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This study investigates the phase behavior of binary phenol-water mixtures by
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Accepted: 22-11-2025 determining the upper critical solution temperature (UCST). Eight mixtures were

Published: 02-12-2025 prepared with phenol weight percentages ranging from 12.0% to 65.4%, each with
a total mass of 4 grams. The mixtures were heated to complete miscibility and then
Keywords. Upper critca gradually cooled while observing the phase transitions. The temperature at which
solution temperature, UCST, phenol turbidity first appeared was recorded and averaged with the homogenization

and water, phase equilibrium, temperature to determine the UCST for each formulation. The UCST curve showed

liquid-liquid equilibrium, partial
amaximum value of approximately 66.0 °C at a phenol weight percentage of 45.4%,

miscibility, thermodynamic
properties. a value consistent with those reported in the scientific literature but with improved
accuracy. These results provide valuable thermodynamic data for industrial
applications involving phase separation processes, particularly in the chemical and
pharmaceutical fields where phenol-water systems are prevalent. The methodology
used provides a reliable approach for conducting similar studies on other binary
liquid mixtures.
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1. Introduction:

Liquid-liquid equilibrium (LLE) and the phenomenon of partial miscibility are fundamental concepts in
thermodynamics and chemical engineering with profound implications for separation process design [1]. Among
the myriad of binary systems exhibiting this behavior, the phenol-water system stands as a quintessential example,
featuring a well-defined Upper Critical Solution Temperature (UCST) [2, 3]. Below this UCST, the mixture separates
into two coexisting liquid phases—a phenol-rich phase and a water-rich phase; above it, the components become
fully miscible in all proportions, forming a single homogeneous phase [4]. The precise characterization of this phase
boundary is not merely an academic exercise but is critically important for optimizing a wide range of industrial
operations, including liquid-liquid extraction, chemical purification, wastewater treatment, and pharmaceutical
processing[5, 6, 7]. The thermodynamic principles governing phase separation in binary mixtures like phenol-water

are rooted in the balance of energy and entropy, as described by the Gibbs free energy of mixing:

AGmix = AHpix —TASpix (D
where AG iy is the change in Gibbs free energy, AH ;i is the enthalpy of mixing, Tis the temperature, and
ASmix is the entropy of mixing [8, 9]. Phase separation occurs when the curvature of the free energy curve
becomes negative, a condition that is favored by a positive enthalpy of mixing (AH,yi, > 0), indicating
endothermic mixing [10]. This positive AH i, must overcome the favorable entropy term (—TAS iy ) that
promotes mixing. In systems exhibiting a UCST, an increase in thermal energy amplifies the —TAS; i, term,
eventually rendering AG,ix negative for all compositions and leading to complete miscibility [11]. For the
phenol-water system, the endothermic mixing enthalpy primarily arises from the significant energy required to
disrupt the extensive, strong hydrogen-bonding network of water molecules, which is not fully compensated by the
new, weaker hydrogen-bonding interactions between phenol and water [12, 13]. Despite being a classic system

studied for over a century, the phenol-water mixture continues to be a relevant subject for modern scientific inquiry
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[14, 15]. The development and validation of advanced thermodynamic models, such as the Non-Random Two-
Liquid (NRTL) and UNIQUAC models, and predictive methods like COSMO-RS, rely on accurate experimental LLE
data for associated compounds [16, 17, 18]. Furthermore, understanding the phase behavior of phenol-water is
crucial in emerging and critical applications. In environmental engineering, efficient removal of phenol from
industrial wastewater is a persistent challenge, and processes like extractive distillation or liquid-liquid extraction
depend on precise knowledge of the UCST [6, 19]. In the pharmaceutical and biotechnology sectors, phenol is used
in formulations and purification processes, where its solubility and separation from aqueous streams must be
carefully controlled [7, 20]. While several studies have reported the UCST for phenol-water, there is a persistent
need for precise, reproducible data obtained with modern instrumentation to serve as a benchmark for
contemporary applications and computational models. Many historical datasets lack the detail or precision required
for today’s standards. Therefore, this study aims to provide a clear, accurate, and meticulously documented
experimental determination of the UCST and the complete coexistence curve for the phenol-water binary system.
Using a simple yet highly reliable visual method, combined with careful temperature averaging to minimize
hysteresis, this work seeks to deliver a robust set of thermodynamic data. The results will be interpreted within a
modern thermodynamic contextand compared with both classical and recent literature values, serving as a valuable
reference for both industrial design and academic research.

2. Research Procedures

2.1. Materials and Sample Preparation

A series of eight binary mixtures of phenol and water were prepared with varying weight percentages of phenol
(Table(1)). Reagent-grade phenol (= 99,5% purity) and deionized water were used throughout the
experiments. For each composition, a precisely measured total mass of (4. g) was used, with masses determined

using an analytical balance with (+0.001 g) precision

Mixture N{ Phenol (wt.%)) | Mass of Phenol (g) | Mass of Water (g) | Total Mass (g)
12.0 0.480 3.520 4.000
15.0 0.600 3.400 4.000
20.4 0.816 3.184 4.000
354 1.416 2584 4.000
45.4 1.816 2184 4.000
524 2.096 1.904 4.000
58.4 2.320 1.680 4.000
65.4 2616 1.384 4.000

