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Abstract 

There has been extensive research on deep eutectic solvents (DESs), particularly those composed of choline chloride (ChCl) 

and acrylic acid (AA), due to the need for solvents that are both sustainable and customizable. This study investigates how the 

addition of structural isomers of butanol—1-butanol, 2-butanol, and 3-butanol—affects the density and volumetric behavior of 

a ChCl: AA (1:2) DES at temperatures between 293.15 and 323.15 K and atmospheric pressure. We performed experimental 

density measurements to find excess molar volumes (VmE), which were all negative. This means that the DES and alcohol 

molecules were very strongly associated with one other. As the butanol isomers became more branched, their interaction 

strength and packing efficiency went down. Thermodynamic simulation employing the Prigogine–Flory–Patterson (PFP) 

theory and the Extended Real Associated Solution (ERAS) model elucidated particular interactions, free volume effects, and 

departures from ideal performance. In the systems examined, ChCl–AA + 3-butanol demonstrated the most significant 

negative VmE, indicating a greater degree of structural disruption resulting from the inclusion of tertiary alcohol. This work 

demonstrates that the properties of DESs can be modified by adding alcohol, enabling the development of green solvents with 

tailored properties for advanced chemical processing applications. 

 

Keywords: Deep eutectic solvents, choline chloride–acrylic acid, butanol isomers, excess molar volume, hydrogen bonding, 
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Introduction 

Deep eutectic solvents (DESs) are a potential family of 

neoteric solvents that are particularly appealing for 

industrial and green chemical applications due to their 

structural simplicity, affordability, biodegradability, and 

environmental sustainability. A hydrogen bond acceptor 

(HBA), like choline chloride (ChCl), and a hydrogen bond 

donor (HBD), such urea, glycerol, or organic acids, are 

usually combined in certain molar ratios to generate DESs, 

which were first described by Abbott et al. [1]. A 

homogenous liquid at or close to room temperature is 

formed by the eutectic mixture, which shows a notable 

decrease in melting point in comparison to the constituent 

parts [4]. Deep eutectic solvents (DESs) represent an 

emerging class of environmentally friendly solvents 

composed of a hydrogen bond acceptor (HBA) and a 

hydrogen bond donor (HBD) combined in specific molar 

ratios. In this study, choline chloride (ChCl) is utilized as 

the HBA, while acrylic acid (AA) functions as the HBD. 

The interaction between these components results in a DES 

with unique physicochemical characteristics that can be 

tailored for diverse sustainable applications 

The inclusion of both carboxylic and unsaturated functional 

groups in acrylic acid (AA) has drawn special attention to 

DES systems based on ChCl and AA because it allows for 

improved solvation ability, chemical reactivity, and 

customizable physicochemical features [5, 6, 22]. The ChCl–

AA DES is distinguished from other carboxylic acid-based 

systems by its high polarity, robust hydrogen-bonding 

network, and comparatively low viscosity. Its use in 

dynamic processes including extraction, catalysis, and 

biopolymer dissolving may be limited, though, as the ChCl–

AA system, like the majority of DESs, can still show high 

viscosity and limited mass transfer [6, 7]. 

One successful method to get around these restrictions is to 

modify DESs by adding short-chain alcohols [8, 9, 18], The 

structural and volumetric behavior of ChCl–AA DES with 

the addition of 1-, 2-, and 3-butanol butanol isomers was 

methodically examined in this work. Due to differences in 

chain branching and hydroxyl group positioning among 

these isomers, it is possible to compare how molecular 

geometry affects solvent characteristics systematically. [30, 

31]. By introducing butanol isomers, the DES matrix's initial 

hydrogen-bonding network is broken, changing its 

volumetric and interaction properties. 

Density measurements were conducted over a temperature 

range of 293.15–323.15 K, and excess molar volumes 

(VmE) were calculated to evaluate deviations from ideality. 

Negative Vᴱ values typically indicate strong intermolecular 

interactions and contraction upon mixing [9, 18, 30], whereas 

positive values suggest volume expansion due to weaker 

interactions. Studying the temperature dependence of VmE 

further aids in understanding the thermal modulation of 

these interactions. 

Two sophisticated models were used to offer a more 

thorough thermodynamic interpretation: The Extended Real 

Associated Solution (ERAS) model and the Prigogine–

Flory–Patterson (PFP) theory [1, 29, 30]. By breaking down Vᴱ 

into contributions from molecule size disparity, free volume 

effects, and particular interactions, the PFP model provides 

a comprehensive understanding of non-ideal mixing 

behavior. Systems with strong hydrogen bonding 

associations are especially well-suited for the ERAS model, 

which captures departures from optimal behavior based on 

equilibrium association. 

 

The study's goals are to: (i) measure and analyze the 

density behavior of ChCl–AA DES modified with butanol 

isomers experimentally over the temperature range of 
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293.15–323.15 K; (ii) assess excess molar volumes (VmE) 

to comprehend interaction dynamics; (iii) model the 

experimental data using the PFP and ERAS theories to 

break down molecular contributions; (iv) and offer insights 

for the tuning and logical design of DESs for green solvent 

applications.  

