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Abstract: The aim of this research work was to evaluate the potential of using renewable natural feedstock, i.e., Jatropha curcas oil (JCO) for the synthesis of non-isocyanate polyurethane (NIPU) resin for wood composite applications. Commercial polyurethane (PU) is synthesized through a polycondensation reaction between isocyanate and polyol. However, utilizing toxic and unsustainable isocyanates for obtaining PU could contribute to negative impacts on the environment and human health. Therefore, the development of PU from eco-friendly and sustainable resources without the isocyanate route is required. In this work, tetra-n-butyl ammonium bromide was used as the activator to open the epoxy ring with 3-Aminopropyltriethoxisylane as a catalyst to yield urethane of JCO (UJCO). The UJCO were characterized by Fourier Transform Infra-Red spectroscopy (FTIR) and their oxirane, and hydroxyl values were measured. The result showed that a decrease in oxirane value was found while the hydroxyl value was increased during the time, confirming that the urethane group was formed. The presence of functional groups in FTIR spectra at wave numbers 1732.08, 1562.34, and 3348.42 cm−1 indicates the functional groups of C = O (urethane carbonyl), –NH, and –OH, respectively confirmed this finding. The potential applications of NIPU in the wood composite were also outlined.
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1  Introduction

Polyurethanes (PU) are one of the most versatile polymer groups because they can be converted to various polymeric-based products for a wide range of industrial applications, i.e., packaging, elastomer materials, automotive parts, thermal insulation, sealant, coatings, lighting industry, biomedical applications, footwear, construction, bedding, metallurgy, furniture, adhesives, foams, and paints [1–3]. The multiple commercial applications of PU are due to their great hardness, biocompatibility, mechanical strength, and elongation properties [4,5]. In coating applications such as food, metal, and high-gloss aircraft finishes, PU is utilized because of its excellent resistance to chemicals [1]. Even though the use of PU for the development of wood adhesives is still rather limited, PU-based adhesives exhibit strong bonding characteristics such as flexibility, good adhesion, and fast curing [6–8]. PU is typically formed by the polycondensation reaction of di/poly-isocyanates and hydroxyl groups in di/polyol; as a result, the urethane functional group is identified in the main chain [9,10]. However, using isocyanate monomers is a non-environmentally friendly and toxic issue, causing serious environmental and human health-related problems, such as irritation of the eyes, respiratory and gastrointestinal tract, and asthma in the long term [11,12]. Therefore, the industrial interest has been shifted to the use of new biodegradable and renewable green resources as PU materials. Vegetable oils, including Jatropha curcas oils (JCO), are viable biological bioresources for the coating industry due to their low toxicity, relatively low cost, abundance, renewability, and other social and economic advantages [10,13,14]. As a result, it represents a feasible option as an epoxide starter oil [14]. Oils are fatty acid triglycerides with long aliphatic chains that give the coatings their extreme flexibility [15].

Some investigations are still exploiting JCO as a material for the synthesis of biodiesel components and lubricants that are contributed by the favorable low-temperature viscosity (below 25°C) and acidic properties, which are lower than other vegetable oils, such as linseed, castor, and soybean oil [16–18]. Compared with other vegetable oils, JCO has greater potential as industrial raw material because it is a highly-available and non-edible feedstock that could even cause poisoning when consumed [19,20]. Furthermore, it can grow well on poor soil and has good resistance to drought with a long period of seed production (up to 50 years). It is less expensive than other vegetable oils such as rapeseed oil and soybean oil [19,21]. Due to its relatively high unsaturated fatty acid content and excellent oxidation stability, JCO is a suitable material for the development of non-isocyanate PU (NIPU), including adhesive, alkyd epoxy resin, surface coating, food packaging, and nanocomposites [22]. In addition, it has a high iodine value (105 gI2/100 g) as a representation of unsaturation or double bonds content [20,23] with an unsaturated fatty acid fraction of 0.78–0.79.

