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Utilization of milk protein as an environmental
material: accumulation of metal ions using a
protein–inorganic hybrid material

Masanori Yamada and Mayuna Tsuruzumi

Casein is a well-known phosphoprotein that possesses many metal ion-binding sites in its molecular structure; thus, a casein-

containing hybrid material can be used for accumulating metal ions from an aqueous solution. A casein–inorganic hybrid

material was prepared by mixing casein and a silane coupling reagent, bis[3-(trimethoxysilyl)propyl]amine. This casein–inorganic

hybrid material was stable in an aqueous solution owing to the electrostatic interactions between the phosphate group in casein

and the amino group in the silane coupling reagent. When the casein–inorganic hybrid material was incubated in an aqueous

Cu(II) ion-containing solution, the hybrid material turned blue owing to the accumulation of the Cu(II) ions. Therefore, we

demonstrated the accumulation of various metal ions using the casein–inorganic hybrid material from aqueous solutions.

The hybrid materials could selectively accumulate heavy and light metal ions and did not interact with the rare-earth metal ions.

In addition, the metal ion-accumulated casein–inorganic hybrid materials could be recycled by washing with an aqueous EDTA

solution or hydrochloric acid.
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INTRODUCTION

Casein is a well-known phosphoprotein that is commonly found in
mammalian milk, accounting for 80% of the proteins in cow’s milk.1,2

As many serine residues in casein have replaced the phosphate group,
the net charge of casein in milk is negative. Therefore, owing to the
binding between calcium and the phosphate group, casein forms a
micelle structure with diameters ranging from 40 to 300 nm in milk.1

In addition, because the isoelectric point of casein is ~ 4.6, it releases
the calcium ion from the structure at pH 4.6 and then precipitates.
Casein has properties of not only a nutrient but also a stabilizer.1

Furthermore, casein consists of amino acids and thus possesses many
reactive functional groups, such as amino groups, carboxyl groups and
hydroxyl groups. Therefore, casein has been used as a stabilizer for
foodstuffs, casein plastics, paints and so on.1,3,4 Furthermore, casein
possesses many metal ion-binding sites in its molecular structure, and
these binding sites can have a role in the absorption of metal ions,
such as heavy metal and rare metal ions.5–8 These properties of
casein might allow its use as an environmental material, such as for
the accumulation of metal ions. However, because casein is unstable
under environmental conditions and cannot be used for a long period,
the utilization of casein as an environmental material requires
hybridization with other materials.
Organic–inorganic hybrid material has become attractive because it

possesses the flexibility of an organic component and the mechanical
strength of an inorganic component.9–11 As the organic–inorganic
hybrid material is synthesized through sol-gel processes, the hybrid

material can be fabricated with biological molecules and inorganic
components. Organic–inorganic hybrid materials containing a
biological molecule, such as a protein, polysaccharide or nucleic acid,
have been reported as being used for the adsorption of harmful
compounds,12–14 as a proton-conducting material15,16 and as bio- and
medical materials17,18 among other applications.19,20 Therefore, in this
research, we demonstrated the utilization of milk protein–inorganic
hybrid material as an environmental material, that is, as an absorbent
for heavy metal ions.
In this study, we prepared casein–inorganic hybrid material by

mixing casein and the silane coupling reagent, bis[3-(trimethoxysilyl)
propyl]amine (SiNSi). The casein–SiNSi hybrid material was stable in
an aqueous solution. In addition, the casein–SiNSi hybrid material
could selectively accumulate heavy and light metal ions. Furthermore,
the metal ion-accumulated casein–SiNSi hybrid material could
be recycled by washing it with an aqueous EDTA solution or
hydrochloric acid. According to infrared (IR) spectrometry, the
accumulation of metal ions was related to the phosphate and
carboxylate groups in casein.

EXPERIMENTAL PROCEDURE

Material
Casein (from milk) was purchased from Wako Pure Chemical Industries, Ltd.,
Osaka, Japan. The silane coupling reagent, bis[3-(trimethoxysilyl)propyl]amine
(SiNSi), was purchased from Tokyo Kasei Industries Ltd., Tokyo, Japan.
Copper(II) chloride, zinc(II) chloride, chromium(III) chloride, aluminum
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chloride, calcium chloride, magnesium chloride, yttrium(III) chloride, lantha-
num(III) chloride, indium(III) chloride, xylenol orange, methylthymol blue,
and ethylenediamine-N,N,N′,N′-tetraacetic acid disodium salt dihydrate were
obtained from Wako Pure Chemical Industries Ltd., Kanto Chemical Co., Inc.,
Tokyo, Japan or Dojindo Co., Kumamoto, Japan. Analytical grade solvents were
used in all of the experiments described. Ultra-pure water (Merck KGaA,
Darmstadt, Germany) was used in this experiment.