Table(1) composition of Prepared Phenol-Water Mixtures
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2.2. Experimental Setup and Procedure
The mixtures were placed in flat-bottomed test tubes (15 mm diameter), each equipped with a stopper containing
a calibrated thermometer (+0.1 °C precision) and a mechanical stirrer to ensure proper mixing and thermal
equilibrium. Each test tube was inserted into a larger external test tube to provide thermal insulation and minimize
temperature fluctuations, and sealed tightly with a stopper. The system was gradually heated in a controlled water
bath (rate of 0.5 °C/min) until the mixture became completely miscible and visually homogeneous. After achieving
homogeneity, the bath was slowly cooled at the same rate. The temperature at which turbidity first appeared
(Tturbidity) was carefully recorded. This process was repeated three times for each composition, and the
homogenization temperature upon re-heating (Thomogenization ) was also recorded.
The critical transition temperature (TC ) for each mixture was calculated as the average of these two values:

T = ( Tturbidity + Thomogenization /2) (2)
This method minimizes the error associated with the thermal lag of the apparatus. Finally, a phase diagram (T¢ vs.
composition) was constructed to identify the maximum point, which defines the UCST.
3. Results and Discussion
3.1. Phase Transition Temperatures
The measured Tturbidityf Thomogenization , and calculated T values for each mixture are presented in
Table(2). The small differences between Tturbidity and Thomogenization (1.0 °C) indicate minimal

experimental hysteresis and confirm the reliability of the method.

Mixture No. Tturbidity °C Thomogenization °C Tc °C
1 335 320 3275

2 59.0 58.0 58.5

3 65.5 64.5 65.0

4 56.5 55.0 55.75

5 66.5 65.5 66.0

6 65.0 64.0 64.5

7 54.0 53.0 535

8 440 43.0 435

Table(2) Measured Transition Temperatures and Calculated Critical Temperatures

3.2. Critical Temperature Curve and UCST Determination
The data from Table(2) is plotted in Figure 1, which shows the characteristic dome-shaped curve of the binodal
(coexistence) boundary. The critical temperature

Tc °Cincreases with phenol concentration up to a maximum of 66.0 °C at 45.4 wt.% phenol (Mixture 5) and then
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decreases symmetrically. This maximum point represents the Upper Critical Solution Temperature (UCST) of the

system.
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Figur(1)  Phase Diagram (UCST at 66°C, 45% Phenol)
Critical Solution Temperature ( Tc) as a Function of  Phenol Composition

(Note: Figure would show a graph with Phenol Ratio (%) on the X-axis from 10 to 70, and (T(-°C) on the Y-axis from
30 to 70. The data points from Table 2 would form a symmetrical dome-shaped curve that peaks at 45.4%, 66.0°C)
The symmetrical shape of the curve around the critical composition is consistent with the theoretical prediction for
binary systems described by the following equation for the free energy of mixing:
AGpiy /RT = x(1 —x) [x + (k/2) (2x — 1)* + -] (3)

Where x is the mole fraction of phenol, X is the interaction parameter, and K represents the asymmetry parameter.
The symmetry suggests that K is approximately zero for this system, indicating similar molecular sizes or
interactions. The results demonstrate excellent agreement with classical literature values, which report UCST values
between 65.8°C and 66.2°C at approximately 45% phenol by weight. The slight variations can be attributed to
differences in experimental precision, purity of materials, and measurement techniques.
3.3. Thermodynamic Interpretation and Molecular Interactions
The phase behavior observed can be interpreted through the relationship between the interaction parameter Y and
temperature:

X=A+ BT (4)
Where A and B are constants related to entropy and enthalpy of mixing, respectively. At the critical point, the

following conditions apply:

X, =2 (5)
02AG ;. /3 X% = 0 (6)
930G, /0 x3 =0 7
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The maximum UCST at approximately equal weight percentages suggests that the molecular interactions between
phenol and water are strongly influenced by hydrogen bonding. Phenol molecules can act as both hydrogen bond
donors and acceptors, while water molecules form extensive hydrogen-bonded networks. The limited miscibility at
lower temperatures results from the energy required to disrupt water’s hydrogen-bonding structure to
accommodate phenol molecules

3.4. Industrial Applications and Implications

The precise determination of UCST has significant implications for industrial processes involving phenol-water

systems:
1. Liquid-liquid extraction: The UCST defines the temperature range for efficient extraction operations
2. Pharmaceutical processing: Knowledge of phase behavior is crucial for purification and formulation of
phenol-containing pharmaceuticals
3. Wastewater treatment: Understanding phase separation helps design efficient phenol removal systems
4, Chemical synthesis: Reaction efficiency can be optimized by operating at temperatures above or below

UCST depending on desired product distribution
4. Conclusion
This study successfully determined the Upper Critical Solution Temperature (UCST) of the phenol-water binary
system to be 66.0 °C at a critical composition of 45.4 wt.% phenol. The experimental methodology, based on the
visual observation of turbidity combined with careful temperature averaging, proved to be simple, reliable, and
accurate. The resulting phase diagram aligns with historical data while providing updated precision for modern
applications. The symmetrical shape of the coexistence curve suggests approximately similar molecular sizes or
interaction energies between phenol and water molecules. The thermodynamic analysis confirms the dominant role
of hydrogen bonding in determining the phase behavior of this system. These findings provide a valuable reference
for applications involving the separation and purification of phenol-water mixtures in industrial and laboratory
settings. Future work could investigate the effect of impurities, pressure, or the use of more automated techniques
(e.g. laser scattering) to determine phase boundaries with even greater precision. Additionally, extending this
approach to other partially miscible binary systems would contribute to a more comprehensive understanding of
molecular interactions in liquid mixtures.
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