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Abstract

:

Gellan gum is one of the water-soluble anionic polysaccharides produced by the bacteria Sphingomonas elodea. In this study, we prepared gellan gum-inorganic composite films by mixing the gellan gum and a silane coupling reagent—3-glycidoxypropyltrimethoxysilane (GPTMS). These gellan gum-GPTMS composite films were stable in an aqueous solution and showed a thermal stability. In addition, these composite films indicated a mechanical strength by the formation of the three-dimensional network of siloxane. We demonstrated the accumulation of metal ions from a metal ion-containing aqueous solution by the composite film. As a result, although the composite film indicated the accumulation of heavy and rare-earth metal ions, the light metal ions, such as Mg(II) and Al(III) ions, did not interact with the composite material. Therefore, the accumulative mechanism of metal ions using a composite film was evaluated by IR measurements. As a consequence, although the accumulation of heavy and rare-earth metal ions occurred at both the −COO− group and the −OH group in the gellan gum, the accumulation of light metal ions occurred only at the −OH group.
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1. Introduction


Gellan gum is one of the water-soluble anionic polysaccharides produced by the bacteria Sphingomonas elodea. Generally, the repeating unit of the gellan gum is a tetrasaccharide, which consists of two D-glucose residues, the L-rhamnose residue and D-glucuronic acid residue [1,2]. Since the D-glucuronic acid possesses the −COOH group in its molecular structure, the gellan gum is dissolved in water by the repulsion force of the −COO− group. In addition, the −COO− group interacts with metal ions, such as calcium ions, and produces the hydrogel. These hydrogels of gellan gum have been used as a microbiological culture or a plant cell culture [3]. Furthermore, gellan gum is a low cost, safe for humans, and environmentally benign polymer. Therefore, gellan gum has been utilized as a gelling agent in eye drops, food, and cosmetics [4]. Recently, the biomedical applications of gellan gum have also been reported [5,6]. In the chemical field, gellan gum has been used for the ion-exchange and the accumulation of metal ions [7,8,9]. However, since gellan gum does not show a mechanical strength, gellan gum-containing material, as an absorbent of metal ions, cannot be used for a long time under practical conditions. Furthermore, since gellan gum is highly water soluble, it is difficult to use gellan gum in water without complexing. Therefore, the preparation of gellan gum-containing material with water-stability, thermal stability, and mechanical strength is important from a material science point of view. One of the strategies to solve these problems is using organic-inorganic composite materials [10,11,12,13], which are prepared by complexing an organic polymer with a silane coupling reagent.



Organic-inorganic composite materials [10,11,12,13] have attracted much attention as functional materials with a thermal stability, mechanical strength, and stabilization of unstable chemical compounds, etc. Since these organic-inorganic composite materials possess both the properties of organic and inorganic components, these materials indicate a flexibility and strength. In addition, the organic-inorganic composite materials are prepared by a soft process, such as sol-gel reaction using a silane coupling reagent, and can use various biopolymers, such as proteins, DNA, and polysaccharides, as an organic component [14,15,16]. These biopolymer-inorganic composite materials have been reported for use as an absorbent of harmful compounds [16], sensing materials [17], energy materials [18,19], biomaterials [20], etc. Therefore, composite film consisting of gellan gum and an inorganic component can be expected to be used as a novel environmental material.



In this study, we prepared water-insoluble gellan gum-inorganic composite films by mixing the gellan gum and a silane coupling reagent—3-glycidoxypropyltrimethoxysilane (GPTMS). The gellan gum in the composite material was encapsulated in the three-dimensional network of the siloxane. In addition, the gellan gum was immobilized on the network by the formation of covalent bonding due to the ring-opening reaction of the epoxy group. As a result, the composite film showed not only a water-stabilization, but also a thermal stability and mechanical strength. Furthermore, the composite film accumulated the heavy and rare-earth metal ions from a metal ion-containing aqueous solution. These accumulations of metal ions from an aqueous solution were due to the interaction with the −COOH group and −OH group in the gellan gum.