Concerning environmental protection and human health and safety, sustainable and efficient alternative methods for the synthesis of NIPU from bio-based natural raw materials should be developed [22]. In developing a JCO-based NIPU, some step paths can be followed. Haniffa et al. previously examined the synthesis of JCO-based NIPU utilizing two curing agents, 1,3-diamino propane and isophorone diamine. Mechanical, thermal, solvent, and chemical resistance were all improved by combining carbonated JCO-based NIPU with carbonated alkyd resin NIPU [22]. Gogoi et al. [10] epoxidized JCO with hydrogen peroxide and formic acid mixture. The utilization of ring-opening (ROP) reaction on the epoxidation of JCO for polyol formation in PU production was investigated by Błażek et al. [24,25]. We used a novel approach to the synthesis of JCO-based NIPU in this study, which has never been published to our knowledge. To make peroxyacetic acid, we employed in situ epoxidation using hydrogen peroxide and acetic acid. The epoxidized CJO (ECJO) was then treated with carbon dioxide to produce JCO (cyclic carbonate) (CJCO). Finally, CJCO was reacted with 3-Aminopropyltriethoxyxilane (APTES) and lithium chloride (LiCl) as a catalyst to create urethane JCO (UJCO). The goal of this research was to understand how catalyst loading and stirring time affected the optimum conditions of ECJO, CJCO, and UJCO.

2  Material and Methods

2.1 Materials

Jatropha curcas oil (JCO) was purchased from Lansida. Hydrogen peroxide (Merck) and glacial acetic acid (Merck) were used to convert JCO into EJCO with sulfuric acid (Merck) as a catalyst. Carbon dioxide gases and tetrabutylammonium bromide (TBAB) (Merck) were used to convert EJCO to CJCO. Lithium chloride (Sigma-Aldrich) was obtained from Sigma-Aldrich as a catalyst. 3-Aminopropyltriethoxisylane or APTES (Sigma-Aldrich) was used to produce UJCO. Other chemicals were used directly in pro analytical grade without purification.

2.2 Synthesis of EJCO

The epoxidation of JCO into EJCO was based on the previous technique of Arbain et al. [13] and Lee et al. [12] with modification. In the three-neck round bottom flask, 50 grams of JCO was introduced, followed by 26.07 mL of glacial acetic acid and 0; 0.01; 0.04; 0.08; 1.3; 2.6; and 3.9% (w/w) sulfuric acid as a catalyst. At a temperature of 10°C and 525 rpm, 88.22 mL of hydrogen peroxide was supplied dropwise to the reactor. The reactor was then heated to 60°C for 3, 4, 5, and 6 h. 1:2:9 and 1:4:9 are the mole ratios of JCO, glacial acetic acid, and hydrogen peroxide. The sample was washed with sodium chloride solution until it was neutralized in a separating funnel. A rotary evaporator was used to extract the residual solvent. Furthermore, the functional groups of the EJCO were identified using Fourier Transform Infra-Red spectroscopy (FTIR), and the oxirane and iodine values were calculated. A detail of the characterization procedure is available in the next section.

2.3 Synthesis of CJCO

The synthesis of CJCO has used the modified method of Lee et al. [12]. Fifty grams of EJCO were placed in a 150 mL three-neck round bottom flask. Then 1, 3, 6, and 9% (w/w) TBAB were added, along with a continuous supply of carbon dioxide at a rate of 0.2% per minute. For 24 and 48 h, the reactor was mechanically agitated at 900 rpm and heated to 140°C. Then CJCO was analyzed the oxirane and hydroxyl value and characterized by FTIR.

2.4 Synthesis of UJCO

The method for conversion into UJCO from CJO was modified by Lee et al. [12]. The research design of the synthesis of UJCO is shown in Table 1. 30 grams of CJCO were mixed with 6.6% LiCl relative to grams of CJCO in a 150 mL three-neck round bottom flask. Then, in a 1:1 molar ratio with CJCO, APTES was introduced to the process. The reactor was heated to 70°C for 1, 3, and 6 h while being agitated at 1200 rpm. Finally, the hydroxyl and oxirane values were analyzed and then confirmed the functional groups on the UJCO sample by FTIR.
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2.5 Functional Group Identification by FTIR

The functional groups of samples were characterized by FTIR Shimadzu IR Prestige 21 (Kyoto, Japan). The sample was blended with KBr in a ratio of 1:100, and the mixture was crushed together and put on the sample holder. The spectrum was recorded at a wavelength of 4000–450 cm−1, scanning number of 40 scans, and scanning resolution of 4 cm−1.

