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This research investigates the use of Choline Chloride and Lactic Acid-based (ChCl:LA) Deep Eutectic Solvents (DES) to overcome thermodynamic limitations in water-ethanol mixtures separation using a rotary evaporator under reduced pressure. It addresses batch single-stage extractive distillation on a laboratory scale and explores operational parameters, including molar ratio (1:2, 1:1.5), bath temperature (60-65 °C), vacuum pressure (100-150 mbar), and chiller temperature (15-20 °C). Separation efficiency was quantified by Karl Fischer titration, density, pH, and Ford Cup viscosity measurements. The DES ChCl:LA(1:1.5) showed improved performance, reducing distillate water content from 66 % (feed) to 26.33 % at 60 °C and 150 mbar, in a single stage, representing an ethanol enrichment of ~115 %. Lowering the bath temperature was associated with higher ethanol purity by maximizing the vapor pressure difference between ethanol and the DES-water complex. Conversely, excessive vacuum (100 mbar) or higher chiller temperatures (20 °C) negatively impacted efficiency due to water carryover or incomplete condensation. The residue high density (> 1.07 g/cm³), increased viscosity, greenish coloration, and low pH (0.5-1.5) suggested partial water sequestration by DES. Meanwhile, the distillate appeared colorless, with lower viscosity and pH closer to that of pure ethanol. These results suggest that the DES ChCl:LA (1:1.5) may act as a non-volatile solvent for bioethanol purification after optimizing process parameters, providing a biodegradable and sustainable pathway for breaking the water-ethanol binary system.
1. Introduction
Energy production from fossil fuels has raised concerns around the world, mainly due to the high costs of petroleum and its derivatives and the pollution generated during their processing. Consequently, the search for renewable energy sources is increasing and the bioethanol emerges as a prominent alternative. This biofuel can be used as an additive for fossil fuels because it increases the octane rating of gasoline, improves engine performance, and decreases the demand for fossil fuels, while also promoting a higher complete combustion rate due to its high oxygen content (Karimi et al., 2019). Thus, bioethanol is essential for mitigating the environmental impact of conventional fuels and reducing atmospheric pollution (Karimi et al., 2019). However, the residual water must be removed from the bioethanol before it is used as fuel to ensure that water does not negatively interfere with its properties as an additive.
To obtain anhydrous ethanol from a water-ethanol mixture, simple distillation is insufficient, as the system forms an azeotrope at approximately 95.6 wt % ethanol (where xi = yi and the relative volatility (α) equals 1) (Peng et al., 2017). A viable alternative is extractive distillation, where a solvent (a third component) is added to modify the relative volatilities, thereby eliminating the azeotropic point and enabling separation (Rodríguez, 2016).
In this context, the deep eutectic solvents (DES) have been replacing conventional solvents in extractive distillation, primarily due to their biodegradability, high chemical and thermal stability, low toxicity, and negligible volatility (Neubauer et al., 2022).  
Furthermore, the DESs are easy to prepare by mixing a hydrogen-bond donor (HBD) compound and a hydrogen-bond acceptor (HBA) under heating and stirring until a homogeneous and transparent liquid is formed. The hydrogen bonding between these reagents leads to charge delocalization, which results in DES having lower melting points than their individual components (Neubauer et al., 2022).  
The DES is expected to influence the vapor-liquid equilibrium due to its competitive hydrogen bonding. Lactic acid, acting as a strong hydrogen bond donor (HBD), establishes preferential interactions with water molecules over ethanol. This interaction may increase the effective boiling point of the water-DES complex, significantly raising the relative volatility of ethanol (Peng et al., 2017) and promoting its vaporization.
Unlike traditional ionic liquids, DES are tunable (Graczová and Steltenpohl, 2015); adjusting the HBA:HBD molar ratio allows the optimization of viscosity and the solvent’s capacity to alter the vapor-liquid equilibrium. Extractive distillation of water-ethanol mixtures has been explored using DES as solvents, specifically those based on choline chloride (ChCl) and lactic acid (LA), as LA is an organic HBD with a high affinity for water. 
According to Rodríguez (2016), a ChCl:LA (1:2) DES does not break the azeotrope, but achieves a displacement to the pure ethanol, thereby increasing the separation purity. This performance highlights the potential of these solvents as sustainable alternatives to traditional agents (Graczová and Steltenpohl, 2015). 
In this context, the present study investigates the influence of DES molar ratios and key operational variables in a rotary evaporator system. Rather than aiming at industrial-scale dehydration, this work provides a preliminary, proof-of-concept assessment of extractive distillation using DES in a simplified batch configuration. The study evaluates the effects of parameters such as bath temperature, vacuum pressure, and condensation conditions in order to identify operational trends and limitations. Compared with previous studies reporting ethanol purities up to 99 % using DES solvents (Fontana et al., 2021), the present system achieved a moderate level of dehydration. This result highlights the need for further optimization, including multi-stage operation and more detailed evaluation of vapor–liquid equilibrium behavior, particularly regarding the effectiveness of vacuum conditions in shifting the azeotropic composition.
2. Materials and Methods
2.1 Materials
Choline chloride (ChCl) with a purity of 98 %, was used as HBA, and an 85 % aqueous solution of Lactic Acid (LA) was used as HBD, without prior purification. This implies that additional water was introduced into the DES system from the beginning, which may influence both solvent properties and separation performance. The mixture of distilled water and ethanol (Absolute Ethyl Alcohol, Êxodo Científica, Brazil, with a purity of 99.8 %) at a volume ratio of 2:1 (two parts of water to one part of ethanol) was prepared to simulate a diluted bioethanol stream.

