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A B S T R A C T

A low-cost and environmentally friendly calcium alginate aerogel (CAA) was prepared by freeze-drying
method, characterized, and evaluated for removal of Pb2+ from water. Experimental results indicate that
the CAA shows high selectivity and adsorption capacity for Pb2+. Relative selectivity coefficients for Pb2+

over other metal ions are all over 10. The CAA can also adsorb 96.4% of Pb2+ in aqueous solution. The
maximum adsorption capacity of CAA for Pb2+ is 390.7 mg/g, which is higher than that of other reported
adsorbents. Moreover, the CAA can be regenerated by simple acid treatment and used repeatedly without
loss in performance.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Lead, which is one of the most toxic heavy metals, is non-
biodegradable and can be ingested by humans through the food
chain [1]. Excessive lead in the body can result in many serious
diseases, such as anemia, dysfunction of the nervous system, and
renal trauma. Thus, removal of Pb2+ in wastewater is of great
significance.

Adsorption method has drawn more attention for treating Pb2
+-containing wastewater than other treatment technologies, such
as chemical precipitation, ion-exchange, membrane filtration,
electrochemical and phytoremediation, because of its simple
operation, recyclability, and efficiency at low concentrations [2].
Many functional nanoparticles, such as SiO2 [3,4], Al2O3 [5], Fe3O4

[6,7], and TiO2 [8,9], have been recently employed as sorbents to
remove Pb2+ from water. These sorbents have high adsorption
capacity and rapid sorption rate for Pb2+ because of the larger
surface area of nanoparticles. However, collecting these nanoscale
sorbents is rather complex. Moreover, the high price of raw

materials and harsh preparation conditions of nanoparticles also
limit their practical application in the industry.

Several agricultural and industrial by-products, such as straw
[10], mango peel [11], sawdust [12], fly ash [13], ephedra residue
[14] and Saccharomyces cerevisiae [15], are used to remove Pb2+ in
wastewater to reduce cost. Carboxyl, carbonyl, aldehyde, and
hydroxyl groups containing these materials can be complexed with
Pb2+. However, the morphology and mechanical properties of
sorbents often change after repeated use. In addition, some organic
ingredients can also be released into water during adsorption,
which may increase chemical oxygen demand.

Sodium alginate, produced by abundant natural brown algae, is
widely used as thickening agent in food industry and antidote for
heavy metal ions in medicine [16]. Recent studies have indicated
that immobilizing alginate onto clay [17], silica [18], maghemite
[19], and PVA [20] can efficiently remove Cu2+, Pb2+, and Cs+ in
aqueous solutions. However, these powder sorbents are difficult to
collect, and adsorption ability decreases gradually with increasing
number of uses.

In this study, a low-cost and environment-friendly calcium
alginate aerogel (CAA) was developed to remove Pb2+ from water
by one-step synthesis. The CAA was characterized by scanning
electron microscopy (SEM), infrared (IR) spectra, and X-ray
photoelectron spectroscopy (XPS). In addition, adsorption ability,
selectivity, reutilization, and application in environmental water
samples were also investigated.
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2. Materials and methods

2.1. Materials

Sodium alginate, nitric acid, and metal salts were purchased
from Aladdin Reagent Company (Shanghai, China). All reagents
were of analytical reagent grade and used as received. All aqueous
solutions were prepared with ultrapure water (resistivity > 18 MV)
from a Milli-Q system (Millipore, USA).

Stock metal solutions (5 mM) were prepared by dissolving
weighted amounts of nitrate into volumetric flasks. The pH level
was adjusted to 4.5 using 0.5 M HNO3. Total volumes of the
solutions were increased to 1000 mL using ultrapure water.
Appropriate portions of these metals were diluted to obtain the
required working solutions for subsequent sorption experiments.

Tap water was obtained from the tap of our research laboratory.
River water was collected from Changjiang River (Anqing, China).
Both tap and river water samples were stored in polytetrafluoro-
ethylene bottle overnight prior to use.

2.2. Apparatus

SEM images were obtained using a Hitachi S-4800 field-
emission microscope at an accelerating voltage of 4.0 kV. Digital
photos were taken using a Cannon 600D camera. The IR spectra
were collected on a Nicolet model 6700 Fourier transform IR
spectrometer using KBr pellets. Metal concentrations were
determined by an inductively coupled plasma-optical emission
spectrometer (ICP-OES) (Perkin-Elmer Optima 2100, USA). XPS was
performed using a Shimadzu Axis-Ultra multifunctional X-ray
photoelectron spectrometer with Al Ka X-ray source (hv = 1486.6
eV). All binding energies were referenced to carbon 1 s peak at
284.8 eV, and the XPS results were fitted by XPSPEAK41 software.

