Journal of Hazardous Materials 162 (2009) 423-429

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Contents lists available at ScienceDirect

Selective elimination of lead(Il) ions by alginate/polyurethane composite foams

Hiroaki Sone, Bunshi Fugetsu*, Shunitz Tanaka

Laboratory of Environmental Remediation, Graduate School of Environmental Science, Hokkaido University, Sapporo 060-0810, Japan

ARTICLE INFO

ABSTRACT

Article history:

Received 26 March 2008

Received in revised form 14 May 2008
Accepted 14 May 2008

Available online 24 May 2008

Keywords:

Alginate

Carboxyl groups
Polyurethane foams
Ion exchange
Lead(II) ions

A new type of adsorbent which is capable of selectively adsorbing lead(Il) ions (Pb%*) was developed. The
adsorbent was generated by reaction of sodium alginate with NB-9000B, a polyisocyanate type of prepoly-
mer of polyurethane. The adsorbent was a hydrophilic and flexible alginate/polyurethane composite foam
(ALG/PUCF) with the alginate chemically immobilized in the cell walls of the foam. Acid-base titration
was used to quantify the concentration of carboxyl groups, which are present on the alginate molecules
of the ALG/PUCEF, functioning as the essential sites for binding Pb2*. For the optimized ALG/PUCF, the car-
boxyl was found to be 38.2 + 1.2 wmol/g of dry weight. The capacity for adsorbing Pb?* ions in 1.0 g of dry
weight of the optimized ALG/PUCF was found to be 16.0 + 2.1 pmol, indicating that ion exchange was the
essential mechanism for adsorbing Pb?* ions. The adsorption capacity was found to be highly sensitive to
the pH of the sample solution; lower pH (<3) significantly decreased the adsorption. Competing ions such
as Mg?*, Ca?*, and Cd?* also caused a decrease in selectivity and capacity for Pb2* adsorption, although the
effect was less pronounced than the effect of pH. The ALG/PUCF is highly stable, flexible and easy to use.
ALG/PUCF is also reusable after regeneration with ethylenediamine-N,N,N',N'-tetraacetic acid, disodium
salt (EDTA-2Na). Due to these features, this adsorbent may be highly useful for elimination of Pb?* ions
from contaminated water.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Elimination of lead (Pb) from contaminated environments is
important for a number of reasons. Firstly, Pb is toxic to humans via
interaction with the sulfhydryl group of proteins, resulting in dis-
ruption of the metabolism and biological activities of many proteins
[1]. Pb also impairs hemoglobin synthesis and can cause damage
particularly to the liver and kidneys, as well as causing neurologi-
cal disorders [2,3]. Secondly, Pb is toxic to plants. Free lead(Il) ions
(Pb%*) accumulate primarily within the cell walls and intercellular
spaces, causing reduction in root growth and loss of apical domi-
nance of plants, even at very low concentrations (for example, at
0.2 wM) [4]. Thirdly, many industrial effluents and/or wastewater
discharged from the production processes of lead-acid batteries,
paint, oil, and lead-petrol contain a considerable amount of Pb.
Leakage of Pb from these effluents and wastewater into ground-
water can cause serious groundwater contamination [5]. In some
cases, water extracted from soil subjected to lead contamination
was found to contain free Pb2* ions as high as 1.0 wM [6].

Elimination of Pb from lead-contaminated environments is
therefore a very important task in the field of environmental reme-
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diation. For the elimination of Pb, particularly in the form of free
Pb2*, from the contaminated aqueous solutions (wastewater), phys-
ical adsorption onto an inert material is the mostly widely used
method. Other methods, such as ion exchange [7], chemical pre-
cipitation [8], electrochemical reduction [9], and electro-dialysis
[10] were also found to be useful. For physical adsorption, activated
carbon is traditionally used as the adsorbent [11-13]. Because of its
high porosity, very high surface area and relatively high mechanical
strength, activated carbon has a large capacity for the removal of
Pb2* ions. However, activated carbon is unable to selectively adsorb
Pb2* ions, resulting in an unpredictable lifespan for the adsorbent
[14].

