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Abstract: The valorization of eggshell waste as bio-calcium oxide is crucial for pollution prevention and supporting sustainable development. There are several reports on the thermal conversion of eggshell waste to calcium oxide for the partial or complete substitution of natural lime applications. However, this paper reports the thermal decomposition of large amounts of hatchery eggshell waste on an industrial-scale car bottom furnace for the first time. The hatchery eggshell waste was sundried and placed into five stacked trays in the car bottom furnace. The calcination of the eggshell waste was conducted at 900°C for 3 and 4 h under an atmosphere of air. Both the physical and chemical properties of the eggshell samples and the bio-quicklime products were carefully examined by TGA, SEM, XRD, FTIR, and XRF. The results demonstrate that the purity of calcium oxide in the quicklime products increased from 79% to 87% upon increasing the calcination time from 3 to 4 h. However, the color of the calcined eggshell samples at the surface of the pile was white while the color of the product beneath the surface was black or dark gray. The purity of the calcium oxide of both the black and white calcined samples was 76.4% and 91.5%, respectively. These results indicate the limited efficacy of the car bottom furnace for thermal decomposition of the large amount of eggshell waste to calcium oxide. Additionally, the production cost of bio-calcium oxide is approximately twice the cost of industrial grade lime. For further industrial applications, the furnace should contain the mixing equipment for improving the thermal decomposition of the large pile of eggshell waste. Furthermore, the oil burner system may be used in order to reduce fuel costs.
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1  Introduction

The global consumption of eggs and chicken meat has dramatically increased in the past few years, since both are a great dietary source for humans. In 2020 alone, the amount of eggshells produced in the leading egg-producing countries was estimated to be 936 billion kg [1]. In addition, the production of eggs and chicken meat both generate several waste materials, including wastewater and solid hatchery waste. Solid hatchery waste comprises empty eggshells, dead embryos, dead chicken, and viscous liquid from decaying tissue and eggs [2]. In Thailand, the amount of hatchery eggshell waste generated annually is about 876,000 tons and most of this waste is usually discarded in landfills, requiring high management costs [3]. This large amount of waste leads to several environmental impacts, e.g., odor nuisance, ground water pollution, and social conflict. Valorization or recycling of the eggshell waste as a secondary raw material could possibly reduce these environmental problems and the cost of production, and also help support the sustainable production of the chicken industry [4].

Eggshells are bio-ceramic materials composed of 94%–97% calcium carbonate, with the remaining 3%–6% being protein and trace inorganic materials. From the inside outwards, the eggshell structure normally consists of a mammillary layer, a palisade layer, a vertical layer, and a cuticle layer. The mammillary layer is mainly composed of calcite crystals and a small amount of organic matter [5,6]. Eggshells have a high potential for being used as a cheap alternative calcium source in food supplements and medical applications [7,8]. Calcium carbonate eggshells also have the potential to act as fillers in various industrial products, e.g., cement, plastic, paper, glass, and ceramics. Recently, many researchers focused their attention on converting eggshells to calcium oxide or quicklime for various applications, e.g., catalysis in biodiesel production, bio-quicklime for building, carbon dioxide storage, and environmental remediation [9–11]. There are several notable applications of calcium oxide derived from eggshells, as follows. Nath et al. pointed out that composite cement with a partial replacement of cement with 5%, 10%, and 15% by weight of calcium oxide derived from eggshells exhibited antibacterial properties, which may help to preserve building surfaces [12]. Biogas production from the anaerobic digestion of the palm oil mill effluent increased by 1.5 times when nano-calcium oxide catalyst prepared from eggshells was included [13]. Additionally, the hydroxyapatite nanostructure obtained from eggshell powder is a potential source of dental pulp stem cells and bone tissue engineering applications [14,15]. Interestingly, Minakshi et al. reported that the calcium oxide obtained from eggshells can possibly be used as a cathode/anode material in batteries and capacitors [16].

