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rboxymethyl chitosan (WSCC)-
modified single-walled carbon nanotubes
(SWCNTs) provide efficient adsorption of Pb(II) from
water†

Jinling Gao, * Mingzhe Song, Tongtong Li, Yuyao Zhao and Anxu Wang

Nanocomposites play a key role in the removal of toxic metal(loid)s from environmental water. In this study,

we investigated the adsorption capability of water-soluble carboxymethyl chitosan (WSCC)-modified

functionally oxidized single walled carbon nanotubes (oSWCNTs) for rapid and efficient removal of toxic

Pb(II) from water. The WSCC–oSWCNTs nanocomposite was prepared by an acid treatment of SWCNTs

followed by an ultrasonic dispersion process using WSCC as dispersant. The morphology and chemical

characteristics of the WSCC–oSWCNTs nanocomposite were further identified using various

characterization techniques (i.e., transmission electron microscopy, TEM; scanning electron microscopy,

SEM; Raman spectra; Fourier transform infrared spectroscopy, FTIR; X-ray photoelectron spectroscopy,

XPS; nitrogen adsorption–desorption isotherm test). The efficiency of the adsorption process in batch

experiments was investigated via determining various factor effects (i.e. WSCC–oSWCNTs

nanocomposite concentration, solution pH, initial Pb(II) concentration, contact time, and reaction

temperature). Kinetic results showed that the adsorption process followed a pseudo-second-order,

while an isotherm results study showed that the adsorption process followed the Langmuir and

Freundlich isotherm models at the same time. In addition, the van't Hoff equation was used to calculate

thermodynamic parameters for assessing the endothermic properties and spontaneity of the adsorption

process. The WSCC–oSWCNTs nanocomposite manifested a high adsorption capacity for Pb(II)

(113.63 mg g�1) via electrostatic interactions and ion-exchange, as its adsorption rate could reach up to

98.72%. This study, therefore, provides a novel adsorbent for the removal and detection of harmful

residues (i.e. toxic metal(loid)s) from environmental water, such as industry wastewater treatment and

chemical waste management.
1 Introduction

Water pollution, being a global problem, has received consid-
erable attention in recent years due to its serious threat to the
whole biosphere.1 With industrial waste, toxic metal(loid)s have
been discharged into the environment, causing water pollution.
It is well known that Pb(II), one of the most carcinogenic heavy
metals, enters the food chain through the polluted water,
threatening the safety of the global biosphere.2,3 The maximum
permissible Pb(II) exposure in drinking water is 15 mg L�1.4 It,
thus, is of great practical signicance to study how to effectively
remove Pb(II) from wastewater.

Current methods for removing toxic metal(loid)s in water
include coprecipitation,5 membrane ltration,6 reverse
ltural University, Daqing, 163319, China.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
osmosis,7 photocatalysis methods8,9 and adsorption.10 Among
these methods, adsorption is a promising technique that is
simple operation, low cost and friendly effect.11 Adsorption
method is a relatively mature and simple technology of waste-
water treatment, especially suitable for large volume and low
concentration of water treatment system. Common adsorbents
include activated carbon,12 biological materials,13 hydrogel,14

silica gel,15 and nano complex materials.16 However, these
adsorbents have some disadvantages in poor adsorption
capacity due to their low specic surface area or poor dispersion
in water.17

Single-walled carbon nanotubes (SWCNTs) are hollow tubes,
which are formed by crimping monolayer graphite sheet, with
large specic surface area to have strong adsorption effect on
toxic metal(loid)s removal. Yet, there is a strong van der Waals
force between SWCNTs tubes, easily leading to their agglom-
erate. Both agglomeration and poor dispersibility in water
reduces the effective specic surface area of SWCNTs,
decreasing the adsorption efficiency on some adsorbate
RSC Adv., 2022, 12, 6821–6830 | 6821
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Fig. 1 Synthesis of water-soluble carboxymethyl chitosan.
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View Article Online
substances. For instance, the adsorption capacity of SWCNTs
was only 33.55 mg g�1 for Pb(II) removal.18 The preparation of
water-dispersible SWCNTs-based complex, therefore, is an
effective way to enhance its adsorption efficiency on adsorbate.
In order to further improve the adsorption capacity of SWCNTs,
it was modied with some nanoparticles to remove some toxic
metal(loid)s,19–22 and the adsorption efficiency of functionalized
SWCNTs was increased clearly, as it was the improvement of
surface adsorption potential when SWCNTs surfaces were
modied with functional groups. Chen et al. also outlined
absorption of Pb(II) using manganese-terephthalic acid (MOF/
SWCNTs), showing that MOF/SWCNTs had a stronger adsorp-
tion ability on Pb(II) than other common toxic (loid)s.23 In order
to analyze the adsorption mechanism between adsorbents and
adsorbents, previous studies also indicated some theory factors,
such as adsorption equilibrium, adsorption thermal effect, and
adsorption kinetic theory of SWCNTs.24

