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 Ultrasonic distillation has been implemented as a green technology for 

desalination of saltwater due to its low energy consumption. It has also 

been proposed as an alternative to conventional distillation for 

separating water-ethanol mixtures, offering easy operating conditions 

and significant reduction in energy consumption (up to 80%). The 

Response Surface Methodology (RSM) was employed to optimize key 

parameters that influence ethanol enrichment, which includes initial 

ethanol concentration, solution height, and the quantity of ultrasonic 

modules. A central composite design (CCD) was utilized to reduce the 

number of experimental trials while formulating a predictive 

mathematical model. The findings suggest that elevated initial ethanol 

concentrations and an augmented number of modules significantly 

improved the ethanol concentration in the collected mist. Under optimal 

conditions—65% ethanol concentration, 2.5 cm solution height, and 

three modules—the purity of ethanol attained was akin to that achieved 

through conventional distillation techniques, accompanied by markedly 

diminished energy consumption. This research illustrates the potential 

of ultrasonic distillation for ethanol separation, offering operational 

efficiency and reduced energy demands.  
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1. Introduction 

Distillation represents a prevalent 

methodology utilized for the segregation of 

chemical mixtures; however, it is 

acknowledged for its substantial energy 

expenditure [1]. The technique capitalizes on 

the discrepancies in the heat of vaporization 

among various chemicals; nonetheless, the 

thermodynamic efficiency associated with this 

method is recorded to be below 10%. With the 

escalating global energy requirements, there 

exists a pressing necessity for more energy-

conserving separation methodologies, 

particularly within sectors where ethanol 

serves as a principal product [2-4]. In response 

to these energy-related challenges, innovations 

mailto:hatami@eng.ui.ac.ir
http://www.ijche.com/
https://orcid.org/0000-0002-6752-9449


Hatamipour et al. / Iranian Journal of Chemical Engineering, Vol. 22, No. 1, 87-102, (2025) 

 

88  

 

in atomization methodologies are being 

investigated as potential alternatives that could 

enhance efficiency in the separation of 

chemical mixtures. Mechanical fluid 

atomization systems transmute mechanical 

energy into kinetic energy by discharging 

liquid films through diminutive orifices or a 

rotating disk, resulting in the disintegration of 

the liquid and the production of droplets of 

diverse sizes [5-9]. However, these approaches 

are plagued by inefficiencies stemming from 

the extensive size distribution of the droplets 

and the significant energy consumption 

involved. In comparison, ultrasonic 

atomization generates highly spherical 

droplets characterized by a narrow size 

distribution, yielding considerable energy 

savings [10-12]. The utilization of ultrasonic 

energy for liquid atomization is garnering 

interest as a sustainable and energy-efficient 

substitute for traditional mechanical atomizers 

[4]. 

Ultrasonic atomization has surfaced as a 

promising alternative, providing diminished 

energy prerequisites and operational 

straightforwardness when juxtaposed with 

conventional mechanical techniques [13]. This 

method entails the propagation of ultrasound 

waves through a liquid medium to generate 

fine droplets at the liquid-air interface, thereby 

facilitating the segregation of the constituents 

within a mixture [14]. Ultrasound-assisted 

separation methodologies have demonstrated 

enhancements in mass and heat transfer while 

concurrently reducing processing durations 

and energy expenditures, in addition to 

improving the enrichment ratio [2, 15-17]. 

Ultrasonic atomization finds application 

across a spectrum of domains, including 

humidification, aroma diffusion, and 

nanoparticle fabrication. Recently, it has been 

revealed that ultrasonic atomization can also 

effectuate the separation of ethanol from an 

aqueous solution [18]. Furthermore, ultrasonic 

atomization has been successfully employed in 

processes involving temperature-sensitive 

compounds, as it circumvents the considerable 

temperature elevations associated with liquid 

heating [19]. The operational parameters, 

encompassing the frequency and intensity of 

the ultrasound, alongside the physical 

characteristics of the liquid, dictate the 

dimensions of the droplets produced [15]. In 

contrast to conventional atomization 

processes, ultrasound produces micron-sized 

droplets that are uniform in size [15].  

