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Abstract:



Canola oil and canola biodiesel derived alkoxides are prepared in the present investigation through a series of structural modifications. Epoxidation of canola oil and canola biodiesel were carried out by hydrogen peroxide using IR-120 as an acidic catalyst. The alkoxylation of epoxidized feedstocks was promoted using 2-propanol and tert-Butyl alcohol in the presence of montmorillonite catalyst and optimum reaction conditions were obtained for complete epoxide conversion to alkoxylated products as follows: reaction temperature of 90 °C, epoxide to alcohol molar ratio of 1:6, and reaction time between 6 and 8 h. The products were identified with one- and two-dimensional Nuclear Magnetic Resonance (NMR) techniques, and the kinetic and thermodynamic parameters of the alkoxylation reactions were also investigated. The thermo-oxidative stability, rheology, biodegradability and lubricity properties of the prepared alkoxides were determined using American Society for Testing and Materials (ASTM) and American Oil Chemists Society (AOCS) standard methods. Structural modification of the feedstocks enhanced the significant properties for lubrication and exhibited their potential application as gear and engine oils.
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1. Introduction


Structural modification of plant seed oils at unsaturation (double bonds) institutes a favorable method to obtain commercial value-added products from renewable raw materials. Oxidation of the double bonds is a common reaction, where the double bond is transformed into an oxirane ring (epoxide) in the presence of suitable oxidizing agent and catalyst [1]. In addition to epoxidation of alkanes, various mono-, di- and tri- substituted olefins were also epoxidized for different applications [2,3]. Epoxidized vegetables are highly reactive intermediates that readily create new functional groups. Alcoholysis is a reaction which involves the breaking of chemical bond by the addition of alcohol. Similarly, alkoxy alcohol (R–O–H) is formed, when alkoxy (R–O, R is alkyl group) group is bonded to H. Hydroxylation, alcoholysis (the breaking of chemical bond by the addition of alcohol) or ring-opening of epoxides via nucleophilic addition results in a huge number of value-added products, such as alkoxy alcohols (R–O–H, where R is alkyl group), N-hydroxyalkyl amides, mercapto alcohols, hydroxyl nitriles, diols, hydroxy esters, amino alcohols and others [4]. Epoxy vegetable oils can be used as higher temperature lubricant basestocks, and the derivatives obtained from ring-opening can be utilized as low-temperature lubricant basestocks [5,6]. The scope of these reactions are open to organic acids or aliphatic alcohols; organic acids are limited to strong nucleophiles and demand severe reaction conditions [7]. Alcohols are moderately weak nucleophiles and therefore their straight and selective addition to epoxides is still an exciting challenge [8]. The nucleophilic addition of alcohol to epoxides takes place via a two-step reaction. Firstly, the epoxide is protonated, then, the activated (protonated) epoxide undergoes nucleophile attack by the nucleophile in a classical SN2 mechanism. Ring-opening occurs, due to the cleavage of one of the carbon–oxygen bonds, and this can be initiated either by electrophiles, nucleophiles or catalyzed by either acids or bases [8].



Further, functionalization of epoxides by ring-opening provides interesting multi-functional compounds useful with enhanced low-temperature fluidity, improved viscosity, and high stability as biolubricant basestocks [1,9]. Kamalakar et al. utilized rubber and sal fatty acids as feedstocks to develop 2-EH, neopentylglycol, trimethylolpropane, and pentaerythritol esters to use them as hydraulic oils and high viscous basestocks [10,11]. Kulkarni et al. reported on the synthesis of lubricant basestocks with enhanced thermo-oxidative stability and low-temperature properties by alcoholysis of mustard oil using 2-EH as a ring-opening reagent [12]. Most of these studies revealed that the properties of the basestocks completely depend on the nature of the constituent fatty acids, their carbon number, and their positions. Due to the concerns for food versus fuel, several studies used non-edible oils. However, in Canada due to the high annual production of canola oil, more amount of canola oil is used for industrial applications (Bio-diesel, cosmetics, detergents etc.) than for edible purpose [13]. Therefore, canola oil (CO) and canola biodiesel (CB) are used as renewable feedstocks to develop alkoxides, canola oil is rich in oleic acid as major constituent followed by linoleic and linolenic fatty acids [14].