2.6 Iodine Value Analysis

Determination of iodine value followed the specifications of SNI 01-3555-1998 [26]. Briefly, 0.13 g of sample was weighed in a flask, and each 10 mL of Wijs reagent and 10 mL CCl4 was added into the flask. 10 mL potassium iodide and 50 mL water were added to the mixture after it had been stored in a dark place for 1 h. A pale-yellow tint was achieved by titrating the mixture with sodium thiosulfate 0.1 N. 1 mL of amylum was eventually added as an indicator, and the titration was maintained until the liquid was colorless. The iodine value was calculated by using the following Eq. (1):


iodinevalue(I2g100g)=S×N×12,69m
(1)

where S is the volume of sodium thiosulfate for titration (mL); N is the concentration of sodium thiosulfate (N); m is sample weight (g).

2.7 Oxirane Measurement

Oxirane was analyzed according to ASTM D1652-97 [27]. In a flask, a sample of 0.3–0.5 g was weighed, and 10 mL of acetic acid glacial was added, along with a drop of crystal violet indicator. After titrating the combination with 0.1 N HBr, the oxirane value was estimated using the equation below (2):


Oxiranevalue(%)=S×1,6×Nm
(2)

where S is the volume of HBr for titration (mL); N is the concentration of HBr (N); m is the weight of the sample (g).

2.8 Hydroxyl Value Determination

Hydroxyl value was determined following the method of ASTM D-4274-88 [28]. A 1 g sample was added with a 5 mL acetylation reagent (12.7 mL of acetate anhydrate glacial + 100 mL of pyridine). The mixture was refluxed for 1 h at 98°C. Moreover, 20 mL of water and 20 drops of phenolphthalein were added to the mixture. 0.5 N of NaOH was used as a titrant. Hydroxyl value was obtained by following Eq. (3):


hydroxylvalue(mggsample)=S×N×40m
(3)

where S is the volume of NaOH for titration (mL); N is the concentration of NaOH (N); m is the weight of the sample (g).

3  Results and Discussion

3.1 Synthesis of EJCO

The JCO comprises fatty acid triglycerides with long aliphatic chains, which are responsible for the coating’s exceptional elasticity [15]. Most components of JCO are oleic acid and linoleic acid, with the amount of them being 34.3%–45.8% and 29.0%–44.2%, respectively [10,14]. Aside from that, it has a lower palmitoleic acid concentration [10]. These components have the potential to become materials for producing epoxy. Epoxidation through a reaction between acetic acid and hydrogen peroxide as a result, peroxyacetic acid is produced as an oxidizing agent. The mechanism of the epoxidation reaction is illustrated in Fig. 1. The double bond of JCO was oxidized by peroxyacetic acid when the reaction was ongoing. As a result, the epoxy ring was obtained. Epoxidation is attractive because it produces hydroxyl and epoxy functionalized derivatives. Along fatty acid chains, epoxidation of unsaturated bonds occurs, resulting in a highly reactive oxirane group [29].
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Figure 1: Illustration of the epoxidation reaction mechanism

Previously, Goud et al. [14] reported in situ epoxidation using a mixing of formic or acetic acid and 30% hydrogen peroxide with sulfuric acid presence in or without toluene. Because hydrogen peroxide has low solubility in oil, epoxidation is normally done with an organic peroxy acid. The oxygen carrier formic acid is hydrogen peroxide, while the oxygen donor is hydrogen peroxide [30]. This route is preferred because it uses the least amount of reactant to create the epoxidizing reagent and allows for easier preparation and handling [31]. This reaction could be influenced by catalyst, temperature, stirring speed, time of reaction, and concentration of reactant. The investigation of such variable effect on epoxidation of fatty acid from vegetable oil showed a variation in the result of its parameter [32].

