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Abstract:



The potential for using O-methylene phosphonic κ-carrageenan (OMPk) as a filler in the chitosan-based polymer electrolyte N-methylene phosphonic chitosan (NMPC) was investigated. OMPk, a derivative of κ-carrageenan, was synthesized via phosphorylation and characterized using infrared spectroscopy (IR) and nuclear magnetic resonance (NMR). Both the IR and NMR results confirmed the phosphorylation of the parent carrageenan. The solid polymer electrolyte (SPE)-based NMPC was prepared by solution casting with different weight percentages of OMPk ranging from 2 to 8 wt %. The tensile strength of the polymer membrane increased from 18.02 to 38.95 MPa as the amount of OMPk increased to 6 wt %. However, the increase in the ionic conductivity did not match the increase in the tensile strength. The highest ionic conductivity was achieved with 4 wt % OMPk, which resulted in 1.43 × 10−5 Scm−1. The κ-carrageenan-based OMPk filler strengthened the SPE while maintaining an acceptable level of ionic conductivity.
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1. Introduction


Solid polymer electrolytes (SPEs) have gained interest as a result of their mechanical strength, volumetric stability, solvent-free preparation, ease of production, and ability to prevent leakage in electrochemical devices compared with conventional liquid electrolytes. Most SPEs are prepared from synthetic polymers such as poly(ethylene oxide), poly(vinyl alcohol), and poly(methyl methacrylate) [1,2,3,4]. Currently, research on novel polymer use in SPEs focuses on using materials that have low production costs and are eco-friendly. Therefore, polysaccharides have been chosen as an alternative polymer because of their abundance in nature. Chitosan is one of the promising candidates among the polysaccharides to be considered as a host polymer for the preparation of SPEs. Chitosan, a linear polyaminosaccharide that is obtained by full or partial deacetylation of chitins under alkaline conditions, is known for its safety, biocompatibility, biodegradability, bioactivity, and cost-effectiveness.



The structure of chitosan contains amine and hydroxyl groups with lone pairs of electrons that can act as electron donors. However, chitosan membranes in their dry form have a very low ionic conductivity of between 10−9 and 10−10 Scm−1 [5]. The hydrogen atoms in chitosan repeating units are strongly bonded and cannot move under the influence of an electric field. The ionic conduction that occurs in the membrane is likely due to the presence of water trapped in the membrane. Thus, the chemical modification of chitosan was introduced to generate new functional materials with improved ionic conductivity compared to unmodified chitosan films. Most of the chemical modifications of chitosan do not change its physiochemical or biochemical properties but impart additional properties depending on the nature of the group that is introduced [6]. Chitosan can be modified as a result of the presence of reactive functional groups (NH2 and OH) in the parent polymer. Various derivatives of chitosan have been synthesized via chemical modifications including alkylation [7], sulfonation [8], quaternary salt formation [9], and phosphorylation [10]. Even so, the use of chitosan derivatives in SPEs is still relatively unexplored. In previous studies, carboxymethyl chitosan resulted in an ionic conductivity of 3.6 × 10−6 Scm−1 at room temperature [11]. The highest recorded conductivity of a phthaloyl chitosan-based polymer electrolyte is (2.42 ± 0.01) × 10−5 Scm−1, which was recorded at 298 K with 30 wt % ammonium thiocyanate (NH4SCN) [12]. These results showed that chitosan derivatives have strong potential as host polymers in SPEs, leading to investigations of phosphorylated-chitosan-based polymer electrolytes as host polymers in SPEs. The phosphorylated derivative of chitosan N-methylene phosphonic chitosan (NMPC) has been investigated for several biomedical applications [13,14,15]. NMPC was synthesized by incorporating methylene phosphonic groups into the amino groups of chitosan using formaldehyde as the coupling agent. The structure of NMPC is shown in Figure 1b. NMPC is one of the water-soluble derivatives of chitosan with anionic groups. The hydrophilic nature of chitosan-based membranes imparts poor long-term stability for applications [16]. Therefore, reinforcements from filler particles in the membrane can serve to improve both the stability and mechanical properties of the membrane.


