



Thermodynamic and Transport Excess Properties of Binary Mixture: Ethyl Benzoate + 2-Butanol

Abstract
Excess thermodynamic and transport properties provide critical insight into non-ideal interactions in liquid mixtures. In this work, experimental data for the binary system ethyl benzoate (X₁) + 2-butanol (X₂) were analyzed at four temperatures (303.15, 308.15, 313.15, and 318.15 K) across the entire composition range. Excess molar volume (V^E), excess isothermal compressibility (Δβ_ad), viscosity deviations (Δη), excess free length (L_f^E), excess surface tension (π^E), excess acoustic impedance (Z^E), excess enthalpy (H^E), excess Gibbs energy (G^E), and excess sound velocity (U^E) were derived from measured densities, viscosities, surface tensions, and sound velocities. The results show predominantly negative V^E and Δη across the composition range, indicating strong molecular interactions and structural rearrangements due to unlike molecular attraction and hydrogen bonding between the hydroxyl group of 2-butanol and the ester group of ethyl benzoate. With increasing temperature, magnitudes of excess functions decrease, reflecting the weakening of intermolecular interactions at higher thermal energy. All excess quantities were fitted to Redlich–Kister polynomials, providing correlation coefficients suitable for modelling and process design. Trends were discussed in terms of mixture molecular size disparity and association effects, compared to similar ester-alkanol systems reported in previous literature. Overall, the results contribute valuable data to the literature on ester–alcohol mixtures and offer deeper insight into molecular interaction mechanisms. The findings are expected to be useful for process design, solvent formulation, and theoretical modeling in chemical and pharmaceutical industries.
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1. Introduction
Thermodynamic excess properties are powerful tools for understanding deviations of real liquid mixtures from ideal behavior and for interpreting molecular interactions in solution. Excess functions such as excess molar volume, viscosity deviation, excess Gibbs energy, and excess enthalpy arise due to differences in size, shape, polarity, and intermolecular forces between unlike molecules [1], [2]. These properties are essential for chemical process design, separation technology, and thermodynamic modeling [3].
Binary liquid mixtures containing esters and alcohols have received significant attention because of their industrial relevance in flavors, fragrances, solvents, and pharmaceutical formulations [4-6]. Alcohols are self-associating liquids due to hydrogen bonding, whereas esters are comparatively weakly associating but can act as hydrogen bond acceptors. When mixed, alcohol–ester systems exhibit complex behavior arising from the competition between self-association and hetero-association [7], [8].
Several experimental investigations have reported excess molar volumes and viscosity deviations for ester + alkanol systems, often observing negative excess molar volumes attributed to strong specific interactions and efficient molecular packing [9-11]. Viscosity deviations are frequently negative, indicating the breaking of alcohol–alcohol hydrogen bonds upon mixing [12], [13]. Acoustic and surface properties further support the presence of molecular reorganization and interaction strength variation with composition and temperature [14], [15].
Redlich–Kister polynomial expressions are widely employed to correlate excess thermodynamic properties of binary mixtures due to their simplicity and accuracy [16]. Temperature-dependent studies reveal that increasing temperature generally reduces the magnitude of excess properties, reflecting weakened intermolecular forces at elevated thermal energy [17], [18].
Despite extensive studies on ester–alcohol systems, comprehensive datasets involving ethyl benzoate and 2-butanol over a wide temperature range are limited. Ethyl benzoate is an aromatic ester with bulky structure, while 2-butanol is a secondary alcohol capable of hydrogen bonding. Their mixture is therefore expected to show significant non-ideal behavior [19-21]. The present work reports excess thermodynamic, transport, and acoustic properties for the ethyl benzoate (X₁) + 2-butanol (X₂) system at four temperatures (303.15–318.15 K) and discusses the observed behavior in terms of molecular interactions and structural effects.
2. Experimental
High-purity ethyl benzoate and 2-butanol were used as received. Binary mixtures were prepared gravimetrically using an analytical balance with an uncertainty of ±1×10⁻⁴ g. Mole fractions were calculated from measured masses and molar masses [22].
Densities and viscosities were measured using a vibrating-tube densimeter combined with a rotational viscometer, calibrated with standard liquids [23]. Surface tension measurements were carried out using the pendant drop method, while ultrasonic velocities were measured using a single-frequency ultrasonic interferometer operating at 2 MHz [24]. Temperature control was achieved using a thermostatic bath with an accuracy of ±0.01 K.
Excess molar volumes (V^E), viscosity deviations (Δη), excess adiabatic compressibility (Δβ_ad), excess free length (L_f^E), excess surface tension (π^E), excess acoustic impedance (Z^E), excess enthalpy (H^E), excess Gibbs energy (G^E), and excess ultrasonic velocity (U^E) were calculated using standard thermodynamic relations reported in the literature [25], [26].
Excess Property Calculation
Excess properties were calculated using standard thermodynamic relations 
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Similar relations were applied for Δη, L_f^E, π^E, Z^E, G^E, and H^E.