3.1.1 Effect of Catalyst Loading

Amberlyst 15, enzymatic catalysts like lipase, SaCl3, clay, bentonite, a metal catalyst like titanium, molybdenum, tungsten, and a strong mineral acid like sulfuric acid might all be used as epoxidation catalysts [33,34]. Nonetheless, sulfuric acid is considered the most selective catalyst. Therefore, the present reaction was used considering its low cost. Acidic ion exchange resin as catalyst was reported in situ epoxidations of cottonseed oil by peroxyacetic acid using hydrogen peroxide and glacial acetic acid [34,35]. This catalyst is also used in the epoxidation of soybean oil and jatropha methyl ester, as carried out by Kousaalya et al. [36] and Derahman et al. [37]. Quantitative identification for evaluating the effect of the catalyst during epoxidation processes was evaluated by measuring the iodine and oxirane value. The oxirane value is a crucial factor in preserving the structural integrity of epoxides [29]. The higher the oxirane value, the better-obtained epoxy compound as a consideration of better quality [38–40]. The epoxide ring has completely reacted in the hydroxylation reaction, releasing hydroxyl, as shown by the oxirane number [33]. The epoxide ring has completely reacted in the hydroxylation reaction, as shown by the oxirane number, creating hydroxyl.

The amount of unsaturated fatty acids in oils was determined by the iodine number. The greater iodine number accounts for the presence of more double bonds. The lower the melting point, the higher the epoxy content. The fat with a low iodine number is more resistant to degradation due to oxidation [41–43]. Fig. 2 represents the number of milligrams of iodine essential to saturate the fatty acids in 100 milligrams of oil, and the effect of catalysts to produce EJCO is indicated by iodine and oxirane value.
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Figure 2: Effect of catalyst loading on iodine and oxirane value

Overall, the iodine value decreased with increasing the amount of catalyst, indicating the breakdown of the double bond in triglyceride JCO. The increase of catalyst concentration creates oil containing more saturated fatty acid, as represented by a lower iodine value. Rames et al. [44] previously reported that saturated fatty acids have a low iodine level, whereas unsaturated fatty acids have a high iodine concentration. Meanwhile, Folayan et al. evaluated the influence of unsaturation degree on the iodine value of three vegetable oil, where the iodine value rises as the unsaturation degree rises but falls as the chain length grows [45]. The oxirane value increased at some point, but the excessive concentration of catalyst then could decrease it. The highest oxirane value was approximately 1 at 0.04% sulfuric acid and the lowest at about 0.07%. In general, as the concentration of sulfuric acid rises, so does the value of oxirane [46]. However, it was not observed in this study. Therefore, adding a catalyst to this reaction must be carried out carefully because excess sulfuric acid addition can interfere stability of epoxy, resulting in decreasing in oxirane value. Besides that, a high concentration of sulfuric acid can degrade epoxy highly, such as 1% per hour at ambient temperature and 100% per 1–4 h at a temperature of 65–100°C [47,48]. Furthermore, Malarczyk-Matusiak et al. mentioned that it is not necessary to add a catalyst if the reaction involves peroxyacetic acid [49]. Thus, considering the study results, the reaction did not require a catalyst. It might be due to the low stability of epoxy ring formation that caused a re-opening of the epoxy ring, and then polyol compound (hydrolysis reaction) or acetone compound (acylation reaction) were produced as shown in Fig. 3. The decrease in polyol oxirane number would increase the hydroxyl value. The consumption of catalysts would be significant if the hydroxyl value was high [50].
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Figure 3: Hydrolysis reaction (above) and acylation reaction (below)

