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Abstract Carboxymethyl chitosan (CMCS)-conjugatedmag-
netite (Fe3O4) nanoparticles (MNPs), which are denoted as
CMCS-MNPs, were synthesized by covalently binding
CMCS onto the surface of the MNPs via carbodiimide activa-
tion in a paraffin-acetic acid medium. The CMCS-MNPs ex-
hibited a high level of CMCS binding (∼24.7 wt.%) and a
spherical morphology with a mean diameter of 15 nm. In
particular, they showed good water dispersity and a strong
magnetic response. The sorption of Pb(II) on the CMCS-
MNPs in aqueous solutions at different sorbent dosages (Cs),

pH, electrolyte (NaNO3) concentrations (CNaNO3), and tem-
peratures (T) was investigated. The CMCS-MNPs showed
high sorption capacity for Pb(II). The equilibrium amount
increased with increasing pH but decreased with increasing
CNaNO3 or T. In addition, a significant Cs-effect was observed
in the sorption equilibria. Two Cs-dependent models, the
Langmuir-SCA and Freundlich-SCA isotherms that were de-
rived from a surface component activity (SCA) model, could
describe the Cs-effect observed. The changes in pH, CNaNO3,
and T have no obvious influence on the Cs-effect. In addition,
the changes in the thermodynamic parameters, ΔG°, ΔH°, and
ΔS°, for sorption were estimated, showing that the sorption
process is spontaneous and exothermic.

Keywords Sorption . Sorbent effect . Carboxymethyl
chitosan .Magnetic nanoparticle . Pb(II) . Surface component
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Introduction

Heavy metal pollution in aquatic systems is a serious environ-
mental problem because of their high toxicity and non-
biodegradability [1–4]. For example, Pb(II) is a common
heavy metal pollutant resulting from both natural and anthro-
pogenic sources. Long-term consumption of Pb(II) may cause
serious health disorders, such as anemia, cancer, kidney dis-
ease, and mental retardation [5, 6]. According to the World
Health Organization (WHO), the concentration of Pb(II) in
drinking water should be lower than 10 μg/L [7]. Therefore,
the removal of heavy metal pollutants has become a hot topic
in environmental science and technology. Sorption is the pri-
mary technology considered for wastewater treatments be-
cause of its simplicity, low cost, high efficiency, and wider
adaptability compared with alternative techniques, such as

Research highlights:
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extraction, precipitation, ion exchange, membrane filtration,
and chemical oxidation [2–4]. From both theoretical and prac-
tical aspects, it is essential to understand the thermodynamic
behavior of a sorption process. The Langmuir and Freundlich
isotherms are the most widely used thermodynamic models to
describe sorption isotherms. Because both classical isotherms
are thermodynamic equilibrium equations [8], their model pa-
rameters should be independent of both the sorbate and sor-
bent concentrations for a given system under a constant tem-
perature, pressure, and medium composition (e.g., pH and
ionic strength) [9]. However, several studies [10–19] have
reported that the parameters of the two classical models sim-
ulated using experimental data vary with the sorbent dose
(Cs). This phenomenon is known as the sorbent effect (Cs-
effect) [10]. In nature, sorbent particle–particle interactions
exist in real sorption systems but the Langmuir and
Freundlich models do not account for these interactions.
They can describe the sorption behaviors of ideal systems, in
which there are no interactions among solid particles, but can-
not predict the Cs-effect observed in real systems. In fact, the
parameter, Cs, is not present in the two model equations. The
uncertainty in the model parameters at variousCs values limits
the applicability of the two classical thermodynamic models
because the model parameter values obtained at given Cs

values cannot be used to make an accurate prediction of the
sorption behavior at other Cs values.

Many models have been developed to describe the appar-
ent Cs dependence of the sorption equilibria, including the
particle interaction model [12], metastable equilibrium sorp-
tion theory [9], flocculation model [13], and power function
(Freundlich-like) model [14]. Recently, we developed a sur-
face component activity (SCA) model [20–22] in which the
activity coefficient of the solid surface component sorption
sites was assumed to be a function of Cs rather than unity
because of the deviations in the behavior of a real sorption
system from that of an ideal one. The Cs-dependent Langmuir
and Freundlich isotherms, which are denoted as the Langmuir-
SCA and Freundlich-SCA isotherms for clarity, were derived
using the SCA model [21, 22]. The parameters of the two
SCA model equations are Cs independent. Our previous work
showed that the SCA model could describe Cs-dependent
sorption in some systems [16–19]. However, there remains
an urgent need to further examine the general applicability
of the SCA model in describing the sorption equilibria with
the Cs-effect. In particular, the effects of environmental fac-
tors, such as pH, ionic strength, and temperature, on the activ-
ity coefficient of solid sorption sites are unclear and require
further investigation.