Preparation of the casein–SiNSi hybrid material
Casein (3 g) was dissolved in water (30ml) along with a 28% ammonium
solution (150 μl). The casein–SiNSi hybrid material was prepared as follows.
The casein solution (1ml) and the SiNSi solution (0–233 μl) were mixed in a
microtube. In these experiments, the mixing ratio of casein/SiNSi was varied
from 100:0 (wt%/wt%) to 30:70 (wt%/wt%). Twenty microliters of the mixed
solution was cast on a Teflon plate and dried overnight at room temperature.
These casein–SiNSi hybrid materials were stripped from the plate and washed
with water. The amount of casein in the hybrid material was determined as
follows: the casein–SiNSi hybrid material was dissolved in a 1-M NaOH solution
and quantified by absorption at 280 nm using a U-0080D photodiode array
bio-spectrophotometer (Hitachi Ltd., Tokyo, Japan).
The water stability in an aqueous solution of the casein–SiNSi hybrid

material was confirmed by the following method. The casein–SiNSi
hybrid materials were incubated in ultrapure water (5 ml). The absorbance at
280 nm of the solution for various time intervals was measured, and the eluted
amount of casein from the hybrid material was determined by Equation (1).

Eluted amount of casein ¼ ðAmount of casein in incubated solutionÞ
ðTotal amount of casein in hybrid materialÞ ´ 100

ð1Þ
The P element, related to the phosphate group in casein, was analyzed by
inductively coupled plasma atomic emission spectrophotometry (ICPS-7000
Ver. 2, Shimadzu Corp., Kyoto, Japan). The amount of the carboxylate group
in casein was estimated from the Protein Data Bank.

Structural analyses of the casein–SiNSi hybrid material and the
metal ion-accumulated casein–SiNSi hybrid material
The IR absorption spectra of the casein–SiNSi hybrid material were measured
using the attenuated total reflection method with a diamond prism using a
FT-IR 8400 Fourier transform infrared spectrometer (Shimadzu Corp.). The IR
spectra were measured with a resolution of 4 cm− 1.
The metal ion-accumulated casein–SiNSi hybrid materials were prepared by

the incubation of the hybrid film into a metal ion-containing aqueous
solution with various concentrations (0–500 p.p.m.) for 24 h. These
metal ion-accumulated hybrid films were washed with ultrapure water
(50ml× 3 times) and dried overnight at room temperature. These metal
ion-accumulated hybrid films were analyzed by the attenuated total reflection
method with a diamond prism using an IR spectrometer.

Accumulation of metal ions by the casein–SiNSi hybrid material
Copper(II) chloride, zinc(II) chloride, chromium(III) chloride, aluminum
chloride, calcium chloride, magnesium chloride, yttrium(III) chloride,
lanthanum(III) chloride and indium(III) chloride were dissolved in ultrapure
water. The concentrations of the aqueous metal ion solutions were
0–200 p.p.m. The accumulation of the metal ions by the casein–SiNSi hybrid
material was demonstrated as follows: one casein–SiNSi hybrid film was added
to a metal ion-containing aqueous solution (1ml), which was stirred at room
temperature, and then the hybrid film was separated from the aqueous
solution. The accumulated amount of the metal ions was determined by the
absorbance of the aqueous solutions in the absence or presence of the
casein–SiNSi hybrid material. The concentration of the aqueous metal ion
solution was estimated from the calibration curve with the metal indicator
xylenol orange or methylthymol blue.14,21

Reuse of metal ion-accumulated casein–SiNSi hybrid material
The procedure for the reuse of the metal ion-accumulated casein–SiNSi hybrid
material was as follows: the Cu(II) ion-, Cr(III) ion- or Mg(II) ion-accumulated

casein–SiNSi hybrid material was washed with a 1mM EDTA solution (25ml)
and ultrapure water (25ml× 5 times). The washed casein–SiNSi hybrid
material was added to the metal ion-containing aqueous solution. A similar
washing procedure was followed using 0.1 M hydrochloric acid. The concentra-
tion of the Cu(II) ion, Cr(III) ion or Mg(II) ion was 20 p.p.m. This cycle was
repeated four times.