Chitosan, a low-cost environmental protection biopolymer,
is characterized by a large number of amino and hydroxyl
groups. The lone pair electrons of chitosan nitrogen atoms can
provide a promising prospect in the adsorption of toxic
metal(loid)s with its applications.25–28 Thus, it is particularly
important in removing pollutants from aqueous solutions.
However, the adsorption capacity of chitosan was only 55 mg
g�1 for Pb(II) removal. The best approach to enhance the
adsorption potential of chitosan is to gra functional groups
through modication and constructing nanohybrid materials
with chitosan.29 For example, some studies have shown that
when chitosan was loaded onto MWCNTs (multi-walled carbon
nanotubes), its complex material illustrated a high adsorption
capacity.30–32 Compared with chitosan, water-soluble carbox-
ymethyl chitosan (WSCC) has a better dispersibility in water.
Recent researches showed that WSCC–MWCNTs nano-
composite had a greater reusability for removal of toxic
metal(loid)s.33–35 Indeed, WSCC–MWCNTs nanocomposite
contains porous carbon nanotubes and lone pair electrons of
nitrogen atoms, both of which have affinity on toxic ions.
Compared with MWNTs or WSCC, WSCC–MWCNTs nano-
composite, thus, can provide more adsorption sites. In addi-
tion, compared with MWCNTs, SWCNTs have a stronger
adsorption performance thanMWCNTs due to its larger specic
surface area. However, it is still limited on research of the
adsorption properties of Pb(II) from water using WSCC–
SWCNTs nanocomposite as adsorbent.

Therefore, it is of great practical value to modify oxidized
SWCNTs (oSWCNTs) by WSCC for improving their dispersibility
and adsorption capacity in water. The adsorption behavior and
effect of WSCC–oSWCNTs nanocomposite towards Pb(II), thus
needs to be further investigated.

2 Materials and methods
2.1 Materials

This study selected SWCNTs (CVD, 90%, diameter 1–1.2 nm,
length 2–10 mm, Suiheng Technology Co., Ltd, Shenzhen of
China), and a high molecular weight chitosan (Aladdin, Mn ¼
1.2 � 105 Da, deacetylation ¼ 80%).
6822 | RSC Adv., 2022, 12, 6821–6830
2.2 Instruments and equipment

The morphology and chemical characteristics of the WSCC–
oSWCNTs nanocomposite was identied using various charac-
terization techniques as follows: scanning electron microscope
(SEM, S4800, Hitachi), transmission electron microscope (TEM,
JEM2100Plus), Raman spectroscopy (HR800, Jobin Yvon), X-ray
photoelectron spectroscopy (XPS, VG ESCALABMK II), nitrogen
adsorption–desorption isotherm test (TriStar II 3020, Micro-
meritics), and Fourier transform infrared spectrometer (FTIR,
Nicolet IS5). The concentration of metal iron was evaluated by
atomic absorption spectrometry (AAS, AA320N).
2.3 Experimental methods

2.3.1 Preparation of water-soluble biopolymer chitosan. As
being illustrated in Fig. 1, water-soluble carboxymethyl chitosan
was synthesized as follows.36–38 10 g of chitosan was suspended
in 100 mL isopropyl alcohol with magnetic stirring for 2 h to
make the chitosan fully swell at 323 K. Then, 20mL NaOH (50%)
aqueous solution was added under stirring for 1 h to alkalize.
15 g of monochloroacetic acid was further dissolved in 20 mL
isopropyl alcohol, and added into the reaction mixture drop-
wise and reacted for 5 h. The suspension was ltered, and
washing using ethanol and water, respectively, to obtain the
sodium crude product of the water-soluble carboxymethyl chi-
tosan (WSCC). The crude product was suspended in 100 mL
ethanol solution (95%), and subsequently 20 mL glacial acetic
acid was added under stirring for neutralization followed by
ltration, washing, purifying until the ltrate was neutral. Aer
being dried under vacuum at room temperature, the WSCC
products were obtained. Here, the water-solubility of WSCC was
improved because of the introduction of the carboxylic acid
groups on the synthetic product.

2.3.2 Oxidation of SWCNTs. In previous works, nitric acid
was used to acidify the SWCNTs.39 In this paper, in order to
prepare the oxidized-SWCNTs, 10 mg of SWCNTs was sus-
pended in 100 mL nitric acid under the condition of ultrasonic
treatment for 20min. Ultrasonic treatment was used to promote
the separation and uniform dispersion of SWCNTs in acidic
solution. Subsequently, the mixture was reuxed at 60 �C for 6 h
to introduce carboxylic acid and hydroxyl functional groups on
the surface of SWCNTs. Aer oxidation treatment, the clear
yellow-solution on the top layer was decanted off. The isolated
SWCNTs were then collected over a lter paper and then washed
with distilled water to remove unreacted acids. Wet cake was
dried at 100 �C in a vacuum furnace for 2 h. The oxidized
SWCNTs product was named as oSWCNTs.

