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Abstract 

This study investigated terpene (p-cymene) solvent as the potential replacement for traditional petrochemical solvents such as n-

hexane that have been used for decades in chemical industries. The traditional solvents cause harm in human being and 

environment. The selected terpene solvent has been identified as potential natural green solvent due to that they are environmental 

benign, non-toxic, biodegradable, sustainable and produce minimum vapours. New isobaric vapour-liquid equilibrium (VLE) 

data were measured at 50 kPa for binary systems containing the p-cymene with selected six alcohols. The investigated binary 

systems comprised p-cymene + {ethanol or 1-propanol or 2-propanol or 1-butanol or 1-pentanol or 1-hexanol}. The experimental 

measurements were conducted using low pressure recirculation dynamic equilibrium still. All systems exhibited positive 

deviations from Raoult’s law, attributed to weak interactions between the non-polar terpene molecules and strongly hydrogen-

bonding alcohols. The degree of non-ideality decreased with increasing alcohol chain length owing to improved dispersion 

interactions between the terpene and alcohol molecules. Most p-cymene systems did not exhibit azeotropic behaviour; however, 

a minimum-boiling azeotrope was observed for the p-cymene + 1-hexanol system. The experimental data were successfully 

correlated using the NRTL and Wilson activity coefficient models, both of which provided excellent agreement with the 

measured equilibrium data. The generated VLE data contribute to the optimisation of separation processes using p-cymene as 

green solvents. The terpene solvent shows the good separation, which it can be used as alternative solvent over tradition solvent 

n-hexane. 
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1. Introduction 

Growing environmental concerns associated with volatile 

organic compounds (VOCs) have stimulated interest in re-

newable and environmentally benign solvents. Biomass-de-

rived solvents have emerged as attractive alternatives owing 

to their low toxicity, biodegradability, and renewable origin 

[1-3]. Various classes of green solvents have been proposed, 

including water, supercritical fluids, ionic liquids, terpenes, 

deep eutectic solvents, fluorous solvents, liquid polymers, and 
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bio-derived solvents [1]. Among bio-based candidates, the ter-

pene compounds p-cymene has attracted considerable atten-

tion because they are naturally occurring, readily available 

from biomass resources, and possess physicochemical proper-

ties that make them potentially suitable for industrial separa-

tion applications [1, 2]. 

The successful implementation of bio-based solvents in in-

dustrial processes requires reliable thermodynamic data and 

predictive models [1-4]. However, despite the growing inter-

est in terpene-based solvents, phase-equilibrium information 

for systems containing terpene remains limited. Existing stud-

ies have primarily focused on terpene-terpene mixtures or at-

mospheric-pressure systems, while little information is avail-

able for mixtures containing alcohols under reduced-pressure 

conditions. The only reported VLE measurements involving 

α-pinene and β-pinene with alcohols are isothermal studies for 

mixtures with 1-butanol and 1-pentanol at 368.15 K and 

393.15 K [2]. To date, no isobaric VLE data for binary mix-

tures of p-cymene or α-pinene with alcohols have been re-

ported in the open literature. Isobaric VLE data for d-limonene 

+ ethanol and D-limonene + 1-propanol at atmospheric pres-

sure was measured by Kodama et al. [3]. It was found that 

Wilson parameters for ethanol + limonene greatly deviated 

from unity than those for 1-propanol + limonene. Ngema et al. 

[4] have measured binary systems involving d-limonene with 

a range of alcohols for C2 to C6 at 40 kPa. It was revealed that 

as alcohol's carbon increases, the phase envelope decreases, 

and the systems show an azeotrope. It was found that the d-

limonene + ethanol system was not easy to measure compared 

to other systems. There was a good separation between d-lim-

onene and alcohols. 

The absence of experimental data presents a significant 

challenge for process design and solvent evaluation. Reliable 

VLE information is required to develop and validate thermo-

dynamic models, estimate binary interaction parameters, and 

accurately simulate industrial separation processes [2]. With-

out such data, the feasibility of employing p-cymene as alter-

native natural green solvent remains uncertain, and process 

simulations may be subject to significant inaccuracies. Fur-

thermore, activity-coefficient-based predictive methods can-

not achieve the level of reliability required for solvent selec-

tion when experimental phase-equilibrium data are unavaila-

ble [2]. 

Although VLE behaviour for p-cymene has been investi-

gated over a wide pressure range, extending from low pres-

sures to near-critical conditions [5], experimental measure-

ments at elevated temperatures and pressures remain challeng-

ing, time-consuming, and resource-intensive. More im-

portantly, there remains a lack of systematic low-pressure iso-

baric VLE data for binary mixtures of p-cymene with short- 

and medium-chain alcohols. Such information is particularly 

relevant to vacuum distillation and solvent-recovery opera-

tions commonly encountered in fragrance, flavour, and essen-

tial-oil processing industries. 

Accurate representation of non-ideal liquid-phase 

behaviour is essential for correlating and predicting VLE data. 

Activity coefficient models, particularly the Non-Random 

Two-Liquid (NRTL) model, have proven effective for 

strongly non-ideal systems because they account for molecu-

lar interactions and local composition effects within liquid 

mixtures. Together with models such as Wilson and 

UNIQUAC, the NRTL model is widely applied in the corre-

lation of experimental VLE data and the estimation of binary 

interaction parameters required for process simulation and de-

sign. Nevertheless, limited information is available regarding 

the predictive performance of these models for terpene-alco-

hol systems under reduced-pressure conditions and across al-

cohol homologous series. 

Therefore, a significant knowledge gap exists regarding the 

low-pressure phase behaviour of binary mixtures containing 

p-cymene with alcohols. In addition to the scarcity of experi-

mental data, the influence of alcohol chain length and molec-

ular structure on phase non-ideality and potential azeotrope 

formation remains poorly understood. Addressing these limi-

tations is essential for improving the accuracy of phase-equi-

librium predictions, reducing uncertainty in process simula-

tions, and facilitating the development of efficient and sustain-

able separation processes. 

