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Abstract: This research paper describes the synthesis of thermo-reversible cross-linking of sago starch by grafting a furan pendant group (methyl 2-furoate) onto the starch backbone, followed by a Diels-Alder (DA) reaction of the furan functional group with 1,1′-(methylenedi-4,1-phenylene) bismaleimide (BM). The proof of principles was provided by FTIR and 1H-NMR analyses. The relevant FTIR peaks are the carbonyl peak (υ C=O sym) at 1721 cm−1; the two peaks appeared after DA cross-linking, i.e., at 1510 cm−1 (corresponding to υ CH=CH BM aromatic rings, stretching vibrations), and at 1173 cm−1 (assigned to cycloadduct (C-O-C, δ DA ring)) while the 1H-NMR result shows evidence for the presence of a furan ring in the starch matrices (in the range of δ 6.3–7.5 ppm). The cross-linked starch product is indeed thermally reversible, as is evident from the appearance of exothermal (DA, temperature range of 50°C–70°C) and endothermal (retro DA, temperature range of 125°C–150°C) transitions in the DSC thermograms. This paper not only proves the thermal reversibility but also demonstrates that the final product properties (chemical, morphology, and thermal stability) can be tuned by varying the annealing temperature, BM intake, and reaction time.
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1  Introduction

The incentive to synthesize bioplastics from various polysaccharide resources such as cellulose, starch, and chitosan has arisen over the last decade [1–7]. This trend has been triggered by the drawback of most conventional plastics properties, such as being non-biodegradable and non-recyclable, for both contribute to an increase in the accumulation of worldwide plastics waste that can be harmful to the environment. As reported in 2021 by United Nations Environment Program (UNEP), 400 million tonnes (metric tons) of plastic waste are produced annually; however, only less than 10% has been recycled while the rest of the plastic waste ends up in the environment. In addition, around 75–190 million tonnes of plastic waste are found in the ocean, creating unwanted pollution problems that are harmful to the ocean [8].

Starch, one of the most abundant polysaccharides, has been chemically modified to improve its physical and chemical properties so it can be further applied as an eco-friendly adsorbent, bioplastics including the application of modified starch as natural antibacterial materials [3,5,9–13]. Among other starch chemical modification methods, cross-linking has been employed to the starch matrices using various cross-linkers such as phosphate salts, epichlorohydrin (EPI), malonic acid, adipic acid, and acetic anhydride, vinyl chloride, citric acid, glutaraldehyde, and phosphorus oxychloride [4,11,14] resulting in higher mechanical strength (tensile strength), an increase in the resistance to heat and chemicals, and lowering the water affinity of modified products compared with the ones of the native starch properties [1,4,7,9,10,14,15]. Despite these advantages, it has also been known that after cross-linking, the materials become thermoset [4]. Thus, the possibility of recycling or reusing the cross-linked products will also be reduced [1,15].

A thermo-reversible network can be introduced into the polymer matrices via Diels-Alder (DA) chemistry to increase the recyclability of the cross-linked products. A successful example is the DA reaction between furan pendant (as a diene) and bismaleimide (as a dienophile) that has been employed in various polymeric systems [16,17], including starch matrices [1,2,14,15]. The reversibility of the DA adducts between furan and bismaleimide in the polymer network can be tuned by simply changing the processing temperature (thermo-reversible). In most cases, the cross-linking (DA) between the furan pendant group and bismaleimide occurs at a temperature range of 40°C–80°C, while the de-cross-linking (retro DA) starts at a higher temperature range (120°C–150°C) [1,17,18]. Because of the tunable cross-linking network of furan-containing polymeric materials and bismaleimide with temperature, this product has enormous potential for use in a wide range of applications such as self-healing materials (coatings, adhesives), recyclable thermoset materials (rubber, polyketone), and various biomedical applications such as biomolecular immobilization, drug delivery/release, and tissue engineering [19–22].

Moreover, compared with the amount of reported research into DA thermo-reversible cross-linking in many polymer systems, not all that much research has actually been conducted on starch or its modified products, and to the best of our knowledge, only the research studies of Antunes et al. [14] and Nossa et al. [15] have been reported in the openly available literature. Nossa and co-workers reported the synthesis of thermo-reversible cross-linking starch using corn starch, furfuryl alcohol (FA), 4,4-methylene diphenyl diisocyanate (MDI), and 1,1-(methylenedi-4,1-phenylene) bismaleimide (BM) [15]. Their work employed three reaction steps: the grafting reaction between FA-MDI, starch hydroxyl via urethane linkage to form an intermediate product (starch-g-FA-MDI), and the DA reaction between starch-g-FA-MDI with BM [15]. Furthermore, Antunes and co-workers used a different reaction route to synthesize thermo-reversible cross-linking of starch compared with the one by Nossa where starch was first oxidized with (2,2,6,6-tetramethylpiperidine-1-yl)oxyl (TEMPO), followed with the esterification of the oxidized starch with FA, and finally the cross-linking with self-made water-soluble BM at neutral pH and at body temperature. The final product was claimed to be a promising candidate for cell encapsulation and delivery within the body [14].