2. Materials and Methods


2.1. Material


Gellan gum and the silane coupling reagent, 3-glycidoxypropyltrimethoxysilane (GPTMS), were purchased from Fujifilm Wako Pure Chemical Industries, Ltd., Osaka, Japan and Shin-Etsu Chemical Co., Ltd., Tokyo, Japan, respectively. Scheme 1 shows the molecular structure of GPTMS. The copper(II) chloride dihydrate, zinc(II) chloride, nickel(II) chloride hexahydrate, scandium(III) chloride hexahydrate, yttrium(III) chloride hexahydrate, lanthanum(III) chloride heptahydrate, indium(III) chloride tetrahydrate, aluminium(III) chloride hexahydrate, magnesium(II) chloride hexahydrate, and calcium(II) chloride dehydrate were obtained from Fujifilm Wako Pure Chemical Industries Ltd. or Kanto Chemical Co., Inc., Tokyo, Japan. The standard solution of metal ion 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 in all of the experiments described. Ultra-pure water (Merck KGaA, Darmstadt, Germany) was used in this experiment.




2.2. Preparation of Gellan Gum-GPTMS Composite Film


The gellan gum-GPTMS composite film was prepared as follows: the gellan gum was dissolved in water. The aqueous gellan gum solution (5 mg/mL) was obtained by centrifugation. The GPTMS solution was applied as an aqueous gellan gum solution and this mixed solution of 100 μL was cast onto a Teflon® plate and reacted at 90 °C for 20 min. These dried composite films were stripped from the Teflon® plate, washed by water, then stored in water. The mixing ratio (wt%) of the gellan gum and GPTMS was determined by Equation (1)


   wt %  =    [   weight   of   GPTMS   ]     [   weight   of   gellan   gum   ]  +  [   weight   of   GPTMS   ]    × 100 ,  



(1)




where [weight of gellan gum] and [weight of GPTMS] of Equation (1) are the weights of the gellan gum and GPTMS in the mixed solution, respectively. The mixing ratio of the gellan gum and GPTMS varied from 0 to 50 wt%.



The amount of −COOH in the gellan gum was evaluated as follows: the metal ions, such as sodium and potassium ions, in the gellan gum was changed to H+ by an ion exchange column using a strongly acidic ion exchange resin. The ion exchange of the gellan gum was confirmed by a pH measurement. The resulting aqueous solution of the protonated gellan gum was freeze-dried for more than 2 days. The amount of −COOH in the gellan gum was estimated by neutralization titration and this value was 3.90 × 10−4 mol g−1.




2.3. Water Stability of Gellan Gum-GPTMS Composite Film


The water stability of the gellan gum-GPTMS composite film was evaluated as follows: the weight of the dried gellan gum-GPTMS composite film was quantified by a precision balance and incubated in ultra-pure water (5 mL) for various times. The incubated composite films were dried at RT for more than 12 h, then quantified by the precision balance once more. The water-stability of the composite film was evaluated from the weight difference before and after its immersion.




2.4. Structural and Thermal Analyses of Gellan Gum-GPTMS Composite Film


The infrared (IR) absorption spectra of the gellan gum-GPTMS composite film were characterized using an IR spectrophotometer FT/IR-4700 (JASCO Corporation, Tokyo, Japan) equipped with the diamond attenuated total reflection (ATR) prism. The IR spectrum was measured with a resolution of 4 cm−1. The thermal stability of the gellan gum composite film was analyzed by a thermogravimetric—differential thermal analysis (TG-DTA) (DTG-60, Shimadzu Corp., Kyoto, Japan). The TG-DTA measurement was carried out at the heating rate of 10 °C min−1 in flowing dry nitrogen. The sample weights of the TG-DTA measurements were normalized at 1 mg.




