


ISSN 1001–0742 Journal of Environmental Sciences Vol. 25 No. 5 2013

CONTENTS

Environmental biology

Continuous live cell imaging of cellulose attachment by microbes under anaerobic and thermophilic conditions

using confocal microscopy

Zhi-Wu Wang, Seung-Hwan Lee, James G. Elkins, Yongchao Li, Scott Hamilton-Brehm, Jennifer L. Morrell-Falvey · · · · · · · · · · 849

Response of anaerobes to methyl fluoride, 2-bromoethanesulfonate and hydrogen during acetate degradation
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Abstract
A novel nanoadsorbent for the removal of heavy metal ions is reported. Cotton was first hydrolyzed to obtain cellulose nanocrystals

(CNCs). CNCs were then chemically modified with succinic anhydride to obtain SCNCs. The sodic nanoadsorbent (NaSCNCs) was
further prepared by treatment of SCNCs with saturated NaHCO3 aqueous solution. Batch experiments were carried out with SCNCs
and NaSCNCs for the removal of Pb2+ and Cd2+. The effects of contact time, pH, initial adsorption concentration, coexisting ions and
the regeneration performance were investigated. Kinetic studies showed that the adsorption equilibrium time of Pb2+ and Cd2+ was
reached within 150 min on SCNCs and 5 min on NaSCNCs. The adsorption capacities of Pb2+ and Cd2+ on SCNCs and NaSCNCs
increased with increasing pH. The adsorption isotherm was well fitted by the Langmuir model. The maximum adsorption capacities
of SCNCs and NaSCNCs for Pb2+ and Cd2+ were 367.6 mg/g, 259.7 mg/g and 465.1 mg/g, 344.8 mg/g, respectively. SCNCs and
NaSCNCs showed high selectivity and interference resistance from coexisting ions for the adsorption of Pb2+. NaSCNCs could be
efficiently regenerated with a mild saturated NaCl solution with no loss of capacity after two recycles. The adsorption mechanisms of
SCNCs and NaSCNCs were discussed.

Key words: cellulose nanocrystals; adsorption; isotherms; regeneration
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Introduction

Pollution by heavy metals, due to their toxic nature and
other adverse effects, is one of the most serious envi-
ronmental problems (Anirudhan and Sreekumari, 2011).
Many heavy metal ions, such as lead, cadmium, cop-
per, and mercury, are detected in industrial wastewaters
originating from metal plating, mining activities, paint
manufacture, etc. These heavy metals are not biodegrad-
able and tend to accumulate in living organisms, causing
various diseases and disorders (Lu et al., 2010). Therefore,
they must be removed from aqueous solution before dis-
charge.

Among these heavy metal ions, lead and cadmium are
the most toxic (Musyoka et al., 2011). These heavy metal
ions pose serious health implications to the vital organs of
human beings and animals when consumed above certain
threshold concentrations. At high exposure levels, lead

* Corresponding author: E-mail: gemaofa@iccas.ac.cn (Maofa Ge);
tongsr@iccas.ac.cn (Shengrui Tong)

causes encephalopathy, cognitive impairment, behavioral
disturbances, kidney damage, anemia, and toxicity to the
reproductive system (Pagliuca et al., 1990); and cadmium
is associated with nephrotoxic effects and bone damage
(Friberg, 1985). According to the World Health Organi-
zation criteria, the permissible limits of lead and cadmium
in wastewater are 0.015 mg/L and 0.01mg/L, respectively
(Musyoka et al., 2011).