2.3.3 Dispersion of oSWCNTs. To prepare the WSCC–
oSWCNTs nanocomposite, the WSCC (1.0 g) was suspended in
100 mL deionized water under the condition of ultrasonic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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treatment for 10 minutes to make the WSCC completely be
dissolved. Subsequently, 5 mg of oSWCNTs was added into the
solution for dispersing at 283 K for 1 h. 80% of the upper
solution was collected aer centrifugation at 3000 rpm, and the
dispersed oSWCNTs were then ltered from the solution by
a 0.45 mm polytetrauoroethylene lter. Aer lter collection,
the dispersed oSWCNTs were washed thoroughly with distilled
water to get rid of the extra WSCC, and then be dried at 60 �C to
obtain dispersible oSWCNTs in water. The product was named
as WSCC–oSWCNTs nanocomposite.

2.3.4 Adsorption of Pb(II) in water sample. 100 mg of
WSCC–oSWCNTs nanocomposite was added in 100.0 mL Pb(II)
solution and oscillated for 3 h at 303 K. Aer the adsorption
process, the solution was centrifuged and ltered. The adsorp-
tion rate of Pb(II) was calculated to evaluate the adsorption
performance of WSCC–oSWCNTs nanocomposite towards
Pb(II). In addition, 200, 300, and 400 mg of WSCC–oSWCNTs
nanocomposite were taken using the same way for repeating the
above experiments, respectively.

2.3.5 Performance evaluation indicators. Adsorption
capacity (qe, mg g�1) and removal efficiency of Pb(II) (R, %) at
equilibrium were calculated according to eqn (1) and (2),
respectively.

qe ¼ ðc0 � ceÞ � v

m
� 10�3 (1)

R ¼ c0 � ce

c0
� 100% (2)

where qe (mg g�1) signies the adsorption capacity; c0 and ce
(mg L�1) signify the initial and equilibrium concentrations of
Pb(II) in the solution, respectively; v is the volume (mL) of the
water sample, and m is the mass (g) of the adsorbent WSCC–
oSWCNTs nanocomposite used. R represents the removal rate
(%).
3 Results and discussion
3.1 Characterization of SWCNTs, oSWCNTs, and WSCC–
oSWCNTs nanocomposite

SEM images of SWCNTs and oSWCNTs are shown in Fig. 2. As
being illustrated in Fig. 2a and b, nitric acid treatment showed
the effectiveness of the purication process. SWCNTs are
somewhat fuzzy, as there were other carbon impurities
distributed between the bundles of SWCNTs (Fig. 2a). The
image (Fig. 2b) of oSWCNTs is clearer than that of Fig. 2a,
because the impurity carbon particles were further reduced
Fig. 2 SEM images of (a) SWCNTs and (b) oSWCNTs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 2b), and oSWCNTs bundles with smaller pipe diameter are
observed more clearly, indicating that a large amount of carbon
impurities in the sample were effectively removed by acidica-
tion treatment. Meanwhile, both the surface adsorption effi-
ciency and the dispersibility of oSWCNTs increased with the
weakening of the van der Waals forces among SWCNTs.40

The combination behavior of WSCC on SWCNTs was
observed by TEM. Based on the Fig. S1,† the surface of
oSWCNTs is uneven because of the uniform scattering of WSCC
on it, indicating that both WSCC and oSWCNTs were combined
together through the p–p conjugate.41 Indeed, the introduction
of WSCC on oSWCNTs increased its dispersion in water solu-
tion, further leading to enhance its adsorption capacity.

Raman spectroscopy is a valuable tool for characterizing
carbon-based nanostructures. Raman spectra of SWCNTs shows
two vibration peaks between 1000–2000 cm�1, and the peaks of
D and G peaks are about at 1350 cm�1 and 1580 cm�1,
respectively. D peak is usually attributed to the presence of
amorphous or disordered carbon in SWCNTs, and the strength
ratio (ID/IG) further explains both the defects and performance
indicators of SWCNTs.42

Fig. S2† shows the Raman spectra of SWCNTs, oSWCNTs,
and WSCC–oSWCNTs nanocomposite at the excitation wave-
length of 633 nm. The ID/IG ratio of oSWCNTs (0.084) is higher
than that of SWCNTs (0.060), indicating that amorphous carbon
was removed, and side wall defects were generated aer acid
treatment of SWCNTs. This improved the dispersibility of
oSWCNTs in aqueous solution. Similarly, the ID/IG ratio of
WSCC–oSWCNTs nanocomposite (0.092) is higher than that of
oSWCNTs, which also led to more defects in the side walls of
oSWCNTs. This could be attributed to the electrostatic inter-
action between the oSWCNTs and WSCC40 to improve the dis-
persibility of WSCC–oSWCNTs nanocomposite in aqueous
solution, thus enhancing its absorption capacity towards
absorbates.

Fig. 3a shows the FTIR spectra of SWCNTs and oSWCNTs.
Compared with the FTIR spectra of SWCNTs, the appearance of
new bands at 1183 cm�1, 1769 cm�1, and 3288 cm�1 is noticed
at that of oSWCNTs. The rst band is attributed to the C–O
stretching of oSWCNTs, while the last two bands are associated
with the C]O and O–H stretching of the –COOH group. The
appearance of these bands indicates that SWCNTs were
successfully oxidized. This is consistent with the conclusion of
Raman spectroscopy in this study.
Fig. 3 FTIR spectra of (a(i)) SWCNTs, (a(ii)) oSWCNTs, (b(i)) WSCC, and
(b(ii)) WSCC–oSWCNTs.