2.5. Tensile Strength of Gellan Gum-GPTMS Composite Film


The gellan gum-GPTMS composite film was cut into 5 × 15 mm2 pieces. The thickness of the composite film was measured by a thickness gauge ID-C X series (Mitutoyo Corporation, Kanagawa, Japan). The thickness of the film was 20 μm. The tensile stress and strain was measured using a digital force gauge ZTA-50N (Imada Co., Ltd., Aichi, Japan) and test stand MX2-500N (Imada Co., Ltd.). The temperature and relative humidity during the tensile strength measurements were 20 °C and 50 ± 10%, respectively [16]. The initial length of the composite film was 5 mm and the drawing speed was 10 mm min−1. The tensile stress and strain values were expressed as an average of 10 measurements.




2.6. Accumulation of Metal Ions by Gellan Gam-GPTMS Composite Film


All the metal chlorides were separately dissolved in pure water. The concentrations of the aqueous metal ion solutions were 0–100 ppm. The accumulation of metal ions by the gellan gum-GPTMS composite film was demonstrated as follows: one gellan gum-GPTMS composite film was added to each metal ion-containing aqueous solution, the solutions were stirred at RT for 6 h, then the composite films were separated from the aqueous solutions. The accumulated amount of the metal ions was determined by the absorbance of the aqueous solutions in the absence or presence of the gellan-gum composite film. The concentrations of the aqueous metal ion solutions were estimated from the calibration curve with the metal indicator XO and MTB [21]. The accumulated amounts of the metal ions by the gellan gum-GPTMS composite film were expressed as an average of three measurements.




2.7. IR Measurements of Metal Ion-Accumulated Gellan Gum-GPTMS Composite Film


The metal ion-accumulated gellan gum-GPTMS composite film was prepared as follows: the composite films were incubated in the metal ion-containing aqueous solutions (10 mL) with various concentrations for more than 24 h. The obtained metal ion-accumulated composite films were washed using pure water (10 mL × 3 times) and dried at RT for more than 12 h. These samples were analyzed by the ATR method using an IR spectrometer.





3. Results and Discussion


3.1. Preparation of Gellan Gum-GPTMS Composite Film


Figure 1a shows a photograph of the dried gellan gum-5 wt% GPTMS composite film. This composite film was a transparent and flexible material. The thickness of the composite film in Figure 1a was approximately 20 μm. The thickness of the composite film could be controlled by the amount of casting onto the plate.



We evaluated the water-stability of the gellan gum-GPTMS composite material. Figure 2 shows the eluted amount of the (■) gellan gum without the mixing of GPTMS, (●) 5 wt% GPTMS, (○) 10 wt% GPTMS, (▲) 30 wt% GPTMS, and (△) 50 wt% GPTMS composite films. When the gellan gum film without the GPTMS mixing was immersed in water, the film immediately dissolved and reached a constant value of approximately 60% at 1 h. The composite film with the addition of GPTMS showed a decrease in the eluted amount. The eluted amount of the gellan gum-5 wt% GPTMS was approximately 20% after 24 h and these eluted amounts did not depend on the mixing ratio of the GPTMS. Additionally, although the composite films were incubated in water for more than 1 week, these films did not dissolve. Therefore, the gellan gum-GPTMS composite films were stored in ultra-pure water for more than 1 h to remove the water-soluble components, then used in the experiments. Particularly, in the accumulative measurements of metal ions by the composite film, we used the gellan gum-5 wt% GPTMS composite film, which is the lowest mixing ratio of the inorganic components.




3.2. Molecular Structure of Gellan Gum-GPTMS Composite Film


The gellan gum-GPTMS composite film showed a stability in the aqueous solution. Generally, the epoxy group reacts with the −OH group and produces ether bonding and a secondary alcohol by the ring-opening reaction [22]. Since the gellan gum and GPTMS molecule possesses a lot of −OH groups and an epoxy group in its structure, respectively, a similar reaction might occur in the composite film. In addition, the Si−OCH3 group in the GPTMS molecule produces the silanol group by hydrolysis, then the silanol group is condensed to siloxanes by dehydration [13,14]. The polymerization with the condensation of the silanol group forms the three-dimensional network of siloxanes in the composite film. Therefore, we evaluated the molecular structure of a gellan gum-GPTMS composite film using IR spectrometry.



