
Citation: Yamada, M.; Shimanouchi,

Y. Selective Accumulation of Rare-

Earth and Heavy Metal Ions by a

Fucoidan-Inorganic Composite

Material. Separations 2022, 9, 219.

https://doi.org/10.3390/

separations9080219

Academic Editor: Mark L. Dietz

Received: 16 July 2022

Accepted: 12 August 2022

Published: 14 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

separations

Article

Selective Accumulation of Rare-Earth and Heavy Metal Ions by
a Fucoidan-Inorganic Composite Material
Masanori Yamada * and Yuta Shimanouchi

Department of Chemistry, Faculty of Science, Okayama University of Science, Ridaicho, Kita-ku,
Okayama 700-0005, Japan
* Correspondence: myamada@chem.ous.ac.jp

Abstract: The accumulation of rare-earth and heavy metal ions from wastewater is important for
industrial technology. However, practical accumulators of metal ions are expensive with respect
procurement of raw materials, synthesis, and preparation. Therefore, it is preferable to accumulate
metal ions using sustainable resources, such as natural polymers. Fucoidan, a water-soluble natural
polymer, is a sulfated polysaccharide from the cell-wall of brown algae. Therefore, fucoidan behaves
as an acidic polysaccharide in an aqueous solution. We prepared a fucoidan-inorganic composite
material by mixing fucoidan and a silane coupling reagent, bis(3-(trimethoxysilyl)propyl)amine
(SiNSi). This fucoidan-SiNSi (F-SiNSi) composite material showed a water-insoluble property. This
is due to the encapsulation of fucoidan into a three-dimensional network of SiNSi with siloxane
bonding. When the F-SiNSi composite material is immersed in a metal ion-containing aqueous
solution, the composite material accumulated the metal ions. The binding affinity of each metal
ion was Ca(II), Mg(II) << Nd(III) < Cu(II), Zn(II), Ni(II), La(III) < In(III) < Y(III). Additionally, the
maximum-accumulated amounts of the Nd(III), Cu(II), Zn(II), Ni(II), La(III), In(III), and Y(III) ions
were 140, 200, 190, 200, 200, 230, and 270 nmol per mg of fucoidan, respectively. Furthermore, the
molar ratios of the acidic groups (the sulfate and carboxyl groups) in the fucoidan and accumulated
metal ions, were 0.081–0.156. Therefore, the F-SiNSi composite material showed a selectivity for
rare-earth and heavy metal ions. The accumulation mechanism of the rare-earth and heavy metal
ions was related to the carboxyl groups in the fucoidan.

Keywords: selective accumulation; biopolymer-inorganic composite material; fucoidan; sulfated
polysaccharide; rare-earth metal ion; heavy metal ion

1. Introduction

Wastewater from factories dealing with metals may contain harmful heavy metal ions
such as mercury, cadmium, and lead ions [1]. Since even a small amount of heavy metal
ions has an adverse effect on the human body, these heavy metal ions have to be removed
from wastewater [1]. Rare-earth metal ions, such as yttrium, lanthanum, and neodymium
ions, are used in the field of electronics, magnetics, and optics [2,3]. Additionally, rare-earth
ions are found in catalysts for synthetic chemistry, fluorescent substances, and optical
glasses [2,3]. Since the content of these rare-earth ions in the earth is low, and these metal
ions are expensive, it is desirable to recover them from the wastewater of a factory that
uses rare-earth metals. Therefore, accumulating and recovering rare-earth and heavy metal
ions from wastewater or groundwater is an important technology in environmental science,
industrial chemistry, and separation technology [4,5]. At present, inorganic materials [5,6],
such as single-walled or multi-walled carbon nanotubes, biological materials [5,7] such
as leaf powder or sawdust, bioadsorbants [5,8] such as bacteria or fungi, and polymer
materials [5] such as hyper-crosslinked polystyrene or ethylenediaminetetraacetic acid
(EDTA)-functionalized polymers, have been reported as viable tools for metal accumulation.
Polymer materials have been used for various applications [3–5,9,10], such as ion-exchange
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resins, filters, metal ion flocculants, electroplating, and wastewater treatment method,
among others. However, since these materials are complicated to procure and synthesize,
and take time to prepare, the accumulation of rare-earth and heavy metal ions using these
materials is costly. Therefore, it is desirable that accumulation of metal ions is done using
sustainable resources, such as natural polymers.