Figure 1. Molecular structure of (a) chitosan; (b) N-methylene phosphonic chitosan (NMPC); (c) κ-carrageenan; and (d) O-methylene phosphonic κ-carrageenan (OMPk).
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As reported in previous studies, inorganic fillers such as SiO2, Al2O3, ZrO2, and CeO2 can be incorporated into the polymer matrix [17,18]. Synthetic fillers are non-biodegradable and will lead to waste-disposal problems. The trend in research has shifted towards using natural polymers instead. Studies on the incorporation of nanochitosan and carboxymethyl cellulose in polymer electrolytes have been reported previously [19,20]. Thus, we explored the possibility of using a κ-carrageenan-based filler. κ-Carrageenan is an anionic polymer that is extracted from the cell wall of marine red algae with repeating units of alternating (1→3)-α-d-galactose-4-sulfate and (1→4)-β-3,6-anhydro-d-galactose residues. The structure of κ-carrageenan is rich in hydroxyl groups that are important for the formation of coordinate bonds with cations. O-Methylene phosphonic κ-carrageenan (OMPk) was synthesized using the same phosphorylation method used to produce NMPC and was introduced as a filler in the polymer matrix. The structure of OMPk is shown in Figure 1d.



Herein, we describe the synthesis of NMPC and OMPk powders. We prepared SPEs using NMPC as a polymer matrix with different weight percentages (2–8 wt %) of OMPk incorporated as the filler. The polymer electrolyte membrane was prepared using a solution casting method. The aim of this experiment was to investigate the effect of OMPk as a filler in the NMPC matrix on the electrochemical and mechanical properties of the SPE.




2. Materials and Methods


2.1. Materials


Chitosan was purchased from Sigma-Aldrich (Puchong, Selangor, Malaysia). κ-Carrageenan (TA150) was purchased from Tacara Sdn. Bhd., Tawau, Malaysia. Phosphorous acid and formaldehyde solutions were purchased from Sigma-Aldrich and were used as received (Puchong, Selangor, Malaysia). Acetic acid was purchased from Merck, and acetone was purchased from Systerm (Puchong, Selangor, Malaysia); both were used as received. Deionized water was used throughout the experiments.




2.2. Synthesis of N-Methylene Phosphonic Chitosan and O-Methylene Phosphonic κ-Carrageenan


NMPC and OMPk were synthesized according to previously published procedures [21,22,23,24]. Chitosan or κ-carrageenan was dissolved in 1% (v/v) acetic acid in a three-neck round-bottom flask fitted with a reflux condenser, and the solution was heated. Once the temperature reached 60 °C, phosphorous acid was added to the solution dropwise. The temperature was raised to 70 °C, at which point formaldehyde was slowly added to the solution. The temperature was maintained between 70 and 75 °C for 8 h. After the reaction was complete, the solution was cooled, and the product was precipitated with excess acetone. The precipitate was filtered, and soxhlet extraction over the course of 24 h was used to remove unreacted phosphorous acid and formaldehyde. Finally, the product was left to dry in a desiccator.




2.3. Preparation of SPE


The membranes were prepared using a solution casting method [25,26]. NMPC (1.0 g) and different weight percentages of OMPk (2–8 wt %) were dissolved in a 1% (v/v) solution of acetic acid. The solution was stirred overnight. After this, OMPk was added dropwise into the NMPC solution, and the resulting solution was left to stir overnight. Afterwards, the solution was cast onto a Teflon dish and left to dry in a fume hood at room temperature until films were formed. The films were peeled off and kept in a desiccator to finish drying. Additionally, a NMPC membrane was prepared as a control by dissolving NMPC in a 1% (v/v) acetic acid solution. The polymer electrolyte, NMPC-OMPk, was prepared with different weight percentages of OMPk, as described in Table 1.


Table 1. Chemical composition of N-methylene phosphonic chitosan (NMPC)-O-methylene phosphonic κ-carrageenan (OMPk).





	NMPC (g)/1% Acetic Acid (mL)
	OMPk (wt %/g)/1% Acetic Acid (mL)





	1.0/25
	-



	1.0/25
	2/0.02/25



	1.0/25
	4/0.04/25



	1.0/25
	6/0.06/25



	1.0/25
	8/0/08/25










2.4. Sample Characterization


Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was conducting using a Nicolet 6700 (Bangi, Selangor, Malaysia) in the range of 650–4000 cm−1 to determine the functional groups present in the product for both the chitosan and κ-carrageenan powder. SPE membranes of different weight percentages of OMPk (2–8 wt %) were also used. Three parts of each sample were taken for the test.



