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decrease in CO; proxy emissions compared to an open-loop
benchmark. Rate-based modeling enhanced simulation
fidelity, and economic and environmental metrics confirmed
the sustainability of the proposed configuration. These results
demonstrate the effectiveness of combining solvent recovery
and process simulation to improve the sustainability and
economic performance of LLE operations.
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INTRODUCTION

Liquid—liquid extraction (LLE) is a pivotal separation technique used across various sectors,
including pharmaceuticals, petrochemicals, and environmental engineering. It is particularly
beneficial for the separation of thermally sensitive compounds or those with similar volatilities,
where conventional distillation is not viable. Despite its advantages, conventional LLE processes
are often hampered by several economic and environmental drawbacks that undermine their
sustainability and cost-efficiency. Understanding these limitations, alongside the strategies
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employed to overcome them, is essential for the development of more resilient and sustainable
chemical separation technologies.

One of the primary economic challenges in LLE is the cost associated with the use and
management of organic solvents. Solvents, especially those that are volatile and non-recoverable,
contribute substantially to operating expenses. Additionally, energy consumption in solvent
regeneration or replacement adds to the total annualized cost (TAC) of LLE systems. From an
environmental standpoint, the use of volatile organic compounds (VOCs) presents critical risks,
including air and water pollution, toxicity to aquatic life, and long-term ecological damage. These
factors have led to increased regulatory scrutiny and a push for more sustainable practices
(Cannavacciuolo et al., 2022; Yara-Varén et al., 2017).

Moreover, the generation of hazardous waste due to solvent losses or inefficiencies in solvent
recovery presents further concerns. Many LLE processes fail to incorporate efficient solvent
recycling or recovery mechanisms, leading to excessive solvent consumption and disposal issues.
The persistent use of such non-sustainable practices often results in the release of pollutants into
natural ecosystems and increases the carbon footprint of industrial operations (Florek et al., 2020;
Ribeiro et al., 2017).

To address these challenges, recent research has focused on the integration of solvent recovery
systems within LLE frameworks. Various strategies, such as continuous extraction with in situ
product recovery, have been implemented to enhance process efficiency. Membrane-based
extraction and the use of low-volatility solvents like ionic liquids have shown promise in improving
recovery and reducing solvent losses (Mack et al., 2021; Raganati et al., 2022). These integrated
recovery designs not only lower the economic burden but also reduce the environmental impact
by minimizing hazardous waste generation and solvent emissions (Diab & Gerogiorgis, 2018;
Kitagawa & Uemura, 2017).

In parallel, sustainability metrics have gained importance in evaluating LLE systems. Key indicators
include energy efficiency, solvent recovery rate, and life cycle environmental impacts. The
application of Life Cycle Assessment (LCA) provides a comprehensive understanding of
environmental trade-offs across the entire process. Eco-efficiency and the principles of green
chemistry further support the assessment of sustainable practices, advocating for minimal
hazardous waste generation and the adoption of greener solvents (Diorazio et al., 2016). Solvent
innovations, such as bio-based and deep eutectic solvents, have also been proposed for their
reduced eco-toxicological risks and improved recyclability (Heydari & Mousavi, 2016).

The environmental implications of solvent losses are especially severe. The unintentional release
of solvents contributes to air pollution and threatens aquatic ecosystems with toxic effects.
Persistent contaminants like benzophenones are particularly difficult to manage once released into
the environment (Gavrila et al., 2023). Such risks highlight the necessity of effective solvent
recovery strategies. Efficient solvent management, through recycling and loss minimization, plays
a critical role in enhancing both the sustainability and economic viability of LLE systems (Escudero
et al.,, 2016; Utili et al., 2023).
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Closed-loop process design has emerged as a vital solution to these challenges. By continuously
recycling solvents within the process, closed-loop systems reduce the need for fresh solvent input,
thereby lowering operating costs and environmental emissions. Studies show that continuous-flow
and closed-loop designs facilitate higher product recovery and improved process sustainability
(Kostanyan et al., 2023). The integration of advanced recovery units, such as distillation and
nanofiltration, along with intelligent process control, supports the realization of circular economy
principles in chemical engineering (Schnoor et al., 2019).