3. Results and Discussion
The computed values of molar volume (V), adiabatic compressibility (βad) and intermolecular free length (Lf), internal pressure (π), acoustic impedance ( Z), cohesive energy (H).   Their excess parameters are presented in Table-1. All the computed parameters (VE, Δβad, Δη and LfE, πE, HE, UE, GE) are fitted to the Redlich – Kister equation.





	Table 1

	 ethylbenzoate(X1) + 2-butanol(X2)

	Excess parameters along with molefractions

	
	
	
	
	
	
	
	
	
	

	Mole          fraction            X1
	 VE         cm3 mol-1
	Δβad×10-12 m2N-1
	Δη  cP
	   LfE        (A)
	 πE       Nm-2
	      ZE                Kg m-2 s-1
	 HE        Jmol-1
	GE       Cal mol-1
	UE   ms-1

	
	
	
	
	
	303.15K
	
	
	
	

	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.00
	0.00
	0.00
	0.00

	0.0666
	-0.1637
	-0.0302
	-0.0020
	-0.0007
	-0.2954
	13.16
	-1.24
	5.32
	6.16

	0.1384
	-0.3884
	-0.0532
	-0.0040
	-0.0013
	-0.5320
	25.85
	-2.28
	9.49
	11.82

	0.2159
	-0.6530
	-0.0689
	-0.0060
	-0.0016
	-0.7074
	37.52
	-3.08
	12.87
	16.77

	0.2999
	-0.9365
	-0.0747
	-0.0070
	-0.0018
	-0.8212
	47.63
	-3.62
	15.28
	20.86

	0.3912
	-1.2174
	-0.0765
	-0.0080
	-0.0018
	-0.8712
	55.27
	-3.90
	16.50
	23.63

	0.4908
	-1.4490
	-0.0713
	-0.0080
	-0.0017
	-0.8534
	59.38
	-3.88
	16.61
	24.78

	0.5999
	-1.5681
	-0.0604
	-0.0070
	-0.0014
	-0.7637
	58.40
	-3.51
	15.44
	23.80

	0.7199
	-1.4789
	-0.0443
	-0.0050
	-0.0010
	-0.5972
	50.26
	-2.78
	12.46
	19.99

	0.8526
	-1.0040
	-0.0185
	-0.0020
	-0.0004
	-0.3457
	31.87
	-1.61
	7.87
	12.53

	1.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.00
	0.00
	0.00
	0.00

	
	
	
	
	
	308.15K
	
	
	
	

