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Abstract

:

The environmentally sustainable production of biodiesel is important for providing both a renewable alternative transportation fuel as well as a fuel for power generation using diesel engines. This research evaluates the use of inexpensive catalysts derived from waste materials for converting triglycerides in seed oils into biodiesel composed of fatty acid methyl esters. The performance of CaO catalysts derived from the shells of oysters, mussels, lobsters, and chicken eggs was investigated. The shell-derived powders were calcined with and without the addition of zinc nitrate at 700–1000 °C for 4 h to yield CaO whereas the CaO-ZnO mixed catalyst were prepared by wet impregnation followed by calcination at 700 °C. The catalysts were characterized by XRF, XRD, TGA, SEM, FTIR and GC-MS. The CaO-ZnO catalysts showed slightly better conversion efficiency compared to CaO catalysts for the transesterification of canola oil. The mixed CaO-ZnO catalysts derived mainly from oyster shells showed the highest catalytic activity with >90% biodiesel yield at a 9:1 methanol-to-oil mole ratio within 10 min of ultrasonication. The reduction of toxicant emission from the generator is 43% and 60% for SO2, 11% and 26% for CO, were observed for the biodiesel blending levels of B20 and B40, respectively.
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1. Introduction


Biodiesel has become one of the major alternative energy sources to replace fossil fuel, due to its advantages including reduced emissions, low toxicity, and environmental sustainability. Besides, biodiesel is produced from renewable sources such as oilseeds from edible and non-edible crops, animal fat, and microorganisms which makes it a viable fuel from a sustainability viewpoint [1]. The increased interest in biodiesel fuel as an alternative source of energy is due to its beneficial aspects in the reduction of greenhouse gases, improvement in energy security, and as a means of generating revenue [2]. The current global climate change and depletion of natural resources are partly related to the excessive dependence on fossil fuels to meet energy needs. Scientists have anticipated that fossil fuels might run out in 2050 due to the enormous demand and utilization of fossil resources [3]. Petroleum-based fuels are derived from the finite oil reserves in certain regions of the world. Consequently, those countries with limited oil production and refining capacity are confronted with a foreign exchange crisis, basically due to the importation of petroleum products. Therefore, it is imperative to look for alternative fuels that can be produced from renewable materials [4].



Biofuels such as bioethanol and biodiesel have been proposed for use in internal combustion engines. Biodiesel could reduce the emission of hydrocarbons and CO by up to 70% and 50%, respectively, compared to petroleum diesel. Furthermore, biofuels can be blended with petroleum-based fuels with little or no engine modification [5]. Biodiesel has higher density and kinematic viscosity values compared to petroleum diesel, which infers that biodiesel has greater energy density output and better lubricity than petroleum diesel. The high cetane number is an indication of the diesel ignition quality and completeness of fuel combustion whereas its high flash point ensures safer storage and handling [6]. Biodiesel is composed of fatty acid alkyl esters obtained by the transesterification of vegetable oil or animal fat [7]. Biodiesel is a non-petroleum-based fuel, or an alternative fuel produced by the transesterification reaction between a vegetable oil or animal fat and methanol or ethanol in the presence of an appropriate catalyst (homogenous, heterogeneous, or enzyme-based catalyst) [8].



Biodiesel is a promising alternative to fossil fuel and is comprised of mono-alkyl esters of long-chain fatty acids derived from renewable feedstocks designated B100. A mono-alkyl ester is the reaction product of straight-chain alcohol like methanol or ethanol, with triglyceride (fat or oil), which also produces glycerin or glycerol. Biodiesel can be used as B100 (neat) or in a blend with petroleum diesel. There are different blends of biodiesel with ultralow sulfur petroleum diesel (ULSPD) ranging from 1% to 50% [9]. A blend of 20% biodiesel with 80% petroleum diesel, by volume, is termed B20 and a blend of 40% biodiesel with 60% petroleum diesel is referred to as B40 [9].



Transesterification


Transesterification refers to the reaction of triglyceride (oil or fat) with an alcohol in the presence of a catalyst to form esters and glycerol [10]. Biodiesel produced via transesterification have comparable properties with diesel fuel. Transesterification is also called alcoholysis, because of the reaction of free fatty acid with alcohol. After the transesterification process, the end products (biodiesel or mixture of alkyl esters and glycerol), are separated into two immiscible layers with biodiesel on the top and glycerol settling at the bottom due to their different densities. Methanol and ethanol are common alcohols used in transesterification. If methanol is used to react with triglyceride, the transesterification process is commonly known as methanolysis. During the methanolysis process, heat is applied to the reaction mixture of oil (80–90%) and methanol (10–20%) and 0.5–1.5% (w/w) catalyst. The most commonly used catalyst is NaOH or KOH but other types of homogeneous catalysts based on strong acids and enzymes have also been reported. Heterogeneous catalysts based on Group IIA oxides such as CaO prepared from eggshells have been studied based on the ease of biodiesel product separation and their reusability [11,12]. Statistical analysis has been used to determine the optimum reaction conditions for biodiesel production yield of 93.16% at a temperature of 60.5 °C, methanol to oil ratio of 6.7:1, and catalyst loading of 0.79% (w/w) [13]. Methanol solubility in oil is limited and hence proper mixing is vital. Biodiesel produced from this process is fatty acid methyl ester (FAME). Methanol is preferred for transesterification because it has higher reactivity and is less expensive than other alcohols. When ethanol is reacted with triglyceride, the transesterification process is referred to as ethanolysis. Biodiesel produced using the ethanolysis process contains fatty acid ethyl ester (FAEE). Biodiesel can be used to substitute petroleum-based diesel in engines with minimal changes to the diesel engine because their characteristics are nearly similar [10]. Although most biodiesel production facilities use mechanical stirring, the ultrasonication process has been shown to dissipate energy more efficiently and can improve the transesterification reaction rate constant by 7–9 times relative to mechanical stirring [14].



As shown in Figure 1, the transesterification reaction or alcoholysis of triglycerides from canola, soya bean, and palm oils in the presence of alcohol and catalyst will lead to the formation of alkyl esters or biodiesel and the glycerol by-product. The first step involves the conversion of triglycerides to diglycerides; in the second step, diglycerides are converted to monoglycerides, and in the final step, monoglycerides are converted to glycerol. Each of the three sequential steps generates biodiesel esters. This process requires 3 moles of alcohol for 1 mole of triglyceride to produce 1 mole of glycerol and 3 moles of fatty acid alkyl esters or biodiesel [15]. Most commercial production processes use 6 moles of methanol for each mole of triglyceride. This excess methanol ensures that the reaction is favorably driven toward the direction of biodiesel production [16].