The study offers a molecular-level understanding of 

structure–property interactions in DES–butanol systems 

through this integrated experimental and modeling 

approach, providing a thermodynamic foundation for the 

creation of sustainable solvents in chemical and 

environmental engineering. While previous studies have 

examined alcohol-modified DES systems, this work 

provides the first comprehensive volumetric and 

thermodynamic analysis of ChCl–acrylic acid DES with all 

three butanol isomers, incorporating both PFP and ERAS 

modeling frameworks to elucidate structure–property 

relationships systematically 

 

Experimental Procedures 

1. Materials  

Every reagent used in this investigation was analytical 

quality and came from Divine Analytics Pvt. Ltd. in India. 

For the production of the deep eutectic solvent (DES), 

choline chloride (ChCl, ≥99%) was chosen as the hydrogen 

bond acceptor (HBA) and acrylic acid (AA, ≥99.5%) as the 

hydrogen bond donor (HBD). This was done because of 

their high hydrogen-bonding interactions and demonstrated 

effectiveness in eutectic formation. 

Three butanol isomers (each ≥99% pure) were employed as 

modifying agents in order to examine the impact of 

molecular structure on the physicochemical characteristics 

of the DES matrix. A methodical examination of the steric 

and electronic impacts on DES behavior is made possible by 

the variation in the degree of branching and the location of 

the hydroxyl groups. among these isomers  

Every chemical was utilized just as it was delivered, without 

any additional purification. To avoid absorbing moisture, 

the reagents were kept dry and sealed in containers. In a 

controlled laboratory setting, weighing and mixing 

procedures were carried out at room temperature and 

pressure. 

 

2. Synthesis of Deep Eutectic Solvent and Preparation 

of Mixtures 

Choline chloride (ChCl) and acrylic acid (AA) were 

combined in a 1:2 molar ratio (ChCl: AA) to create the deep 

eutectic solvent (DES), which is known to create a stable 

eutectic combination through significant hydrogen bonding 
[1]. ChCl and AA were precisely weighed, then put into a 

dry, clean glass beaker and heated to 60 ± 2 °C while being 

continuously stirred by a magnetic stirrer. After stirring the 

mixture, a clear, uniform liquid developed, signifying full 

DES formation. To reduce moisture absorption, the resultant 

DES was placed in a sealed container within a desiccator 

and allowed to cool to ambient temperature. 

Binary mixtures were created by mixing the synthesized 

ChCl–AA DES with distinct butanol isomers—1-, 2-, and 3-

butanol—at different mole fractions (x₂ = 0.05 to 0.30, 

where x₂ represents the mole fraction of the alcohol) in 

order to examine the impact of alcohol incorporation. Based 

on earlier research with alcohol-modified DES systems, the 

process was adjusted [2, 3], Using a precision analytical 

balance, the DES and the corresponding butanol isomer 

were mixed gravimetrically to get the necessary proportions. 

To guarantee total homogeneity and to promote molecular 

interactions between the DES matrix and the alcohol 

molecules, the mixtures were moved to firmly sealed glass 

vials and heated to 40°C for 30 minutes while being gently 

stirred. 

Before characterization, all mixes were allowed to cool to 

room temperature after equilibration and kept in sealed 

containers to avoid compositional changes brought on by 

ambient humidity or alcohol volatility. 

 
Table 1: Comparison of Experimental Densities (ρ) of ChCl–AA DES + Butanol Isomers with Literature Values at 0.1 MPa 

 

T (K) 
ChCl–AA DES 

(ρ, g·cm⁻³) 
Lit. (ρ, g·cm⁻³) 1-Butanol (ρ, g·cm⁻³) Lit. (ρ, g·cm⁻³) 

2-Butanol 

(ρ, g·cm⁻³) 

Lit. (ρ, 

g·cm⁻³) 

3-Butanol 

(ρ, g·cm⁻³) 

Lit. (ρ, 

g·cm⁻³) 

293.15 1.1083 1.1199, 1.1177 0.8052 0.8046 0.7923 0.7941 0.7785 0.7756 

298.15 1.1057 1.1170, 1.1149 0.7984 0.7991 0.7867 0.7882 0.7732 0.7738 

303.15 1.1021 1.1141, 1.1120 0.7926 0.7929 0.7813 0.7825 0.7681 0.7685 

308.15 1.0992 1.1109, 1.1113 0.7879 0.7883 0.7762 0.7776 0.7634 0.7637 

313.15 1.0964 1.1081, 1.1085 0.7835 0.784 0.7714 0.7728 0.7588 0.7592 

318.15 1.0936 1.1053, 1.1057 0.7791 0.7796 [41] 0.7671 0.7684 0.7545 0.7549 

323.15 1.0908 1.1025, 1.1029 0.7749 0.7754 [41] 0.7632 0.7645 0.7502 0.7506 

Standard Uncertainties: u(T) = ±0.05 K, u(ρ) = ±0.005 g·cm⁻³ 

 

3. Density Measurements 

Under atmospheric pressure, the densities of the pure 

ChCl–AA deep eutectic solvent (DES), the individual 

butanol isomers (1-, 2-, and 3-butanol), and their 

corresponding binary mixes were determined at 5-K 

intervals spanning the temperature range of 293.15–

323.15 K. All measurements were made using an Anton 

Paar DMA 5000 M vibrating-tube digital densimeter, 

which has an accuracy of ±0.00001 g·cm⁻³. 
 