Conventional methods, including physical and chemical
processes, have been used to remove heavy metal ions
from water, such as ion exchange (Nada and Hassan,
2006), chemical precipitation (Esalah et al., 2000), reverse
osmosis (Li et al., 2007), membrane separation (Canet et
al., 2002), electrochemical techniques (Chen et al., 2002b)
and biosorption (Ma et al., 2010; Xing et al., 2011).
However, most of these methods have high operating cost
and the need for disposal of the resulting solid waste. Due
to the advantages of economical feasibility and environ-
mental friendly behavior, adsorption is regarded as the best
technique for removing heavy metal ions (O’Connell et al.,
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2008).
Cellulose, the most widely available and renewable

biopolymer in nature, is a very promising raw material
available at low cost for the preparation of various func-
tional materials. Native cellulose may be categorized as
a semicrystalline fibrillar material, which is constituted
of amorphous and crystalline regions. The amorphous
regions act as structural defects and are susceptible to
acid attack, and then individual short monocrystalline
nanoparticles called cellulose nanocrystals (CNCs) are
released. The length and lateral dimension of cellulose
nanocrystals are reported to be around 200 nm and 5 nm
(Samir et al., 2005), respectively. The small size results
in a high aspect ratio and a large specific surface area.
Because of the chemical structure of cellulose, the CNC
surface bears numerous hydroxyl groups, which leads to
high activity and the ability to react with various specific
groups (Hasani et al., 2008; Kloser and Gray, 2010).
Due to high specific surface areas and numerous reactive
groups, excellent adsorption performance may be obtained
with modified CNCs. Therefore, after modification with
functional groups such as amino groups (da Silva Filho et
al., 2009; Shen et al., 2009), sulfonic acid groups (Güçlüet
al., 2003), and carboxyl groups (Karnitz et al., 2010; Li
et al., 2010; Zhao et al., 2011), CNCs are able to remove
heavy metal ions from aqueous solution with relatively
high adsorption capacity.

Succinic anhydride is widely used in the manufacture
of agrochemicals, dyes, photographic chemicals, surface
active agents, lubricant additives, organic flame retardant
materials, esters, flavors and fragrances. It is produced by
two COOH groups of succinic acid combining with the
loss of a water molecule. Therefore, succinic anhydride
is an active agent containing one anhydride group, which
can react with the hydroxyl groups of cellulose. In recent
decades, there have been many investigations concerning
the modification of cellulose with succinic anhydride for
the removal of heavy metal ions (Belhalfaoui et al., 2009;
Gurgel and Gil, 2009; Karnitz et al., 2007). However,
modification of CNCs with succinic anhydride, to our
knowledge, has not been reported till now.

In this study, CNCs were first prepared by sulfuric acid
hydrolysis of cotton. Subsequently, CNCs were modified
with succinic anhydride, and the product SCNCs were
then converted into the sodic form (NaSCNCs). SCNCs
and NaSCNCs were used to remove the Pb2+ and Cd2+

from aqueous solution. The effects of contact time, pH,
initial adsorption concentration, coexisting ions and the
regeneration performance were investigated. Furthermore,
the adsorption mechanism was systematically investigated.

1 Materials and methods

1.1 Materials
Medical absorbent cotton was obtained from Jiaozuo
League Hygiene Group (China). Succinic anhydride,

Pb(NO3)2, CdCl2 were purchased from Aladdin Reagent
Co., Ltd. Pyridine, Mg(NO3)2, Ca(NO3)2 and KNO3 were
purchased from Sinopharm Chemical Reagent Co., Ltd.
Pyridine was refluxed with NaOH and distilled to remove
trace water. All other solvents and reagents were used
without further purification.

1.2 Preparation of CNCs and NaSCNCs

Medical absorbent cotton was dispersed in 64% sulfuric
acid and the proportion of the cotton to acid was 1:8.75
(g/mL) (Dong et al., 1998). This suspension was kept at
45°C for 45 min, and then an equal part of distilled water
was added. After that, the suspension was centrifuged at
10000 r/min for 10 min to remove excess acid and water.
The precipitate was then dialyzed with distilled water for
7 days until the effluent remained at neutral pH. Finally,
CNCs were recovered by freeze-drying from the water
dispersions.

Freeze-dried CNCs (3 g) were mixed with succinic
anhydride (15 g) and then reacted at 120°C for 12 hr
under pyridine (30 mL) reflux. After the reaction, the
unreacted succinic anhydride was removed by washing
with distilled water, ethanol and acetone several times and
the product was dried in vacuum at 60°C. Finally, SCNCs
were obtained.

