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a  b  s  t  r  a  c  t

Vinyl-functionalized  sodium  alginate  (VSA)  was  used  as  matrix  and  crosslinker  to  fabricate  VSA-co-
methylacrylic  acid-co-italic  acid  (VSA-co-MAA-co-IA)  nano-porous  hydrogels  using  micelle/emulsion  as
the pore-forming  template. 1H  NMR, 13C  NMR,  FTIR  and  UV–vis  analyses  proved  that  vinyl  groups  were
introduced  to SA  backbone,  and  the  VSA  was  reacted  with  the  vinyl  monomers  by  a  free-radical  poly-
merization  to form  a hydrogel  network.  The  nano-pores  can  be  uniformly  formed  in the  hydrogels  by
eywords:
inyl-functionalized alginate
anoporous hydrogel
b2+ absorption
talic acid

introducing  micelle  template  as shown  by FESEM  observations.  The  absorption  properties  of  the  hydro-
gels  for  Pb2+ ions  were  investigated  by  evaluating  the  absorption  isotherm  and  absorption  kinetics.  Results
showed  that  the  hydrogel  has  higher  absorption  capacities  for Pb2+ ion (432.28  mg/g  for  880  mg/L  Pb2+

solution  and  765.75  mg/g  for 2800  mg/L  Pb2+ solution),  and  the  formation  of  nanoporous  structure  clearly
enhanced  the  absorption  rate  by 32.56%  (for  880 mg/L  Pb2+ solution)  and  36.79%  (for  2800  mg/L  Pb2+

solution).
. Introduction

Hydrogels are polymer materials with large amounts of func-
ional groups and particular three-dimensional (3D) network
tructure, which have been extensively applied in many fields such
s water-absorbing materials [1–3], drug-delivery carrier [4,5],
ano-reactor [6], antibacterial and tissue engineering materials
7,8], adsorbents [9,10] and carriers of catalysts [11]. Recently,
ydrogels were developed as high-efficient adsorbents and used for
he absorption and removal of various pollutants (i.e., heavy metals
12–14], dyes [15], ammonium [16], and phenol [17]) from aque-
us solution, and satisfactory absorption efficiency can be achieved
ue to the existence of plentiful functional groups and 3D hydrogel
etwork.

With the growing global concerns on the environmental
roblem, biopolymers have been intensively concerned as the sub-
titution of petroleum-based raw materials due to their renewable,
on-toxic, low-cost, biodegradable and biocompatible advantages
18] and the “green” characteristics [19]. The biopolymers (i.e.,
hitosan [1,2,20], guar gum [21], starch [22], cellulose [13], and
anthan gum [23]) can form water-insoluble 3D network mate-

ials by crosslinking or grafting-crosslinking reaction, and the
esultant materials show excellent performance and eco-friendly
dvantages.

∗ Corresponding author. Tel.: +86 931 4968118; fax: +86 931 8277088.
E-mail addresses: aqwang@licp.cas.cn, aqwang@lzb.ac.cn (A. Wang).

141-8130/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijbiomac.2013.08.038
© 2013 Elsevier B.V. All rights reserved.

Sodium alginate (SA) is a representative anionic biopolymer
composed of ˛-1,4-l-glucuronic acid (G units) and poly-ˇ-1,4-d-
mannuronic acid (M units) in varying proportions by 1–4 linkages.
SA can be extracted from marine algae or produced by bacte-
ria, and so it is abundant, renewable, non-toxic, water-soluble,
and biodegradable. Generally, SA can be modified through ionic
crosslinking, chemical crosslinking and grafting polymerization
reaction to derive new material with improved properties [24,25],
but the reactivity of raw SA is poor and the additional chemical
crosslinkers are required for forming the gel network. Compar-
atively, the vinyl-functionalization of biopolymer may  introduce
highly reactive double bonds to its backbone, which allows the
graft copolymerization, crosslinking or gelation process more effi-
ciently [26]. The vinyl-functionalization of biopolymer with the
modifier glycidyl methacrylate (GMA) through a transesterification
and epoxy ring-opening reaction has been considered as a promis-
ing strategy to produce vinyl-polysaccharide [27–29]. However,
rare research regards on the development of vinyl-functionalized
SA and its nano-porous hydrogel up to now.

