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Cheese whey is a by-product of cheese production. This waste, of which almost 145 million tons are generated annually, is of interest because of the management it requires; improper handling can cause adverse environmental impacts due to its high organic load and nutrient content. Although the treatment depends on its origin, anaerobic digestion is the most widely used from which methane can be obtained. In this way, several proposals for its treatment through biorefinery schemes have been proposed. However, treatment with insects and their inclusion in biorefinery schemes, specifically with black soldier fly larvae (Hermetia illucens), has not been proposed. Black soldier fly larvae (BSFL) have stood out for their effectiveness in treating large quantities of waste. Once BSFL biotransform waste into larval biomass, they are harvested for feed or their oil is extracted and transformed into biodiesel. Other products of interest include some peptides with antioxidant capacity and compounds with antimicrobial activity. To our knowledge, there are no reports on the treatment of cheese whey with BSFL; therefore, this work aims to propose a biorefinery scheme to convert this waste into value-added using BSFL. After reviewing the literature, a value-added product (antimicrobial extract) and a biofuel (biodiesel) were selected. Regarding the antimicrobial extract, activity against Salmonella spp. bacteria was observed. Finally, biodiesel was obtained from the fat. It is possible to get at least one value-added product and biofuel in a biorefinery scheme using BSFL as a biological treatment. 
Introduction
Global technological growth and development have been based on the exploitation of resources, which, although they have managed to support this model for years, are beginning to decrease in quantity. In this sense, the circular economy concept has been proposed to promote sustainable development. Among the objectives of the circular economy are to keep the extracted raw materials as long as possible in the production chain and reduce waste generated as well as greenhouse gas emissions. In this sense, waste and by-products must be recycled or reused (Londoño and Cabezas, 2021).

Cheese whey is a by-product of milk processing into cheese that is often discarded as waste. Approximately 1 kilogram of cheese produces about 9 kilograms of whey (Charalambous & Vyrides, 2021). Around 145 million tons are generated annually (Caltzontzin-Rabell et al., 2021). Although cheese whey composition depends on the type of cheese or source of the milk, it is generally composed of water (93-94%), dry matter (proteins [0.6-0.8%] and fats [0.4-0.5%]), and lactose (4-5%) (Ponist et al., 2021). Due to this composition, its disposal must be taken care of, otherwise improper management can result in effluent contamination (Ganju and Gogate 2017).

Among the most commonly used methods to treat dairy effluents are anaerobic processes, which require long times to ensure good treatment (Tirado et al., 2018) and from which methane can be obtained. A biological treatment with microalgae has also been proposed as an alternative for its management and generation of products of interest (Lappa et al., 2019). 

In this way, there are also proposals for treatment through the integration of processes in biorefinery schemes. A biorefinery described by Kopsahelis et al. (2018) used wine lees and cheese whey as raw materials to produce ethanol, chemicals, animal feed, and oil. Another research conducted by Hemalatha et al. (2019) proposed dairy wastewater treatment under a biorefinery scheme using microalgae. The products obtained were oil and fermentable sugars to produce bioethanol. Both papers highlight the importance of optimizing the biorefinery design. However, treatment with insects and their inclusion in biorefinery schemes, specifically with soldier fly larvae (Hermetia illucens), has not been proposed. 

Black soldier fly larvae have been proposed as an alternative to waste management due to their high efficiency in converting them into a biomass rich in molecules of interest such as fat (rich in saturated fatty acids), protein (to feed chicken or fish) (Aguilar-Murguía et al., 2022; Mshayisa et al., 2022), and even antimicrobial compounds (Elhag et al., 2017). Therefore, various products of interest can be obtained from this insect. Literature has explored different residues (bread, food waste, fish, and even mussels) to rear BSFL (Ewald et al., 2019). However, cheese whey has not been investigated as a single process or under a biorefinery scheme. Therefore, this work presents a biorefinery design for cheese whey using a biological process, such as BSFL (Figure 1). 
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Figure 1: Objective of the project. 