The pioneering work of Nossa et al. [15] followed by the promising results of thermo-reversible starch on the biomedical application as reported by Antunes et al. [14] not only shows the potential application of DA chemistry in the thermo-reversible cross-linking of starch synthesis (involving furan and BM) but also gives more incentive to explore another possible reaction pathway to graft furan pendant onto starch matrices and further cross-linking it with BM. Despite the potential applications of DA chemistry demonstrated by Nossa et al. [15] and Antunes et al. [14], the reaction route used in their work to produce thermo-reversible cross-linking of starch required three reaction steps (see above) and a relatively long reaction time (18 h–10 days) [14,15]. Therefore, in this research, we intend to study the DA cross-linking of starch that proceeds via a different route from the one reported in the literature, which involves fewer reaction steps and, as a result, a faster reaction time. The novel pathway consists of two consecutive reactions steps which are the transesterification of starch with methyl-2-furoate (MF) followed by the DA reaction with BM (see Scheme 1).
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Scheme 1: Possible reaction scheme of transesterification of starch (a) with methyl-2-furoate and (b) Diels-Alder reaction of the starch ester (starch furoate) with BM (c). Depending on the DS values, the furoate functional group may be present in the primary or secondary alcohol of the anhydroglucose unit (AGU)

This research investigates the possibility of synthesizing thermo-reversible cross-linking of sago starch using MF and BM as the reagent (Scheme 1). Here, a different type of starch compared with the ones reported by Antunnes et al. and Nossa et al. [14,15] was used. This research provides proof of principle derived from the successful reaction. In addition, an in-depth study was made to evaluate the influence of several essential process parameters (such as catalyst intake, reagent intake, reaction time, and temperature) on the degree of substitution, the degree of cross-linking, and the relevant properties (chemical, morphology, thermal stability, and reversibility) of the final product. The latter were evaluated to gain insight into the relationship between the process and product properties of the novel product.

2  Materials and Methods

2.1 Materials

Sago starch (starch content of 84.6% wt/wt, water content of 16.9% wt/wt) was purchased from Bina Sago Lestari (Jakarta, Indonesia). The estimated amylose and amylopection content of typical Indonesia sago starch are 27% wt/wt and 73% wt/wt, respectively [23]. Analytical grade methyl 2-furoate (MF, >98%) was purchased from Alfa Aesar (Shanghai, China). Analytical grade 1,1′-(methylenedi-4,1-phenylene) bismaleimide (BM, 95%), dimethyl sulfoxide (DMSO, >99.5%), chloroform (CHCl3, >99%), and potassium carbonate (K2CO3, >99%), hydrochloric acid (HCl, 37%), and sodium hydroxide (NaOH, >97%) were purchased from Sigma Aldrich (Singapore).

2.2 Experimental Procedures

2.2.1 Functionalization of Sago Starch with Methyl 2-Furoate

Sago starch (3 g) and DMSO (30 mL) were charged inside the 100 ml round bottom flask. The mixture was dissolved at 80°C (for approximately one hour) until a homogeneous and transparent mixture was formed. Afterward, methyl 2-furoate (0.3 mol/mol Anhydroglucose Unit, AGU−4 mol/mol AGU) and potassium carbonate (K2CO3) as catalyst (0.1 mol/mol AGU–0.4 mol/mol AGU) were added into the homogeneous mixture and stirred at 120°C for six hours. The mixture was cooled until room temperature was reached and precipitated using methanol (100 ml). The solid product was filtrated and washed with methanol (100 mL) and reverse osmosis (RO) water (100 ml). The final product was dried in a vacuum oven (70°C) to constant weight.

2.2.2 Bismaleimide Crosslinking with Furan Functionalized Sago Starch Furoate

Sago starch furoate (1 g) and BM (0.5–2 mol/mol AGU) were mixed with CHCl3 (20 g) in a round bottom flask (100 mL). The mixture was heated at 50°C in a water bath and the reaction took place for three or six hours (depending on the experimental condition). Subsequently, the method of slow evaporation of CHCl3 was employed inside the fume cabinet for 24 h to separate the solvent from the solid product. The solid product was subsequently annealed at a temperature range of 50°C–150°C for 24 h.

2.2.3 Determination of Degree of Substitution (DS)

The DS values were determined based on the procedure that has been described in the literature for typical starch ester product with slight modifications [24]. The starch furoate samples (1 g) was hydrolyzed with NaOH (0.5 M, 15 mL) in a shaker water-bath (at temperature of 30°C for 4 h), and the excess of the alkali was neutralized (pH = 7) with HCl (0.1 M). The DS value was calculated using the following Eq. (1).