Based on above background, we introduced vinyl groups onto
SA backbone through the modification reaction with GMA  for
improving its reactive activity and forming a macromolecular
crosslinker. The VSA, as a matrix and crosslinker, can easily poly-
merize with MMA  and double-carboxyl IA monomers to form a

nano-porous hydrogel (VSA-co-MAA-co-IA)  using the micelle com-
posed of sodium dodecyl sulfonate (SDS) and n-Octane (n-OT) as the
pore-forming template. The structure and morphologies of VSA and
the hydrogels were confirmed with 1H NMR, 13C NMR, UV–vis, FTIR

dx.doi.org/10.1016/j.ijbiomac.2013.08.038
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2013.08.038&domain=pdf
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nd FESEM techniques. The absorption properties of the hydrogels
or Pb2+ ions were systematically evaluated by studying the effect
f initial Pb2+ concentration and contact time on absorption.

. Experimental

.1. Materials

Sodium alginate (SA) with a kinetic viscosity of 20 cp (1.0 wt%
queous solution) at 20 ◦C was purchased from Shanghai Chemical
eagents Co. (Shanghai, China). Glycidyl methacrylate (GMA, AR
rade) was purchased from ShangHai Daocheng Chemical Co., LTD,
ongkong, China. Methylacrylic acid (MAA, chemically pure) was
urchased from Tianjin Kermel Chemical Reagents Development
enter (Tianjin, China) and Italic acid (IA, Chemically pure) was
urchased from Aladdin Reagent Company. Ammonium persul-
ate (APS, analytical grade, Xi’an Chemical Reagent Factory, China)
as recrystallized before use. n-Octane (n-OT, AR grade), sodium
odecyl sulfonate (SDS) and lead chloride (PbCl2) was purchased
rom Tianjin Kermel Chemical Reagents Development Center. All
ther reagents were of analytical grade and all solutions were pre-
ared using distilled water.

.2. Preparation of VSA

SA powder (50 g) was dissolved in 3 L of distilled water in a
 L glass reactor under mechanically stirring to form a homoge-
eous solution, and then the pH value of the solution was adjusted
o 10.5 using 0.5 mol/L NaOH solution. Then, the solution of GMA
100 g) in 50 mL  anhydrous ethanol was added dropwise, and the
eaction temperature was risen to 60 ◦C and reacted for 10 h. After
his period, modified SA (denoted as VSA) was precipitated in large
mount of ethanol, washed with ethanol and separated by suction
ltration. The resultant solid was re-dissolved in distilled water,
nd precipitated in ethanol. The same dissolution–precipitation
rocess was conducted for 3 times to remove the residual GMA.
inally, the precipitate was  lyophilized for 12 h to obtain VSA sam-
le.

.3. Determination of substitution degree (SD)

Typically, GMA  was dissolved in water/methanol (4/1, v/v)
ixture solvents to form a sets of solutions (0.02, 0.039, 0.078,

.156 and 0.313 mol/L) used to establish the standard curve. The
bsorbance of each solution was determined with UV spectroscopy
t the maximum absorbance wavelength of 215 nm.  The resul-
ant standard curve follows the equation: A = 0.0017 + 8.2972c
R = 0.9999; c is the concentration of GMA  (mol/L), and A is the
bsorbance at 215 nm). The 50 mg  VSA sample was  dissolved
n 100 mL  water/methanol (4/1, v/v) mixture solvents, and the
bsorbance of the solution was determined by UV spectroscopy
t 215 nm.  The substitution degree (SD) of vinyl groups on VSA can
e calculated by the slope of above straight lines, and the SD value

s 0.37 mmol/g (denoted as the molar amount of the vinyl groups
xisted in per gram of VSA).