The present study is focused on the alkoxylation of epoxidized canola oil (ECO)/epoxidized canola biodiesel (ECB) using secondary and tertiary alcohols in the presence of Montmorillonite (K10) as strong Brønsted acidic silicates based heterogeneous catalyst. Alkoxylation derivatives of the ECO with 2-propanol and tert-butyl alcohol (TBA) are named as propylated canola oil biolubricant (PCOB and butylated canola oil biolubricant (BCOB); likewise, biodiesel derivatives were known as propylated canola biodiesel biolubricant (PCBB) and butylated canola biodiesel biolubricant (BCBB). This study also investigated the effect of alkoxylation reagents on ring-opening reaction conditions and their properties, kinetic and thermodynamic parameters of the alkoxylation. Biodegradability, rheological behavior, low-temperature properties, thermo-oxidative stability and lubricity properties of the end products were measured to find the suitable real life application for the prepared alkoxides.




2. Experimental


2.1. Materials


Edible grade canola oil was purchased from Loblaw’s Inc. (Montreal, QC, Canada) and canola biodiesel was procured from Miligan Biofuels Inc. (Foam Lake, SK, Canada). Montmorillonite (K10) catalyst, tert-butyl alcohol were obtained from Alfa Aesar (Ward Hill, MA, USA). Glacial acetic acid (reagent grade), hydrogen peroxide (H2O2) (30% v/v, GR grade), amberlite IR-120H (Sigma-Aldrich, St. Louis, MO, USA), 2-propanol (Sigma-Aldrich), ethyl acetate (ACS grade), potassium iodide (KI), starch, sodium thiosulfate pentahydrate (Na2S2O3·5H2O), HBr and Wij’s solution were purchased from VWR (San Diego, CA, USA), all the reagents were used as received.




2.2. Analytical Characterization Techniques


All the analysis were carried out as per standard methods; cloud point and pour point (ASTM D97-11 and ASTM D2500-11), kinematic viscosity were measured as per ASTM standard methods. Iodine value (% unsaturation) by AOCS Cd 1-25, epoxy content (oxirane oxygen) by AOCS Cd 9-57 standard methods. Lubricity of the end products was evaluated by ASTM D6079-04 method using HFRR apparatus. Product confirmation and characterization were carried out by NMR spectroscopy. One-dimensional (1H) and two-dimensional HSQC and HMBC NMR spectra were recorded on Bruker Avance 500 MHz to accurately assign the NMR signals. J-coupling pattern in 1H NMR spectra are described as: s = singlet, d = doublet, t = triplet, q = quartet, m = multiple protons. Detailed analysis procedures and the respective equipment used were reported in earlier studies [15,16].



Thermo-oxidative thermograms of the alkoxides were determined by dynamic thermogravimetric analysis (TGA) (TA instruments, Q500 Model, New Castle, DE, USA) at 10 °C/min as a ramping rate. Thermal stability was evaluated by its onset temperature in a nitrogen atmosphere (60 mL/min), oxidative onset temperature was determined in air (60 mL/min). During both the analysis, nitrogen was used as a purging gas at 40 mL/min, end products were heated from room temperature to 500 °C and obtained thermograms were evaluated for onset temperature, maximum decomposition temperature and decomposition profile of the basestocks.



Rheological measurements were carried out in a controlled stress rheometer (TA Instruments Rheometer, AR-G2 Model), with 0.1 mm true gap using acrylic plate ST (Solvent Trap)-40 mm to overcome the slip effect. The shear steady flow, viscosity curves were obtained ranging the shear rate from 10 to 1000 s−1 and different temperature conditions (40, 60, 80 and 100 °C) were applied to investigate the viscosity index (VI) and temperature vs viscosity relation. The behavior of the prepared alkoxides was also investigated to find out its flow characteristics at different temperatures. Bio-degradability of the alkoxides were predicted using Bio-kinetic model according to ASTM D7373-12 method.