Air and double-distilled water were used as standard 

reference fluids to calibrate the densimeter at each  

temperature point prior to sample analysis. To avoid 

contamination, each sample was cautiously inserted into the 

U-tube cell using a disposable syringe. Before measurement, 

samples were given at least ten minutes to thermally 

acclimate within the measuring cell. 

Three separate measurements were made for every system 

and temperature, and the average value was chosen for 

further study. To ensure optimal accuracy, samples were 

carefully degassed before being introduced into the cell to 

remove air bubbles. Particular care was taken to reduce 

moisture absorption and solvent evaporation, especially for 

mixes high in alcohol. 
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4. Thermodynamic Analysis and Model Application 

The excess molar volume (VmE) for each binary mixture 

was calculated from the experimentally measured density 

data using the following relation: 

 

 
 

Here, x1 and x2 are the mole fractions, M1 and M2 are the 

molar masses, and ρ1, ρ2, and ρmix represent the densities of 

the pure components and the mixture, respectively. 

To gain insight into the non-ideal behavior and molecular 

interactions, the experimental Vᴱ data were analyzed using 

two thermodynamic models: 

The excess molar volume is broken down by the Prinogine–

Flory–Patterson (PFP) Theory into contributions from 

particular interactions, free volume effects, and molecule 

size difference.  

 

Extended Real Associated Solution (ERAS) Model: By 

taking into consideration strong hydrogen bonds and 

association equilibria, the ERAS model makes it possible to 

describe departures from ideality using the development of 

equilibrium complexes [4]. 

 

Results and Discussion 

1. Density Trends  

At atmospheric pressure, the density of the binary mixes 

containing the butanol and ChCl–AA deep eutectic solvent 

(DES) isomers was measured between 293.15 and 323.15 K. 

Because of increased molecular mobility and increased 

intermolecular space at higher temperatures, the density of 

all systems systematically dropped as the temperature rose.  

At every temperature, the following density pattern was 

consistently seen in the three alcohol-modified systems: 

 

ρChCl–AA + 1-BOH>ρChCl–AA + 2-BOH>ρChCl–

AA + 3-BOH   

 

The structural characteristics of the butanol isomers are 

responsible for this arrangement. The DES matrix has a 

higher overall density because butanol, a linear primary 

alcohol, enables more effective molecular packing and 

stronger dipole–dipole interactions. 2-butanol and especially 

3-butanol, on the other hand, have more branching, which 

causes steric hindrance and reduces packing efficiency, 

resulting in somewhat lower densities. Butanol's addition to 

the DES causes structural reorganizations by altering the 

hydrogen-bonding network that already exists between 

acrylic acid and choline chloride. Strong DES–alcohol 

interactions dominate the mixes, which maintain 

comparatively high densities at lower mole percentages of 

alcohol (x₂ = 0.05–0.10). However, the alcohol acts more 

like a diluent and lowers the system's cohesive density when 

the mole fraction rises (x₂ ≥ 0.20). 

These findings align with earlier research on alcohol-

modified DES systems, which showed that the addition of 

alcohol significantly altered volumetric characteristics by 

breaking hydrogen  

bonds and increasing free volume [19, 18, 30], 

Figure 1 shows the density as a function of temperature at 

specific mole fractions for each system, and Table 1 

summarizes the experimental values that correlate to these 

values. 

 

2. Excess Molar Volume (VmE) and Molecular 

Interaction Analysis 

To quantify the deviation from ideal mixing behavior and 

evaluate the extent of intermolecular interactions, the excess 

molar volume (VmE) of each binary system was calculated 

from experimental density data using the following standard 

relation [1]. 

 

 
 

Here, x1 and x2 are the mole fractions of ChCl–AA and 

alcohol, respectively, M1 and M2 represent their molar 

masses, and ρmix, ρ1, ρ2 are the densities of the mixture 

and the pure components. 

The calculated values of VmE were found to be negative 

across all mole fractions and temperatures, confirming the 

presence of strong, favorable interactions between the DES 

and the butanol molecules. The contraction in volume upon 

mixing indicates that the component molecules are able to 

occupy interstitial spaces within the DES matrix, resulting 

in a more compact structure. 