Figure 3 shows the IR spectra of (a) gellan gum without the mixing of GPTMS, (b) gellan gum-5 wt% GPTMS, (c) gellan gum-10 wt% GPTMS, (d) gellan gum-30 wt% GPTMS, (e) gellan gum-50 wt% GPTMS, and (f) GPTMS without mixing of the gellan gum. The GPTMS without any mixing used a sample that was condensed by heat treatment. When the GPTMS molecules were added to the gellan gum, the absorption band at around 1000 cm−1, attributed to the stretching vibration of Si−O−Si, increased and broadened. These results indicated the formation of the siloxane network in the composite film by the addition of the GPTMS molecule. Similar reactions have been reported for a biopolymer-inorganic composite material using a silane coupling reagent [15]. The absorption band at ca. 1600 cm−1, indicating the stretching vibration of the –COO− group [19,23,24], did not show a shift by the addition of GPTMS molecule. These results indicated that the addition of the GPTMS did not affect the –COO− group, which can interact with various metal ions. On the other hand, when the gellan gum was added to the GPTMS, the absorption bands at 911 cm−1, the stretching vibration of C−O in the epoxy group [25,26], relatively decreased. Additionally, the absorption bands at 820 cm−1, the stretching vibration of C−O−C with the distortion in the epoxy group [25,26], disappeared. Furthermore, the absorption band at 1067 cm−1, related to the stretching vibration of C−O−C without the distortion in ether [23,25,26], increased with the gellan gum mixing. As a result, in the gellan gum-GPTMS composite film, the epoxy group in the GPTMS reacted with the −OH group in the gellan gum and produced the ether bonding by the ring-opening reaction. These results suggested that the gellan gum was encapsulated into the three-dimensional network of the siloxane in the composite film. Furthermore, the gellan gum was immobilized on the network by covalent bonding, which was produced by the ring-opening reaction between the −OH group and the epoxy group. Therefore, the elution of the gellan gum-GPTMS composite film into water decreased and the composite film provided the water insolubility.




3.3. Thermal Stability of Gellan Gum-GPTMS Composite Film


Figure 4A,B, respectively, show the thermogravimetric (TG) analysis and differential thermal analysis (DTA) curves of (a) gellan gum without the mixing of GPTMS, (b) gellan gum-5 wt% GPTMS composite, (c) gellan gum-10 wt% GPTMS composite, and (d) GPTMS without the mixing of the gellan gum at a heating rate of 10 °C min−1 up to 300 °C in flowing dry nitrogen. The GPTMS without the mixing was used as a sample, which was condensed by the heat treatment. The gellan gum without the GPTMS mixing and the composite film showed that the TG weight loss of approximately 10% related to the evaporation of water components from the material at <100 °C. Additionally, the gellan gum indicated an exothermic peak at 237.6 °C. This peak is due to the thermal decomposition of the gellan gum and the gellan gum showed high TG weight loss at temperatures greater than 250 °C. A similar exothermic peak and TG weight loss at around 250 °C were also obtained for the gellan gum-GPTMS composite film (see line (b) and (c) in Figure 4). These exothermic peaks decreased and broadened with the GPTMS mixing ratio. These results suggested that the gellan gum was thermally stabilized by the mixing of the inorganic component, such as GPTMS. This is caused by the encapsulation of the gellan gum into the three-dimensional network of siloxane and the formation of the covalent bonding between the −OH group in the gellan gum and the epoxy group in the GPTMS. Therefore, the gellan gum thermally stabilized with the addition of GPTMS. These phenomena, such as the thermal stabilization by the encapsulation of the biopolymer into the inorganic network, have been reported for a biopolymer-inorganic composite material [16,19].