Fucoidan, a water-soluble natural polymer, is a sulfated polysaccharide from the cell-
wall of brown algae [11,12]. Fucoidan has a viscous property, and this property plays a role
in protecting against tidal flow, as well as microorganisms that eat the algae. Chemically,
fucoidan has several different structures among brown seaweed species [12]. Scheme 1a
shows the partial molecular structure of fucoidan. Although fucoidan mainly consists of
fucose, from which its name originates, and sulfate, it also contains monosaccharides such
as mannose, galactose, glucose, and xylose. Additionally, fucoidan possesses uronic acid
with a carboxyl group. Therefore, fucoidan behaves as an acidic polysaccharide in aqueous
solution. Various bioactive functions, such as anti-cancer, anti-viral, anti-inflammation,
immunity, gut and digestive health, wound healing, and anti-aging, have been reported
for fucoidan [13]. Therefore, the study of fucoidan has mainly occurred in the medical
and pharmaceutical fields. Fucoidan contains various functional groups, such as sulfate,
carboxyl, and hydroxy groups, in its structure, and these functional groups can interact
with metal ions or react with other organic molecules. Therefore, fucoidan may be used
not only in the field of biomedicine, such as for drug delivery and tissue regeneration,
but also in the field of engineering and environmental protection [13–15]. However, the
utilization of fucoidan as a material for accumulating and recovery of rare-earth and heavy
metal ions has been rarely reported to the best of our knowledge [15]. This is due to the
high water solubility of fucoidan. Since fucoidan possesses many hydroxy groups in its
molecular structure, it cannot be separated even if it interacts with other molecules or ions.
However, since fucoidan possesses sulfate and carboxyl groups, which strongly interact
with metal ions, water-insolubilized fucoidan might be used as an accumulation and a
recovery material for rare-earth and heavy metal ions.
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Scheme 1. Molecular structure of (a) fucoidan and (b) SiNSi. The R indicates carbohydrate (α-L-
fucopyranose and α-D-glucuronic acid) or non-carbohydrate (sulfate and acetyl groups).

Insolubilization of biopolymers is an important method for using biopolymers in
engineering and environmental protection. The insolubilization of a biopolymer includes
its immobilization on an insoluble substrate, cross-linking, encapsulation, and composition,
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among other factors. Especially, e combination or gelation of a biopolymer with other
organic compounds may be achieved by electrostatic, hydrogen, or hydrophobic interac-
tions, as well as by cross-linking reactions [16,17]. However, these biopolymer-organic
composites may cause destruction of the biopolymer, decreasing functional groups by
electrostatic interaction, and the disappearance of function by hydrophobic interaction.
Additionally, since materials consisting only of organic substances have low mechanical
strength, they cannot be used for a long time under practical condition. As a result, the
biopolymer-organic composite material cannot fully perform its function. In contrast,
biopolymer-inorganic composite materials have attracted much attention due to insolu-
bilization methods applied to the biopolymer [18–21]. Since the biopolymer-inorganic
composite materials are prepared by a soft process, such as the sol-gel reaction using a
silane coupling reagent, the structural destruction of a biopolymer does not occur. Ad-
ditionally, the function of a biopolymer can be maintained by the encapsulation of the
biopolymer in the network of a silane coupling reagent. Furthermore, biopolymer-inorganic
composite materials have properties of both the organic and inorganic components, such
as flexibility and strength. Therefore, biopolymer-inorganic composite materials have
been used as sensing materials, energy materials, and biomaterials [18–21]. Recently, we
prepared various biopolymer-inorganic composite materials, such as DNA-inorganic [22],
RNA-inorganic [23], pectin-inorganic [24], and gellan gum-inorganic [25] composite mate-
rials. These biopolymer-inorganic composite materials were able to accumulate harmful
compounds such as dibenzo-p-dioxin and polychlorinated biphenyl (PCB) derivatives,
and harmful metal ions, such as heavy metal ions [22,24,25]. In addition, the biopolymer-
inorganic composite materials showed approximately twice the mechanical strength of
biopolymers without inorganic components [22,24,25]. Therefore, the preparation of a
biopolymer-inorganic composite material by the sol-gel reaction with a silane coupling
reagent can be used for insolubilizing fucoidan.