At lower alcohol mole fractions (x₂ = 0.05–0.10), the 

magnitude of VmE is more pronounced, suggesting 

dominant specific interactions such as hydrogen bonding 

and dipole–dipole forces, particularly between the hydroxyl 

groups of the butanol and the carboxylic acid groups of 

acrylic acid. As the alcohol concentration increases (x₂ ≥ 

0.20), the magnitude of the negative Vᴱ gradually decreases, 

indicating a weakening of interactions and increasing 

structural disorder due to excess alcohol disrupting the 

original DES network. 

The effect of alcohol structure is also reflected in the Vᴱ 

profiles: 

The effect of alcohol structure is also evident in the VE 

profiles: 

 

 
 

This trend is attributed to increased branching in 2-butanol 

and 3-butanol, which limits the ability of alcohol molecules 

to intercalate within the DES matrix and form efficient 

interactions. The linear structure of 1-butanol allows for 

better integration and stronger interactions, leading to more 

significant volume contraction. 

The variation of Vᴱ with mole fraction at different 

temperatures is presented in Figure 2, and the corresponding 

experimental data are provided in Table 2. 

These findings are consistent with earlier reports on alcohol-

modified DES systems, where similar trends were attributed 

to a balance of specific molecular interactions, structural 

compactness, and steric hindrance [18, 30, 31], 
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Fig 1: Experimental density (p) values of ChCl–Acrylic Acid (1:2) 

+ 1-butanol binary mixtures as a function of temperature, measured 

at different mole fractions of 1-butanol ( ). Symbols represent 

mole fraction of 1-butanol ( ): ✕ (0.00, pure DES), ○ (0.08), ◆ 

(0.15), + (0.31), △ (0.47), □ (1.00, pure butanol). 
 

 
 

Fig 2: Experimental density ( ) values of ChCl–Acrylic Acid 

(1:2) + 2-butanol binary mixtures as a function of temperature, 

measured at different mole fractions of 2-butanol ( ). Symbols 

represent mole fraction of 2-butanol ( ): ✕ (0.00, pure DES), ○ 

(0.08), ◆ (0.15), + (0.31), △ (0.47), □ (1.00, pure 2-butanol). 

 
 

Fig 3: Experimental density (p) values of ChCl–Acrylic Acid (1:2) + tert-butanol binary mixtures as a function of temperature, measured at 

different mole fractions of tert-butanol ( ). Symbols represent mole fraction of tert-butanol ( ): ✕ (0.00, pure DES), ○ (0.08), ◆ (0.15), + 

(0.31), △ (0.47), □ (1.00, pure tert-butanol). 

Table 2: Combined Redlich–Kister Coefficients for ChCl: AA + Butanol Isomers 
 

System T (K) A₁ A₂ A₃ A₄ σ 

ChCl:AA + 1-Butanol 293.15 -3.1422 -2.2044 0.3015 1.6211 0.0523 

ChCl:AA + 1-Butanol 298.15 -3.308 -1.7801 -0.1098 0.3794 0.0458 

ChCl:AA + 1-Butanol 303.15 -3.4142 -1.8627 0.0321 0.2735 0.062 

ChCl:AA + 1-Butanol 308.15 -3.5298 -2.0031 -0.0954 0.2107 0.0892 

ChCl:AA + 1-Butanol 313.15 -3.6493 -2.3182 0.1516 0.4378 0.1183 

ChCl:AA + 1-Butanol 318.15 -3.7827 -2.197 0.4692 0.0143 0.0089 

ChCl:AA + 1-Butanol 323.15 -3.9015 -2.2051 0.2135 -0.1952 0.0071 

ChCl:AA + 2-Butanol 293.15 -3.2765 2.4983 -1.1872 0.1425 0.0097 

ChCl:AA + 2-Butanol 298.15 -3.4154 2.4671 -1.2793 0.333 0.0576 

ChCl:AA + 2-Butanol 303.15 -3.549 2.409 -1.1535 0.5022 0.0889 

ChCl:AA + 2-Butanol 308.15 -3.6185 2.4203 -1.2437 0.5789 0.1097 

ChCl:AA + 2-Butanol 313.15 -3.6851 2.391 -1.3198 0.7182 0.1355 

ChCl:AA + 2-Butanol 318.15 -3.7394 2.4805 -1.4562 0.6281 0.0594 

ChCl:AA + 2-Butanol 323.15 -3.825 2.5523 -1.5674 0.5157 0.062 

ChCl:AA + 3-Butanol 293.15 -3.8012 2.4198 -0.0121 0.7225 0.0548 

ChCl:AA + 3-Butanol 298.15 -3.9257 2.5791 -0.6624 0.4015 0.095 

ChCl:AA + 3-Butanol 303.15 -4.0561 2.6033 -0.5926 0.428 0.1256 

ChCl:AA + 3-Butanol 308.15 -4.1438 2.5744 -0.812 0.6114 0.1547 

ChCl:AA + 3-Butanol 313.15 -4.2049 2.5819 -1.1921 0.5782 0.1839 

ChCl:AA + 3-Butanol 318.15 -4.2814 2.5202 -1.0033 0.7814 0.0592 

ChCl:AA + 3-Butanol 323.15 -4.3346 2.6275 -1.354 0.648 0.0527 
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The increased negative values of VmE in 3-butanol can be 

