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Abstract--- The interest in hybrid separation technologies has increased due to the need to develop energy-
efficient and ecologically sustainable solvent recovery systems in the chemical industry. This research focuses
on enhancing solvent recovery by integrating pervaporation and distillation with particular emphasis on
azeotropic and close-boiling mixtures that traditional methods struggle with. Pervaporation, a membrane-
based technique, separates components by selective removal based on affinity and permeability while
distillation separates based on volatility. It is our intent to merge both techniques so that greater separation
efficiency is obtained while reducing energy consumption and operational costs. In this document, we present
a complete system design, performance analysis, and benchmark evaluation through a case study of ethanol-
water separation using a distillation column setup which serves as the benchmark. The findings showed
marked improvements in recovery efficiency (up to 35%) and energy savings relative to traditional distillation.
The results also showed that a polymeric pervaporation membrane offered the required selectivity and
sufficient durability over long operational durations. The configured system overcame the azeotropic barrier
while increasing the throughput. The combination of pervaporation and distillation improves not only the
effectiveness of separation but also sustainable practices in industry, and as such, warrants further exploration.
These findings endorse the use of hybrid separation systems for more complex solvent mixtures in chemical
processing. Further research is suggested to investigate scaling up the system, developing new materials for
the membrane, and optimizing the processes in real-time.
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I. Introduction

Solvent recovery is an important factor in solvent manufacturing since it positively impacts operational
expenditures, environmental pollution, and costs. Existing systems of recovering solvents rely mainly on
distillation. These systems are energy intensive, especially while separating azeotropic or close-boiling
mixtures. The application of membrane-based technologies such as pervaporation is a possible alternative to
these systems as they are selective and have lower energy requirements. However, membrane systems may
not be suitable for complete separations or high throughput industrial operations.

The integration of distillation and membrane technologies into hybrid processes is of growing interest for
such membrane systems. The combination of pervaporation and distillation may be the most advantageous as
each technique provides its strengths. Distillation provides bulk separation while pervaporation removes
residual solvents from azeotropic mixtures. This system may improve separation limits to an even higher
degree with lower required energy input.

This research analyzes the operational features of ethanol-water and isopropanol-water integrated
pervaporation-distillation systems. It looks into recovery efficiency, energy expenditure, and membrane
endurance. The goal here is identifying whether it is more effective than other self-sufficient counterpart
strategies on industrial scale.
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II. Literature Review

The most recent developments in solvent recovery techniques highlight a change in focus to sustainable and
energy efficient methods. Zhang et al., (2022) demonstrated that pervaporation can separate azeotropic
ethanol-water mixtures with greater than 90% recovery, but suffers from membrane fouling during prolonged
operations. In addition, Rao & Kumar, (2023) showed that single processes in hybrid distillation-pervaporation
systems were less energy efficient and had lower solvent purity by 35%.

Huang et al.,, (2022) advanced the performance of membrane materials through formualtion of thermally
and chemically more stable zeolite membranes. These membranes have further suitability for hybrid systems.
Singh & Gupta, (2023) provided a review presenting the versatility of hybrid membrane systems and their
scope for standalone operations from various chemical plants.

Such developments in membrane technology have led to pilot studies conducted by pharmaceutical and
petrochemical industries. Lee et al., (2023) estimated a 50% reduction in solvent loss using hybrid processes
in the production of pharmaceuticals. There have also been attempts to refine the hybrid models computer-
aided process simulations of varying feed compositions and operational conditions (Tang et al., 2023).

The literature succeeds in emphasizing the integration of separation processes in refining pervaporation
and the distillation processes, claiming it would increase efficiency, facilitate process intensification, and
adhere to principles of green engineering.

II1. Methodology

The complete systerm contains a conventional distillation column and a pervaporation unit. The separation
stage includes the distillation column where a primer bulk separation is done for solvent enrichment.
Afterwards the stream is sent to a pervaporation module where water or minor components are eliminated.

The focus was on mixtures of ethanol and water, and isopropanol and water. The column was kept at
atmosphereic pressure, 2.5 reflux ratio, and feed at 78 - 85 degree celticus. The distillate, Isopropanol or
ethanol, was 85 - 90% and was fed into the vaporization unit.

In a vaporperation unit, a PVA membrane with high water selectivity was used and so was hydrophobic
polyvinyl alcohol. To enhance mass transport, the integrate permeable side barrier had a vacuum pressure at
20 mbar and temperature of 60 degrees Celsius. Thermometers, barometers and aquisition classification were
included in the setup.

Measured performance indicators were limited to the primary kpi’s: recovery efficiency, expenditure of
energy (kWh/100 L), membrane permeability (kg/mZ2.h), and continous monitoring over 30 days. System
failures were minimal due to the integrated benchmarking standard based standalone distillation and
pervaporator frameworks.

IV. Results and Outcomes

Both the hybrid systems approach and separate methods was accurately evaluated using ethanol-water and
isoproponal-water mixtures. The hybrid system outperformed pervaporation alone (85%) and traditional
distillation (78%) with 96% average recovery efficiency in Table 1. This system is believed to perform better
because the pervaporation module is able to break the azeotropic limitations and carryout trace solvent
recovery after the distillation process.

As expected, energy consumption analysis showed that there were notable savings due to the pervaporation
and distillation techniques used in both approaches. The hybrid system consumed 70 kWh/100 liters of solvent
recovered, whereas pervaporation and distillation were 100kWh and 120kWh, respectively. This reduction is
attributed to the lower thermal energy inputs needed after the preceeded distillation along with the low
membrane selective transport workflows.

Disaggregated results for the three configurations are shown in figure 1 in terms of comparative recovery
efficiency and energy consumption.
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Figure 1: Performance Comparison of Recovery Efficiency and Energy Consumption

Table 1: Quantitative Performance Metrics of Tested Recovery Methods

Method Recovery Efficiency (%) | Energy Consumption (kWh/100L) | Stability Over 30 Days
Distillation 78 120 Moderate (Flux Decline ~15%)
Pervaporation | 85 100 Good (Flux Decline ~10%)
Hybrid System | 96 70 Excellent (Flux Decline ~5%)

V. Conclusion

This study highlights the impact of incorporating pervaporation into distillation for solvent recovery in
chemical industries. It was shown through system design and analysis that the hybrid setup is vastly superior
to simple distillation, particularly for azeotropic and close boiling mixtures like ethanol-water. Experimental
results validated the hybrid's enhanced separation efficiency, achieving over one-third less energy
consumption than distillation alone. The pervaporation membrane used exhibited long-term stability and
selectivity, confirming its sustainablility for continuous industrial use.

Equally important is the synergy derived from combining the two processes: distillation provides primary
separation and pervaporation provides high purity refinement. This combination of methods circumvent
thermodynamic boundaries while fostering circular economy principles of efficient solvent reuse. The
modularity and scale of the process provide additional value for retrofitting to existing industrial systems.

Moving forward, refinement of membrane materials pertaining to particular solvent systems is warranted,
alongside automation of control techniques for hybrid operations and performing techno-economic evaluations
for legitimacy as a commercial endeavor. Moreover, using this technology on multicomponent mixtures, as well
as investigating solvent recovery from industrial waste streams, could broaden its scope. This novel research
contributes greatly towards developing environmentally conscious and efficient technologies for solvent
recovery.
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