3.1.2 The Effect of the Mole Ratio of CH3COOH to Ethylenic Unsaturation

Acetic acid was used as a reactant with hydrogen peroxide. The effect of CH3COOH concentration on iodine and oxirane value has been known in which the higher mole concentration of acetic acid is obtained at higher oxirane and lower iodine values, respectively. In this condition, the reaction speed increased along with a greater amount of acetic acid, which caused the increasing frequency of collisions between involved molecules [51,52], as illustrated in Fig. 4. The graph reveals an increase of oxirane value in using acetic acid with the concentration of 4 moles on triglyceride mole without catalyst addition. The iodine value of the first ratio (1:2:9) was higher than the second ratio (1:4:9), and the oxirane value was conversely. At this term, the acetic acid also acted as a catalyst to obtain peroxyacetic acid which is required for producing epoxy rings [14]. Thus, in this epoxidation reaction, the mol ratio of glacial acetic acid and JCO of 4:1 is recommended.
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Figure 4: Effect of acetic acid concentration on iodine and oxirane value

3.1.3 Effect of Stirring Time Variation

According to Le Chatelier’s principle, the stirring time did not affect the reaction equilibrium. A previous study reported that there is a positive, strong correlation (R2 of 0.93) between reaction time with oxirane value in the epoxidation of JCO and palm oil mix (CPO) [38,39]. As shown in Fig. 5, the iodine value continues to decrease with prolonged reaction time since the double bond in triglyceride of JCO will be oxidized by peroxyacetic acid [53]. This graph means that the number of double bonds in EJCO was reduced, as has the amount of oleic acid reacted with peracetic acid. The epoxides were then assessed. The oxirane number denotes the exact value of the product [54]. The oxirane value was increased by increasing reaction time, and the value decreased again at a certain time.
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Figure 5: Effect of stirring time on (a) Iodine value and (b) Oxirane value

The oxirane value increased significantly from 0% to 1.46% during the first 5 h and then decreased steadily until the end of time. The addition of time did not contribute effectively to transforming glacial acetic acid to peroxyacetic acid, although it would decompose again to form acetic acid since the reaction of production of peroxyacetic acid is reversible. This reaction for 5 h is suggested based on oxirane value. The different pattern of iodine value and oxirane value by reaction time of technical grade oleic acid epoxidation was also reported before by Dyah Retno et al. [54].

3.2 Synthesis of CJCO

3.2.1 Effect of Catalyst Loading

The use of cyclic carbonates and amines in the synthesis of NIPU is an appealing method in this reaction. The CJCO synthesis method is carried out by substituting CO2 gas on the EJCO in the percent of the TBAB catalyst. Several catalysts have been known in the synthesis of carbonate cyclic compounds from epoxide compounds. Under supercritical conditions, epoxidized sucrose soyate can be converted to carbonate sucrose soyate using this process [55]. As a result, this approach was chosen for the current investigation. TBAB was selected to be investigated the effect of catalysts during synthesizing CJCO from EJCO. TBAB has been identified as the best homogenous catalyst for converting epoxy ring into cyclic carbonate at a high temperature with conversion >90% [22,56,57]. TBAB can catalyze carbon dioxide gas bonding on epoxide compound in pressure of 1 atm. Catalyst, temperature, reaction time, and pressure are identified as the main factors affected by the synthesis steps of cyclic carbonate [56,58]. The optimum temperature of cyclic carbonate is 140°C, and this value was also used in this study [59].

At high temperatures, TBAB can degrade dangerous and volatile chemicals such as hydrogen bromide, which is highly reactive with epoxy groups [22]. As an activator, TBAB will break to open the epoxy, causing an attack of the bromide nucleophile, followed by carbon dioxide will activate the ring, and as a result, cyclic carbonate is formed as illustrated in Fig. 6. Consequently, the oxirane value was decreased sharply from 1.46 to 0 at 6% and 9% concentrations of the catalyst indicating the formation of cyclic carbonate from EJCO (Fig. 7). It can be affected by the bonding of carbon dioxide gas becoming more effective with increasing in catalyst amount. During the reaction, TBAB, as an activator catalyst, will open the ring of the epoxy compound due to the nucleophilic attack of the bromide ion, which then CO2 (electrophilic attack on the oxygen atom) will be fixed on the ring and close again into a cyclic carbonate ring accompanied by the re-release of TBAB.
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Figure 6: Synthesis mechanism of cyclic carbonate of CCJO

