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Butyric acid is a short-chain volatile fatty acid (VFA) that has emerged as a versatile platform molecule with a wide range of industrial applications. Traditionally, VFAs are synthesized from fossil-based raw materials; however, they can also be produced through fermentation of renewable biomass sources. However, recovering these acids produced by biomass fermentation remains one of the most critical and cost-intensive steps, as the complex nature of fermentation broths complicates separation and can account for nearly half of total production costs. Among available recovery strategies, liquid-liquid extraction stands out as a desirable option due to its high selectivity and efficiency for VFA separation. Various types of solvents have been proposed in the literature; however, in recent years, green solvents have emerged as environmentally friendly alternatives. γ-Valerolactone (GVL) is a chemically stable cyclic solvent (C5H8O2) primarily produced from levulinic acid or furfural, which are renewable chemicals. Owing to its favorable physicochemical properties, GVL can serve as a sustainable and green alternative to conventional organic solvents. This study evaluated the efficiency of GVL for the liquid-liquid extraction of butyric acid from fermentation broth.  Experimental conditions were optimized by varying the pH (2.5–4.5), stirring time (1–3 hours), solvent-to-butyric acid ratio, and butyric acid concentration. The results indicate that the highest separation efficiency for butyric acid was achieved at a pH of 2.5 and a stirring time of at least 2 hours. Separation efficiencies of over 78% were obtained for butyric acid in the best condition tested, which implies that GVL may be a promising solvent for butyric acid separation from fermentation broth.

Introduction
Reducing carbon emissions is essential for ensuring a sustainable future and represents one of the greatest global challenges today. Replacing oil-based products with renewable alternatives and developing processes aligned with the principles of the circular economy are key steps toward achieving net-zero carbon emissions. Among the various strategies, biomass fermentation stands out as a promising route for producing bio-based platform chemicals that can replace fossil-derived counterparts, reduce environmental impact, and support the goals of sustainable production systems (Kelbert et al., 2024; López-Garzón and Straathof, 2014).
In the context of the circular economy, anaerobic fermentation of biomass enables the use of organic waste as a substrate to convert low-value residues into value-added chemicals, such as volatile fatty acids (VFAs), that are still predominantly produced from oil. VFAs are C2–C6 short-chain organic acids generated as intermediates during anaerobic fermentation. They are considered platform chemicals because they can serve as precursors for a wide range of products, including food and feed additives, biodegradable plastics, microbial oils, aviation fuels, biofuels, and other valuable compounds (Sun et al., 2024; Kim et al. 2022).
Butyric acid (HBu) is a four-carbon fatty acid that is predominantly produced synthetically from petroleum-derived feedstocks, although it can also be obtained through biomass fermentation. The growing interest in HBu and its esters stems from their wide range of industrial and biomedical applications. For instance, butyric acid is used to enhance food flavorings and fragrances and has demonstrated therapeutic potential in treating certain types of cancer. According to Technavio (2024) reports, the global butyric acid market was valued at USD 376.5 million in 2023 and is projected to reach USD 598.09 million by 2028, corresponding to a compound annual growth rate (CAGR) of 9.7%. This rapid increase in demand highlights the need to explore biological production routes, making biomass fermentation a promising and competitive alternative for large-scale butyric acid production (Sun et al. 2024; Kelbert et al. 2024; Gerunova et al., 2024; Chen et al. 2022).
However, to make biomass fermentation a feasible alternative for butyric acid production, several challenges must be addressed, including the low yield of the acid, the instability of the acid composition, and the complex and costly downstream processes required to achieve the desired purity (Luo et al., 2018; Jiang et al., 2018). In fact, downstream operations can account for up to 50% of the total production cost, making the selection of appropriate separation technology crucial for process development. The downstream stage generally involves at least two main steps (concentration and purification), and the choice of technique depends strongly on factors such as the required product purity, the butyric acid concentration in the fermentation broth, and the type of feedstock used. Among the technologies proposed in the literature for butyric acid recovery and purification, liquid-liquid extraction has emerged as one of the most extensively investigated approaches (Kerlbert et al., 2024; Jiang et al., 2018).