2. Materials and Methods

2.1 BSFL rearing
Cheese whey was mixed with Gainesville diet (75:25) and was given to five-day-old BSFL for conversion. The room conditions were 32 °C and 60% and 70% relative humidity. BSFL were obtained from a colony of the Faculty of Engineering of the Autonomous University of Queretaro (El Marques, Queretaro, Mexico). Cheese whey was obtained from the Dairy Pilot Plant, also located at UAQ. It was recovered the same day it was generated and kept at room temperature. The larvae were reared in cheese whey for 11 days, and every 2 days, they were collected for weight, length, and width recording. Larvae biomass and residual material (frass) were also weighed at the end of the experiment (Figure 2). 
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Figure 2: Black soldier fly larvae and residual material (frass).
On the eleventh day, BSFL were placed in a freezer for death, then, were dried at 65 °C for 72 h and finally, grounded (Figure 3).
[image: C:\Users\ASUS\Pictures\arreglar 4\fotos tesis DBio\WhatsApp Image 2021-03-07 at 11.38.13 PM(22).jpeg]
Figure 3: BSFL dried and grounded.
2.2. Obtaining products of interest (obtaining of experimental data)
To obtain the antimicrobial extract, grounded BSFL was sonicated with methanol and then followed by centrifugation. The resulting supernatant was utilized for the preparation of diffusion disks. Subsequently, inhibition halo tests were conducted to validate its effectiveness against Salmonella spp. (Figure 4).
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Figure 4. Inhibition halo test. 
After obtaining the antimicrobial extract, the fat of the grounded BSFL was extracted with Soxhlet equipment using hexane as solvent and characterized using a Gas Chromatography-Mass Spectrometer (GC-MS). The extracted fat was subsequently subjected to acid transesterification (using methanol and sulfuric acid), a key step in converting the raw material into biodiesel. Biodiesel was finally washed with distilled water and weighed.

This dual-product approach showcases the versatility of the biorefinery concept, efficiently transforming waste into both high-value bioproducts and sustainable biofuel.

2.3 Designing of biorefinery
Based on the experimental data obtained in the laboratory, the necessary calculations were made to determine the quantities extracted of the products of interest. Parameters such as BSFL growth rates, nutrient consumption, and the yield of valuable products were incorporated into the model. This design endeavor provides a theoretical framework for the biorefinery and a useful tool for modeling, optimizing, and scaling up the process for potential industrial applications.

3. Results and discussion
The model of the proposed biorefinery is shown in Figure 4. As can be seen, it is possible to obtain at least one value-added product (antimicrobial) and one biofuel (biodiesel) using this biorefinery.
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Figure 4: Model of the proposed cheese whey biorefinery.
This model indicates the viability and efficacy of utilizing BSFL as a biological treatment for cheese whey. Considering 1 kilogram of waste (cheese whey mixed with Gainesville diet), which uses 500 larvae, approximately 215 grams of BSFL can be obtained in fresh weight. Regarding the products of interest, of the 215 grams of larvae in fresh weight, about 129 grams of dried larvae were obtained; from this, 56 grams of antimicrobial extract diluted in methanol and 12 grams of biodiesel were obtained; the rest can be used as feed for animals such as chicken or fish. Other products that can be obtained and should be studied in future work are frass, a residue of the larvae that has been studied for its great nutritional value for plants, and chitin, an important molecule in insects and has a high commercial value. Furthermore, an economic analysis is required to assess whether the proposal is profitable since chemicals such as hexane, methanol, and sulfuric acid are required.

Comparing this proposal with two alternative biorefinery concepts tailored for cheese whey, it can be observed that the generated products of interest are different from those reported. For example, in 2018, Kopsahelis et al. described in their biorefinery proposal the possibility of obtaining ethanol, antioxidants, tartrate salts, animal feed, oil, and protein if cheese whey is mixed with wine lees. Hemalatha et al. (2019) also proposed a biorefinery with dairy residues using microalgae, which accumulate fat. Among the products proposed are oils, carbohydrates, and water for irrigation. It is noteworthy that in both instances, the need for additional research is underscored to enhance the extraction efficiency of these products—an inherent challenge encountered by any proposed biorefinery seeking optimal output.

4. Conclusions
The results obtained from the laboratory process validate the feasibility and efficiency of the proposed biorefinery scheme, substantiating its potential as a sustainable solution for cheese whey valorization. The biofuel, derived from the transesterification of fat extracted from BSFL, contributes to the overarching goal of achieving a sustainable energy source. This innovative approach addresses the environmental challenges associated with cheese whey waste and contributes to the Circular Economy concept by transforming waste into valuable resources. The dual benefits of obtaining high-value products and sustainable biofuel underscore the economic and environmental sustainability of the proposed biorefinery scheme. Further research and scaling efforts will refine this design, unlocking even greater potential for waste valorization and contributing to a more resilient and eco-conscious global community.

Nomenclature
BSFL- black soldier fly larvae
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