2.3. Experimental Setup and Procedure


Epoxidation of canola oil and canola biodiesel was carried out in a two-neck 100 mL round bottom flask and the ratio of the epoxidation reactants was considered as per the earlier report [16]. Oxirane ring-opening (alkoxylation) studies for ECO/ECB were carried out in an identical experimental setup. Ring-opening reactions were carried out at 1:6 molar ratio (epoxide to alcohol) using 2-propanol and TBA at 90 °C, 10 wt % catalyst loading was maintained with respective to the weight of the epoxide at a stirring speed of 600 rpm. Preliminary runs were carried out to find out the exact temperature and alcohol moles for complete conversion of epoxide to form respective alkoxides and reactions are monitored by oxirane value by withdrawing samples at regular time intervals. From the experimental observations, it was found that alkoxylation with TBA requires more amount of alcohol or reaction time for complete alkoxylation. Further, in order to study the kinetics, alkoxylation reactions were carried out at various temperatures for ECO and ECB in the presence of 2-propanol and tert-Butyl alcohol (TBA) using identical reaction conditions as mentioned above. After the reaction, epoxides (ECO, ECB) and alkoxylated derivatives were dissolved in ethyl acetate, washed with brine solution, neutralized and dried under vacuum to obtain the end products of 2-propanol derived canola oil biolubricant (PCOB), tert-butanol derived canola oil biolubricant (BCOB), 2-propanol derived canola biodiesel biolubricant, tert-butanol derived canola biodiesel biolubricant.





3. Results and Discussion


3.1. Product Confirmation by 1H-NMR Spectroscopy


Epoxides and alkoxides were confirmed by 1H-NMR spectral analysis, 1H-NMR spectroscopy of the epoxides (ECO, ECB) and alkoxylated products are presented in Figures S1 and S2 (Supplementary Materials). In Figures S1a and S2a, the proton chemical shifts at δ 2.9 to δ 3.2 ppm and δ 2.9 to δ 3.1 ppm is the characteristic of epoxy protons indicated the formation of the epoxide from CO and CB respectively. Similarly, from the spectra (Figure S1b,c; Figure S2b,c) it can be seen that the absence of epoxy protons at the aforementioned chemical shifts (δ 2.9 to δ 3.2 ppm and δ 2.9 to δ 3.1 ppm) for ECO, ECB indicated that during alkoxylation epoxy protons participated in the nucleophilic attack. Further, it can also be confirmed the nucleophilic attack on epoxy groups by the appearance of a singlet at δ 3.65 ppm (s, OH of TBA) and multiple peaks at δ 0.88–0.9 ppm (m, CH3 of TBA) (Figures S1c and S2c) alkoxylation with TBA for ECO and ECB. Correspondingly, due to alkoxylation of ECO and ECB with 2-propanol, new singlet appears at δ 3.58 ppm (s, OH of 2-propanol), multiple peaks at δ 1.24–1.4 ppm (m, CH3 of 2-propanol) (Figures S1b and S2b). Other characteristic shifts of the alkoxylated derivatives are as follows for oil derived alkoxides; δ 4.12–4.19 ppm (m, –CH protons of glycerol), δ 4.29–4.34 ppm (q, –CH2 protons of glycerol), δ 1.45–1.67 ppm (m, α-CH2 protons of fatty acids), δ 0.88–0.98 ppm (m, terminal –CH3 protons of fatty acids). Further, for the methyl ester derivatives absence of the glycerol protons was noticed, all the characteristic peaks agreed well with the earlier studies [15,16]. Further, the amount of protons at each chemical shift is addressed as a Supplementary Materials in Table S1.




3.2. Pour Point


Finding the low-temperature properties such as pour point (PP) and cloud point (CP) enables a suitable application of the prepared alkoxides. At low temperature, plant seed oils have tendency to form macro crystalline structures through uniform stacking of the triglyceride backbone and they restrict the free flow due to the loss of kinetic energy of the individual molecules during self-stacking [17]. Therefore, branching on the epoxidized fatty acid chains via ring opening reaction can disturb this stacking process, thereby low temperature properties can be enhanced. Thus, the same approach has been adopted in this study, the ester branching is attached at the mid- and end- sites on the fatty acid chains. The CP and PP of the prepared ECO and ECB alkoxides derivatives are reported in Table 1, PPs of the alkoxides are found to be in the range of 2 to −21 °C. Higher PP alkoxides are desirable for higher temperature and radiation resistance applications [18,19]. PP of the BCBB is found to be favorable (−21 °C) and also meet the standard lubricant requirements of ISO VG32, VG 46, VG 68, VG 100 (−6 °C), SAE20W40 (−21 °C) and AG100 (−18 °C) specifications [20]. PP of the PCBB satisfies (−7 °C) the ISO VG32, VG 46, VG 68, VG 100 (−6 °C) lubricant requirement. The relative excellent PP of the alkoxides derivatives is attributed to hydrogen bonding of the hydroxyl group present in the alkoxylation products [21]. From this study, it was also noticed that alkoxylation with secondary alcohol (2-propanol, −21 °C) is more favorable to lower PP than tertiary alcohol (TBA, −7 °C). It was also observed that low-temperature properties of ECB derivatives were enhanced more than those of ECO derivatives. Due to structural modification (branching), PPs of the alkoxylated derivatives are enhanced (lower PP’s are noticed). During this study it was assumed that the presence of a branching group at the center of fatty acid chain creates a stearic barrier around the individual molecules there by crystallization can be inhibited, which results the lower pour and cloud points. Similar observations were also reported by other studies, lower PP alkoxides are applied for machine tool and hydraulic systems [22].