RSC Adv., 2022, 12, 6821–6830 | 6823
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Furthermore, FTIR was used to conrm the charge transfer
interaction between the nanotubes and polymers.43 Fig. 3b
shows the FTIR spectra of WSCC and WSCC–oSWCNTs nano-
composite, founding the N–H characteristic absorption peak
blue-shis from 1652 cm�1 in the WSCC sample to 1658 cm�1

in the WSCC–oSWCNTs nanocomposite. The weakness of N–C
bonds was ascribed to both a result of lone electron pair transfer
from the WSCC to oSWCNTs and the p–p interaction of
oSWCNTs with WSCC.44 This is reasonable to assume that
WSCC was successful in combination with the oSWCNTs to
form a stable nanocomposite, the WSCC–oSWCNTs nano-
composite as a novel kind of heavy metal ions adsorbent was
obtained.

The N2 adsorption–desorption isotherms of SWCNTs,
oSWCNTs and WSCC–oSWCNTs nanocomposite are presented
in Fig. 4a. The surface areas of SWCNTs, oSWCNTs and WSCC–
oSWCNTs nanocomposite were calculated using the model of
BET. The surface area of SWCNTs (321.57 m2 g�1) is larger than
that of oSWNTs (279.28 m2 g�1), but the surface area of the
WSCC–oSWCNTs nanocomplex is 52.78 m2 g�1. SWCNTs
illustrate the availability of more sites for oxidation through
acid treatment and functionalization with WSCC due to its high
surface area.18 Being compared to the SWCNTs and oSWCNTs,
the low surface area of WSCC–oSWCNTs nanocomposite
suggests successful consumption of active surface sites and
partial possession of pore space on SWCNTs.45 All the above
results illustrate that the water soluble WSCC was successful in
combination with the oSWCNTs to form a stable nano-
composite, and a novel kind of heavy metal ions adsorbent was
prepared successfully.

To further conrm the successful preparation of WSCC–
oSWCNTs nanocomposite. The XPS spectra of SWCNTs,
oSWCNTs and WSCC–oSWCNTs nanocomposite were obtained
to check the percentage of each element in thematerials. Fig. 4b
shows the XPS spectra of SWCNTs, oSWCNTs and WSCC–
oSWCNTs nanocomposite. The XPS analysis reveals two
signicant peaks, C 1s and O 1s, at the surface of oSWCNTs.
Aer treatment with WSCC, a small N 1s peak appeared in the
spectra obtained for the WSCC–oSWCNTs nanocomposite, and
this is a further conrmation of WSCC modication on
SWCNTs.

A summary of the calculated percent compositions of C, O,
and N on the surface of the WSCC–oSWCNTs nanocomposite
Fig. 4 (a) Nitrogen adsorption–desorption isotherms and (b) XPS
spectra of (i) SWCNTs, (ii) oSWCNTs and (iii) WSCC–oSWCNTs
composite.

6824 | RSC Adv., 2022, 12, 6821–6830
further supports these results (Table 1), as the N 1s peak
increased by 0.9% aer treatment with WSCC. These results
illustrate that the water soluble WSCC was successful in
combination with the oSWCNTs to form a stable nano-
composite. A novel kind of heavy metal ions adsorbent was
prepared successfully.
3.2 Adsorption of Pb(II) from water using WSCC–oSWCNTs
nanocomposite

3.2.1 Effect of pH. The pH of solution has an important
impact on the surface charge of adsorbent, thereby affecting the
ability of WSCC–oSWCNTs nanocomposite to remove Pb(II) from
aqueous solution. We rstly investigated the effect of pH on
WSCC–oSWCNTs nanocomposite to adsorb Pb(II) to determine
the best pH to use for the further adsorption experiments. Pb(II)
begins to be precipitated at pH > 6, therefore, adsorption exper-
iments were carried out at pH < 6. Fig. 5 shows the adsorption
curves of SWCNTs, oSWCNTs, and WSCC–oSWCNTs nano-
composite at a pH range of 2–6. Adsorption experiments were
carried out using an adsorbent dose of 200 mg and Pb(II) dose of
10 mg in a 100 mL solution for 90 min at 303 K, respectively.