.4. Synthesis of VSA-co-MAA-co-IA nano-porous hydrogels

15 mg  SDS was dissolved in 20 mL  distilled water in a 50 mL
wo-neck flask, and then 0.25 mL  n-OT was added under continuous

agnetic stirring. 1 h later, 0.5 g VSA was added and fully dissolved
n the solution. Then, the mixture solution containing 3.76 g MAA,

.24 g IA, 30 mg  APS, 5 mL  water and certain amount of NaOH was
lowly added to the reaction flask and continuously stirred for 4 h
o form a homogeneous solution. The reaction flask was purged
ith N2 for 30 min  and then placed in an oil bath (70 ◦C) under
ical Macromolecules 62 (2013) 225– 231

continuous stirring. After reacted for 3 h, the flask was cooled to
room temperature and the gel product was fully washed with dis-
tilled water. Finally, the product was  repeatedly soaked in acetone
to dewater, and refuxed in hot ethanol for 12 h to remove the sur-
factant SDS and n-OT (repeated for 3 times). The resultant xerogel
was ground and passed through a 40–80 mesh sieve (180–380 �m)
for use.

2.5. Batch absorption experiments

50 mg  of the dry granular sample (180–380 �m)  was  contacted
with 25 mL  aqueous solutions of PbCl2 (880 and 2800 mg/L, pH 5.0),
and the mixture was agitated in a thermostatic shaker (THZ-98A)
at 30 ◦C and 120 rpm for 60 min  to achieve absorption equilib-
rium. The adsorbents were separated by a sintered glass filter and
the Pb2+ concentration in the filtrate was determined by atomic
absorption spectrophotometer (AAS, Hitachi Z-8000). The absorp-
tion capacities of the hydrogel for Pb2+ can be calculated by Eq. (1):

q = 0.025Co − VeCe

w
(1)

where q is the absorption amount of the hydrogel on Pb2+ ion at
time t (qt, mg/g) or at equilibrium (qe, mg/g), Co and Ce are the initial
and final concentration of ions (mg/L), Ve is the liquid-phase volume
of the Pb2+ solution after absorption (L), and w is the mass of the
sample used (g). In this work, a set of Pb2+ solutions with the con-
centrations of 400–3200 mg/L were used to study the absorption
isotherms.

The absorption kinetics was evaluated as the following proce-
dure: 50 mg  xerogel particles (SA3 and SA10) were soaked in the
aqueous solutions of 880 and 2800 mg/L Pb2+ ions under agitating.
The solution was then separated from the adsorbent by filtering at
certain intervals (0–3600 s). The absorption capacities (qt, mg/g) at
a given moment t were calculated using Eq. (1).

2.6. Characterizations

FTIR spectra were recorded on a Nicolet NEXUS FTIR spec-
trometer in 4000–400 cm−1 region using KBr pellets. 1H NMR  and
13C NMR  analyses were conducted in Bruker AVANCE III 600 MHz
nuclear magnetic resonance chemical analyzer (Germany). The
Dimethyl sulfoxide-d6 (DMSO-d6) solution of GMA, the D2O solu-
tions of SA and VSA were prepared in NMR  tubes of 5 mm diameter
and used to collect the NMR  spectra using tetramethylsilane (TMS)
as the reference line. The chemical shift was reported as ı values
(ppm). UV–vis analysis was performed on a UV-vis spectropho-
tometer (SPECORD 200, Analytik Jera AG), and the sample was
dissolved in methanol/water mixture solvent (1:4, v/v). The surface
morphologies of the samples were examined using a JSM-6701F
Field Emission Scanning Electron Microscope (JEOL) after coating
the sample with gold film.

3. Results and discussion

3.1. Preparation of VSA-co-MAA-co-IA nano-porous hydrogels

The VSA-co-MMA-co-IA hydrogels with 3D network structure
can be formed by a typical radical polymerization and crosslink-
ing reaction (Fig. 1). The vinyl groups were introduced onto SA
by its reaction with GMA. Under heating, the initiator APS can
be decomposed by homolytic cleavage to generate sulfate anion-

radicals [30]. These radicals may  simultaneously trigger the double
bonds on VSA chain and adjacent monomers (MAA and IA) to pro-
cess a rapid polymerization and chain propagation. These polymer
chains formed by MAA  and IA may  connect two or more SA chains
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Fig. 1. The in situ formation mechanism of the

o form a crosslinked network structure. In this process, VSA acts as
 matrix and sugar crosslinker. In the process of polymerization, the
DS and n-OT may  form uniformly distributed emulsion micelle in
he reactants, which may  be fixed in the hydrogel after crosslinking.
fter removing the emulsion micelle, numerous nano-pores can be

ormed in the hydrogel (Fig. 1).

