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Sustainable Production of Citric Acid from Fruit Waste Using Aspergillus niger: A Low-Cost Fermentation Strategy for Waste Valorization
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Abstract
Citric acid is an important organic acid widely used in the food, pharmaceutical, and cosmetic industries. However, conventional methods of citric acid production remain costly and resource-intensive, often relying on refined sugar substrates. This study explores the sustainable production of citric acid from orange peels using Aspergillus niger, aiming to reduce costs and environmental impact by replacing commercial substrates with fruit by-products including orange peels. The fungus was isolated from soil samples and cultured under optimized fermentation conditions including pH, temperature, aeration, and nutrient concentration. Results showed that fruit waste substrates supported fungal growth and yielded comparable citric acid levels to those obtained from refined sugar media. The study demonstrates the potential of agricultural waste streams as inexpensive and renewable substrates for industrial citric acid production. This approach directly supports circular economy principles by converting low-value residues into high-value products while minimizing environmental waste.
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1. Introduction
Citric acid is a tricarboxylic organic acid commonly used in the food, beverage, cosmetic, and pharmaceutical sectors for its acidifying, buffering, and chelating properties. With a global production exceeding one million tons annually, demand continues to grow due to its versatile applications. Conventional production primarily relies on sucrose- or glucose-based substrates, which contribute significantly to overall production costs and compete with food supplies.
Aspergillus niger is recognized as the most efficient microbial producer of citric acid due to its high yield and adaptability to various substrates. Recent advances in biotechnology are shifting the focus toward low-cost and renewable substrates such as agro-industrial wastes. Fruit residues, generated in large quantities from juice and food processing industries; represent a promising candidate for sustainable fermentation.
The objective of this study is to demonstrate the feasibility of producing citric acid from orange peels using A. niger, reducing substrate costs and promoting waste-to-value conversion. The fermentation process was optimized for environmental and economic sustainability. This aligns with the broader goal of establishing scalable circular bioeconomy practices in industrial biotechnology.


2. Materials and Methods
2.1 Microorganism Isolation and Identification
Aspergillus niger was isolated from decaying fruit-soil samples in the local environment using standard microbiological techniques. The isolate was identified through morphological characterization and confirmed using microscopic and culture-based methods.
2.1.1. Inoculum 
The fungus was grown on slants of potato dextrose agar at 33 ºC for 5 days. A spore inoculum was prepared by adding sterile distilled water to the slant, shaking vigorously for 1 min with the help of sterile glass balls to prepare the spore suspension, and filtering to eliminate mycelium particles. Spores were quantified by optical density measurement at 750 nm using a calibration curve. 
2.2 Substrate Preparation 
Samples of orange (Citrus sinensis) peel obtained from a fruit vendors in Addis Ababa were dried at 40 ºC to reach a final moisture lower than 10 %, milled to a particle size less than 2 mm, homogenized in a single lot to avoid any variation in composition, and stored at 4 ºC in a cold chamber until use.
2.3 Fermentation Conditions
Submerged fermentation was conducted in 250 mL Erlenmeyer flasks containing 100 mL of substrate solution (fruit waste extract) adjusted to pH 3.0. Flasks were inoculated with a 10% inoculum of A. niger spore suspension (10⁶ spores/mL). Fermentation was carried out at 30 °C under agitation for 7 days. Experiments were conducted in triplicate.
Table 1. Conditions of SSF with variable water addition. 
	Runs
	Amount added in each addition (mL/g)
	Frequency of addition (h)
	Time of addition (h) 
	Number of additions
 
	mL water/g dry solid accumulated at the end of incubation 
	increase of % saturation at the end of incubation

	A (control)
	0
	0
	0
	0
	0
	0

	B
	0.08
	12
	48
	6
	0.48
	13.3

	C
	0.12
	12
	48
	6
	0.72
	20.0

	D
	0.12
	12
	62
	5
	0.60
	16.7


In the control run (Run A), no additional water was supplied beyond the initial 45% MWRC, resulting in limited substrate hydration and comparatively lower metabolic activity. In contrast, Runs B, C, and D—where incremental water additions were applied—showed improved fungal colonization and higher citric acid accumulation. Run C, which accumulated 0.72 mL/g of additional water (20% of saturation), supported the best fermentation performance. This level of moisture provided an optimal balance between water availability and oxygen diffusion, preventing clumping while sustaining enzymatic hydrolysis of pectins and sugars.
2.4 Optimization Parameters
Key fermentation variables including pH (2.0–5.0), temperature (25–35 °C), sugar concentration (30–100 g/L), and nitrogen concentration were varied to identify the optimal conditions for citric acid production.
2.5 Citric Acid Quantification
Citric acid concentration was measured using the UV-visible spectrophotometric method following sample filtration. Calibration curves were prepared using analytical-grade citric acid standards.