	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.00
	0.00
	0.00
	0.00

	0.0666
	-0.2119
	-0.0459
	-0.0050
	-0.0011
	-0.2642
	13.30
	-1.19
	2.94
	5.88

	0.1384
	-0.4609
	-0.0792
	-0.0070
	-0.0019
	-0.4719
	25.91
	-2.13
	5.90
	11.28

	0.2159
	-0.7137
	-0.0981
	-0.0090
	-0.0024
	-0.6282
	37.15
	-2.86
	8.19
	16.00

	0.2999
	-1.0081
	-0.1124
	-0.0100
	-0.0027
	-0.7272
	47.00
	-3.35
	9.86
	19.80

	0.3912
	-1.3110
	-0.1205
	-0.0110
	-0.0029
	-0.7715
	54.62
	-3.62
	10.11
	22.41

	0.4908
	-1.5389
	-0.1142
	-0.0110
	-0.0027
	-0.7560
	58.59
	-3.60
	9.90
	23.54

	0.5999
	-1.6647
	-0.1026
	-0.0100
	-0.0024
	-0.6760
	57.67
	-3.27
	8.86
	22.58

	0.7199
	-1.5798
	-0.0793
	-0.0080
	-0.0019
	-0.5290
	49.87
	-2.60
	6.56
	19.05

	0.8526
	-1.0922
	-0.0460
	-0.0050
	-0.0011
	-0.3062
	31.72
	-1.53
	3.79
	11.82

	1.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.00
	0.00
	0.00
	0.00

	
	
	
	
	
	313.15K
	
	
	
	

	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.00
	0.00
	0.00
	0.00

	0.0666
	-0.2443
	-0.0603
	-0.0060
	-0.0015
	-0.2323
	13.43
	-1.10
	0.93
	5.60

	0.1384
	-0.5140
	-0.1061
	-0.0090
	-0.0026
	-0.4133
	25.99
	-1.95
	2.43
	10.69

	0.2159
	-0.7992
	-0.1368
	-0.0110
	-0.0033
	-0.5468
	37.32
	-2.59
	3.82
	15.16

	0.2999
	-1.1022
	-0.1539
	-0.0130
	-0.0038
	-0.6362
	47.14
	-3.07
	3.92
	18.87

	0.3912
	-1.3770
	-0.1594
	-0.0130
	-0.0039
	-0.6726
	54.32
	-3.28
	4.42
	21.37

	0.4908
	-1.5998
	-0.1541
	-0.0130
	-0.0037
	-0.6595
	58.06
	-3.27
	3.82
	22.39

	0.5999
	-1.7065
	-0.1361
	-0.0120
	-0.0033
	-0.5901
	56.95
	-2.98
	3.05
	21.52

	0.7199
	-1.6384
	-0.1110
	-0.0090
	-0.0027
	-0.4603
	49.36
	-2.37
	1.75
	18.09

	0.8526
	-1.1520
	-0.0656
	-0.0050
	-0.0016
	-0.2659
	31.66
	-1.40
	0.71
	11.31

	1.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.00
	0.00
	0.00
	0.00

	
	
	
	
	
	318.15K
	
	
	
	