DS= 162 × (VNaOH × MNaOH−VHCl × MHCl)(1000 × W)−Mw × (VNaOH × MNaOH−VHCl × MHCl)
(1)

where: VNaOH = volume of NaOH (ml), VHCl = volume of HCl required to neutralize excess alkali, MNaOH = concentration of NaOH (M), MHCl = concentration of HCl (M), W = weight of starch furoate sample (g), Mw = molecular weight of furoate ester = 111.07.

2.2.4 Determination of the Degree of Cross-Linking (DC)

The degree of cross-linking in the cross-linked starch products was qualitatively determined according to a previously reported procedure with a slight modification [25]. The cross-linked starch product (0.1 g, Wo)) was inserted into a round bottom flask and mixed with 10 ml of DMSO inside the flask. Subsequently, the mixture was heated in a water bath at 80°C for 24 h to dissolve the soluble part of the cross-linked products. After that, the insoluble starch samples were filtrated and dried in a vacuum oven (70°C) to constant weight. The weight of the insoluble sample was subsequently measured (denoted as W1). The degree of cross-linking was calculated by using the following equation:


DC=W1/Wo
(2)

where: DC = degree of cross-linking, Wo = 0.1 g, the amount of cross-linked starch product, W1 = the amount of insoluble starch cross-linked product.

2.3 Analytical Equipment

Fourier transform infrared (FTIR) measurements were taken using an FTIR Prestige 21 Shimadzu (Kyoto, Japan). The spectra were acquired using potassium bromide (KBR) pellets in the absorption range of 4000 to 400 cm−1 a resolution of 4 cm−1 and scan number of 50. The deconvolution was applied on all spectra to calculate the intensity change of the relevant peaks. PeakFit software was used for deconvolution, with Savitzky Golay filtering and Gaussian fitting. The number of fitting curves was chosen at a smoothing percentage (%Sm) such that the R2 reach the minimum of 0.95 Proton nuclear magnetic resonance (1H-NMR) spectra were acquired using an Agilent NMR 500 MHz (Santa Clara, CA, USA) equipped with DD2 console system spectrometer operating at room temperature with 64 scans and a relaxation time of 1 s. 1H-NMR samples were dissolved in DMSO-d6 at 80°C and immediately inserted inside the 1H-NMR tube for direct measurement.

The thermal properties of starch furoate and the cross-linked products were investigated using thermal gravimetry analysis (TGA) and differential scanning calorimetry (DSC). TGA thermograms were obtained using a Hitachi STA 7300 (Hitachi, Japan). TGA samples (10 mg) were heated with a heating rate of 10°C min−1 to 900°C in a nitrogen atmosphere. Furthermore, DSC was measured on a Netzsch 214 Polyma (Netzsch-Geratebau, GMBH, Germany) under a nitrogen atmosphere. The samples (10 mg) were placed inside a sealed aluminum pan. The DSC thermogram was acquired with two cycles and three cycles of heating from 0°C to 200°C (heating rate of 10°C/min) and cooling to 0°C (cooling rate of 10°C) for the starch ester product and cross-linked product, respectively. The first heating and cooling run was performed to erase the material thermal history. The DSC was employed to investigate the thermal reversibility of the cross-linked product.

X-ray diffraction measurements were taken on a Bruker D8 Advance XRD System (Bruker AXS, Germany). XRD data were acquired from 5° to 40° (2θ) with an angular scanning velocity of 1°/min and a measurement frequency of 1 s−1. Morphological changes of the native and modified starch (starch ester and cross-linked starch) were recorded using a Scanning Electron Microscope (SEM Hitachi SU 3500, Hitachi, Japan). The modified starch samples were dried according to the procedure from the experiments (Sections 2.2.1 and 2.2.2). The dried powdered/granule samples were mounted on aluminum specimen stubs with adhesive tape and sputtered with a layer of gold (20 to 30 nm) using a Sputter Coater (MC1000, Hitachi, Japan).

3  Results and Discussion

In this research, the thermo-reversible cross-linked starch was synthesized via two consecutive reaction steps: the functionalization of starch with MF through transesterification and the DA cross-linking with a furan pendant with BM (Scheme 1). A systematic study was conducted for both reaction steps to investigate the reactivity of both reactions as correlated with the degree of substitution (DS) for transesterification and the degree of cross-linking (DC) for the DA reaction. An overview of the experimental conditions for transesterification and DA reaction is provided in Tables 1 and 2, respectively. The discussion of the obtained experimental results, including proof of principles, is shown in the following sub-section.
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3.1 Transesterification of Sago Starch with Methyl 2-Furoate (MF)

After transesterification with MF, the change in the chemical structure of native sago starch was verified by FTIR. Fig. 1 shows the FTIR spectra of the native sago starch, starch furoate (DS of 0.21), and cross-linked starch with BM within two different absorption ranges (500–2000 cm−1 and 2000–3500 cm−1).Typical spectra for native sago starch are shown in Fig. 1, where the broad OH stretching (υ OH, 3400–3402 cm−1), OH water bending (δ OH water, 1647 cm−1), CH2 bending (δ CH2, 1423 cm−1), COH bending (δ COH, 1365 cm−1) and CH stretching (υ CH) at 2921–2925 cm−1) are present [3,7,14,24].
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Figure 1: FTIR spectra of native sago starch, starch furoate with DS of 0.21 and cross-linked starch products with DS of 0.61 in the absorption range of 2000–3500 cm−1 (a), and 500–2000 cm−1 (b)