The two main objectives of this study are to evaluate the suitability of four commonly available shell materials for preparing the CaO catalysts used in biodiesel production and assess the degree of reduction of toxicant emissions for biodiesel-blended fuels for powering diesel generators. Most current research publications are aimed at the study of single shell materials including those of chicken egg [11,12,17], abalone [18], snail [19,20], crab [21], scallop [22], lobster [23], oyster [24,25], and mussel [26]. Due to the varying experimental conditions that influence the biodiesel yields, it is difficult to compare the suitability of shell-derived CaO catalysts unless they are evaluated under the same conditions of catalyst loading, methanol-to-oil ratio, reaction time, temperature, stirring rate, and reaction mode (e.g., conventional heating, microwave, or ultrasonication power). This study evaluated the performance of CaO catalysts prepared from the shells of chicken eggs, mussels, oysters, and lobster under the reaction conditions of 1.00 wt.% loading of shell-derived CaO or 5% Zn/CaO catalysts, and 9:1 mole ratio of methanol to canola oil. Furthermore, the environmental benefits of reducing toxicant emissions from power generators using B20 and B40 fuels were compared to the ULSPD diesel fuel. Since power generators are sometimes used indoors and may not be equipped with pollutant reduction devices such as catalytic converters used in cars and trucks, it is necessary to compare the emission profiles of the fuels for the power generators.





2. Materials and Methods


2.1. Materials and Reagents


The seafood waste of shells from mussels, lobsters, oysters and chicken eggs were obtained from local restaurants. The spectroscopic grade methanol from Burdick and Jackson (Muskegon, MI, USA) was used for the transesterification reaction with the canola oil purchased from the local Kroger grocery store. The zinc nitrate hexahydrate from Thermo Fischer Scientific (Waltham, MA, USA). was used for the preparation of the CaO catalyst with zinc. Deuterated chloroform for NMR determination of biodiesel yield was purchased from Cambridge Isotope Laboratories Incorporated (Andover, MA, USA). The ultra-low sulfur petroleum diesel (ULSPD) used for generator emission testing of B20, B40, and ULSPD was purchased from a Shell gas station (Murfreesboro, TN, USA).




2.2. Preliminary Preparation of Shells


The waste shells (mussel, oyster, lobster, and eggshell) were first washed with water to get rid of dirt, other tough impurities, and organic matter on the surface of the shells were scrapped off and rewashed with deionized water before drying the shells in the oven at 115 °C for 15 h.



2.2.1. Preparation of CaO Catalyst via Calcination


The dried shells were pulverized using Corona® Mill grinder purchased from Amazon (Seattle, WA, USA). The shell powder was calcined in a KSL-1100MX muffle furnace from MTI Corporation (Richmond, CA, USA) at 800 °C and 1000 °C, respectively, at a heating rate of 10 °C per minute for 4 h. The CaO catalyst obtained was transferred into an airtight container kept in the desiccator to prevent the adsorption of atmospheric moisture.




2.2.2. Preparation of CaO-ZnO Mixed Catalyst


The CaO-ZnO mixed catalyst was prepared by a modified wet impregnation method reported by Kumar and Ali [27]. In this preparation, 10.0 g of CaO obtained from the calcined mussel, oyster, lobster, and eggshell were separately suspended in 18 mΩ high purity deionized water before adding dissolved zinc nitrate to the suspension. The zinc nitrate concentration was varied to obtain Zn2+ concentration in CaO ranging from 5% (w/w) to 25% (w/w). The slurry was stirred for 4 h with a magnetic stirrer at room temperature before being dried in the oven at 120 °C for 24 h. The dried mixture was calcined at 700 °C for 4 h in the muffle furnace.





2.3. Catalyst Characterization


A Thermo Scientific™ Niton XL3t Ultra X-ray fluorescence analyzer (Billerica, MA, USA) was used to determine the elemental composition of the uncalcined and calcined shell samples using the Test All Geo Method with a spectral acquisition time of 4 min.



The Rigaku Miniflex 600 X-ray powder diffractometer (Tokyo, Japan) was used to analyze the crystalline phases and diffraction pattern of the shell-derived catalysts and CaO-ZnO mixed catalyst. The Rigaku Miniflex was operated at 40 kV tube voltage and 15 mA tube current using Cu(Kα) radiation at the speed of 1°/min over a 2θ range from 10° to 70° with a step size of 0.010°.



The Varian 7000 Fourier transform infrared spectrometer (Varian Inc., Walnut Creek, CA, USA) was used to confirm the presence of characteristic absorption bands and to distinguish among the calcium forms of carbonate, oxide, and hydroxide present in the uncalcined shell, calcined shell (CaO) and CaO-ZnO mixed catalyst. FTIR spectral measurements were obtained in the wavenumber range of 400–4000 cm−1 at a resolution of 4 cm−1 with 32 co-added scans and Happ-Genzel apodization using a HgCdTe detector cooled with liquid nitrogen. The concentrations of carbon monoxide, formaldehyde, methane, and ethylene were determined using the Varian FTIR spectrometer with a 10-m pathlength gas cell.



The Hitachi (Schaumburg, IL, USA) S-3400N scanning electron microscope (SEM) was used to determine the morphological characteristics and surface structure of the shell derived catalysts. The elemental composition of samples was analyzed by Oxford Instruments (High Wycombe, UK) energy-dispersive X-ray detector (EDX). The SEM-EDX analysis was carried out with and without the use of the gold-palladium sputter coater to get optimal results with SEM imaging and elemental analysis.



The Q500 thermogravimetric analyzer (TA Instruments, New Castle, DE, USA) was used to characterize the profile of mass loss in uncalcined shell powders as a function of temperature from 20 °C to 1000 °C. The decomposition patterns of shell samples from chicken eggs, oysters, mussels, and lobsters were determined.




2.4. Ultrasonication-Assisted Biodiesel Synthesis and Yield Measurement


The catalytic efficiency for the transesterification of canola oil and methanol was carried out using the Hielscher model UP200St ultrasonication equipment (Teltow, Germany). The ultrasonic processor is equipped with an ultrasonic transducer, sonotrode, generator, temperature sensor, power supply and other attachments.