In this study, we prepared a fucoidan-inorganic composite material by mixing fu-
coidan (F) and a silane coupling reagent, bis(3-(trimethoxysilyl)propyl)amine (SiNSi). This
fucoidan-SiNSi (F-SiNSi) composite material was water-insoluble due to the encapsulation
of fucoidan into the three-dimensional network of SiNSi with siloxane bonding. When
the F-SiNSi composite material was immersed in an aqueous solution containing metal
ions, the composite material accumulated the metal ions. The binding affinity of each metal
ion was Ca(II), Mg(II) << Nd(III) < Cu(II). Zn(II), Ni(II), La(III) < In(III) < Y(III), and the
maximum-accumulated amounts of the Y(III) ion, which was the most accumulated ion
by F-SiNSi, was 270 nmol per mg of fucoidan. Therefore, the F-SiNSi composite material
showed a selectivity for rare-earth and heavy metal ions. The accumulative mechanism of
the rare-earth and heavy metal ions was related to the carboxyl groups.

2. Materials and Methods
2.1. Material

Fucoidan (from Fucus serratus L.) was purchased from Biosynth Carbosynth, Berkshire,
UK. The silane coupling reagent, bis(3-trimethoxysilylpropyl)amine (SiNSi) was obtained
from Tokyo Kasei Industries Ltd., Tokyo, Japan. Scheme 1b shows the molecular structure of
SiNSi. Yttrium(III) chloride hexahydrate, lanthanum(III) chloride heptahydrate, indium(III)
chloride tetrahydrate, neodymium(III) chloride hexahydrate, copper(II) chloride dihydrate,
zinc(II) chloride, nickel(II) chloride hexahydrate, magnesium(II) chloride hexahydrate, and
calcium(II) chloride dihydrate were obtained from Fujifilm Wako Pure Chemical Industries
Ltd., Tokyo, Japan or Kanto Chemical Co., Inc., Tokyo, Japan. A standard solution of
Y(III), La(III), In(III), Nd(III), Cu(II), Zn(II), Ni(II), Mg(II), and Ca(II) ions was obtained
from Fujifilm Wako Pure Chemical Industries. Xylenol orange (XO) and methylthymol
blue (MTB) were purchased from Dojindo Co., Kumamoto, Japan and Fujifilm Wako Pure
Chemical Industries Ltd., respectively. The strongly acidic ion-exchange resin, Amberlite
IR120(H), was obtained from Supelco, Bellefonte, PA. Analytical grade solvents were used
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in all the experiments described. Ultra-pure water (Merck KGaA, Darmstadt, Germany)
was used in experiments.

2.2. Preparation of Fucoidan-Inorganic Composite Material

The fucoidan-SiNSi (F-SiNSi) composite film was prepared as follows. A fucoidan
aqueous solution (200 µL, 50 mg/mL) and 1 M HCl solution (30 µL) were mixed in
microtube. The SiNSi solution was added to the solution and immediately mixed using a
vortex mixer. The fucoidan and SiNSi mixed solution (50 µL) was placed on a Teflon® plate
and reacted at 90 ◦C for 20 min. Composite films were stripped from the Teflon® plate and
stored in a desiccator. The mixing ratio (wt%) of the fucoidan and SiNSi was determined
by ((weight of SiNSi)/{(weight of fucoidan) + (weight of SiNSi)}) × 100. The weight of
fucoidan and weight of SiNSi in the equations were the weights of the fucoidan and SiNSi
in the mixed solution, respectively. The mixing ratio of the fucoidan and SiNSi varied from
0 to 20 wt%.

The amounts of the sulfate and the carboxyl groups in the fucoidan were evaluated
as follows. Since natural fucoidan has sodium and potassium salts, these metal ions were
substituted by H+ using an ion exchange column with a strongly acidic ion exchange
resin [24,25]. Ion exchange was confirmed by pH measurements. The amount of sulfate
and carboxyl groups in the fucoidan was estimated by neutralization titration. The amount
of the sulfate and the carboxyl groups in the fucoidan was 1.72 × 10−3 mol g−1.

A photograph of F-20 wt% SiNSi composite material stripped from the Teflon® plate,
was taken under the dried condition.