NaSCNCs were prepared by treatment of SCNCs with
saturated sodium bicarbonate solution for 2 hr under con-
stant stirring at room temperature followed by filtration.
The product was washed with distilled water and acetone.
Finally, the NaSCNCs were dried in vacuum at 60°C.

1.3 Carboxylic content and the mass gain percent

The carboxylic content of SCNCs was determined by the
back titration method (Liu et al., 2010). Sample of 0.1
g was treated with 100 mL 0.01 mol/L NaOH standard
solution by stirring at room temperature for 1 hr. Several
drops of phenolphthalein indicator were added. The above
solution was back-titrated against 0.01 mol/L standard
HCl solution until the solution turned from the pale pink
to colorless. The carboxylic content of SCNCs (CCOOH,
mmol/g) was calculated by Eq. (1):

CCOOH =
VNaOH ×CNaOH − VHCl ×CHCl

m
(1)

where, VNaOH (mL) and VHCl (mL) are the volume of
standard NaOH used and standard HCl consumed, respec-
tively, CNaOH (mol/L) and CHCl (mol/L) are the molarity
of standard NaOH and HCl, respectively, and m (g) is the
weight of the analyzed sample.

1.4 Characterization of materials

Fourier transform infrared spectrometer (FT-IR) (6700,
Thermo Nicolet, USA) and a solid-state CP/MAS 13C
nuclear magnetic resenance (NMR) spectrometer (Bruker
Avance III 400, Bruker, Germany) were used to verify
the presence of functional groups in the adsorbent. The
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morphology of the samples was observed with a S-4300
scanning electron microscope (Hitachi, Japan) operating at
15 kV. Transmission electron microscopy was conducted
using a JEM-1011 instrument (JEOL, Japan). X-ray pho-
toelectron spectroscopy (XPS) data were obtained with an
ESCALab220i-XL electron spectrometer (VG Scientific,
USA) using 300W AlKα radiation. The zeta potential
was measured with a Zetasizer (Nano-ZS, Malvern Instru-
ments, England).

1.5 Adsorption of heavy metal ions

The adsorption experiments were performed on a platform
shaker at 200 r/min and (25 ± 2)°C using 150 mL shaker
flasks. The effects of contact time, pH, initial adsorption
concentration, coexisting ions and the regeneration perfor-
mance were investigated. In order to avoid the formation of
insoluble metal hydroxides, the pH of adsorption kinetics
experiments was kept at 6.0 for Cd2+ and 5.5 for Pb2+

(Gurgel and Gil, 2009). Either 0.1 mol/L HCl or 0.1 mol/L
NaOH solution was used to adjust the pH values during
the adsorption experiments. The metal ion concentration
was analyzed using an inductively coupled plasma optical
emission spectrometer (ICP-OES, Optima 2000, Perkin
Elmer, USA). The adsorption capacity qe (mg/g) was
calculated as described by Eq. (2):

qe =
(C0 −Ce)V

m
(2)

where, C0 (mg/L) is the initial metal ion concentration, Ce
(mg/L) is the metal ion equilibrium concentration, V (L) is
the volume of the metal ion solution and m (g) is the mass
of adsorbent. The adsorbent dose was kept at 1 g/L for all
the adsorption experiments.

2 Results and discussion

2.1 Characterization of SCNCs and NaSCNCs

The esterification of CNCs was confirmed by the FT-IR
spectra. Figure 1A shows the FT-IR spectra of cotton,
CNCs and SCNCs. In the spectra of cotton and CNCs

(Fig. 1A line a and line b), the spectra exhibit typical
peaks for many functional groups of cellulose. The broad
band at 3338 cm−1 is attributed to the presence of free
and hydrogen bonded OH stretching vibration and the
other one at 670 cm−1 is attributed to the OH out-of-
plane bending vibration. The band at 2900 cm−1 is due
to the C–H asymmetric and symmetric tensile vibration.
Bands corresponding to C–H bending vibrations were
observed at 1280 and 1337 cm−1. The peak at 1636 cm−1

