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Large quantities of fruit wastes are generated during the consumption and processing of fruits. The disposal of fruit wastes in an environmentally benign way is a challenging task. The biochar production from fruit wastes by pyrolysis is receiving huge attention because it can alleviate pollution of fruit wastes and provide a supply of biochar sustainably. In this study, five fruit waste types—orange peel, banana peel, mango endocarp, apricot kernel shell, and date pits—are examined. An Aspen Plus simulation tool was employed to develop a steady-state model to predict the pyrolysis product yields of the fruit wastes. The details of the proximate and elemental analyses of the fruit wastes were applied as input parameters in the model, and the simulation was carried out at 300–600°C and 1 atm pressure. Among the fruit wastes, the date pits presented the highest char yield (50.92 wt.%), while the mango endocarp offered the highest syngas yield (54.23 wt.%). From the simulation results, it can be inferred that the date pits are best suited for biochar production, whereas the mango endocarp and orange peel are appropriate for syngas generation. The study is further analyzed by studying the optimization of biomass feedstock blend to yield the highest char relative to bio-oil and syngas. The optimization results demonstrate apricot kernel shell and date pits to dominate the feedstock blend. It is hoped that the current outcomes will be helpful in the selection of appropriate feedstocks for biochar generation through pyrolysis.

Keywords: fruit waste, pyrolysis, Aspen plus, biochar, syngas


INTRODUCTION

Food waste occupies a significant proportion in municipal solid waste, and almost 1.3 billion tons of food waste is generated globally every year (Melikoglu, 2020). This figure is expected to increase further in the ensuing years. Fruit waste contributes a major share in the food waste. As fruits are richer in nutrients and vitamins and consumed readily, they have a huge demand throughout each year. Because of their high consumption, a significant amount of fruit wastes such as peels, seeds, etc. is generated, and the disposal of these wastes is problematic and is becoming a serious concern everywhere.

Currently, the fruit wastes are disposed of by methods such as landfilling, burning (open), and composting. However, these methods are unfriendly to the environment, and also they fail to recover useful energy/chemicals from the waste. As fruit wastes are from plants/trees, they are also composed of extractives, hemicellulose, cellulose, lignin, and soluble sugars, which can be used as a source from which to extract energy.

The energy extraction from the fruit wastes can be accomplished using pyrolysis, as it has been considered as one of the most effective methods of energy recovery from biomass. In addition, pyrolysis delivers products in three forms—solid (char), liquid (bio-oil), and syngas (pyrolytic gas); hence, it is commonly preferred to convert biomass waste to energy (Elkhalifa et al., 2019a). Among the pyrolysis products, the demand for char is gradually increasing due to its versatile applications. The char is applied as a fuel, soil conditioner, and adsorbent. Three modes of pyrolysis, namely, slow, fast, and flash, are in practice. Slow pyrolysis produces more char, while fast and flash favor bio-oil and syngas generation. In this study, the slow pyrolysis mode is the focus.

In this study, five different fruit wastes—orange peel, banana peel, mango endocarp, apricot kernel shell, and date pits—have been investigated. Generally, orange peels are used to synthesize D-limonene, an organic polymer, which finds its application in the food and processing industry, cosmetic industry, pharmaceutical industry, chemical industry, etc. However, in most cases, the orange peels are discarded. Banana peels are commonly fed to livestock such as cattle, goats, and others. Considering its generation potential, the consumption of peels by livestock is meager. Mostly, the peels are dumped in the garbage. A mango endocarp contributes 15–18% (wt.) of the total fruit weight (Andrade et al., 2016). The mango endocarps are commonly preserved to grow their saplings. However, the usage of seeds for the above purpose is rare. Once the fruits are consumed, the mango seeds are also generally thrown into the garbage. Apricot fruits are commonly consumed by people in temperate regions. The apricot constitutes a seed/pit that houses a kernel. The kernel is used in the production of medicines, cosmetics, and perfumes, while the pit is used as a fuel. In recent years, the kernel shell has been viewed as a potential source for the generation of char and activated carbon. Date pits are the most common agricultural waste in the Arabian Peninsula. The pits themselves contribute 8–15% (wt.) of the total fruit weight (Demirbas, 2017). They are normally consumed as an animal feed and a coffee substitute. They are also used to extract date seed oil. In spite of their consumption for the aforesaid applications, a significant quantity of date seeds remains unused and are usually dumped in landfills as waste. Hence, the generation of the above fruit wastes offers an excellent area for the current research. In spite of these fruit wastes abundant availability, the collection and sorting of the wastes is a complicated and laborious process. Hence, an appropriate waste management scheme should have to be in place to overcome the above issue.