1H-NMR from a Bruker Avance III 600 MHz NMR spectrometer (Bangi, Selangor, Malaysia) was used to confirm the structures of the chitosan and κ-carrageenan derivatives. The spectra were acquired in D2O or D2O/CD3COOD.



For thermal analysis, a thermogravimetric analysis (TGA) model STA6000 Perkin Elmer (Bangi, Selangor, Malaysia) was used to test the NMPC and NMPC-OMPk films. The samples (8–12 mg) were tested under an atmosphere of N2 with a flow rate of 20 mL/min from ambient temperature to 700 °C at a heating rate of 10 °C/min. Three parts of each sample were taken for the test.



An X-ray diffractometer, Bruker model D8 Quest SC-XRD (Bangi, Selangor, Malaysia), was used to obtain diffractograms of the SPE samples with diffraction angles, 2θ, ranging from 5° to 80°. Three parts of each sample were taken for the test.



The tensile strength of the membrane was analyzed using an Instron 5566 (Bangi, Selangor, Malaysia) universal tensile machine. Dog-bone-shaped samples were cut from the films, which were then tested with a load cell of 50 N and a crosshead speed of 10 mm/min. The averages of five samples were taken as the results for each composition.



An electrochemical impedance spectroscopy analysis was performed at room temperature in the frequency range from 1 Hz to 1 MHz with a 10 mV amplitude using an Autolab potentiostat model AUT128N frequency response analyzer (Bangi, Selangor, Malaysia). Two probe impedance measurements were carried out with samples sandwiched between two identical stainless steel electrodes under spring pressure. The value of the conductivity, σ, was calculated using the equation σ = t/(RbA), where t is the film thickness (cm) measured using a hand-held micrometer, and A is the active area of the electrode (cm2). The films’ thicknesses were between 0.008 and 0.020 cm. The surface contact area of the films was 2.54 cm2.





3. Results and Discussion


3.1. FTIR Studies of NMPC and OMPk


To differentiate between the various chemical structures of the derivatives of chitosan and κ-carrageenan, an IR analysis was conducted. Chitosan exhibited a band at 3200–3500 cm−1 (Figure 2a) due to the overlapping N–H stretching and O–H stretching bands [26,27]. The characteristic peak at 1651 cm−1 represented the amide I band (C=O stretch of carboxamide); amide II and III bands were observed at 1591 and 1317 cm−1, respectively [13,26,28]. In addition, vibrations involving C–O stretching in the chitosan skeleton appeared as strong bands at 1069 and 1028 cm−1 [13,27].


Figure 2. FTIR (Fourier transform infrared) spectra of (a) chitosan and (b) N-methylene phosphonic chitosan (NMPC).
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After phosphorylation, the IR spectrum of NMPC (Figure 2b) showed a new band at 1472 cm−1 due to the –CH2– bending of the methylene phosphonic unit (–CH2PO3H2). The N–H and O–H stretching bands appeared at 3200–3500 cm−1 and became broader, indicating the substitution of –CH2PO3H2 by the H atoms in the amine groups [13,29]. The shift in the amine band to a lower frequency, 1541 cm−1, proved that phosphorylation occurred at the amine [13]. Additionally, the appearance of a shoulder absorbance peak at 1249 cm−1 was indicative of P=O stretching in the presence of the phosphate groups [24,26]. Strong bands with a high intensity appearing in the spectrum at 1070 and 1033 cm−1 shifted slightly to 1069 and 1028 cm−1, respectively, in chitosan. These bands were attributed to the C–O stretching overlapping with the P–OH stretching [26]. On the basis of the above IR analysis, NMPC was successfully synthesized by phosphorylation. NMPC was then used as a host polymer for the SPEs.