In recent years, the use of naturally produced materials, such as
waste biomass, as adsorbents for environmental remediation has
received great attention. The utilization of waste biomass is of great
interest because these materials represent unused resources and in
many cases present serious disposal problems. Numerous sources
of waste biomass are available and some studies have demonstrated
that such materials are capable of selectively adsorbing heavy metal
ions [15-18]. Various functional groups such as phosphate, car-
boxyl, amine and/or amide are involved in the adsorption of the
heavy metal ions, which occurs as a result of ion exchange or ion-
complex formation.

Alginate, the main component of brown algae (a typical marine
biomass), is a polysaccharide biopolymer composed of anionic
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Scheme 1. Typical structure of alginate; carboxyl groups are the functioning sites for binding heavy metal ions.

blocks of 1,4 linked a-L-gluronic acid (G) and 3-b-mannuronic acid
(M); Scheme 1 shows the typical structures. Carboxyl groups are
the functioning sites for binding heavy metal ions and the capa-
bility of alginate to bind heavy metal ions was investigated in
previous studies that showed a higher affinity for Pb2* ions com-
pared to other metals [19]. Alginate is soluble in water. Formation of
hydrogels from alginate using divalent cations (Ca2* or Ba2*) as the
cross-linked ions has long been the standard method for preparing
water-insoluble, alginate-based adsorbents. The intrinsic mechan-
ical weakness of the hydrogels, however, has greatly restricted the
application of alginate for wastewater treatment. Although algi-
nate can also be blended with other molecules such as cellulose
[20] to increase its mechanical strength, developing alginate-based
materials of high mechanical strength remains a challenge.

In this study, we focus on polyisocyanate, which is capable of
interacting with alginate to give flexible polyurethane foams of
high mechanical strength. The polyurethane prepolymer, derived
from a poly(oxy C2-4 alkylene) diol and toluene diisocyanate having
three isocyanate functionalities, was mixed with an aqueous solu-
tion containing sodium alginate to produce hydrophilic, flexible
alginate/polyurethane composite foams (ALG/PUCF). The result-
ing foams showed high capability for adsorbing lead(II) ions from
the model water samples, demonstrating their applicability for
elimination of Pb2* ions from contaminated water. The ALG/PUCF
were reusable by regenerating the foams with ethylenediamine-
N,N,N',N'-tetraacetic acid, disodium salt (EDTA-2Na).

2. Materials and methods
2.1. Materials

Sodium alginate (300-400cp) was obtained from Wako Pure
Chemicals (Osaka, Japan). Polyurethane prepolymers, derived from
a poly(oxy C2-4 alkylene) diol and toluene diisocyanate (TDI)
having three isocyanate functionalities, were provided by INOAC
Corporation (Nagoya, Japan). The prepolymer is called NB-9000B
and its chemical structure is depicted in Scheme 2. Triblock
copolymer poly(ethylene oxide)-block-poly(propylene oxide)-
block-poly(ethylene oxide) (EOgPO36EOg, trade name Pluronic
L-62), which was used as the surfactant for strengthening the cell
walls of the flexible foams, was also provided by INOAC Corporation.
Inorganic salts, CaCl,-2H,0, Cd(NO3),, MgCl,-6H,0, and Pb(NO3 ),,
used to prepare the model aqueous samples containing the corre-
sponding metal ions, were obtained from Wako Pure Chemicals. All
these materials were used as received.

2.2. Synthesis of ALG/PUCF

The ALG/PUCF were obtained by mixing the polyurethane
prepolymer NB-9000B with the aqueous sodium alginate (ALG)
solution and the triblock copolymer Pluronic L-62. Pluronic L-62

controls the pore size of the ALG/PUCF by formation of the reverse
type of micelles. The mixing ratio (w/w/w) for NB-9000B, aqueous
sodium alginate solution, and Pluronic L-62 was 100/100/1.

2.3. Adsorption experiments

A piece of ALG/PUCF of approximately 0.5g (dry weight) was
immersed in a test tube containing 100 ml of the aqueous solu-
tion containing the heavy metal and was then shaken using a
vortex shaker. The pH of the aqueous solutions was adjusted with
nitric acid and ammonium solution. After the adsorption had equi-
librated, the ALG/PUCF adsorbent was removed from solution.
The concentration of the remaining metal ions in the solution
was analyzed using inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES). An ICP-AES-7000 sequential plasma
spectrometer (Shimadzu, Kyoto, Japan) was used. The follow-
ing wavelength lines were used: 393.366nm (Ca), 226.502 nm
(Cd), 228.616 nm (Co), 279.553 nm (Mg), 257.610nm (Mn), and
220.351 nm (Pb).