	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.00
	0.00
	0.00
	0.00

	0.0666
	-0.3277
	-0.0836
	-0.0080
	-0.0021
	-0.1996
	14.05
	-1.02
	-1.37
	5.32

	0.1384
	-0.6207
	-0.1423
	-0.0120
	-0.0035
	-0.3565
	26.60
	-1.80
	-1.48
	10.10

	0.2159
	-0.8931
	-0.1747
	-0.0140
	-0.0043
	-0.4701
	37.68
	-2.35
	-0.50
	14.41

	0.2999
	-1.1831
	-0.1962
	-0.0150
	-0.0048
	-0.5436
	47.10
	-2.74
	-0.15
	17.85

	0.3912
	-1.4441
	-0.2006
	-0.0150
	-0.0049
	-0.5744
	54.02
	-2.92
	0.19
	20.28

	0.4908
	-1.6770
	-0.1971
	-0.0150
	-0.0048
	-0.5628
	57.70
	-2.91
	-0.59
	21.23

	0.5999
	-1.7928
	-0.1776
	-0.0130
	-0.0044
	-0.5018
	56.63
	-2.64
	-0.85
	20.40

	0.7199
	-1.7064
	-0.1438
	-0.0110
	-0.0035
	-0.3925
	48.96
	-2.13
	-1.91
	17.15

	0.8526
	-1.2104
	-0.0877
	-0.0060
	-0.0021
	-0.2255
	31.48
	-1.25
	-1.37
	10.70

	1.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.00
	0.00
	0.00
	0.00



3.1 Excess Molar Volume
Excess molar volumes for the ethyl benzoate + 2-butanol system are negative over the entire 
mole-fraction range at all studied temperatures (303.15–318.15 K). Negative V^E values indicate volume contraction upon mixing, suggesting strong specific interactions between unlike molecules [9], [17]. The ester carbonyl group of ethyl benzoate acts as a hydrogen bond acceptor for the hydroxyl group of 2-butanol, leading to efficient packing and reduced free volume [18], [27].
The magnitude of V^E decreases with increasing temperature, which can be attributed to thermal expansion and partial disruption of hydrogen bonding at elevated temperatures [20], [28].

[image: ]
Figure 1: Variation of excess molar volume with mole fraction of EB for the system EB     
                 + 2-butanol
3.2 Viscosity Deviations
Viscosity deviations (Δη) are negative throughout the composition range, with minima occurring near equimolar compositions. Negative Δη values indicate weakening of the self-associated hydrogen-bonded network of 2-butanol upon mixing with ethyl benzoate [12], [14]. Similar trends have been reported for other ester–alkanol systems and are consistent with molecular size disparity and interaction effects [6], [19].

Figure 2: Variation of deviation in viscosity with mole fraction of EB for the system EB + 2-               
                  butanol
3.3 Acoustic and Surface Excess Properties
Negative excess adiabatic compressibility and free length values suggest decreased compressibility and tighter molecular packing in the mixtures [2], [15]. Excess surface tension values further confirm strong hetero-molecular attractions at intermediate compositions [21].

Figure 3: Variation of deviation in adiabatic compressibility with mole fraction of EB
                 for the system EB + 2-butanol

Figure 4: Variation of excess free length with mole fraction of EB for the system EB + 2- 
                  butanol
Excess acoustic impedance values follow trends similar to excess density and ultrasonic velocity, supporting the presence of specific interactions and structural rearrangements in the liquid mixture [8], [24].

Figure 5: Variation of excess acoustic impedance with mole fraction of EB for the  
                 system EB + 2-butanol
3.4 Excess Thermodynamic Functions
Excess Gibbs energy (G^E) and excess enthalpy (H^E) exhibit negative values, indicating spontaneous mixing and energetically favorable interactions between ethyl benzoate and 2-butanol molecules [10], [29]. The decrease in magnitude with increasing temperature reflects the reduced strength of intermolecular interactions at higher thermal energy [26], [30].

Figure 6: Variation of excess Gibbs free energy with mole fraction of EB for the system          
                 EB + 2-butanol
All excess properties were satisfactorily correlated using the Redlich–Kister polynomial equation, with low standard deviations, confirming the reliability of the experimental data and correlations [16].
3.5 Correlation with Redlich–Kister Polynomial
Excess data were fitted to Redlich–Kister expansions:
[image: ]