2.3. Water Stability of F-SiNSi Composite Material

The water stability of F-SiNSi composite material was evaluated from the eluted
amount of composite film to water. The eluted amount of composite material was measured
as follows. The dried F-SiNSi composite film, which was quantified by a precision balance,
was immersed in pure water (10 mL) and incubated at room temperature for various times.
The immersed composite films were dried in a desiccator for more than 12 h, then weighed
using the precision balance once more. The eluted amount of the composite film to water
was evaluated from the weight difference before and after immersion.

2.4. Structural and Thermal Analyses of F-SiNSi Composite Material

The molecular structure of F-SiNSi composite material was analyzed by infrared (IR)
absorption spectra using an FT-IR 8400 Fourier transform infrared spectrometer (Shimadzu
Corp., Kyoto, Japan) and an IR spectrophotometer FT/IR-4700 (JASCO Corporation, Tokyo,
Japan) equipped with a diamond attenuated total reflection (ATR) prism. The IR spectrum
was measured at a resolution of 4 cm−1.

The thermal stability of the F-SiNSi composite film was analyzed by thermogravimetric-
differential thermal analysis (TG-DTA) (DTG-60, Shimadzu Corp.). The TG-DTA measurement
was carried out at a heating rate of 10 ◦C min−1 from room temperature to 300 ◦C in flowing
dry nitrogen. The sample weights of the composite materials were normalized at 1 mg.

2.5. Accumulation of Metal Ions by F-SiNSi Composite Film

YCl3·6H2O, LaCl3·7H2O, InCl3·4H2O, NdCl3·6H2O, CuCl2·2H2O, ZnCl2, NiCl2·6H2O,
MgCl2·6H2O, and CaCl2·2H2O were dissolved separately in pure water. The concentrations
of the aqueous metal ion solutions ranged from 0–100 ppm. The accumulation of metal ions
by the F-SiNSi composite film was demonstrated as follows. Ten F-SiNSi composite films
were added to an aqueous solution (10 mL) containing metal ions. These solutions were
stirred at room temperature for 6 h. The concentrations of metal ions were estimated from
a calibration curve with the metal indicator XO and MTB [25]. The accumulated amounts
of metal ions were calculated from the concentration of the metal ions in the absence or
presence of the F-SiNSi composite film.
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2.6. IR Measurements of Metal Ion-Accumulated F-SiNSi Composite Material

The metal ion-accumulated F-SiNSi composite material was prepared as follows. The
composite film was immersed in an aqueous solution (10 mL) containing metal ions cat
room temperature for 24 h. The metal ion-accumulated composite film was washed using
pure water (20 mL × 3 times) and dried at room temperature for more than 12 h. The
concentration of metal ion was 1000 ppm. The metal ion-accumulated composite films
were analyzed using IR spectrometer.

3. Results and Discussion
3.1. Preparation of F-SiNSi Composite Material

The fucoidan-SiNSi (F-SiNSi) composite material was prepared by mixing fucoidan
(F), bis(trimethoxysilylpropyl)amine (SiNSi), and hydrochloric acid. The F-SiNSi composite
material was obtained by reacting the mixed solution at 90 ◦C for 20 min. The F-SiNSi
composite material formed a film at a mixing ratio of <30 wt% SiNSi. In contrast, when
the mixing ratio of SiNSi was more than 30 wt%, the F-SiNSi composite material did not
form a film and was a lumpy material. Figure 1 shows a photograph of the F-20 wt%
SiNSi composite film, which was stripped from the Teflon® plate, under a dried condition.
The thickness of F-20 wt% SiNSi composite film was approximately 100 µm. This brown
composite film was transparent and it as possible to read letters under the film. Additionally,
the composite film was homogeneous. The dried F-SiNSi composite film was not flexible
under a 50% relative humidity condition and easily cracked when bent.
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Figure 1. Photograph of F-20 wt% SiNSi composite film stripped from the Teflon® plate under a dried
condition. The thickness of composite film was approximately 100 µm. The scale bar represents 5 mm.