2.4. Preparation of cross-linked Ca?*-alginate hydrogel beads

Alginate-based adsorbents obtained by the conventional
method of hydrogel formation with calcium(Il) ions (Ca2*) as the
linkage ions were prepared for comparison to the novel adsorbent
developed in this work. An IER-20 encapsulation system (Inotech,
Dottikon, Switzerland) was used to prepare the Ca2*-ALG hydrogel
beads [21]. The ALG solution (1.5%, w/v) was forced into a pulsa-
tion chamber using a syringe pump. The aqueous ALG solution was
then passed through a precisely drilled sapphire nozzle of diameter
200 p.m and was separated into droplets of equal size upon exiting
the nozzle. These droplets passed through the electrostatic field
between the nozzle and an O-ring electrode, acquiring electrostatic
charges on their surfaces. Electrostatic repulsion forces dispersed
the droplets as they fell into the aqueous hardening solution con-
taining 100 mmol/1 of calcium dichloride. The resulting beads were
rinsed thoroughly with deionized water and were then collected
using a 100 wm mesh sieve.

3. Results and discussion
3.1. Structure of the hydrophilic, flexible ALG/PUCF

Fig. 1 shows scanning electron microscope (SEM) images
together with a digital photo of the ALG/PUCFE. As seen in Fig. 1,
like the common flexible polyurethane foams, the ALG/PUCF estab-
lished in this study consists of three-dimensional agglomerations
of gas bubbles, separated from each other by thin sections of the
host medium. The thin structures separating the bubble spaces
(also referred to as cell walls) are co-polymers of alginate and the
polyurethane prepolymer NB-9000B, formed through various reac-
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Scheme 2. Structures of the polyurethane prepolymer, NB-9000B, and the reactions involved in the polyurethane foam formation: (a) chain extension reaction, (b) foam

formation reaction and (c) cross-linking reaction.

Fig. 1. SEM image of the flexible sodium-alginate/polyurethane composite foam (ALG/PUCF) at 50x magnification (a) and a digital photo (b) of the same ALG/PUCF at low

resolution.

tions (chain extension reaction, foam formation and cross-linking
reaction). Fig. 2 shows FT-IR spectra of the ALG/PUCF together with
the spectra for sodium alginate alone. The characteristic band cor-
responding to isocyanate (-N=C=0) at about 2230 cm~! was not
observed, suggesting that the NCO groups have completely reacted.
In addition, bands at 3295 cm~! (corresponding to NH), 1724 cm~!
(corresponding to free -C=0), and 1530 and 1221cm~! (corre-
sponding to NH and CN, respectively) were observed, indicating the
formation of the urethane-urea bond. Moreover, asymmetric and
symmetric stretching vibrations of COO~ (which was the functional
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Fig. 2. FT-IR spectra of sodium alginate (upper line) and of the ALG/PUCF (lower
line).

group for binding Pb2* ions) at 1598 and 1410 cm~! were observed,
indicating that alginate was grafted on the polyurethane prepoly-
mers, NB-9000B. Furthermore, the band corresponding to -OH in
the alginate at 3440 cm~! disappeared; suggesting that -OH in the
alginate has reacted with NB-9000B. Note that the characteristic
absorption for alginate at 946cm~! (1,4 linkage), 877 cm~! (-
mannuronic residues) and 814cm~! (a-guluronic residues) were
overlapped by the characteristic bands for PUF, making the FT-
IR band assignment of the backbone for alginate in ALG/PUCF
difficult.