Normally, chicken eggshells can be converted into calcium oxide via a thermal decomposition process at temperatures higher than 780°C [17,18]. It should be noted that numerous researchers have conducted studies on the effects of various calcination conditions for synthesizing calcium oxide, e.g., the heating rate, the calcination temperature, and the calcination time [19–21]. Pornchai et al. proposed that the optimum condition for the calcination of eggshells is a treatment at 800°C for 1 h [22]. Higher calcination temperatures and prolonged calcination times decrease the surface area, pore size, and reactivities of the calcium oxide product [23–26]. However, research involving eggshell calcination has normally been conducted in lab-scale furnace with a small amount (0.5–10 g) of eggshells being used for each batch. To the best of our knowledge, no studies involving the calcination of eggshells in an industrial-scale furnace have been reported before. The heating process of the furnace plays a significant role, since major rearrangements of the raw material microstructure occur which have a direct impact on the properties of the final product [24]. Thus, up-scaling to an industrial scale is crucial for assessing the optimum operating conditions, as it is similar to a commercial scale. A conventional car bottom furnace is widely used in various industrial processes and is normally designed for the handling of batches and for multiple configurations of loads. In addition, car bottom furnaces have several advantages, such as a slightly lower capital cost, a long lifespan, and simple operating and maintenance techniques [27]. Consequently, the main objective of this work is to investigate the properties of bio-calcium oxide derived from eggshell hatchery waste via thermal decomposition methods in the industrial-scale car bottom furnace. A calcination temperature of 900°C with different residence times is used in this work. In addition, the fuel consumption cost of the bio-calcium oxide product is determined.

2  Materials and Methods

2.1 Materials

Solid hatchery waste collected from a large broiler hatchery farm located in the northeast of Thailand was used. On a daily basis, this farm produces approximately 1.0–1.5 tons of solid hatchery waste. Firstly, dead embryos from the solid hatchery waste were manually separated, while the remaining solid hatchery waste, which consisted of the shell plus the membrane and viscous liquid, was sundried for three days. Gravimetric analysis showed that the moisture content in the solid and sundried hatchery waste was 24.7 ± 0.3 wt% and 2.5 ± 0.1 wt%, respectively. As shown in Fig. 1A, the dried solid hatchery waste was then manually shredded into flake-shaped particles by a 3-hp shredder machine (NiMUT-ECM-2). Following this, the median particle size (D50) of the shredded hatchery waste was determined by sieve analysis and was found to be 6.3 mm. This shredded hatchery waste was kept for the calcination experiment. Milled industrial calcium oxide, produced from the calcination of natural limestone at 900°C for 18 h, was obtained from a local lime industry.

2.2 Production of Bio-Quicklime

The industrial-scale car bottom furnace used in this work was made from heat resistant bricks lined with ceramic fiber and welded with stainless steel shelves, as shown in Fig. 1B. The volume of the effective heating zone inside the furnace was approximately 1.44 m3. Both the left- and right-hand sides of the bottom of the furnace were equipped with six venturi gas burners to provide a uniform temperature distribution in the furnace chamber. Liquid petroleum gas (LPG) was used as the fuel for heating the furnace and a type-K thermocouple was installed for monitoring the furnace temperature. The shredded hatchery samples were placed in five stacked stainless-steel trays with dimensions of 100 cm × 100 cm × 10 cm. Each tray contained 50 kg of the shredded hatchery sample, amounting to a total sample weight of 250 kg. As previously mentioned, eggshells normally decompose above 780°C. Thus, the batch calcinations of the shredded hatchery waste were carried in this study out under an atmosphere of air at 900°C, which is similar to the calcination temperature of industrial calcium oxide. However, these batch calcination experiments were holding at 900°C for 3 h and 4 h with a heating rate of approximately 30°C/min due to limitations of the small gas burners within the furnace. The fuel consumption rate of each calcination batch was recorded to determine the operating cost.
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Figure 1: Digital images of the dried solid hatchery waste (A) and the industrial car bottom furnace with five stacked trays (B)