In recent years, the application of the Aspen Plus modeling software in process engineering has become a common practice. Aspen refers to an advanced system for process engineering. It is a modeling software tool, which is used to calculate the physicochemical and biological parameters of a process. The tool is popular, as it can be used for all the phases (solid, liquid, and vapor) of the process (AlNouss et al., 2018). A few recent research works have proven that the simulation tool can also be used for analyzing pyrolysis studies to predict the yield(s) of the process (Elkhalifa et al., 2019b). The tool is also effective in optimizing the pyrolysis process operating parameters such as heating rate, temperature, solid residence time, feedstock size, etc.

Many experimental pyrolysis studies on fruit wastes such as Karanja (Pongamia pinnata) fruit hulls (Tan et al., 2019), oil palm fruit bunch (Elaeis guineensis) (Lee et al., 2020), sweet lime (Citrus limetta) empty fruit bunch (Sukumar et al., 2020), lemon peels (Citrus limon) (Adeniyi et al., 2019), pomegranate (Punica granatum L.) peel (Saadi et al., 2019), watermelon (Citrullus lanatus) peel (Lam et al., 2016), jackfruit (Artocarpus heterphyllus) peel (Adeniyi et al., 2019), pine (Pinus) fruit shell (Alves et al., 2019), casuarina (Casuarina equisetifolia) fruit waste (Parthasarathy and Sheeba, 2015), coconut (Cocos nucifera) shell (Castilla-Caballero et al., 2020), longan (Dimocarpus longan) fruit seed (Yang et al., 2015), etc. have been performed. Even a few pyrolysis experimental works on orange peel, banana peel, mango endocarp, apricot kernel shell, and data seed also can be found. Although the application of Aspen Plus in the pyrolysis studies is in practice, there are only a few such works found. Ismail et al. performed a pyrolysis study of waste tires employing Aspen Plus (Ismail et al., 2017). The Aspen Plus model was successfully implemented to predict the production of pyrolysis products and also to investigate the influence of temperature on the pyrolysis products. Dineshkumar et al. (2019) conducted a microwave pyrolysis study of four biomass wastes such as Calophyllum inophyllum seed, Acacia Nilotica, Bael shell, and rice husk using Aspen Plus. The intention of the simulation study was to identify the biomass that generates the maximum bio-oil yield. The Aspen Plus results established that the biomass C. inophyllum produced the highest bio-oil yield (48 wt.%). Kabir et al. carried out simulation and experimental investigations on the pyrolysis of municipal green waste (Kabir et al., 2015). The objective of the study was to ensure if the Aspen Plus results are consistent with the experimental results. The focus of the study was also to optimize the pyrolysis process operating conditions such as feedstock size, temperature, moisture, and air-to-fuel ratio that produces a maximum bio-oil yield. It was noted that the simulation and experimental results were in good agreement with each other, indicating that the Aspen Plus simulator can be applied to predict the pyrolysis products yield. The simulation results also confirmed that the pyrolysis operating parameters can be effectively optimized using Aspen Plus, and the outcomes can be implemented for testing experimentally.

The aim of the current study is to predict the pyrolysis product yields of five different fruit wastes—orange peel, banana peel, mango endocarp, apricot kernel shell, and date pit—using Aspen Plus. The simulation study also aims to estimate the composition of the syngas that is generated from the pyrolysis of the mentioned fruit wastes. The study will help to understand the behavior of the pyrolysis process without undertaking laborious, high-cost involved time-consuming experiments (Zhai et al., 2016). The outcomes of the study will be helpful in the selection of the most appropriate feedstock suited for the char generation.



MATERIALS AND METHODS


Material

In this work, five different fruit wastes—orange (Citrus sinensis) peel, banana (Musa spp.) peel, mango (Mangifera indica) endocarp, apricot (Prunus armeniaca) kernel shell, and date (Phoenix dactylifera) seed—are investigated. The fruit wastes orange peel, banana peel, and mango endocarp are chosen, as their fruits are widely consumed globally. The apricot kernel shell is chosen because it possesses a high lignin content, which is expected to support a higher char yield. The date pits are chosen, as dates are commonly used in the Arabian Peninsula and the disposal of the seeds is a major concern in the Gulf region.