In this study, carboxymethyl chitosan (CMCS)-conjugated
magnetite (Fe3O4) nanoparticles (MNPs) [23, 24], denoted as
CMCS-MNPs, were synthesized and the sorption of Pb(II) on
these CMCS-MNPs in aqueous solutions was examined at
various Cs values. Special emphasis was placed on the

applicability of the SCA model in describing the sorption
equilibria, particularly the effects of pH, electrolyte (NaNO3)
concentration, and temperature on the activity coefficient of
the solid sorption sites.

Recently, chitosan (CS), an N-deacetylated derivative of
chitin, has attracted considerable attention as a promising sor-
bent because it is efficient, inexpensive, biodegradable, non-
toxic, and environmentally friendly [2–4, 23–28]. CS mole-
cules contain a substantial number of reactive hydroxyl (−OH)
and amino (−NH2) groups that can bind to toxic pollutants
such as Pb(II), Cu(II), Hg(II), Cr(VI), Congo red, methylene
blue, and tartrazine. However, the disadvantage of this sorbent
is its weak acid resistance (i.e., quite soluble in acidic solu-
tions) [26, 27]. To enhance its stability under acidic condi-
tions, cross-linking and solid particle coupling treatments for
CS are commonly employed [2, 3, 27, 29, 30]. One promising
approach is to first carboxylate the CS molecules using, for
example, chloroacetic acid [23, 24, 26–28] and alpha-
ketoglutaric acid [25] and then bind it covalently onto the
MNP surface through chemical reaction between the carboxyl
groups of carboxylated CS and the hydroxyl groups ofMNPs,
forming magnetic CS nanoparticles [4]. The carboxyl groups
of carboxylated CS can also supply additional sorption sites
that may enhance the sorption capability of the CS. The con-
jugation of MNPs with CS can endow the CS sorbents with a
magnetic response, resulting in their easy separation from
aqueous solutions under an external magnetic field [4].
Magnetite is an ideal magnetic material because of its low
cytotoxicity and good biocompatibility. Furthermore, the CS
molecules bound in the magnetic CS sorbents might spread
over the surface of MNPs, leading to the availability of almost
all sorption sites [23], which is favorable for their applications
in wastewater treatments. However, since Chang and Chen
reported the CMCS-MNP sorbent in 2005 [23], only a few
studies [24, 26–28] have focused on its sorption of heavy
metals from aqueous solutions. Therefore, the present work
improves the understanding of the thermodynamic behavior
of sorption phenomena withCs-effect and can help to evaluate
the potential of CMCS-MNPs as sorbents for the removal of
heavy metals from wastewater.

Materials and methods

Materials

Chitosan with a deacetylation level of 80–90 %, FeCl3·6H2O,
FeSO4·7H2O, NaNO3, Pb(NO3)2, and chloroacetic acid were
of analytical grade and purchased from Sinopharm Chemical
Reagent Co., Ltd., China. Carbodiimide (cyanamide, 95 %)
was obtained from Sun Chemical Technology (Shanghai) Co.,
Ltd., China. All the reagents were used without further
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purification. The water was purified using a Hitech-Kflow
water purification system (Hitech, China).

Preparation of CMCS-MNPs

Preparation of MNPs The MNPs were prepared using a co-
precipitation method [31]. FeCl3·6H2O (5.406 g, 0.02 mol)
and FeSO4·7H2O (2.780 g, 0.01 mol) were dissolved in
100 mL of water under flowing N2. Under vigorous stirring,
30 mL of an NH4OH solution (∼25 %) was added to the
solution to achieve chemical precipitation. During the reaction
process, the pH was maintained at approximately 10. The
mixture was heated at 80 °C for 4 h and then cooled naturally
to room temperature. The resulting MNPs were collected
using a magnet, washed thoroughly with ethanol and water,
and finally dried in a vacuum oven at 60 °C.

Preparation of CMCS Chitosan was carboxymethylated
using chloroacetic acid according to the method reported else-
where [23, 32]. Chitosan (3.0 g) andNaOH (15.0 g) were added
to 100 mL of isopropanol/water solution (volume ratio, 80/20),
and the mixture was then incubated at 60 °C for 1 h to allow
swelling and alkalization. Subsequently, 20 mL of chloroacetic
acid–isopropanol solution (0.75 g/mL) was added dropwise to
the mixture in 30 min, and the resulting mixture was allowed to
react for 4 h at 60 °C. The reaction was quenched by adding
200 mL of ethanol/water solution (volume ratio, 70/30). The
resulting CMCS was separated by centrifugation, rinsed with
70 and 99 % ethanol for desalting and dehydration, respective-
ly, and then dried in a vacuum oven at 60 °C.