2.3 Product Characterization

The thermal decomposition behavior of the solid hatchery waste was determined by thermogravimetric analysis (TGA; TA Instruments SDTQ600). Initially, samples with weights of 2–3 g were heated in a ceramic crucible at 5°C/min from room temperature to 1000°C in an inert N2 atmosphere. Both the physical and chemical characteristics of the calcined products were systematically determined by the following instruments. Color measurements were determined using a Konica Minolta Chroma Meter (CR-400) based on the CIELAB coloring system [28]. The color data obtained were in the form of L*, a*, and b* values. The value L* indicates the light, a* shows the green/red coordinates, and b* shows the yellow/blue coordinates. The crystalline structures of the samples were examined by X-ray powder diffraction (XRD; Bruker D8 Advance) using Cu-Kα radiation at 40 kV over a 2Θ range from 20° to 80° with a step size of 0.04° at a scanning speed of 3 °/min. The obtained XRD diffractograms were compared with the JCPDS (Joint Committee on Powder Diffraction Standards) data. The presence of functional groups in the samples was determined by Fourier transform infrared spectroscopy (FT-IR) using a Perkin Elmer Frontier spectrometer. The surface microstructure and elemental composition of the samples were observed by scanning electron microscopy (SEM) using a Hitachi TM 4000 Plus microscope. Prior to undertaking SEM imaging, the samples were mounted on aluminum foil and sputter coated twice with gold. Loss on ignition (LOI) was performed at 1000°C and determined by a gravitational method. X-ray fluorescence (XRF; Bruker S4 Explorer) was used to quantitatively analyze the major minerals within the samples. The mean crystallite size was calculated using the Scherrer equation [25,29], as follows:

d=Kλcosθ
where d is the crystallite size, K is the shape factor (K = 0.9), λ is the wavelength of the X-rays (λ = 1.5406 Å for Cu Kα radiation), β is the full width at half maximum in radians, and θ is the Bragg angle.

3  Results and Discussion

3.1 Thermal Decomposition of the Solid Hatchery Waste

The thermal behaviors of the eggshell membrane, the eggshell plus the internal membrane, and the eggshell were analyzed using TGA. For the eggshell membrane, the results show the presence of two main thermal events, as shown in Fig. 2. The first stage, with approximately 11% of total mass loss, is observed at 100°C and is attributed to the removal of physically adsorbed water on the membrane. The second stage, with approximately 8% of total mass loss, is initially observed from 200°C to 625°C and is related to the decomposition of organic matter. This result indicates that the eggshell membrane is possibly completely transformed to the volatile gas phase in this temperature range. The TGA curve obtained for the eggshell alone shows thermal stability up to 630°C, where the total mass loss of approximately 4.5% is ascribed to both the trace organic material present in the shell and the organic waste adhered to the shell. A distinct thermal decomposition process occurring in the range of 630°C to 820°C with a mass loss of 43% corresponds to the decomposition of calcium carbonate into carbon dioxide and calcium oxide residue. As expected, the TGA curve of the eggshell plus membrane exhibits the combined thermal behaviors of both the eggshell and its membrane. This TGA curve presents three main events of mass losses. The first loss (~4.6%) occurs at 50–200°C and is attributed to the loss of moisture content and some volatile organic matter in the eggshell and its membrane. Further calcination of the sample between 200°C and 590°C gave the second mass loss of ~24.9% of the total sample mass. This second mass loss presents the volatilization of organic matter in the eggshell membrane. The third mass loss of ~31.5%, which occurred between 590°C and 825°C, is responsible for the decomposition of calcium carbonate. In comparison, Lubis et al. [30] reported that the thermal decomposition temperature of natural limestone varies in the range between 640°C and 870°C, which is broader than the range of the decomposition temperature of the eggshell waste observed herein. The reason is that natural limestone contains a variety of mineral contaminants, which result in different ranges of thermal decomposition.

In summary, the TGA data of the eggshell obtained from the solid hatchery waste is similar to previously published research. Cree et al. [20] observed the first mass loss of the eggshell powder of 5% up to 700°C and the main mass loss (44%) occurred from 700°C to 900°C. Tsuboi et al. [17] provided a very detailed description of the eggshell decomposition process, whereby the first mass loss begins with water vaporization, followed by the pore and crack formation, and then thermal degradation of the organic matter inside the outer shell membrane. Furthermore, the second mass loss of 43.23% corresponds to the thermal decomposition of the calcite in the eggshell. Additionally, the mass loss due to the decomposition of calcium carbonate found in this study is comparable to the mass loss of 43.8% of the decomposition of the chemical reagent grade calcium carbonate and the theoretical mass loss of 44% calculated from the calcium carbonate decomposition reaction [31,32]. From this study, we can conclude that the calcination of the eggshell alone and the eggshell plus the membrane obtained from the solid hatchery waste at 800°C yielded the calcium oxide product in ~53.5% and ~39%, respectively.
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Figure 2: TGA curves of the eggshell membrane, the eggshell plus the internal membrane, and the eggshell derived from hatchery solid waste