Methodology

In this study, the problem is formulated based on the proximate and elemental analyses data (provided in Table 1) of the selected fruit wastes, and these data were taken from previous literature (Demiral and Kul, 2014; Lam et al., 2016; Fadhil et al., 2017; Kabenge et al., 2018).


Table 1. Proximate and elemental analyses of the selected fruit wastes.
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As the composition of the biomass components (cellulose, hemicellulose, and lignin) has a significant influence on the pyrolysis products yield, the chemical composition details of the selected fruit wastes reported elsewhere have been provided in Table 2. It is believed that these particulars will be helpful in comprehending the reason for the pyrolysis product behavior of feedstocks.


Table 2. Chemical wet analysis results of the selected fruit wastes.
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Development of Model

In this work, ASPEN Plus® V9 was selected and developed to predict the pyrolysis products yield of the fruit wastes. The ASPEN tool takes care of the interactions among solid, liquid, and gas phases. The tool solves the process engineering complexities by providing integrated solutions. It comes with the large set of material property databank. The tool utilizes FORTRAN subroutines to develop even complex unit operations. The simulation model constitutes several operating blocks, which are used to describe the process which is under study. The blocks are developed based on the designated flowsheet by entering the values of the mass flow and the energy flow streams.

The current pyrolysis study is simulated based on the following assumptions (Elkhalifa et al., 2019b):

➢ The model is under a steady state.

➢ The model is in kinetic-free equilibrium.

➢ The process is operating under constant pressure (isobaric).

➢ The process has negligible pressure drop.

➢ The process has no tar formation.

The RYield reactor type was chosen to transform the feedstock into constituent elements, and the non-stoichiometric Gibb's free energy equilibrium-based splitter model was employed to describe the solid separation (AlNouss et al., 2020).



Simulation

The simulation of pyrolysis process can be done using Aspen Plus software. A series of built-in-unit blocks are used to replicate the real-time process, as the simulation tool do not have an in-built pyrolysis model. The flowsheet of the pyrolysis scheme is given in Figure 1.


[image: Figure 1]
FIGURE 1. Flowsheet of the fruit wastes pyrolysis process.


The pyrolysis flowsheet was then used to develop the Aspen Plus model. As the intention of the study is to produce char, we assumed only slow pyrolysis operating conditions for the simulation runs. Hence, the simulation was performed at 300–600°C and 1 atm pressure (Pawar et al., 2020). The description of each block used in the flowsheet is presented in Table 3.


Table 3. Description of each block used in the flowsheet.
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Validation

The Aspen Plus simulation model has been validated against the reported gas composition. Similar inputs as the ones presented in Visconti et al. (2015) have been fed into the simulated model in the current study. The results presented in Table 4 demonstrate a perfect agreement of the presented model (in this study) with the reported literature. The compositions of syngas produced from the pyrolysis process is showing only a <5% error difference.


Table 4. Model validation: Current study versus previous reported study.
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Process Optimization

After the pyrolysis model development, the process was optimized so as to optimize the solid-to-gas ratio. The optimization equation can be represented by:

[image: image]

where solid represents the flowrate of the produced bio-char (moles), and syngas indicates the flowrate of the produced H2-rich synthesis gas.




RESULTS AND DISCUSSION


The Pyrolysis Products Yield of the Selected Fruit Wastes

As stated earlier, the pyrolysis products yield of the five fruit wastes was predicted using the proximate and elemental analyses data presented in Table 1. The entire simulation results of the study are presented in Supplementary Tables 1–5. The product yields of the fruit wastes obtained from the simulation results are presented in Figure 2.


[image: Figure 2]
FIGURE 2. Product yield of the selected fruit wastes.


From the figure, it can be seen that all the fruit wastes exhibited a high syngas yield (46–55%), a high biochar yield (39–51%), and a low bio-oil yield (<11.00%). The observed high syngas yield of the fruit wastes could be due to their high volatile content, as it favors syngas generation (Parthasarathy et al., 2015). High volatile content also supports bio-oil production. The volatile content of orange peel, banana peel, mango endocarp, apricot kernel shell, and date pits are 50.32, 77.84, 60.77, 74.99, and 77.71%, respectively.