The hydroxyl value decreased with the increase in catalyst amount, as shown in Fig. 7. Zhang et al. [56] and Mazo et al. [60] identified a link between the number of catalysts employed and the creation of cyclic carbonate compounds, which shows that the number of catalysts used enhances the conversion of epoxy compounds to cyclic carbonate compounds. In the study of Mazo et al. [60], using the TBAB in the range of 3% to 5% (mole), the reaction kinetics tended to increase from 0.1 to 0.9, respectively. Zhang et al. [56] used the amount of catalyst in the range of 0.01% to 0.065% (mole/epoxy), in which at a catalyst amount of 0.04%, the conversion to cyclic carbonate compounds was up to 99.9%.
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Figure 7: Effect of catalyst loading on oxirane value and hydroxyl value

3.2.2 Effect of Stirring Time

The stirring time is a variable in cyclic carbonates reaction observed in this study by assessing the oxirane value and hydroxyl value. As presented in Fig. 8, the equilibrium reactions occur when the sample is reacted for 48 h. The longer the reaction period, the more likely the reactants would collide, increasing the likelihood of side reactions. It can cause the oxirane ring to open, resulting in a reduction in the oxirane value in the epoxy [38,39].

[image: images]

Figure 8: Effect of stirring time on oxirane value and hydroxyl value

The highest oxirane value was up to 1.4% in the first period, and the lowest oxirane value was almost 0% at the end of the period, which indicates that the conversion yield of EJCO to CJCO is almost complete, about 99.9%. As previously reported by Haniffa et al. [22], this conversion was carried out at a temperature of 140°C within the temperature range of cyclic carbonate of JCO. At a similar temperature, our study produced a higher conversion yield. As previously indicated, the opening of the oxirane group to form a hydroxyl group is required to produce polyol from epoxidized vegetable oils [61] thus, the hydroxyl value was determined. The average distribution of hydroxyl groups contained in triglycerides [62], which will impact the characteristics of the PU, is referred to as the hydroxyl value of polyol. Even though the previous study reported that there is a positive correlation (R2 of 0.98) between the hydroxyl value obtained with reaction time [38,39], the hydroxyl value is almost stable at all times, as illustrated in Fig. 8. These hydroxyl values are higher than the hydroxyl number of a polyol as PU film from JCO by ROP, about 81.28 mg KOH/g and 117.43 mg KOH/g [63]. Thus, the addition of 6% TBAB with 48 reaction time is preferred used in the synthesis of CJCO from EJCO.

3.3 Synthesis of UJCO

The reaction for producing UJCO occurs between CJCO with APTES, which has the excellent activity of amine with cyclic carbonate; thus, the urethane and secondary hydroxyl groups could be obtained. Lewis catalyst additions, such as LiCl, can influence reaction speed by activating the cyclic carbonate without deactivating the amine. The weak Lewis can increase electrophilic or nucleophilic amine. Thus, this addition in cyclic carbonate is suitable for producing high PU products [64]. In addition, the presence of silane in APTES can be bonded to each other to produce a siloxane (-Si-O-Si-) bond resulting in more hydrophobic PU [65]. The reaction mechanism of UJCO formation is illustrated in Fig. 9. The effect of temperature can indeed increase the reaction rate, but at higher temperatures, it can cause a reaction between amines and esters and have amides as side products [66].
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Figure 9: Reaction mechanism of synthesis of urethane