Based on the results from Fig. 5, the removal rate of Pb(II)
improves from 30% to 97%with increasing pH from 2 to 6 using
WSCC–oSWCNTs nanocomposite as adsorbent (Fig. 5c), and
the removal rate of oSWCNTs increases from 12% to 78% as the
pH varied from 2 to 6 (Fig. 5b). Yet, the removal rate of SWCNTs
increases from 6% to 59% as the pH varied from 2 to 6 (Fig. 5a).
Overall, from Fig. 5a–c, with increasing the functionalization of
the side wall of SWCNTs, the more defects of the SWCNTs are,
and the higher adsorption performance is. Indeed, the water
solubility of oSWNTs was also greatly enhanced aer the
modication with WSCC, which further enhanced the adsorp-
tion performance of WSCC–oSWCNTs nanocomposite.
Furthermore, its adsorption performance also gradually
enhanced with increasing pH value, because most of free
oxygen on the adsorbent is protonated at lower pH. Conse-
quently, since it was protonated positively charged surfaces,
adsorbent repulses Pb(II) via electrostatic repulsion, leading to
a low removal efficiency of Pb(II) at low pH.2 The removal effi-
ciency of Pb(II) increased with increasing solution pH, because
more adsorption sites could be obtained on the adsorbent.46

The adsorption rate of Pb(II) on WSCC–oSWCNTs nano-
composite reached up to �97% at pH ¼ 6. Therefore, pH at 6
was considered as the optimum value for the rest adsorption
experiments.

3.2.2 Effect of WSCC–oSWCNTs nanocomposite dosage.
The effect of WSCC–oSWCNTs nanocomposite dosage on Pb(II)
removal was investigated. Different amounts of WSCC–
Table 1 Surface elemental composition

Adsorbent

% composition

C O N

oSWCNTs 92.4 7.6
WSCC–oSWCNTs 90.4 8.7 0.9

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of pH on Pb(II) adsorption using (a) SWCNTs, (b)
oSWCNTs, and (c) WSCC–oSWCNTs complex as an adsorbent,
respectively.
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oSWCNTs nanocomposite (1–4mgmL�1) were added into water
sample with Pb(II) of 100 mg L�1. Aer stirring water sample for
90 min, both the residual concentration and percentage of
removal of Pb(II) in water sample were determined at 303 K.

Fig. 6a illustrates that the removal rate of Pb(II) increases
gradually along with the increasing of WSCC–oSWCNTs nano-
composite dosage in solution, showing 97% of Pb(II) within
90 min at 2 mg mL�1 of dosage of WSCC–oSWCNTs nano-
composite. The Pb(II) adsorption efficiency is almost still
remained unchanged as further increasing the adsorbent
dosage, because the WSCC–oSWCNTs nanocomposite began to
agglomerate as its concentration continuously increased in the
solution, and its effective adsorption surface area decreased.2

Thus, the optimal concentration of WSCC–oSWCNTs nano-
composite was considered as 2 mg mL�1 for the rest study.

3.2.3 Effect of adsorption time and adsorption kinetics.
Contact time is also considered to be another important factor,
signicantly affecting the adsorption of Pb(II) in addition to pH.
Adsorption experiments were carried out at 303 K using WSCC–
oSWCNTs nanocomposite with dose of 200 mg and initial Pb(II)
dose of 10 mg in a 100 mL solution for 90 min. As being showed
in Fig. 6b, the removal capacity of WSCC–oSWCNTs nano-
composite especially increases within the initial 30 min of
contact, and then slowly increases until reaching the adsorption
equilibrium stage at approximately 45 min. These effects were
Fig. 6 Effect of (a) WSCC–oSWCNTs complex dosage and (b) contact
time on the adsorption of Pb(II) from water.

© 2022 The Author(s). Published by the Royal Society of Chemistry
resulted from the availability active binding sites on the WSCC–
oSWCNTs nanocomposite surface. The low adsorption rate
observed aer 45 min of contact time due to mostly adsorption
binding sites on the WSCC–oSWCNTs nanocomposite surface,
which were occupied by Pb(II).47 Thus, the optimum contact
time was arranged at 45 min for the following adsorption
experiments.

In addition, both the pseudo-rst-order and pseudo-second-
order models can be used to describe the adsorption rate and
mechanism.48,49 The pseudo-rst-order kinetics follows
a monolayer physical absorption process with diffusion as
a rate-determining step, as being illustrated in eqn (3),50 and the
pseudo-second-order kinetics follows a multilayer chemical
absorption process, as being shown in eqn (4).51

ln(qe � qt) ¼ ln qe � k1t (3)

t

qt
¼ 1

k2qe2
þ t

qe
(4)

where qe (mg g�1) and qt (mg g�1) are the adsorbed amounts of
Pb(II) by WSCC–oSWCNTs nanocomposite at equilibrium time
(min) and time t (min), respectively; k1 (min�1) and k2 (g
mg�1 min�1) are the constants of pseudo-rst-order dynamic
and pseudo-second-order dynamic, respectively.

The adsorption kinetics of WSCC–oSWCNTs nanocomposite
toward Pb(II) were calculated by pseudo-rst-order and pseudo-
second-order kinetic models. Fig. 7 was drawn according the
average intermittent adsorption equilibrium data of adsorption
equilibrium Pb(II) at different time. Two kinetic models were
discussed according to eqn (3) and (4). The most suitable model
was selected according to the value of the highest determination
coefficient (R2).

