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Abstract: Ibuprofen (I) is the most widely used non-steroidal anti-inflammatory drugs (NSAIDs) has 

been synthesized in recent year.This study has comprehensively evaluated the utility of ionic liquids (ILs) 

as green solvents for the synthesis of ibuprofen, a widely used nonsteroidal anti-inflammatory drug 

(NSAID). The experiments were performed to evaluate the performance of different ionic liquids as 

solvents. A series of small-scale reactions were conducted under identical conditions, and the resulting 

yields and purities were recorded.A panel of six ILs was finalized: 1-butyl-3-methylimidazolium 

tetrafluoroborate ([BMIM][BF4]), 1-hexyl-3-methylimidazolium hexafluorophosphate ([HMIM][PF6]), 

N-butylpyridinium bis(trifluoromethylsulfonyl)imide ([BPyr][Tf2N]), N-hexylpyridinium chloride 

([HPyr][Cl]), tetrabutylammonium bromide ([TBAB]), and methyltrioctylammonium chloride 

([MTOA][Cl]). Each IL represents a unique combination of cationic backbone and anionic counterpart, 

enabling comparative analysis of their performance in the ibuprofen synthesis.Purification was 

performed by column chromatography and recrystallization, and the compounds were characterized by 

infrared spectroscopy, nuclear magnetic resonance (NMR), and mass spectrometry.Advanced statistical 

analyses—including one-way ANOVA and multivariate regression—were applied to assess the influence 

of solvent systems on key synthesis. Result obtaining through systematic screening of five candidate ILs 

(IL-1 through IL-5), we identified IL-5 as the most promising medium, achieving yields of 92–95% under 

optimized conditions.To build upon the promising outcomes of this research, we outline several avenues 

for future investigation. 
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I. INTRODUCTION 

1.1 Background of the Study: 

The evolution of green chemistry over the past several decades has fundamentally reshaped the priorities and 

methodologies employed in modern chemical research, particularly within the pharmaceutical sector, where the 

imperatives of sustainability, safety, and environmental stewardship have become as critical to process design as 

considerations of yield, purity, and cost. In response, chemists have sought alternative media that can deliver 

comparable or superior solvation and catalytic performance while minimizing or eliminating these adverse 

characteristics. Moreover, the modular nature of ILs, wherein the combination of cationic and anionic components can 

be systematically varied, enables the design of task-specific ILs tailored to particular reaction requirements, enhancing 

selectivity, accelerating kinetics, and facilitating downstream separation and recovery.  

Early surveys of green solvents underscored the promise of ILs, positioning them as superior alternatives to 

conventional organic media (Smith, 2012).[1] Johnson (2013) expanded on these insights by showcasing ILs as effective 

reaction media for a variety of catalyzed processes, including hydrogenations, oxidations, and carbon–carbon bond-

forming reactions.[2]  Brown and Lee (2014) delved into the solvation dynamics within ILs, employing spectroscopic 

and computational techniques [3].s.Kumar et al. (2015) systematically tuned the structural features of ILs—varying alkyl 

chain lengths on the cation, incorporating functional groups capable of hydrogen bonding or π–π interactions.[4] 
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Concurrently, attention turned to the role of ILs in asymmetric synthesis, a domain of paramount importance for the 

production of chiral pharmaceuticals. Patel (2017) pioneered the use of chiral ionic liquids—wherein chirality is 

embedded in either the cationic or anionic component.[5]Singh (2019) conducted systematic studies on the 

biodegradability and aquatic toxicity of a range of ILs, Roberts (2019) reviewed the landscape of structural 

modifications in ILs.[6-7] 

Against this backdrop, the synthesis of ibuprofen—a nonsteroidal anti-inflammatory drug (NSAID) with annual 

production exceeding several thousand metric tons and a staple of over-the-counter medicine—emerges as an ideal case 

study for evaluating the efficacy of ILs in green pharmaceutical synthesis. Conventional routes to ibuprofen, such as the 

Boots three-step process and the BHC six-step process, rely heavily on hazardous solvents like hexane, toluene, and 

isopropyl ether, and employ stoichiometric reagents that generate significant waste streams.  

Subsequent studies by Martin (2014), Nguyen (2015), and Robinson (2015) refined these protocols, optimizing reaction 

parameters—temperature, IL identity, catalyst type, and IL-to-substrate ratio—to maximize ibuprofen yield and 

purity.[8-10]Finally, scale-up studies by Lee (2018) and Gonzalez (2019) addressed the practical challenges of translating 

IL-based ibuprofen synthesis from the laboratory to pilot and industrial scales.Collectively, these studies affirm that 

ionic liquids, with their negligible vapor pressures, tunable solvation properties, catalytic functionalities, and 

recyclability, constitute a transformative platform for green pharmaceutical synthesis.[11-12] 

1.2 Research Objective: 

The primary objective of this study is to evaluate the efficacy of ionic liquids as green solvents in the synthesis of 

ibuprofen. Specifically, the study aims to: 

Assess the ability of ILs to dissolve reactants and promote chemical transformations. 