3.2. Quantitative analysis of carboxyl groups in ALG/PUCF using
acid-base titration

In order to quantify the carboxyl groups in ALG/PUCF, acid-base
automatic titration was carried out using an AUT-501 instrument
(TOA Electronics, Tokyo, Japan). A certain amount (0.4-0.6g) of
dry weight of ALG/PUCF was immersed in 0.10 mol/l hydrochlo-
ric acid solution to obtain ALG of acidic form. This was then rinsed
with deionized water until free HCl was completely removed. This
was assayed by adding silver nitrate to the rinsed solution and
observing the precipitated product of silver chloride. After con-
version to acidic form, the ALG/PUCF was immersed in 25.0 ml of
10.0 mmol/l sodium hydroxide (NaOH); the concentration of the
unreacted NaOH was then determined by titration with 10.0 mmol/I
hydrochloric acid solution. A typical titration curve is shown in
Fig. 3. The ALG/PUCF obtained by using a 1.0% ALG aqueous precur-
sor solution was found to contain 38.2 + 1.2 wmol carboxyl groups
for 1.0 g of the dry weight of ALG/PUCF.
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Fig. 3. Potentiometric and conductometric back titration of NaOH achieved by step-
wise addition of 10.0 mmol/I of HCL.

3.3. Effect of contact time and pH on the adsorption of Pb%* ions

Approximately 0.5g of the dry weight of ALG/PUCF was
soaked and shaken in 100.0 ml of an aqueous solution containing
100.0 wmol/1 of Pb2* ions. The concentration of Pb2* in this solution
was measured using ICP-AES. Fig. 4 shows the change in the con-
centration of Pb%* as a function of the contact (adsorption) time.
Adsorptions with the sole PUF (the reference adsorbent not con-
taining ALG) were also performed under identical experimental
conditions. The results are given in Fig. 4 for comparison. As can
be seen from Fig. 4, the ALG/PUCF was capable of adsorbing Pb2*
ions with the adsorption equilibrium being reached within 15 min.
In contrast, the sole PUF led to very little reduction in Pb%* concen-
tration. This comparison of the two adsorption curves shows that
alginate (ALG) is the functional site for capturing the Pb2* ions. The
capture of Pb2* by ALG/PUCF was quantified by energy dispersive
X-ray spectrometry. Fig. 5 shows the experimental data; ALG/PUCF
containing Pb was confirmed.

The ability of the ALG/PUCF to adsorb Pb2* was found to depend
strongly on the pH of the sample solution. As seen in Fig. 6, the
adsorption ability decreased as the pH of the sample solution
shifted to the acidic range. The ALG/PUCF has shown almost no abil-
ity to adsorb Pb2* ions for the sample having pH 0.98 and very low
capacity at pH 2.05. For the samples having pH 3.96 and/or larger,
however, the ALG/PUCF performs at nearly maximum capacity,
indicating that the adsorption is achieved by the carboxyl moieties
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Fig. 4. Change in Pb%" concentration as a function of adsorption time using
ALG/PUCF (4). The sample was 100.0 ml aqueous solution containing Pb?* ions at an
initial Pb?* concentration of 100.0 uM; pH 4.02; ALG/PUCF=0.502 g (dry weight).
Adsorption experiments were also performed using sole PUF (not containing algi-
nate, W) as the adsorbent under identical experimental conditions.
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Fig. 5. Analysis of the adsorbed Pb using SEM-EDS. (a) SEM image of the surface
of Pb2*~ALG/PUCF sample and (b) the location used for EDS analysis denoted as
001. SEM-EDS conditions were 2.4 keV at accelerating voltage of 20.0 kV; irradiation
current of 1.0 nA.

of the alginate. In other words, alginate in the acidic form, namely
the alginic acid, was less sensitive to Pb2* ions.