By comparing the spectra of the starch ester product (Fig. 1) with the spectra of the native sago starch, additional peaks at 1721 and 1579 cm−1 which corresponds to the symmetric stretching from the carbonyl group (υ C=O sym) of the ester product and aromatic furan ring absorption (see Supplementary Materials, Fig. S1, the FTIR spectra of methyl-2 furoate), appears in the IR spectra of the starch furoate product [3,26,27]. The presence of the two additional peaks in the spectra of modified starch suggests that the transesterification of starch with the MF step was successful.

In addition, the changes in the chemical structure of starch after the insertion of furan pendant in the starch backbone were observed from the 1H-NMR spectra of native sago starch (Fig. 2a) and starch furoate (with DS of 0.18, Fig. 2b). It is evident that in both spectra, the typical peaks of starch protons (six protons, label: 1S–6S, see Figs. 2a and 2b) occurred in the region of δ 3.6–5.5 ppm, while additional peaks (three in number), especially in the range between δ 6.3–7.5 ppm appear in the starch furoate spectra (Fig. 2b). The latter is assigned to the furan ring’s three protons (α and β aromatic, label: 1F–3F, Fig. 2b) [28]. This finding agrees with the FTIR results and confirms the presence of the furan group in the starch matrices suggesting the successful functionalization of starch with the furan pendant reaction step.
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Figure 2: 1H-NMR spectra of native sago starch (a) and sago starch furoate with DS of 0.18 (b)

3.1.1 The Effect of Methyl 2-Furoate (MF) Intake, Temperature, and Catalyst (K2CO3) Intake on the DS Values

The significant influence of three reaction parameters (MF intake, reaction temperature, and K2CO3 intake) on the transesterification reaction was determined from the changes in DS values of the starch ester products (Figs. 3 and 4). The DS values obtained by varying the MF intake (0.3–4 mol/mol AGU) and reaction temperature (100°C and 120°C) are given in Table 1, while the trendlines are shown in Fig. 3. In all cases, the DS values increase with temperature from 0.055 to 0.07 for the reaction using an MF intake of 0.3 mol/mol AGU, from 0.064 to 0.11 for an MF intake of 2 mol/mol AGU and pronounced changes are observed at an MF intake of 4 mol/mol AGU where DS increases from 0.21 to 0.61 (Fig. 3).
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Figure 3: DS values at different MF intakes and temperatures. The data presented in this figure were obtained from experiments using K2CO3 intake of 0.1 mol/mol AGU and reacted for six hours
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Figure 4: DS values as a function of different K2CO3 intakes. The data presented in this figure were obtained from experiments using an MF intake of 2 mol/mol AGU, a temperature of 120°C and a reaction time of six hours

The positive effect of temperature on reactivity is expected as the reaction rate increases at higher temperatures, eventually leading to a higher DS value. This observation agrees with the one reported in the literature, although with different types of reagents such as fatty acid methyl and vinyl esters [29,30].

An increase in DS value with MF intake was also observed in Fig. 3. The maximum DS of 0.61 is accessible at the highest MF intake used in the experiments (MF intake of 4 mol/mol AGU). The results can be rationalized by the fact that an increase in MF intake not only increases the amount of reagent that may react with the hydroxyl group of sago starch to form the desired starch furoate, but it also enhances the reaction rate (similar to the effect of temperature) due to the higher concentration of the reagent in the vicinity of starch [24].

Thus far, the experimental results derived from MF intake and temperature variation show a positive effect on the DS values, while this is not the case for the K2CO3 intake results, as seen in Fig. 4. The role of the alkaline salt base catalyst on the reactivity may be explained with the proposed reaction scheme (see Supporting Information Scheme S1), where initially K2CO3 deprotonates the OH group of starch and produce an active starch alkoxide (see Scheme S1) [3]. Furthermore, the alkoxide reacts with methyl 2-furoate through the nucleophilic substitution reaction (SN-2) mechanism to finally form the final product starch furoate by releasing methanol as a by-product [31]. Therefore, if only based on this explanation, it is reasonable to assume that a higher amount of K2CO3 increases the formation of starch alkoxide, enhances the reaction rate, and eventually leads to higher DS values. Unfortunately, this is not the case in our results as, indeed, the DS value increases with the catalyst intake and reaches a maximum value (DS of 0.32) at a catalyst intake of 0.3 mol/mol AGU; however, it decreases at a K2CO3 intake of 0.4 mol/mol AGU and 0.5 mol/mol AGU.