Adsorption experiments were carried out at 303 K using
WSCC–oSWCNTs nanocomposite dose of 200 mg and initial
Pb(II) dose of 10 mg in a 100 mL solution for 60 min. As being
compared with the pseudo-second-order kinetics, the R2 of the
pseudo-rst-order kinetics was signicantly (R2 < 0.5) smaller,
and its adsorption tting was not ideal, indicating that the
adsorption process follows the second-order-kinetics adsorp-
tion. qe values (Table S1†) calculated using the pseudo-second-
order adsorption kinetic model was found to be similar to
experimental value (calculated using eqn (1)) of adsorption
capacity. Therefore, the adsorption process of heavy-Pb(II) on
WSCC–oSWCNTs nanocomposite can be well explained by
Fig. 7 (a) Pseudo-first-order and (b) pseudo-second-order models of
Pb(II) adsorption using WSCC–oSWCNTs complex as an adsorbent.
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pseudo-second-order kinetics and is governed by chemisorp-
tion. Moreover, according to the actual water quality and the
requirement of Pb(II) equilibrium quantity, thus, this tting
equation can be used to determine the quantity of WSCC–
oSWCNTs nanocomposite should be applied.

3.2.4 Effect of initial Pb(II) concentration on the adsorption
isotherms. Fig. 8a shows the effect of Pb(II) initial concentration
on WSCC–oSWCNTs nanocomposite adsorption rate. At the
initial concentration of 20 mg L�1, the adsorption efficiency of
WSCC–oSWCNTs nanocomposite to Pb(II) in solution was
99.2%. The adsorption efficiency of WSCC–oSWCNTs nano-
composite decreased gradually with increasing Pb(II) concen-
tration. As the concentration of Pb(II) was low, Pb(II) was quickly
adsorbed by WSCC–oSWCNTs nanocomposite sites due to less
competition among Pb(II) ions. Therefore, the removal rate of
Pb(II) was higher at a lower concentration, but the ratio of
effective binding sites to Pb(II) gradually decreased with
increasing the concentration of Pb(II). Consequently, Pb(II) tend
to saturate at the limited binding sites and were hardly
adsorbed.

When adsorption process reaches equilibrium, adsorption
isotherms can be used to explain the adsorption distribution or
pattern of Pb(II) on WSCC–oSWCNTs nanocomposite, providing
the adsorption capacity of WSCC–oSWCNTs nanocomposite.
Langmuir isotherm, Freundlich isotherm, Temkin isotherm,
and Dubinin–Radusckevisch–Kanager isotherm are generally
used as the isotherm models. Langmuir isotherm indicates the
monolayer adsorption on the surface of WSCC–oSWCNTs
nanocomposite with being equally distributed adsorption
energy, as being showed in eqn (5). Freundlich isotherm indi-
cates a non-uniform multilayer adsorption with various
adsorption energy, as being expressed using eqn (6).52 Temkin
isotherm postulates that the heat of adsorption of all molecules
would decrease with increasing surface coverage linearly, as
being given by the eqn (7).53 Dubinin–Radushkevich model can
used to identify whether the process is chemical adsorption or
physical adsorption, the linearized form of this model is
expressed with eqn (8)–(10).53

ce

qe
¼ 1

bqm
þ ce

qm
(5)

ln qe ¼ 1

n
ln ce þ ln kF (6)
Fig. 8 Effect of (a) initial concentration of Pb(II) and (b) temperature on
the adsorption behavior of WSCC–oSWCNTs complex.

6826 | RSC Adv., 2022, 12, 6821–6830
qe ¼ k1(ln k2) + k1 ln ce (7)

ln qe ¼ �b32 + ln q(D–R) (8)

3 ¼ RT ln

�
1þ 1

ce

�
(9)

E ¼ 1ffiffiffiffiffiffi
2b

p (10)

where b (L mg�1) and qm (mg g�1) are Langmuir adsorption
equilibrium constant and maximum adsorption capacity,
respectively; ce (mg L�1) is the equilibrium concentration of
adsorbate in the solution; kF (mg g�1)/(mg L�1) is the Freundlich
isotherm constant representing adsorption capacity, and n is
a constant representing adsorption intensity, providing detailed
information about the degree of heterogeneity. It should be
noted that the adsorption process indicates a favorable feasi-
bility if the value of 1/n is less than or equal to one; k1 (J mol�1)
is a Temkin constant related to the heat of adsorption, and k2 (L
g�1) is the equilibrium binding constant; q(D–R) (mg g�1) is the
Dubinin–Radushkevich isotherm constant representing theo-
retical adsorption capacity, and b (mol2 kJ�2) is a constant
related to adsorption energy; R represents the ideal gas constant
of 8.314 J K�1 mol�1; the mean free energy E (kJ mol�1) reects
the nature of the adsorption process, where it is physical
adsorption if E < 8 kJ mol�1 and chemical adsorption if E lies
between 8 and 16 kJ mol�1.53

Fig. 9 shows the average intermittent adsorption equilibrium
data of Pb(II) from water using WSCC–oSWCNTs nano-
composite as an adsorbent. Four adsorption isotherm models
were illustrated according to eqn (5)–(10).