The phenomenon of ultrasonic atomization is 

primarily elucidated through two principal 

theories: the cavitation theory and the capillary 

wave theory [20]. The cavitation theory 

elucidates ultrasonic atomization through the 

collapse of cavitating bubbles at the liquid 

interface, which generates hydraulic shocks 

that facilitate droplet ejection. Initial 

investigations have demonstrated that certain 

liquids undergo atomization at varying 

pressures, while others do not, with parameters 

such as degassing, pressure, and temperature 

significantly impacting the atomization 

mechanism [20, 21]. Conversely, the 

alternative hypothesis attributes the formation 

of droplets to capillary waves present at the 

liquid interface, where liquid is pinched off 

from the crests of these waves due to capillary 

instability. While empirical evidence supports 

the correlation between droplet size and 

capillary wavelength, this theory is 

constrained to low-frequency ultrasonic waves 

and fails to account for the explosive 

characteristics of droplet formation. In 

contrast, the cavitation theory is substantiated 

by variables such as liquid degassing, vapor 

pressure, and temperature, while the 

observations of fountain jets and droplet sizes 

also support the capillary theory [20]. The 

alternative hypothesis focuses on the capillary 

waves manifested at the liquid surface at 

elevated frequencies, associating droplet 
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formation with the liquid's pinch-off from the 

peaks of these waves, due to capillary 

instability. Research conducted by Lang has 

documented the occurrence of capillary waves, 

establishing a robust correlation between 

droplet size and capillary wavelength, thereby 

reinforcing this hypothesis. Nevertheless, the 

capillary theory is restricted to low-frequency 

ultrasonic waves and inadequately addresses 

the explosive characteristics of droplet 

formation, as it posits that capillary 

wavelength diminishes with an increase in 

ultrasonic frequency. Consequently, while the 

cavitation theory is corroborated by the 

dependence of ultrasonic atomization on liquid 

degassing, vapor pressure, and temperature, 

the observed fountain jets and computed 

droplet sizes lend support to the capillary 

hypothesis [20]. 

Ultrasonic distillation is acknowledged as a 

novel and highly advantageous approach for 

the selective separation of alcohols from 

alcohol-water mixtures, as it necessitates 

minimal phase transition and is characterized 

by operational simplicity [3, 22]. Research has 

indicated that ultrasonic distillation 

necessitates substantially lower energy inputs 

relative to conventional distillation, as the 

ultrasound energy requisite for this process is 

markedly less than the latent heat necessary for 

evaporation [22]. Ultrasonic separation 

presents a viable solution to the challenges 

posed by azeotropic separation [23, 24]. Sato 

et al. have documented that the atomization of 

an ethanol solution via ultrasound irradiation 

leads to an enrichment of ethanol within the 

atomized droplets. It was demonstrated that the 

resultant "vapor" phase, which comprises a 

mixture of mist and vapor, is considerably 

enriched with ethanol, suggesting a 

preferential transfer of ethanol from the bulk 

liquid to the "vapor" phase. Given that this 

process operates at reduced temperatures and 

requires minimal energy input to generate the 

ethanol-enriched "vapor" phase, it emerges as 

a highly promising alternative to traditional 

distillation methods. Furthermore, this 

technique could prove beneficial for the 

separation of compounds that exhibit heat 

sensitivity. The rapid generation of fine liquid 

droplets through ultrasonic irradiation 

facilitates enhanced surface renewal and 

amplifies the interfacial area, both of which are 

vital for effective separation. Investigations 

have indicated that droplets with elevated 

concentrations of ethanol are produced as a 

result of the accumulation of ethanol 

molecules at the solution's surface [22]. This 

renders it a feasible method for the separation 

of ethanol-water mixtures [2]. Behin and 

Shahabazi [27] deeply investigated Prandtl and 

Ohnesorge numbers dependent of ultrasonic 

horn energy in  Newtonian liquid under batch 

and continuous flow. 

Despite its potential, the core mechanisms 

underlying ultrasonic distillation continue to 

represent a vibrant domain of scholarly 

inquiry. Crucial variables such as the 

concentration of bulk ethanol, temperature, 

and ultrasound parameters significantly impact 

the generation of atomized droplets and their 

corresponding ethanol concentrations [6]. 