3.4. Mechanical Strength of Gellan Gum-GPTMS Composite Film


We measured the mechanical strength of the gellan gum-GPTMS composite film. Curves (a) and (b) in Figure 5 show the stress-strain curves of the gellan gum without the mixing of GPTMS and the gellan gum-5 wt% GPTMS composite films, respectively. The tensile stress and strain values are expressed as an average of 10 measurements. When the stress was loaded on the gellan gum film without the mixing of GPTMS, the film broke at approximately 35 MPa (see curve (a) in Figure 5). The elongation at the break point was approximately 3% and this film showed a brittle property. Next, we measured the gellan gum-5 wt% GPTMS composite film. The composite film broke at approximately 55 MPa and this breaking strength of the composite film was 1.8 times greater than that of the gellan gum film (see curve (b) in Figure 5). This phenomenon is due to the composite effect from the mixing of the inorganic component, such as GPTMS, with the gellan gum. A similar effect, such as the increase in the mechanical strength by the addition of inorganic components, was obtained for the double-stranded DNA-bis(trimethoxysilylpropyl)amine hybrid material [16]. In the gellan gum-GPTMS composite film, the increase in the mechanical strength by the addition of inorganic components effectively occurred at a lower mixing ratio, i.e., 5 wt%, than for the other composite materials [16,27]. This is due to not only the encapsulation of the gellan gum into the three-dimensional network of siloxane, but also the immobilization of the gellan gum by the covalent bonding via the ring-opening reaction of the epoxy group in the GPTMS. On the other hand, the elongation at the break point of the composite film was approximately 3.5% and this strain value was almost the same as that of the gellan gum without the mixing of GPTMS. Therefore, the composite film was also a brittle material.




3.5. Accumulation of Metal Ions by the Gellan Gum-GPTMS Composite Film


The gellan gum possesses a carboxylate group in its structure. The amount of −COOH in the gellan gum was determined by neutralization titration and this value was 3.90 × 10−4 mol g−1. It has been reported that the carboxylate group interacts with various metal ions [7,8,9,27]. Therefore, the water-insoluble gellan gum-GPTMS composite film is expected to accumulate various metal ions from an aqueous solution. We demonstrated the immersion of the gellan gum-5 wt% GPTMS composite film into the Cu(II) ion-containing aqueous solution. When the gellan gum-GPTMS composite film was incubated in a Cu(II) ion-containing aqueous solution for 24 h, the composite film turned blue due to the accumulation of the Cu(II) ions. Figure 1b shows a photograph of the dried Cu(II) ion-accumulated composite film. The color of the dried gellan gum-GPTMS composite film changed from transparent to blue. These results suggested that the gellan gum-GPTMS composite film can accumulate metal ions from a metal ion-containing aqueous solution.



We next evaluated the accumulative time of the metal ions. The gellan gum-GPTMS composite film was immersed in a Cu(II) ion-containing aqueous solution and measured the absorbance of an aqueous solution with the metal indicator XO at various time intervals. When the composite film was incubated in a Cu(II) ion-containing aqueous solution, the accumulated amount of Cu(II) ions increased with the incubation time and reached a constant value at 6 h (data not shown). A similar accumulative behavior, such as reaching a constant value at 6 h, was also obtained for Al(III) ions. Therefore, we demonstrated the accumulation of metal ions after the incubation time of 6 h.