The loading of 1% (w/v) catalyst (e.g., mussel-CaO, oyster-CaO, egg-CaO, lobster-CaO, mussel-CaO-ZnO, oyster-CaO-ZnO, egg-CaO-ZnO, lobster-CaO-ZnO) was prepared by mixing 0.25 g of each catalyst with 9.75 mL of methanol and stirred for about 15 min before adding 25 mL canola oil. The mixture was preheated to 60 °C and the ultrasonication was carried out for 10 min with 9:1 methanol to canola oil mole ratio. The reaction was performed in a 100-mL container with ultrasonication operating conditions of 100% amplitude, 100% pulse, 180 W power, and an operating frequency of 26 kHz. The biodiesel upper layer was separated from the glycerol bottom layer by centrifugation. The percentage conversion of triglyceride into FAME was determined using the JEOL 500 MHz 1H-NMR (Peabody, MA, USA). The biodiesel yields were calculated by comparing the integrated signals of the methoxy hydrogen and the α-methylene hydrogen as described earlier [28].




2.5. GC-MS Analysis of Diesel Generator Emissions


A Yanmar 4000-watt diesel power generator was used to evaluate the emissions of B20, B40, and ULSPD fuels by directing the generator exhausts through a 5-foot copper tubing of 0.25-inch outer diameter for cooling the diesel engine emissions before collecting the gas samples in 3-L Tedlar bags that were subsequently attached to the Nutech autosampler for GC-MS analysis.



An Agilent 6890 gas chromatograph interfaced with an Agilent 5973 quadrupole mass spectrometer (GC-MS) (Agilent Technologies, Santa Clara, CA, USA) were used for the analysis of emission samples from the generator fueled with biodiesel-blended fuels. A 16-position Nutech autosampler for automated sequential analysis was used to introduce 20.0 mL of gas samples into the Agilent GC-MS via the Nutech 8900DS preconcentrator (GD Environmental Supplies, Inc., Richardson, TX, USA). The preconcentrator has three cryogenic traps including the glass bead trap, Tenax TA trap and the cryofocuser for the selective enrichment of the volatile organic compounds (VOCs) in the samples by controlling the trap temperatures and desorption time settings to achieve low detection limits. The detailed preconcentrator and GC-MS conditions were described in a previous publication [29]. Agilent ChemStation and Markes TargetView V2.0 software were used to process the GC-MS data via the use of the mass spectral database from the National Institute of Standards and Technology.





3. Results


3.1. Catalyst Characterization


3.1.1. Thermogravimetric Analysis (TGA)


TGA was used to measure the change in weight of various shell materials as a function of temperature and hence reveal the decomposition patterns of the shells at the temperature range of 20 °C to 1000 °C. As shown in Figure 2a,b for the mussel and lobster shell samples, the shells are composed mainly of calcium carbonate which decomposes into calcium oxide and carbon dioxide at approximately 800 °C and above. The variation seen in the thermal curve of the oyster, mussel, lobster, and eggshell is due to the different structural compositions of the individual shells. These shells may also contain other forms of carbonates together with CaCO3. Figure 1a shows the decomposition pattern of the mussel shell with the weight loss occurring in two stages. The weight loss between 100 °C–440 °C is due to the organic impurities breaking down in the mussel shell powder. About 3.42% sample weight loss is shown at this temperature range. A significant weight loss was measured at 560 °C–810 °C which is displayed in the derivative weight loss curve of the shell in blue color (Figure 2a). This weight loss measured is due to the CO2 released from the decomposition of CaCO3.


CaCO3 (s) → CaO (s) + CO2 (g)











The observed weight loss of 41.75% from the mussel shell sample is close to the actual weight percent of CO2 in CaCO3 at 44%. This indicates that CO2 was lost during thermal decomposition and the mussel sample was converted to CaO at 810 °C. Above 810 °C, there is no further change in the weight of the mussel shell because the sample has been completely converted to CaO.



The chicken eggshell decomposition pattern also occurred in two stages as shown in Figure 3. The weight loss seen between 200 °C–480 °C is associated with the different organic impurities in the eggshell powder. This accounts for about 6.92% of the sample weight loss. A substantial weight loss of 41.74% can be seen from the thermal curve of the second stage at a temperature range of 600 °C–825 °C due to the CO2 evolved from the decomposed CaCO3. Unlike the mussel and the eggshell, the oyster shell decomposition pattern occurred in a single step. A weight loss of 44.05% from the oyster shell is attributed to the actual weight percent of CO2 lost during the thermal decomposition of calcium carbonate of the shell into calcium oxide. This is an indication that the crystalline structure of the oyster shell is composed almost exclusively of CaCO3 with no organic constituents found in either chicken eggshell or lobster shell. The thermal decomposition curve shows a significant weight loss between the temperature range of 560 °C–785 °C. At a temperature of 785 °C and above, the oyster shell is completely converted to CaO, and the sample weight remained constant at this point.



The lobster shell decomposition pattern occurred in three distinct stages. From Figure 2b shown above, it could be seen that the decomposition of the lobster shell started very early at a lower temperature range between 20–125 °C due to the loss of water (3.79%) present in its structure. Unlike oyster shell which is composed mainly of CaCO3, the lobster shell contains water, proteins and chitins which account for 38.11% of the weight loss at the temperature range of 20–625 °C. This was followed by the gradual decomposition of its CaCO3 after 625 °C to CaO with loss of CO2. Romano et al. 2007 reported similar findings for TGA of lobster cuticles that chitin degradation occurred between 270 °C to about 600 °C followed by decarboxylation of CaCO3 after 650 °C [30].



The major component of the four types of shells is calcium carbonate which decomposes into calcium oxide and carbon dioxide. The weight loss of about 44% in the shell sample is attributed to the actual weight percent of CO2 (in CaCO3), released during the decomposition process. There is a variation in temperature at which each of these shell samples attain complete conversion into CaO. A temperature of 800 °C and above is required for the complete conversion of mussel, egg, and lobster shells into CaO whereas at a temperature below 800 °C, around 785 °C, the oyster shell is completely converted into CaO. This is due to the different structural compositions of the shells and the varying levels of organic impurities present in some of the shell samples.