originates from the bending mode of the absorbed water.
The strong absorption at 1056 cm−1 relates to C–O and C–
O–C stretching vibrations, and the 1160 cm−1 peak relates
to the C–O antisymmetric bridge stretching vibration.
The peak at 1429 cm−1 corresponds to the CH2 bending
vibration. An absorption band at 898 cm−1 arises from the
β-glycosidic linkages. These absorption bands are all char-
acteristic absorption bands of cellulose, indicating that the
structure of the CNCs was not destroyed by sulfuric acid
hydrolysis. There are two peaks at 1735 and 1718 cm−1

in the spectrum of SCNCs (Fig. 1A line c), indicating the
presence of two carbonyl groups. The peak at 1735 cm−1

is due to the carbonyl group of the ester and the peak at
1718 cm−1 is assigned to the carbonyl group of carboxylic
acid. As expected, the absence of any absorption band at
1850 and 1780 cm−1 confirms the product to be free of
non-reacted succinic anhydride (Liu et al., 2010). Thus, it
is demonstrated that the CNCs were successfully modified
with succinic anhydride.

The NMR spectra of CNCs and SCNCs are shown in
Fig. 1B. In the spectrum of CNCs (Fig. 1B line b), all
signals, i.e. those at 104.7 ppm (C-1), 89.8 ppm (C-4 of
crystalline cellulose), 74.7 ppm (C-5), 72 ppm (C-2 and
C-3), and 69.5 ppm (C-6 of crystalline cellulose) (Liu
et al., 2010), are attributed to six carbon atoms of the
glucose unit. However, there is no signal of C-4 and C-
6 of amorphous cellulose in the spectrum, suggesting the
complete disruption of the cellulose amorphous structure
during the acid hydrolysis of cotton. Notably, two more
intense signals appear in the spectrum of SCNCs (Fig. 1B
line c) in addition to those of CNCs, due to carbon atoms
of carboxylic groups (C-7 and C-10) at 173.8 ppm and
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Fig. 1 FT-IR spectra (A) and solid-state CP/MAS 13C NMR spectra (B) of cotton (line a), CNCs (line b) and SCNCs (line c).
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methylene groups (C-8 and C-9) at 30.1 ppm. The presence
of these two intense signals proves that the esterification
did occur, and according to Eq. (1), the carboxylic content
of the SCNCS was 4.91 mmol/g.

CNCs dispersed in water present individual rodlike
particles, about 30 nm in diameter and several hundred
nanometers in length (Fig. 2d). However, after drying, a
serious agglomeration occurs due to their large specific
surface area and leads to the formation of giant particles,
and the surface of these particles looks irregular and
smooth, as shown in Fig. 2a. Clearly, the sizes of the
SCNCs particles are smaller than those of CNCs and the
surface appears to have a few cracks (Fig. 2b). Figure 2c
shows that the cracks of NaSCNCs further expand after
drying. These results demonstrate that the surface hydroxyl
groups reacted with succinic anhydride, leading to the
slight destruction of the aggregates.

2.2 Adsorption kinetics

Contact time is an important factor in evaluating the
adsorption efficiency, which helps to determine the rate
of maximum removal of solutes. The effect of contact
time on Pb2+, Cd2+ ions adsorption in aqueous solution
is presented in Fig. 3a and b. The adsorption rates of
Pb2+ and Cd2+ ions on SCNCs, NaSCNS, and CNCs
were very fast. Especially for NaSCNCs, the adsorption
equilibrium was reached within 5 min, and the equilibrium
time of SCNCs was 120 and 150 min for Pb2+ and Cd2+,
respectively. Although the adsorption equilibrium process

of CNCs was also rapid, the adsorption capacity was quite
low compared with those of SCNCs and NaSCNCs. This
fact indicates that modification of cellulose nanocrystals
with succinic anhydride improves adsorption performance.

In order to understand the adsorption process, various
kinetic models such as the pseudo first-order kinetics mod-
el, pseudo second-order kinetics model and intraparticle
diffusion kinetics model are used to study the adsorption
type and mechanism. It has been found that the pseudo
second-order kinetic model fits the experimental data best
in most cases. Therefore, the pseudo-second-order kinetic
model was used to study the adsorption process in the
present work.