These results indicate not only the positive effect on the reaction rate, but the changes in the amount of catalyst have a negative impact on the transesterification reaction as well. The latter may be explained by the possible occurrence of side reactions, including hydrolysis of methyl 2-furoate to furoic acid and methanol using K2CO3 as a catalyst [32] and possible de-esterification of the starch ester product due to the formation of methanol (Scheme S1.b).

Hydrolysis of methyl 2-furoate may happen with water available in sago starch raw materials (16.9% w/w, see above). In addition, the methanol produced in the hydrolysis of methyl 2-furoate reaction may disturb the equilibrium of the transesterification reaction. The de-esterification rate may increase, resulting in less starch furoate product (lower DS value) (Scheme S1.b). To ensure this explanation, an additional study of the kinetics of the hydrolysis of methyl 2-furoate and the influence of methanol in starch transesterification reaction is required.

3.2 Crosslinking of Furan-Bismaleimide via Diels-Alder (DA) Chemistry

After successfully obtaining the intermediate product (starch furoate), the experiment continued with the cross-linking of starch furoate via DA reaction with BM using CHCl3 as the solvent. The cross-linked product was analyzed with FTIR, and the results are shown in Fig. 1a (absorption range of 2000–3500 cm−1) and Fig. 1b (absorption range of 500–2000 cm−1). By comparing with the spectra of starch furoate, it is evident that additional peaks at the absorption band of 1598, and 1182 cm−1 are present in the spectra of the starch cross-linked product (see Supplementary Materials, Fig. S2, for the detailed FTIR spectra of BM). The broad peak at 1598 cm−1 corresponds to the CH=CH of the BM aromatic ring’s stretching vibrations (υ CH=CH), that may overlap with the peak of aromatic furan ring absorption. Moreover, the peak at 1182 cm−1 is assigned to the appearance of the cycloadduct (C-O-C, δ DA ring) after DA. The appearance of those peaks confirms the changes in the chemical structure of the modified starch products after the DA cross-linking reaction with BM [21,27,33].

In addition, 1H-NMR analysis was conducted on the cross-linked product; however, the proper measurement was unfortunately impossible due to the low solubility of the final product. The latter indicates the presence of the cross-linking network after the Diels-Alder reaction of starch furoate and BM and agrees with the findings derived from the FTIR spectra.

3.2.1 The Thermal Reversibility of the Cross-Linked Starch Furoate with BM at Different Annealing Temperatures

The reversibility of the cross-linked product after annealing at different temperatures (50°C, 70°C, and 150°C) was examined based on the FTIR spectra. The changes in the intensity of the cycloadduct peak (at 1174–1178 cm−1) were observed, as seen in Fig. S3 (Supporting Information Fig. S3). To quantify these changes, the FTIR spectra of the annealed products were deconvoluted (see Fig. 5), and the intensities of relevant peaks were determined from the deconvoluted spectra.
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Figure 5: Examples of deconvoluted FTIR spectra of cross-linked starch with DS of 0.32 annealed at a temperature of 50°C for 24 h in the absorption range of 1000–1800 cm−1

Furthermore, the intensity of the peak at 1174–1178 cm−1 was normalized to the intensity of the absorption peak at 1707–1710 cm−1 to ensure the intensity comparison for each annealed product is accurate and valid. The absorption peak at 1707–1710 cm−1 corresponds to C=O symmetric stretching (υ CO sym) of the carbonyl group of starch furoate and BM rings. It is chosen as the standard peak [34,35] since it does not significantly change during the cross-linking reaction [26]. The normalized intensity ratios of the peak at absorption bands of 1174–1178 cm−1 (I1176/I1707) for the cross-linked products of different DS and their annealed products are given in Table 3.
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It is plausible that the intensity ratio of the two peaks (I1176/I1710) changes at different annealing temperatures (Table 3), where the maximum intensity value was observed at the temperature of 70°C for the cross-linked product DS of 0.32 (Table 3, data numbers 4–6). The results show that the intensity of the cycloadduct (C-O-C) peak increases with temperature from 50°C to 70°C, and the intensity of the cycloadduct decreases at the temperature of 150°C. The decrease in the intensity implies that within the temperature range of 50°C–150°C, the cross-linked starch product undergoes reversibility, where an increase in the DA cross-linking reaction rate at a temperature of 70°C followed by an increase in de-cross-linking reaction (retro DA) rates at the highest temperature (T = 150°C) was observed.

Therefore, based on the changes in the intensity of the cycloadduct peak (Table 3), one may expect that the maximum degree of cross-linking is obtained at a temperature of 70°C. Indeed, in all cases, the degree of cross-linking reaches the maximum at 70°C, and the value decreases at a temperature of 150°C as qualitatively determined from the solubility measurement (see Figs. 6 and 7).
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Figure 6: Degree of cross-linking values at different reaction temperatures and times. The data presented in this figure were obtained from experiments using starch furoate with DS of 0.32, BM intake of 2 mol/mol AGU, reaction temperature of 50°C, and annealed for 24 h
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Figure 7: Degree of cross-linking values at different annealing temperatures and BM intake. The data presented in this figure were obtained from experiments using starch furoate with DS of 0.61, DA reaction time of three hours, and annealed for 24 h

Furthermore, as expected, our finding on the temperature ranges for both DA (50°C–70°C) and retro DA (150°C) reactions agrees with the ones reported in the literature not only for starch [15] but also for various polymer [17,18,21,22], wherein the DA cross-linking reaction involving furan pendant and BM, the DA reaction is dominant within the temperature range of 50°C–80°C while the retro DA (de-cross-linking) takes place at the temperature range higher than 120°C (T > 120°C).