Next, we demonstrated the immersion of the F-SiNSi composite film in water. The
fucoidan film without the mixing of SiNSi or hydrochloric acid dissolved in water. The
composite film without heat treatment did not show water stability. Therefore, we evaluated
the water-stability of heat-treated F-SiNSi composite film at different mixing ratios of SiNSi.
Figure 2 shows the water stability of the F-SiNSi composite film with mixing of 5 wt%
SiNSi (closed squares), 10 wt% SiNSi (closed triangles), and 20 wt% SiNSi (closed circles).
When the F-5 wt% SiNSi composite film was incubated in pure water, the eluted amount
of the composite film increased with the incubation time and reached a constant value at
2 h. This value was approximately 75%. The eluted amount decreased with an increase in
the mixing ratio of SiNSi and had a constant value at 20 wt% (see closed circle in Figure 2).
These values were approximately 50%. As a result, the water stability of the composite
material increased with the mixing amount of SiNSi. The composite film with mixing of
20 wt% SiNSi had the highest water stability. Additionally, the composite film, which was
incubated in water for 2 h, did not subsequently dissolve in water. Therefore, we used the
F-20 wt% SiNSi composite material in the following experiments. The F-SiNSi composite
films were stored in pure water for more than 2 h to remove the water-soluble components,
then used in the experiments.
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Figure 2. Water stability of F-SiNSi composite film: F-5 wt% SiNSi (closed squares), F-10 wt% SiNSi
(closed triangles), and F-20 wt% SiNSi (closed circles) composite film. Each of the values represents
the mean of three separate determinations ± standard deviations.

In contrast, although the F-SiNSi composite film was incubated in water at room
temperature for more than 1 week, these composite films did not dissolve in water. These
incubated composite films in water could be removed from a vessel by pinching with
tweezers and collapse of the composite material after a long incubation in water did not
occur. Furthermore, the swollen composite film showed flexibility.

3.2. Molecular Structure of F-SiNSi Composite Material

Figure 3 shows the IR spectra of (a) fucoidan without the composite of SiNSi, (b) F-5
wt% SiNSi, (c) F-10 wt% SiNSi, (d) F-20 wt% SiNSi, and (e) the SiNSi molecule without com-
bination with fucoidan. SiNSi without combination with fucoidan was used as a sample
that was condensed by heat treatment. The IR spectra of the SiNSi molecule without com-
bination with fucoidan showed absorption bands at ca. 1000 cm−1 and 1100 cm−1, related
to the stretching vibration of the linear O-Si-O and macrocyclic O-Si-O, respectively [26,27].
These absorption bands also appeared in the F-SiNSi composite material. These results
indicated that the SiNSi molecules in the composite material formed a three-dimensional
structure by siloxane bonding. On the other hand, the fucoidan molecule showed the
absorption bands at 1212 cm−1 and 1620 cm−1, attributed to the stretching vibration of
S-O [28,29] and the symmetric stretching vibration of -COO− [28–30], respectively. Gener-
ally, carboxylate and sulfate groups that interact with other molecules show a shift of their
absorption bands. Although the intensity of these absorption bands decreased with increase
in the mixing ratio of the SiNSi molecule, it did not show any shift. These phenomena
indicated that the carboxylate and sulfate groups in fucoidan did not strongly interact
with the SiNSi molecule in the composite material. These results suggested that fucoidan
is encapsulated in a three-dimensional siloxane network of SiNSi, and the structure and
property of the fucoidan were retained in the composite material.
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Figure 3. IR spectra of (a) fucoidan without combination with SiNSi, (b) F-5 wt% SiNSi composite,
(c) F-10 wt% SiNSi composite, (d) F-20 wt% SiNSi composite, and (e) SiNSi without combination with
fucoidan. The SiNSi without the composite of fucoidan was used as a sample that was condensed by
heat treatment. Triplicate experiments gave similar results.
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3.3. Accumulation of Metal Ions by the F-SiNSi Composite Material

Figure 4 shows the accumulation of Cu(II) ions by the F-20 wt% SiNSi composite
material at various times. The accumulated amount of Cu(II) ions increased with incubation
time and reached a constant value at 6 h. The accumulated amount of Cu(II) ions at 6 h was
approximately 180 nmol. Similar accumulative behavior was seen with the accumulation
of Zn(II) ions (data not shown). Therefore, we demonstrated the accumulation of other
metal ions, such as rare-earth metal and light metal ions, at 6 h.
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Figure 4. Accumulated amount of Cu(II) ion by the F-20 wt% SiNSi composite material at various
times. The concentration of the Cu(II) ion was 50 ppm. The concentration of the Cu(II) ion was
estimated from a calibration curve with the metal indicator. Each of the values represents the mean
of three separate determinations ± standard deviations.

