich isotherm model. (I) Comparison of the adsorption performance of CS/WS2 aerogels with other chi-
tosan-based aerogels for Pb2+ adsorption. (Experimental conditions: (A) pH = 5, C0 = 100 μg/mL, T = 25°C, t = 24 h; (B) adsorbent 
dosage = 0.1 g/L, C0 = 100 μg/mL, T = 25°C, t = 24 h; (C) pH = 5, adsorbent dosage = 0.1 g/L, T = 25°C, t = 24 h; (F) pH = 5, adsorbent 
dosage = 0.1 g/L, C0 = 100 μg/mL, t = 24 h).
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in standard Gibbs free energy (ΔG°), enthalpy change (ΔH°), 
and entropy change (ΔS°) of Pb2+ adsorption by CS/WS2 
aerogels were further determined as follows [9]:

lnK S
R

H
RTd �

� �
�
�� �  (7)

K
C C V
mCd

e

e

�
�� �0  (8)

� � � �G RT Kdln  (9)

where R (J/mol·K) was the gas constant, m (g) was the 
adsorbent dosage, Kd was the distribution coefficient and 
T (K) was the absolute solution temperature.

The values of ΔH° and ΔS° were calculated according to 
the slope and intercept of the plots of lnKd vs. 1/T (Fig. S10 
and Table S4). The positive value of ΔH° indicated that the 
adsorption process of Pb2+ was endothermic, meanwhile 
the positive entropy change (ΔS°) implied an increase in 
randomness at the interface between CS/WS2 aerogels and 
heavy metal ions [39]. Gibbs free energy was a thermody-
namic function to determine the direction of reaction, and the 
decrease in ΔS° values at higher temperatures demonstrated 
that the adsorption process was autogenic [40]. All these 

results indicated that the adsorption of Pb2+ on the surfaces 
of CS/WS2 aerogels were spontaneous and endothermic.

3.2.3. Co-existing metal ions

Thanks to the specific Lewis acid-base soft-soft interac-
tions between Pb2+ and S atoms in WS2 nanosheets, as well 
as the oriented porous structure in the aerogels that can 
improve the diffusion rate of heavy metal ions, the CS/WS2 
aerogels also displayed promising selectivity toward Pb2+ 
even in the presence of co-existing metal ions (e.g., Cu2+ and 
Cd2+). As shown in Fig. S11, when the Cu2+ and Cd2+ were 
added in the solution of Pb2+, the adsorption capacity of CS/
WS2 aerogels toward Pb2+ decreased due to the competition 
from external metal ions. However, the adsorption of Pb2+ 
was still higher than Cu2+and Cd2+, which maintained ~54% 
of their maximal adsorption capacity, suggested promising 
selectivity of CS/WS2 aerogels toward Pb2+. Besides, the aero-
gels also presented promising reusability, that their adsorp-
tion capability toward Pb2+ still maintained ~90% of the 
maximal uptake after 5 cycles (Fig. S12).

3.3. Adsorption mechanism

To further study the adsorption mechanism of Pb2+ by 
CS/WS2 aerogels, the XPS analysis of aerogels before and 
after Pb2+ adsorption was conducted. Fig. S13 shows that 

Fig. 5. High-resolution S2p XPS spectra of CS/WS2 aerogels before (A) and after (B) Pb2+ adsorption. (C) Schematic illustration of 
the potential Pb2+ adsorption mechanism on the surfaces of CS/WS2 aerogels.
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new peaks attributed to the binding energy of Pb4f occurred 
in aerogels after the adsorption of Pb2+, confirming the suc-
cessful capture of Pb2+ by CS/WS2 aerogels [41]. The binding 
energy peaks at around 162.6 eV (S2–) and 163.7 eV (S2–) in 
the S2p spectrum of CS/WS2 aerogels shifted to 161.1 and 
165.4 eV after adsorption, indicated the potential Lewis acid-
base soft-soft interactions between sulfur atoms and Pb2+ 
(Fig. 5A and B) [42,43]. Besides, after Pb2+ adsorption, a new 
peak assigned to Pb–S was observed at ~167.1 eV, implied 
the formation of Pb–S species via strong interactions between 
Pb2+ and sulfur atoms in CS/WS2 aerogels [44,45]. The O1s 
spectrum of chitosan showed a peak at 532.2 eV (Fig. S14A), 
which was probably derived from C–OH. However, a new 
peak at 531.3 eV after Pb2+ adsorption due to the forma-
tion of metal oxide bonds (Pb–O bond), indicating the oxy-
gen-containing group in chitosan also facilitated the removal 
of Pb2+ by chemisorption (Fig. S14B) [46]. In conclusion, the 
adsorption of Pb2+ on the surfaces of CS/WS2 aerogels might 
be ascribed to a synergistic effect between CS and WS2 
nanosheets, which mainly included the strong soft-soft inter-
action between Pb2+ and S atoms in WS2, as well as their com-
plexation with O atoms in chitosan, as described in Fig. 5C.