Table 1. Physical properties of prepared biolubricant basestocks.







	
Property

	
PCOB

	
BCOB

	
PCBB

	
BCBB






	
Viscosity (40 °C, cSt)

	
1822.22

	
661.23

	
21.49

	
18




	
Viscosity (100 °C, cSt)

	
102

	
45

	
4.79

	
4.2




	
VI

	
135

	
115

	
150

	
142




	
WSD (µm)

	
142

	
154

	
112

	
127




	
CP (°C)

	
-

	
-

	
11

	
20




	
PP (°C)

	
8

	
2

	
−21

	
−7











3.3. Kinematic Viscosity and Viscosity Index


Kinematic viscosity (KV) and viscosity index (VI) of prepared alkoxides indicates the effect of temperature on the viscosity of alkoxides. A low VI intends a prominent change of viscosity with temperature. In other words, the alkoxide becomes very thin at high temperatures and very thick at low temperatures. On the other hand, high VI signifies relatively minor change in viscosity over a wide temperature range. Ideal alkoxide should maintain the constant viscosity during temperature changes. Kinematic viscosity (KV) of the formulated alkoxides derivatives are reported in Table 1, ECO derived alkoxides have a higher viscosity as compared to ECB due to the presence of triacylglycerol in ECO derivatives. The KV of the formulated derivatives is found to be in the range of 18 to 1822 cSt at 40 °C and 4.2 to 102 cSt at 100 °C. Viscosities of the ECB derivatives are found to be lower than its derivatives due to the difference in molecular size. Viscosity attenuation was observed with an increase in chain length of the alkoxylated products due to branching, which tends to introduce spericity in the molecule, causing a decreasing trend in the viscosity [23]. Likewise, viscosity index (VI) of the formulated derivatives are found to be in the range of 115 to 150 and these VI values are on par with ISO VG 32, 46; paraffin VG 95, 460; SAE20W40 and AG 100 grade lubricants in the market [20]. ECB derived alkoxides exhibited higher VI values, which signifies that there is a minor change in viscosity over a wide temperature range. Further, mono-hydroxylated chemical structures was obtained for the end products in this study, which can be applied for various liquid lubricant applications depending on their physico-chemical properties. On the other hand, polyolesters or chemically more hydroxylated structured derivatives from vegetable oils were more useful in various polymer applications [22,23]. Depending on the PP and VI values of the formulated products, ECO/ECB derivatives match with the SAE20W40 and AG 100 lubricants. Therefore, the prepared ECO/ECB alkoxy derivatives can be a potential replacement for SAE20W40 and AG 100 lubricants in the market [20].




3.4. Rheological Behavior


Shear stress versus shear rate flow curves of the prepared ECO/ECB alkoxy derivatives at 40, 60, 80 and 100 °C are shown in Figure 1. These results revealed a linear relationship between shear stress and shear rate, in spite of the change in temperature; which signifies that all formulated alkoxy derivatives showed a typical Newtonian fluid behavior. It was also noticed that the average shear stress value decrease by increasing temperature and shear rate. Likewise, Figure 2 shows shear rate versus viscosity measurements for all the alkoxy derivatives. In spite of temperature variations, alkoxylation of ECB with 2-propanol and TBA showed (Figure 2c,d) constant viscosity with shear rate, which also supports the Newtonian behavior. Among all the four formulated alkoxy derivatives, alkoxylation of ECB with 2-propanol and TBA showed (Figure 2c,d) a shear thinning behavior at low shear rates (up to 100 s−1) at all the tested temperatures. However, beyond the shear rate of 100 s−1, it showed Newtonian behavior. This could be attributed to the alignment of anisotropic long carbon chains under shear which are present in the ECO and ECB [24].