Figure 5 shows the accumulated amount of Cu(II) ions (closed circles), Y(III) ions
(closed squares), and Ca(II) ions (closed triangles). The dotted lines indicate assumed
accumulated amounts. The accumulated amount of the Cu(II) and Y(III) ions increased with
the initial concentration of these metal ions and reached a constant value at approximately
100 ppm. We defined the constant amount of accumulation as the maximum-accumulated
amount of metal ions. As a result, the maximum-accumulated amounts of the Cu(II)
and Y(III) ions were 200 nmol and 270 nmol, respectively. Therefore, we demonstrated
the accumulation of various metal ions, such as rare-earth and heavy metal ions. The
maximum-accumulated amounts of In(III), La(III), Ni(II), Zn(II), and Nd(III) ions were
230, 200, 200, 190, and 140 nmol, respectively (data not shown). In contrast, when the
accumulation of Ca(II) ions, as light metal ions, by the F-20 wt% SiNSi composite material
was demonstrated, the concentration of the Ca(II) ions was almost the same as the initial
concentration (see closed triangles in Figure 5). As a result, the F-SiNSi composite material
could not accumulate the Ca(II) ions. A similar result was obtained for Mg(II) ions (data
not shown). Therefore, the F-SiNSi composite material could not accumulate light metal
ions, such as the Ca(II) and Mg(II) ions.
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Figure 5. Accumulated amounts of Cu(II) ions (closed circle), Y(III) ions (closed square), and Ca(II) ions
(closed triangle). The incubation time was 6 h. Each of the values represents the mean of three separate
determinations ± standard deviations. Dotted lines indicate the assumed accumulated amount.
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Figure 6 shows the molar ratio of acidic groups (sulfate and carboxyl groups) in the
fucoidan and metal ions. The moles of the accumulated metal ions were estimated from
the maximum-accumulated amount calculated from the assumed line in Figure 5. The
concentration of acid groups, such as the sulfate and carboxyl groups, in the fucoidan was
determined from the neutralization titration at 1.72 × 10−3 mol g−1. The molar ratios of the
acidic groups and metal ions were different for the different types of metal ions. The molar
ratios of the accumulated metal ions, such as the rare-earth and heavy metal ions, were
0.081–0.156, and the molar ratio of Y(III) ion was approximately twice that of the Nd(III)
ion. In this case, one Y(III) ion and one Nd(III) ion were surrounded by approximately six
and twelve acidic groups, respectively, and the other rare-earth and heavy metal ions were
surrounded by approximately ten acidic groups on average. In contrast, the molar ratios of
the light metal ions, such as the Ca(II) and Mg(II) ions, were almost zero and the F-20 wt%
SiNSi composite material could not accumulate the light metal ions. Since the molar ratio
indicates the tendency of interaction with a metal ion, the binding affinity becomes higher
when the molar ratio increases. As a result, the binding affinity of each metal ion was Ca(II),
Mg(II) << Nd(III) < Cu(II), Zn(II), Ni(II), La(III) < In(III) < Y(III). These results suggested
that the F-20 wt% SiNSi composite material showed a selectivity for the rare-earth and
heavy metal ions.
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Figure 6. Molar ratios of acidic groups (sulfate and carboxylate groups) and metal ions. The amount of
acid groups, such as the sulfate and carboxyl groups, in the fucoidan was determined by neutralization
titration. The moles of the accumulated metal ions were estimated from the maximum-accumulated
amount calculated from the assumed line in Figure 5.