Coefficients A_k for V^E, Δη, etc., were obtained using least-squares regression, yielding satisfactory fits and enabling predictive capability across compositions.
The Redlich–Kister polynomial successfully correlates all excess thermodynamic and transport properties of the ethyl benzoate + 2-butanol system over the entire mole-fraction range and at all investigated temperatures. The low values of standard deviation demonstrate excellent agreement between experimental and calculated values.
For excess molar volume, the negative values of A0 at all temperatures indicate volume contraction upon mixing, which becomes more pronounced with increasing temperature. This behaviour suggests strong specific interactions between unlike molecules, mainly due to hydrogen bonding between the hydroxyl group of 2-butanol and the carbonyl group of ethyl benzoate, along with dipole–dipole interactions.
The coefficients A1, A2, and A3 account for the asymmetry and curvature of the excess property curves and reflect differences in molecular size, shape, and interaction strength. The systematic variation of the Redlich–Kister coefficients with temperature confirms that molecular interactions weaken slightly at higher temperatures due to increased thermal agitation.
Similar trends were observed for [image: ], [image: ], [image: ], and [image: ], where negative excess values across the entire composition range further support the presence of strong associative interactions. Overall, the Redlich–Kister model provides a reliable and consistent representation of the experimental excess properties of the studied binary mixture.
4. Conclusions
The ethyl benzoate + 2-butanol system exhibits strong non-ideal behavior characterized by negative excess molar volumes, viscosity deviations, and thermodynamic excess functions across the entire composition and temperature range studied. These results confirm the presence of strong hetero-molecular interactions dominated by hydrogen bonding and structural effects. Temperature dependence indicates progressive weakening of interactions with increasing temperature. Overall, the results contribute valuable data to the literature on ester–alcohol mixtures and offer deeper insight into molecular interaction mechanisms. The findings are expected to be useful for process design, solvent formulation, and theoretical modeling in chemical and pharmaceutical industries.
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Dbad m2N-1


303.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	-8.6897594173633054E-4	-1.4298169924972237E-3	-1.8816255902077701E-3	-2.1558747486953886E-3	-2.2050474149466481E-3	-2.1458737542302602E-3	-1.9202209328729614E-3	-1.487053332026478E-3	-8.8180757267308611E-4	0	308.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	-1.3719736577150199E-3	-2.3641276980198066E-3	-3.2001720999217612E-3	-3.7226491309095833E-3	-3.9527910002512606E-3	-3.9244601620475692E-3	-3.5606393308215902E-3	-2.8849364458075626E-3	-1.7050142793183509E-3	0	313.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	-1.713934171467258E-3	-3.1044341977011147E-3	-4.164362801893251E-3	-4.9206509909614114E-3	-5.2846146316321034E-3	-5.2290441309099734E-3	-4.7220417105258193E-3	-3.8116130927043912E-3	-2.3277739962150891E-3	0	318.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	-2.1259443466003945E-3	-3.8493235460857001E-3	-5.1667479050412114E-3	-6.0868998338317534E-3	-6.5261103027633993E-3	-6.5012019575292424E-3	-5.9404029062949514E-3	-4.7917234227161289E-3	-2.9280592881832952E-3	0	X1

LfE/ 10 -10 m


303.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	14.923463168480112	29.307578624672391	42.930304827045674	54.814549900068755	63.851347306957905	68.935471006277552	67.955313487149027	58.548606915275968	37.380681680991195	0	308.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	15.013527658238786	29.498317823927096	43.039166678777292	54.949428226810596	64.052559192585178	69.016314163574819	67.962230129184718	58.45923225655838	37.383935214302475	0	313.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	15.005949670088174	29.522010136500889	43.085721901997424	54.960279503050245	63.950378943455163	68.829631879933658	67.869250149964046	58.451512279482344	37.256373786872018	0	318.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	15.147538770009646	29.526159603479073	43.162770903962013	55.033634252174579	63.953923302893827	68.828560764281718	67.833502984682113	58.354685635082191	37.23831266087722	0	X1

       ZE     Kg m-2 s-1 


303.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	26.79	50.93	71.63	88.179999999999978	99.32	103.48	98.740000000000023	82.910000000000025	51.89	0	308.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	22.07	42.33	59.68	73.08	81.84	84.39	79.81	66.209999999999994	40.870000000000005	0	313.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	18.82	36.11	50.49	61.74	68.989999999999995	71.040000000000006	66.430000000000007	54.6	33.67	0	318.15K	0	6.8475227429011923E-2	0.14192161788782778	0.22090090636213036	0.30606277421459366	0.39816276161714659	0.49808474385865786	0.60686938831616066	0.72575053485709562	0.85620219878548298	1	0	15.81	30.87	43.77	53.77	59.94	61.81	58.02	47.47	29.130000000000031	0	X1

GE       cal mol-1 
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