3.3.1 Effect of Stirring Time Variation

The hydroxyl value was calculated because the cyclic carbonate reacts with amine producing urethane and hydroxyl groups. As the reaction time increases, the hydroxyl value of UJCO obtained increases. When cyclic carbonates react with amines, hydroxyl groups and urethane are formed [55]. The additional time could increase the hydroxyl value, although the yield drops back at a certain time, which indicates the reaction had passed its equilibrium. The initial hydroxyl value was 179.92 mg/g sample, followed by a moderate increase to 234 mg/g sample during the 3-h reaction time. This hydroxyl value then decreased with prolonger time (6 h), as illustrated in Fig. 10. It is suggested that reaction equilibrium occurred during a reaction time of 5 h to result in the formation of amides and decreased hydroxyl number. The increase in hydroxyl number indicated the opening cyclic carbonate ring of CJCO to react with amine from APTES, as presented in Fig. 9.
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Figure 10: Effect of reaction time on hydroxyl value

3.4 Characterization of Functional Groups by FTIR

FTIR spectroscopy was used to study the functional groups of JCO, EJCO, CJCO, and UJCO, as shown in Fig. 11. The respective peaks of JCO were identified at 3003 cm−1 (assigned to –CH=CH–) and 1739 cm−1 (C=O stretching vibration) which indicated the availability of ester (Fig. 11a). In addition, the double bond of JCO disappeared when the EJCO was obtained, and the peaks of the epoxy group (C-O-C) were observed at 848 cm−1, as shown in Fig. 11b. Derawi et al. [67] reported that the epoxy group from the epoxidation reaction was obtained at the wavenumber of 844 cm−1.
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Figure 11: Comparison of the FTIR of (a) JCO; (b) EJCO; (c) CJCO; (d) UJCO

The respective peaks of CJCO are shown in Fig. 11c. Nevertheless, the peak of cyclic carbonate (carbonate cyclic carbonyl C=O) was not identified as a result of the formation of CJCO depending on the decrease of oxirane value. Previously, Javni et al. [66] identified this functional group resulting from the synthesis of carbonate cyclic of soybean oil at 1803 cm−1. FTIR was also used to confirm the functional groups of UJCO, as shown in Fig. 11d, with the carbonyl urethane peak at 1732 cm−1, the hydroxyl peak at 3348 cm−1, and the amine peak at 1562 cm−1. These results are by the findings, reported by Tamami et al. [68]. The occurrence of absorption at 1639.49 cm−1 suggested the presence of an amide compound generated during the urethane synthesis reaction between the ester and an amine. Based on the identification, it was proven that urethane compounds had been formed in UJCO.

3.5 Prospective Application of UJCO as an Eco-Friendly NIPU for Wood Composites

Due to the abundance of Jatropha plantations around the world, the use of Jatropha oil as a renewable feedstock in the manufacturing of polyols and the corresponding PU has a bright future. The availability of these materials is practically unlimited as it is expected to have 12.8 million Jatropha being planted globally. It was estimated from the year 2008 that there are also missing hectares (12.8 million) [69,70]. Furthermore, crude oil price fluctuations significantly impact the price of traditional PU. Green PU from a different source could be a partial solution for price stability. These renewable raw resources may not be able to compete with the products of the petrochemical sector at the moment, but this will change as the supply of oil diminishes [71]. Besides, the isocyanate is highly critical in PU manufacturing since it is associated with serious health hazards, such as irritation and sensitization. Therefore, developing a reaction pathway to either minimize or eliminate toxic isocyanate in PU production has gained increased research interest [72], especially in the use of alternative natural raw materials.

In this study, non-edible vegetable oil (JCO) was converted to monomer urethane of UJCO by reacting carbonated JCO with diamines, demonstrating its potential to be used as an eco-friendly monomer urethane due to the high content of hydroxyl value and the presence of carbonyl urethane peak. Saalah et al. [73]reported the synthesis of waterborne PU from JCO with a range of hydroxyl values of 138 to 217 mgKOH/g and characterized by good pendulum hardness, water repellence, and thermal stability. Our study obtained a slightly higher hydroxyl value of 234 mgNaOH/g. It is predicted that the monomer urethane would have similar chemical properties as the one reported by Saalah et al. [73]. Hence the synthesized monomer urethane could be suitable for coating and decorative applications. Previously, it was stated that the suitable PU for decorative and wood coatings would be provided with the high OH value of waterborne PU because it increased dispersion stability and decreased the particle size. In another research, high hydroxyl of waterborne PU in an application of clay nanocomposites showed good compatibility and distributed equally throughout the polymer matrix [74]. Meanwhile, Aung et al. [75] compared the performance of PU composites from JCO (PU-JCO) based and Palm oil (PU-PO)-based for the synthesis of wood adhesives, and the result showed that the chemical characteristics and shear strength of composites bonded with PU-JCO adhesives were better than PU-PO in response to alkali, acid, and hot water [75]. In addition to wood adhesive applications, PU-JCO could be a feasible option for the paint coating material. In their study, Harjono et al. [63] reported that PU film made from epoxidized JCO exhibited similar gloss, hardness, and adhesion quality as the PU film synthesized from commercial polyol.