The pseudo second-order kinetic model (Ho and McK-
ay, 1999; Ho et al., 2000) is described as:

qt =
kq2

e t
1 + kqet

(3)

t
qt
=

1
kq2

e
+

1
qe

t (4)

where, qt (mg/g) and qe (mg/g) are the amount of metal
adsorbed at time t and at equilibrium, respectively, and k is
the rate constant g/(mg·min).

When t→ 0, the initial adsorption rate h can be defined
as follows:

h = kq2
e (5)

a b

c d

Fig. 2 SEM images of CNCs (a), SCNCs (b), NaSCNCs (c) and TEM image of CNCs (d).
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The kinetic parameters were calculated from the slope
and intercept of the plot of t/qt vs. t by linear regression
analysis (Fig. 3c and d) and the results are presented in
Table 1. It can be seen that the experimental data can
be well described by the pseudo second-order equation
considering the good correlation coefficient (R2 > 0.99),
and the values of qe(theo) obtained from pseudo second-
order kinetic model agree perfectly with the experimental
qe(exp) values. Therefore, it is concluded that the adsorption
process can be well explained by the pseudo second-order
kinetic model and the process may be a chemical ad-
sorption process through sharing or exchange of electrons
between adsorbent and adsorbate (Bulut and Tez, 2007).
In addition, it is noted that the initial adsorption rate of
NaSCNCs was faster than that of SCNCs and CNCs. This

can be explained by its different adsorption mechanism.

2.3 Effect of pH

One important factor in metal ion removal from aqueous
solutions is the pH, which can affect the adsorbent surface
charge and the degree of ionization. Figure 4 shows the
effect of pH on the adsorption behavior. It was found that
the adsorption capacities of Pb2+ and Cd2+ on SCNCs and
NaSCNCs increased with increasing pH. When the pH
values are lower (pH < pHPZC = 1.25), the concentration
of protons competing with metal ions for the active sites
is higher. Meanwhile, the adsorbent surface is positively
charged and metal ions with positive charge have difficulty
approaching the functional groups due to electrostatic
repulsion. Thus adsorption capacities were found to be

Table 1 Kinetic parameters of pseudo-second-order model for Pb2+, Cd2+ adsorption

Metal ion Adsorbents qe(theo) (mg/g) qe(exp) (mg/g) k2 (g/(mg·min)) h (g/(mg·min)) R2

Pb2+ CNCs 43.1 50.2 1.62 × 10−2 30.73 0.99462
SCNCs 303 299.7 0.1 × 10−2 96.62 0.99967
NaSCNCs 300.3 299.9 52 × 10−2 46893.65 1

Cd2+ CNCs 7.1 7.4 18.64 × 10−2 9.48 0.99050
SCNCs 154.32 150.22 0.111 × 10−2 26.34 0.99694
NaCNCs 166.66 166.50 4.17 × 10−2 1216.31 0.99999
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Fig. 4 Effect of pH on Pb2+ (a) and Cd2+ (b). Initial concentration: 300 mg/L for Pb2+, 200 mg/L for Cd2+.

low at lower pH values. With the increase of pH (pH >
pHPZC = 1.25), the concentration of protons decreases and
the adsorbent surface charge becomes negative. Therefore,
the electrostatic attraction increases between the metal ions
and the adsorbent, which leads to a higher adsorption ca-
pacity. However, it was found that the adsorption capacity
of CNCs was not affected by pH. This is mainly due to
the fact that CNCs bear numerous hydroxyl groups and
a little residual sulphate groups. In the studied pH range,
the sulphate groups, which remained fully ionized, as well
as the hydroxyl groups, are less affected by the pH. The
optimum pH values which correspond to the maximum
adsorption capacity of Pb2+ and Cd2+ were observed at 5.5
and 6.5, respectively. The results are consistent with the
report of Gurgel and Gil (2009).