Preparation of CMCS-MNPs The CMCS-MNPs were pre-
pared via carbodiimide activation according to the method in
literature [23, 25]. A paraffin-acetic acid mixture was used as
the reaction medium to increase the amount of CMCS binding
on the MNPs. The MNPs (2.0 g) were washed twice with
absolute ethanol and dispersed ultrasonically in a solution
containing 150 mL of paraffin and 2.5 mL of span-80, follow-
ed by the addition of a solution of CMCS (3.0 g) in 75 mL of
acetic acid. After ultrasonication for 15 min, the suspension
was transferred to a three-necked flask with a mechanical
stirrer, followed by the addition of 10 mL of a carbodiimide
solution (30 g/L in 0.003 M phosphate buffer, pH 6.0, 1 M
NaCl). After reaction for 8 h at 60 °C, the resulting CMCS-
MNPs were collected using a magnet, washed with water and
ethanol, and dried in a vacuum oven at 50 °C.

Characterization

Fourier transform infrared (FT-IR) spectroscopy was per-
formed using KBr pellets on an ALPHA-T FT-IR spectro-
scope (Bruker, Germany) over the range of 400–4000 cm−1,
with a resolution of 2 cm−1. 1H NMR spectrum of CMCS was

recorded on a Bruker Advance 300 spectrometer (Germany)
in D2O. X-ray diffraction (XRD) was performed on a D/max-
rA model diffractometer (Bruker., Germany) using Cu Kα
radiation (λ = 1.5418Å) at 40 kVand 40mAover the 2θ range
of 10–80°. The morphologies were observed by transmission
electron microscopy (TEM, JEM-2100, JEOL, Japan).
Thermogravimetric analysis (TGA, SDT-Q-600, TA
Instruments Co., Germany) was performed from ambient tem-
perature to 800 °C at 10 °C/min in air. The magnetization
curves were obtained at ambient temperature by vibrating
sample magnetometry (VSM, JDM-13, Jilin University,
China) in a magnetic field range of 0–20,000 Oe.

Sorption experiments

The sorption experiments were performed using a batch tech-
nique at differentCs, pH, salt (NaNO3) concentrations (CNaNO3),
and temperatures (T). Pb(II) solutions at various concentrations
(0–900 mg/L) were prepared by dissolving Pb(NO3)2 in water
containing specific amounts of NaNO3 (CNaNO3, 0.001–
0.500 M). The pH of the solutions was adjusted to the desired
values (3.0–6.0) using either 1 MHNO3 or 1MNaOH. Known
masses (0.025–0.250 g) of the CMCS-MNPs were added to
25 mL of the Pb(II) solutions in polyethylene centrifuge tubes.
The centrifuge tubes were shaken using a thermostatic water
bath shaker (Jiangsu Medical Instrument Factory, China) for
24 h at a given T (25–55 °C). The sorption kinetic tests showed
that a contact time of 24 h was sufficient to reach sorption
equilibrium (Fig. S1 in the Electronic Supplementary Material,
ESM). The sorption systems (suspensions) were then filtered
through a 0.45-μm membrane, and the concentrations of Pb(II)
remaining in the filtrates were determined at 283.3 nm
using flame atomic absorption spectrometry (TAS-990,
Beijing Purkinje General Instrument Co., Ltd., China). The sorp-
tion amounts of Pb(II) on the sorbent were calculated as follows:

Γ e¼ C0�CeÞ=Csð ð1Þ
where Γe (mg/g) is the equilibrium sorption amount, C0 (mg/L)
and Ce (mg/L) are the initial and remaining (equilibrium) con-
centrations, respectively, and Cs (g/L) is the sorbent dosage.

Each test run was performed in triplicate, and the final
values were the means of the three measurements. The relative
error was less than 5 %.