The aim of this study is to assess the suitability of p-cymene 

as potential natural green solvent for separation applications 

through the generation and thermodynamic modelling of reli-

able low-pressure VLE data. Isobaric VLE measurements are 

conducted at a constant pressure of 50 kPa for binary mixtures 

of p-cymene with ethanol, 1-propanol, 2-propanol, 1-butanol, 

1-pentanol, and 1-hexanol. Experimental data are obtained us-

ing a dynamic recirculating VLE equilibrium still, while equi-

librium compositions are determined from refractive index 

measurements. The resulting datasets are evaluated for ther-

modynamic consistency and correlated using the Wilson and 

NRTL activity coefficient models in Aspen Plus to estimate 

binary interaction parameters. The generated data and model 

parameters are intended to provide a reliable basis for process 

design, simulation, and the evaluation of terpene-based sol-

vents as sustainable alternatives in industrial separation pro-

cesses. 

2. Data Reduction and Thermodynamic 

Modelling 

2.1. Data Reduction 

2.1.1. Vapour-Liquid Equilibrium Calculations 

Experimental equilibrium temperatures and phase compo-

sitions were used to calculate activity coefficients and evalu-

ate phase equilibrium behaviour. At equilibrium, the fugacity 

of each component in the vapour phase is equal to that in the 

liquid phase. Under the low operating pressure of 50 kPa em-

ployed in this study, vapour-phase non-idealities are 
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negligible and the vapour phase may be assumed to behave 

ideally. In this study, the compressibility factor approaches 

unity, and the fugacity of a component becomes approxi-

mately equal to its partial pressure and the validity the vapour-

phase intermolecular interactions are weak compared with 

those in the liquid phase. The vapor-phase fugacity coeffi-

cients are therefore expected to be very close to unity, result-

ing in negligible errors if ideal-gas behavior is assumed. Fur-

thermore, the primary non-idealities in systems containing al-

cohols associating compounds usually arise due to hydrogen 

bonding and specific molecular interactions. These effects are 

more appropriately accounted for through activity coefficient 

models such as NRTL, Wilson and UNIQUAC while the va-

pour phase remains adequately represented by the ideal-gas 

model. Consequently, the modified Raoult's law expression 

was applied: 

𝑦𝑖𝑃=𝑥𝑖𝛾𝑖P𝑖𝑠𝑎𝑡                    (1) 

where 𝑦𝑖  and 𝑥𝑖 are the vapour- and liquid-phase mole frac-

tions of component 𝑖 , respectively, 𝑃  is the total system 

pressure, 𝛾𝑖 is the liquid-phase activity coefficient, and 𝑃𝑖
𝑠𝑎𝑡 

is the saturation vapour pressure calculated using the Antoine 

equation. 

The saturation vapour pressure of each pure component was 

calculated from: 

𝑙𝑜𝑔10P𝑖𝑠𝑎𝑡=𝐴𝑖−B𝑖𝑇+𝐶𝑖               (2) 

where 𝐴𝑖 , 𝐵𝑖 , and 𝐶𝑖  are Antoine constants and 𝑇 is the 

equilibrium temperature. 

Activity coefficients were subsequently calculated from the 

experimental equilibrium measurements and used for thermo-

dynamic consistency testing and model parameter estimation. 

2.2. Activity Coefficient Models 

The experimental VLE data were correlated using the Wil-

son and Non-Random Two-Liquid (NRTL) activity coeffi-

cient models. These models were selected because they are 

widely used for the representation of non-ideal liquid mixtures 

and have demonstrated reliable performance for systems ex-

hibiting significant intermolecular interactions. 

2.2.1. Wilson Model 

The Wilson model is based on the local composition con-

cept and accounts for differences in molecular interactions be-

tween unlike species through the excess Gibbs free energy ex-

pression [6]: 

𝑔𝐸

𝑅𝑇
= −𝑥1 ln(𝑥1 + 𝛬12𝑥2) − 𝑥2 𝑙𝑛(𝑥2 + 𝛬21𝑥1)    (3) 

where 𝛬12  and 𝛬21  are binary interaction parameters re-

lated to molecular interaction energies and liquid molar vol-

umes, x1 and x2 are liquid phase mole fraction, T is 

experimental temperature, R is Universal gas constant and gE 

is excess Gibbs free energy. 

The Wilson model has been successfully applied to fully 

miscible liquid mixtures and is frequently used for VLE cor-

relation because of its relatively simple mathematical form 

and reliable representation of liquid-phase non-ideality [6]. 

2.2.2. NRTL Model 

To account for stronger non-ideal behaviour, the Non-Ran-

dom Two-Liquid (NRTL) model developed by Renon and 

Prausnitz was also employed [7]. Unlike the Wilson model, 

the NRTL formulation incorporates a non-randomness param-

eter to represent preferential molecular interactions in the liq-

uid phase [7]. 

For binary mixtures, the activity coefficients are expressed 

as: 

𝑙𝑛 𝛾1 =
𝑥2

2𝜏21𝐺21
2

(𝑥1+𝑥2𝐺21)2 +
𝑥1

2𝜏12𝐺12

(𝑥2+𝑥1𝐺12)2
         (4) 

Where 𝐺21 = 𝑒𝑥𝑝(−𝛼21𝜏21)          (5) 

where G12 and G21 are binary interaction parameters related to 

molecular interaction energies and liquid molar volumes, x1 

and x2 are liquid phase mole fraction, α21 is non-randomness 

parameter, τ21 is dimensionless parameters represent the en-

ergy difference between unlike and like molecular interactions. 

Because the NRTL model accounts for local composition 

effects and molecular non-randomness, it is particularly suit-

able for highly non-ideal systems and has become one of the 

most widely used models for phase-equilibrium calculations 

[7]. 