Figure 1. Shear rate vs. shear stress relation for (a) Propylated canola oil derived biolubricant basestock; (b) Butylated canola oil biolubricant basestock; (c) Propylated canola biodiesel derived biolubricant basestock; (d) Butylated canola biodiesel derived biolubricant basestock.
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Figure 2. Shear rate vs. viscosity relation for (a) Propylated canola oil derived biolubricant basestock; (b) Butylated canola oil biolubricant basestock; (c) Propylated canola biodiesel derived biolubricant basestock; (d) Butylated canola biodiesel derived biolubricant basestock.
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Similarly, Figure 2 illustrates the change in viscosity as a function of temperature varying at 40, 60, 80 and 100 °C for the prepared alkoxy derivatives. Analyzing the influence of temperature on the viscosity of the alkoxy derivatives revealed an exponentially decreasing trend (Figure 2; Table 2), which is due to higher thermal moment among molecules. Similar results were reported by Borugadda and Goud during their study and an agreement was found with the other studies [24,25]. Therefore, based on the aforementioned rheological characteristics of the formulated derivatives, it could be predicted that the prepared alkoxides provide smooth performance during their usage without any operational difficulties.



Table 2. Temperature and dynamic viscosity relation of the prepared biolubricant basestocks.







	
Name of the Biolubricant Basestock

	
Viscosity (Pa·s)




	
40 °C

	
60 °C

	
80 °C

	
100 °C






	
Propylated canola oil

	
1.87

	
0.47

	
0.16

	
0.07




	
Butylated canola oil

	
1.19

	
0.31

	
0.11

	
0.05




	
Propylated canola biodiesel

	
0.03

	
0.01

	
0.008

	
0.005




	
Butylated canola biodiesel

	
0.24

	
0.02

	
0.009

	
0.006











3.5. Wear Scar Diameter (WSD)


The crucial property of the lubricants is to hold the stationary lubricating film at the metal contact zone; thereby static lubricant film can prevent the wear of metal surface. From the previous reports, it was noticed that renewable oils and their fatty acid esters are well-known to supply excellent lubricity due to their ester functionality [18]. Initially, WSD of the standard diesel fuel (SDF) sample was found to be 600 µm, after addition of 10% of formulated basestocks (PCOB, BCOB, PCBB, and BCBB) lubricity of the alkoxy derivatives were reduced significantly (Figure 3; Table 1). Thus, the addition of small amounts of prepared alkoxides enhanced the lubricity of SDF highly and reduced the WSD by more than 446 µm for all the formulated derivatives. The highest values of WSD was found for the PCOB and BCOB (142 and 154 µm) due to the intramolecular hydrogen bonding and stearic hindrances present in them, which enhances the viscosity and thus lowers the solubility in the SDF sample and led to more WSD.


Figure 3. Wear Scar Diameter (WSD) values of the standard diesel fuel (SDF) and products.
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Furthermore, lower WSD was found for PCBB and BCBB (112 and 127 µm), this difference owes to the lower number of aliphatic carbon atoms present in ECB alkoxy derivatives compared with ECO alkoxy derivatives, which makes less viscous and less non-polar and, hence, increases the solubility in SDF sample and results in less WSD. Also, the improved lubricity property of ECB alkoxy derivatives also justified by the presence of ester functionalities at 9, 10 positions on the fatty acid, which are free of hydrogen bonding and help the alkoxides adhere to the metal surface, develops the anti-frictional film and reduce friction [26]. The observed difference in WSD values can also be explained and supported by the chemical composition of fatty acids and polar nature of the alkoxides. Alkoxylation increases the chain length via branching, and the ester shows improved lubricity performance. Another finding also reported that these alkoxides can exhibit satisfactory lubricant properties via strong chemical and physical adsorption of the metal with the contact surface. This can be attributed to the presence of polar functional groups of the triacylglycerol molecules which forms a non-polar molecular layer that separates the metal surface from friction [18].