Figure 6 (●), (■), and (▲) show the accumulative amounts of Ni(II), Y(III), and Mg(II) ions, respectively, at various concentrations. The accumulated amount of Ni(II) ions increased with the initial concentration and reached a constant value at approximately 2.7 μmol. Similar accumulative behaviors were also obtained for the Y(III) and Mg(II) ions. The constant values of the Y(III) and Mg(II) ions were 1.5 μmol and 0.5 μmol, respectively. Therefore, we defined the constant value as the maximum-accumulated amount of the metal ions by the gellan gum-GPTMS composite film. Table 1 shows the maximum-accumulated amount of the various metal ions. In addition we calculated the N value, which is the number of carboxylate groups per metal ion using the maximum-accumulated amount. As a result, the maximum-accumulated amount of the metal ions could be divided into three groups, such as groups A−C. The maximum-accumulated amount of group A, such as the Ni(II) ion, was the highest value of these metal ions and this value was 2.7 μmol. In addition, the N value of the Ni(II) ion was 3.4 and one Ni(II) ion was surrounded by 3.4 −COOH groups. The In(III), La(III), Zn(II), Cu(II), Y(III), and Ca(II) ions were classified as group B. The maximum-accumulated amounts in group B were 1.5–1.8 μmol and the N values were approximately 6. The Sc(III), Al(III), and Mg(II) ions were classified as group C. The maximum-accumulated amounts were 0.5–0.9 μmol and the N values were 10–19. These results suggested that the gellan gum-GPTMS composite film can effectively accumulate Ni(II) ions in group A. In addition, the composite film can hardly accumulate Mg(II) ions in group C and the accumulated amount of the Mg(II) ions was less than one-fifth that of the Ni(II) ions. Therefore, the accumulative site of the metal ions in the gellan gum-GPTMS composite film was evaluated based on the IR measurements.



On the other hand, the accumulation of metal ion by the gellan gum gel beads has been reported [28]. In this research, the accumulated amounts of Ni(II), Zn(II), and Cu(II) are 0.72 mmol g−1, 0.71 mmol g−1, and 0.75 mmol g−1, respectively. In our research, the accumulated amounts of Ni(II), Cu(II), and Zn(II) were 0.48 mmol g−1, 0.28 mmol g−1, and 0.26 mmol g−1, respectively. The accumulated amount of metal ion by the gellan gum-GPTMS composite material was lower than that by the gellan gum gel beads. This is due to the surface area. In our research, since the gellan gum-GPTMS composite material is in the form of a film, as it has a lower surface area than the gellan gum gel beads.




3.6. IR Measurements of the Metal Ion-Accumulated Gellan Gum-GPTMS Composite Film


In this measurement, the Ni(II), Y(III), and Mg(II) ions were used as the representative metal ions of group A, group B, and group C, respectively. The gellan gum-GPTMS composite films were incubated in a metal ion-containing aqueous solution of various concentrations for more than 24 h. These dried samples were measured using an IR spectrophotometer equipped with the ATR prism. Figure 7A–C show the IR spectra of the Ni(II) ion-accumulated, Y(III) ion-accumulated, and Mg(II) ion-accumulated composite films, respectively. (a)–(d) in Figure 7 show the IR spectra of the prepared samples at the metal ion concentrations of 0 ppm (gellan gum-GPTMS composite films without the accumulation of any metal ions), 500 ppm, 1000 ppm, and 2000 ppm, respectively. The gellan gun-GPTMS composite film without the accumulation of any metal ions showed an absorption band at 1602 cm−1, related to the symmetric stretching vibration of −COO− [19,23,24,27]. When the composite films were incubated in the Ni(II) ion- or Y(III) ion-containing aqueous solutions, which were classified in group A or group B, respectively, the absorption band shifted to a lower wavenumber, 10–15 cm−1, due to the accumulation of the metal ions. Additionally, these shifted values increased with the concentration of the metal ions (see spectra (a)–(d) in Figure 7A,B). These phenomena have been reported for the accumulation of metal ions by acidic polysaccharides [27]. On the other hand, when the composite film was incubated in the Mg(II) ion-containing aqueous solution, which was classified in group C and indicated a low binding affinity to the composite film, the IR spectra did not show any shift in the absorption band at 1602 cm−1. These results suggested that the metal ions mainly interacted with the −COO− group in the gellan gum by an electrostatic interaction.



Figure 8 shows the IR spectra of (a) gellan gum-5 wt% GPTMS composite material, (b) Ni(II) ion-accumulated, (c) Y(III) ion-accumulated, and (d) Mg(II) ion-accumulated composite films at 2500–4000 cm−1. The concentration of the metal ions was 2000 ppm. The gellan gum-5 wt% GPTMS composite film showed an absorption band at 3290 cm−1, related to the stretching vibration of O−H [23]. This absorption band was shifted to 3242 cm−1, 3252 cm−1, and 3252 cm−1 by the accumulation of the Ni(II), Y(III), and Mg(II) ions, respectively. In particular, the Ni(II) ion-accumulated composite film showed the greatest shift in these samples. These results suggested that the metal ions interact with not only the −COO− group but also the −OH group in the gellan gum. Therefore, the accumulation of the heavy and rare-earth metal ions occurred at both the −COO− group and the −OH group. In contrast, the accumulation of Mg(II) ions occurred only at the −OH group.