2.3. Parameter Estimation 

Binary interaction parameters for the Wilson and NRTL 

models were estimated using the Data Regression System in 

Aspen Plus® V14. The regression procedure minimized the 

differences between experimental and calculated equilibrium 

temperatures and vapour-phase compositions over the entire 

composition range. 

Model performance was evaluated using the average abso-

lute deviation (AAD) between experimental and calculated 

values: 

𝐴𝐴𝐷(𝑇) =
1

𝑁
∑ |𝑇𝑖

𝑒𝑥𝑝 − 𝑇𝑖
𝑐𝑎𝑙𝑐|𝑁

𝑖=1           (6) 

𝐴𝐴𝐷(𝑦) =
1

𝑁
∑ |𝑦𝑖

𝑒𝑥𝑝 − 𝑦𝑖
𝑐𝑎𝑙𝑐|𝑁

𝑖=1           (7) 

where (N) is the number of experimental data points, 

𝑦𝑖
𝑒𝑥𝑝  and 𝑦𝑖

𝑐𝑎𝑙𝑐  are experimental and calculated vapour 

phase mole fraction, 𝑇𝑖
𝑒𝑥𝑝  𝑎𝑏𝑑 𝑇𝑖

𝑐𝑎𝑙𝑐  experimental and cal-

culated temperatures. 

The model providing the lowest deviations in equilibrium 

temperature and vapour-phase composition was considered to 
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give the best representation of the experimental VLE behav-

iour. 

2.4. Thermodynamic Consistency Analysis 

The reliability of the experimental VLE data was evaluated 

using the McDermott-Ellis thermodynamic consistency test 

[8]. Thermodynamic consistency testing is an essential re-

quirement in VLE investigations because it verifies whether 

the measured equilibrium data satisfy the Gibbs-Duhem 

equation and fundamental phase-equilibrium constraints [8]. 

The McDermott-Ellis method was selected because it pro-

vides a quantitative assessment of the entire experimental da-

taset while accounting for uncertainties associated with tem-

perature, pressure, and composition measurements. This ap-

proach is particularly suitable for non-ideal terpene-alcohol 

systems where accurate representation of intermolecular inter-

actions is essential for subsequent model development [8]. 

The maximum allowable deviation, 𝐷𝑚𝑎𝑥, was calculated 

according to Equation (8): 

𝐷𝑚𝑎𝑥 = ∑ (𝑥𝑖𝑎 + 𝑥𝑖𝑏) (
1

𝑥𝑖𝑎
+

1

𝑦𝑖𝑎
+

1

𝑥𝑖𝑏
+

1

𝑦𝑖𝑏
) ∆𝑥 + 2 ∑ |ln 𝛾𝑖𝑏 − ln 𝛾𝑖𝑎|∆𝑥𝑁

𝑖=1 + ∑ (𝑥𝑖𝑎 + 𝑥𝑖𝑏)
∆𝑃

𝑃

𝑁
𝑖=1 + ∑ (𝑥𝑖𝑎 +𝑁

𝑖=1
𝑁
𝑖=1

𝑥𝑖𝑏)𝛽𝑖 (
1

|𝑡𝑎+𝛿𝑖|2 +
1

|𝑡𝑎+𝛿𝑖|2) ∆𝑡                                 (8) 

where ∆𝑥 , ∆𝑃 , and ∆𝑡  represent the experimental uncer-

tainties in composition, pressure, and temperature measure-

ments, respectively. The parameters 𝛽𝑖 and 𝛿𝑖 are functions 

of the Antoine vapour-pressure constants for component 𝑖, γ 

is the activity coefficient, x is liquid composition, y is the va-

pour composition and N is the number of points. 

Experimental data were considered thermodynamically 

consistent when the calculated Gibbs-Duhem area deviation 

satisfied the McDermott-Ellis acceptance criterion. Only con-

sistent datasets were subsequently used for parameter regres-

sion and model correlation [8]. 

 

 

3. Apparatus and Experimental 

Methodology 

3.1. Materials 

The chemicals used in this study are listed in Table 1. All 

compounds were used as received without further purification. 

The purity of each component was verified by comparison of 

experimentally measured refractive indices with literature and 

supplier specifications using an Anton Paar DMA 4100 M 

density meter and refractometer. The instrument provides a 

refractive index accuracy of ±0.00001. 

Table 1. Chemicals used and their purities. 

Chemical Names CAS number  Supplier  Minimum Purity mass (%)a 

Ethanol 64-17-5 Merck  ≥ 99.50  

1-propanol  71-23-8 Sigma-Aldrich  ≥ 99.50  

2-propanol 67-63-0 Sigma-Aldrich  ≥ 99.50  

1-butanol 71-36-3 Sigma-Aldrich  ≥ 99.50  

1-pentanol 71-41-0 Sigma-Aldrich  ≥ 99.00  

1-hexanol 11-27-3 Sigma-Aldrich  ≥ 99.98 

p-cymene 99-87-6 Merck ≥ 99.85  

cyclohexane 592-41-6 Merck ≥ 99.85  

aStated by supplier 

3.2. Apparatus 

Isobaric vapour-liquid equilibrium measurements were per-

formed using a low-pressure recirculating equilibrium still 

based on the design described by Ngema et al. [4]. A 

schematic representation of the apparatus is shown in Figure 

1. The apparatus consists of a glass equilibrium cell fitted with 

liquid and vapour recirculation loops, a condenser, sampling 

ports, a heating mantle, temperature measurement devices, 

and pressure-control equipment. More details in literature [4]. 

Continuous recirculation of both phases promotes rapid 
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attainment of equilibrium and minimizes concentration gradi-

ents within the system. Temperature was measured using a 

calibrated thermocouple located in the equilibrium cell, while 

system pressure was monitored and maintained at 50 kPa 

using a vacuum control system. Refractive index measure-

ments were performed using an Anton Paar DMA 4100 M re-

fractometer. 