Despite the maximum intensity ratio that can be reached at the temperature of 70°C for the cross-linked products at DS of 0.32, a different trend was observed for the cross-linked product with a DS of 0.21 (Table 3, data numbers 1–3) and 0.61 (Table 3, data numbers 7–9) where the intensity ratio values increase even at the temperature of 150°C. One may argue that, in this case, the maximum degree of cross-linking should be obtained at 150°C. However, this is not the case, as shown in Fig. 7; the degree of cross-linking from the product with DS of 0.61 at 150°C is lower than that of 70°C (see above). A similar trend was also observed for the cross-linking degree of the product with a DS of 0.21 (data not shown for brevity). This result suggests that although an increase in the intensity of the cycloadduct at the temperature of 150°C was observed, it may be possible that due to the occurrence of the retro DA reaction at 150°C, one of the two DA adducts between furan and BM are eliminated (de-cross-linked). The remaining cycloadduct (as detected by FTIR) is available only on one side of the BM. Since it requires the presence of two cycloadducts to form a cross-linking network between furan and BM (Scheme 1), no cross-linking occurs if only one adduct is formed between furan and BM. The incomplete formation of cross-linking adduct eventually leads to a lower degree of cross-linking of the final product, in line with the result shown in Fig. 7.

Thus far, the observation provided by FTIR and solubility measurement imply that the DA cross-linking and retro DA de-cross-linking occur within the experimental windows; however, it remains uncertain whether the product is thermally reversible when subjected to a change in temperature with repetitive heating and cooling cycles. Therefore, thermal reversibility was evaluated using DSC analysis, as shown in Fig. 8 [17,22], where three cycles of temperature (heating and cooling) were employed.
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Figure 8: Thermal behavior of starch furoate cross-linked with BM (DS = 0.18) in the heating and cooling cycles

As expected, the changes in equilibrium between DA (cross-linking) and retro DA (de-cross-linking) reactions can be observed from the appearance of exothermic transitions in the cooling cycles and endothermic transitions in the heating cycles during the successive thermal cycles, respectively [22]. As shown in the heating cycles (Fig. 8), two transitions were observed at the temperature range of 50°C–70°C and at the temperature range of 125°C–150°C, where both transitions are absent in the thermogram of native sago starch and starch furoate. The presence of initial transitions (50°C–70°C) and second endothermic transitions (range 125°C–150°C, in the third cycle) in the cross-linked starch [36] may be related to the glass transition of the amorphous portion and retro DA reaction [22,33,37], respectively Furthermore, as described in the literature [38], the glass transition temperature (Tg) of BM is expected to show at temperatures greater than 400°C (T > 400°C), which is beyond of the measurement scope in our work.

Similar observations can be made with the cooling cycles where broad exothermic transitions ascribed to the DA reaction step occur at 50°C–100°C (Fig. 8). These transitions are not present in both native sago starch and starch furoate thermograms (Fig. 8), suggesting the occurrence of DA reaction between starch furoate and bismaleimide. The findings from DSC analysis imply that the cross-linked starch furoate with BM is indeed thermally reversible and confirms the previous explanations provided by FTIR and the degree of cross-linking experiments results (see above).

3.2.2 The Effect of Degree of Substitution (DS), Cross-Linking Reaction Time, and BM Intake on the Degree of Cross-Linking

The effect of ester linkage (DS value) on the reactivity of the DA cross-linking reaction step is presented in Table 2, where the different DS of starch ester products were varied, resulting in different cross-linking values. By comparing the results obtained when starch esters with DS values of 0.21 (Table 2, data points 1–3) and 0.61 (Table 2, data points 13–15) were applied in the DA cross-linking reaction step with the same BM intake (1 mol/mol AGU) and reaction time (3 h), it is evident that higher amounts of furan pendant group attached in the starch ester (higher DS) increase the reactivity of the Diels-Alder reaction with BM, which in turn leads to the higher amount of cross-linking degree of the starch ester with a DS of 0.61 (maximum of 90% at an annealing temperature of 70°C) compared with the DS of 0.21 (maximum of 32% at an annealing temperature of 70°C, Table 2) [14].

Figs. 6 and 7 show that the DC values depend on reaction time and BM intake changes, respectively. As shown in Fig. 6, the DC values increase at longer reaction times for all annealing temperatures. The DC value at a reaction time of 6 h is significantly higher than its value at a faster reaction time (three hours). The result may be related to the fact that more DA reaction between furan and BM takes place at a longer reaction time, leading to higher cross-linking after annealing.