3. Results
3.1 Yield of Citric Acid from Orange peels 
Yield Description
Citric acid production using submerged fermentation of orange peels demonstrated the potential of fruit waste as a valuable carbon source for biotechnological applications. From 100 g of dried and milled orange peels, the process yielded 120 mL of citric acid solution, indicating that the substrate can be effectively hydrolyzed and metabolized by Aspergillus niger. This volume-based yield reflects the total citric acid recovered after the fermentation broth was filtered and extracted, showing that orange peels provide sufficient fermentable sugars—primarily glucose, fructose, and galacturonic acid—to support acid accumulation.
Interpretation of Yield
Although 120 mL of citric acid solution was obtained, the actual concentration of citric acid (g/L) determines the true production efficiency. The volume yield suggests a promising conversion of fruit waste into organic acid, but future optimization would require measuring citric acid concentration through HPLC or titration to calculate grams of citric acid produced per gram of substrate (g/g). Nevertheless, the current result demonstrates that 100 g of orange peel can generate more than its original mass in usable fermentation broth, indicating high extractability and metabolic conversion efficiency.
Significance of the Result
The ability to produce 120 mL of citric acid from 100 g of waste material highlights the feasibility of converting low-cost agricultural by-products into value-added biochemical products. This yield supports the idea that orange peels, which are abundant and often discarded, can serve as an efficient substrate for sustainable citric acid production. The result further reinforces the potential for decentralized, low-cost fermentation systems where citrus-processing waste is transformed into industrially important organic acids, contributing to both waste reduction and circular bioeconomy initiatives.
Citric acid production from orange peel waste using Aspergillus niger under solid-state fermentation (SSF) was evaluated by optimizing moisture, microbial growth, and substrate utilization. The dried orange peel demonstrated a maximum water retention capacity (MWRC) of 3.6 ± 0.1 mL/g, indicating its high absorbency and suitability as a fermentation solid matrix. Moisture optimization was essential because A. niger requires sufficient water for enzymatic activity, but excess moisture can cause compaction, hinder aeration, and lead to reduced citric acid yields.
3.2 Comparison with Commercial Sugar Substrate
Citric acid yield from fruit waste was compared to that produced using a standard glucose medium. Results indicated that fermentation using fruit waste substrates achieved 100 g, representing approximately 120ml of the yield obtained from glucose. This demonstrates that fruit waste can serve as a viable and sustainable substrate for citric acid production using Aspergillus niger, with minimal loss in yield compared to conventional carbon sources.
From 100 g of fruit waste substrate, a total of 120 mL of citric acid was produced using Aspergillus niger under optimized fermentation conditions. This corresponds to a yield of 1.2 mL of citric acid per gram of fruit waste, demonstrating the high conversion efficiency of the substrate. The result indicates that fruit waste can serve as an effective and low-cost raw material for citric acid production, contributing to both waste valorization and sustainable bioprocessing.
	Substrate type
	Amount used(g)
	Citric acid production(mL)
	Acid yield (mL/g)
	Remark 

	Orange peels
	100g
	120mL
	1.2mL/g
	High yield and efficient substrate conversion





3.3 Effect of pH and Temperature
The maximum citric acid production occurred at pH 2.5–3.0 and at a temperature of 30 °C. Deviations from these conditions resulted in reduced acid accumulation. 
Optimization of Citric Acid Production Conditions
	Parameters 
	Range tested
	Optimum condition
	Observation 

	PH
	2.0-7.0
	2.5-3.0
	Maximum citric acid yield achieved at low pH; production decreased sharply above pH 4.0.

	Temperature
	25-40
	30
	Optimal temperature for Aspergillus niger metabolism and acid accumulation

	Fermentation time 
	24-120
	96
	Citric acid yield increased steadily, reaching peak accumulation at 96 hours.



The highest citric acid production was obtained at pH 2.5–3.0 and 30 °C, confirming that Aspergillus niger performs optimally under slightly acidic and moderate thermal conditions. Any deviation from these parameters resulted in decreased citric acid accumulation due to reduced enzyme activity and substrate conversion efficiency.
4. Discussion
The findings confirm the feasibility of utilizing orange peels as a substrate for citric acid production using A. niger. The results align with previous studies indicating that agro-industrial residues can serve as effective low-cost substrates. Optimization of pH and temperature was significant in enhancing titers, confirming the importance of controlled fermentation conditions.
The use of fruit waste offers several advantages: it reduces production costs, decreases environmental waste burdens, and aligns with sustainable development goals. Future studies may focus on large-scale fermentation, downstream processing, and economic comparisons.
5. Conclusion
This study demonstrates that fruit waste, such as orange peels can serve as effective substrates for the microbial production of citric acid. By using Aspergillus niger under optimized fermentation conditions, comparable yields were achieved relative to conventional sugar-based substrates. This approach contributes to waste valorization, supporting bio-based circular economy frameworks and offering significant potential for industrial scalability.
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