3.4. Accumulative Mechanism of Metal Ions by F-SiNSi Composite Material

The F-20 wt% SiNSi composite material could selectively accumulate the rare-earth
and heavy metal ions. The selective accumulation of metal ions was evaluated by IR
measurements. Figure 7 shows the IR spectra of (a) Y(III) ion-accumulated, (b) Cu(II)
ion-accumulated, (c) Mg(II) ion-accumulated, and (d) non-accumulated F-20 wt% SiNSi
composite materials. The non-accumulated F-20 wt% SiNSi composite material was pre-
pared by immersion in an aqueous solution for 24 h. The F-20 wt% SiNSi composite material
showed absorption bands at 1212 cm−1 and 1620 cm−1, attributed to the stretching vibra-
tion of S-O [28,29] and the symmetric stretching vibration of -COO− [28–30], respectively.
The absorption band of -COO− shifted to a lower wavenumber when the composite mate-
rial accumulated the metal ions. The order of this shift value was Mg(II) < Cu(II) < Y(III)
and depended on the accumulative amount. For the Y(III) ion, which showed the highest
accumulative amount, the shift value was ca. 30 cm−1. In contrast, the stretching vibration
of S-O did not show any shift. These results suggest that the accumulation of metal ions
occurs at the site of the -COO− group, while the sulfate group does not affect the accumu-
lation of the metal ions. Furthermore, the different in affinity between the metal ion and
the -COO− group affected the selectivity of the metal ion.
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Figure 7. IR spectra of (a) Y(III) ion accumulated, (b) Cu(II) ion accumulated, (c) Mg(II) ion accumu-
lated, and (d) non-accumulated F-20 wt% SiNSi composite materials. Triplicate experiments gave
similar results.

The order of distance between the hydrated divalent ion and the oxygen atom in a
water molecule, which was hydrated to a metal ion, was Cu(II) < Ni(II) < Zn(II) < Mg(II)
<< Ca(II) [31,32]. This order coincided with the order of the accumulated amount, such as
Cu(II) > Ni(II) > Zn(II) >> Mg(II), Ca(II). These phenomena can be explained as follows. A
metal ion with a large hydrated radius cannot penetrate into the three-dimensional network
of the F-SiNSi composite material. As a result, since a metal ion with a large hydrated
radius, such as the Mg(II) and Ca(II) ions, interacted with the -COO− group only on the
surface of the composite material, the accumulated amounts of Mg(II) and Ca(II) ions were
low. Since divalent heavy metal ions with a small hydrated radius, such as the Cu(II),
Ni(II), and Zn(II) ions, penetrated into the F-SiNSi composite material, these metal ions
were effectively accumulated.

On the other hand, trivalent metal ions, such as rare-earth ions, were present in high
accumulated amounts. This is due to coordination number. Generally, rare-earth ions
such as Y(III), La(III), In(III), and Nd(III) ions, possess various coordination numbers and
form various coordination structures [33]. The rare-earth ions are stabilized in a three-
dimensional network since the -COO− groups of the F-SiNSi composite material behave
as a ligand that can coordinate metal ions in the network. As a result, the accumulated
amount of the rare-earth ions increased compared to heavy and light metal ions. In addition,
according to hard and soft acids and bases (HSAB) theory [33], the -COO− groups of the
F-SiNSi composite material and the rare-earth ions are classified as hard bases and hard
acids, respectively. Based on the HSAB theory, the hard (or soft) bases and hard (or soft)
acids strongly interact [33]. Furthermore, the distance between the rare-earth ion and the
oxygen atom in a water molecule, which is hydrated to metal ion, is In(III), Y(III) < La(III),
Nd(III) [31,34–36]. Therefore, the hardness of the rare-earth ion in HSAB theory is assumed
to be La(III), Nd(III) < In(III), Y(III). As a result, the F-SiNSi composite material accumulated
the In(III) and Y(III) ions more than the La(III) and Nd(III) ions.

4. Conclusions

We prepared a water-insoluble fucoidan-inorganic composite material by mixing
fucoidan (F) with a silane coupling reagent (SiNSi). The water-stability property of the
composite was due to the encapsulation of fucoidan into the three-dimensional network of
the SiNSi molecule. These F-SiNSi composite materials effectively accumulated metal ions,
and the binding affinity of each metal ion was Ca(II), Mg(II) << Nd(III) < Cu(II), Zn(II),
Ni(II), La(III) < In(III) < Y(III). Therefore, the F-SiNSi composite material showed selectivity
for rare-earth and heavy metal ions. The metal ion selectivity of the F-SiNSi composite
material is related to the -COO− groups in the fucoidan. Since fucoidan is a sustainable
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resource, fucoidan-containing materials can be used industrially at extremely low cost.
Additionally, the preparation of F-SiNSi composite materials though the sol-gel method is
simpler than that of other reported materials. Therefore, the F-SiNSi composite material
may have potential use for accumulation of heavy metal ions and recovery of rare-earth ions
from industrial liquid waste, ground water, river water, or sea water. Furthermore, since
fucoidan is a material that is friendly to the human body, fucoidan-containing materials
can also be used to purify drinking water in an emergency.
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