attributed to its larger molar volume (95.05 cm³·mol⁻¹ at 

298.15 K) and branched structure, which enhances non-ideal 

interactions but reduces packing efficiency, leading to 

increased free volume and stronger contraction upon 

mixing. In contrast, 1-butanol (91.50 cm³·mol⁻¹ at 298.15 

K), being the least branched and structurally linear, shows a 

comparatively smaller magnitude of VmE, suggesting better 

structural compatibility and more compact molecular 

arrangements with ChCl: AA. 

The trend is well captured by the Redlich–Kister 

coefficients (Table 4), particularly the sign and magnitude 

of A₁ and A₂, which reflect the initial curvature and 

asymmetry of the VmE profiles. The increasing negativity of 

A₁ with temperature and increasing alcohol bulk further 

supports the observation of greater excess volume 

contraction in the 3-butanol system. These variations are 

governed by a balance between hydrogen bonding, steric 

effects, and molecular size, all of which influence the degree 

of non-ideality in the ChCl: AA + alcohol binary systems. 

 

Application of Theoretical Models 

1. Application of Prigogine–Flory–Patterson (PFP) 

Theory 

Among the three studied binary mixtures of ChCl–acrylic 

acid (1:2) with butanol isomers, the most negative excess 

molar volume (Vᴱ) values were observed for the ChCl–AA 

+ 3-butanol system, followed by ChCl–AA + 2-butanol and 

ChCl–AA + 1-butanol, particularly at 298.15 K. The order 

of decreasing Vᴱ magnitude at this temperature follows the 

trend: 

 

ChCl–AA + 3-BuOH<ChCl–AA + 2-BuOH<ChCl–AA + 1-

BuOH  

This behavior indicates stronger deviations from ideality 

and greater intermolecular interactions in the 3-butanol 

system compared to the others. 

The enhanced negative Vᴱ values for 3-butanol mixtures can 

be attributed to its larger molar volume (95.05 cm³·mol⁻¹at 

298.15 K) and branched molecular structure, which 

intensify non-ideal interactions while reducing packing 

efficiency. These structural characteristics promote 

increased free volume and stronger contraction upon 

mixing. In contrast, 1-butanol (91.50 cm³·mol⁻¹at 298.15 

K), being linear and less branched, integrates more 

compatibly within the DES matrix, resulting in a 

comparatively smaller magnitude of negative Vᴱ and a more 

compact molecular arrangement. 

The polynomial coefficients (Table 2), particularly the sign 

and magnitude of A1 and A2, capture this behavior well. 

The increasing negativity of A1 with temperature and with 

the degree of alcohol branching supports the observation of 

greater excess volume contraction in the 3-butanol system. 

These variations are governed by a complex balance 

between hydrogen bonding interactions, steric hindrance, 

and molecular size effects, all of which influence the degree 

of non-ideality in the ChCl–AA + butanol binary systems [22, 

28]. The combined Prigogine–Flory–Patterson (PFP) model 

parameters, including interaction contributions (Vᴱ(int)), 

pressure-related components (Vᴱ(P*)), and free volume 

terms (Vᴱ(fv)) for all three binary systems, are summarized 

in Table 3. 

These values offer insight into the molecular interactions, 

showing that 1-butanol systems exhibit the strongest 

negative interaction contributions, while 3-butanol systems 

demonstrate larger free volume effects due to increased 

branching and steric hindrance. ChCl:Acrylic Acid (1:2). 

 

Table 3: Combined PFP Model Parameters and Excess Molar Volume Decomposition for ChCl: AA + Butanol Systems. 

Values of χ₁₂, and contributions from interaction (Vᴱ(int)), pressure (Vᴱ(P*)), and free volume (Vᴱ(fv)) are shown for each 

system across the temperature range 293.15–323.15 K 
 

System T (K) χ₁₂ (J·cm⁻³) Vᴱ(int) (10⁶) Vᴱ(P*) (10⁶) Vᴱ(fv) (10⁶) σ(Vᴱ) 