Liquid-liquid extraction (or solvent extraction) is based on the principle that when an organic solvent phase is brought into contact with an aqueous phase containing the target molecule, this molecule can migrate from the aqueous phase to the organic phase depending on its affinity for the solvent, until equilibrium is reached. This affinity is quantified by the partition coefficient, which represents the ratio of the solute’s concentration in the organic phase to that in the aqueous phase at equilibrium. Therefore, the higher the partition coefficient of a substance on a given solvent, the greater its affinity for that solvent. Consequently, the choice of solvent plays a crucial role in determining the overall cost and efficiency of the extraction process. In the literature, several types of solvents have been investigated for the separation of butyric acid, including esters, amines, carboxylic acids, and alcohols, often with the addition of salts to enhance extraction performance (salting-out). However, due to environmental and safety concerns associated with many conventional organic solvents, recent studies have increasingly focused on green solvents, such as bio-based esters, ionic liquids, and deep eutectic solvents, as more sustainable and environmentally friendly alternatives (Fioravante et al., 2025; Chen et al., 2022; López-Porfiri et al., 2020).
Among the emerging green solvents, γ-valerolactone (GVL) has gained particular attention due to its renewable origin, low toxicity, and excellent physicochemical properties. GVL is a stable cyclic ester derived from levulinic acid, which can be produced from lignocellulosic biomass. Its properties make it an effective, environmentally friendly solvent for extracting butyric acid, offering a promising alternative to conventional oil-based solvents (Dantas and Ceriani, 2022; Wong et al., 2017). The production of butyric acid from biomass fermentation using waste materials already represents a significant environmental advancement, especially when combined with green solvents that minimize reliance on toxic chemicals and align with circular economy principles. The aim of this work is to evaluate the efficiency of γ-valerolactone (GVL) as a green solvent for the liquid-liquid extraction of butyric acid.

Methodology
Materials
γ-Valerolactone (GVL) and lactic acid were supplied by Sigma-Aldrich (USA), while potassium hydroxide was provided by Anidrol (Brazil). Butyric, propionic, and acetic acids were purchased from Êxodo Científica (Brazil), phosphoric acid was obtained from Dinâmica (Brazil. Ultrapure water was produced using a Master System MS20000 ALL unit (GEHAKA, Brazil). pH measurements were carried out with an mPA2010 pH meter (MS Tecnopon® Instrumentação, Brazil). All experiments were conducted in a jacketed reactor system model MA 505/5FEQ (MARCONI, Brazil). The sample concentrations were determined by high-performance liquid chromatography (HPLC) using an Agilent 1260 Infinity II system (Agilent Technologies, USA).
VFA solution
The concentration of volatile fatty acids (VFAs) in the synthetic medium prepared for this study was based on experimental results obtained through internal communication with a company developing the fermentation process. This process is based on fermentation using a mixed microbial culture and residues from an organic sugar industry as substrate, yielding 33 g/L of butyric acid, 13 g/L of propionic acid, and 2.4 g/L of both acetic and lactic acids. Accordingly, a synthetic solution was prepared with these concentrations using Type I ultrapure water. In addition, a second synthetic solution containing 87 g/L of butyric acid, 20 g/L of propionic acid, and 5.0 g/L of acetic and lactic acids was also prepared. To simulate the conditions of an actual fermentation process, the pH of the solutions was initially adjusted to 6.5, corresponding to the optimal pH for butyric acid production, and then sequentially adjusted to 5.0, 3.5, and 2.0 using phosphoric acid. This pH range was selected to encompass the transition of butyric acid from its ionized to its molecular form (pKa = 4.74), allowing assessment of its interaction with the solvent.
Liquid-liquid extraction
The liquid-liquid extraction experiments were carried out using acidified synthetic fermentation media and γ-valerolactone (GVL) as the extracting agent. Each trial employed 12.5 mL of sample, with the pH adjusted between 2.5 and 4.5. The extraction procedure was adapted from the method described by Alao et al. (2023) for lactic acid recovery, with modifications to account for GVL's unique behavior in aqueous systems. Consequently, the stirring and decantation times were adjusted to optimize phase separation and extraction performance. 
The mixtures were prepared in beakers at room temperature and stirred at 150 rpm for 2 hours. The solvent-to-aqueous phase volume ratio was maintained at 1:1 for experiments investigating the effects of pH and butyric acid concentration, yielding a total mixture volume of 20 mL. An additional experiment was performed at pH 2.5 using a solvent-to-feed ratio of 0.5:1. After agitation, the mixtures were transferred to separatory funnels and left to settle overnight to ensure complete phase separation. Subsequently, 2 mL samples were collected from both the organic and aqueous phases, transferred to vials, and stored at -5 °C for further analysis.