4. Conclusions

In summary, chitosan was applied as assistant agent for 
the liquid-phase exfoliation of WS2 nanosheets and the con-
struction of composite aerogels (CS/WS2) via co-assembly 
processes. With the help of interactions between CS and WS2 
nanosheets (e.g., H-bond), the CS/WS2 aerogels with oriented 
microchannel structures were obtained and applied for the 
removal of Pb2+ from wastewater. Owing to the three-dimen-
sional anisotropic porous structures and sulfur-rich surfaces, 
the CS/WS2 aerogels exhibited superior Pb2+ adsorption 
performance (275.9 mg/g) than many other chitosan-based 
adsorbents reported in the literatures. Besides, the adsorp-
tion of Pb2+ by CS/WS2 aerogels were also rapid (reached an 
equilibrium at ~120 min) and selective (maintained ~54% 
of the maximal Pb2+ uptake). In this way, an eco-friendly 
TMDNs-based composite aerogels with promising and 
selective adsorption performance toward Pb2+ was obtained 
via a simple and green way.
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Supporting information

Fig. S1. Photograph of the aqueous dispersion of WS2 nanosheets. Fig. S2. UV-Vis spectra of CS, bulk WS2 and CS/WS2 dispersions.

Fig. S3. Optical images of the dispersions of WS2 nanosheets exfoliated at different chitosan concentrations for 10 h sonication.

Fig. S4. UV-Vis spectra of the dispersions of WS2 nanosheets 
exfoliated in 20 mg/mL chitosan solution for different 
ultrasonic times.
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Fig. S5. Energy-dispersive X-ray spectroscopy mapping images of CS/WS2 aerogels.

Fig. S6. Raman spectra of CS, bulk WS2 and CS/WS2 hybrids. Fig. S7. XRD patterns of CS, bulk WS2 and CS/WS2 hybrids.

Fig. S8. (A) Optical photograph and (B) SEM image of pure CS aerogels.
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Table S1
Porous properties of as-synthesized CS aerogels and CS/WS2 
aerogels

Surface area (m2/g) Pore size (nm)

CS aerogels 12.44 13.05
CS/WS2 aerogels 10.47 13.30

Fig. S9. Zeta potentials of CS/WS2 under different pH values.

Table S2
Parameters of the pseudo-first-order and pseudo-second-order models for Pb2+ adsorption on CS/WS2 aerogels

C0 (mg/L) qe,exp Pseudo-first-order model Pseudo-second-order model

k1 (1/min) qe,cal (mg/g) R2 k2 (g/mg·min) qe,cal (mg/g) R2

50 45.29 0.0044 3.654 0.8206 1.74 × 10–3 46.43 0.9978
75 105.04 0.0036 4.893 0.8717 1.57 × 10–3 102.15 0.9975
100 227.30 0.0051 6.819 0.9447 3.93 × 10–4 232.02 0.9983

Table S3
Parameters of the Langmuir and Freundlich isotherms models 
for Pb2+ adsorption on CS/WS2 aerogels

Temperature 
(°C)

Langmuir model Freundlich model

qm 
(mg/g)

b 
(L/mg)

R2 KF 
(mg/g)

1/n R2

25 413.22 0.206 0.993 8.74 0.7142 0.9839
35 427.35 0.174 0.9994 10.98 0.6847 0.9889
45 465.12 0.157 0.995 11.37 0.7029 0.9741

Fig. S10. Van’t Hoff plot for the adsorption of Pb2+ on CS/WS2 
aerogels.

Table S4
Thermodynamic parameters of Pb2+ adsorption on CS/WS2 
aerogels

Temperature (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol·K)

298 –16.56 – –
308 –17.69 17.878 115.539
318 –18.87 – –

Table S5
Comparison of the adsorption performance of CS/WS2 aerogels 
with other chitosan based materials for Pb2+ adsorption

Absorbent qmax 
(mg/g)

References

Chitosan/cellulose sulfate 137.8 [S1]
Sulfhydryl chitosan/sodium alginate 38.87 [S2]
Chitosan/poly(ethylene oxide) 
nanofibres

108 [S3]

Fe3O4/CS NPs 79.24 [S4]
Amine-grafted chitosan nanofibers 
(AGNFs)

94.34 [S5]

CSTEC fiber 144.93 [S6]
CMCh/gallic acid/FeIII 97.15 [S7]
Chitosan/alginate/Fe3O4@SiO2 220.68 [S8]
Chitosan/WS2 275.9 This work
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Fig. S11. Effects of co-existing metal ions on the adsorption of 
Pb2+ on CS/WS2 aerogels.

Fig. S12. Adsorption capability of CS/WS2 aerogels in recycling 
adsorbing Pb2+.

Fig. S13. Total XPS survey spectra of CS/WS2 aerogels before 
and after the adsorption of Pb2+.

Fig. S14. O1s XPS spectra of CS/WS2 aerogels before (A) and after (B) Pb2+ adsorption.
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