3.1.2. Characterization of Catalysts by SEM/EDX and XRF Methods


The shell-derived CaO catalysts prepared from four different sources of seafood or chicken egg wastes were characterized by SEM/EDX and the SEM images are shown in Figure 4. The comparison of calcined oyster shell and lobster shell are shown in Figure 4a,b, respectively, at the same magnification of 1000-fold with the micron scale bar shown. The oyster-derived CaO particles are larger and more crystalline than the particles of lobster shell which are composed of 7.8% phosphate in addition to 92.2% carbonate as the primary anions. There is also a direct correlation between calcium and phosphorus levels for lobster shells from different body parts including cephalon, thorax, abdomen, uropod, legs, and chela [31]. The EDX elemental data shows that the calcined lobster shell contains 3.2% magnesium, 0.34% strontium, and 0.28% sodium in comparison to the calcined oyster shell crystallites which show only 0.2% magnesium. The chicken eggshell sample shows the smallest particle size. The calcination of the shell samples at 1000 °C changed the composition and the structure of the shell with a resultant increase in the surface area and better catalytic activity. After calcination, some particles show the features of holes (Figure 4c) associated with the loss of CO2 or collapse of the mesoporous structure during the initial transformation of CaCO3 to CaO. The sintering process at 1000 °C allows the aggregation of nanoparticles to form faceted crystallites along with the reduction in surface area and porosity [32].



The calcined lobster shell powders in Figure 4d show the presence of long fibrils of chitin with high carbon content interspersed with CaO particles. The EDX data of calcined shell materials show that the calcium content is the lowest in the lobster samples at 40.4% by weight compared to 45–50 wt.% for the samples of oyster, mussel, and chicken egg. This is due to the presence of other elements including phosphorus, magnesium, and strontium that are either absent or found at lower levels in the other types of shell samples. Phosphorus and magnesium were measured at 1.08 wt.% and 1.86 wt.%, respectively, which are consistent with previously reported values of 0.52–2.41 wt.% phosphorus and 0.33–1.46 wt.% magnesium for various parts of the lobster shell [31]. The 1.08 wt.% phosphorus as phosphate and the 6.95 wt.% carbon in the form of carbonate and organic carbon residue of chitin possess minimal catalytic activity compared to CaO. The Ca:C elemental ratio expressed in atomic or mole percent is also a useful parameter for estimating the degree of calcination, i.e., the higher Ca:O mole ratio of 4.27 for calcined mussel shell and 3.09 for calcined oyster shell implies that they have higher conversion efficiency for forming CaO relative to calcined lobster shell and eggshell. The organic matter in the lobster exoskeleton, mostly chitin, accounts for the 19.7–38.2 wt.% range [33]



The uncalcined and calcined shell powders were also analyzed by XRF and their results were shown in Figure 5. The sums of the seven elements plotted for the four types of shells are given as “SM” values and decreases in the order of mussel (0.86%), lobster (0.57%), oyster (0.37%), and chicken egg (0.14%). The calcium contents of calcined samples [Ca]c measured in the range of 69.78% to 71.99% agree with the theoretical value of pure CaO at 71.43%. However, the uncalcined samples give XRF values of [Ca]uc in the range of 31.57% to 48.98% following the trend of oyster > mussel, chicken egg > lobster. Uncalcined lobster shell shows the lowest [Ca]uc value of 31.57% and hence gives the smallest yield of CaO for the transesterification reaction.



Potassium (1208 ± 2 ppm) and strontium (1257.6 ± 0.6 ppm) in the form of oxides for oyster shells are important constituents that can also exhibit strong basicity for producing biodiesel esters. The values of tin at 2320 ± 0.4 ppm and iron at 3709 ± 1.4 ppm are observed for calcined mussel shell. Besides calcium, potassium (665 ± 3.1 ppm) and strontium (4888 ± 0.6 ppm) are the most abundant trace elements for chicken eggshell and lobster shell, respectively. Among the trace elements measured by XRF, strontium and potassium are potentially important due to the increase in the basicity of K2O and SrO relative to CaO that may contribute to enhanced reactivity for biodiesel production. The concentrations of strontium are 342 ppm, 1258 ppm, 1818 ppm, and 4889 ppm in calcined shells of chicken egg, oyster, mussel, and lobster, respectively. The values of potassium concentration for calcined shells are 254 ppm for lobster shells, 665 ppm for both mussel and chicken eggshells, and 1208 ppm for oyster shells. The substitution of Ca2+ by Sr2+ in the crystalline lattice is likely because the cation radius of strontium (Sr2+) is 132 pm compared to 114 pm for calcium (Ca2+) whereas Mg2+ and K+ have significantly different ionic radii of 86 pm and 152 pm, respectively. In general, lattice substitution for ions of the same charge but with a difference in ion radii of less than 15% is highly probable and the ionic radii difference of 15–30% will be less probable [34]. Additional XRF data for the elemental composition of uncalcined and calcined shells are given in Table S1 in the Supplementary Materials.




3.1.3. FTIR Analysis of CaO and CaO-ZnO Mixed Catalysts Derived from Shell Samples


Figure 6a,b shows the overlaid IR spectrum of the uncalcined and calcined oyster shell, the fundamental absorption bands of 712 cm−1, 875 cm−1, and 1450 cm−1 are indications of asymmetric stretch, out-of-plane bend, and in-plane vibration of C-O bonds of CaCO3, respectively. There is a noticeable reduction in the intensity of these absorption bands for the calcined shells due to the calcination at high temperatures resulting in the decomposition of the CaCO3 into CaO and CO2. The sharp peak at 3640 cm−1 is attributed to OH group stretching in Ca(OH)2, which is formed upon the exposure of CaO to atmospheric moisture [35]. Similar spectral signals were observed for the mussel shell powder with absorption bands of 716 cm−1, 863 cm−1, and 1458 cm−1 attributed to the asymmetric stretching, out-of-plane bending, and in-plane vibration of the O-C-O bond of CaCO3. The Ca(OH)2 peak due to moisture absorption of CaO appears at 3647 cm−1.



The chicken eggshell has characteristic CO32− absorption bands at 710 cm−1, 872 cm−1, and 1410 cm−1. The peak at 3644 cm−1 is associated with OH− stretching of Ca(OH)2 formed from the absorption of moisture by the eggshell-derived CaO. For the lobster shell, the absorption peak indicative of the asymmetric stretch of the C-O bond of CaCO3 could be seen at 746 cm−1, 872 cm−1, and 1413 cm−1. The sharp peak at 3640 cm−1 is attributed to the OH-stretching of Ca(OH)2, which was formed when CaO absorbs atmospheric moisture. The broad peak at 3271 cm−1 is due to the presence of an OH group of chitin in the lobster shell. The calcination of the shell lead to a decrease in the absorption bands at 1408 cm−1, 871 cm−1 and 712 cm−1 which are associated with CaCO3. Due to the analytical sampling depth of the attenuated total reflectance accessory for the FTIR spectrometer at about 0.5–2.0 microns, the ratio of the 3640 cm−1 to 1450 cm−1 peaks gives the estimate of the size of the particles with a surface layer of CaO and the underlying CaCO3 substrate. The heat treatment of shell powders at 5–10 g quantities in the furnace resulted in calcined catalysts with only partial conversion to CaO compared to the complete conversion of 1–2 mg of shell powders in TGA analysis. In reusing the calcined catalysts after multiple batches of catalytic cycles, it is important to monitor the 3640 cm−1 peak and the biodiesel yield to determine when the activity of the catalyst needs to be regenerated via calcination.