Sample analysis
The sample analysis was performed using an Agilent 1260 Infinity II HPLC system (Agilent Technologies, USA) equipped with an HPX-87H column (1.3 × 7.8 mm) with the temperature maintained at 15 °C during the runs. The injection volume was 20 µL, and the eluent was an aqueous 3 mmol/L sulfuric acid solution delivered at a constant flow rate of 0.5 mL/min. Calibration curves were constructed using standard solutions of butyric acid at concentrations of 8.0, 4.8, 3.2, 1.6, and 0.8 g/L. The linear regression of the calibration data yielded Equation (1), which was used to determine the butyric acid concentration. In this equation,  represents the peak area corresponding to butyric acid and  denotes its concentration.
	
	(1)


The extraction recovery ratio of butyric acid was calculated using Equation (2), where  and  are the concentrations of butyric acid in the organic and feed phases, respectively, and  and  are the corresponding volumes of each phase.
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The distribution coefficient was determined to evaluate the partitioning of the acid between the organic and aqueous phases during the extraction process. The distribution coefficient () was calculated as the ratio of the VFA concentration in the organic phase to that in the aqueous phase, as expressed in Equation (3), where  and  are the concentrations of HBu in the organic and aqueous phases.
                                                                                                                                                        (3)
The selectivity of the extraction system was evaluated to assess the preferential partitioning of the HBu compound relative to the other VFAs present in the mixture. The selectivity () was calculated as the ratio of the distribution coefficient of HBu to that of the remaining VFAs, as shown in Equation (4):
                                                                                                                                                            (4)
where  corresponds to the distribution coefficient of butyric acid in the solvent and , represents the distribution coefficient of the other components  present in the synthetic medium.
Comparison with a group contribution method
Experimental results of the separation process were compared to the results of a simulation of the extraction process in Aspen Plus v14. The process was simulated assuming the UNIFAC group contribution method to estimate the activity coefficient in the liquid phase. Compositions were the same as indicated in section 2.2. The liquid-liquid extraction process was simulated using a Decanter model at 25 °C and 1 atm (Figure 1).
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Figure 1: Process flowsheet diagram of the liquid-liquid extraction of VFAs using GVL in Aspen Plus v14. 
Results and discussion
Liquid-liquid extraction
The initial increase in pH with potassium hydroxide, followed by pH reduction with phosphoric acid, allowed the synthetic solution to simulate the behavior of an actual fermentation broth. Thereafter, three different pH levels (2.5, 3.5, and 4.5) were selected for liquid–liquid extraction using γ-valerolactone (GVL) as the solvent. The recovery percentages of butyric acid (HBu) from the synthetic fermentation medium at these pH values are presented in Figure 2. 
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Figure 2: Butyric acid recovery (%) using GVL as solvent at different pH values (2.5, 3.5, and 4.5). 
Figure 2 shows that GVL achieved butyric acid recoveries of 79%, 40%, and 21% at pH 2.5, 3.5, and 4.5, respectively, and In terms of the distribution coefficient (), values of 3.76, 0.66, and 0.26 were obtained from a synthetic fermentation broth, highlighting its potential as a solvent for liquid–liquid extraction. However, the separation efficiency decreases as the pH increases. This behavior is expected, as increasing the pH toward the pKa of the acid shifts its speciation from the molecular (undissociated) form to the ionized form, thereby reducing its affinity for the organic phase and hindering extraction. Therefore, for efficient acid recovery, the pH of the solution should be maintained below the pKa to ensure that most VFAs remain in their undissociated form (Xu & Jiang, 2011). Under the conditions that provided the highest recovery (pH 2.5), the extraction of the other acids reached 51%, 43%, and 31% for propionic, acetic, and lactic acids, respectively. In terms of distribution coefficients, these values correspond to 1.04, 0.75, and 0.44, respectively, resulting in a selectivity () of 1.69 at this pH.
According to Seader et al. (2019), a selectivity greater than unity indicates that the solvent preferentially extracts the target compound, in this case, HBu, over the other components. However, the observed β value is relatively low for an efficient separation process. This limited selectivity indicates significant co-extraction of other acids, which may increase the complexity of downstream processing by requiring additional separation steps to isolate butyric acid from the co-extracted species. However, this behavior is expected in this case due to the similar physicochemical properties of the organic acids present in the mixture.
Results from the Aspen Plus simulation, using the UNIFAC method to calculate the liquid activity coefficient, indicated a 81% recovery of butyric acid. The UNIFAC method considers carboxylic acids in their undissociated form; therefore, the recovery calculated with this method is expected to be closer to the experimental recovery at lower pH, where the undissociated form of butyric acid predominates. 