2.3. Preparation of CAA

Sodium alginate solution (1% or 2% w/v, 20 mL) was added
dropwise into 100 mL of CaCl2 (0.02, 0.05, 0.1, 0.15, 0.2, or 0.3 M)
solution under magnetic stirring at room temperature. Calcium
alginate hydrogel spheres formed immediately when sodium
alginate were dropped into the CaCl2 solution. The calcium
alginate hydrogel were collected by decantation and washed
thrice with ultrapure water. The resulting calcium alginate
hydrogel was immersed in 30 mL of ultrapure water and frozen
in an ultra-low-temperature freezer. Then, the corresponding
CAA was obtained by lyophilized hydrogel for 12 h using a vacuum
freeze-drying apparatus (LBJ-10, Four-Ring Science Instrument
Plant Beijing).

2.4. Adsorption and desorption studies

In a typical adsorption test, �50 mg of CAA were added to 50 mL
of 1.5 mM Pb2+ or 1.5 mM Cu2+ solution. The mixture was stirred for
1 h and then filtered. The concentration of unextracted Pb2+ or Cu2+

in the filtrate was determined by ICP-OES.
Desorption of Pb2+ (or Cu2+) was performed by mixing Pb2

+-loaded CAA (or Cu2+-loaded CAA) into 50 mL of HNO3 solution
(0.07 M). Then, CAA was filtered and washed with ultra-pure water.
The concentration of desorbed Pb2+ or Cu2+ in the eluent was
measured by ICP-OES.

In the regeneration process, the Pb2+-loaded CAA was equili-
brated with 50 mL of 0.07 M HNO3 solution for 30 min at room
temperature. Then, CAA was filtered and washed in sequence with
ultra-pure water, Ca(OH)2 solution, and ultra-pure water until the
final eluent was neutral.

3. Results and discussion

3.1. Material characterization

The FTIR spectra of raw sodium alginate, CAA, CAA-loaded Pb2+,
and CAA-loaded Cu2+ are shown in Fig. 1. In the four spectra, the
broad adsorption peak around 3447 cm�1 is attributed to the O��H
stretching vibration. The weak peak at 2930 cm�1 is attributed to
aliphatic C��H stretching vibration. The peaks around 1616 and
1410 cm�1 are assigned to C¼O and ��COOH, respectively [21]. The
characteristic peak of the C¼O bond showed a strong shift from
1631 cm�1 to 1600 cm�1 after Pb2+ loading, and from 1631 cm�1 to
1612 cm�1 after Cu2+ loading, compared with the CAA. These peaks
might have been caused by the coordination effect of the O atom
and metal ions.

Moreover, the structure of CAA was characterized by SEM. The
surface of CAA was found to be uneven (Fig. 2). The prepared
materials had larger surface area of contact with the adsorbate,
compared with a smooth surface. This characteristic is beneficial in
increasing the adsorption capacity of the metal ions.

3.2. Effect of concentration of Ca2+

Sodium alginate solution (1% or 2%) was added to different
concentrations of CaCl2 solution (Table 1). The corresponding CAA
was obtained by freeze-drying technology. The CAA obtained from
1% sodium alginate had less volume expansion and less fragment
when reacted with the same concentration of Ca2+ (Fig. 3). This
phenomenon might be attributed to the higher pH of solution with
lower viscosity, which increased the gelation rate. Nevertheless,
the density of CAA increased gradually with increasing concentra-
tion of Ca2+ ion. The increased Ca2+ content enhanced the
intermolecular interactions of alginate molecules and the degree
of crosslinking, resulting in higher density. Therefore, 1% sodium
alginate and 0.2 M of CaCl2 solutions were selected in this work to
prepare the CAA sorbent.

3.3. Effect of pH

CAA (�50 mg) was equilibrated with 50 mL of solutions
containing 1.5 mM Pb2+ (or 1.5 mM Cu2+) with different pH levels
for 1 h and then filtered. The unextracted Pb2+ (or Cu2+) in the
filtrate was analyzed by ICP-OES. Adsorption capacity increased

Fig.1. Infrared spectra of (a) sodium alginate, (b) calcium alginate aerogel (CAA), (c)
CAA-loaded Cu2+, and (d) CAA-loaded Pb2+.
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