 
Figure 1. Schematic diagram of the low-pressure recirculating equilibrium still [4]. 

To verify the reliability of the experimental apparatus and 

procedures, VLE measurements were first performed for a 

well-established binary system, cyclohexane-ethanol at a 

pressure of 40 kPa. The measured equilibrium temperatures 

and vapour compositions were compared with literature data 

at similar operating conditions. Good agreement between ex-

perimental and literature values confirmed the accuracy of the 

apparatus and measurement procedures. 

3.3. Experimental Procedure 

The full detailed procedure was found in literature [4, 9]. 

Binary mixtures were prepared gravimetrically over the full 

composition range and charged into the equilibrium still. The 

system pressure was adjusted to 50 kPa and maintained con-

stant throughout each experiment. The mixture was heated un-

til steady-state boiling conditions were achieved. Equilibrium 

was assumed when both temperature and pressure remained 

constant for at least 45 min and successive measurements 

showed no observable drift. Once equilibrium had been estab-

lished, liquid and condensed vapour samples were withdrawn 

simultaneously through dedicated sampling ports. The equi-

librium temperature, pressure, liquid-phase composition, and 

vapour-phase composition were recorded for each experi-

mental point. Measurements were repeated three times over 

the entire composition range to obtain complete isobaric VLE 

datasets for the investigated systems. 

3.4. Composition Analysis 

Liquid and vapour compositions were determined from re-

fractive index measurements. Calibration curves relating re-

fractive index to liquid composition were developed for the 

binary system using mixtures of known composition prepared 

gravimetrically. Polynomial calibration equations were fitted 

to the experimental refractive index data and subsequently 

used to determine equilibrium compositions from measured 

refractive indices. The resulting equilibrium compositions 
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were used for thermodynamic consistency testing and regres-

sion of activity coefficient model parameters. 

3.5. Experimental Uncertainty 

The uncertainty in temperature measurements was esti-

mated from the thermocouple ceramic A, PT-100 calibration, 

while pressure uncertainty was determined from the 

specifications of the P-1 pressure transducer as presented in 

Table 2. Composition uncertainties were obtained from prop-

agation of errors associated with refractive index measure-

ments and calibration correlations were also presented in Ta-

ble 2. Overall uncertainties in equilibrium temperature, pres-

sure, liquid composition, and vapour composition were subse-

quently incorporated into the McDermott-Ellis thermody-

namic consistency analysis. 

Table 2. Parameter uncertainties. 

Parameters Instrument Accuracy 

Temperature Thermocouple PT-100 ±0.1 K 

Pressure Pressure transducer ±0.1 kPa 

Refractive index Anton Paar DMA 4100 M ±0.00001 

Composition From calibration ±0.002 mole fraction 

 

4. Results and Discussion 

4.1. The Vle Binary Systems Data 

4.1.1. Test System for Cyclohexane (1) + Ethanol (2) 

The calibration of the dynamic recirculating vapour-liquid 

equilibrium (VLE) still was performed using two validation 

techniques involving well-established reference systems. 

Firstly, the ethanol-cyclohexane binary test system was meas-

ured, and the experimental VLE data were compared with lit-

erature data reported by Joseph et al. [10] presented in Figure 

2. The chosen test system was the cyclohexane (1) + ethanol 

(2) binary mixture at a pressure of 40 kPa. The comparison 

demonstrated excellent agreement, indicating that the VLE 

still was capable of accurately reproducing published equilib-

rium data. Secondly, the vapour pressures of the pure compo-

nents were experimentally measured and compared with val-

ues calculated using the Antoine equation and corresponding 

Antoine constants. The measured vapour pressure data 

showed very good agreement with the calculated values. 

These results confirmed the accuracy of both the temperature 

and pressure calibration procedures also chemicals are not 

contaminated. Consequently, the successful validation of the 

apparatus provides confidence in the reliability and accuracy 

of the dynamic recirculating VLE still for generating high 

quality experimental data for new unreported systems. 

 
Figure 2. T-x-y diagram for cyclohexane (1) + ethanol (2) at 40 kPa: This study: x (○); y (●); Joseph et at [10] - x (▲); Joseph et at [10] - y 

(◊). 

Table 3 presents the physiochemical chemical properties at 

298.15 K, including refractive indices and densities, to 

confirm that the components were free from contamination. 

For refractive index, the deviations between measured and 
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literature values were minimal, typically within ±0.002, which 

is acceptable experimental uncertainty. Similarly, density 

measurements showed excellent consistency with reported 

values, with deviations generally below ±0.04. The close cor-

respondence between measured and literature values indicates 

high sample purity and validates the experimental methodol-

ogy. These results provide confidence in the subsequent va-

por-liquid equilibrium measurements and thermodynamic 

modelling performed in this study. 

Table 3. Measured and critical thermodynamic physical properties. 

 ethanol 1-Propanol 2-Propanol 1-Butanol 1-Pentanol 1-Hexanol p-cymene 

nD 

Measured 1.3581 1.3851 1.3771 1.3993 1.4097 1.4188 1.4930 

Literaturea 1.3594 1.3831 1.3770 1.3978 1.4077 1.4178 1.4908 

ρ (kg/m3) 

Measured 787.02 802.97 785.02 808.06 810.95 821.03 856.97 

Literaturea 787.00 803.00 785.00 808.00 811.00  820.00 857.00 

Critical Properties 

𝑇𝑐/𝐾  516.25 536.71 508.31 562.93 586.15 611.35 653.15 

𝑃𝑐/𝑘𝑃𝑎  6384 5170 4764 4413 3880 3510 2837 

𝑉𝑐/𝑐𝑚3. 𝑚𝑜𝑙−1  166.9 218.5 220.1 274.5 326.0 381.3 492.0 

Acentric factor  0.637 0.628 0.669 0.595 0.594 0.580 0.372 

Antione Constants 

A 8.1287 7.8251 7.7765 7.3013 7.21542 7.36642 7.13238 

B 1660.87 1482.1 1518.7 1285.023 1333.46 1544.611 1671.474 

C 238.131 217.41 213.07 173.24 169.78 187.49 216.01 

aReference [11] 

4.1.2. New VLE Behaviour of P-Cymene + Alcohol 

Systems at 50 Kpa 

The p-cymene + alcohols systems exhibited positive devia-

tions from Raoult's law over most of the composition range, 

indicating weaker interactions between unlike molecules than 

between like molecules. The experimental with modelling 

data are presented in Tables 4 to 9 and in Figures 3 to 8. The 

shows the good separation between p-cymene and alcohols. 