3.2 Morphology of the Calcined Product

Figs. 3A and 3B show the bulk of the calcined hatchery eggshell waste after calcination of the sample at 900°C for 3 h and 4 h, respectively. It is clear that there are no leftover eggshell membranes, since most of the eggshell membrane decomposes at temperatures higher than 625°C, as found in the TGA results. The calculated bulk density of the hatchery eggshell waste in the tray was 549 kg m−3. In addition, the bulk density of the calcined eggshell heated at 900°C for 3 h and 4 h was 274 and 315 kg m−3, respectively. Furthermore, the color of the calcined eggshell samples at the surface of the pile was white, while the color of the product beneath the surface was black or dark gray. The bed thickness of the white and the black sample obtained by calcination of the eggshell at 900°C for 3 h was approximately 1.3 cm and 5.1 cm, respectively. Additionally, the bed thickness of the white and the black sample obtained by calcination of the eggshell at 900°C for 4 h was approximately 1.8 cm and 4.3 cm, respectively. As shown in Table 1, the results of the color parameters show that the raw eggshell has a slightly yellow-red color. The L* values of the calcined eggshell are in the range from 57.83 to 96.20. Based on these L* values, black-3h has a darker color compared to the white-3h sample, and is similar to black-4h, which has a darker color than white-4h. The calcined eggshell samples tend to be white as the calcination time increases. According to the L* values, both the white-3h and white-4h samples also have a brighter color than industrial calcium oxide. The SEM images show the different surface morphologies of both the inner and outer surfaces of the hatchery eggshell waste and the black and white calcined eggshell waste. As shown in Fig. 4A, the outer surface of the eggshell exhibits a rough surface with small cracks throughout the cuticle layer of the eggshell. In contrast, several researchers reported that the outer surface of the eggshell appears to be relatively smooth and probably contains few small pores [5,20]. The rough surface and small cracks found on the outer surface of the eggshell in this study are possibly due to the grinding process utilized during sample preparation. For Fig. 4B, the cones of the mammillary layer are observed on the inner surface of the eggshell, which is similar to the observations of both Ketta et al. [5] and Hincke et al. [33]. After calcination of the sample at 900°C for 3 h, some large cracks and large pores are observed on the outer and inner surfaces of the black calcined sample, as shown in Figs. 4C and 4D. These changes indicate that the calcium carbonate in the eggshell is partly thermally decomposed to carbon dioxide and calcium oxide. In comparison, a large number of macropores dominate the both the outer and inner surfaces of the white calcined sample. In this case, the cone shape of the mammillary layer has disappeared, which indicates further decomposition of calcium carbonate (Figs. 4E and 4F). However, some fibrous proteins are still found on the inner surface of the white calcined sample, which indicates an incomplete thermal decomposition of the eggshell to calcium oxide [17,20].
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Figure 3: Digital images of the calcined solid hatchery waste prepared at 900°C for 3 h (A) and 4 h (B), with the white calcined sample covering the surface of the pile and the black calcined sample being present in the lower portions of the pile
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Figs. 5A to 5D show typical SEM images of both the exterior and interior of the calcined eggshell heated at 900°C for 4 h. The black calcined sample exhibits a very rough surface and long cracks on its outer surface, while the inner surface also exhibits large pores and extensive cracking throughout the mammillary layer (Figs. 5A and 5B). A distinguishable surface change from rough to grain-shaped was observed for both the outer and inner sides of the white calcined sample, as shown in Figs. 5C and 5D. The appearance of this grain-shaped surface after heat treatment of the eggshell is similar to previous reports which described the shape as the dumbbell-like or rod-like [34,35]. Additionally, macropores are extensively formed between the grain shapes. The change in the microstructure of this white calcined sample is possibly due to the decomposition of calcium carbonate to calcium oxide and carbon dioxide [36].