3.4. Effect of alginate percentage in ALG/PUCF on adsorption
capacity

The mixing ratio for NB-9000B, precursor ALG solution, and
Pluronic L-62 was set at 100/100/1 (w/w/w). To test the effect of
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Fig. 6. Effect of pH of the sample solution on the adsorption of Pb?* ions by the
ALG/PUCF. Initial concentration of Pb%* ions in all samples was 100.0 .M. Each sam-
ple volume was 100.0 ml. The measured ALG/PUCF of dry weights were 0.502, 0.501,
0.502, and 0.503 g, respectively.
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ALG concentration, the weight percentage of alginate in the pre-
cursor ALG solution was varied from 0.2% to 3.0% and the resultant
ALG/PUCF was used as the adsorbent. The capacity of the ALG/PUCF
to adsorb Pb%* ions increased with increasing percentage of algi-
nate in the precursor solution. However, ALG/PUCF with the desired
open cells could not be obtained for the precursor ALG solutions
of higher concentration (2.0% and 3.0%). ALG/PUCF obtained using
1.0% ALG as the precursor ALG solution was used as the typical
(optimized) adsorbent for further adsorptive studies. This version
of ALG/PUCF was found to contain 38.2 & 1.2 umol (average of five
measurements) of carboxyl groups (COO~) for 1.0 g of ALG/PUCF of
dry weight.

3.5. Sorption isotherm

Adsorption of Pb%* ions by ALG/PUCF for samples containing dif-
ferent initial concentrations of the metal ion was carried out; for
all sample solutions in this experiment, the pH was adjusted to
pH 4.02. The data for plotting the adsorption curve were obtained
under identical (room) temperature; the adsorption curve is there-
fore an isotherm. As Pb2* ions are absorbed onto the ALG/PUCF, the
adsorption rate decreases and the rate of Pb2* desorption increases.
When the rates of adsorption and desorption are equal, adsorp-
tion/desorption equilibrium has been reached. The adsorption data
can be fit to the following equation, called the linearized Langmuir
equation:

Chn Ca 1

= =4 — 1

aa  Q  QKa M

which was derived from the following Langmuir equation:
_QKaCa

9A= T KaCa 2)

where ga represents the amount of metal ions of a certain species
captured per unit weight of the ALG/PUCF (mol/g) at the final
equilibrium concentration. Kj is the Langmuir constant relating to
the affinity of the binding sites and is considered as a measure of the
adsorption energy. Ca is the equilibrium concentration (mol/l) in
solution and Q is the maximum adsorption capacity at monolayer
(pmol/g). Fig. 7 shows the plots of adsorption isotherm, namely the
amount of Pb2* adsorbed by ALG/PUCF versus the concentration of
Pb2* in the sample solutions at the adsorption/desorption equilib-
riums. Adsorption isotherms for Cd2*, Co%*, Mn?*, Mg2* and Ca?*
obtained under identical experimental conditions were also given
in Fig. 7, for comparison. Q and K, were calculated; Table 1 sum-
marizes resultant data. As can be seen from Table 1, the adsorption
of these metal ions by ALG/PUCF fitted well (R was in the range of
0.982-1.000) with the Langmuir equation under the concentration
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Fig. 7. Langmuir plots for adsorption of Pb* (W), Cd2* (a), Co?* (A), Mn2* (+), Mg?*
(#) and Ca?* (@) ions by ALG/PUCF.

-Il;:lr,;:nleters of the Langmuir isotherm plots for six divalent cation species

Ca?* cd* Co?* Mg?* Mn?* Pb*
Q(umol/g)  17.06 14.66 15.53 8.84 16.18 15.95
Ka 7.63 8.41 4.99 1.15 3.09 11.01
R? 0.9817 0.9996 0.9912 0.9977 0.9989 0.9867

Other experimental conditions were the same as described in Fig. 4.

range evaluated in this study, suggesting the presence of a finite
number of homogenous binding sites (the carboxyl groups) on the
ALG/PUCF. The K, for Pb%* was 11.01; for Cd2*, Ca*, Co%*, Mn%* and
Mg2* it was 8.41, 7.63, 4.99, 3.09, and 1.15, respectively. In other
words, Pb2* jons show the highest affinity toward the ALG/PUCF,
followed by Cd?*, Ca2*, Co%*, Mn2* and Mg?2*.