When the product yields of the selected fruit wastes were compared, it was found that the date pits had the highest char yield (50.92%), which could be because of its high elemental carbon (49.80%) (Chaiwong et al., 2012). Next to date pits, the char yield was higher (43.82%) for apricot kernel shell. The high elemental carbon (46.84%) and lignin content (47.97%) could have contributed to its high char yield (Prakash and Sheeba, 2016). Among the fruit wastes, mango endocarp displayed a high syngas yield. The high syngas yield (54.23%) of mango endocarp could have been due to its high elemental oxygen and hydrogen (56.65%) and holocellulose content (71.43%). The orange peel also displayed a high syngas yield (50.34%), which could be because of its high elemental oxygen and hydrogen (55.29%) and high holocellulose (hemicellulose and cellulose) content (63.89%) (Gupta et al., 2016).

The simulation results indicated that among the fruit wastes, the date pits are more suited for biochar generation, while the mango endocarp and orange peel are more suited for syngas production. Moreover, the optimization study has indicated a feedstock of 52:48 blend of date pits and apricot kernel shell with no presence for the rest of fruit biomass. The optimization has yielded a higher char content of around 31.7%, with lower syngas and bio-oil of 43.4 and 24.9%, respectively. This demonstrates more the dominance of date pits and apricot kernel shell in yielding higher char product. The current simulation results are compared with the results of a few other similar works which are presented in Table 5. In the work of Ward et al. the bio-oil yield was greater than the char and syngas yields (Ward et al., 2014). Peters et al. also observed a high bio-oil yield in their study using pinewood (Peters et al., 2017). However, Rasul noted a high char yield with municipal green waste, while Adeniyil et al. witnessed a mixed trend in the yield of bio-oil and char for fruit peelings waste (Rasul, 2017; Adeniyi et al., 2019). These researchers reported a high char yield in the case of banana peel, sweet lime peel, and jackfruit peel. But in the case of orange peel and lime peel, a high bio-oil yield was noticed.


Table 5. The simulation results of other works.
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The variance in the product yield of feedstock is due to the difference in the properties of feedstock, dissimilarity in the assumptions (made by the researchers), variation in the methodology (followed by the researchers), and a distinction in the operating conditions. However, in most works, it has been established that the Aspen simulation results are in good agreement and of high quality with the experimental results, indicating that the simulation tool is very reliable.



Predicted Syngas Composition of the Chosen Fruit Wastes

The simulation model was also used to predict the syngas composition of the chosen fruit wastes. The predicted syngas composition of the selected fruit wastes is presented in Table 6.


Table 6. The syngas composition of the selected fruit wastes.
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From the table, it can be observed that among the fruit wastes, date pits (13.92%) exhibited the highest H2 composition followed by apricot kernel shell (12.09%) and banana peel (11.45%). The H2 composition of orange peel and mango seed was 10.08 and 9.71%, respectively. As expected, the fruit wastes did not show any sulfur presence, as the elemental sulfur content of the fruit wastes feedstock was nil.




CONCLUSION

Generation of valuable commodities such as biochar, bio-oil, and syngas from fruit wastes through pyrolysis is a promising scheme, as it can minimize pollution and somehow alleviate the fruit wastes disposal issues. In this study, the pyrolysis product yields of five different fruit wastes—orange peel, banana peel, mango endocarp, apricot kernel shell, and date pits—was studied using an Aspen simulation model under standard pyrolysis conditions. The developed model was first validated using the data reported elsewhere and was then applied to predict the pyrolysis product yields of the selected fruit wastes.

The simulation results indicated that all the fruit wastes displayed a high syngas yield (46–55%), a high biochar yield (39–51%), however a low bio-oil yield (<11.00%). The high syngas yield of all fruit wastes is attributed to their high volatile content (50–78%). Among the fruit wastes, date pits exhibited the highest char yield (50.92 wt.%), while the mango endocarp showed the highest syngas yield (54.23 wt.%). The high char yield of date pits can be attributed to its high elemental carbon content and moderate cellulose composition. The high syngas yield of mango endocarp can be ascribed to its high elemental oxygen–hydrogen composition and very high holocellulose content. The study predicted that all the selected fruit wastes can be used as feedstocks' for pyrolysis to generate syngas. Further, the study forecasted that the date pits can serve as a potential feedstock for pyrolysis process to produce biochar.

In the future, real-time experiments need to be conducted to validate the simulation results. Future simulation works should focus on studying the influence of heating rate, temperature, residence time, feedstock size, purge gas, blending ratio of feedstock, and catalyst on the pyrolysis products so as to develop a robust pyrolysis simulation model. The current study provides some insights into the selection of suitable feedstock for the production of value-added products such as biochar, bio-oil, and syngas through pyrolysis. The study reveals that an excellent scope for the production of biochar and syngas from the selected fruit wastes through pyrolysis exist.
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