.2. 1H NMR  and 13C NMR  spectroscopies

The 1H NMR  and 13C NMR  spectra of GMA, SA and VSA were
ollected for confirming the formation of VSA (Fig. 2a and b). The
H NMR  spectrum of SA shows the characteristic of non-anomeric
ı 3.55–4.01) and anomeric protons (ı 4.86). Compared with the
pectrum of SA, the new resonance peaks at ı 1.80 ppm (methyl
rotons), ı 5.60 and 6.02 ppm (two protons of the double bond in
he methacryloyl groups) appeared in the resonance spectrum of
SA. The 1H NMR  and 13C NMR  spectrogram of VSA is similar with

hat of GMA-modified cashew gum [26], indicating that the modifi-
ation mechanism of SA and cashew gum with GMA  is similar. The
3C NMR  spectrum of SA shows the sugar carbons in the range of ı
3.5–102.18 ppm. After forming VSA, the new peaks at ı 19.46 ppm

methyl carbon), ı 129.28 and 138.31 ppm (vinyl carbons) and ı
71.86 ppm (carbonyl carbon) appeared. These results confirmed
hat SA was successfully modified with GMA  and vinyl groups were
ntroduced onto SA backbone.
-porous three-dimensional network hydrogel.

The modification mechanism of polymer with GMA  was sys-
tematically and intensively studied by previous works [26–29,31].
The resonance peaks of glyceryl and the 1H NMR  peaks at ı 5.60
and 6.02 ppm (H atom on vinyl carbon) was clearly observed. It
was concluded that the reaction mechanism of SA with GMA  are
mainly involved with the ring-opening mechanism [31].

3.3. FTIR and UV–vis spectra

As shown in Fig. 3, SA shows the characteristic absorp-
tion bands at 1097 cm−1 and 1031 cm−1 (stretching vibration of
C OH groups), at 1616 cm−1 (asymmetrical stretching vibration
of COO− groups), 1418 cm−1 (symmetrical stretching vibration
of COO− groups). After modified with GMA, the new bands
at 1711 cm−1 (the stretching vibration of C O of conjugated
ester groups) appeared, and the C O stretching vibration peak
at 1175 cm−1 was  obviously enhanced, indicating that SA was
successfully modified with GMA  [26,27]. In order to confirm the
existence of vinyl groups (C C H), the UV spectra of GMA, SA,
VSA and the hydrogels were determined (Fig. 4). The SA has no
absorbance in the scanning wavelength range (200–500 nm), and

GMA shows a stronger absorbance of vinyl groups at 215 nm.  After
modified SA with GMA, the UV spectra also show an absorbance
peak at 215 nm,  which can confirm the vinyl groups were success-
fully introduced onto SA.
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ig. 2. (a) 1H NMR  spectrum of GMA  (in DMSO-d6), SA (in D2O) and VSA (in D2O);
b) 13C NMR  spectra of GMA  (in DMSO-d6), SA (in D2O) and VSA (in D2O).
After forming hydrogel, the new absorption bands at 1667 cm−1

asymmetrical stretching vibration of COOH groups) and
556 cm−1 (asymmetrical stretching vibration of COO− groups)
ere observed, indicating the MAA  and IA monomers were

Fig. 3. FTIR spectra of SA, VSA and VSA-co-M
Fig. 4. UV–vis spectra of SA, GMA, VSA and VSA-co-MAA-co-IA nano-porous hydro-
gel (S3).

polymerized with VSA. No absorption peak can be observed in the
UV–vis spectra of the hydrogel, indicating that the vinyl groups of
VSA were reacted with the monomers.

3.4. FESEM analysis

As depicted in Fig. 5, the VSA-co-MAA-co-IA hydrogel prepared
without adding pore-forming agent (SA10) shows a dense and
smooth surface, and no pores were observed (Fig. 5a). However,
after adding the emulsion template composed of SDS and n-OT,
the formed hydrogels exhibit uniform porous structure with the
pore diameter of about 20–60 nm (Fig. 5b–d). This indicates the
emulsion micelle formed by SDS and n-OT may  act as an effective
pore-forming template and induce the generation of nano-pores.
The formation of pores in hydrogel may reduce the mass-transfer
resistance, and facilitate to the diffusion of the adsorbate into the
interior gel network.