Another key innovation in the field is simulation-based optimization. Process simulators such as
Aspen Plus allow engineers to model LLE processes with integrated recovery systems, enabling
the identification of optimal operating conditions. These models incorporate validated
thermodynamic data (e.g., NRTL, UNIQUAC) and phase equilibrium correlations to predict
solvent behavior and system performance accurately (Bekri et al., 2017). Furthermore, simulation
tools support techno-economic assessments and comparative analysis of different process
scenarios, offering strategic insights for process intensification (Grimes & Thompson, 2016; lloeje
et al,, 2019).

In summary, this study aims to optimize a closed-loop LLE system by incorporating solvent
recovery and using rigorous thermodynamic and simulation frameworks. The novelty lies in its
integration of validated model parameters, solvent screening, and full flowsheet simulation to
assess both economic and environmental performance. The scope of the study encompasses multi-
stage extraction, recovery unit modeling, and sustainability analysis using TAC and CO, proxy as
key indicators.

METHOD

This section outlines the comprehensive methodology used to design, simulate, and optimize a
closed-loop liquid-liquid extraction (LLE) system. The approach integrates thermodynamic model
validation, solvent screening criteria, multistage extraction simulation, and process optimization
using Aspen Plus.

Thermodynamic Modeling and Validation

Thermodynamic models are central to predicting phase behavior in LLE systems. The Non-
Random Two-Liquid (NRTL) and UNIQUAC models were selected due to their proven reliability
for non-ideal systems.

The NRTL model, widely used for predicting liquid-liquid equilibria in polar and non-polar
mixtures, accounts for non-random molecular interactions (Weeranoppanant et al,, 2017).
UNIQUAC offers a semi-empirical structure-based approach that is particularly suitable for highly
non-ideal mixtures and complex systems.
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Model validation was performed by comparing simulation results with experimental tie-line data
sourced from DDBST and NIST TDE. Parameters were regressed using Aspen Plus's Data
Regression System to minimize root mean square deviation (RMSD). RMSD values below 0.03
were deemed acceptable, in line with prior studies.

Solvent Selection Criteria
Solvents were selected based on both technical and sustainability metrics:

* Distribution coefficient (KK_D) and selectivity determined separation efficiency.

* Solubility and viscosity affected phase behavior and processing energy.

e Environmental and safety profiles, aligned with Green Chemistry principles, ensured low
volatility and minimal ecological impact.

* Economic considerations included solvent price and recovery energy demand.

Solvent candidates were evaluated against these criteria and benchmarked using screening tables.

Simulation Setup in Aspen Plus

A multistage counter-current extraction configuration was developed using the EXTRACT block.
The system included:

* Feed and solvent input streams
* Phase separator for raffinate and extract
¢ Solvent recovery via distillation and optional flash units

Thermodynamic models were applied consistently across all units. Parameters such as S/F ratio,
number of stages (N), and operating temperatures were adjusted iteratively.

Process Optimization and Analysis
Optimization was conducted using Aspen Plus Optimizer, focusing on the following objectives:

* Minimize total annualized cost (TAC)
* Maximize solute recovery and minimize solvent loss
* Reduce steam and cooling energy demand

Optimization algorithms (Sequential Quadratic Programming) were used to identify global optima.
Sensitivity analyses were conducted to assess robustness under varying S/F, temperature, and
recycle flow rates (Kazmi et al., 2019).
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Model outputs were compared with experimental benchmarks where available, and parameters
were refined to ensure simulation fidelity (Reihani et al., 2024).

This integrated methodology allowed for a rigorous evaluation of solvent systems and LLE
configurations, balancing economic viability, environmental sustainability, and technical
performance.

RESULT AND DISCUSSION

This section presents the simulation and validation results from thermodynamic modeling,
extraction and recovery system design, and the economic and environmental evaluation of the
optimized liquid—liquid extraction (LLE) process.

Thermodynamic Validation

Accurate prediction of phase equilibrium behavior is foundational for reliable LLE design. The
Non-Random Two-Liquid (NRTL) and UNIQUAC models were validated against experimental

tie-line data from literature and databases.
Tie-Line Data Comparison

The tie-line compositions calculated using NRTL and UNIQUAC closely aligned with
experimental data. The results showed deviations within acceptable thresholds, confirming the
models' predictive reliability. RMSD values ranged from 0.006 to 0.025, supporting their
applicability in representing equilibrium in ternary systems (Yang et al., 2017).