Prior investigations have underscored the 

criticality of managing droplet dimensions to 

enhance separation efficacy; however, the 

comprehension of how various operational 

parameters influence the holistic process 

remains insufficiently developed [6]. To 

bridge this knowledge gap, the present study 

employs Response Surface Methodology 

(RSM) to refine ethanol separation through 

ultrasonic distillation. RSM constitutes a 

mathematical and statistical framework aimed 

at optimizing pivotal parameters within 

experimental contexts [25, 26]. Its application 

has been extensively documented in exploring 

the effects of diverse parameters on process 

performance and resultant outcomes 
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[25,28,29]. By utilizing a three-level central 

composite design (CCD), the investigation 

examines significant parameters such as initial 

ethanol concentration, solution height, and the 

quantity of ultrasonic modules to formulate a 

mathematical model that predicts ethanol 

enrichment. This methodology serves to 

reduce the number of experimental trials and 

yields insights into the interactions among 

these variables, thereby providing a robust 

framework for augmenting the efficacy of 

ethanol-water separation. 

 

2. Materials and Methods  

2.1. Experimental setup 

The research utilized a laboratory apparatus 

designed to enhance ethanol concentration 

within an ethanol-water mixture via ultrasonic 

distillation, as depicted in Figure 1. A 

cylindrical column composed of polyethylene 

(25 cm in diameter, 23 cm in height) was 

employed, outfitted with high-frequency 

ultrasonic transducers. These transducers, 

characterized by a resonant frequency of 1.6 

MHz and a module diameter of 25 mm, were 

strategically positioned at the base of the 

column, with a spacing of 3 cm between each 

unit. The ultrasonic energy input was 

systematically varied from 14.4 to 72 W across 

different experimental trials, while the 

ethanol-water mixture exhibited ethanol 

concentrations ranging from 25% to 65% by 

volume and this range selected based on the 

visual tests performed, as delineated in Table 

2. 

Upon the application of ultrasonic waves, the 

liquid within the column engendered a surface 

fountain, resulting in atomization and the 

generation of a droplet mist. A fan operating at 

2400 rpm facilitated the propulsion of the mist 

through the system (Figure 2), which was 

subsequently directed towards a series of 

condensers for collection. The ultrasonic 

treatment was conducted for a duration of one 

hour per trial to guarantee adequate condensate 

collection for subsequent analysis. 

The ethanol concentrations in both the feed 

and the condensed mist were quantified 

utilizing a refractometer (NAR-1 T-liquid). 

The experimental variables examined included 

the initial ethanol concentration, the height of 

the solution above the ultrasonic modules, and 

the number of modules employed. These 

factors were selected based on their influence 

on the ethanol enrichment process and were 

investigated through the application of 

Response Surface Methodology (RSM) to 

optimize the procedure. The central composite 

design (CCD) was employed to minimize the 

requisite number of experimental runs while 

facilitating the development of a predictive 

mathematical model. 

Throughout the course of this investigation, 

the selection of variables and their respective 

ranges were informed by preliminary 

experiments and a comprehensive literature 

review, with a focus on achieving a 

harmonious balance between energy 

efficiency and ethanol purity [3]. A fan speed 

of 2400 rpm was specifically chosen to ensure 

consistent mist movement and to mitigate the 

potential impact of airflow variability on 

ethanol separation, which was not accounted 

for as a variable in this experimental study. 

 

          
 Figure 1. The modules arrangement at the 

bottom of the cylindrical column. 
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(1) Water and Ethanol Vessel, (2) Fan, (3) 

Condenser1, (4) Condenser2, (5) flash drum, (6) chilled 

water vessel, (7) chilled water Pump, (8) ultrasonic 

modules, (9) return air, (10) condensate (fresh water) 

 

Figure 2. Experimental setup of ultrasonic 

separation of ethanol from ethanol-water 

mixtures. 

 

 

2.2. Calibration and Ethanol Concentration 

Measurement  

To ascertain the concentration of ethanol in 

both the feed and the collected condensate, a 

calibration curve was meticulously generated. 

Standardized ethanol-water solutions were 

formulated at varying concentrations, and their 

refractive indices were quantitatively assessed 

utilizing a refractometer (NAR-1 T-liquid). 

The calibration curve, delineated in Table 1, 

served as a reference for evaluating the ethanol 

concentration in the collected mist throughout 

the experimental procedures. 

 

 

 

 

Table 1.  