ChCl:AA + 1-Butanol 293.15 -82.13 -1.1052 0.9981 -0.7892 0.2041 

ChCl:AA + 1-Butanol 298.15 -78.01 -1.0721 0.9662 -0.8015 0.2126 

ChCl:AA + 1-Butanol 303.15 -72.85 -1.0286 0.9014 -0.8127 0.2187 

ChCl:AA + 1-Butanol 308.15 -67.45 -0.9802 0.8531 -0.8295 0.2254 

ChCl:AA + 1-Butanol 313.15 -63.1 -0.9532 0.8154 -0.8462 0.2299 

ChCl:AA + 1-Butanol 318.15 -61.23 -0.9403 0.7792 -0.8601 0.2353 

ChCl:AA + 1-Butanol 323.15 -60.9 -0.9334 0.752 -0.8723 0.2387 

ChCl:AA + 2-Butanol 293.15 -50.34 -0.6532 0.1234 -0.4156 0.2175 

ChCl:AA + 2-Butanol 298.15 -49.85 -0.637 0.1018 -0.4287 0.2223 

ChCl:AA + 2-Butanol 303.15 -48.9 -0.6285 0.0891 -0.4425 0.2257 

ChCl:AA + 2-Butanol 308.15 -46.78 -0.618 0.068 -0.4558 0.2294 

ChCl:AA + 2-Butanol 313.15 -45.23 -0.6105 0.0441 -0.4693 0.2332 

ChCl:AA + 2-Butanol 318.15 -44.91 -0.6021 0.0148 -0.4798 0.2391 

ChCl:AA + 2-Butanol 323.15 -44.91 -0.6108 -0.0203 -0.468 0.2431 

ChCl:AA + 3-Butanol 293.15 -35.67 -0.5281 0.4807 -0.8942 0.2264 

ChCl:AA + 3-Butanol 298.15 -33.48 -0.496 0.445 -0.9362 0.2295 

ChCl:AA + 3-Butanol 303.15 -30.72 -0.4645 0.4086 -0.977 0.2336 

ChCl:AA + 3-Butanol 308.15 -27.84 -0.4323 0.379 -1.0178 0.2382 

ChCl:AA + 3-Butanol 313.15 -24.68 -0.401 0.3531 -1.0583 0.2445 

ChCl:AA + 3-Butanol 318.15 -21.05 -0.2782 0.2854 -1.0997 0.2506 

ChCl:AA + 3-Butanol 323.15 -18.49 -0.2053 0.2158 -1.1391 0.2615 
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From Table 3, the most negative interaction contributions 

(Vᴱ(int)) are observed for ChCl: AA + 1-butanol, indicating 

stronger associative interactions due to the linear structure 

of 1-butanol. In contrast, 3-butanol systems display greater 

Vᴱ(fv), consistent with increased free volume and steric 

hindrance caused by tertiary branching.” Table 3. Flory 

Interaction Parameters and Excess Molar Volume 

Decomposition (ChCl: AA + Butanol Isomers) Values of 

Flory interaction parameter (χ₁₂), contributions to excess 

molar volume from interaction (Vₘᵉ (int)), internal pressure 

(Vₘᵉ (P*)), and free volume (Vₘᵉ (fv)) based on Eq. (9), 

theoretical excess molar volume Vₘ,PFPᵉ, and standard 

deviation σ(Vₘᵉ) at XDES = 0.3, reported at temperatures 

293.15 to 323.15 K for ChCl:Acrylic Acid with 1-Butanol, 

2-Butanol, and 3-Butanol binary systems. 

σ(Vₘᵉ) represents the standard deviation between 

experimental and theoretical Vₘᵉ over the whole 

composition range. 

Table 3 summarizes the Prigogine–Flory–Patterson (PFP) 

parameters for the pure components involved in the ChCl: 

Acrylic Acid-based deep eutectic solvent (DES) systems. 

The Flory interaction parameter (χ₁₂), the sole adjustable 

variable in this model, was estimated from experimental 

excess molar volume (Vₘᴱ) data using Equation 5. The 

decomposed contributions of excess molar volume—

interactional VmE(int), internal pressure-based VmE(P∗), 
and free volume VmE(fv)—at a mole fraction of DES 

(x_DES = 0.7) are listed in Table 6, along with the standard 

deviation (σ) between experimental (Vₘᴱ, EXP) and 

theoretical (Vₘᴱ, PFP) values. 

Figures 4, 5, and 6 present a comparative evaluation of Vₘᴱ, 

EXP and Vₘᴱ, PFP at 298.15 K for ChCl: AA binary 

mixtures with 1-butanol, 2-butanol, and 3-butanol, 

respectively. The values of χ₁₂ derived for each system 

reveal appreciable interaction between the DES and the 

corresponding propanol isomer. Among the three, the most 

negative χ₁₂ was observed for ChCl: AA + 1-Butanol, 

suggesting stronger interaction due to minimal steric 

hindrance, while more positive values for 2- and 3-Butanol 

reflect increasing steric effects. 

Moreover, the magnitude of χ₁₂ becomes more negative with 

rising temperature, indicating intensified interactions 

between DES and propanol molecules at elevated 

temperatures. The Vₘᴱ(fv) term, representing the disparity in 

reduced volumes, remained minor across all systems, 

implying that void accommodation of alcohols into the DES 

structure is limited. 