The non-polar aromatic structure of p-cymene is incapable of 

participating in hydrogen-bond formation, whereas the alco-

hol molecules form extensive self-associated hydrogen-bond 

networks. Mixing therefore disrupts favourable alcohol-alco-

hol interactions without providing equally strong p-cymene-

alcohol interactions, resulting in positive excess Gibbs ener-

gies and activity coefficients greater than 1. 

A systematic reduction in non-ideality was observed with 

increasing alcohol carbon number. Ethanol, 1-propanol and 2-

propanol systems displayed the strongest deviations from ide-

ality, whereas 1-butanol, 1-pentanol and 1-hexanol systems 

approached more ideal behaviour. This trend can be attributed 

to the increasing hydrocarbon character of the alcohol mole-

cules. As chain length increases, dispersion interactions be-

tween the alcohol alkyl chain and the aromatic ring of p-cy-

mene become more favourable, reducing the difference be-

tween unlike and like molecular interactions. 

This behaviour has important implications for separation 

processes. Systems exhibiting larger positive deviations from 

Raoult's law generally display enhanced relative volatility, 

which can facilitate separation by distillation. Consequently, 

p-cymene mixtures containing short-chain alcohols may be 

easier to separate than those containing longer-chain alcohols 

and difficult to measured. 
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Table 4. T-x-y experimental data for p-cymene (1) + ethanol (2) system at 50 kPa. 

T(K) x1 y1 γ 

334.82 1.000 1.000  

335.45 0.965 0.999 12.730 

335.95 0.897 0.998 7.444 

336.75 0.787 0.996 3.538 

337.95 0.531 0.989 2.574 

338.95 0.337 0.983 1.393 

342.35 0.211 0.968 1.279 

358.15 0.057 0.902 1.169 

388.75 0.020 0.702 1.132 

408.25 0.017 0.451 1.111 

419.85 0.011 0.141 1.078 

421.75 0.008 0.074 1.035 

422.85 0.006 0.031 1.019 

423.25 0.000 0.000  

 
Figure 3. T-x-y diagram for the p-cymene (1) + ethanol (2) system at 50 kPa: This study: x (●); y (●); NRTL model (-); Wilson model (---). 

Table 5. T-x-y experimental data for p-cymene (1) + 1-propanol (2) system at 50 kPa. 

T(K) x1 y1 γ 

353.35 1.000 1.000   

354.65 0.945 0.991 1.003 

356.45 0.858 0.972 1.021 

358.05 0.777 0.955 1.050 

359.65 0.676 0.939 1.106 

361.45 0.508 0.924 1.284 
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T(K) x1 y1 γ 

366.45 0.292 0.884 1.816 

372.05 0.153 0.843 2.776 

380.45 0.070 0.782 4.115 

391.85 0.043 0.681 3.787 

407.55 0.021 0.413 2.686 

418.45 0.011 0.201 1.989 

420.35 0.009 0.153 1.632 

421.85 0.007 0.122 1.545 

422.95 0.006 0.092 1.469 

424.55 0.000 0.000  

 
Figure 4. T-x-y diagram for the p-cymene (1) + 1-propanol (2) system at 50 kPa: This study: x (●); y (●); NRTL model (-); Wilson model (--

-). 

Table 6. T-x-y experimental data for p-cymene (1) + 2-propanol system at 50 kPa. 

T(K) x1 y1 γ 

339.35 1.000 1.000 
 

340.95 0.915 0.986 1.013 

341.85 0.835 0.976 1.046 

342.85 0.780 0.971 1.081 

345.55 0.580 0.958 1.312 

347.85 0.390 0.951 1.785 

351.25 0.220 0.936 2.751 

353.55 0.141 0.928 3.674 

361.65 0.065 0.893 4.704 

381.55 0.016 0.777 5.798 

388.35 0.010 0.714 5.760 
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T(K) x1 y1 γ 

401.35 0.001 0.546 6.961 

412.65 0.001 0.369 4.329 

417.35 0.001 0.277 1.268 

419.75 0.001 0.217 2.979 

424.45 0.000 0.000   

 
Figure 5. T-x-y diagram for the p-cymene (1) + 2-propanol (2) system at 50 kPa: This study: x (●); y (●); NRTL model (-); Wilson model (--

-). 

Table 7. T-x-y experimental data for p-cymene (1) + 1-butanol system at 50 kPa. 

T(K) x1 y1 γ 

373.75 1.000 1.000 
 

373.77 0.986 0.985 1.000 

374.05 0.923 0.958 1.004 

374.75 0.869 0.937 1.011 

377.55 0.746 0.904 1.027 

380.25 0.647 0.866 1.047 

382.35 0.554 0.837 1.077 

385.55 0.424 0.784 1.145 

390.85 0.272 0.704 1.233 

395.55 0.167 0.624 1.413 

403.15 0.051 0.464 3.051 

410.55 0.008 0.301 4.147 

414.45 0.000 0.185 6.560 

417.95 0.000 0.000  
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Figure 6. T-x-y diagram for the p-cymene (1) + 1-butanol (2) system at 50 kPa: This study: x (●); y (●); NRTL model (-); Wilson model (---). 