Standard calibration curve for ethanol-water at 20 
oC 

Ethanol concentration 

(vol. %) 

Refractive index 

10 1.338 

20 1.3437 

30 1.3495 

40 1.354 

50 1.3585 

60 1.362 

70 1.365 

80 1.3669 

99.6 1.3684 

 

2.3. Experimental Design  

The experimental design implemented was a 

three-level central composite design (CCD), a 

recognized methodology within Response 

Surface Methodology (RSM), aimed at 

optimizing the ultrasonic distillation process. 

Three independent variables were identified 

for this investigation: 

A: Initial ethanol concentration (25%, 45%, 

and 65% by volume), B: Solution height above 

the ultrasonic modules (1.5 cm, 2.5 cm, and 3.5 

cm), C: Number of ultrasonic modules (1, 3, 

and 5). 

The experimental parameters for each trial are 

encapsulated in Table 2. A comprehensive 

total of 20 experiments were executed, 

inclusive of six replicates at the central points 

to assess the repeatability of the outcomes. The 

CCD was employed through Design-Expert 

software (version 13.0.0) to establish a 

polynomial model capable of predicting 

ethanol concentration in the condensed mist as 

a function of the specified parameters. The 

experimental design, responses, and the 

aggregate number of trials performed are 

summarized in Table 3. 
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               Table 2. 

               Independent variables and their levels. 

Variables 
Factor 

code 
Unit 

Level and range 

(coded) 

-1 0 1 

The initial ethanol concentration in the feed A Volume % 25 45 65 

Height of solution on top of modules B cm 1.5 2.5 3.5 

Number of modules C - 1 3 5 

 

Table 3.  

Experimental Design and the Responses. 

Experiment 

number 

The initial conc. of 

ethanol in feed, 

(vol.%) 

Solution height 

on top of 

modules (cm) 

Number 

of 

Modules 

Avg. conc. of ethanol 

in the condensed mist, 

(vol.%) 

1 45 2.5 3 90.15 

2 45 2.5 3 91.3 

3 45 2.5 3 90.15 

4 45 2.5 2 81.84 

5 25 3.5 1 63.47 

6 45 2.5 3 92.50 

7 35 2.5 3 81.40 

8 45 2.5 4 94.00 

9 45 2 3 89.67 

10 55 2.5 3 93.56 

11 65 3.5 5 99.20 

12 25 1.5 1 67.00 

13 45 2.5 3 90.15 

14 25 3.5 5 76.53 

15 65 1.5 1 92.40 

16 65 3.5 1 89.00 

17 65 1.5 5 94.70 

18 25 1.5 5 72.33 

19 45 2.5 3 91.30 

20 45 3 3 87.84 

 

 3. Results and discussion 

3.1. Statistical analysis 

The statistical evaluation of the experimental 

data was conducted via Analysis of Variance 

(ANOVA) to ascertain the interrelationships 

among the independent variables—initial 

ethanol concentration (A), solution height (B), 

and the number of ultrasonic modules (C)—

and the resultant ethanol concentration in the 

collected mist. The regression model was 

scrutinized for significance utilizing critical 

metrics, including F-values and p-values, as 

delineated in Table 4. 

 

Table 4.  

The ANOVA data for the average 

concentration of ethanol in the mist. 

Source F Value P Value 

Model 55.52 <0.0001 

A(c) 325.40 <0.0001 

B(h) 0.1911 0.6713 

C(n) 44.55 <0.0001 

AB 0.0461 0.8342 

AC 10.56 0.0087 

BC 6.68 0.0254 

𝐴2   1.94 0.1939 

𝐵2  0.0781 0.7856 

𝐶2  1.10 0.3188 
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The quadratic model, represented by Equation 

(1), elucidates the mean ethanol concentration 

in the mist in relation to the coded factors. A 

positive coefficient indicates a synergistic 

effect, whereas a negative coefficient denotes 

an antagonistic effect on the signal-to-noise 

ratio.  