3.1.4. X-ray Diffraction Patterns of the Shell-Derived CaO and CaO-ZnO Mixed Catalysts


The diffractograms obtained from the uncalcined shells in general showed the predominance of CaCO3 in shell composition. After calcination at 800 °C and 1000 °C, the CaCO3 originally present in the shells were converted to CaO which could be seen in the diffraction patterns of the calcined shells of mussels and oyster in Figure 6a,b. However, the calcination of lobster shell and chicken eggshell to form CaO is not complete at 800 °C as seen in Figure 6a. The calcined shells showed diffraction peaks characteristic of pure CaO at 2θ values of 32.0°, 37.7°, 53.7°, 64.0° and 67.2°; these peaks correspond to the cubic crystal structure associated with the reflections from (111), (200), (220), (311) and (222) planes, respectively [38,39]. For the calcined shell materials produced at 1000 °C for 4 h, the following sets of diffraction peaks with a slight variation of 2θ values corresponding to (111), (200), (220), (311) and (222) planes, respectively, were identified as follows:




	
Lobster CaO: → 32.1°, 37.0°, 53.5°, 63.8° and 67.0°



	
Eggshell CaO: → 32.3°, 37.5°, 54.0°, 64.5° and 67.5°



	
Mussel CaO: → 32.8°, 38.0°, 54.5°, 64.8° and 68.1°



	
Oyster CaO: → 32.8°, 38.0°, 54.5°, 64.8° and 68.1°








These XRD results are similar to those reported by Samantaray et al. [38]. After calcination at 1000 °C for 4 h, all the shell samples were able to attain a similar degree of crystallinity to that of pure CaO. The slightly larger 2θ values of mussel CaO and oyster CaO compared to CaO obtained from chicken eggs are likely due to the higher levels of strontium and iron substitution of calcium in the crystalline structures. In Figure 7a, the calcination conditions of 800 °C for 4 h yield XRD diffraction patterns obtained for lobster and eggshell still show the presence of CaCO3 and other organic constituents besides CaO. For lobster shell that was subjected to heat treatment at 800 °C, the XRD pattern reveals the presence of CaO, MgO and hydroxyapatite that are consistent with the results of previous studies [33,40]. The chitin XRD peaks at 2θ values of 9.4, 13.6, 19.7, 21.2, 23.9, 26.8, 28.6, 39.7, 43.0, 78.0 degrees are not observed since chitin would have been degraded after 600/625 °C based on TGA plots shown in Figure 2b and published results of Romano et al. [30,37]. Purer shell materials without phosphate-based constituents like hydroxyapatite will show the decomposition of CaCO3 into CaO at calcination temperatures of 800 °C [41]. The TGA analyses of the shell samples confirmed that the lobster and eggshell contain more organic impurities in their structures thereby requiring a higher calcination temperature above 800 °C, preferably 1000 °C, to attain the crystalline phase of CaO.



Figure 8a compares XRD patterns of CaO-ZnO mixed metal oxide catalysts prepared with 5 wt.% zinc concentration at 700 °C calcination temperature. The XRD diffraction patterns of 5% Zn-oyster-CaO, 5% Zn-mussel-CaO, 5% Zn-lobster-CaO and 5% Zn-eggshell-CaO show the exclusive presence of CaO in cubic crystalline phase in all the calcined materials except the 5% Zn-lobster-CaO material that shows tiny XRD peaks belonging to hydroxyapatite in addition to the Zn. When the Zn levels were studied at 5%, 7%, 10%, and 25% wt.% in the calcined oyster samples, the distinct peaks corresponding to the ZnO phase were only observed when calcined samples with Zn2+ concentrations of 10 wt.%, 25 wt.%, and the reference ZnO samples were prepared from Zn nitrate at 700 °C as shown in Figure 8b. Nevertheless, a further increase in the Zn2+ concentration (≥7 wt.%) in the shell-derived CaO leads to formation of ZnO in the hexagonal phase which is seen in the low-intensity peaks at 2θ (10% Zn-oyster-CaO) = 34.45°, 56.62°, and 62.89° and 2θ (25% Zn-oyster-CaO) = 34.0°, 56.18°, and 62.18°. This result is similar to the work reported by Kumar and Ali [27]. The diffraction peak obtained for Zn nitrate calcined at the same temperature of 700 °C for 4 h matches some of the characteristic peaks of ZnO at 2θ (Calcined Zn(NO3)2 at 700 °C) = 34.04°, 47.22°, 56.37° and 62.7°. The increase of Zn2+ concentration from 5 wt.% to above 7 wt.% (i.e., 10 wt.% and 25 wt.%) leads to the formation of two distinct phases of CaO-ZnO. The American Mineralogist Crystallography Database information for the XRD patterns of oxides in the calcined materials is provided in the Table S2 of the Supplementary Materials.





3.2. Comparison of Biodiesel Yields Using Different Calcined Catalysts


The experimental biodiesel yields for various catalysts are summarized in Table 1. The calculation of yields is based on the NMR measurements of the ratios of the a-methylene protons to methoxy protons in reaction products as explained in a prior study [28]. The catalytic activity of the individual shell-derived CaO including oyster CaO, mussel CaO, lobster CaO and eggshell CaO have been investigated and compared to the activities of Zn-spiked CaO mixed metal oxide catalysts of 5% Zn-oyster-CaO, 5% Zn-mussel-CaO, 5% Zn-lobster-CaO, 5% Zn-eggshell-CaO. The ultrasonication-assisted transesterification reaction conditions are 1 wt.% catalyst loading, 9:1 methanol to oil mole ratio, reaction temperature of 60 °C and ultrasonication time of 10 min. The percentage conversion of triglycerides in the canola oil into biodiesel by CaO catalysts derived from the shells of oysters, mussels, chicken eggs, and lobsters were 92.9%, 89.0%, 90.3% and 50.6%, respectively. The oyster-derived CaO catalyst showed the best biodiesel yield due to the highest level of calcium content in the chemical composition of both uncalcined and calcined materials as revealed by XRF analysis, crystallite size and morphology that provide a large surface area for transesterification, and concentrations of trace transition metals in the crystalline structure to augment the catalyst activity of the shell-derived CaO. There is not much loss of yield when using waste-shell-based CaO in comparison to pure CaO [42].