Table 8. T-x-y experimental data for p-cymene (1) + 1-pentanol (2) system at 50 kPa. 

T(K) x1 y1 γ 

391.05 1.000 1.000 
 

391.65 0.939 0.954 1.002 

392.75 0.852 0.886 1.010 

393.55 0.778 0.843 1.022 

394.05 0.717 0.806 1.037 

394.65 0.662 0.783 1.055 

395.25 0.599 0.745 1.081 

395.95 0.534 0.715 1.116 

396.65 0.488 0.691 1.146 

397.55 0.438 0.664 1.184 

398.35 0.393 0.650 1.226 

399.25 0.351 0.618 1.271 

400.35 0.309 0.588 1.323 

403.05 0.243 0.530 1.407 

404.25 0.217 0.493 1.447 

406.05 0.178 0.459 1.523 

408.05 0.138 0.429 1.630 

410.35 0.101 0.384 1.762 

412.05 0.088 0.344 1.771 

415.05 0.065 0.282 1.808 

417.55 0.044 0.226 1.915 

420.05 0.029 0.169 1.992 

422.55 0.012 0.095 2.270 

424.45 0.000 0.000  
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Figure 7. T-x-y diagram for the p-cymene (1) + 1-pentanol (2) system at 50 kPa: This study: x (●); y (●); NRTL model (-); Wilson model (--

-). 

Table 9. T-x-y Experimental data for p-cymene (1) + 1-hexanol system at 50 kPa. 

T(K) x1 y1 γ 

409.25 1.000 1.000  

409.31 0.967 0.975 1.008 

409.35 0.943 0.956 1.011 

409.55 0.885 0.909 1.016 

409.95 0.731 0.784 1.021 

410.55 0.572 0.669 1.028 

411.15 0.469 0.587 1.033 

411.65 0.394 0.535 1.045 

412.25 0.346 0.495 1.064 

413.25 0.289 0.445 1.110 

415.05 0.226 0.387 1.156 

416.35 0.183 0.348 1.202 

417.15 0.154 0.319 1.282 

418.75 0.111 0.261 1.433 

419.75 0.091 0.228 1.573 

420.65 0.066 0.189 1.680 

421.45 0.051 0.158 1.912 

422.35 0.036 0.114 2.070 

423.25 0.014 0.053 2.260 

423.85 0.000 0.000   
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Figure 8. T-x-y diagram for the p-cymene (1) + 1-hexanol (2) system at 50 kPa: This study: x (●); y (●); NRTL model (-); Wilson model (---). 

4.1.3. Azeotrope Determination from X-Y 

Equilibrium Diagrams 

The x-y equilibrium diagrams revealed the occurrence of 

azeotropic behaviour in several of the investigated systems at 

50 kPa. Azeotropes were identified by the intersection of the 

equilibrium curve with the diagonal reference line (x = y), cor-

responding to compositions at which the vapour and liquid 

phases possess identical compositions [12]. Under these con-

ditions, further separation by conventional distillation be-

comes impossible because no composition enrichment occurs 

between the liquid and vapour phases [13]. For the p-cymene 

(1) + 1-hexanol (2) system, a minimum-boiling azeotrope was 

observed at approximately x1 = 0.790 at temperature of 410.16 

K. The formation of these azeotropes is indicative of signifi-

cant liquid-phase non-ideality arising from the disparity in 

molecular structure and intermolecular interactions between 

the terpene and alcohol molecules [12, 14, 15]. Alcohol mol-

ecules are strongly self-associated through hydrogen bonding, 

whereas p-cymene is essentially non-polar hydrocarbons in-

capable of participating in comparable hydrogen-bond inter-

actions [14]. Consequently, unlike intermolecular interactions 

are weaker than the corresponding alcohol-alcohol interac-

tions, producing positive deviations from Raoult's law and 

promoting minimum-boiling azeotrope formation [14]. 

The observed behaviour also suggests that alcohol structure 

influences azeotrope formation. Variations in carbon-chain 

length and branching alter both hydrogen-bonding character-

istics and dispersion interactions with the terpene molecules, 

resulting in shifts in azeotropic composition and temperature 

[15]. These findings highlight the importance of molecular 

structure in governing phase behaviour and demonstrate the 

need for experimentally determined equilibrium data when 

designing separation processes involving terpene-based sol-

vents. From a process-design perspective, the occurrence of 

azeotropes is significant because it imposes a thermodynamic 

limit on separation by ordinary distillation. Alternative sepa-

ration strategies, such as pressure-swing distillation, extrac-

tive distillation, or solvent-assisted separation, may therefore 

be required when high-purity components are desired [15]. 

4.2. Gibbs Energy Parameters from the Nrtl 

Model 

The NRTL parameter sets obtained for the terpene-alcohol 

systems provide important insight into the molecular interac-

tions governing the observed phase behaviour. The regressed 

parameters presented in Table 10 indicate that all systems ex-

hibit strongly asymmetric intermolecular interactions charac-

teristic of highly non-ideal polar/non-polar mixtures. The 

NRTL model successfully correlated all experimental VLE 

data, producing low temperature and composition deviations 

as presented in Figure 3 to 8. It is suitability for representing 

the highly non-ideal terpene-alcohol systems investigated [16]. 

It was recommended that the α-parameter is set to 0.4 for al-

cohols [16] The regressed interaction parameters revealed 

strong asymmetry in molecular interactions, reflecting the po-

larity differences between alcohols and terpene compounds. 

The parameters obtain are with the recommended range of -

3000 to 15000 for systems containing terpenes and alcohols. 