2.2 Preparation of Deep Eutectic Solvents (DES)
DESs were synthesized by mixing Choline Chloride (ChCl) as HBA and Lactic Acid (LA) as HBD in molar ratios of 1:2 and 1:1.5 ChCl:LA, resulting in a partially hydrated DES. The mixtures were stirred continuously at 80 °C under an inert atmosphere until a homogeneous, clear, and transparent liquid was obtained. The stability of the DES was confirmed by the absence of recrystallization upon cooling to room temperature (Arantes et al., 2024).

2.3 Experimental Setup: Rotary evaporator as a bench-scale extractive distillation system
The extractive distillation process was conducted using a Büchi R-100 Rotavapor® System. 
The procedure began with the preparation phase, in which a water-ethanol mixture (2:1 volume ratio) and the DES (solvent) were charged into the evaporation flask (Figure 1a,b). Then, the system reached thermal equilibrium by immersing the flask in the heating bath, where the mixture remained at rest until the chosen bath temperature (Tbath) was achieved. 
After that, the process was initiated by activating the rotation, vacuum pump (Pvac), and recirculating chiller (Tchiller) via the system interface. The volatilization beginning was identified by the appearance of bubbles within the flask (Figure 1c). The generated vapors then entered the condenser, contacting the refrigerated recirculating fluid in the chiller coil to form droplets that flowed into the receiving flask as the purified distillate (Figure 1d). The process was monitored visually and concluded when bubbling in the evaporation flask and droplet formation ended (Figure 1e,f), indicating the complete distillation of the volatile components. All experimental runs were standardized to a total duration of 47 minutes to ensure comparability. Considering the presence of 15 % of water in the lactic acid used, the feed of water was approximately 66 %, including the contribution from the hydrated lactic acid.
2.4 Analytical Characterization
Physicochemical properties of the phases were characterized using specific analytical methods to ensure precision and equipment integrity. The water content in the pure DES, initial feed, distillate, and residue was quantified by Karl Fischer (KF) titration using a Metrohm titrator, following ASTM D6304-21 standard. This technique, based on the Bunsen reaction between iodine and sulfurdioxide, allows for high-precision moisture determination.
Due to the high viscosity and notably low pH of the DES mixtures, which could potentially damage electronic sensors, a Ford Cup viscometer was employed to measure viscosity at room temperature. This method determines the flow time of a calibrated volume of liquid through a standardized orifice. 
Additionally, density was determined gravimetrically at room temperature, through direct mass and volume measurements, while pH was monitored using indicator strips. Finally, a qualitative visual analysis was performed to identify potential solvent entrainment; a greenish tint in the residue served as a marker for the presence of DES and, in the meantime, a colorless appearance in the distillate indicated successful separation without contamination.
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(a)                        (b)                            (c)                          (d)                      (e)                        (f)
Figure 1: Photos from run 1 steps captured throughout the rotary evaporator distillation: (a) DES, (b) feed mixture, (c) bubble formation, (d) droplet formation, (e) distillate and (f) residue
3. Results and Discussion
The primary physicochemical properties of the synthesized DES are summarized in Table 1. The high viscosity and low pH of the DES are consistent with strong intense hydrogen-bonding interactions formed between ChCl and LA. The DES's acidic nature (pH 0.5) may play an important role, as it can increase specific interactions with water molecules during the extractive process.
Table 1: Average physical properties (density, viscosity, pH) of DES and feed mixture (water-ethanol + DES) 
	Sample
	Density, g/cm³
	Viscosity, mPa·s
	pH
	Appearance