Adsorption experiments were carried out at 303 K using the
WSCC–oSWCNTs nanocomposite dose of 200 mg, and initial
Pb(II) dose of 10 mg in a 100 mL solution for 45 min. Adsorption
data were t on all studied adsorption isotherms and are dis-
played in Fig. 9 and Table S2.† It can be found that the
Fig. 9 (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin–
Radusckevisch–Kanager adsorption isotherms for the adsorption of
Pb(II) using WSCC–oSWCNTs complex as an adsorbent.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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adsorption of Pb(II) by WSCC–oSWCNTs nanocomposite
conforms to both Langmuir isothermal adsorption model and
Freundlich isothermal adsorption model. The adsorption
process includes both monolayer and multilayer adsorption,
but multimolecular layer adsorption is dominant. Meanwhile,
the adsorption process of Pb(II) on WSCC–oSWCNTs nano-
composite is very complex, which may include various adsorp-
tion mechanisms such as ion exchange process (COOH–Pb(II)),
electrostatic attraction process (Coulomb attraction), and
complexation (N–Pb(II) coordination bond). The maximum
adsorption capacity by tting Langmuir model (qm) was
113.63 mg g�1. The adsorption capacity of the WSCC–oSWCNTs
nanocomposite was also compared to those of other adsorbents
from the literature (Table 2)2,18,29,54–62 for Pb(II) removal from
water. These observations indicate the potential of WSCC–
oSWCNTs nanocomposite for Pb(II). Constant 1/n by tting
Freundlich model was 0.57, indicating that the adsorption of
WSCC–oSWCNTs nanocomposite on Pb(II) easily occurs. This,
thus, highlights that the adsorbent of WSCC–oSWCNTs nano-
composite has a strong adsorption capacity for Pb(II). A positive
heat of adsorption b value from the Temkin isotherm supports
the endothermic behavior of adsorption,63 and the calculated
value of E from the Dubinin–Radusckevisch–Kanager isotherm
also suggests the chemisorption nature of adsorption. There-
fore, these observations proposed multilayer adsorption of
Pb(II) on heterogeneous sites following chemisorption.

3.2.5 Temperature and thermodynamic analysis. Temper-
ature is also a key parameter to monitor the adsorption effi-
ciency of adsorbent, as its change can affect the solubility and
kinetic energy of ions in solution.

Fig. 8b shows the adsorption results of WSCC–oSWCNTs
nanocomposite on Pb(II) in solution at various temperature. It
was observed that the adsorption capacity of WSCC–oSWCNTs
nanocomposite increased with increasing adsorption tempera-
ture, and its maximum adsorption capacity appeared at 30 �C.
The adsorption effect of WSCC–oSWCNTs nanocomposite at
higher temperatures was greater because of the decreased
viscosity of Pb(II) at higher temperatures, faster movement
speed of Pb(II), and the reduced mass transfer resistance. In
Table 2 Comparison of Pb(II) removal from water using different
adsorbents

Adsorbent
Adsorption capacity
(mg g�1) References

CAU-7-TATB 63 54
Activated alumina 83 55
Conjugate adsorbent 188.67 56
Anaerobically digested sludge 126 57
Biochar 106.39–168.05 58
Oak wood ash/GO/Fe3O4 47.16 59
Polymeric nanocomposite 256.4–476 60
Calcined clay 10.2–34.08 61
Fe3O4@TATS@ATA 205.2 62
Chitosan 55 29
SWCNT 33.55 18
MoS2/SH-MWCNTs 90.0 2
WSCC–oSWCNTs complex 113.63 In this study

© 2022 The Author(s). Published by the Royal Society of Chemistry
addition, more active sites were released due to both the higher
the temperature and the easier the deprotonation reaction, thus
improving the adsorption effect of WSCC–oSWCNTs nano-
composite on Pb(II). However, WSCC–oSWCNTs nanocomposite
was easily agglomerated with increasing temperature. This
effect was due to the reduced the surface area of WSCC–
oSWCNTs nanocomposite, and the combined effect of both
factors that the adsorption capacity stabilized at 30 �C.

In addition, the inuence of temperature on adsorption
behavior was further investigated using Gibbs–Helmholtz
formula (eqn (11) and (12)).

DG ¼ DH � TDS (11)

ln kd ¼ �DH

RT
þ DS

R
(12)

where DG (kJ mol�1) is Gibe free energy; DH (kJ mol�1) is
enthalpy change; DS (kJ mol�1 K�1) is entropy change; kd
represents thermodynamic equilibrium constant of toxic ion
distribution under T (K), and its value is the ratio of the amount
of absorbed toxic ions to the amount of remaining toxic ions at
equilibrium (qe/ce); R is a constant of 8.314 J mol�1 K�1.