 

(The average concentration of ethanol in mist) −1 

=  +0.0215 − 0.0003 𝐴 + 0.0013𝐵 − 0.0014 𝐶

+ 1.1090 × 10−6 𝐴𝐵 + 8.3899 × 10−6 𝐴𝐶

− 0.0001 𝐵𝐶 + 2.3535 × 10−6𝐴2 − 0.0002 𝐵2

+ 0.0002 𝐶2 

 

The findings illustrate that the regression 

model holds statistical significance (F-value = 

55.52, p-value < 0.0001), thereby affirming its 

appropriateness for predicting the ethanol 

concentration in mist. Among the individual 

factors, the initial ethanol concentration (A) 

and the number of modules (C) displayed 

substantial effects on ethanol enrichment, with 

F-values of 325.40 and 44.55, respectively, 

and p-values below 0.0001. In contrast, 

solution height (B) did not exhibit a 

statistically significant effect (F-value = 

0.1911, p-value = 0.6713), indicating that its 

direct impact is comparatively minimal 

relative to the other factors. Interaction terms 

such as AC (initial ethanol concentration and 

number of modules) and BC (solution height 

and number of modules) were also determined 

to be statistically significant, with F-values of 

10.56 (p = 0.0087) and 6.68 (p = 0.0254), 

respectively. This underscores the synergistic 

interactions between these parameters in 

augmenting ethanol enrichment. 

The regression coefficients, including R² = 

0.98, adjusted R² = 0.96, and predicted R² = 

0.79, signify the robustness and predictive 

accuracy of the model. There is a difference 

between the adjusted and predicted R² value 

(0.96 and 0.79 respectively), because 

smoothing and data approximation, and a 

software like Design-Expert or Minitab uses 

experimental data to a smooth response 

surface. This smoothing process can result in 

differences between the fitted and actual 

values. A low coefficient of variation (C.V. = 

2.49%) further corroborates the reliability of 

the experimental data. The adequacy of the 

regression model is substantiated by the high 

Adeq Precision value of 26.38, which 

illustrates a favorable signal-to-noise ratio. 

The Box-Cox plot (Figure 3) was utilized to 

ascertain the normality of residuals, indicating 

a lambda value of -1, which corroborates the 

model's power transformation for enhanced 

fitting. In addition, response surface plots and 

contour diagrams (Figure 4) furnish a visual 

representation of the interactions among 

parameters. These plots illustrate that elevated 

initial ethanol concentrations and an increased 

number of ultrasonic modules culminate in 

higher ethanol concentrations within the mist, 

whereas the impact of solution height is 

comparatively modest. 

 

 

                          Table 5.   

                          Statistical parameters for the model in Eq.1 (Ethanol-water). 

Model                                   0.0003                            𝑅2            0.98 

Model Sum of squares          0.0117                           𝑅𝐴𝑑𝑗
2         0.96 

C.V.%                                   2.49                              𝑅𝑃𝑟𝑒𝑑
2      0.79 

PRESS 0.098 Adeq Precision         26.38 
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Figure 3. Box-Cox plot for power transforms for Ethanol-water solution. 

 

 

  

 
Figure 4. Response surface plot and contour plot showing the effects of the effect of ethanol 

concentration in the bulk solution, height of liquid, and number of modules on the ethanol 

concentration in collected mist. 

 

Figure 5 delineates the synergistic influences 

of initial ethanol concentration (A), solution 

height (B), and the quantity of ultrasonic 

modules (C) on the ethanol concentration 

within the resultant mist. These interactions 

yield significant insights pertinent to the 
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enhancement of the ultrasonic distillation 

methodology. 

The interplay between initial ethanol 

concentration and solution height, as depicted 

in Figure 5(a), indicates that the concentration 

of ethanol in the mist escalates with elevated 

initial ethanol concentrations across various 

solution heights. Nonetheless, the extent of 

this escalation is contingent upon the specific 

solution height employed. At diminished 

solution heights (1.5 cm), the ethanol 

concentration exhibits a more pronounced 

increase attributable to augmented cavitation 

intensity, as the reduced liquid thickness 

diminishes sound absorption. This 

phenomenon enhances droplet atomization 

and facilitates ethanol enrichment. In contrast, 

at greater solution heights (3.5 cm), the 

escalation in ethanol concentration occurs at a 

more gradual rate. The increased liquid 

thickness attenuates ultrasonic wave 

transmission, thereby compromising 

cavitation efficiency. These observations 

suggest that an intermediate solution height of 

approximately 2.5 cm provides an optimal 

equilibrium between cavitation intensity and 

energy utilization. The optimal equilibrium 

mentioned in the statement refers to the 

balance between cavitation intensity and 

energy utilization when the solution height is 

around 2.5 cm. At 2.5 cm solution height, 

cavitation is strong enough to be effective but 

not excessive to cause unnecessary energy 

loss. This height likely ensures that the 

ultrasound waves propagate efficiently within 

the medium, leading to effective distribution. 