3.7. Accumulative Mechanism of Metal Ions by the Composite Film


In the accumulative experiment, the binding affinity of the metal ions to the gellan gum-GPTMS composite material could classify groups A–C. The metal ions in group A interacted the strongest with the composite film and the order of the binding affinity was group C < group B < group A. In addition, the binding affinity of each metal ion was Mg(II) < Al(III), Sc(III) << Ca(II), Y(III), Cu(II), Zn(II), La(III) < In(III) << Ni(II). These results suggested that the gellan gum-GPTMS composite film more strongly interacted with the heavy and the rare-earth metal ions than the light metal ions. We evaluated the accumulative effect of the metal ions based on the hydrated ion radius. For the divalent metal ions, the order of the hydrated ion radius size is Ni(II) < Cu(II), Ca(II), Zn(II) < Mg(II) [29,30]. This order was the reverse of the accumulation order of the metal ions and the metal ions with the smaller hydrated ion radius were more accumulated. According to the IR measurements, the gellan gum-GPTMS composite material has formed a dense structure by the encapsulation of the gellan gum into the three-dimensional network of the siloxane and the formation of covalent bonding between the hydroxyl groups in the gellan gum and the epoxy groups in GPTMS. The hydrated metal ions with the large hydrated ion radius cannot penetrate into the gellan gum-GPTMS composite material. As a result, the gellan gum-GPTMS composite film effectively accumulated the Ni(II) ions which have the smallest hydrated ion radius of these metal ions. These results suggested that the gellan gum-GPTMS composite film can effectively accumulate divalent metal ions, which possess a small, hydrated ion radius.



In the trivalent metal ions, the binding affinity partially coincided with the order of the hydrated ion radius size. The order of the hydrated ion radius size is In(III) < Sc(III) < Y(III) < La(III) < Al(III) [29,31,32,33]. The Al(III) ion, which possesses the largest hydrated ion radius of these metal ions, showed the smallest accumulated amount of these trivalent ions. The In(III) ions, which possess the smallest hydrated ion radius of these metal ions, showed the highest accumulated amount. This is due to the fact that the metal ion with the small hydrated ion radius is easier to penetrate into the network of the gellan gum-GPTMS composite material than metal ions with a large hydrated ion radius. In contrast, the La(III) and Y(III) ions with the large hydrated ion radius showed highly accumulated amounts. This is due to the coordination number. Generally, the La(III) and Y(III) ions possess various coordination numbers [34]. Since metal ions with various coordination numbers form various coordination structures, the composite material effectively accumulated the La(III) and Y(III) ions. These results suggested that the accumulation of trivalent metal ions by the gellan gum-GPTMS composite film was related to the size of the hydrated ion radius and the coordination number.