2.4 Adsorption isotherms

Adsorption isotherms are often used to describe the
relationship between the adsorbent and adsorbate. The
Langmuir isotherm model is the most widely used sorption
isotherm for the removal of metal ions from aqueous
solution. This model is based on the assumption that the
adsorbate forms a saturated molecular layer (monolayer)
on the adsorbent surface, that the surface sites have the
same energy, and that there is no solute-solute or solute-
solvent interaction in either phase or transmigration of
adsorbate on the plane of the surface (Bulut and Tez, 2007;
Davis et al., 2003; Gurgel and Gil, 2009; Langmuir, 1918).
The general form of the Langmuir isotherm model can be
expressed as:

qe =
QmaxbCe

1 + bCe
(6)

The linearized form of the Langmuir isotherm model can
be expressed as:

Ce

qe
=

1
bQmax

+
Ce

Qmax
(7)

where, Ce (mg/L) is the equilibrium concentration of metal

ions in solution, qe (mg/g) is the equilibrium adsorption
capacity at this solution concentration, Qmax (mg/g) is the
maximum adsorption capacity per gram of sorbent, and
b (L/mg) is the Langmuir constant related to the energy
of adsorption. The Langmuir parameters were calculated
from the slope and intercept of different straight lines. The
results are listed in Table 2.

The high correlation coefficients (R2 > 0.97) indicate
that the experimental data can be well fitted by the Lang-
muir model and this model can well explain the adsorption
process of Pb2+ and Cd2+ on CNCs, SCNCs and NaSC-
NCs. The Langmuir parameter Qmax reflects the theoretical
maximum adsorption capacity of an adsorbent. From the
values of Qmax in Table 2, the maximum adsorption
capacities of SCNCs, NaSCNCs and CNCs for Pb2+ and
Cd2+ varied in the order NaSCNCs > SCNCs > CNC. This
is a remarkable improvement compared to Qmax of CNCs
and demonstrates that an excellent adsorbent was obtained.
Comparison of Qmax and Qmax(exp) showed that the two
values were very consistent, indicating that the adsorption
was a monolayer adsorption process. In addition, the Qmax
of NaSCNCs was higher than that of SCNCs. This could be
explained by the different adsorption mechanisms. Thus,
when materials with carboxyl acid groups are applied
in the removal of heavy metal, it is essential to turn
the carboxyl acid group into carboxylate. The Langmuir
parameter b indicates the adsorption bond energy between
adsorbent and metal ion. A strong bond energy between
active sites and metal ions leads to a high adsorption
capacity. It was found that modified CNCs exhibited a
larger bond energy than unmodified CNCs, which was
consistent with the observed adsorption capacity.

The dimensionless constant separation factor for equi-
librium parameter (RL) (Deniz and Saygideger, 2010) can
be defined as:

RL =
1

1 + bC0
(8)

where, C0 (mg/L) is the initial concentration of metal ion
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Table 2 Langmuir parameters for Pb2+ and Cd2+ adsorption

Metal ion Adsorbents Qmax (mg/g) Qmax(exp) (mg/g) b (L/mg) R2

Pb2+ CNCs 27.9 25 0.04 0.97285
SCNCS 367.6 365.9 1.81 0.99807
NaSCNCs 465.1 458.3 4.13 0.99962

Cd2+ CNCs 1.9 2 0.09 0.99592
SCNCS 259.7 256.3 2.29 0.99826
NaSCNCs 344.8 335 41.88 0.99994

and b (L/mg) is the Langmuir constant. The value of RL
indicates whether the type of isotherm is irreversible (RL =

0), favorable (0 < RL < 1), linear (RL = 1) or unfavorable
(RL > 1). In this study, the values of RL vary between 0 and
1, indicating that the adsorption process is favorable.