In comparison, both surface structures of the black calcined eggshells heated at 900°C for 3 and 4 h were similar. This result indicates that a longer calcination time has a limited effect on the decomposition of the eggshell beneath the large pile of the eggshell sample. In contrast, the surface of the white calcined sample increases because of the calcination time increases from 3 to 4 h. These SEM results indicate that heating a large pile of eggshell sample in the five stacked stainless steel trays leads to incomplete thermal decomposition of calcium carbonate in the eggshell. This is possibly due to the stacking load and the deep layer of the sample, which causes both non-uniform heating and a reduced heat transfer to the deeper layers [37,38]. In this study, an incomplete thermal decomposition of the eggshell sample may further indicate that the six venturi gas burners installed at the bottom of the furnace are inadequate for providing a uniform temperature distribution in the furnace chamber.

Fig. 5E shows the SEM image of the bulk calcined sample heated at 900°C for 4 h. It exhibits both porous particles of the white sample and less porous particles of the black calcined sample. Additionally, Fig. 5F also shows the SEM image of industrial calcium oxide, which contains small grain-shaped particles of calcium oxide throughout, with some large rigid particles.

3.3 Powder X-Ray Diffraction

The peaks of the XRD patterns were identified by matching them with the data from the Joint Committee on Powder Diffraction Standards: JCPDS file No. 017-0912 and Card No. 47-1743 for calcium oxide and calcium carbonate, respectively [18,39,40]. The characteristic peaks of all XRD patterns obtained from this study were high in intensity and narrow in spectral width, indicating that the calcined products were of good crystallinity. Additionally, no crystal impurity was observed in the XRD pattern in the range of 10° < 2θ < 80°. Fig. 6 shows the XRD patterns of the bulk bio-quicklime synthesized from hatchery eggshell waste at 900°C for 3 and 4 h. The bulk samples were denoted as bulk-3h and bulk-4h, respectively. In both cases, diffraction peaks corresponding to CaCO3 and CaO were observed. The presence of CaCO3 is indicated by peaks with 2θ at 23.2°, 29.3°, 39.4°, 43.7°, 47.4°, and 48.4°, while less intense peaks of CaO are found at 2θ = 32.2°, 37.3°, 53.8°, 64.2°, and 67.5° [19,41]. These results indicate that, in both bulk calcined eggshell waste materials, calcium carbonate partly decomposed to calcium oxide. Furthermore, increasing the calcination time from 3 to 4 h has a small effect on the crystal structure of the eggshell pile sample, which is in line with the SEM findings. Similar patterns of strong intense peaks of CaCO3 are observed in the XRD patterns of the black samples separated from the eggshell waste calcined at 900°C for 4 h, which are shown in Fig. 6. In contrast, five significant XRD peaks of CaO at 2θ = 32.4°, 37.5°, 54.0°, 64.5°, and 67.6° can be observed in the white sample, while a less intense peak of CaCO3 appears at 29.6°, which is consistent with previous reports [17,18,42]. This clearly indicates that the sample at the surface of the eggshell pile almost completely thermally decomposes to calcium oxide. The average crystallite particle sizes were calculated from the sharp XRD peak patterns using the Scherrer equation and were found to be 88.4 ± 0.9 nm and 85.4 ± 2.3 nm for the black and white samples calcined at 900°C for 3 h, respectively. The average crystallite particle sizes for the black and the white samples calcined at 900°C for 4 h are 88.2 ± 1.0 nm and 86.1 ± 1.1 nm, respectively. These results indicate that a long calcination time probably has a minor effect on the crystallite particle size. In comparison, the crystallite size of these black and white calcined eggshell samples is different from the crystallite size of natural eggshell (93 nm) [43]. In addition, chemically treated nano-calcium oxide derived from eggshell has a crystallite size of 46 nm and 82 nm [44]. Finally, pure chemical grade calcium oxide (66.3 nm) [45] and calcium oxide obtained from limestone calcined at 900°C for 30 min in a N2 atmosphere (~57 nm) also has different crystallite sizes [46]. The different crystallite sizes of the calcium oxide materials most likely depend on several factors, such as the origin of the raw material, the pretreatment of raw materials, the rate of thermal decomposition, the calcination temperature, the calcination atmosphere, and the calcination time [47,48].
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Figure 4: SEM images at 800× magnification of both the inner and outer surfaces of the hatchery eggshell waste (A, B), and the black (C, D) and white (E, F) samples calcined at 900°C for 3 h, denoted as black-3h and white-3h, respectively
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Figure 5: SEM images at 800× magnification of the black (A, B) and white (C, D) samples calcined at 900°C for 4 h, denoted as black-4h and white-4h, respectively, the bulk sample calcined at 900°C for 4 h (E), and industrial calcium oxide (F)