In the same manner, different structural features of the κ-carrageenan derivatives could be identified from the IR analysis (Figure 3a). The absorbance bands in the κ-carrageenan IR spectrum were observed at 3407 cm−1 as a result of O–H stretching; at 1252 and 1230 cm−1 as a result of O=S=O symmetric vibrations; and at 1158, 1069, and 1038 cm−1 as a result of C–O–C stretching vibrations of the pyranose and glycosidic linkages [25,30,31]. In the IR spectrum of OMPk, as shown in Figure 3b, splitting in the O–H stretching band at 3407 cm−1 was observed. The band was split into peaks at 3532 and 3402 cm−1, likely as a result of chemical modifications occurring at the OH group, which disturbed the κ-carrageenan structure. The hydrogen atom in the –OH functional group was replaced with –CH2PO3H2. In addition, the absorption peak at 1682 cm−1 was broader and weaker because of the single OH in HO–P=O. In comparison with κ-carrageenan, the C–O–C stretching bands shifted to 1060 and 1033 cm−1, which overlapped with the strong absorption bands at 1139 and 1121 cm−1, likely as a result of P=O stretching and P–OH stretching [27,31]. The intense band from the O=S=O stretching in the κ-carrageenan spectrum shifted and became a shoulder band in the OMPk spectra at 1255 cm−1 because of the influence of the nearby strong absorption bands of P=O stretching and P–OH stretching. The peak shifts and the intense peak at approximately 1000–1300 cm−1 proved that changes occurred in the κ-carrageenan structure during phosphorylation.


Figure 3. FTIR spectra of (a) κ-carrageenan and (b) O-methylene phosphonic κ-carrageenan (OMPk).
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3.2. NMR Analysis of the NMPC and OMPk Powder


The 1H-NMR spectra of chitosan and NMPC are shown in Figure 4a,b. The basic assignments of the chitosan resonances were as follows: 1H-NMR (D2O/CD3COOD): δ 4.43 (H1), 2.74 (H2), 3.27–3.26 (H3, H4, H5, and H6), and 1.59 (–NH–COCH3). The phosphorylation of chitosan replaced the free amino group with a methylene phosphonic group (–CH2PO3H2). Two derivatives were distinguishable in the 1H-NMR spectrum, because two sets of peaks were observed [22]. Two additional peaks appeared at 3.06 and 2.96 ppm, which were attributed to the methylene subunit of NMPC [24]. The formation of the monophosphonic secondary amine (I) and the tertiary diphosphonic amine (II) was predicted. The spectrum showed the following chemical shifts: 1H-NMR (D2O): δ 7.51 (II H1), 5.95 (I H1), 3.27 (II H2), 2.75 (I H2), 3.48–4.10 (H3, H4, H5, and H6), 3.06 (I-NH–CH2–), 2.96 (II-N–CH2–), and 1.96 (–NH–COCH3).


Figure 4. Nuclear magnetic resonance (NMR) spectra of (a) chitosan and (b) N-methylene phosphonic chitosan (NMPC).
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The 1H-NMR spectra of κ-carrageenan and OMPk are shown in Figure 5a,b. Repeating disaccharide sequences were observed in κ-carrageenan, specifically 3-linked β-D-galactopyranose (G4S units) and 3,6-anhydro-α-d-galactopyranose (DA units). The proton assignment of the κ-carrageenan spectrum was as follows: 1H-NMR (D2O): δ 5.30 (DA-1), 3.93–3.94 (DA-2 and DA-6), 4.00 (DA-3), 4.18 (DA-4), 4.44 (DA-5), 4.95 (G4S-1), 3.52 (G4S-2), 3.86 (G4S-3), 5.18 (G4S-4), 3.65 (G4S-5), and 3.72 (G4S-6) [32,33,34]. The phosphorylation of κ-carrageenan was predicted to occur at the hydroxyl group, causing the hydrogen atom to be replaced with a –CH2PO3H2 group. A new peak was observed at 3.27 ppm, which was indicative of a methylene group (–O–CH2–). A shift in the H1 of the G4S and DA units to 6.21 and 7.26 ppm, respectively, was observed. The chemical shifts arising from OMPk were assigned as follows: 1H-NMR (D2O/CD3COOD): δ 7.26 (DA-1), 3.74 (DA-2 and DA-6), 3.87 (DA-3 and DA-4), 4.32 (DA-5), 6.21 (G4S-1), 3.43 (G4S-2), 3.64 (G4S-3), 5.32 (G4S-4), 3.55 (G4S-5 and G4S-6), and 3.27 (–O–CH2–).