3.6. Adsorption of Pb%* ions in samples containing competitive
ions

Aqueous solutions containing Pb2* ions along with other com-
peting metal ions were prepared. These solutions were then used
to study the selectivity for adsorbing Pb2* ions in the presence of
other metal ion species. A series of aqueous solutions was pre-
pared, each containing Cd?*, Mg2*, and Ca%* (100.0 .M of each
ion) and Pb%* varying from O to 100.0 wM. Those solutions were
then tested with the ALG/PUCF adsorbent. Fig. 8 shows the result-
ing data plotted as the molar quantity of the metal ions being
adsorbed by ALG/PUCF versus the initial concentration of Pb%* ions
in the aqueous solution. As can be seen from Fig. 8, the amount
of the Pb%* adsorbed onto ALG/PUCF was found to increase pro-
portionally with the increase of initial Pb2* concentration in the
solution. For Cd?* and Ca%*, on the other hand, the adsorbed molar
amount decreased almost linearly as the initial concentration of
Pb2* in the samples increased. Mg2* ions were adsorbed in very
small quantities for all lead concentrations tested. These results
again indicate that, among the metal ions tested, the ALG/PUCF
has the highest affinity for adsorbing Pb2*, followed by Cd?*, Ca2*,
and Mg?*. The maximum Pb2* adsorption capacity for the opti-
mized ALG/PUCF sample containing an overall 19.1 + 1.2 pmol of
carboxyl groups (the binding site) was found to be 9.1 +£2.1 wmol.
In other words, at the maximum capacity, the ratio of carboxyl
groups to Pb2* ions captured in the ALG/PUCF was approximately
2:1 (mol/mol).
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Fig. 8. Adsorption of Pb?* ions (a) in the presence of competing ions in the sample
solutions. The competing ions in the samples were Mg?* (4), Ca?* (@), and Cd?* (m),
each at a concentration of 100.0 .M. The Pb?* concentration was varied from 0 to
100.0 M in these samples. The pH of all samples was 4.02. Sample volume, 50.0
ml; ALG/PUCF, 0.25 g of the dry weight.
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Fig. 9. Adsorption of Pb2* ions (a) in the presence of competing ions in the sample
solutions using alginate-Ca?* beads as the adsorbents. The two competing ions in
these samples were Mg?* (4) and Cd?* (W), each at a concentration of 100.0 .M. The
Pb%* concentration was varied from 0 to 100.0 wM in these samples. The pH of all
samples was 4.02. Total amounts of carboxyl groups are same as Fig.8.

3.7. Adsorption using alginate/calcium(II) hydrogel adsorbents

Alginate was immobilized using a traditional method of hydro-
gel formation using calcium ions (Ca2*) as the cross-linking ions.
Fig. 9 shows the adsorptive experimental data obtained by using
the ALG-Ca%* hydrogel beads with average diameters of 300 m
as the adsorbents. Aqueous solutions were prepared containing
ions each at a constant concentration of 100.0 wM, while vary-
ing the concentration for Pb2* ions from 0 to 100.0 WM, as in the
experiments described in Fig. 8. In the concentration range of
0-50.0 M, the number of Pb%* ions adsorbed by the ALG-Ca®*
beads increases almost linearly with the increase of initial Pb%*
concentration in the samples. After the initial Pb%* concentration
exceeds 60.0 WM, however, the adsorptive capacity for Pb%* ions
remained almost unchanged. As with the ALG/PUCF, the ALG-Ca?*
beads showed higher selectivity for adsorbing Pb2* than for Mg+
or Cd?*.

Fig. 10 shows the sorption isotherms plotted using the data
from the hydrogel experiments. For Mg2* and Cd2*, the experimen-
tal data fit well with the Langmuir adsorption model, suggesting
that these two species were adsorbed via a monolayer adsorp-
tion process. However, for Pb%*, the Langmuir adsorption model
was not applicable, indicating a unique mechanism of adsorp-
tion for Pb2* ions by the ALG-Ca2* beads. The maximum capacity
for the ALG-Ca2* beads containing overall 144.1 + 1.2 wmol (aver-
age of three measurements) of carboxyl groups was found to
be 24.2+2.1 pnmol (average of three measurements) for adsorp-

Ca/ga, wmol g/meq L
(8]

0 100 200 300 400 500
Cy. umol/L

Fig. 10. Langmuir plots for adsorption of Mg2* (¢), Cd%* (a) and Pb?* (M) using
alginate-Ca?* beads as the adsorbents.
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tion of Pb2* ions. In other words, at maximum capacity, the
ratio of carboxyl groups in the alginate-Ca2* beads to Pb%* ions
captured was approximately 6:1 (mol/mol). This ratio was sig-
nificantly lower for ALG/PUCF, indicating more efficient capture
of Pb2* ions by ALG/PUCF compared to the hydrogel adsor-
bent.

