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In the realm of chemical engineering and industrial chemistry, the behavior of multi-component liquid mixtures
during phase transitions represents one of the most critical areas of study. Among these, azeotropic mixtures
present unique challenges and opportunities in the design of separation processes. An azeotrope, often referred to
as a constant boiling mixture, occurs when a liquid mixture, when boiled, produces a vapor that has the exact same
proportions of components as the original liquid. This phenomenon effectively renders traditional fractional
distillation ineffective, as the relative volatility of the components reaches unity.

The Fundamental Thermodynamics of Azeotropy

To understand azeotropic data for binary mixtures, one must first grasp the underlying thermodynamic principles
of Vapor-Liquid Equilibrium (VLE). In an ideal solution, the partial pressure of each component is governed by
Raoult's Law, which states that the partial pressure ($P_i$) is equal to the mole fraction of the component in the
liguid phase ($x_i$) multiplied by its vapor pressure in pure form ($P_i"{sat}$). However, real-world mixtures often
deviate from this ideal behavior due to molecular interactions between different species.

These deviations are quantified using the activity coefficient ($;56'B’a The modified Raoult's Law is expressed as:
P_i=x_i-;56"r 6°¢-6 GD
When the activity coefficients deviate significantly from 1.0, the total pressure of the system (or the boiling

temperature) can reach an extremum (a maximum or a minimum). At this point, the composition of the liquid phase
($x9) is identical to the composition of the vapor phase ($y$). Mathematically, for a binary mixture:
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At this specific composition, the relative volatility (; becomes 1.0. Because separation by distillation relies on
differences in volatility, reaching an azeotropic point creates a "distillation boundary" or "pinch point" that cannot be
crossed using standard column configurations.

Classification of Azeotropic Mixtures

Azeotropes are primarily classified based on their boiling temperature relative to their pure components and their
phase behavior. The data collected by researchers like J. Gmehling and others in the AZD (Azeotropic and
Zeotropic Data) bank meticulously categorize these mixtures to assist in process simulation.

1. Positive Azeotropes (Minimum Boiling)

Positive azeotropes occur when the mixture exhibits a positive deviation from Raoult's Law. In these systems, the
internal forces between unlike molecules are weaker than those between like molecules. This causes the total

vapor pressure of the mixture to be higher than that of either pure component, resulting in a boiling point lower than
any of its constituents. A classic example is the Ethanol-Watersystem, which forms a positive azeotrope at
approximately 95.6% ethanol by weight at atmospheric pressure.



2. Negative Azeotropes (Maximum Boiling)

Conversely, negative azeotropes exhibit a negative deviation from Raoult's Law. Here, the attractions between
different molecules are stronger than those between identical molecules. This results in a lower total vapor

pressure and, consequently, a boiling point higher than either pure component. The Nitric Acid-Watermixture is a
well-known negative azeotrope, boiling at a higher temperature than both pure water and pure nitric acid.

3. Homogeneous vs. Heterogeneous Azeotropes

Homogeneous azeotropes consist of a single liquid phase that is in equilibrium with a vapor phase.
Heterogeneous azeotropes occur when the liquid phase itself is immiscible and forms two distinct liquid layers.
When boiled, these two liquid phases produce a single vapor phase with a constant composition. This property is
frequently exploited in heterogeneous azeotropic distillationto decant one phase and bypass the azeotropic
point.

Interpreting Azeotropic Data Tables

Technical data sheets, such as those found in the Gmehling tables or DECHEMA series, provide standardized
information for binary mixtures. Most technical data is reported at a standard atmospheric pressure of 101.3 kPa (1
atm). When analyzing these tables, engineers focus on three primary variables: the temperature of the azeotrope
($T_{az}$), the composition of the first component ($x_1$), and the pressure ($P$).



Component Component Boiling Boiling Azeotrope Wt% Type
1 2 Point 1 (°C) Point 2 (°C) BP (°C) Component

1
Ethanol Water 78.3 100.0 78.17 95.6% Positive
Acetone Chloroform 56.2 61.2 64.4 20.0% Negative
Methanol Benzene 64.7 80.1 58.3 39.1% Positive
Water Nitric Acid 100.0 83.0 120.5 32.0% Negative
Isopropanol Water 82.3 100.0 80.3 87.7% Positive

In the table above, the Azeotrope BPrelative to the pure component boiling points indicates the type of deviation.
For instance, the Ethanol-Water azeotrope boils at 78.17°C, which is lower than both pure Ethanol (78.3°C) and
Water (100.0°C), confirming its status as a minimum-boiling positive azeotrope.

Advanced Prediction Methods for Azeotrope Formation

Experimental determination of azeotropic data is time-consuming and expensive. Consequently, computational
methods have become vital. Modern chemical engineering relies on activity coefficient models such as NRTL (Non-
Random Two-Liquid), Wilson, and UNIQUAC to predict the occurrence of azeotropes.

The Role of UNIFAC

The UNIFAC (Universal Quasi-Chemical Functional Group Activity Coefficients)method is a group-
contribution system that allows for the prediction of activity coefficients based on the functional groups present in
the molecules (e.g., -CH3, -OH, -COOH). By calculating the interaction parameters between these groups, the
UNIFAC model can predict whether a binary mixture will form an azeotrope even if experimental data for that
specific pair does not exist.

Quasi-Infinite Dilution Analysis

A more recent approach involve analyzing the infinite dilution activity coefficients($;5a!aB’a If the ratio of the vapor
pressures of two components is bounded by the ratio of their infinite dilution activity coefficients, an azeotrope is
mathematically guaranteed to exist. Specifically, for a binary mixture, if:

50 alaa 6%¢-6 GO0 6¢6GOa o pforPositive deviations)
This inequality serves as a rigorous screening tool in high-throughput material selection and process design.