Figure 5. Nuclear magnetic resonance (NMR) spectra of the (a) κ-carrageenan and (b) O-methylene phosphonic κ-carrageenan (OMPk).
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3.3. FTIR Studies of the Polymer Electrolyte Based on NMPC


The interaction between the filler and the polymer matrix was determined from the IR spectra of the NMPC-OMPk polymer electrolytes. Figure 6 shows the spectra of the NMPC and NMPC–OMPk membranes incorporated with different weight percentages of OMPk (2–8 wt %). The IR spectra of the NMPC-OMPk membranes and NMPC membranes were similar. As seen in Figure 6, a peak in the 2200–2400 cm−1 region was split upon the addition of the OMPk filler to the NMPC membrane. This splitting was due to the symmetric bending vibration of O=P–OH, caused by the interference of the filler with the host NMPC. In addition to splitting, the intensity of this peak increased with the increase in the amount of OMPk in the NMPC matrix due to the amount of filler causing more O=P–OH to be present in the NMPC-OMPk membranes. Overall, clear shifts in the NMPC-OMPk membranes were not observed in the IR spectra compared with the NMPC membrane. However, the IR spectra of the NMPC-OMPk membranes showed a decreased in intensity and a broadening of bands resulting from the presence of the filler [35].


Figure 6. FTIR spectra of the solid polymer electrolytes (SPEs): (a) N-methylene phosphonic chitosan (NMPC) film, (b) NMPC-2 wt % O-methylene phosphonic κ-carrageenan (OMPk), (c) NMPC-4 wt % OMPk, (d) NMPC-6 wt % OMPk, and (e) NMPC-8 wt % OMPk.
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3.4. Thermal Analysis


A thermal analysis was conducted to determine the thermal stability and behavior of the polymer. The thermograms of the NMPC and NMPC-OMPk films of various weight percentages are shown in Figure 7. The TGA curves were very similar to each other. The first common stage was below 100 °C, which was indicative of weight loss due to the removal of the absorbed water and solvent in the polymer membranes. The TGA data for the NMPC film showed a maximum degradation temperature of 221 °C as a result of the thermal decomposition of the NMPC polymer chains. For the NMPC-OMPk polymer membrane systems, the differential thermal gravimetric (DTG) curves presented one major stage of weight loss followed by a shoulder peak as the weight percentages of OMPk incorporated in the membrane increased. The major stage of weight loss occurred in the range of 170 to 245 °C as a result of the thermal decomposition of the NMPC polymer chains. The maximum degradation temperature of the NMPC-OMPk membranes was lower than that of the NMPC membranes because complexation occurred between the incorporated filler and the hydroxyl group of the polymer matrix. Hence, the loss of hydrogen bonding in the polymer matrix resulted in a lower degradation temperature [36]. Furthermore, a shoulder peak was observed at the degradation temperature region of 245–290 °C, which was likely due to the condensation reaction of the phosphonic groups with dehydration [37,38]. The DTG peaks indicated that the NMPC film was more thermally stable than the filler-filled membranes. Additionally, the weight loss of NMPC-OMPk (~30%) was larger than that of NMPC (~26%). In short, the NMPC-OMPk membrane was thermally stable up to 170 °C.


Figure 7. TGA and DTG curves of the N-methylene phosphonic chitosan (NMPC) film, NMPC/2 wt % O-methylene phosphonic κ-carrageenan (OMPk), NMPC/4 wt % OMPk, NMPC/6 wt % OMPk, and NMPC/8 wt % OMPk.
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3.5. X-ray Diffraction (XRD) Studies


X-ray diffraction (XRD) studies were used to analyze the effect of filler addition to the polymer matrix on the degree of crystallinity of the polymer electrolyte samples. The XRD diffractograms in Figure 8 show that both the NMPC polymer electrolyte and the NMPC-OMPk polymer electrolyte system existed in an amorphous or semi-crystalline phase. As shown, a broad hump appeared in the range of 2θ of 10° to 30° for the NMPC film, which was attributed to an amorphous phase. However, the reinforcement of OMPk in the NMPC polymer host resulted in a significant increase in the degree of crystallinity of the membrane in the region of 2θ of 15° to 30° as the hump became narrower compared with that of the pure NMPC film. Thus, the filler-filled membranes were in a semi-crystalline phase. The magnitudes of the peaks with 2 and 4 wt % OMPk were identical. In comparison, the magnitudes of the peaks with 6 and 8 wt % OMPk were similar to each other and had higher intensities than the 2 and 4 wt % peaks. The higher intensity peaks indicated a higher degree of crystallinity in the membrane. In addition, the improvement in the crystallinity of the NMPC-OMPk membranes enhanced the mechanical properties of the SPE films.