Vegetable oil-based alkyd resins have many broad applications in wood composite products such as surface coating and adhesive. However, these resins have a few significant disadvantages, including low heat stability, limited hardness, poor mechanical strength, and a long curing period. These shortcomings can be alleviated by mixing the alkyd resins with other epoxidized resins. Gogoi et al. [10] mixed JCO-based alkyd resins with epoxidized JCO to improve the curing time, hardness, tensile strength, elongation at break, gloss, and adhesion where the results were compared with alkyd resin without mixing. The result showed that mixture one had a shorter curing time, higher hardness, improved tensile strength, elongation break, gloss, and excellent adhesion as well. Besides, the thermal stability notably increased as a result of the improved density of cross-linking and interaction of H-bonding in the polar functional [10]. Another research by Saravari and Praditvatanakit reported adhesion properties mixture of urethane JCO-based alkyd/Castor oil. Even though the urethane JCO-based alkyd/Castor oil had lower hardness, molecular weight, and density compared to commercial and conventional urethane, it demonstrated good adhesion and resistance to acid and water. To note, the blending of urethane JCO-based alkyd and epoxidized vegetable oil/virgin has potential applications as a wood adhesive [76].

Amri et al. reviewed the performance of PU JCO based on other vegetable oil in the nanocomposite’s PU/cellulose nanocrystal. According to the report, there will be an increased scientific and industrial interest related to the enhanced valorization of these materials in a wide range of commercial applications, including wood adhesives [77]. Nanocellulose could be used as a reinforcing component in plant-oil-based PU, according to a study by SaifulAzry et al. [78]. The Young’s modulus and tensile strength of the JCO-PU-based nanocomposite have improved significantly due to nanocellulose incorporation. Markedly, it is expected that the PU based on JCO and their derivatives will gain considerable industrial interest and increased utilization in wood composite applications due to their favorable properties. In terms of environmental impact, polyols based on vegetable oils or other bio-based oils have also been identified as posing lesser environmental impacts [5,79–84]. Fridrihsone et al. [85] found that the utilization of rapeseed oil as a green feedstock for the production of polyol leads to lower non-renewable energy and water consumption and lower GHG emissions compared to that of the synthetic polyol. The study found that producing bio-polyol from vegetable oils for PU synthesis has environmental benefits. However, more research is needed to address the disadvantages of vegetable oils.

4  Conclusions

In this study, the urethane monomer was synthesized successfully from Jatropha curcas oil, although the conversion of hydroxyl value was not 100%. It can be confirmed by the presence of functional groups at 1732.08, 1562.34, and 3348.42 cm−1 in FTIR spectra, indicating the functional groups of C=O (urethane carbonyl), –NH, and –OH, respectively. It was concluded that the optimal condition for the synthesis of EJCO is 5 h with a mole ratio of acetic acid to JCO of 4:1 without the addition of sulfuric acid as a catalyst. The time required for transforming EJCO to CJCO was determined to be 48 h with the addition of 6% TBAB as a catalyst.
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Table 1: Experimental design of UCJO synthesis used in this work

CJCO (g) Reaction time (h) LiCl (%) Mole ratio
CJCO: APTES

30 1 6.6 1:1

30 3 6.6 1:1

30 6 6.6 1:1
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