3.5. Feed composition and absorption properties

Table 1 gives the feeding composition, absorption capacity (AC)

and removal rate (RR) of each hydrogel. As is shown, the absorption
capacity and removal rate of the hydrogel increased with increasing
the dosage of IA and neutralization degree (ND), until the opti-
mal  absorption capacity (432.28 mg/g) and removal rate (98.25%)

AA-co-IA nano-porous hydrogel (SA3).
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Fig. 5. FESEM micrographs of (a) non-porous hydrogel SA10, and (b–d) the VSA-co-MAA-co-IA hydrogel (S3) at different magnifications.

Table 1
The feeding composition of the hydrogels and the absorption properties for Pb2+ ion (initial Pb2+ concentration, 880 mg/L).

Sample VSA (g) MAA (mmol) IA (mmol) ND (%) SDS (mg) n-OT (mL) AC (mg/g) RR (%)

SAH0 0.5 46.50 0.00 80 15 0.25 387.61 88.09
SAH1  0.5 45.87 0.63 80 15 0.25 399.52 90.80
SAH2  0.5 45.25 1.25 80 15 0.25 414.50 94.21
SAH3  0.5 44.63 1.87 80 15 0.25 432.28 98.25
SAH4  0.5 43.37 3.13 80 15 0.25 420.47 95.56
SAH5  0.3 44.63 1.87 80 15 0.25 413.93 94.08
SAH6  0.7 44.63 1.87 80 15 0.25 426.64 96.96
SAH7  0.9 44.63 1.87 80 15 0.25 421.85 95.88

70 15 0.25 406.23 92.33
90 15 0.25 415.41 94.41
80 0 0 424.43 96.69

w
8
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SAH8  0.5 44.63 1.87 

SAH9  0.5 44.63 1.87 

SAH10 0.5 44.63 1.87 

as achieved at the MAA/IA molar ratio of 23.87 and the ND of
0%. This is because that, (i) IA is a double carboxylic monomer,
nd so its introduction may  increase the total amount of carboxyl-
te groups in the hydrogel. As a result, the absorption site used to
helating Pb2+ ion was increased and the absorption capacity was
mproved; (ii) with increasing the ND to 80%, more COOH groups

ere transferred into COO− groups. The COO− groups have rela-
ively stronger complexing ability to Pb2+ ion, and so the absorption
apacity of the hydrogel to Pb2+ ion was increased [31].

.6. Effect of initial Pb2+ concentrations on absorption

As shown in Fig. 6, the absorption capacity of the hydrogels

harply increased with increasing the initial Pb2+ concentration as

 result of increasing the absorption driving force, until the absorp-
ion equilibrium was almost reached at the initial concentration
f 2800 mg/L. In order to illustrate the absorption process and

Fig. 6. Effect of initial Pb2+ concentration on adsorption capacities and removal rate.
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Table 2
Fitted parameters for the absorption for Pb2+ ion.

Langmuir model

qm (mg/g) b (L/mg) RL R2

787.40 0.0378 0.00811∼0.05696 0.9999

Freundlich model

k n R2

204.17 5.0896 0.9249

Dubinin–Radusckevich model

qm (mg/g)  ̌ (mol/kJ)2 E (kJ/mol) R2

m
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1157.01 0.0021 15.4303 0.9512

echanism, three most common isotherm equations includ-
ng Langmuir (Eq. (2)) [32], Freundlich (Eq. (4)) [33] and
ubinin–Radushkevich (D-R) (Eq. (5)) [34] models were employed.

Ce

qe
= 1

qmb
+ Ce

qm
(2)

L = 1
1 + bCi

(3)

ere, qe is the equilibrium absorption capacities of the hydrogels
or Pb2+ ions (mg/g), Ce is the concentration of residual Pb2+ ions in
he solution after absorption (mg/L), qm is the maximum absorption
apacity of the adsorbent (mg/g), and b is the Langmuir absorption
onstant (L/mg) and is related to the free energy of adsorption. Ci
s the initial concentration of Pb2+ ions.