Industrial Separation Strategies for Azeotropic Mixtures

Since standard distillation cannot move past the azeotropic composition, specialized engineering techniques must
be employed. Selecting the correct method depends heavily on the azeotropic dataavailable, including how the
azeotrope responds to pressure changes.

1. Azeotropic Distillation (Entrainer Addition)

This process involves adding a third component, known as an entrainer, to the binary mixture. The entrainer forms
a new, lower-boiling azeotrope with one of the original components, often a heterogeneous one. For example,



adding benzene or cyclohexane to an ethanol-water mixture allows for the removal of water as part of a ternary
azeotrope, leaving pure ethanol at the bottom of the column.

2. Extractive Distillation

Unlike azeotropic distillation, extractive distillationuses a high-boiling solvent that does not form an azeotrope
with the components. The solvent interacts preferentially with one component, altering its relative volatility
significantly enough to allow separation in a conventional column. The solvent is then recovered in a second
column and recycled.

3. Pressure-Swing Distillation (PSD)

The composition of many azeotropes is highly sensitive to pressure. Pressure-swing distillationutilizes two
columns operating at different pressures (e.g., one at vacuum and one at high pressure). By shifting the pressure,
the azeotropic point moves to a different composition. The product from the first column becomes the feed for the
second, effectively "bypassing" the azeotrope without the need for additional chemicals.

4. Pervaporation and Membrane Separation

Pervaporation is a membrane-based process where a liquid mixture is passed over a selective membrane. One
component permeates through the membrane and evaporates on the other side. This method is increasingly
popular for dehydrating solvents (like Isopropanol or Ethanol) because it is not limited by vapor-liquid equilibrium
and can achieve purities exceeding 99.9%.

The AZD Data Bank and Technical Documentation

The AZD (Azeotropic and Zeotropic Data) bank is an essential repository for chemical engineers. It contains
experimental results for thousands of systems, including multicomponent mixtures. This data is critical for validating
simulation software like Aspen Plus or HYSYS. When referencing this data, it is important to check the reliability
of the source and the experimental method used (e.g., ebulliometry vs. static methods).

Key Attributes of Quality Azeotropic Data:
e Experimental Pressure (P_az): Must be clearly stated, as azeotropes can disappear at certain pressures.
e Composition Units: Data must specify if values are in weight fraction, mole fraction, or volume percent.
» Purity of Components: Trace impurities can significantly shift observed azeotropic temperatures.
¢ Consistency Checks: Data should ideally be verified through thermodynamic consistency tests like the
Redlich-Kister method.

Case Study: Dehydration of Isopropanol (IPA)

Isopropanol and water form a positive azeotrope at 80.3°C with a composition of approximately 87.7 wt% IPA. In
pharmaceutical manufacturing, high-purity IPA (99%+) is required. A traditional distillation column would only ever
reach the 87.7% concentration.

Proposed Solution: Heterogeneous Azeotropic Distillation

By adding diisopropyl ether (DIPE) as an entrainer, a ternary azeotrope is formed. This mixture, when

condensed, splits into an organic phase (rich in IPA and DIPE) and an aqueous phase. The aqueous phase is
stripped of any solvent, while the organic phase is refluxed, allowing the system to produce anhydrous IPA. This
process relies entirely on precise binary and ternary azeotropic datato determine the required reflux ratios and
tray counts.



Troubleshooting Common Issues in Azeotropic Systems

Operating a plant that handles azeotropic mixtures involves unique operational challenges. Below is a guide to
common failure modes and technical solutions.



Operational Challenge

Failure to reach product purity

Entrainer buildup in product

Phase separation failure

Column flooding

Potential Cause

Shift in azeotropic point due to
pressure fluctuations

Inadequate solvent recovery column
sizing

Temperature in decanter is too high
for liquid-liquid split

Unpredicted foaming due to high
activity coefficients

Technical Solution

Implement automated pressure
control loops to stabilize the VLE
environment.

Re-evaluate the vapor-liquid data for
the entrainer-product binary pair.

Increase cooling capacity in the
decanter stage to move into the
immiscibility region.

Add anti-foaming agents or increase
the column diameter in the

enrichment section.

The Future of Azeotropic Research

As the chemical industry moves toward more sustainable practices, the focus on azeotropic data is shifting toward
green solvents and bio-based chemicals. Research is currently intensive in the area of lonic Liquids (ILs). lonic
liquids can act as powerful entrainers in extractive distillation due to their negligible vapor pressure and tunable
solvating properties. Understanding the binary interactions between ILs and common solvents is the next frontier in
azeotropic data collection.

Furthermore, the integration of Artificial Intelligence (Al) and Machine Learning (ML)in predicting VLE data is
reducing the reliance on physical experiments. By training models on the massive datasets provided by the
Gmehling and AZD collections, researchers can now predict azeotrope formation in complex multi-component
systems with unprecedented accuracy.

In conclusion, azeotropic data for binary mixtures serves as the bedrock of modern separation science. Whether
through the application of classical thermodynamics, the utilization of group-contribution models like UNIFAC, or
the deployment of advanced separation technologies like pressure-swing distillation, the ability to identify and
manage azeotropes is essential for efficient industrial production. As data banks grow more comprehensive and
predictive models more sophisticated, the challenges once posed by these "constant boiling" mixtures are
becoming streamlined paths to chemical purity and process innovation.
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