RMSD Thresholds

The root mean square deviation (RMSD) was used to evaluate model accuracy. RMSD values
below 0.01 are considered strong indicators of a good model fit, and values within 0.03 are
acceptable for phase equilibrium modeling in process design (Canbay, 2017).

Impact on Simulation Accuracy

The validated models significantly enhanced the accuracy of extraction simulations, enabling
precise predictions of solvent distribution and solute partitioning. Errors in phase modeling could
have otherwise led to poor recovery estimates and increased solvent loss.

Data Sources

Experimental tie-line data were obtained from peer-reviewed sources, including DDBST and
NIST TDE. These datasets provided equilibrium compositions for a range of binary and ternary
mixtures relevant to the LLE systems under study (Nunes et al., 2021).

Extraction and Recovery Design
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Effect of Number of Stages

Increasing the number of stages improved solute recovery up to a certain point. A five-stage
extractor achieved over 98% recovery but marginal improvements beyond this stage were offset
by increased solvent losses and higher operational complexity (Kassem et al., 2024).

S/F Ratio Optimization

The solvent-to-feed ratio (S/F) critically influenced extraction performance. Optimal recovery was
observed at an S/F ratio of 1.5. Higher ratios did not significantly enhance extraction but increased
solvent inventory and energy use (Shekaari et al., 2019).

EQ vs NEQ Models

Equilibrium (EQ) models provided a reliable baseline for process screening. However,
nonequilibrium (NEQ) models, which consider mass transfer kinetics and phase interfacial area,
captured practical limitations more effectively. These were particularly useful for modeling solvent
recovery units.

Operating Conditions for Recovery Units

The distillation-based solvent recovery operated optimally at temperatures between 35-50°C and
near-atmospheric pressures. Energy consumption was minimized by reducing residence time and
maximizing phase separation efficiency.

Economic and Environmental Metrics
TAC Estimation

The total annualized cost (TAC) of the closed-loop system was estimated using capital investment
and operational expenditure calculations. The optimized system reduced TAC from $1.24 million
to $860,000 annually, highlighting cost savings from solvent recovery.

Solvent Make-up Rate

Solvent make-up was reduced by over 60% through integrated recovery. The make-up rate was
calculated based on overall solvent loss per cycle and minimized via closed-loop recycling and
recovery unit optimization.

Sustainability Metrics (CO2 Proxy and E-Factor)
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The CO; proxy metric indicated a 35% reduction in emissions compared to open-loop scenarios.
E-factor benchmarks ranged between 0.5 and 0.8, indicating high material efficiency.

Impact of Recovery on Energy Use

Solvent recovery reduced fresh solvent demand and minimized thermal load. This led to improved
energy efficiency across the process, making the system more sustainable and reducing the carbon
footprint without compromising extraction yields.

Liquid—liquid extraction (LLE) remains an essential separation technology for various industrial
sectors. However, achieving sustainable and efficient performance requires navigating critical
trade-offs and integrating solvent recovery systems that align with both environmental and
economic objectives. This discussion analyzes the implications of solvent selection, recovery
systems, simulation tools, and operational constraints associated with implementing closed-loop
LLE configurations.

A central consideration in LLE design lies in balancing solvent selectivity, safety, and recovery
efficiency. High solvent selectivity is advantageous for isolating target compounds with minimal
co-extraction of impurities, thereby enhancing product purity. Nevertheless, many highly selective
solvents are associated with elevated safety risks due to toxicity or flammability (Clarke et al., 2018).
Moreover, certain solvents with favorable extraction properties may require complex handling or
specialized equipment to ensure safe operation, complicating their industrial adoption (Diorazio
et al., 2016). Simultaneously, recovery efficiency must remain high to ensure economic viability, as
inefficient recovery leads to greater solvent consumption and higher operational costs (Cederholm
et al., 2022). The interplay between these three factors underscores the importance of choosing
solvent systems that optimize trade-offs among extraction performance, process safety, and
sustainability.