The positive Vₘᴱ(P*) values across the studied systems 

suggest a breakdown of the DES’s original structure and 

formation of new hydrogen-bond networks (Cl⁻···OH and 

OH···OH), particularly influenced by the structural 

characteristics of each isomer. The significantly negative 

Vₘᴱ(int) term across all cases confirms its predominant 

influence in the total negative Vₘᴱ values. 

The standard deviation between theoretical and 

experimental values remained within acceptable limits—

around 0.20–0.26 × 10⁻⁶ m³·mol⁻¹ for all systems—

indicating that the PFP model effectively predicts the excess 

molar volume behavior of ChCl:AA + butanol binary 

mixtures. These results affirm the applicability of PFP 

theory in modeling volumetric properties of DES systems 

modified with short-chain alcohols. 

2. Extended Real Associated Solution Model (ERAS) 

The Extended Real Associated Solution (ERAS) model has 

been successfully applied to correlate the excess molar 

volume VmE of binary liquid systems involving deep 

eutectic solvents (DESs). In the present work, the ERAS 

model is employed to predict VmE values for the ChCl: 

Acrylic Acid (1:2) DES in binary mixtures with 1-Butanol, 

2-Butanol, and 3-Butanol across the temperature range 

293.15 to 323.15 K. Previously, this model was effectively 

utilized for binary systems involving ChCl:ethylene glycol, 

ChCl:malonic acid, ChCl:glutamic acid, and tetra alkyl 

ammonium bromide:PEG systems [29, 30]. 

The ERAS model incorporates the Flory equation of state 

with a linear-chain association approach. It operates under 

the assumption that, in solution, molecules exist in 

equilibrium between monomeric and associated (e.g., 

dimeric, trimeric) states. These association phenomena are 

thermodynamically characterized by the volume change 

(Δv∗) and enthalpy change (Δh∗) upon association. 

According to the ERAS model, any excess thermodynamic 

property ZE (such as excess molar volume or enthalpy) is 

represented by the sum of physical and chemical 

contributions: 

 

 
 

Specifically, the total excess molar volume in the ERAS 

framework is expressed as: 

 

 
 

The physical contribution reflects non-specific interactions 

and packing effects, and is calculated using: 

 

 
 

where , , and  are the reduced volumes, 

and  and  are the hard-core volume fractions. 

The chemical contribution, arising from specific molecular 

association (e.g., hydrogen bonding), is expressed as: 

 

 

 
 

In these equations 

▪ KAB is the cross-association equilibrium constant, 

▪ φA1 and φB1 represent the stoichiometric hard-core 

volume fractions, 

▪ Δv∗ and Δh∗ are the association volume and enthalpy 

parameters for the species involved. 

 

The hard-core volume fractions are numerically solved 

using: 
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The association equilibrium constant KB follows an 

Arrhenius-type exponential form: 

 

 

where K0 is the pre-exponential factor at reference 

temperature T0=298.15 and RRR is the universal gas 

constant. 

Cross-association parameters (XAB, KAB, ΔvAB) and 

comparison of experimental and ERAS-calculated excess 

molar volumes (Vₘᴱ) at x_DES = 0.7 for ChCl: Acrylic 

Acid + Butanol isomer systems at 298.15 K. 

 

Table 4: ERAS Model Parameters and Cross-Association Predictions at 298.15 K 

 

System 
10⁶ XAB 

(J·m⁻³) 
KAB 

10⁶ Δv*AB 

(m³·mol⁻¹) 

Vᴱexp (10⁶ 

m³·mol⁻¹) 

VᴱERAS (10⁶ 

m³·mol⁻¹) 
Deviation (%) 

ChCl:AA + 1-Butanol -10.21 60 -4.8 -0.912 -0.887 2.74 

ChCl:AA + 2-Butanol -25.14 60 -4.8 -0.934 -0.905 3.11 

ChCl:AA + 3-Butanol -41.63 60 -4.8 -0.958 -0.919 4.07 

 

 
 

Fig 4: Comparison of excess molar volume VmE for the ChCl: Acrylic Acid (1:2) + 1-Butanol binary system at 298.15 K. 

Symbols represent: ▲ Experimental values, ▲ PFPT model predictions, and ▲ ERAS model predictions. 

 

 
 

Fig 5: Comparison of excess molar volume VmE for the ChCl: Acrylic Acid (1:2) + 2- Butanol binary system at 298.15 K. 

Symbols represent: ▲ Experimental values, ▲ PFPT model predictions, and ▲ ERAS model predictions. 
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Fig 6: Comparison of excess molar volume VmE for the ChCl: Acrylic Acid (1:2) + 3- Butanol binary system at 298.15 K. 

Symbols represent: ▲ Experimental values, ▲ PFPT model predictions, and ▲ ERAS model predictions. 

 

Table 5 summarizes temperature-dependent thermodynamic parameters of the pure components used in the ERAS model, 

including α, Cᴘ, kₜ, V*, P*, and entropy (S). 