The essential feature of the Langmuir isotherm is RL. It is a
imensionless separation factor or equilibrium parameter, and its
alue can reflect the favorable or unfavorable absorption isotherm
35]. The RL value between 0 and 1 indicates favorable absorp-
ion, RL > 1 suggests unfavorable absorption and RL = 1 reveals linear
bsorption process.

The Freundilich model is expressed as follows:

og qe = log k +
(

1
n

)
log Ce (4)

ere, k (L/g) and n (dimensionless) are the Freundlich isotherm
onstant and the heterogeneity factor, respectively.

The D-R model is expressed as follows:

n qe = ln qm − ˇε2 (5)

 = (2ˇ)−0.5 (6)

ere,  ̌ is the constant related to the mean free energy of absorption
mol/kJ)2 and ε is the Polanyi potential (kJ/mol). The parameter ε
s the amount of energy required to pull a sorbed molecule from
ts absorption site to infinity [36] and is equal to RT ln(1 + (1/Ce)).

 (=8.314 J/(mol K)) is the gas constant and T (K) is the absolute
emperature.

Table 2 shows the absorption parameters obtained by fitting the
xperimental absorption data with the Langmuir (plotting Ce/qe

s. Ce), Freundlich (plotting log qe vs. log Ce) and D-R (plotting
n qe vs. ε2) models. The obtained linear correlation coefficients
2 = 0.9249 for Freundlich isotherm, R2 = 0.9512 for D-R model, but
an reach R2 = 0.9999 for Langmuir isotherm model. The theoreti-

al maximum absorption capacity (787.4 mg/g) fitted by Langmuir
sotherm is more close to the experimental value, indicating that
he Langmuir isotherm model is suitable for describing the absorp-
ion isotherm. Thus, by analyzing the fitting result, the absorption
Fig. 7. Adsorption kinetic curves of the hydrogels with porous (SAH3) and without
pores (SAH10) at the initial Pb2+ concentration of 880 mg/L and 2800 mg/L.

of the hydrogel for Pb2+ tends to be a monolayer absorption mech-
anism, and the absorption sites are energetically equivalent [32].

It can be noticed from Table 2, the RL value is smaller than 1.
This indicates that the absorption of the hydrogel for Pb2+ ion is a
favorable process.

As shown in Table 2, the calculated E value is 15.4303 kJ/mol,
which is larger than 8 kJ/mol corresponding to a physical adsorp-
tion [37]. This indicates that the absorption of the hydrogel for Pb2+

ion is a chemical absorption process that is different from the phys-
ical adsorption. In this process, when the hydrogel was  contact
with the solution containing Pb2+ ion, the Pb2+ ions may trans-
port to the hydrogel due to the electrostatic attraction between the

COO− groups and Pb2+ ions, and then some Pb2+ ions entered the
gel network. When the Pb2+ ion was  contact with COO− groups,
the complexing interaction occurred and the Pb2+ ion was fixed in
the hydrogel. During the absorption, the hydrogel may  be slightly
swollen, and the 3D gel network may  expand to accelerate the
transport of Pb2+ ions.

3.7. Absorption kinetics

As shown in Fig. 7, the amount of Pb2+ ion adsorbed by the
hydrogels was  rapidly increased with prolonging the absorption
time (t, s), and the equilibrium almost reached within 5 min. The
dynamic absorption mechanism such as mass transfer and chemi-
cal reaction can be explored by fitting the experimental data with
the pseudo first-order (Eq. (7)) and pseudo-second-order (Eq. (8))
kinetic models as shown follows [38].

log(qe − qt) = log qe −
(

k1

2.303

)
t (7)

t

qt
= 1

k2q2
e

+ t

qe
(8)

where qe and qt are the absorption capacities of the hydrogel for
Pb2+ ion (mg/g) at equilibrium state and time t (s), respectively.
The absorption rate constants for pseudo-first-order (k1, s−1) and
pseudo-second-order (k2, mg/(g s)) kinetics can be obtained by the
slope and intercept of the straight lines log(qe − qt) versus t and
t/qt versus t, respectively. The initial absorption rate constant k2i
(mg/(g s)) for pseudo-second-order absorption kinetic model can
be calculated using the relation k2i = k2q2

e (Table 3).
The absorption kinetic parameters were obtained by fitting the
experimental data with pseudo-first-order and pseudo-second-
order kinetic model and the results were shown in Table 3. As
can be seen, the theoretical qe value for pseudo-first-order kinetic
model has obvious deviation with the experimental value, and
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Table  3
Estimated absorption kinetic parameters for Pb2+ ion.