RESULTS AND DISCUSSION

Preparation of casein–SiNSi hybrid material
The casein–SiNSi hybrid material was prepared by mixing casein and
the silane coupling reagent, bis(trimethoxysilylpropyl)amine (SiNSi).
The mixing ratio of casein/SiNSi was varied from 100:0 (wt%/wt%) to
30:70 (wt%/wt%). Figure 1a shows a photograph of the casein–SiNSi
(30:70) hybrid material. This casein–SiNSi hybrid material is a
transparent film with a thickness of ~ 100 μm. The dried casein–SiNSi
hybrid film under 50% relative humidity was not flexible and was
cracked when bent. The swollen casein–SiNSi hybrid film in water was
flexible and did not crack, even when bent to an angle 490°. In
addition, although the bending process was repeated, the swollen
casein–SiNSi hybrid film did not break. In contrast, the casein film
without hybridization of the inorganic components, such as the silane
coupling reagent, immediately dissolved in water and could not be
used as an environmental material. Therefore, we demonstrated the
water stability of the casein–SiNSi hybrid material.
Figure 2 shows the water stability of the casein–SiNSi hybrid

materials with different SiNSi mixing ratios. The casein–SiNSi
(70:30) hybrid material was unstable because it immediately dissolved
in water. The casein–SiNSi hybrid material with a mixing ratio of
50:50 indicated good water stability. The amount of eluted casein from
the hybrid material increased with the incubation time and reached a
constant value at 1 h. In addition, the water stability increased with the
SiNSi mixing ratio. The casein–SiNSi (30:70) hybrid material showed
nearly no elution of casein from the hybrid material. Therefore, the
casein–SiNSi (30:70) hybrid materials were stored in ultrapure water
for several hours to remove the small amount of water-soluble
components and were then used for further experiments.

Structural analysis of casein–SiNSi hybrid material
Figure 3 shows the IR spectra of (a) the casein material without the
hybridization of SiNSi, (b) the casein–SiNSi (70:30) hybrid material,
(c) the casein–SiNSi (30:70) hybrid material and (d) the dried SiNSi
material. Generally, the trimethoxysilyl group, such as –Si(OCH3)3, is
stepwise hydrolyzed in water to give the corresponding silanols, which

Figure 1 Photograph of the casein–SiNSi (30:70) hybrid material. (a) Dried
hybrid casein–SiNSi material and (b) Cu(II) ion-accumulated casein–SiNSi
hybrid material in an aqueous solution. The thickness of the hybrid material
under dryness was ~100 μm. A full color version of this figure is available at
Polymer Journal online.
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ultimately condense to siloxanes, such as Si–O–Si groups, with a three-
dimensional network.22 The formation of the Si–O–Si groups through
the sol-gel process has been reported for various organic–inorganic
hybrid materials with the silane coupling reagents.13,14,23,24 In our
research, the stretching vibration of the Si–O–Si group13,14,23,24 at
1000–1200 cm− 1 appeared due to the hybridization of SiNSi. These
results suggested that the three-dimensional siloxane network of SiNSi
encapsulates the casein molecule in its network.
In the casein material, the absorption band at 1234 cm− 1, related to

the antisymmetric vibration of the phosphate group,6,13,25,26 appeared
(dotted line in Figure 3). This absorption band was shifted to a lower
wavenumber by hybridization with SiNSi (spectrum (c) in Figure 3).
In addition, the absorption band at 2930 cm− 1, attributed to the
symmetric stretching vibration of the secondary ammonium salt,25

appeared and increased by the hybridization with casein and SiNSi
(dotted line in Figure 3). These results suggested that the secondary
amine, the –NH– group, of the SiNSi molecule formed a secondary
ammonium salt, the –NH2

+– group, by protonation, and the

casein–SiNSi hybrid material was formed by the electrostatic
interactions between the phosphate group of the casein and
the –NH2

+– group of the SiNSi molecule. In addition, as previously
described, the casein material was encapsulated into the three-
dimensional siloxane network of SiNSi. As a result, the casein–SiNSi
hybrid materials showed a water-insoluble property. Similar
phenomena, such as the water stabilization by encapsulation and
the electrostatic interaction, have been reported for various
organic–inorganic hybrid materials.13,14,16