3.8. Mechanism of adsorption of Pb?* ions by ALG/PUCF

Compared to the conventional ALG-CaZ* beads, ALG/PUCF
shows a unique behavior for the adsorption of Pb%* ions. Unlike
ALG-Ca?*, the alginate in ALG/PUCF was immobilized chemically
by binding its sugar backbone to the NB-9000B prepolymer. Our
explanation of the mechanism of Pb2* binding by the ALG/PUCF
is therefore summarized in terms of an electrostatic interaction
model, namely the ion-exchange model. The essential concepts of
this model are summarized as follows:

(1) In ALG/PUCF, alginate was immobilized by chemical reactions
between the hydroxyl groups of the alginate sugar backbone
and the isocyanate groups of the NB-9000B prepolymer. The
FT-IR data support this conclusion. In the ALG-CaZ* beads, on
the other hand, alginate was immobilized during the hydrogel
formation by specific binding of Ca2* ions to the polysaccharide,
leading to a firm cohesion between the polyelectrolyte chains
[22].

(2) In ALG/PUCEF, all the carboxyl groups can function as the bind-
ing sites for capturing Pb2* ions. The molar ratio of the available
carboxyl groups to the captured Pb2* was found to be 2:1; this
gives evidence to support this conclusion. In contrast, in the
alginate-Ca2* beads, the molar ratio of the available carboxyl
groups to the captured Pb2* was 6:1, indicating some of the car-
boxyl groups have no ability for binding Pb2*. They were spent
on interaction with Ca%* ions in formation of the Ca2*-alginate
hydrogel [23].

(3) In ALG/PUCF, Pb%* ions were retained mainly by electrostatic
interaction by replacement of sodium ions (Na*) from the car-
boxyl groups on alginate. In other words, ALG/PUCF behaved
as an ion-exchanger with carboxyl groups as the functioning
sites. The fact that the sorption isotherm for Pb2* ions fitted well
with the Langmuir adsorption model supports this conclusion.
On the other hand, in the alginate-Ca2* beads, cations hav-
ing smaller affinity than Ca2* (the cross-linking ions), such as
Mg?2* and Cd?* ions, were also retained based on ion-exchange
of Na* ions from the carboxyl groups on alginate and there-
fore undergoing the monolayer adsorption (fitting well with
the Langmuir adsorption model). However, for the Pb2* ions,
their affinity toward alginate was higher than that for Ca2*, the
cross-linking ions. As a result, a more firmed type of hydrogels
was formed by formation of the Pb2*-alginate complexes. The
sorption isotherm for Pb2* did not fit the Langmuir sorption
model, indicating the adsorption of Pb%* ions are undergoing a
much complicated manner by the Ca%*-alginate beads.

3.9. Regeneration of the Pb**-ALG/PUCF using EDTA-2Na

The ALG/PUCF was reusable by using aqueous EDTA-2Na solu-
tion as the regeneration solution. The adsorbed Pb2* ions were
converted into Pb2*-EDTA, which is an anionic complex showing
no affinity toward ALG/PUCF. After four cycles of adsorption and
regeneration, the capacity for adsorbing Pb2* ions was found to
be almost identical to the initial capacity, demonstrating the high
reusability of the ALG/PUCF.
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4. Conclusion

We have shown that hydrophilic, flexible polyurethane foams
containing alginate are capable of selectively adsorbing Pb%* ions.
Alginate was immobilized chemically in the cell walls of the
polyurethane foam. The carboxyl groups on the alginate are the
functional sites for capturing Pb2* ions. The ALG/PUCF shows a
higher affinity for Pb%* than for other metal ions due to the
nature of the poly-carboxylic ion-exchanger. The sodiumalgi-
nate/polyurethane composite foam is robust, mechanically strong,
durable, and easy to produce. Its high surface area and high
reusability provide a practical and simple approach for the selective
elimination of Pb%* from contaminated water. Use of the ALG/PUCF
adsorbent for elimination of Pb2* from contaminated soil is under
investigation by our research group.
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