The spiking of the shell-derived CaO with Zn2+ (i.e., 5 wt.% Zn2+ concentration in CaO), resulted in increased biodiesel yields of fatty acid methyl esters (FAME) for all the shell-based catalysts used in this study. As shown in Table 1, the CaO-ZnO mixed metal oxide catalysts showed higher biodiesel yields than the CaO counterparts under the same reaction conditions. The 5% Zn-oyster-CaO, 5% Zn-mussel-CaO, 5% Zn-eggshell-CaO, and 5% Zn-lobster-CaO recorded biodiesel percentage yields of 93.9%, 92.8%, 92.5% and 59.5%, respectively. The highest observed FAME yield for oyster-CaO-ZnO (with 5% of Zn2+ concentration) can be related to its basic properties, as biodiesel yield increases with the increasing number of basic sites [27,43]. Kumar and Ali reported that the catalytic activity of the ZnO-CaO catalyst toward the transesterification reaction of biodiesel production was found to be a function of their basic strength and in the case of Zn/CaO weight ratio, the maximum basic strength was observed for CaO-ZnO at 1.5–7% Zn2+ concentration [27]. The EDX measurements of zinc showed that the actual Zn levels in the Zn/CaO mixed catalyst were only 1.78–3.41 wt.% instead of the targeted 5 wt.% Zn-spiked CaO catalyst. Further increase in Zn2+ levels in the CaO-ZnO mixed metal oxide catalyst beyond 1.5% resulted in a decrease in biodiesel yield as can be seen in the comparative study of Zn2+ concentrations in 5% Zn-oyster-CaO, 7% Zn-oyster-CaO, and 10% Zn-oyster-CaO mixed catalyst, which produced biodiesel yields of 93.9%, 67.2%, and 62.3%, respectively.



It is inconclusive from the results of Table 1 that the biodiesel yields in this study are improved by the preparation of mixed oxide catalysts that contain ZnO. Although there are slight increases of 1.0% for oyster-based catalysts and 2.3% for catalysts prepared from chicken eggshells, they are smaller than the pooled standard deviation of 2.35%. In the case of mussel-based catalysts, there is a decrease in the biodiesel yield of 3.8%. For comparison in the case of lobster, there is a statistically significant increase in its yield of 9.9% when a mixed oxide catalyst containing ZnO was used. In a study conducted using CaO prepared from snail shells, the waste palm cooking oil showed a biodiesel yield of 80% for CaO and 90% for CaO modified with ZnO [20]. A remarkable aspect of the present study is the reaction time of 10 min for ultrasonication-assisted reaction compared to 45–360 min for the cited studies describing biodiesel synthesis using a hotplate.
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Table 1. Comparison of biodiesel yields for different CaO catalysts and reaction conditions. The current study is based on the use of 1.00 wt.% shell-derived CaO or 5% Zn/CaO catalysts, and 9:1 mole ratio of methanol to canola oil.
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	Catalyst (Weight %)
	Method
	Time (min)
	Yield (%)





	Oyster CaO (1%)
	Present ultrasonication study
	10
	92.9



	Mussel CaO (1%)
	Present ultrasonication study
	10
	89.0



	Eggshell CaO (1%)
	Present ultrasonication study
	10
	90.3



	Lobster CaO (1%)
	Present ultrasonication study
	10
	50.6



	5%Zn-Mussel-CaO (1%)
	Present ultrasonication study
	10
	92.8



	5%Zn-Eggshell-CaO (1%)
	Present ultrasonication study
	10
	92.5



	5%Zn-Lobster-CaO (1%)
	Present ultrasonication study
	10
	59.5



	5%Zn-Oyster-CaO (1%)
	Present ultrasonication study
	10
	93.9



	7%Zn-Oyster-CaO (1%)
	Present ultrasonication study
	10
	67.2



	10%Zn-Oyster-CaO (1%)
	Present ultrasonication study
	10
	62.3



	CaO (3%)
	Hotplate with stirring, 25:1 CH3OH-jatropha oil, [44]
	180
	91



	CaO-ZnO (3%)
	Hotplate with stirring, 25:1 CH3OH-jatropha oil, [44]
	180
	94



	CaZn2(OH)6.2H2O (2%)
	Hotplate with stirring, 10:1 CH3OH-sunflower oil, [45]
	120
	92



	1.5-Zn/CaO-550 (5%)
	Hotplate with stirring, 9:1 CH3OH-cottonseed oil, 1.5 wt.% Zn-CaO calcined at 550 °C [27]
	45
	>99



	CaO-ZnO (10%)
	Hotplate with stirring, 40:1 CH3OH-soybean oil, [46]
	360
	73



	Eggshell CaO (6.04%)
	Ultrasonication 299.7 W; 8.3:1 CH3OH-waste cooking oil, 55 °C [12]
	39.8
	98.6



	Crab shell CaO (3%)
	250 rpm stirring rate; 9:1 CH3OH-fishmeal plant oil, 60 °C [21]
	60
	88.2



	Snail shell CaO (3%)
	Heating mantle, 65 °C; 6:1 CH3OH-waste palm cooking oil [20]
	180
	80









3.3. Emissions of Biodiesel Fuel Blends in Diesel Generators


Diesel generators are commonly used in countries where electric power grid infrastructures are very minimal or sparse in rural areas or even cities due to budgetary constraints. Diesel generators are easy to install and are frequently used in developing countries in agricultural, residential, and industrial sectors. In Nigeria, the public electricity grid only meets at most 30% of consumer power usage, and most homes have access to public electricity supply for only 6 h daily [47]. The shortfalls in electricity supply account for the installation of 15 million diesel-powered generators in over 90% of businesses and 30% of homes in Nigeria. Due to concerns about the toxicity of carbon monoxide released, inhalable exhaust particulate matter, carcinogens including formaldehyde, 1,3-butadiene, and benzene, and the potential fire risks of diesel fuel, it is important to evaluate the safety of biodiesel fuel blends for use in diesel generators. The California Air Resources Board has developed screening risk assessment tables for diesel engine owners to estimate their overall exposure risk from diesel engine exhaust particulate matter [48]. Since diesel generators are frequently used indoors among businesses and homes, toxicant concentrations will be increased due to the lack of ventilation.