Positive parameter values indicate energetically unfavourable 

alcohol-terpene interactions arising from disruption of alcohol 

hydrogen-bonding networks, whereas negative values reflect 

the greater stability of alcohol-rich environments [17, 18]. The 

interaction parameter magnitudes generally increased with al-

cohol chain length and branching, suggesting increasing mo-

lecular size mismatch and reduced packing efficiency. Overall, 

the parameter trends confirm the strongly non-ideal nature of 

the investigated systems and are consistent with the observed 

positive deviations from Raoult's law [6, 19]. 
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Table 10. Gibbs energy NRTL parameters. 

Measured Systems 
(𝒈𝟏𝟐−𝒈𝟏𝟏)

𝑱.𝒎𝒐𝒍−𝟏
  

(𝒈𝟐𝟏−𝒈𝟐𝟐)

𝑱.𝒎𝒐𝒍−𝟏
  ∆𝑻𝒂/𝑲 ∆𝒚𝟐

𝒂
 𝜶𝟏𝟐  

p-cymene (1) + Ethanol (2) 1707.12 4978.97 0.614 0.001 0.4 

p-cymene (1) +1-Propanol (2) -1613.04 8620.43 0.466 0.004 0.4 

p-cymene (1) + 2-Propanol (2) 1650.21 5726.38 0.059 0.019 0.4 

p-cymene (1) + 1-Butanol (2) -1667.80 11570.53 0.737 0.003 0.4 

p-cymene (1) + 1-Pentanol (2) -1999.15 7720.94 0.446 0.003 0.4 

p-cymene (1) + 1-Hexanol (2) -504.12 2660.18 0.462 0.004 0.4 

 

4.3. Gibbs Energy Parameters from the Wilson 

Model 

The Wilson model provided satisfactory correlations for all 

investigated systems. However, because it assumes complete 

liquid miscibility and does not explicitly account for local 

composition non-randomness, its performance was generally 

slightly inferior to that of the NRTL model for strongly non-

ideal mixtures [6, 20, 21]. The Wilson parameters presented 

in Table 11 indicate strongly asymmetric intermolecular inter-

actions characteristic of highly non-ideal polar/non-polar mix-

tures [17, 19]. Large positive Gibbs energy differences, par-

ticularly for systems containing bulky alcohols such as 1-pen-

tanol and branched alcohols, suggest poor molecular packing 

and weak unlike interactions, resulting in positive deviations 

from ideal behaviour [21]. Conversely, strongly negative pa-

rameter values reflect the stabilising effect of alcohol-alcohol 

hydrogen bonding, which dominates the liquid structure in 

short-chain alcohol systems [19]. 

Table 11. Gibbs energy Wilson parameters. 

Measured Systems 
(𝝀𝟏𝟐−𝝀𝟐𝟏)

𝑱.𝒎𝒐𝒍−𝟏
  

(𝝀𝟐𝟏−𝝀𝟐𝟐)

𝑱.𝒎𝒐𝒍−𝟏
  ∆𝑻𝒂/𝑲 ∆𝒚𝟐

𝒂
 

p-cymene (1) + Ethanol (2) 8118.72 -986.94 0.643 0.000 

p-cymene (1) +1-Propanol (2) 6826.83 -3374.30 0.378 0.002 

p-cymene (1) + 2-Propanol (2) 9029.86 -1330.26 0.028 0.019 

p-cymene (1) + 1-Butanol (2) 3559.54 -3560.17 0.761 0.003 

p-cymene (1) + 1-Pentanol (2) 9273.95 -3110.50 0.441 0.002 

p-cymene (1) + 1-Hexanol (2) -5598.25 10496.77 0093 0.004 

 

Overall, the Wilson model reproduced the experimental 

equilibrium data with excellent accuracy, yielding tempera-

ture deviations below 1 K and very small vapour composition 

deviations. Although both models correlated the data success-

fully, the NRTL model generally provided slightly improved 

representation of highly asymmetric and sterically hindered 

systems because of its treatment of local non-randomness [20, 

21]. 

4.4. Statistical Analysis Using Bias% and Aad% 

Table 12 gives the calculated BIAS and Absolute Average 

Deviation (AAD) for the NRTL and Wilson models conducted. 

Both models produced very low deviations for temperature 

predictions, with BIAS% typically below 0.25% and AAD% 

below 0.65%. Vapour-phase composition deviations were 

slightly larger because vapour compositions are more sensi-

tive to activity coefficient behaviour and experimental uncer-

tainty. Nevertheless, the deviations remained sufficiently 

small to confirm excellent model performance. The NRTL 

model generally performed slightly better for systems exhib-

iting stronger non-ideality and molecular asymmetry, whereas 

the Wilson model performed comparably well for simpler al-

cohol systems [19, 20]. Similar trends have been reported in 

recent VLE studies, where NRTL generally exhibits superior 

performance for strongly asymmetric systems while Wilson 
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correlations remain highly satisfactory for fully miscible binary mixtures [21-23]. 

Table 12. The BIAS% and AAD% among the NRTL model and Wilson model. 

(%) NRTL Wilson 

 𝒚𝟐  T/K 𝒚𝟐  T/K 

p-cymene (1) + Ethanol (2) 

BIAS -1.582 0.17 -0.056 0.18 

AAD 1.375 0.26 0.594 0.40 

p-cymene (1) + 1-Propanol (2) 

BIAS -1.305 0.13 -1.305 0.11 

AAD 1.306 0.28 1.305 0.23 

p-cymene (1) + 2-Propanol (2) 

BIAS 1.103 -0.01 1.103 0.02 

AAD 1.567 0.36 1.567 0.17 

p-cymene (1) + 1-Butanol (2) 

BIAS -1.006 0.21 -1.006 0.21 

AAD 1.193 0.44 1.194 0.64 

p-cymene (1) + 1-Pentanol (2) 

BIAS 1.562 0.11 1.561 0.11 

AAD 1.307 0.18 2.307 0.14 

p-cymene (1) + 1-Hexanol (2) 

BIAS 1.141 0.18 1.141 0.02 

AAD 1.612 0.27 1.612 0.11 

 

4.5. Thermodynamic Consistency Test 

In this study, the measured equilibrium data were evaluated 

using the Gibbs-Duhem relationship and the McDermott-Ellis 

consistency criterion [8, 24]. These are given in Table 13. All 

investigated systems satisfied the thermodynamic consistency 

criteria, with deviation parameters D remaining below the al-

lowable Dmax limits [25, 26]. These results confirm that the 

experimental data are internally consistent, free from major 

systematic errors, and suitable for regression using activity co-

efficient models. The conclusion can be drawn that all the data 

are thermodynamically consistently. 