2.5 Adsorption mechanism

Figure 5 shows the FT-IR spectra of SCNCs, NaSCNCs,
lead-loaded SCNCs and cadmium-loaded SCNCs from
2000 to 1100 cm−1. The band at 1735 cm−1 corresponding
to the ester carbonyl double bond did not change after the
sorption of metal ions onto the SCNCs. However, the free
carbonyl double bond stretching band at 1718 cm−1 exhib-
ited an evident shift to a lower frequency at 1575, 1548
and 1540 cm−1 for NaSCNCs, cadmium-loaded SCNCs
and lead-loaded SCNCs, respectively, while the carboxyl
C–O bond shifted from 1205 to around 1415 cm−1. These
shifts demonstrate the complexation of carbonyl groups
by dative coordination (Fourest and Volesky, 1996). The
distance between C=O and C–O bands (∆ = νC=O–νC–O)
is related to the relative symmetry of the carboxyl group
and reflects the nature of the coordination status. Fuks et
al. (2006) reported that monodentate complexes presented
the highest ∆ (∆complex≫ ∆Nasalt); bidentate chelating com-
plexes exhibited the lowest ∆ (∆complex ≪ ∆Nasalt); while
bidenate bridging complexes displayed intermediate ∆
(∆complex ≤∆Nasalt). The distances for NaSCNCs, cadmium-
loaded SCNCs and lead-loaded SCNCs were 157, 132

2000 1900 1800 1700 1600 1500 1400 1300 1200 1100

Wavenumber (cm-1)

1205

a

b

c

d

1735

1718

Fig. 5 FT-IR spectra of SCNCs (line a), lead-loaded SCNCs (line b),
NaSCNCs (line c) and cadmium-loaded SCNCs (line d) from 2000 to
1100 cm−1.

and 128 cm−1 respectively. These results demonstrate that
cadmium or lead binding with the carboxyl groups formed
a bidentate bridging or bidentate chelating structure, rather
than a monodentate structure. Additionally, the ∆ change
indicates more involvement of carboxyl groups forming
complexes with metal ions (Liu et al., 2011a).

XPS analysis of the adsorbents before and after met-
al ion sorption was conducted to study the interaction
between the functional groups and the adsorbed metal
ions. The wide scan XPS spectra of SCNCs (Fig. 6A)
and NaSCNCs (Fig. 6B) showed that peaks at 138.5
and 405.3 eV appeared after the adsorption of Pb2+ and
Cd2+, respectively. These indicate that the Pb2+ and Cd2+

accumulated on the surface of the adsorbents. Moreover,
for NaSCNCs, the peak at 1071.2 eV for Na 1s disappeared
after the Pb2+ and Cd2+ ion adsorption, which is attributed
to the ion exchange of sodium ions by Pb2+ and Cd2+ ions
(Zheng et al., 2009).

High resolution spectra of C 1s and O 1s regions are
shown in Fig. 7. The C 1s spectrum of SCNCs presents
four peaks with BE of 284.7, 286.2, 287.9, 288.7 eV,
resolved via deconvolution (Fig. 7a). These peaks can be
assigned to C atoms in the form of C–C, C–O (alcoholic or
ether), O–C–O (ether) and O–C=O (carboxylate groups),
respectively (Chen et al., 2002a; Lim et al., 2008; Liu et al.,
2011a). After Pb2+ and Cd2+ adsorption onto the SCNCs,
the binding energy of C–O, O–C–O and O–C=O shifted
to 286.4, 288.2 and 288.9 eV, respectively (Fig. 7b and
c). This demonstrates that ether and carboxylate groups
in the SCNCs were involved in the metal ion adsorption.
Additionally, the O–C=O peak at 288.7 eV dramatically
decreased, indicating that carboxyl-metal complexes were
formed between unoccupied electron orbitals of bivalent
metal ions and lone pair electrons of oxygen atoms of
carboxylate groups, thus decreasing the electron density
at the adjacent carbon atom in C=O and C–O (Chen and
Yang, 2006; Liu et al., 2011b). The O 1s peaks of SCNCs
can be deconvoluted into three individual component peaks
(Fig. 7d), which are attributed to C=O (531.4 eV), C–O
(532.2 eV) and COO− (533.3 eV). The peaks after Pb2+

and Cd2+ adsorption had a certain degree of shift (Fig.
7e and f), which is due to the binding of Pb2+ and Cd2+

ions onto the oxygen atoms, and thus reducing its electron
density (Lim et al., 2008). The changes in the binding
energy indicate that C=O, C–O and COO− are involved
in the adsorption of Pb2+ and Cd2+.
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2.6 Effect of coexisting ions on Pb2+ and Cd2+ adsorp-
tion

The effect of coexisting ions on Pb2+ and Cd2+ adsorption
were studied by adding other ions, such as Ca2+, Mg2+

and K+. Figure 8 shows the simultaneous adsorption of
Pb2+ and Cd2+ without and with coexisting ions. It can
be seen that the removal rate of Pb2+ was much higher
than Cd2+ without coexisting ions. In conclusion, the
two adsorbents were able to selectively adsorb Pb2+ from
aqueous solution. Meanwhile, the adsorption capacity of
Cd2+ on NaSCNCs was higher than that on SCNCs.