3.3.1. FTIR Analysis of Emissions from Diesel Power Generators


FTIR spectroscopy was used to analyze the small molecular weight compounds in the emissions from diesel power generators. Figure 9 shows the concentrations of carbon monoxide (CO), ethylene (C2H4), methane (CH4), formaldehyde (H2CO), and sulfur dioxide (SO2) as the oxygen content of the fuel blends is increased by the fatty acid methyl esters in 20% (B20) and 40% (B40) biodiesel blended with ultralow sulfur petroleum diesel (ULSPD). The 100% ULSPD has significantly higher levels of CO, C2H4, CH4, H2CO, and SO2 relative to the B20 and B40. The emission of highly toxic CO was reduced from 258 ppm in ULSPD emission to 229 ppm and 192 ppm in B20 and B40 emissions, respectively, in the infrared spectral region of 2134–2138 cm−1. The corresponding relative standard deviation is 16.9%, 11.5%, and 3.5% for the CO levels in ULSPD, B20, and B40. The FTIR signals for formaldehyde are in the spectral region of 2683–2949 cm−1. The formaldehyde concentrations of B20 and B40 were reduced by 58% and 59%, respectively, relative to ULSPD. At above 50 ppm, formaldehyde can cause severe pulmonary reactions including pulmonary edema, pneumonia, and bronchial irritation which can result in death. Methane, which is much less toxic than CO and formaldehyde, was measured in the spectral region of 2874–3188 cm−1. The methane concentrations of B20 and B40 were reduced by 39% and 54%, relative to the ULSPD emission.



Due to the adverse human health effects associated with inhalation exposure to diesel emissions, CO is regulated by both the United States Environmental Protection Agency (USEPA) and the Occupational Safety and Health Administration (OSHA). The National Ambient Air Quality Standards of USEPA for CO is 9 ppm for a 24-h period and 35 ppm standard for a 1-h period. The OSHA permissible exposure limit (PEL) for CO is 50 ppm for worker exposure during an 8-h period. Without proper ventilation, CO emissions can exceed both the USEPA and OSHA standards for protecting human health. Ethylene and methane play key roles in forming larger VOCs including aromatics such as benzene, toluene, ethylbenzene, and xylene isomers. Sulfur dioxide has many adverse human health effects and could contribute to acid rain. As seen in Figure 9, B40 can clearly provide a greater reduction in the emission of toxicants compared to B20 except for formaldehyde, which shows similar reduction efficiency for B20 and B40 when compared to USLPD. The emission test results supported previous studies showing the reduction of VOCs but there are other studies that reported an increase in hydrocarbon emissions for biodiesel-blended fuels compared to petroleum-based diesel [49].




3.3.2. GC-MS Analysis of VOCs


GC-MS results indicate that there are about 180–200 VOCs detected in the generator emissions. About half of these compounds were detected with a high degree of confidence based on their match indices of greater than 800 out of 1000. There were about 27 target compounds specified in USEPA’s Compendium of Air Toxics TO-15 Method that were detected and quantified. Out of the 27 compounds, 11 were quantified with a high degree of confidence for the comparison of generator emissions from ULSPD, B20, and B40. The percent reduction (PR%) values of diesel generator fuel emissions from B20 and B40 relative to ULSPD for these 11 compounds are given in Table S3 in Supplementary Materials. Five of these including benzene, 2-butanone, propene, ethyl benzene and propyl benzene were plotted in Figure 10a,b show a significant reduction of their generator emission concentrations due to the blending of ULSPD with biodiesel. All 11 compounds show lower emissions compared to the ULSPD. Except for two compounds, propene and isopropyl alcohol, B40 has higher reduction efficiencies relative to ULSLPD when compared to the B20 emissions.



Three compounds, namely benzene, 1,3-butadiene, and formaldehyde, are classified as Group 1 human carcinogens by the International Agency for Research on Cancer (IARC). At low levels, benzene can cause dizziness, headache, and respiratory tract irritation. However, long-term exposure to higher levels of benzene may cause anemia, alterations to the immune system, and leukemia. OSHA has regulatory standards for PELs and STELs for these three carcinogens and USEPA has detailed information on their toxicological properties in the Integrated Risk Information System (IRIS) database [50]. The Inhalation Unit Risk values of cancer incidence for benzene, 1,3-butadiene, and formaldehyde are 2.2 × 10−6 per µg/m3, 3 × 10−5 per µg/m3, and 1.3 × 10−5 per µg/m3, respectively. At the concentrations indicated in Figure 10c and the conversion factor of 1 µg/m3 being equal to 0.313 ppbv, 0.452 ppbv, and 0.814 ppbv for the three carcinogens at the standard conditions of 1 atm and 25 °C, respectively, the cancer risks are deemed to be significant for inhalation exposure to diesel generator emissions, especially those from ULSPD. The GC-MS chromatogram in Figure 10c shows an overall decrease in the levels of almost 200 VOCs as the oxygen content of fuel blends increases in the order of ULSPD < B20 < B40, thereby lowering inhalation exposure.






4. Discussion


The results presented in this study are promising for CaO-based heterogeneous catalysts to replace homogeneous catalysts such as NaOH or KOH that are currently used in most commercial biodiesel production facilities. CaO-based catalysts can reduce the need for washing the biodiesel product to remove the residual NaOH that is corrosive to diesel engines. The lower volume of wastewater generation from biodiesel washing is particularly desirable in countries where the use of water for fuel production instead of human consumption is not viewed favorably. This study shows data from multiple instrumentation techniques that the production of CaO catalysts is easy, inexpensive, and does not generate toxicants harmful to human health. The TGA, FTIR, XRD, and XRF results show that after the calcination of shell materials at 1000 °C for 4 h, all the shell samples containing calcite or CaCO3 are converted to almost pure CaO powders that give biodiesel yields of greater than 90%.



Although the TGA data show complete conversion of predominantly CaCO3 into CaO, the FTIR and EDX data show residual CaCO3 signals which could be interpreted as calcined particles having an outer layer of CaO and an inner core of CaCO3. Since the sample penetration or signal excitation depths are 1.0–1.5 microns for FTIR and 2.0–2.5 microns for SEM-EDX whereas the CaO crystallites have larger dimensions as revealed by the SEM images, it can be inferred that the particle size distribution and the loading weight in the furnace of uncalcined shell powders in the furnace may influence the degree of calcination or completion CaO formation, and consequently the biodiesel yield and/or the catalyst loading necessary to achieve a high yield. The published studies on the use of CaO catalysts generally do not address their particle size distribution or their correlation with biodiesel yields as well as the durability or reusability of the catalysts. The durability of the CaO catalysts is affected by the dissolution of the surface layer containing Ca(OH)2 as well as the loss of catalyst active sites through the adsorption or accumulation of oil or biodiesel by-products.