Figure 5(b) elucidates the interaction between 

solution height and the quantity of ultrasonic 

modules. The ethanol concentration within the 

mist is significantly influenced by the number 

of modules employed. A solitary module (C = 

1) is inadequate for generating elevated 

ethanol concentrations, irrespective of the 

solution height, due to restricted ultrasonic 

power output. As the number of modules 

increases (C = 5), a marked enhancement in 

ethanol concentration is observed, particularly 

at lower solution heights. At a solution height 

of 1.5 cm, the cavitation effects are amplified 

owing to the thinner liquid layer, resulting in 

more efficient atomization and ethanol 

separation. However, at a solution height of 3.5 

cm, the enhancement in ethanol concentration 

reaches a plateau, even with five modules, as 

the thicker liquid layer impedes wave 

penetration and diminishes cavitation 

intensity. 

The interaction between initial ethanol 

concentration and the number of ultrasonic 

modules is illustrated in Figure 5(c). The 

ethanol concentration consistently escalates 

with increased initial ethanol concentrations 

and a higher number of modules. At lower 

initial ethanol concentrations (25%), the 

enhancement is less pronounced, as the limited 

ethanol availability in the feed attenuates the 

impact of intensified cavitation. Conversely, at 

elevated initial ethanol concentrations (65%), 

the ethanol concentration in the mist 

experiences a substantial increase, particularly 

when five modules are utilized. This 

phenomenon is attributed to the intensified 

cavitation, which promotes droplet 

atomization and facilitates the preferential 

migration of ethanol molecules to the mist 

phase due to their comparatively lower surface 

tension relative to water. 

These findings underscore the pivotal role of 

parameter interactions within the ultrasonic 

distillation process. Initial ethanol 

concentration and the number of modules 

emerge as the predominant factors governing 

ethanol enrichment, while solution height 

assumes a secondary yet significant role in 

optimizing cavitation efficiency. The results 

indicate that sustaining an optimal solution 

height of 2.5 cm, employing multiple modules, 

and utilizing higher ethanol feed 
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concentrations are imperative for realizing 

maximal process performance. 

 

 

 

  
(a) (b) 

 
(c) 

Figure 5. Effect of interaction of parameters on the average concentration of ethanol in mist a) Interaction 

of concentration and height b) Interaction of height and number of modules c) Interaction of concentration 

and number of modules. 

 

3.3. Parametric study 

3.3.1. Effect of running time in a batchwise 

system 

The influence of operational time on ethanol 

separation was investigated within a batch 

distillation apparatus employing three 

ultrasonic modules, with an initial ethanol 

concentration of 45% by volume. Figure 6 

delineates the correlation between operational 

time and the mean ethanol concentration 

present in the vapor phase. Throughout the 

duration of the experiments, a consistent 

augmentation in ethanol concentration was 

noted, thereby illustrating the time-dependent 

dynamics inherent to the separation 

mechanism. 

Following one hour of operation, the ethanol 

concentration in the distillate achieved 90% by 

volume. Extending the operational period to 

four hours yielded a substantial enhancement 

in ethanol concentration, culminating at 96.5% 

by volume, as elucidated in Table 3. This 

observed trend can be ascribed to the persistent 

cavitation effects engendered by the ultrasonic 
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modules, which continuously facilitate the 

atomization of ethanol-laden droplets over 

time. As the procedure advances, the 

preferential migration of ethanol molecules 

towards the mist phase is exacerbated, 

propelled by their comparatively lower surface 

tension in relation to water and the continuous 

renewal of the liquid-gas interface. The surface 

tension of ethanol is approximately 22.3 

mN/m, while the surface tension of water at 25 

C is about 72.8 mN/m. Therefore, the surface 

tension of ethanol is significantly lower than 

that water, while is one of the main reasons 

why processes such as atomization and 

cavitation occur more easily in ethanol. 