Results and discussion

Characterization of the CMCS-MNPs

The CMCS-MNPs were characterized by FT-IR, XRD, TEM,
TGA, and VSM techniques. Figure 1a presents the FT-IR
spectra of CS, CMCS, MNPs, and CMCS-MNPs. The strong
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and broad bands centered ∼3467 cm−1 for various samples
were assigned to the stretching vibration of the hydroxyl
groups and adsorbed water molecules. The spectrum of CS
revealed the following peaks: the band at ∼2880 cm−1 was
assigned to the C–H stretching vibration of the polymer back-
bone; the band at 1637 cm−1 was ascribed to the C=O
stretching vibration in the amide groups; the band at
1595 cm−1 was attributed to the N–H bending vibration in
the primary amine groups; the band at 1154 cm−1 was
assigned to the C–O–C stretching vibration in the O-bridges;
the bands at 1383 and 1031 cm−1 were attributed to the C–O
stretching vibrations of the primary alcohol hydroxyl groups
(–CH2–OH on sixth carbon); the band at 1086 cm−1 was at-
tributed to the C–O stretching vibration of secondary alcohol
hydroxyl groups (–CH–OH on the rings); and the band at
894 cm−1 was assigned to the ring stretching vibration [25,
27, 32–34]. In the spectrum of CMCS, the band at 3414 cm−1

was attributed to the N–H bending mode in the primary amine

groups [28], and the bands at 1603 and 1429 cm−1 were
assigned to the asymmetric and symmetric stretching vibra-
tion of carboxyl group (COO−), respectively. The adsorption
at ∼1603 cm−1 also contains the adsorptions arising from the
C=O stretching vibrations of amide groups and the N–H bend-
ing of the primary amine groups [25, 34]. The bands at 1309,
1139, and 1054 cm−1 were assigned to the C–N stretching
[33], C–O–C stretching, and C–OH stretching modes, respec-
tively. In particular, the band strength at 1383 cm−1 corre-
sponding to the CH2–OH stretching band observed for CS
was weakened in the spectrum of CMCS. This suggests that
the carboxymethyl groups are linked to the hydroxyl groups of
CS, which was also confirmed by NMR (Fig. S2 in the ESM).
In the spectrum of bare MNPs, the band at 1629 cm−1 was
attributed to the O–H vibration, indicating that the MNP sur-
face is covered with hydroxyl groups, and the bands at 634
and 569 cm−1 were assigned to the Fe–O lattice vibrations
[25]. For the CMCS-MNPs, the characteristic bands of
CMCS andMNPswere observed in its spectrum. In particular,
in the spectrum of CMCS-MNPs, the band at 1603 cm−1,
corresponding to the COO− asymmetric stretching vibration
of CMCS, was shifted to 1630 cm−1, and the bands at 634 and
569 cm−1 corresponding to the Fe–O lattice vibrations of the
MNPs were shifted to 626 and 577 cm−1, respectively. These
results suggest that CMCS is bound chemically to the Fe3O4

nanoparticles in CMCS-MNPs.
Figure 1b shows the XRD patterns of the MNPs and

CMCS-MNPs. The MNPs exhibited the characteristic XRD
peaks for the (220), (311), (400), (511), and (411) planes of
Fe3O4 with a cubic spinel structure (JCPDS No. 75–0033).
The XRD positions for CMCS-MNPs were similar. Figure 2
presents the TEM images of the MNPs and CMCS-MNPs.
Both samples have similar morphologies, i.e., approximately
monodisperse spherical particles with a mean diameter of
15 nm. XRD and TEM showed that the binding of CMCS
has no obvious effect on the crystal structure and morphology
of MNPs. This is similar to previous reports [23, 28].

Figure 3a shows the TGA curves of theMNPs, CMCS, and
CMCS-MNPs. Aweight loss at <120 °C was observed for all
samples, which was assigned to the desorption of the physi-
cally adsorbed water. The amounts of physically adsorbed
water for the MNPs, CMCS, and CMCS-MNPs were ∼1.0,
3.5, and 9.0 wt.%, respectively. TheMNPs show a weight loss
of ∼3.1 wt.% over the T range of 120–800 °C, which was
attributed to the decomposition of surface hydroxyl groups.
CMCS began to degrade at ∼220 °C, and its weight loss at
120–800 °C was ∼84.1 wt.%. The CMCS-MNPs exhibited a
similar degradation temperature to that of the CMCS but a
weight loss of only ∼22.6 wt.% at 120–800 °C. Based on
the TGA data, the amount of CMCS binding on the MNPs
was estimated to be ∼24.7 wt.%, which is higher than that (∼5
wt.%) of the CMCS-MNPs synthesized in buffer solution
(0.003 M phosphate, pH 6, 0.1 M NaCl) [23]. The