3.6. Thermal and Oxidative Stability by TGA


The ability of a prepared alkoxide to resist thermal and oxidative degradation is another significant factor for biolubricant application. The presence of bis-allylic protons in plant oils are susceptible to radical attach followed by oxidative degradation to form polar oxy compounds. This degradation leads to an increase in alkoxides viscosity and acidity [25,26]. Therefore, the prepared alkoxides were screened for thermo-oxidative stability by TGA. The onset temperature is defined as the temperature at which the weight loss begins up on heating the alkoxides at a constant heating rate. A high onset temperature would indicate high thermal and oxidation stability of the alkoxides, weight loss of the each alkoxide was calculated by considering the thermal degradation profile. TGA was used to understand the thermo-oxidative stability and degradation profile of the prepared alkoxides. From Table 3 and Table 4 to Figure 4 and Figure 5 show that the thermal and oxidative degradation of all the prepared alkoxides takes place in a single continuous step. Onset temperatures (in N2) of the alkoxides revealed that they are stable up to 300–325 °C. Alkoxylation (BCOB, BCBB) with a tertiary alcohol (TBA) are found to be highly thermally stable (Table 3) than secondary alcohol derivatives, weight loss profile showed the same outcomes. Similarly, oxidative stability of the alkoxides are determined as for quality-indicative parameter in an oxygen atmosphere to predict the actual service life at higher temperatures and pressures. Oxidative onset temperatures disclosed that ECB and ECO alkoxide derivatives are stable up to 248–255 °C and 310–325 °C respectively (Table 4). Compared to ECB alkoxy derivatives, ECO alkoxy derivatives are highly stable in an oxygen atmosphere (Table 4). Above all, ECO alkoxy derivatives exhibited higher thermo-oxidative stability due to the presence of glycerol in the ECO (Table 3 and Table 4). However, all the alkoxides prepared in this study can be used potentially up to their onset temperatures (Table 3 and Table 4) in the respective atmospheres.


Figure 4. Thermogravimetric and differential thermal analysis thermograms (thermal stability) for (a) Propylated canola oil derived biolubricant basestock; (b) Butylated canola oil biolubricant basestock; (c) Propylated canola biodiesel derived biolubricant basestock; (d) Butylated canola biodiesel derived biolubricant basestock.
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Figure 5. Thermogravimetric and differential thermal analysis thermograms (oxidative stability) for (a) Propylated canola oil derived biolubricant basestock; (b) Butylated canola oil biolubricant basestock; (c) Propylated canola biodiesel derived biolubricant basestock; (d) Butylated canola biodiesel derived biolubricant basestock.
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Table 3. Thermal stability and degradation profile of the prepared biolubricant basestocks.







	
Name of the Biolubricant Basestock

	
Onset Temperature (°C)

	
Maximum Decomposition Temperature (°C)

	
Weight Loss (%) in N2




	
10%

	
50%

	
90%






	
Propylated canola oil

	
300

	
351

	
285

	
336

	
363




	
Butylated canola oil

	
315

	
335

	
292

	
335

	
363




	
Propylated canola biodiesel

	
300

	
392

	
270

	
369

	
419




	
Butylated canola biodiesel

	
325

	
396

	
290

	
381

	
427










Table 4. Oxidative stability and degradation profile of the prepared biolubricant basestocks.







	
Name of the Biolubricant Basestock

	
Oxidative Onset Temperature (°C)

	
Maximum Decomposition Temperature (°C)