Table 13. Results of thermodynamic consistency test. 

Measured Systems D 𝑫𝒎𝒂𝒙  Thermodynamic Consistency Test 

p-cymene (1) + Ethanol (2) 0.095 0.502 Consistent/Pass 

p-cymene (1) + 1-Propanol (2) 1.160 1.246 Consistent/Pass 

p-cymene (1) + 2-Propanol (2) 0.111 0.518 Consistent/Pass 

p-cymene (1) + 1-Butanol (2) 0.478 1.236 Consistent/Pass 

p-cymene (1) + 1-Pentanol (2) 0.865 1.289 Consistent/Pass 
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Measured Systems D 𝑫𝒎𝒂𝒙  Thermodynamic Consistency Test 

p-cymene (1) + 1-Hexanol (2) 0.865 0.956 Consistent/Pass 

 

4.6. Implications for Green Solvent 

Applications 

The measured VLE data demonstrate of p-cymene exhibit 

predictable and well-characterised phase behaviour with alco-

hols under reduced-pressure conditions. The observed trends 

indicate that intermolecular interactions become increasingly 

favourable as alcohol chain length increases, resulting in re-

duced liquid-phase non-ideality and improved molecular com-

patibility within the mixtures [17, 19]. 

From a process-design perspective, the generated data pro-

vide a reliable thermodynamic basis for the simulation and op-

timisation of vacuum distillation, solvent recovery, and ex-

traction operations involving terpene-based solvents. The suc-

cessful correlation of the experimental data using established 

activity coefficient models further facilitates implementation 

within commercial process simulators and process design 

software [21, 27]. Consequently, the present work contributes 

valuable thermodynamic information for the evaluation of p-

cymene as a sustainable bio-based alternative to conventional 

petroleum-derived solvents and supports their potential appli-

cation in greener separation processes [1-4]. 

5. Conclusions 

New isobaric vapour-liquid equilibrium (VLE) data were 

measured at 50 kPa for binary systems containing the p-cy-

mene with selected alcohols. The investigated binary systems 

comprised p-cymene with ethanol, 1-propanol, 2-propanol, 1-

butanol, 1-pentanol, and 1-hexanol. The investigated mixtures 

exhibited positive deviations from Raoult’s law, as evidenced 

by activity coefficients greater than unity throughout most of 

the composition range. These deviations arise from the weak 

interactions between the non-polar terpene molecules and the 

hydrogen-bonding alcohol molecules. The magnitude of the 

non-ideality was strongly influenced by alcohol structure, 

with short-chain alcohols exhibiting the greatest deviations 

from ideal behaviour. As the alcohol carbon number increased, 

the degree of non-ideality decreased owing to the increasing 

hydrocarbon character of the alcohol molecules and the result-

ing enhancement of dispersion interactions with the terpene 

phase. 

The binary system of p-cymene + 1-hexanol exhibited min-

imum-boiling azeotropic behaviour at 50 kPa. The occurrence 

of these azeotrope demonstrates the importance of intermolec-

ular interactions in governing phase behaviour and establishes 

thermodynamic limits for separation by conventional 

distillation. The Wilson and NRTL activity coefficient models 

successfully correlated the experimental VLE data over the 

entire composition range. Both models produced low temper-

ature and vapour-composition deviations, demonstrating their 

suitability for engineering calculations involving terpene-al-

cohol systems. All experimental datasets satisfied the McDer-

mott-Ellis thermodynamic consistency criterion, confirming 

the reliability of the measured equilibrium data. 

Overall, the results provide new thermodynamic data for 

terpene-alcohol systems under reduced-pressure conditions 

and contribute to the understanding of molecular interactions 

between renewable terpene solvents and alcohols. The gener-

ated VLE data and regressed interaction parameters provide a 

reliable basis for process simulation, solvent screening, and 

the design of sustainable separation processes involving p-cy-

mene and α-pinene as potential green solvent alternatives. Fu-

ture investigations should extend the measurements to addi-

tional operating pressures to evaluate pressure effects on 

phase behaviour and azeotrope formation. The application of 

advanced thermodynamic models, such as Cubic Plus Associ-

ation (CPA) and Perturbed-Chain Statistical Associating Fluid 

Theory (PC-SAFT), may provide improved representation of 

hydrogen-bonding and association effects in terpene-alcohol 

systems. The CPA and PC-SAFT incorporates association 

sites and association energies directly into the model formula-

tion, allowing a more realistic representation of the thermody-

namic behavior of associating fluids. Furthermore, studies in-

volving water-containing ternary mixtures and process simu-

lation analyses are recommended to support the industrial im-

plementation of terpene-based solvents in sustainable separa-

tion technologies. The p-cymene shows the potential solvent 

and it is recommended as an alternative solvent over tradi-

tional solvents. 

Abbreviations 

AAD Absolute Average Deviation 

AC Activity Coefficient 

CPA Cubic Plus Association 

NRTL Non-Random Two-Liquid 

P Pressure (kPa) 

Pc Critical Pressure (kPa) 

PC-SAFT Perturbed-Chain Statistical Associating 

Fluid Theory 

T Temperature (K) 

Tc Critical Temperature (K) 

VLE Vapour Liquid Equilibrium 

x Liquid Composition 
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y Vapour Composition 
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