Fig. 1 (a) Fourier transform infrared (FT-IR) spectra of chitosan (CS),
carboxymethyl chitosan (CMCS), magnetite (Fe3O4) nanoparticles
(MNPs), and CMCS-MNPs. (b) X-ray diffraction (XRD) patterns of
MNPs and CMCS-MNPs
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magnetization curves of the MNPs and CMCS-MNPs
(Fig. 3b) indicated that both samples were superparamagnetic
with specific saturation magnetizations (Ms) of ∼72 and
62 emu/g, respectively. The lower Ms value of the CMCS-
MNPs compared to the MNPs is due to the presence of the
nonmagnetic CMCS in the CMCS-MNPs. However, such
CMCS-MNPs showed a strong response to an external mag-
netic field, as indicated by the following magnetic separation
test. The CMCS-MNPs were dispersed in water in a glass vial
by hand shaking, producing stable black homodispersion.
This suggests that the CMCS-MNPs show good water
dispersity. The black particles were attracted quickly to a mag-
net placed near the glass vial and the system became colorless
and transparent within ∼30 s (see the inset in Fig. 3b), dem-
onstrating the strong magnetic sensitivity of the CMCS-
MNPs. Therefore, the CMCS-MNPs can be separated easily
by magnet after adsorbing pollutants from aqueous solutions.

Sorption isotherms

Figure 4a shows the sorption isotherms of Pb(II) on the
CMCS-MNPs at four Cs values (1.00, 3.00, 5.00, and
10.0 g /L) , where T = 25 ± 0.5 °C, pH = 4.0 , and
CNaNO3 = 0.010 M. NaNO3 was added to maintain a constant
ionic strength. All the isotherms were L-type, and they signif-
icantly declined with increasing Cs.

As we know, the L-type isotherms can be commonly de-
scribed using the Langmuir and Freundlich models. The
Langmuir and Freundlich isotherms can be expressed, respec-
tively, as

Γ e¼ KLΓmCe

1þ KLCe
ð2Þ

Γ e ¼ K FC
n F
e

ð3Þ

or in linear forms as

Ce

Γ e
¼ Ce

Γm
þ 1

KLΓm
ð4Þ

lgΓ e ¼ lgK F þ nFlgCe ð5Þ
where Гm (mg/g) is the monolayer saturated sorption amount,
KL (L/mg) is the Langmuir equilibrium constant, and KF

Ln F �mg1�n F=gð Þ and nF are the Freundlich constants.
The sorption data at various Cs values were fitted to the

Langmuir and Freundlich isotherms using nonlinear and linear
regressionmethods, respectively, as shown in Fig. 4. The best-
fit values of the model parameters, Γm, KL, KF, and nF, as well

Fig. 3 (A) Thermogravimetric analysis (TGA) curves of MNPs, CMCS,
and CMCS-MNPs. (B) Magnetization curves of MNPs and CMCS-
MNPs. The inset in (B) shows a photograph of a CMCS-MNP dispersion
(a) before and (b) after magnetic separation using a hand magnet

Fig. 2 Transmission electron microscopic (TEM) images of (a) MNPs
and (b) CMCS-MNPs
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as the coefficient of determination (R2), are listed in Table 1.
The linear regression results in Fig. 4b, c show that both
models can well describe the sorption isotherms for any given
Cs value. However, the nonlinear regression results shown in
Fig. 4a suggest that the Langmuir model is more suitable for
these isotherms. In addition, all the model parameter values

varied with Cs, and the Γm values decreased with increasing
Cs, indicating that there is aCs-effect in the sorption equilibria.
As mentioned above, the Langmuir and Freundlich isotherms
cannot describe or predict the Cs-effect observed in the sorp-
tion tests.

To examine the applicability of the SCA model in describ-
ing these sorption isotherms, the Langmuir-SCA and
Freundlich-SCA isotherms were used to fit the sorption data.
The Langmuir-SCA and Freundlich-SCA isotherms can be
expressed, respectively, as [21, 22]

Γ e

f s
¼ KeqΓ

0
mCe

1þ KeqCe
ð6Þ

Γ e ¼ KS f sC
nS
e ð7Þ

or in linear forms as

f sΓ e

Ce
¼ Ce

Γ 0
m

þ 1

KeqΓ
0
m

ð8Þ

lg
Γ e

f s

� �
¼ nSlgCe þ lgKS ð9Þ

where fs is the activity coefficient of the sorbent surface sites,
Keq is the intrinsic (or thermodynamic) equilibrium constant,
Γm

0 is the characteristic saturation sorption capacity for a giv-
en system, corresponding to the saturated monolayer sorption
of the total actual sorption sites, and KS and nS are the intrinsic
Freundlich constants. The SCA model suggests that these in-
trinsic parameters, Keq, Γm

0, KS, and nS, are independent of Cs

for a given system under a constant temperature, pressure, and
medium composition (e.g., pH and ionic strength) [21, 22]. If
the Langmuir-SCA and Freundlich-SCA isotherms are appli-
cable, the plots of fsCe/Γe vs. Ce and lg (Γe/fs) vs. lg Ce should
be linear and independent ofCs, and the plot of Γe/fs vs. Ce for
various Cs should be a unique curve.