According to eqn (8), the linear equation of ln kd changing
with 1/T was obtained, as being showed in Fig. S3† that three
thermodynamic parameters at different temperatures were
calculated and shown in Table S3.†

As being shown in Table S3,† DH was greater than zero,
indicating that the adsorption process is endothermic. There-
fore, the adsorption quantity increases with increasing
temperature. Yet, a positive value of DS also implies an
increased disorder at the solid/liquid interface.2 DG was less
than zero at all temperature, indicating the feasibility and
spontaneity of the adsorption process. With increased temper-
ature, a continuous decrease in DG value highlights that the
adsorption process is more promising under high-temperature
condition.
3.3 Desorption and recycling studies

To perform the regeneration ability of WSCC–oSWCNTs nano-
composite, desorption tests were achieved using HCl.61 To
evaluate the reusability of the WSCC–oSWCNTs nano-
composite, it was subjected to several loadings with the Pb(II)
solution and subsequent elution. The results displayed that the
recovery of Pb(II) was constant (82.5%) even aer 4 successive
cycles of adsorption/desorption process (Fig. 10a). Meanwhile,
there was no signicant change in the FTIR spectra of WSCC–
oSWCNTs nanocomposite (a) before and (b) aer 4 successive
cycles of adsorption/desorption process for Pb(II) in Fig. S4,†
suggesting that the stability of WSCC–oSWCNTs nano-
composite is good for practical applications.
3.4 Effect of interfering ions on Pb(II) removal

Several types of co-existing ions such as Na+, K+, Ca2+, Mg2+,
Cd2+, Hg2+, Al3+, and Cr3+ are existed in the groundwater. These
ions effects were investigated to evaluate the Pb(II) ions selec-
tivity by WSCC–oSWCNTs nanocomposite. The data claried
RSC Adv., 2022, 12, 6821–6830 | 6827

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00066k


Fig. 10 (a) Recycling studies and (b) FT-IR spectra of WSCC–
oSWCNTs (i) before and (ii) after adsorption for Pb(II).
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that these common ions were not obviously affected the Pb(II)
ions adsorption as being depicted in Table S4.† However, the
selectivity of WSCC–oSWCNTs nanocomposite for Pb(II) is very
obvious. Therefore, the Pb(II) ions were preferably adsorbed by
WSCC–oSWCNTs nanocomposite.
3.5 Adsorption mechanism

Isotherm studies showed that the adsorption of WSCC–oSWCNTs
nanocomposite on Pb(II) was suitable for both Langmuir
isothermal adsorption model and Freundlich isothermal adsorp-
tion model, so the adsorption process includes both monolayer
adsorption and multilayer adsorption. Yet multimolecular layer
adsorption was dominant. To gain the detailed information of the
interaction, FTIR spectra were carried out in Fig. 10b. The peak
attributes to N–H stretching vibration of WSCC–oSWCNTs nano-
composite weakens at 1658 cm�1, and a new peak at 832 cm�1 is
observed aer Pb(II) adsorption, suggesting that the inner
adsorption of WSCC–oSWCNTs nanocomposite on Pb(II) could be
attributed to the formation of metal–N complexes between Pb(II)
and WSCC–oSWCNTs nanocomposite, there is a similar conclu-
sion in previous study.54 It has shown that amine groups of WSCC
play an important role in the whole adsorption process. FTIR
results were consistent with the result of pseudo-second-order
kinetics model, and both of them suggest the adsorption
process is chemisorption. Furthermore, the negative charges on
the side walls of oSWCNTs, such as –COOH and –OH, provide
electron pairs to Pb(II), contributing to the effective adsorption of
Pb(II). In addition, there are ions-exchange between –COOH and
Pb(II) at high pH. Similarly, these adsorption mechanisms were
also illustrated in previous studies.2,64

The selective adsorption of Pb(II) can be explained by the
theory of hard–so-acid–base. Due to its large volume and high
polarizability, Pb(II) (compared with other metal ions in Table
S4†) is classied as so acid.54 Therefore, the bonding ability
between Pb(II) and N in WSCC–oSWCNTs nanocomposite is
stronger than the other metal ions do. Consequently, WSCC–
oSWCNTs nanocomposite displays an ability of selective
adsorption of Pb(II) in water.
4 Conclusion

Water-soluble biopolymer WSCC was prepared as a soluble
dispersant. oSWCNTs were further dispersed using WSCC as
6828 | RSC Adv., 2022, 12, 6821–6830
a dispersant. WSCC–oSWCNTs nanocomposite was obtained as
an adsorbent. It was used to study the adsorption characteris-
tics on Pb(II) from water, as well as various adsorption param-
eters such as pH, contact time, initial Pb(II) concentration,
dosage of WSCC–oSWCNTs nanocomposite, and adsorption
temperature. Adsorption capacity of WSCC–oSWCNTs nano-
composite on Pb(II) was 113.63 mg g�1. The adsorption process
was found to be perfectly tted to pseudo-second-order kinetic
model, and isotherm study further showed that the adsorption
process using the Langmuir, Freundlich, Temkin and Dubinin–
Radusckevisch–Kanager isothermmodels, revealed a multilayer
chemisorption process. FTIR further conrmed the result of the
chemisorption process. The higher adsorption efficiency of
WSCC–oSWCNTs nanocomposite on Pb(II) was a result of ion-
exchange, electrostatic interaction, and metal complexes
formation betweenWSCC–oSWCNTs nanocomposite and Pb(II).
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