Accumulation of metal ions by the casein–SiNSi hybrid material
The casein–SiNSi hybrid material was stable in water. Therefore, we
demonstrated the accumulation of metal ions by the casein–SiNSi
hybrid material. When the casein–SiNSi hybrid material was incubated
in an aqueous Cu(II) ion-containing solution for 24 h, the hybrid
material turned blue owing to the accumulation of Cu(II) ions.
Figure 1b is a photograph of the blue casein–SiNSi hybrid film stained
with Cu(II) ions. The casein–SiNSi hybrid material, which was stained
by the Cu(II) ions, did not show any release of the Cu(II) ions into the
water. However, although the dried SiNSi material without the mixing
of casein was incubated in the Cu(II) ion-containing solution for 24 h,
it did not show any color change. These results suggested that the
casein molecule in the casein–SiNSi hybrid material has the ability to
accumulate Cu(II) ions.
We estimated the accumulation time of the metal ions by the

casein–SiNSi hybrid material. Figure 4 shows the accumulated amount
of Cu(II) ions with various incubation times by the casein–SiNSi
hybrid material. The Cu(II) ion concentration was 20 p.p.m. As a
result, the accumulated amount of the Cu(II) ions increased with the
incubation time and reached a constant value at 3 h. Similar results
were obtained for the different Cu(II) ion concentrations. Therefore,
we demonstrated the accumulation of metal ions for the incubation
time of 3 h.
Figure 5 shows the accumulation of (J) Cu(II) ions, (Δ) Mg(II)

ions and (□) La(III) ions at various concentrations by the
casein–SiNSi hybrid material. The accumulated amount of the metal
ions increased with the concentration and reached a constant value at
100 p.p.m. Therefore, we defined the constant value as the maximum
accumulated amount of the metal ions by the casein–SiNSi hybrid
material. The maximum accumulated amounts of Cu(II) ions, Mg(II)
ions and La(III) ions were 22, 12 and 3 μg, respectively. As a result, the
casein–SiNSi hybrid material more selectively accumulated the heavy

Figure 2 Stability of casein–SiNSi hybrid material in water. (□)casein–SiNSi
(70:30) hybrid material; (∇) casein–SiNSi (60:40) hybrid material; (Δ)
casein–SiNSi (50:50); (J) casein–SiNSi (30:70) hybrid material. The eluted
casein from a casein–SiNSi hybrid material was quantified by its absorbance
at 280 nm. Each value represents the mean of three separate
determinations ± s.d.

Figure 3 IR spectra of casein–SiNSi hybrid material. (a) Casein material
without the hybridization of SiNSi; (b) casein–SiNSi (70:30) hybrid material;
(c) casein–SiNSi (30:70) hybrid material; and (d) dried SiNSi material. The
dotted lines at 1234 cm−1 and 2930 cm−1 show the absorption bands that
are related to the antisymmetric vibration of the phosphate group and the
symmetric stretching vibration of the secondary ammonium salt, respectively.
The IR spectra at 2000–2400 cm−1 were omitted because only the
absorption band related to carbon dioxide appeared. The scale bars indicate
the value of transmittance. The IR spectrum was measured at a resolution of
4 cm−1. Triplicate experiments yielded similar results.

Figure 4 The accumulation of Cu(II) ions by the casein–SiNSi hybrid
material for various incubation times. The concentration of the Cu(II) ions
was 20 p.p.m. The accumulated amounts of the Cu(II) ion were estimated
from the calibration curve with the metal indicator xylenol orange. Each
value represents the mean of three separate determinations ± s.d.
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and light metal ions compared with the rare-earth metal ions, such as
the La(III) ion.
We next calculated the molar ratio of casein and the accumulated

metal ions at the maximum accumulated amount. The molar value of
casein was calculated based on the phosphate and carboxylate groups.
The amounts of the phosphate and carboxylate groups in the casein
were determined by inductively coupled plasma analysis and the
Protein Data Bank, respectively. The molar ratio of casein (phosphate
and carboxylate groups) and the accumulated metal ions was
calculated by the following equation:

molar ratio ¼

ðthe mole of maximum

accumulated metal ionÞ
ððthe mole of phosphate group in caseinÞþ
ðthe mole of carboxylate group in caseinÞÞ