For the simultaneous adsorption of Pb2+ and Cd2+ with
coexistent ions, the effect of coexisting ions on Pb2+

adsorption was very small compared with the adsorption
without coexisting ions. However, the removal rate of Cd2+

decreased more than that for adsorption without coexisting
ions. This means that the binding of Pb2+ was relatively
unaffected by other metals (Taty-Costodes et al., 2003) and
the absorbents have quite good selectivity for Pb2+, which
is due to the different ionic radius of Pb2+ and Cd2+ (Low
et al., 2000). Although a larger ionic radius reduces the
electrostatic nature of a metal ion, it favors interactions of
a covalent nature between metal ions and the functional
groups of an adsorbent (Lau et al., 1999; Low et al., 2004).
Therefore, the adsorption of Pb2+ with larger ionic radius
is relatively unaffected and the adsorption of Pb2+ is more
favorable than that of Cd2+. In addition, the adsorption of
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Pb2+ and Cd2+ on NaSCNCs is better than that on SCNCs,
especially for the removal of Cd2+.

2.7 Regeneration of adsorbent

In practical application, it is very important to investigate
the ability of an adsorbent to be regenerated and reused.
As shown in Fig. 9, the adsorption capacities of Pb2+ and
Cd2+ on SCNCs decreased when SCNCs were regenerated
using HCl solution. Due to the abundant hydrogen ions in
the solution, a dominant protonation reaction takes place
between hydrogen ions and active sites (COO− groups)
(Ren et al., 2012). Thus, the complexation between the
active sites and metal ions is destroyed and the adsorbent
is regenerated. However, the structure of cellulose and
its adsorption active sites are easily destroyed by the
acid solution, leading to lower adsorption capacities after
each regeneration cycle. When lead or cadmium-loaded
NaSCNCs are added into a saturated NaCl solution, the
metal ions adsorbed by NaSCNCs are surrounded by
the numerous sodium ions and are replaced continuously
by sodium ions through ion exchange. Additionally, the
saturated NaCl solution is a mild desorption solution which
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Fig. 9 Regeneration efficiency of SCNCs and NaSCNCs.

does not destroy the active sites. Therefore, the adsorption
on NaSCNCs remained at a high value after two recycling
procedures.

3 Conclusions

SCNCs were synthesized by CNCs with succinic anhy-
dride and then further treated with saturated NaHCO3
aqueous solution to obtain NaSCNCs. Both SCNCs and
NaSCNCs could be used for the removal of heavy metal
ions from water. The results of adsorption experiments
demonstrated that the adsorption rates of Pb2+ and Cd2+

ions on SCNCs and NaSCNs were very fast, especially
on NaSCNCs. The adsorption capacities of Pb2+ and Cd2+

on SCNCs and NaSCNCs depended strongly upon the
pH of the solution and increased with increasing pH.
NaSCNCs exhibited a higher adsorption capacity for Pb2+

and Cd2+ ions than SCNCs. Moreover, the adsorbents
had high selectivity for Pb2+ and the adsorption of Cd2+

on NaSCNCs with coexisting ions was better than that
on SCNCs. NaSCNCs were easily regenerated with mild
saturated NaCl. The mechanism studies confirmed that
the adsorption process of heavy metal ions on SCNCs
was a complexation process, while ion-exchange was the
principal mechanism for the removal of heavy metal ions
from NaSCNCs. Due to the ion-exchange mechanism,
NaSCNCs exhibited more excellent properties than SC-
NCs. Therefore, it was essential to convert the carboxyl
groups into carboxylates for this adsorbent containing
carboxyl groups.
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