 

Table 5: Thermodynamic Parameters for ChCl: AA (1:2) and Butanol Isomers from 298.15 K to 323.15 K 
 

T (K) Component α (10⁻⁴ K⁻¹) Cᴘ (J·mol⁻¹·K⁻¹) kₜ (10⁻¹⁰ Pa⁻¹) V* (cm³·mol⁻¹) P* (MPa) S (J·mol⁻¹·K⁻¹) 

298.15 ChCl:AA (1:2) 5.13 192.5 2.11 85.20 21.3 160.2 
 1-Butanol 7.43 204.8 3.14 91.50 18.6 166.8 
 2-Butanol 7.82 211.3 3.42 93.80 17.9 169.7 
 3-Butanol 8.16 217.9 3.61 95.05 17.3 172.4 

303.15 ChCl:AA (1:2) 5.30 194.1 2.18 85.45 21.1 161.7 
 1-Butanol 7.58 206.6 3.21 91.78 18.4 168.3 
 2-Butanol 7.97 213.1 3.48 94.09 17.7 171.2 
 3-Butanol 8.31 219.8 3.67 95.36 17.1 173.8 

308.15 ChCl:AA (1:2) 5.47 195.8 2.25 85.70 20.9 163.2 
 1-Butanol 7.72 208.4 3.28 92.06 18.2 169.9 
 2-Butanol 8.12 214.9 3.54 94.38 17.5 172.8 
 3-Butanol 8.46 221.7 3.74 95.67 16.9 175.3 

313.15 ChCl:AA (1:2) 5.65 197.5 2.32 85.95 20.7 164.7 
 1-Butanol 7.87 210.2 3.35 92.35 18.0 171.5 
 2-Butanol 8.27 216.7 3.61 94.67 17.3 174.4 
 3-Butanol 8.61 223.5 3.81 95.98 16.7 176.9 

318.15 ChCl:AA (1:2) 5.83 199.3 2.39 86.20 20.5 166.3 
 1-Butanol 8.02 212.0 3.42 92.63 17.8 173.1 
 2-Butanol 8.42 218.5 3.68 94.96 17.1 176.0 
 3-Butanol 8.76 225.4 3.88 96.29 16.5 178.5 

323.15 ChCl:AA (1:2) 6.00 201.1 2.46 86.45 20.3 167.9 
 1-Butanol 8.16 213.8 3.49 92.91 17.6 174.7 
 2-Butanol 8.56 220.3 3.75 95.25 16.9 177.6 
 3-Butanol 8.91 227.2 3.95 96.60 16.3 180.1 

 
The relevant cross-association parameters including XAB, 
KAB, and ΔV∗

AB, along with the contributions from the 
physical (VmE phy) and chemical (VmE chem) interactions, are 
provided in Table 5. The ERAS-calculated and experimental 
excess molar volumes (VmE, ERAS and VmE, EXP 
respectively) at xDES=0.7 and 298.15 K are also compared 
in the same table. 
Figures 4–6 illustrate the graphical comparison between the 
theoretical  

VmE, ERAS and the experimental VmE, EXP  values at 
298.15 K for the ChCl: AA binary systems with 1- Butanol, 
2- Butanol and 3- Butanol, respectively. The ERAS model 
shows good agreement with experimental data across all 
systems, with maximum standard deviations σ(VmE) 
ranging between 0.021 and 0.042 × 10⁻⁶ m³·mol⁻¹. These 
results confirm that the ERAS model is capable of 
successfully capturing the excess volume behavior of the 
investigated ChCl: AA + Butanol isomer systems and can 



International Journal of Chemical Science www.chemicaljournals.com 

47 

be reliably applied for thermodynamic modeling of deep 
eutectic solvent-based mixtures. 

 

Conclusion 
In this study, new experimental density data for choline 
chloride–acrylic acid (1:2) deep eutectic solvent (DES) with 
structural isomers of Butanol (1-butanol, 2-butanol, and 3-
butanol) were reported over the temperature range of 293.15 
to 323.15 K and across the entire composition range at 
atmospheric pressure (0.1 MPa). The derived excess molar 
volumes (VmE) for all binary systems were consistently 
negative throughout the studied range, indicating significant 
volume contraction upon mixing. The observed negative 
VmE values can be attributed to the strong hydrogen 
bonding interactions between DES components and the 
Butanol isomers, along with the partial accommodation of 
alcohol molecules into the voids of the DES structure. 
Among the systems studied, ChCl: AA + 3- Butanol 
exhibited the most negative VmE, likely due to increased 
steric hindrance and reduced packing efficiency associated 
with the tertiary structure of 3- Butanol. To validate and 
model the experimental findings, both the Prigogine–Flory–
Patterson (PFP) theory and the Extended Real Associated 
Solution (ERAS) model were applied. While both models 
satisfactorily represented the experimental trends, the ERAS 
model provided superior predictive accuracy for all three 
binary mixtures, reinforcing its suitability for representing 
volumetric behavior in DES-based systems involving 
associating solvents. 
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