Table 1 shows the molar ratio of casein (phosphate and carboxylate
groups) and metal ions for the maximum accumulated amount. The
calculated molar ratios for the maximum accumulated amount
indicated different values for the different metal ions. The molar ratio
of the casein and metal ions ranged from 1:0.003 to 1:0.08. These
values suggest that the higher molar ratios strongly interact with the
metal ions. The binding affinities between the casein–SiNSi hybrid
material and the metal ions were Mg(II) 4Ca(II) 4Al(III) ≫Cu(II)
4Cr(III) 4Zn(II) ≫In(III) 4Y(III) 4La(III). These results sug-
gested that the casein–SiNSi hybrid material selectively accumulates
the heavy and light metal ions. In addition, the hybrid material could
not accumulate the rare-earth metal ions, such as the La(III) ions and
Y(III) ions. However, the valence of the metal ion did not affect the
accumulation by the casein–SiNSi hybrid material.
The order of the ionic radii of the metal ions is Al(III) oCr(III)

oCu(II), Zn(II) oMg(II) oIn(III) oY(III) oCa(II) oLa(III).27,28

Although the affinity of the light metal ions to the casein–SiNSi hybrid
material, such as the Al(III), Mg(II) and Ca(II) ions did not depend on
the ionic radii, the affinity of the heavy metal and rare-earth metal ions
was generally consistent with the ionic radii of the metal ions. These
results suggested that the heavy metal ions and light metal ions interact
with the different binding sites of casein. Therefore, we examined the
IR measurements of the metal ion-accumulated casein–SiNSi hybrid
material to discuss the accumulative mechanism used by the hybrid
material for the heavy and light metal ions.

IR measurements of the metal ion-accumulated casein–SiNSi hybrid
material
Figures 6a–c show the IR spectra of the casein–SiNSi (30:70) hybrid
material without the accumulation of metal ions, the Mg(II)
ion-accumulated casein–SiNSi hybrid material, and the Cu(II)
ion-accumulated casein–SiNSi hybrid material, respectively. The metal
ion-accumulated hybrid samples were prepared by the incubation of
the casein–SiNSi hybrid materials in an aqueous Mg(II) ion- or Cu(II)
ion-containing solution. The concentration of the metal ions was
500 p.p.m. The casein–SiNSi hybrid material without the accumula-
tion of metal ions had an absorption band at 1640 cm− 1, related to the
symmetric stretching vibration of −COO which arises from glutamic
or aspartic acids.16,25,29,30 When the casein–SiNSi hybrid material
accumulated the Mg(II) ions, this absorption band at 1640 cm− 1

Figure 5 Accumulation of (J) Cu(II) ion, (Δ) Mg(II) ion and (□) La(III) ion
by the casein–SiNSi hybrid material for various concentrations. The
concentrations were 0–200 p.p.m. The incubation time was 3 h. The
accumulated amounts of the metal ions were estimated from the calibration
curve with the metal indicator xylenol orange or methylthymol blue. Each
value represents the mean of three separate determinations ± s.d.

Table 1 Molar ratios of casein (phosphate and carboxylate groups)

and various metal ions

Metal ion Casein: metal iona

Cu(II) 1: 0.056

Zn(II) 1: 0.029

Cr(III) 1: 0.039

Mg(II) 1: 0.084

Al(III) 1: 0.073

Ca(II) 1: 0.079

La(III) 1: 0.0034

Y(III) 1: 0.0043

In(III) 1: 0.022

aThe moles of the accumulated metal ions were estimated from the maximum accumulated
amount.

Figure 6 IR spectra of (a) casein–SiNSi hybrid material, (b) Mg(II)
ion-accumulated casein–SiNSi hybrid material and (c) Cu(II) ion-
accumulated casein–SiNSi hybrid material. The concentrations of the metal
ions were 500 p.p.m. The dotted lines at 920 cm−1, 1234 cm−1 and
1640 cm−1 show the absorption bands that are related to the symmetric
vibration of the phosphate group, the antisymmetric vibration of the
phosphate group and the symmetric vibration of –COO−, respectively. The
scale bar indicates the value of transmittance. The material used was the
casein–SiNSi (30:70) hybrid material. The IR spectrum was measured at a
resolution of 4 cm−1. Triplicate experiments yielded similar results.
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shifted to a lower wavenumber, ~ 10 cm− 1 (spectrum (b) in Figure 6).
A similar phenomenon, that is, the shift to a lower wavenumber, was
obtained for the absorption bands at 1234 cm− 1 and 920 cm− 1,
attributed to the antisymmetric and symmetric stretching vibrations
of the phosphate group, respectively.6,13,25,26 These shifts in the
absorption band to a lower wavenumber by the accumulation of
metal ions have been reported for various absorbents of metal
ions.14,21,31 These results suggested that the Mg(II) ion interacts with
not only the –COO− group but also the phosphate group of the
casein–SiNSi hybrid material.
Similar measurements were performed using the Cu(II)