	DES ChCl:LA(1:2)
	1.080
	150.00
	0.5
	Greenish

	DES ChCl:LA(1:1.5)
	1.146
	154.80
	0.5
	Greenish

	Feed Mixture
	1.036
	12.38
	2.0
	Colorless



The performance of the extractive distillation was evaluated through 10 experimental runs. Table 2 details the percentage of water in the distillate phase, which is the main indicator of distillation performance, as a function of the operational parameters considered. Regarding vacuum pressure, while lowering the pressure generally contributes to the ethanol volatilization at 65 °C, Run 5 (100 mbar) demonstrated that this vacuum can overcome the DES-water affinity, leading to water carryover. The resulting 59.94 % water content suggests that the high pressure drop may have reduced the effectiveness of hydrogen-bond interactions between the DES and water, leading to the co-evaporation of the bulk aqueous ethanol solution, once the boiling points of water and ethanol at 100 mbar are 45.8 ºC and 29.08 ºC, respectively (Aspen Plus V14). The molar ratio also proved critical, with the 1:1.5 ratio (Run 3, at 150 mbar) acting as the most favorable result (26.33 % water) and enhancing ethanol selectivity; once the boiling points of water and ethanol at 150 mbar are 53.97 ºC and 36.52 ºC (Aspen Plus V14), respectively. This intermediate ratio appears to provide a better balance between water sequestration and mass transfer. It occurs because higher concentrations of lactic acid (e.g., the 1:2 ratio) significantly increase viscosity, which can hinder the release of ethanol vapors at the liquid-vapor interface. Furthermore, efficiency was improved at a lower bath temperature (60 °C) likely by increasing the relative volatility difference and preventing water co-evaporation that occurs more frequently at higher thermal energies. On the other hand, increasing the chiller temperature to 20 °C (Run 4) reduced the separation efficiency to 43.62 %. A lower thermal gradient in the condenser may lead to incomplete condensation of the ethanol-rich vapor, allowing moisture to remain in the vapor phase and compromising the final purity.
It is noteworthy that the LA was used without prior purification, resulting in a partially hydrated DES. This initial water content not only limits the efficiency of water removal from the binary mixture, due to the pre-saturation of hydrogen-bonding sites, but may also influence the interpretation of the separation behavior, since part of the observed effects can be associated with the pre-hydrated nature of the solvent rather than exclusively with DES–water interactions. The density and viscosity values obtained for DES ChCl:LA (1:2) are consistent with literature data reported for similar systems (Sazali et al., 2023). Furthermore, according to Jangir et al. (2022), the hydrogen-bonding structure of deep eutectic solvents plays a key role in determining their physicochemical properties. In the presence of additional hydrogen-bond donors, such as ethanol, this network may be partially weakened, which can enhance molecular mobility and potentially improve mass transfer during separation processes.
Table 2: Experimental conditions and distillate water content (%) 
	Run
	DES Ratio 
(ChCl:LA)
	Tbath, °C
	Pvac, mbar
	Tchiller, °C
	Distillate 
Water (%)
	Main Observation

	1
	1:2
	65
	150
	15
	46.23
	Baseline at 65 °C

	2
	1:2
	60
	150
	15
	32.57
	Effect of lowering Tbath

	3
	1:1.5
	60
	150
	15
	26.33
	Best performance 
(Solvent effect)

	4
	1:1.5
	65
	150
	20
	43.62
	Effect of higher Tchiller

	5
	1:2
	65
	100
	15
	59.94
	Effect of higher vacuum


The separation efficiency was monitored through a multi-parametric approach comparing the initial feed, the distillate (ethanol-enriched phase), and the residue (DES-rich phase). Table 3 and Figure 2 show the results of the measurements of these parameters. The KF titration provided the most direct evidence of the DES performance as a solvent. While the initial feed showed a water content of approximately 66 %, the use of ChCl:LA allowed for significant dehydration. Run 2 (DES 1:2) and Run 4 (DES 1:1.5) achieved the highest separation, reducing water in the distillate to 32.57-43.62 %. The physical properties of the phases served as an indicator for separation quality, as seen in Table 3. For example, the residue maintained higher viscosity and a very low pH (0.5 to 1.5). These values are consistent with the concentrated LA in the DES, confirming its sequestration in the evaporation flask. Conversely, the distillate was consistently colourless with a near-neutral pH (3.5 to 5.0) and lower viscosity. This gradient suggests that the DES may have acted as a non-volatile solvent, successfully "holding" the water in the liquid phase without contaminating the ethanol-rich vapors.                               
Table 3: Distillate and residue phases properties after distillation (water content, density, viscosity, pH)
	Run
	Phase
	Water content (%)
	Density, g/mL
	Viscosity, mPa·s
	pH