The discerned elevation in ethanol 

concentration concomitant with prolonged 

operational duration accentuates the efficacy 

of ultrasonic distillation within a batch 

configuration. Nevertheless, the attenuating 

rate of enhancement beyond three hours 

intimates that the process nears equilibrium, at 

which point the separation capacity of the feed 

solution is curtailed by the residual ethanol 

concentration. This phenomenon underscores 

the significance of optimizing operational 

duration to reconcile energy expenditure with 

ethanol recovery. 

Figure 6 renders a lucid representation of the 

time-dependent increment in ethanol 

concentration, substantiating the efficacy of 

extended ultrasonic treatment in augmenting 

separation. These outcomes establish a solid 

groundwork for the optimization of batchwise 

ultrasonic distillation systems, underscoring 

the pivotal role of operational duration in 

attaining elevated ethanol purity. 

 

 
Figure 6. Effect of time on average ethanol 

concentration in the mist. 

 

3.3.2. The effect of the number of modules 

Figure 7 elucidates the impact of varying the 

quantity of ultrasonic modules on the ethanol 

concentration within the mist condensate, for a 

liquid head height of 2.5 cm and an initial 

ethanol concentration of 45% by volume. The 

data illustrates a discernible trend of escalating 

ethanol concentration with the incorporation of 

additional modules, thereby emphasizing the 

critical importance of ultrasonic energy input 

in the distillation process. 

In the transition from two to three modules, the 

ethanol concentration in the mist experienced 

an approximate increase of 9%. This 

enhancement can be attributed to the amplified 

cavitation phenomena instigated by the 

supplementary modules, which improve 

droplet atomization and mass transfer 

efficiency. The augmented ultrasonic power 

output resulting from the additional module 

fosters increased surface renewal at the liquid-

gas interface, thereby facilitating the 

preferential translocation of ethanol molecules 

into the mist phase. 

These findings accentuate the necessity of 

optimizing the number of modules within 

ultrasonic distillation systems. While a higher 

count of modules enhances the separation 

efficiency of ethanol, the marginal 
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improvement observed with each additional 

module indicates the necessity to balance the 

complexity of the system and energy 

consumption against the desired separation 

efficacy. Figure 7 visually encapsulates this 

relationship, providing essential insights for 

the design and optimization of ultrasonic 

distillation systems. 

 

 
Figure 7. The effect of the number of modules on 

average concentration of ethanol in the collected 

mist. 

 

3.3.3. The effect of liquid head on modules 

Figure 8 elucidates the influence of solution 

height, or liquid head, situated above the 

ultrasonic modules on the average ethanol 

concentration within the mist condensate. The 

investigations were performed under a uniform 

ultrasonic frequency and encompassed 

ethanol-water mixtures with diverse initial 

ethanol concentrations. The outcomes reveal a 

pronounced correlation between solution 

height and the efficacy of ultrasonic 

distillation. 

With an increase in solution height, the 

capacity for sound absorption initially 

escalates, which in turn enhances wave energy 

transport and induces turbulence within the 

liquid matrix. This augmented turbulence 

promotes enhanced mass transfer, culminating 

in elevated ethanol concentrations within the 

mist. Process Stages of the Cavitation include:  

1. Bubble Formation: When the pressure 

within the liquid falls below the vapor 

pressure, gas or vapor bubbles form within the 

liquid.  

2. Bubble Growth: These bubbles are often 

carried by the liquid flow and gradually grow 

in size. 

3. Bubble Collapse: When the surrounding 

pressure increases again, the bubbles collapse 

or implode rapidly, releasing a significant 

amount of energy. The optimal liquid head for 

ethanol-water solutions was identified at 2.5 

cm, where cavitation effects were most 

accentuated, thereby optimizing droplet 

atomization and ethanol enrichment. 

Surpassing the optimal height of 2.5 cm, 

additional increments in liquid head led to a 

deterioration in module efficacy. The 

augmented liquid layer attenuates wave energy 

transport, consequently diminishing cavitation 

intensity and sound absorption efficiency. 

These phenomena are evidenced by a 

reduction in the height of the surface fountain 

and a corresponding decline in the quantity of 

ethanol-enriched mists emerging from the 

liquid phase. Thus, the ethanol concentration 

within the collected mist diminishes, 

underscoring the detrimental effects of 

excessive solution height on distillation 

efficiency. 