ion-accumulated casein–SiNSi hybrid material. When the
casein–SiNSi hybrid material accumulated the Cu(II) ion, the
absorption band at 1640 cm− 1,16,25,29,30 which is the stretching
vibration of –COO−, did not show any shift in wavenumber. In
contrast, the absorption bands at 1234 cm− 1 and 920 cm− 1, which are
the stretching vibrations of the phosphate group,6,13,25,26 slightly
shifted to a lower wavenumber and broadened owing to the
accumulation of Cu(II) ions. These results suggested that the Cu(II)
ions interact with the phosphate group of the casein–SiNSi
hybrid material, although the Cu(II) ions do not strongly interact
with the –COO− group. As a result, the differences in the
accumulative mechanism between light metal ions, such as the
Mg(II) ions, and heavy metal ions, such as the Cu(II) ions, for the
casein–SiNSi hybrid material appeared to be due to the binding
affinity of the metal ions (Table 1).

Reuse of metal ion-accumulated casein–SiNSi hybrid material
Finally, we demonstrated the reuse of the metal ion-accumulated
casein–SiNSi hybrid material. Generally, because a chelating reagent,
such as EDTA, strongly interacts with metal ions, the chelating
reagents can remove the metal ions from a metal ion-accumulated
substrate.32,33 Therefore, we examined the reuse of the metal
ion-accumulated casein–SiNSi hybrid material by washing with
an aqueous EDTA solution. Figure 7a shows the reuse of the Cr(III)
ion-accumulated casein–SiNSi hybrid material. Before the reuse, the
casein–SiNSi hybrid material had accumulated ~ 12 μg of Cr(III) ions.
Although the casein–SiNSi hybrid material was reused four times by
washing with the aqueous EDTA solution, the accumulated amount of
Cr(III) ion was maintained at ~ 12mg and did not appear to decrease.
This result indicated that the metal ion-accumulated casein–SiNSi
hybrid material could be reused by washing with an aqueous EDTA
solution. Similar results were obtained for the Mg(II) ion-accumulated
and Cu(II) ion-accumulated casein–SiNSi hybrid materials (data not
shown).
However, calcium ion-binding casein is known to release calcium

ions under a low pH condition.1,34 In addition, the peptide bond,
which is part of the protein, is a relatively stable bond under a low pH
condition. Therefore, we examined the reuse of the metal
ion-accumulated casein–SiNSi hybrid material by washing with
hydrochloric acid. Figure 7b shows the Cr(III) ion-accumulated
casein–SiNSi hybrid material after washing with hydrochloric acid.
As a result, although the casein–SiNSi hybrid material was reused four
times, the accumulated amount of Cr(III) ion did not appear to
decrease. Similar phenomena were obtained for the Mg(II)
ion-accumulated and Cu(II) ion-accumulated casein–SiNSi hybrid
materials (data not shown). These results suggested that the metal
ion-accumulated hybrid material could be reused by washing with an
aqueous EDTA solution or hydrochloric acid.

CONCLUSION

We prepared a casein–SiNSi hybrid material by mixing casein and a
silane coupling reagent (SiNSi). These casein–SiNSi hybrid materials
showed good water stability through encapsulation into the
three-dimensional siloxane network and through electrostatic interac-
tions. In addition, the casein–SiNSi hybrid material could accumulate
various metal ions from an aqueous solution. The hybrid materials
showed ion selectivity for heavy and light metal ions. In addition, the
metal ion-accumulated hybrid materials could be recycled by washing
them with an aqueous EDTA solution or hydrochloric acid. The
casein–SiNSi hybrid material may have potential use in environmental
applications, such as the detoxification of harmful metal ions from
drinking water, river water and industrial waste.
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