In our previous work [17, 19–22], an exponential form of
the Cs-dependent function of fs was suggested as follows:

f s ¼ exp −γC0:5
s

� � ð10Þ

where γ is the empirical constant. The γ value can indicate the
strength of the Cs-effect for a sorption system and a higher γ
value represents a stronger Cs-effect. In addition, the relation-
ships between the intrinsic parameters in the SCA model
equations and the corresponding parameters in the classical
Langmuir and Freundlich isotherms were obtained as follows
[17, 19–22]:

lnΓm ¼ lnΓ 0
m−γC

0:5
s ð11Þ

lnK F ¼ lnKS−γC0:5
s ð12Þ

The two equations can be used to simulate the empirical
constant, γ, in fs from the sorption data.

Fig. 4 (A) Sorption isotherms of Pb(II) on CMCS-MNPs at different Cs.
The dots represent the experimental data; the solid and dashed lines
represent the classical Langmuir and Freundlich fitting, respectively.
Linear regression plots for classical (B) Langmuir and (C) Freundlich
models. pH = 4.0, CNaNO3 = 0.010 M, T = 25 °C, and Cs values are (a)
1.00, (b) 3.00, (c) 5.00, and (d) 10.0 g/L
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The plots of ln Γm vs. Cs
0.5 and ln KF vs. Cs

0.5, which were
obtained using the Γm and KF data at various Cs values,
showed reasonably straight lines (Fig. S3 in the ESM), indi-
cating that Eqs. (11) and (12) are acceptable for the sorption
systems studied. The γ value of Pb(II) sorption on the CMCS-
MNPs obtained from the slopes of the two straight lines was
0.58 ± 0.02 L0.5/g0.5 (Table S1 in the ESM).

The sorption data at different Cs values were fitted to the
Langmuir-SCA and Freundlich-SCA isotherms using the γ
values, as shown in Fig. 5. As expected, the plots of Γe/fs vs.
Ce at various Cs values showed a unique Cs-independent
curve, and those of both fsCe/Γe vs. Ce and lg (Γe/fs) vs. lg
Ce were straight lines, which are consistent with the prediction
of the SCAmodel. These results show that both the Langmuir-
SCA and Freundlich-SCAmodels can adequately describe the
sorption equilibria of Pb(II) on the CMCS-MNPs. The intrin-
sic model parameters, Keq, Γm

0 , KS, and nS, which were calcu-
lated from the slopes and intercepts of the linear model plots
(Table S1 in the ESM), were 0.0121 L/mg, 146 mg/g, 14.6

Lns �mg1�ns=g, and 0.330, respectively. These parameter
values can be used to predict the Pb(II) sorption capacities
of the sorbent at any Cs because of their Cs-independent fea-
tures. As Cs can significantly influence the sorption capacity
of sorbents, Γm

0 should be used instead of Γm at a given Cs to
compare the sorption capacities of different sorbents.

Effects of pH, electrolyte, and temperature on sorption

The effects of environmental factors including pH, CNaNO3, and
T on Pb(II) sorption on the CMCS-MNPs were determined at
various Cs values but with a constantC0 of 500 mg/L. Figure 6a
shows the pH dependence of Pb(II ) sorpt ion at
CNaNO3 = 0.010 M and T = 25 °C. For any given Cs, the Γe

increased with increasing pH from 3.0 to 6.0. Similar results
have been reported [23, 26]. The driving force for Pb(II) sorption
on CMCS-MNPs arises from the chelation between Pb(II) and
the hydroxyl (–OH), amino (–NH2), and carboxylate (–COO−)
functional groups of CMCS. At low pH, these functional groups

Table 1 Isotherm parameters for
Pb(II) sorption on CMCS-MNPs
(pH = 4.0, CNaNO3 = 0.010 M,
and T = 25 °C)