	
Weight Loss (%) in O2




	
10%

	
50%

	
90%






	
Propylated canola oil

	
248

	
296

	
227

	
283

	
321




	
Butylated canola oil

	
255

	
306

	
252

	
303

	
346




	
Propylated canola biodiesel

	
310

	
391

	
302

	
390

	
461




	
Butylated canola biodiesel

	
325

	
407

	
304

	
392

	
478











3.7. Kinetic and Thermodynamic Studies


In the present investigation, the kinetic studies were carried out for the alkoxylation reaction at 60, 70, 80 and 90 °C; the other experimental conditions were according to the optimal conditions described in experimental section. Figure 6 shows the effects of reaction temperature and time on conversion of epoxide into the alkoxy derivative and it was found that the reaction rate increased with the rise in temperature. Alkoxylation of ECB showed 70% (2-propanol, Figure 6a), 60% (TBA, Figure 6b) of the epoxy conversion during the first 90 min of reaction, after that the final conversion was similar for all reactions with TBA, 2-propanol (Figure 6a,b). But, during the alkoxylation of ECO, at low temperatures (60 and 70 °C), reaction was slow and conversion almost remained constant for ECO with TBA (Figure 6d). Therefore, in order to find the conversion at lower temperatures for longer reaction times, alkoxylation with TBA was continued for 20 h and conversion was found to be 38.3% at 60 °C and 98.5% at 70 °C. Similarly, alkoxylation of ECO with 2-propanol at lower temperatures showed identical conversion progress with respect to TBA. However, for both alkoxylation reagents, 90 °C was found to be favorable for 100% epoxide conversion. Therefore, due to unfavorable outcomes of alkoxylation of ECO with 2-propanol and TBA, the kinetics were calculated only for the alkoxylation of ECB with 2-propanol and TBA.


Figure 6. Conversion vs reaction time for (a) Propylated canola oil derived biolubricant basestock; (b) Butylated canola oil biolubricant basestock; (c) Propylated canola biodiesel derived biolubricant basestock; (d) Butylated canola biodiesel derived biolubricant basestock.
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The alkoxylation reaction between oxirane groups of ECB and alkoxylation reagents 2-propanol, TBA takes place in a single step (see Equation (1)) and was considered to be rate limiting to form an alkoxide. Therefore, the rate (kinetic equation) of alkoxylation reaction can be given by Equation (2).


[image: there is no content]



(1)






[image: there is no content]



(2)




where CECB denotes the concentration of epoxidized canola biodiesel; CRR denotes the concentration of alkoxylation reagents.



During the test runs, 1:6 molar ratio of epoxide to alcohol ratio was found to be effective for best conversion. Therefore, CRR,0 = 6CECB,0, where CRR,0 and CECB,0 denotes initial concentrations of 2-propanol, TBA and ECB respectively. Also, CRR = CECB,0 (6 − XECB), CECB = CECB,0 (1 − XECB); therefore using aforementioned correlations, Equation (2) can be rewritten as:


[image: there is no content]



(3)




where, XECB is epoxide conversion, CECB,0 is initial concentration of ECB.
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(4)
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(5)







Further, after integration Equation (5) is reduced to:


[image: there is no content]



(6)




where C is a constant.



The rate constant (k) value for each temperature was determined as the slope of plot between ln(6 − XECB) − ln(1 − XECB) vs. reaction time and the graphical representation of Equation (6) is shown in Figure 7 at various reaction temperatures (60, 70, 80 and 90 °C). The results of the regression analysis of the data are plotted in Figure 8. The kinetic constants (k) and R2 values are shown in Table 5 and Table 6. From these Tables, it was noticed that the rate constants linearly increased with increase in reaction temperature, which signifies that the higher temperature boosts the conversion rate. The results clearly show that the reaction rate constants depend strongly on temperature. The higher values of R2 coefficient show that the data are a good fit to the kinetic model.


Figure 7. Plot of ln(6 − XECB) − ln(1 − XECB) vs. reaction time for (a) Propylated canola biodiesel derived biolubricant basestock and (b) Butylated canola biodiesel derived biolubricant basestock.
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Figure 8. Arrhenius plot (ln k vs. 1/T) for (a) Propylated canola biodiesel derived biolubricant basestock and (b) Butylated canola biodiesel derived biolubricant basestock.
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Table 5. Kinetic parameters for alkoxylation of effective composition to biodegradation (ECB) with 2-propanol.







	
Temperature (K)

	
k (min−1)

	
R2

	
ΔH (kJ/mol)

	
ΔS (J/mol)

	
ΔF (kJ/mol)






	
333.15

	
2.46

	
0.96

	
9.15

	
−202.6

	
76.64




	
343.15

	
2.81

	
0.97

	
9.06

	
−202.8

	
78.65




	
353.15

	
3.16

	
0.96

	
8.98

	
−203

	
80.66




	
363.15

	
3.51

	
0.96

	
8.89

	
−203.3

	
82.71










Table 6. Kinetic parameters for alkoxylation of ECB with tert-butyl alcohol.