In addition, the positive effect of BM intake on the DC values was observed (Fig. 7). As expected, in all cases, a higher BM intake enhances the DA reaction rate [39] and increases the DC of the final product; for instance, at an annealing temperature of 70°C the DC values increase from 70% to 90% when the BM intake increases from 0.5 to 1 mol/mol AGU. A similar trend to the annealing temperature of 70°C can also be observed for the other annealing temperature where an increase of DC values from 30% to 55% and from 59% to 80% was achieved at temperatures of 50°C and 150°C, respectively.

3.3 Product Properties

3.3.1 Changes in Crystallinity and Morphology of Modified Starch Products

Despite the changes in chemical structure, the crystallinity and morphology of the modified starch product are altered after transesterification with methyl 2-furoate and cross-linking with BM. The diffraction patterns of native starch, starch ester, and cross-linked starch products are shown in Fig. 9. It is obvious that native starch show diffraction peaks at 2θ of 5.6°, 13.7°, 17.1°, 18.1°, and 21.8°, which is the typical range of diffraction pattern for type C crystallinity of starch [40,41]. The crystallinity of native sago starch decreases, and amorphous material is formed after transesterification, as shown by the broad region in the range of 2θ between 5° and 40°.

[image: images]

Figure 9: X-ray diffraction patterns of native sago starch (a), sago starch furoate with DS of 0.21 (b), and starch cross-linked with BM (c). The data presented in this figure were obtained from experiments using BM intake of 2 mol/mol AGU, the annealing temperature of 50°C, and annealed for 24 h

Surprisingly, the diffraction pattern of the final product changes and shows several distinct peaks at 7.9°, 12.9°, 13.8°, 15.8°, 19.9°, 22°, 26.1°, 27.6°, 31.1°, and 33.9° in combination with a broad region under the peaks at 12.9°–26.1° suggesting the formation of semi-crystalline polymer structure after cross-linking with BM. Moreover, the peaks in the diffraction region of 12.9°–33.9° are the typical peaks in the highly crystalline BM diffraction pattern [42]. The latter suggests that the starch ester structure does not solely determine the crystallinity of the cross-linked starch product but is also strongly influenced by the presence of BM as the cross-linker.

The changes in the morphology of starch after modification are clearly shown in Fig. 10. The SEM images from the native sago starch granule (Figs. 10a and 10b) show an oval and smooth surface in line with the one reported in the literature [41]. The loss of the starch granules after transesterification, as shown in Fig. 10c, may be related to the loss of crystallinity and the formation of amorphous starch furoate products after transesterification with MF in DMSO as in agreement with the observation made with the XRD analysis (see above). By comparing with Fig. 10c, it is evident that more solid granules are formed as expected due to higher networking in the starch backbone between furan and BM after cross-linking (Fig. 10d). The higher networking in starch matrices eventually leads to higher crystallinity of the end products compared with the intermediate starch furoate products, which is in line with the findings in XRD analysis (see above).

[image: images]

Figure 10: SEM images of native sago starch with the magnification of 400 (a) and 5000 (b) times, starch furoate with DS of 0.61 (c), and starch cross-linked with BM and annealed at a temperature of 70°C for 24 h (d). Both (c) and (d) images were acquired with a magnification of 5000 times

3.3.2 Thermal Stability of the Modified Starch Product

Thermal gravimetry analysis was used to measure the thermal stability of the modified products. By comparing with the thermogram of native starch, it is clear that the intermediate starch furoate (DS = 0.32, Fig. 11) has a lower thermal degradation. The degradation temperature range (Tonset and Toffset) were determined from the first derivatization of each thermograms as given in Supplementary Materials Fig. S4. As shown in Fig. 11, the degradation of native starch occurs at the temperature range of 206.4°C–452.9°C with the maximum at 293.8°C (65% wt/wt loss) while the starch furoate product (Fig. 11) starts to degrade at an even lower temperature (T = 187.3°C–415.9°C, 60% wt/wt loss). The lower degradation temperature of the starch ester may be related to the loss of crystallinity of the starch-modified product after the transesterification reaction.

[image: images]

Figure 11: Thermal degradation of native sago starch, starch furoate with DS 0.32, and starch cross-linked annealed at 70°C for 24 h

In addition, a significant improvement in the thermal stability of the cross-linked product is shown in Fig. 11. The cross-linked product has a higher first thermal degradation (Temperature range of = 212.8°C–354.3°C, with a maximum temperature of 274.1°C) than both native and intermediate starch ester products. This result implies that the cross-linking network formed between the furan pendant and BM moieties enhances the thermal stability of the final product [15]. The cross-linked product also shows a second thermal degradation at the temperature range of 380.3°C–608.1°C (Fig. 11), which may be corresponded to the degradation or evaporation temperature of BM monomer after retro DA reaction [19,43]. Based on the corresponding mass loss of the DA cross-linked products (Fig. 11), it is plausible that the amount of char formed in the cross-linking starch products (43% wt/wt) is higher compared with the ones of natives (17.7% wt/wt) and the starch ester product (15.6% wt/wt). The high amount of char from the cross-linked starch that formed in the TGA analysis may be due to the presence of aromatics in the starch backbone, which comes from the furan pendant group, bismaleimide, and also from the aromatization of cycloadduct at high temperature (T > 150°C) [17,26,44]. These aromatics may contribute to the high char residue of the cross-linked product as measured by the TGA analysis [44].