3.4 Fourier Transforms Infrared Spectroscopy

Qualitative analysis based on characteristic frequencies provides useful information to identify chemical constituents in the calcined samples. In this study, the FT-IR data is similar to the SEM and XRD findings. The IR spectra for the calcined samples in the range of 500–4000 cm−1 are shown in Fig. 7. The bands at 1406, 862, and 710 cm−1 correspond to the asymmetric C=O stretching, showing a bond between the oxygen atom of the carbonate and the calcium atom [49]. The extra stretching of Ca-O at ~407 cm−1 indicates the formation of calcium oxide. In addition, three very weak IR absorption bands of the bulk-3h, bulk-4h, and black calcined samples were found in the spectrum at ~3620 cm−1, indicating the formation of basic OH groups, which are attached to the calcium atoms. It is worth noting that the white sample exhibits a weak transmittance only for the bands at 1474, 872, and 710 cm−1, whereas a broad frequency band is observed at 407 cm−1. This result indicates the formation of calcium oxide, as the carbonate in the eggshell decomposes. These results are comparable to previous published data [12,17,50].
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Figure 6: XRD patterns of the bulk calcined eggshells prepared at 900°C for 3 h (bulk-3h) and 4 h (bulk- 4h), with the white and black calcined samples are separated from the bulk calcined eggshells prepared at 900°C for 4 h (denoted as black-4h and white-4h)
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Figure 7: FT-IR spectra of the bulk calcined eggshells prepared at 900°C for 3 h (bulk-3h) and 4 h (bulk-4h), with the white and black calcined samples separated from the bulk calcined eggshells prepared at 900°C for 4 h (denoted as black-4h and white-4h)

3.5 Chemical Composition of the Samples

The chemical composition of the calcined eggshell materials determined by XRF on a dry basis and the loss on ignition values (LOI) are presented in Table 2. The bio-calcium oxide produced by calcination of the eggshell waste at 900°C for 3 and 4 h mainly consists of calcium oxide with contents 79.7 wt% and 87.4 wt%, respectively. The residual mass is composed of different metal oxides, e.g., MgO, P2O5, SO3, SiO2, Na2O, SrO, K2O, CuO, Fe2O3, and Cl in trace amounts. Meanwhile, the LOI values of the calcined eggshell samples prepared at 900°C for 3 and 4 h are 17.81 and 10.19, respectively. The high LOI value of the bulk-3h sample indicates an extensive release of organic matter, which is still contained in the bulk-3h sample. It is clear that the amount of calcium oxide in the bio-quicklime increased by approximately 8.8% upon increasing the calcination time from 3 h to 4 h. This might have been caused by the longer calcination time increasing the extent of decomposition of the calcium carbonate in the eggshell, with the formation of calcium oxide and the release of carbon dioxide. This greater extent of decomposition is in reasonable agreement with the lower LOI value of the bulk-4h sample, compared to the LOI value of the bulk-3h sample. Although the purity of the calcium oxide increases with increasing the calcination time, it possibly results in a lowering of the surface area of the calcium oxide product, thus resulting in a low reactivity or the generation of burned lime [23,51]. Moreover, longer calcination times signify lower amounts of product and higher costs for production.