Samples Pseudo-first-order model Pseudo-second-order model

qe,exp qe,cal K1 R2 qe,cal k2 k2i R2

(mg/g) (mg/g) (s−1) (mg/g) (×105 g/(mg s)) (mg/(g s))

Initial Pb2+ concentration, 880 mg/L
SAH10 424.43 226.45 0.00283 0.9671 433.51 2.6539 4.9875 0.9997
SAH3  432.28 157.89 0.00288 0.9049 440.48 3.4076 6.6116 0.9998
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[38] W.  Rudzinsk, W.  Plazinski, J. Phys. Chem. B 110 (2006) 16514–16525.
Initial  Pb concentration, 2800 mg/L
SAH10 745.05 464.41 0.00256 0.974
SAH3  758.21 341.85 0.00272 0.947

he correlation coefficients (R2) is lower (<0.9741) for each sam-
le at each initial Pb2+ concentration. However, the qe value
alculated by pseudo-second-order kinetic model is close to the
xperimental value, and the R2 value is also higher (>0.9998).
his indicates that the dynamic absorption behavior of the hydro-
el for Pb2+ ion obeys pseudo-second-order kinetic model. And
he absorption process of the hydrogel for Pb2+ ion is probably
ontrolled by the chemical absorption mechanism [39,40]. The
igher initial concentration is favorable to the fast absorption in
ontrast to lower concentration due to the greater absorption
riving force generated by higher Pb2+ concentration. For each
ydrogel, the initial absorption rate constants follow the order
f SAH3 (9.0211 mg/(g s) for 2800 mg/L) > SAH3 (6.6116 mg/(g s)
or 880 mg/L) > SAH10 (6.5954 mg/(g s) for 2800 mg/L) > SAH10
4.9875 mg/(g s) for 880 mg/L), indicating that the formation of
ano-pores in the hydrogel is favorable to improve the absorption
ate for Pb2+ ions at different initial concentration.

. Conclusion

The biopolymer SA was modified with GMA  to derive vinyl-
unctionalized SA (VSA), and VSA was used as “macro-monomer”
nd crosslinker to prepare SA-co-MAA-co-IA  hydrogels with excel-
ent Pb2+ absorption properties. The emulsion/micelle composed
f SDS and n-OT was introduced during polymerization process to
reate a nano-porous structure. The structure of VSA and the hydro-
els was confirmed by 1H NMR, 13C NMR, FTIR and UV spectra,
nd the pores with the size of 20–60 nm was observed by FESEM
echnology. The hydrogels show satisfactory absorption proper-
ies for Pb2+ ion, and the optimal hydrogel was obtained at the
ecipe of VSA, 0.5 g; MAA, 44.63 mmol; IA, 1.87 mmol; neutral-
zation degree, 80%; SDS, 15 mg;  n-OT, 0.25 mL.  The equilibrium
bsorption isotherm was well fitted by the Langmuir isotherm
n its linear form, and the absorption kinetics follow the quasi-
econd order kinetic model, which suggests a chemical absorption
rocess related to the functional groups. The formation of nano-
orous structure can clearly enhanced the initial absorption rate
onstant from 4.9875 to 6.6116 mg/(g s) (initial Pb2+ concentration,
80 mg/L), from 6.5954 to 9.0211 mg/(g s) (initial Pb2+ concen-
ration, 2800 mg/L). The biopolymer-based nano-porous hydrogel
ith excellent absorption properties and eco-friendly advantages

an be developed as a potential heavy metal adsorbent for the sub-
titution of traditional adsorbents.
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