Additional extraction experiments were carried out by varying the solvent-to-feed ratio to 0.5:1 and by using a synthetic medium with twice the original concentration, in order to evaluate the solvent performance under different scenarios: (i) using a lower amount of solvent and (ii) introducing a concentration step prior to extraction to assess the maximum distribution coefficient of butyric acid in the solvent. For the experiments with the two fold-concentrated medium, the solvent-to-feed ratio was maintained at 1:1. In all experiments, the pH was kept at 2.5. The results are shown in Figure 3.
As shown in Figure 3, reducing the solvent-to-feed ratio to 0.5:1 led to a significant decrease in butyric acid recovery, by nearly 40%. In contrast, when a twofold-concentrated medium was used, the amount of butyric acid extracted by GVL was only slightly lower than that obtained at a 1:1 ratio, reaching 64%. These results indicate that the solvent is promising for recovering butyric acid from more concentrated media, enabling the implementation of a concentration step prior to extraction which may be advantageous for downstream processing. However, when the solvent volume is reduced by half, the extraction capacity decreases markedly, likely requiring the implementation of an additional extraction step to achieve comparable recovery levels. 
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Figure 3: Butyric acid recovery (%) using GVL as solvent: (i) solvent-to-feed ratio of 0.5:1 and (ii) twofold-concentrated synthetic medium. 
Liquid–liquid equilibrium data at 298 L for the system γ-valerolactone, n-tetradecane, and butanoic acid were reported by Corrêa et al. (2019). According to their study, the oxygen-containing functional groups of carboxylic acids are responsible for creating a polarized region that interacts with GVL through dipole–dipole interactions, enabling the solvent to interact with and extract butyric acid from the raffinate phase (n-tetradecane). This interaction mechanism likely explains the good extraction performance observed in the present work. 
Other solvents were also evaluated by this research group, such as ethyl acetate and octyl acetate, as reported by Fioravante et al. (2025), achieving higher recoveries under optimal conditions (approximately 91% and 83%, respectively). However, these solvents are classified as “hazardous solvents,” despite the relatively low toxicity of octyl acetate (Kerkel et al., 2021). In this context, GVL emerges as a promising option for butyric acid recovery and as a greener alternative to replace these conventional solvents. 
Nevertheless, two practical limitations were observed when using GVL as the solvent in the synthetic medium. First, the small density difference between the solvent (1.054 g·cm⁻³) and water (0.997 g·cm⁻³) hindered phase disengagement because of less buoyancy of droplets of light phase in the heavy phase, resulting in longer settling times. Additionally, GVL exhibits a slightly higher surface tension (30.6 dyn·cm⁻¹) compared to common organic solvents such as ethyl acetate (23.51 dyn·cm⁻¹), although it remains significantly lower than that of water (72 dyn·cm⁻¹). This characteristic, together with the acid behavior created by the solute, may also contribute to difficulties in phase separation. Second, emulsion formation between the phases was observed, requiring an increase in temperature to facilitate phase disengagement. An alternative approach to reduce both settling time and emulsion stability would be centrifugation, which can promote faster phase separation while also assisting in emulsion breaking to compensate for the low difference in density. These observations indicate that further investigation is still required to enable the practical application of GVL as an extraction solvent, despite its clear potential for butyric acid recovery.

Conclusion
This study demonstrated that liquid–liquid extraction of VFAs from synthetic fermentation media using γ-valerolactone (GVL) is a promising approach for butyric acid recovery. At pH 2.5, GVL achieved a high extraction efficiency, recovering 79% of the butyric acid in a single equilibrium stage, confirming its strong affinity for the undissociated acid. Although the extraction performance decreases with increasing pH, the solvent still showed relevant recovery under more challenging conditions. Based on the promising result obtained at pH 2.5, the solvent-to-feed ratio was reduced to 0.5:1, resulting in an almost 40% recovery. On the other hand, when the solvent-to-feed ratio was kept constant and the medium was concentrated twofold, a recovery of 64% of butyric acid was achieved, demonstrating that the solvent remains effective even at higher concentrations of organic acids in the medium. These results establish GVL as a competitive and sustainable alternative solvent for butyric acid extraction. Despite the observation of practical limitations related to phase disengagement, such as emulsion formation and small density differences between phases, the overall performance achieved in this work clearly supports the strong potential of GVL for application in carboxylic acid recovery processes and provides a solid basis for further optimization and development.
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