It was also observed that the white and black samples separated from the calcined eggshell prepared at 900°C for 4 h had calcium oxide contents of 76.4 wt% and 91.5 wt%, respectively. Furthermore, the LOI of the white calcined sample is much lower than that of the black calcined sample. In comparison, El-Kemary et al. [52] prepared eggshell waste obtained from a hypermarket by boiling, peeling, drying, and crushing into a powder, followed by calcination at 900°C in a laboratory furnace. They reported that the calcium oxide content in raw eggshells and calcined eggshells are 70.62 wt% and 79.49 wt%, respectively. Eletta et al. [53] conducted a calcination experiment of the eggshell waste at 900°C for 4 h and reported that the calcium oxide content in the calcined product is approximately 89.8 wt%. In conclusion, the purity of the bulk bio-calcium oxide produced by thermal decomposition of a large amount of eggshells in an industrial car bottom furnace is quite similar to the bio-limes produced by small-scale production in a laboratory furnace. However, the calcium oxide content in the white calcined sample is slightly higher than those calcined eggshell products heated in the laboratory furnace. This might be caused by different sample preparation methods and calcination conditions. In addition, the purity of the bulk bio-calcium oxide obtained from calcination carried out at 900°C for 4 h and the white calcined sample are comparable to the standards of industrial lime Grade 2 and Grade 1, respectively, set by the Thai industrial standards institute B.E. 2551.
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4  Conclusions

The study of the large-scale calcination of hatchery eggshell waste in an industrial-scale furnace was conducted. The effect of the calcination time was examined. The conversion of the hatchery eggshell waste from calcium carbonate to calcium oxide was analyzed by TGA, SEM, FTIR, XRD, and XRF methods. The results indicated that only the calcined eggshell material at the surface of the pile was completely converted to calcium oxide. The purity of the calcium oxide in the bulk bio-calcium oxide product varied from 79% to 87%, but the purity of white sample separated from the surface of the calcined eggshell pile was approximately 91%. This suggested that heat transfer efficiency in the furnace through the sample beneath the surface of the pile was likely limited. Thus, the production of high purity bio-calcium oxide by the calcination of a large pile of eggshell waste in the industrial car bottom furnace was most likely not effective. Additionally, increasing the calcination temperature and calcination time may not be possible for this study. This is due to the cost of LPG being approximately 80 baht (2.6 US$) per 10 kg of bio-lime, which is approximately twice the cost of the industrial grade lime. On a final note, there are two suggestions for further experiments. Firstly, the oil burner system may be used instead of the LPG burner system in order to reduce the fuel cost. Secondly, the furnace with a mixing device or mechanism, e.g., a rotary kiln and a fluidized bed furnace, is preferable for providing a homogeneous and efficient heat transfer to the sample.
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Table 1: Values of L*, a* and b* for experimental samples

Sample L* a* b*
Black calcined sample-3h (black-3h) 57.83 0.04 0.19
Black calcined sample-4h (black-4h) 61.32 0.12 0.32
White calcined sample-3h (white-3h) 95.13 —0.01 1.78
White calcined sample-4h (white-4h) 96.20 —0.01 1.74
Industrial calcium oxide 89.64 —-0.09 3.99
Raw eggshell 70.07 6.05 26.14
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Table 2: Major chemical components of raw materials (wt%) as measured by XRF

Compound Bulk- Bulk- Black White Raw Calcined Calcined TIS. TIS.
3h 4h sample sample eggshell eggshell eggshell [53] 319 319
[52] [52] Grade Grade
1* 2%
Ca0O 797 874 764 915 70.62 79.49 89.8 >90 =88
MgO 088 1.16 0.89 0.98 1.09 1.09 0.01 <18 =2
P,0s 045 050 038 033 0.48 0.47 0.26 - -
SO; 049 0.14 0.18 0.26 0.29 0.29 0.63 <05 <1.0
Si0, 0.05 0.06 0.14 0.05 0.33 0.41 0.10 - -
Na,O 0.17 026 0.08 0.12 0.15 0.16 0.21 - -
SrO 0.03 0.03 0.03 0.03 - - - - -
K,O 0.17 0.14 0.02 0.04 0.05 0.05 - - -
Fe,0; 0.01 0.02 0.01 0.02 0.01 0.01 0.03 <04 <04
CuO 0.007 0.007 0.005 0.006 - - - - -
Zr0, 0.0001 0.0011 0.0001 — - - - - -
Cl 0.14 0.06 - - 0.02 0.02 - - -
Al,O; 0.05 0.01 0.17 0.06 0.41 0.06 0.32 <l.0 <1.0
Loss on 17.81 10.19 21.69 6.60 26.5 17.79 11.5
ignition

(LOD)

Note: Remark * TIS. 319 Part 1 Thai industrial standards institute B.E. 2511.
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