Cs (g/L) Langmuir isotherm Freundlich isotherm

Гm (mg/g) KL (L/mg) R2 KF Ln F �mg1�n F=gð Þ nF R2

1.00 74.57 1.65 × 10−2 0.997 9.829 0.2990 0.938

3.00 62.15 6.48 × 10−3 0.919 4.482 0.3697 0.975

5.00 37.34 1.10 × 10−2 0.968 3.837 0.3350 0.983

10.0 21.67 1.31 × 10−2 0.995 2.795 0.2450 0.970

Fig. 5 (a, b) Nonlinear and (c, d)
linear fitting plots of (a, c)
Langmuir-SCA and (b, d)
Freundlich-SCA models for
Pb(II) sorption on CMCS-MNPs
at pH = 4.0, CNaNO3 = 0.010 M,
and T = 25 °C
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are protonated, resulting in weak chelation ability. With increas-
ing pH, the functional groups of CMCS would gradually be-
come deprotonated, which can strengthen the chelation ability
and thus enhance the sorption. Notably, a white Pb(OH)2 pre-
cipitate formed at pH >6, so no sorption tests were performed.

Figure 6b shows the CNaNO3 dependence of Pb(II) sorption
at pH = 4.0 and T = 25 °C. At any given Cs, Гe decreased with
increasing CNaNO3 from 0.001 to 0.500 M. This is because the
presence of an electrolyte can restrain the chelation between

Pb(II) and the functional groups of CMCS and can induce
competitive sorption of its cations for the sorption sites.
Figure 6c shows the T dependence of Pb(II) sorption at
pH = 4.0 and CNaNO3 = 0.010 M. An increase in T from 25
to 55 °C causes a decrease in Гe at any given Cs, which is
consistent with previous reports [23]. This is because a high
temperature can weaken the chelation between Pb(II) and the
functional groups of CMCS-MNPs.

Figure 6 also shows that Γe decreases with increasing Cs at
any given pH, CNaNO3, or T. This suggests that under the
different conditions studied, the Cs-effect exists in the sorption
equilibria. For a given C0, there is a relationship between Γe

and Cs as follows [17]:

Γ e ¼ Γ 0
eexp −γC0:5

s

� � ð13Þ

or in a linear form as follows:

lnΓ e ¼ lnΓ 0
e−γC

0:5
s ð14Þ

where Γe
0 is the intrinsic sorption amount at a given C0. This

indicates that the empirical constant γ in fs can be simulated
from the sorption data at different Cs for a given C0.

Each set of Γe −Cs data for the given conditions was fitted
to Eq. (14), and the results are shown in Fig. 7. All plots of ln
Γe vs. Cs

0.5 showed reasonably straight lines, indicating that
Eq. (14) is acceptable for sorption under the different condi-
tions studied. The best-fit values of γ, Γe

0, and R2 for the
sorption data are listed in Table 2. No obvious change in the
γ values (with a relative error less than 7 %) was observed
under the conditions examined, indicating that a change in the
environmental conditions does not obviously affect the Cs-
effect strength of the sorption system. From the γ values ob-
tained from the sorption equilibrium data at a single C0, the
mean γ value was calculated to be ∼0.61 L0.5/g0.5, which is
close to that obtained from the sorption isotherms (∼0.58 L0.5/
g0.5). In fact, although the Cs-effect arises from the sorbent
particle–particle interactions in sorption systems, its strength
is determined by the change in the strength of the particle–
particle interactions with varying Cs. These results suggest
that, under the conditions examined, a change in the environ-
mental conditions has no effect on the Cs dependence of the
strength of the particle–particle interactions, even though it
can affect the strength of the particle–particle interactions.

Estimation of the changes in the thermodynamic
parameters for sorption

The changes in thermodynamic parameters, including the
Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°),
associated with a sorption process are commonly estimated
from the partition coefficients (Kp = Γe/Ce), which are deter-
mined at different T for a given C0 [23, 26, 28]. Owing to the
Cs dependence of Γe and thus Kp (Fig. S4 in the ESM), the so-

Fig. 6 Variations of Гe with (A) pH (CNaNO3 = 0.010 M, T = 25 °C), (B)
CNaNO3 (pH = 4.0, T = 25 °C), and (C) T (CNaNO3 = 0.010 M, pH = 4.0)
for Pb(II) sorption on CMCS-MNPs at different Cs. C0 = 500 mg/L, and
Cs values are (a) 1.00, (b) 3.00, (c) 5.00, and (d) 10.0 g/L
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obtained values of the thermodynamic parameter changes
would be Cs dependent. This is counter to the thermodynamic
equilibrium law. Fundamentally, Kp obtained using the exper-
imental Γe and Ce data is not a thermodynamic parameter and
may be called an apparent partition coefficient. Therefore, we
suggest that the changes in the thermodynamic parameters
should be estimated from the intrinsic (or thermodynamic)
partition coefficients (Kp

0) in the SCA model [20].