 

The results underscore the paramount 

significance of optimizing liquid head to 

realize effective ultrasonic distillation. 

Preserving the optimal solution height 

guarantees a harmonious balance between 

sound absorption, cavitation intensity, and 

mass transfer, thereby maximizing the 

separation of ethanol. Figure 8 graphically 
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illustrates these trends, depicting the intricate 

relationship between solution height and 

module performance in achieving enhanced 

ethanol concentration. 

 

 
 

Figure 8. The effect of the liquid head on the 

modules on the amount of ethanol separation in 

the condensed mist collected in two different 

concentrations. 

 

3.3.4. The effect of initial solution 

concentration 

Figure 9 delineates the influence of the initial 

ethanol concentration present in the feed 

solution on the resultant ethanol concentration 

within the mist condensate. The experimental 

investigations were executed employing a 

liquid head of 2.5 cm alongside three 

ultrasonic modules, with a duration of 

operation spanning one hour. The findings 

elucidate a pronounced correlation between 

ethanol separation efficiency and the initial 

ethanol-water ratio. The maximal ethanol 

separation efficiency was recorded for a feed 

solution exhibiting a 65:35 ethanol-water 

volumetric ratio, facilitating optimal ethanol 

enrichment within the collected mist. An 

increase in the ethanol-water ratio from 35:65 

to 45:55 resulted in an enhancement of 

approximately 9% in ethanol concentration 

within the mist, thereby underscoring the 

substantial influence of initial feed 

composition on the separation mechanism. 

This trend can be ascribed to the preferential 

migration of ethanol molecules towards the 

mist phase, propelled by their lower surface 

tension and superior volatility relative to 

water. Furthermore, the augmented 

availability of ethanol within the bulk solution 

amplifies cavitation effects, thereby fostering 

more effective droplet atomization and the 

transfer of ethanol to the mist. Ethanol 

enhances cavitation effects by lowering 

surface tension and increasing volatility, 

which facilitates bubble collapse. However, 

since cavitation is closely tied to water, an 

excessive ethanol concentration can reduce the 

overall cavitation intensity due to the lower 

availability of water molecule. Therefore, the 

relationship is non-linear-moderate ethanol 

concentrations may amplify cavitation, but 

excessive ethanol may diminish it. 

 

In optimal conditions, which encompass a 2.5 

cm liquid head and three ultrasonic modules, 

the ethanol concentration in the distilled 

product exhibited a significant increase 

alongside higher feed concentrations. These 

findings accentuate the critical role of feed 

composition in ultrasonic distillation, positing 

that elevated ethanol concentrations in the feed 

solution facilitate enhanced separation 

efficiency. Figure 9 visually elucidates this 

relationship, reinforcing the significance of 

feed concentration in the optimization of 

ethanol-water separation. 
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Figure 9. The effect of initial ethanol-water 

solution concentration on the concentration of 

ethanol in the collected mist. 

 

4. Conclusions                                                                                                                                                                      

The investigation primarily concentrated on 

ascertaining the optimal conditions requisite 

for ethanol separation within ethanol-water 

mixtures via ultrasonic distillation. Paramount 

parameters, incorporating feed ethanol 

concentration, solution head, and the quantity 

of ultrasonic modules, were systematically 

scrutinized to ascertain their ramifications on 

separation efficiency. Utilizing a central 

composite design (CCD), a robust 

mathematical model was established to 

optimize these parameters. 

The results indicated that the apex of ethanol 

separation efficiency was 96.40 attained with a 

feed ethanol-water ratio of 65:35 v/v, a 

solution head of 2.5 cm, and three ultrasonic 

modules. These conditions yielded the most 

favorable equilibrium of cavitation intensity, 

mass transfer, and droplet atomization, 

culminating in effective ethanol enrichment 

within the mist phase. Importantly, the spatial 

configuration of the modules was determined 

to exert no significant influence on separation 

efficiency, suggesting that the process is 

predominantly dictated by operational 

parameters rather than module arrangement. 

These findings underscore the necessity of 

optimizing feed composition, solution head, 

and module quantity to augment the efficiency 

of ultrasonic distillation systems, thereby 

providing a reliable framework for subsequent 

investigations and applications in ethanol-

water separation. 
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