4. Conclusions


We prepared a water-insoluble gellan gum-GPTMS composite film by mixing gellan gum and a silane coupling reagent, GPTMS. The gellan gum was water-stabilized by the addition of 5 wt% GPTMS. In addition, the gellan gum-GPTMS composite film showed a thermal stability and mechanical strength. This is due to the formation of a three-dimensional network. Furthermore, these composite films could accumulate metal ions from a metal ion-containing aqueous solution. The binding affinity was Mg(II) < Al(III), Sc(III) << Ca(II), Y(III), Cu(II), Zn(II), La(III) < In(III) << Ni(II). Based on IR measurements, although the accumulation of heavy and rare-earth metal ions occurred at both the −COO− group and the −OH group in the gellan gum, the accumulation of light metal ions occurred only at the −OH group. The gellan gum-GPTMS composite film may have potential use in environmental, biomedical, and engineering applications.
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Scheme 1. The molecular structure of GPTMS. 
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Figure 1. Photograph of gellan gum-5 wt% GPTMS composite film. (a) Dried composite film. (b) Dried Cu(II) ion-accumulated composite film. 
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Figure 2. Water stability of gellan gum-GPTMS composite material. (■) gellan gum without the mixing of GPTMS, (●) gellan gum-5 wt% GPTMS, (○) gellan gum-10 wt% GPTMS, (▲) gellan gum-30 wt% GPTMS, and (△) gellan gum-50 wt% GPTMS composite films. Each value represents the mean of three separation determinations. 
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Figure 3. IR spectra of (a) gellan gum without the mixing of GPTMS, (b) gellan gum-5 wt% GPTMS, (c) gellan gum-10 wt% GPTMS, (d) gellan gum-30 wt% GPTMS, (e) gellan gum-50 wt% GPTMS, and (f) GPTMS without the mixing of gellan gum. The GPTMS without any mixing was used as a sample that was condensed by heat treatment. The IR spectrum was measured at the resolution of 4 cm−1. The scale bar indicates the transmittance of 50%. Triplicate experiments gave similar results. 
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Figure 4. TG (A) and DTA (B) curves of gellan gum-GPTMS composite material at the heating rate of 10 °C min−1 to 300 °C in flowing dry nitrogen. (a) Gellan gum without the mixing of GPTMS, (b) gellan gum-5 wt% GPTMS composite, (c) gellan gum-10 wt% GPTMS composite, and (d) GPTMS without the mixing of gellan gum. Scale bar in Figure 4B indicates 20 μV mg−1. Triplicate experiments gave similar results. 
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Figure 5. Stress-strain curves of (a) gellan gum without the mixing of GPTMS and (b) gellan gum-5 wt% GPTMS composite films. These measurements were done at 20 °C under 50 ± 10% relative humidity conditions. The initial length of the membrane was 5 mm, and the separation rate was 10 mm min−1. 
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Figure 6. Accumulation of metal ions by gellan gum-5 wt% GPTMS composite material for various concentrations. (●) Ni(II), (■) Y(III), and (▲) Mg(II) ions. The incubation time was 6 h. Each of the values represent the mean of three separate determinations. 
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Figure 7. IR spectra of (A) Ni(II) ion-accumulated, (B) Y(III) ion-accumulated, and (C) Mg(II) ion-accumulated gellan gum-5 wt% GPTMS composite film. The concentrations of the metal ions were (a) 0 ppm (non-accumulation of metal ions), (b) 500 ppm, (c) 1000 ppm, and (d) 2000 ppm. The dashed line showed the absorption band at 1602 cm−1 related to the symmetric stretching vibration of −COO−. The IR spectrum was measured at the resolution of 4 cm−1. Each scale bar in Figure 7 indicates the transmittance of 20%. Triplicate experiments gave similar results. 
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Figure 8. IR spectra of (a) gellan gum-5 wt% GPTMS composite material, (b) Ni(II) ion-accumulated, (c) Y(III) ion-accumulated, and (d) Mg(II) ion-accumulated composite films at 2500–4000 cm−1. The scale bar in Figure 8 indicates the transmittance of 20%. The concentration of the metal ions was 2000 ppm. 
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Table 1. The maximum-accumulated amount of various metal ions, the N values, and classification of the metal ions.
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	Metal Ions
	Accumulated Amounts/μmol
	N Values
	Group





	Ni(II)
	2.7
	3.4
	A



	In(II)
	1.8
	5.1
	B



	La(III)
	1.6
	5.8
	B



	Zn(II)
	1.6
	5.8
	B



	Cu(II)
	1.5
	6.2
	B



	Y(III)
	1.5
	6.2
	B



	Ca(II)
	1.5
	6.2
	B



	Sc(III)
	0.9
	10.3
	C



	Al(III)
	0.8
	11.6
	C



	Mg(II)
	0.5
	18.5
	C
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