Based on the SCAmodel, a SCA-partition coefficient func-
tion was derived [20] and expressed as

Kp ¼ Γ e

Ce
¼ fsK

0
p ð15Þ

Fig. 7 Plots of ln Гe vs. Cs
0.5 for Pb(II) sorption on CMCS-MNPs at

C0 = 500 mg/L and different (a) pH (CNaNO3 = 0.010 M, T = 25 °C), (b)
CNaNO3 (pH = 4.0, T = 25 °C), and (c) T (CNaNO3 = 0.010 M, pH = 4.0)

Table 2 SCA model parameters simulated using Eq. (14) for Pb(II)
sorption on the CMCS-MNPs at C0 = 500 mg/L and different pH,
CNaNO3, and T

pH CNaNO3 (M) T (°C) Γe
0 (mg/g) γ (L0.5/g0.5) R2

3.0 0.010 25.0 83.7 0.576 0.981

4.0 0.010 25.0 147 0.654 0.990

5.0 0.010 25.0 160 0.615 0.993

6.0 0.010 25.0 199 0.637 0.979

4.0 0.001 25.0 168 0.632 0.966

4.0 0.100 25.0 96.3 0.572 0.994

4.0 0.500 25.0 75.4 0.605 0.995

4.0 0.010 35.0 119 0.629 0.989

4.0 0.010 45.0 102 0.620 0.990

4.0 0.010 55.0 85.6 0.632 0.994

Fig. 8 Plots of (a) ln Kp vs. Cs
0.5 at different T and (b) ΔG° vs. T for

Pb(II) sorption on CMCS-MNPs at CNaNO3 = 0.010 M and pH = 4.0
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or in a linear form as

lnKp ¼ −γC0:5
s þ lnK0

p ð16Þ

where Kp
0 is the intrinsic (or thermodynamic) partition coeffi-

cient that is Cs independent.
Each set of Kp − Cs data at different T were fitted to

Eq. (16), and the results are shown in Fig. 8a. All the plots
of ln Kp vs. Cs

0.5 form reasonably straight lines. The best-fit
values of Kp

0 and R2 for the sorption data are listed in Table 3.
The thermodynamic parameter changes can be estimated

from the Kp
0 values at different T using the following equa-

tions:

ΔG∘ ¼ −RT lnK0
p ð17Þ

ΔG� ¼ ΔH�−TΔS� ð18Þ
where R is the gas constant (8.314 J/(mol K)), and T (in K) is
the absolute temperature. The results are listed in Table 3. The
negative ΔG° values indicate the spontaneous nature of Pb(II)
sorption on the CMCS-MNPs, and the decrease in the abso-
lute values of ΔG° with increasing T indicates that a high T is
unfavorable for sorption. Plotting ΔG° vs. T resulted in a rea-
sonable linear fit (Fig. 8b), and the ΔH° and ΔS° were estimat-
ed to be −15.42 kJ/mol and −1.72 × 10−2 kJ/(mol K) from the
intercept and slope of the straight line, respectively. The neg-
ative ΔH° value indicates that the sorption process is exother-
mic in nature, which is consistent with previous reports [23,
26]. The negative ΔS° value suggests that the sorption process
decreases the randomness of the system [24, 26, 27].

Conclusions

CMCS-MNPs containing ∼24.7 wt.% CMCS were synthe-
sized and assessed as a potential magnetic sorbent for remov-
ing the heavy metal Pb(II) from aqueous solutions. The level
of Pb(II) sorption on the CMCS-MNPs increased with in-
creasing pH (3.0–6.0) but decreased with increasing CNaNO3

(0.001–0.500 M) or T (25–55 °C). In addition, a significant
Cs-effect was observed in the sorption of Pb(II) on the CMCS-
MNPs. The classical Langmuir and Freundlich isotherms can
well describe the sorption equilibria at each given Cs but

cannot describe the Cs-effect observed. The Cs-effect data
can be described using the Langmuir-SCA and Freundlich-
SCA isotherms. Changes in environmental factors including
pH,CNaNO3, and T have no obvious influence on theCs-effect.
We suggest that the changes in the thermodynamic parameters
of a sorption equilibrium process should be estimated from the
intrinsic (or thermodynamic) partition coefficients rather than
the apparent partition coefficients. Our results demonstrate
that the sorption process is spontaneous and exothermic in
nature. This study provides a better understanding of the Cs-
effect phenomenon and confirms the applicability of the SCA
model for describing the sorption equilibria with the Cs-effect.
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