Figure 8. X-ray diffraction (XRD) diffractograms of the N-methylene phosphonic chitosan (NMPC) film, NMPC/2 wt % O-methylene phosphonic κ-carrageenan (OMPk), NMPC/4 wt % OMPk, NMPC/6 wt % OMPk, and NMPC/8 wt % OMPk.
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3.6. Mechanical Properties


The mechanical properties of SPEs are related to the processing method, the compatibility of the filler and polymer matrix, and the filler-filler interactions. In this case, the incorporation of OMPk in NMPC improved the overall mechanical properties of the polymer electrolyte membrane because the filler particles acted as a support matrix for the conductive polymer electrolytes to retain an overall solid structure, even at higher temperatures. The accuracy of the tensile strength was determined in accordance with the results shown in Figure 9. This is indicated by the error bars. In general, the tensile strength of the NMPC-OMPk films was better than that of the NMPC films. The NMPC films had a tensile strength of 18.02 MPa. The tensile strength initially increased with the increasing OMPk content and reached an optimum value of 38.95 MPa at 6 wt % OMPk before subsequently decreasing. The high value of the tensile strength of NMPC/6 wt % OMPk was in accordance with the high crystallinity in the SPE system [39]. With a greater amount of OMPk, the poor particle distribution in the NMPC matrix caused the filler particles to agglomeration, decreasing the tensile strength [39,40]. Overall, the SPE with the filler exhibited a much higher tensile strength than the membrane without the filler.


Figure 9. Graph of the tensile strength with respect to the O-methylene phosphonic κ-carrageenan (OMPk) content.
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3.7. Ionic Conductivity


From the electrochemical impedance spectroscopy (EIS) analysis, the ionic conductivity of the NMPC membrane at room temperature was 3.56 × 10−6 Scm−1, which was approximately 3 orders of magnitude higher than the values reported for chitosan membranes in the literature [5]. Increasing the number of oxygen atoms present in NMPC relative to those in chitosan changed the conductive properties of the polymer [11]. In other words, the increase in the number of active sites per repeating unit in the polymer enhanced the migration of protons through the polymer matrix by providing more vacant sites for proton transport to occur. Thus, an improvement in the ionic conductivity resulted from the amelioration of proton transportation. The change in the ionic conductivity with respect to the change in the amount of incorporated OMPk in the composite electrolyte membrane is shown in Figure 10. This is indicated by the error bars as an accuracy measurement.


Figure 10. Graph of the ionic conductivity of the solid polymer electrolyte (SPE) with respect to the O-methylene phosphonic κ-carrageenan (OMPk) content in N-methylene phosphonic chitosan (NMPC).
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As the amount of filler added to the electrolyte polymer increased, the ionic conductivity increased until it reached a maximum of 1.43 × 10−5 Scm−1 at 4 wt % OMPk, as recorded at room temperature. The improvement in the ionic conductivity was likely due to the anion sites in the filler coordinating with the protons in the sample, which provided a new conduction pathway for proton hopping and exchange to occur in the NMPC membrane. From the EIS analysis data, further addition of the filler above 4 wt % OMPk caused a decrease in the ionic conductivity of the polymer electrolyte. As in previous reports, with further addition of the filler after reaching saturation, the conductivity decreased because of a blocking effect imposed by the more abundant OMPk. The long polymer chains were “immobilized” and caused the conductivity to decrease [41]. The decrease may have also been due to the interactions between the polymer matrix and the filler through coordination bonds causing a decrease in the free space for proton conduction to occur.





4. Conclusions


In conclusion, the modification of chitosan and κ-carrageenan was observed through FTIR and 1H-NMR analysis. Methylene phosphonic groups were introduced in the chitosan structure and enhanced the ionic conductivity of the biopolymer electrolyte. Overall, the new derivative of κ-carrageenan, which acted as a filler in the polymer electrolyte system, greatly improved the mechanical strength of the SPE, even when a small amount of OMPk was added. For further improvement, the design of a new SPE with a high ionic conductivity and better mechanical strength may be achieved by blending with other polymers.
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