The evaluation of mixed catalysts containing CaO/ZnO seems to suggest that there is no appreciable improvement in biodiesel yields for shell-derived catalysts compared to CaO catalysis except for the case of lobster. It is noteworthy that the SEM-EDX analysis shows the presence of zinc in all the Zn-spiked CaO catalyst samples, but the XRD data only show the presence of distinct ZnO phases at the 10% Zn and 25% Zn mixed oxide samples but not for the 5% Zn and 7% Zn mixed oxide samples. These observations imply that the zinc ion substitution of calcium ions occurred up to a certain point before the distinctive ZnO phases started to form. To confirm this, a future study should rely on the use of elemental mapping by EDX to fully characterize the presence of CaO or ZnO particles and their size distribution.




5. Conclusions


This study demonstrates the feasibility of preparing inexpensive and yet effective heterogeneous CaO catalysts derived from the waste shells of oysters, mussels, lobsters, and chicken eggs. Furthermore, very high biodiesel yields of 90–94% are achieved in 10 min by the ultrasonication-assisted transesterification of canola oil using the CaO catalysts. The incorporation of Zn2+ at varying concentrations into the shell-derived CaO structure gives a more efficient CaO-ZnO mixed metal oxide catalyst prepared by the wet impregnation method. The use of CaO-based solid heterogenous catalysts in biodiesel production minimizes wastewater generation for removing residual catalysts in the biodiesel and high energy consumption associated with acid or base homogenous catalysts. The use of shell-based CaO catalysts can also reduce the level of the corrosive base in the biodiesel compared to the commonly used NaOH or KOH catalysts. The use of biodiesel in diesel power generation potentially reduces human exposure to toxicants including CO, SO2, benzene, and formaldehyde.



Since the shell materials from food waste and furnaces for calcination of shells to yield CaO catalyst are easily available in most countries, the small-scale production of biodiesel is viable in rural areas or developing countries where there is minimal refining capacity to produce diesel fuel for use in vehicles, farm equipment, and power generation. Together with the initiatives to collect used cooking oil and cultivate indigenous crops producing non-edible oils as biodiesel feedstocks, there could be strong incentives to implement a circular economy of producing biodiesel using waste materials and non-edible crops like Jatropha curcas that grow well naturally in many locations.
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Figure 1. Transesterification reaction in biodiesel production. 
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Figure 2. TGA plots for calcination of (a) mussel shell and (b) lobster shell. Note that the Y-axes correspond to the weight % and change in weight % per degree Celsius for the regular TGA plot (green) and first derivative TGA plot (blue), respectively. 






Figure 2. TGA plots for calcination of (a) mussel shell and (b) lobster shell. Note that the Y-axes correspond to the weight % and change in weight % per degree Celsius for the regular TGA plot (green) and first derivative TGA plot (blue), respectively.



[image: Energies 16 05408 g002]







[image: Energies 16 05408 g003 550] 





Figure 3. Comparative TGA plots for calcination of shell-derived powders from chicken egg (green), oyster (blue), mussel (red), and lobster (purple). 
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Figure 4. SEM images of (a) a calcined sample of oyster shell, (b) a calcined sample of lobster shell, (c) a calcined sample of mussel shell with 0.29% Zn, and (d) a calcined sample of lobster shell with 0.35% Zn. 






Figure 4. SEM images of (a) a calcined sample of oyster shell, (b) a calcined sample of lobster shell, (c) a calcined sample of mussel shell with 0.29% Zn, and (d) a calcined sample of lobster shell with 0.35% Zn.



[image: Energies 16 05408 g004]







[image: Energies 16 05408 g005 550] 





Figure 5. Elemental composition of calcined shell samples of (a) mussel (b) oyster (c) chicken egg, and (d) lobster. The notations of ΣM, [Ca]c, and [Ca]uc stand for sum of metals excluding calcium in percent, percent of calcined calcium, and percent of uncalcined calcium, respectively. 
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Figure 6. Infrared spectra of uncalcined and calcined samples of (a) oyster shell; the absorption bands of 712 cm−1, 875 cm−1, 1450 cm−1 are related to the C-O bonds of CaCO3. The peak at 3640 cm−1 is due to the O-H stretching in Ca(OH)2 and (b) lobster shell; the absorption bands at 712 cm−1, 871 cm−1 and 1408 cm−1 are related to the C-O bonds of CaCO3. The peak at 3640 cm−1 is due to the O-H stretching in Ca(OH)2. The intense peak around 1100 cm−1 is due to the phosphate group in hydroxyapatite [36] whereas the peak at 3271 cm−1 is due to the chitin OH group [37]. 
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Figure 7. Powder X-ray diffraction patterns of CaO catalysts derived from various shell materials calcined at (a) 800 °C and (b) 1000 °C. 
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Figure 8. (a) XRD patterns of 5% Zn-Oyster-CaO, 5% Zn-Mussel-CaO, 5% Zn-Eggshell-CaO and 5% Zn-Lobster-CaO calcined at 700 °C for 4 h. (b) XRD patterns of 5% Zn-Oyster-CaO, 7% Zn-Oyster-CaO, 10% Zn-Oyster-CaO, 25% Zn-Oyster-CaO, and Zn(NO3)2 calcined at 700 °C for 4 h (*: CaO phase; o: ZnO phase). 
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Figure 9. Generator emissions of air pollutants measured by infrared spectroscopy in parts per million units and their percent reduction in B20 and B40 biodiesel fuels relative to ultralow sulfur petroleum diesel (ULSPD). 
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Figure 10. Comparison of GC-MS data for generator emissions from ULSPD, B20, and B40 fuel blends with (a) concentration plots of propene, benzene, and 2-butanone in the range of 0–140 parts per billion (b) concentration plots of ethylbenzene and n-propylbenzene in in the range of 0–2.0 parts per billion, and (c) chromatograms showing significant reduction of volatile organic compounds for B20 and B40 fuel emissions relative to the ULSPD; the X-axis represents the GC retention time window of 4–28 min and the Y-axis denotes the MS ion abundance from 0 to 4 × 107 counts per second with the three plots offset on the common scale. 
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