4  Conclusions

Several significant findings are reported in this piece of research. The findings include the successful application of the new synthetic route to synthesize thermo-reversible starch cross-linked products via two reaction steps which are the transesterification of starch with methyl 2-furoate as reagent and K2CO3 as the catalyst, followed by the Diels-Alder reaction of starch furoate with 1,1′-(methylenedi-4,1-phenylene) bismaleimide (BM). The FTIR analyses and 1H-NMR analyses acquired the proof of principle of both reaction steps.

The influence of several important process parameters on transesterification and DA crosslinking reaction steps was evaluated from the changes in the degree of substitution (DS) and degree of crosslinking (DC) values, respectively. Within the experimental windows, the DS values increase with MF intake and temperatures while the changes in catalyst intakes results with a maximum DS value at K2CO3 of 0.3 mol/mol AGU. Moreover, the DA cross-linking and retro DA de-cross-linking reaction may be tuned at different annealing temperatures. The thermal reversibility of the final products is also confirmed by the presence of exothermic DA (temperature range of 50°C–70°C) and the endothermic retro DA transitions (temperature range of 125°C–150°C) in the DSC thermograms.

This work shows that not only has the tunable cross-linking properties with temperature, but the final product has higher thermal stability compared with the native starch and even with the intermediate starch furoate product. This work opens an opportunity to apply the novel synthetic pathways in the synthesis of starch cross-linking, resulting in different product performances (thermo-reversible and thermal stability), which gives a new perspective on the potential application of the novel product as bioplastics.
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Scheme S1: The transesterification scheme between starch and MF using an alkaline salt base (K2CO3) as a catalyst
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Figure S1: FTIR spectra of native sago starch, methyl 2-furoate and starch furoate with DS of 0.21
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Figure S2: FTIR spectra of starch furate with DS of 0.21, bismaleimide and starch cross-linked
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Figure S3: FTIR spectra of cross-linked starch with DS of 0.32 annealed at different temperatures: T = 50°C, T = 70°C, and T = 150°C. All samples were annealed for 24 h
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Figure S4: First derrivative of thermogram for native sago starch, starch furoate with DS 0.32, and starch cross-linked annealed at 70°C for 24 h
Note: To = Tonset, Toff = Toffset, Tp = Tpeak.
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Table 3: The intensity ratio of Diels-Alder peaks at different experimental conditions

No. Degree of BM intake Cross-linking reaction Annealing L1176/
substitution (DS) (mol/mol AGU) time (h) temperature (°C) Ii710
1 0.21 1 3 50 0.0149
2 0.21 1 3 70 0.0156
3 0.21 1 3 150 0.0213
4 0.32 2 6 50 0.0516
5 032 2 6 70 0.0596
6 0.32 2 6 150 0.0518
7 0.6 1 3 50 n.m.”
8 0.61 1 3 70 0.0253
9 0.61 1 3 150 0.0609

Note:  n.m.. not measured.
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Table 1: An overview of transesterification experimental conditions and the obtained degree of substitution

(DS)
No. Methyl-2 furoate intake T (°C) K,CO; intake Degree of substitution
(mol/mol AGU) (mol/mol AGU) (DS)
1 03 100 0.1 0.055
2 03 120 0.1 0.07
3 2 100 0.1 0.064
4 2 120 0.1 0.11
5 4 100 0.1 0.21
6 4 120 0.1 0.61
7 2 120 0.2 0.18
g8 2 120 0.3 0.32
9 2 120 0.4 0.26
10 2 120 0.5 0.22
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Table 2: An overview of cross-linking reaction experimental conditions and the obtained degree of cross-
linking (DC)

No. Degree of BM intake Cross-linking Annealing Annealing Degree of cross-
substitution (DS)  (mol/mol AGU) reaction time (h) temperature (°C) time (h) linking (%)
1 021 1 3 50 24 26.6
2 021 1 3 70 24 32.0
3021 1 3 150 24 222
4 032 2 3 50 24 54.6
5 032 2 3 70 24 61.7
6 032 2 3 150 24 534
7 032 2 6 50 24 76.8
8 032 2 6 70 24 91.1
9 032 2 6 150 24 70.1
10 0.61 0.5 3 50 24 30.9
11 0.61 0.5 3 70 24 69.6
12 0.61 0.5 3 150 24 59.1
13 0.61 1 3 50 24 55.5
14 0.61 1 3 70 24 90.0
15 0.61 1 3 150 24 82.8
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