	
Temperature (K)

	
k (min−1)

	
R2

	
ΔH (kJ/mol)

	
ΔS (J/mol)

	
ΔF (kJ/mol)






	
333.15

	
4.69

	
0.98

	
7.93

	
−200.85

	
74.84




	
343.15

	
5.31

	
0.99

	
7.85

	
−200.99

	
76.81




	
353.15

	
5.71

	
0.97

	
7.77

	
−201.5

	
78.92




	
363.15

	
6.53

	
0.98

	
7.68

	
−201.4

	
80.81










The activation energy (Ea) was calculated from the Arrhenius equation (Equation (7)). The rate constant with reaction temperature was applied to the Arrhenius equation to compute the activation energy.


[image: there is no content]



(7)




where k is the rate constant, A is the frequency factor, R is the universal gas constant and T is the absolute temperature. In order to find out Ea from the slope of the curve Equation (7) could be linearized as shown in Figure 8 The value of Ea was found to be 11.9 and 10.7 KJ mol−1, respectively, for 2-propanol and TBA.



The enthalpy of activation, ΔH, was calculated using the following equation:


[image: there is no content]



(8)







The average energy of activation, ΔS, was calculated using Eyring equation and the free energy of activation, ΔF, was obtained from the following relationship:


[image: there is no content]



(9)







The thermodynamic properties of the ring-opening of ECB with 2-propanol and TBA were calculated using aforementioned relationships and are shown in Table 5 and Table 6.



The positive values of ΔH and ΔG signify that the alkoxylation reactions are endergonic, non-spontaneous and endothermic in nature. The negative value of ΔS indicates that the transition state has a higher degree of ordered geometry/alignment than the reactants in the ground state [27]. The increased conversion was noticed during the rise in temperature signifying that heat input is required to bring the reactants to the transition state in order to form the products [28].




3.8. Biodegradability of the Alkoxides


The bio-kinetic model was employed as per ASTM D 7373-12 to measure the effective composition to biodegradation (ECB) of the prepared alkoxides. The estimated biodegradation profile of duplicate tests carried out for canola oil derived alkoxides are found to be 94.67 ± 1.35, 89.27 ± 1.58 respectively for canola oil and biodiesel derived alkoxides. From the biodegradability test, it was found that the prepared alkoxides are biodegradable and showed good reproducibility among the duplicate test runs. During the study, it was also noticed that oil derived alkoxides are exhibiting higher degradability due to the presence of glycerol, than methyl ester derived alkoxides.





4. Conclusions


The findings from this study revealed that the series of structural modifications (epoxidation and alkoxylation) to CO and CB can formulate value added products which can be a possible replacement for conventional automobile lubricants. Low-temperature properties, viscosity, and viscosity index measurements strongly support that, the formulated alkoxides could be a potential replacement as AG100 and SAE20W40 along with ISO VG32, 46, 68 and 100 lubricants. Kinetics of this study has shown that the alkoxylation of the ECO is slow (at 60 °C) and reaction requires longer reaction times for complete conversion (at 70 and 80 °C). However, for ECB alkoxylation takes place at lower temperatures (at 60 °C), it may be attributed to the absence of bulkier glycerol molecules. Frictional properties and rheological measures also showed that the formulated basestocks can reduce the friction and provide smooth performance during their use without any additives. Biodegradability study also disclosed that the prepared alkoxides are biodegradable.
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Abbreviations




	2-EH
	2-Ethyl 1-Hexanol



	BCBB
	Butylated Canola Biodiesel derived Biolubricant basestock



	BCOB
	Butylated Canola Oil derived Biolubricant basestock



	CB
	Canola Biodiesel



	CO
	Canola Oil



	CP
	Cloud Point



	ECB
	Epoxidized Canola Biodiesel



	ECO
	Epoxidized Canola Oil



	HMBC
	Heteronuclear Multi-bond Correlation Spectroscopy



	HSQC
	Heteronuclear Single Quantum Correlation Spectroscopy



	KV
	Kinematic Viscosity



	OIP
	Oxidative Induction Period



	OIT
	Oxidative Induction Tim



	PCBB
	Propylated Canola Biodiesel derived Biolubricant basestock



	PCOB
	Propylated Canola Oil derived Biolubricant basestock



	PP
	Pour point



	SDF
	Standard Diesel Fue



	TBA
	tert-Butyl alcohol



	TGA
	Thermo Gravimetric Analysis



	VI
	Viscosity Index



	WSD
	Wear Scar Diameter
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