	1
	Distillate
	46.23
	0.889
	6.14
	3.5

	
	Residue
	41.57
	1.076
	13.72
	1.5

	2
	Distillate
	32.57
	0.867
	12.15
	5.0

	
	Residue
	42.61
	1.080
	13.2
	1.5

	3
	Distillate
	26.33
	0.829
	19.76
	4.5

	
	Residue
	43.49
	1.050
	10.27
	1.5

	4
	Distillate
	43.62
	0.838
	7.88
	3.0

	
	Residue
	39.62
	1.073
	13.01
	0.5

	5
	Distillate
	59.94
	0.924
	7.94
	3.5

	
	Residue
	26.38
	1.108
	19.33
	0.5


The ChCl:LA molar ratio significantly influenced the separation performance. While higher lactic acid content (1:2) may increase the affinity for water, it also leads to higher viscosity, which can hinder mass transfer. In contrast, the 1:1.5 ratio showed improved results (26.33 % water in the distillate), suggesting a more favorable balance between water retention and ethanol release. This behavior is consistent with the viscosity–mass transfer trade-off discussed previously. 
Lowering the pressure to 100 mbar at 65 °C generally increased the distillation rate as it contributes for improving the separation factor. However, Run 5 demonstrated that excessive vacuum can be detrimental; a 59.94 % water content in the distillate suggests that the intense vacuum overpowered the DES-water hydrogen bonds, favouring the volatilization of the entire feed composition. In Run 4, increasing Tchiller to 20 °C resulted in a distillate water content (43.62 %). This confirms that an insufficient thermal gradient in the condenser prevents the selective condensation of ethanol, allowing water vapor to persist in the gas phase and pass through the system.
Furthermore, these results confirm that strong hydrogen-bonding interactions remain effective even in non-columnar distillations due to the effective retention of the solvent in the liquid phase. In all successful runs, the residue maintained a high density (> 1.07 g/mL) and a distinct “greenish” tint, as predicted by Arantes et al. (2025), while the distillate remained colourless. This visual and physical contrast, coupled with the high residue viscosity, validates the effectiveness of the ChCl:LA DES as a non-volatile liquid-phase solvent.                                   It is important to note that this study is based on a limited number of experimental runs and a single-stage batch configuration. Therefore, the results should be interpreted as preliminary. Additionally, the absence of direct vapor–liquid equilibrium (VLE) data limits the ability to fully validate the proposed separation mechanisms, which are inferred from indirect physicochemical measurements. These aspects should be addressed in future studies to strengthen the understanding of DES-based separation systems.      
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Figure 2: Water content (wt %) in distillate and residue phases for selected runs
4. Conclusions
This study demonstrated the potential viability of using ChCl:LA deep eutectic solvents for the separation of water–ethanol mixtures in a rotary evaporator system. The results indicate that separation performance is strongly influenced by both solvent composition and operating conditions. The best condition (60 °C, 150 mbar, 1:1.5 ratio) led to a significant enrichment of ethanol, increasing its concentration from approximately 34 % in the feed to 73.67 % in the distillate in a single stage. The 1:1.5 molar ratio showed improved performance, suggesting a favorable balance between water affinity and manageable viscosity, which enhances mass transfer during evaporation.
However, the achieved ethanol purity remains significantly below anhydrous specifications, which limits the immediate industrial applicability of the process. In addition, the results are based on a single-stage batch system and a limited number of experimental conditions, and the interpretation of the separation mechanism relies on indirect physicochemical indicators rather than direct vapor–liquid equilibrium (VLE) measurements.
Overall, the findings highlight the relevance of DES composition and operating parameters in influencing separation behavior and provide a preliminary, proof-of-concept assessment of DES application in simplified extractive distillation systems. Further work should focus on VLE characterization, solvent recyclability, and continuous multi-stage operation in order to better assess the feasibility of DES-based processes for bioethanol purification.

Nomenclature
ChCl – Choline chloride
DES – Deep Eutectic Solvent
EtOH – Ethanol
HBA – Hydrogen Bond Acceptor
HBD – Hydrogen Bond Donor
KF – Karl Fischer
LA – Lactic Acid
Pvac – Vacuum pressure, mbar
RE – Rotary Evaporator
Tbath – Heating bath temperature, °C
Tchiller– Chiller temperature, °C
wt % – weight percentage
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