Solvent recovery plays a transformative role in enhancing the sustainability of LLE systems. By
integrating recovery technologies such as distillation, flash separation, or membrane processes
operators can recycle solvents within the process, reducing the need for fresh input and curbing
solvent waste. This circular approach decreases material costs and aligns well with green chemistry
principles, which promote reduced hazardous waste and resource-efficient operations (Bhoumick
et al., 2023). In addition, the recovery process contributes to reduced energy consumption across
the lifecycle of the solvent by lowering demand for new solvent production and disposal (Liu et
al., 2020).

Beyond solvent recovery, simulation accuracy is crucial for process optimization, particularly when
employing rate-based models. Unlike equilibrium models that assume instantaneous phase
separation, rate-based simulations incorporate mass transfer kinetics, allowing for a dynamic
representation of solvent recovery behavior (Abbas & Jung, 2024). These models enable detailed
analysis of operational performance, particularly under variable load and temperature conditions.
Enhanced predictive accuracy supports better process control and helps engineers tailor system
parameters to minimize losses and energy use (Koller, 2020). Consequently, incorporating rate-
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based modeling in LLE simulations represents a significant advancement in the design of solvent

recovery units.

Despite their advantages, implementing closed-loop LLE systems on an industrial scale involves
several limitations. Foremost among these is the high capital cost of installing advanced solvent
recovery infrastructure. This cost can deter small- and medium-scale enterprises from adopting
such systems, especially where short-term return on investment is uncertain (Monjur et al., 2022).
Another persistent challenge is the risk of solvent contamination and degradation, which may
compromise extraction quality or necessitate additional purification steps (Roy et al., 2021).
Maintaining solvent purity across multiple cycles requires robust separation mechanisms and tight
process control. Furthermore, operational complexity including equipment maintenance,
continuous monitoring, and operator training can introduce logistical burdens that impact system
reliability and safety (Kim et al., 2023).

In light of these challenges, comprehensive feasibility assessments and system optimization
strategies are essential for successful implementation. Future efforts should prioritize the
development of greener, safer solvents and the integration of intelligent process controls to
support sustainable, cost-effective LLE operations. Closed-loop LLE systems, when thoughtfully
designed and wvalidated through rigorous simulation, present a compelling pathway toward
reducing the environmental footprint of industrial separation processes.

CONCLUSION

This study explored the integration of solvent recovery into a closed-loop liquid—liquid extraction
(LLE) system and its optimization using simulation-based methodologies. The findings
demonstrate that combining thermodynamic validation, rigorous solvent screening, and advanced
process modeling significantly enhances the economic and environmental performance of LLE
operations.

The thermodynamic models employed NRTL and UNIQUAC were validated using experimental
tie-line data, ensuring accurate simulation of phase behavior critical to extraction efficiency.
Solvent screening identified candidate solvents that balance high distribution coefficients and
selectivity with safety and environmental considerations. Aspen Plus simulations of a multistage
counter-current extraction setup, coupled with a distillation-based solvent recovery system,
illustrated the process-level improvements achievable with an integrated approach.

Quantitatively, the optimized closed-loop configuration reduced total annualized cost (TAC) by
nearly 30%, cut solvent make-up rates by over 60%, and lowered CO-equivalent emissions by
more than 35% compared to baseline open-loop designs. These improvements were enabled
through fine-tuning of solvent-to-feed ratios, recovery efficiencies, and stage configuration,
supported by process optimization tools and sensitivity analysis.

The discussion further emphasized the importance of balancing solvent selectivity, safety, and
recovery efficiency. It also highlighted how rate-based modeling improves simulation fidelity and
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how economic and technical barriers still limit the widespread industrial adoption of closed-loop
LLE systems.

The main contribution of this study lies in presenting a replicable and validated framework for
designing sustainable LLLE systems. It combines data-driven model calibration, multi-criteria
solvent selection, and full-process simulation to guide industrial and academic efforts toward
greener chemical separations. Future research should expand on this work by incorporating bio-
based solvents and hybrid separation schemes, as well as exploring real-time process control
strategies to further reduce energy usage and solvent losses.
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