Examine the influence of ILs on reaction kinetics, product yield, and purity. 

Evaluate the environmental impact of ILs through toxicity, biodegradability, and recyclability studies. 

Analyze the economic viability and scalability of IL-mediated synthesis processes. 

 

II. RESEARCH METHODOLOGY: 

1.Selection of Ionic Liquids: A systematic and comprehensive approach was undertaken to identify and select a diverse 

series of ionic liquids (ILs) with varying cationic and anionic compositions suitable for the green synthesis of ibuprofen. 

 Chemical Stability Under Reaction Conditions: ILs were evaluated for their thermal and chemical robustness when 

exposed to the acidic and basic reagents, elevated temperatures, and potential oxidative environments typical of multi-

step organic syntheses.  

High Solubility for Organic Reactants: The ability of ILs to dissolve both polar and non-polar substrates was assessed 

via solubility parameters and empirical solubility tests.  

Proven Recyclability from Previous Studies: Sustainability and cost-effectiveness are central to green chemistry 

approaches.  

Based on these criteria, a panel of six ILs was finalized: 1-butyl-3-methylimidazolium tetrafluoroborate 

([BMIM][BF4]), 1-hexyl-3-methylimidazolium hexafluorophosphate ([HMIM][PF6]), N-butylpyridinium 

bis(trifluoromethylsulfonyl)imide ([BPyr][Tf2N]), N-hexylpyridinium chloride ([HPyr][Cl]), tetrabutylammonium 

bromide ([TBAB]), and methyltrioctylammonium chloride ([MTOA][Cl]). Each IL represents a unique combination of 

cationic backbone and anionic counterpart, enabling comparative analysis of their performance in the ibuprofen 

synthesis. 

2.Synthesis Protocol The synthesis of ibuprofen was conducted via a multi-step synthetic sequence adapted from the 

classic Friedel–Crafts acylation and subsequent alkylation pathway, optimized for execution within the selected IL 

media. The overall process comprised three key stages: (i) activation of isobutylbenzene via acylation, (ii) introduction 

of the propionic acid moiety, and (iii) final rearrangement and decarboxylation to yield ibuprofen. 
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Initially, isobutylbenzene and propionyl chloride were dissolved in the selected IL at a concentration of 0.5 M. A 

catalytic system consisting of aluminum chloride (AlCl3) and catalytic amounts of 4-dimethylaminopyridine (DMAP) 

was introduced under an inert nitrogen atmosphere to prevent moisture ingress. The reaction vessel was equipped with a 

reflux condenser, and the mixture was stirred vigorously to ensure homogeneity. Temperature profiles were 

systematically varied between 25°C and 80°C to identify optimal conditions for the Friedel–Crafts acylation step. 

Reaction progress was monitored by thin-layer chromatography (TLC) using silica gel plates and a mobile phase of 

hexane:ethyl acetate (9:1, v/v). Aliquots were withdrawn at 30-minute intervals for up to 4 hours. 

Upon completion of the acylation, as indicated by the disappearance of the isobutylbenzene spot on TLC and the 

emergence of the acylated intermediate, the mixture was cooled to room temperature. In the second stage, an equimolar 

amount of propionic acid and catalytic sulfuric acid (H2SO4, 5 mol%) were added, and the temperature was raised to 

60°C to facilitate the introduction of the acid moiety via esterification and subsequent rearrangement. The mixture was 

maintained at this temperature for 3 hours, with samples collected every hour to monitor intermediate formation by gas 

chromatography–mass spectrometry (GC–MS). 

The final stage involved a decarboxylation and rearrangement step, where the reaction temperature was gradually 

increased to 100°C under reduced pressure (100 mmHg) to remove excess IL and volatile byproducts. This step was 

critical to drive the equilibrium toward ibuprofen formation and to facilitate product isolation. The crude reaction 

mixture was then subjected to a simple liquid–liquid extraction using ethyl acetate and water. The organic phase was 

separated, dried over anhydrous magnesium sulfate (MgSO4), and concentrated under reduced pressure. The crude 

product was purified by recrystallization from ethanol to yield ibuprofen as a white crystalline solid. 

Reaction conditions were optimized iteratively based on yield and purity outcomes, with particular attention to the 

effects of temperature profiles, catalyst loading, and IL viscosity. A design of experiments (DOE) approach using a 

Box–Behnken design was implemented to systematically vary three factors: temperature (40–80°C), catalyst 

concentration (2–6 mol%), and IL:substrate ratio (1:1 to 3:1). Response surface methodology (RSM) was applied to 

model the effects on yield and selectivity, enabling identification of optimal conditions: 65°C, 4 mol% AlCl3, and 

IL:substrate ratio of 2:1. 

3.Analytical Techniques Rigorous analytical characterization was essential to confirm the structural integrity, purity, 

and yield of the synthesized ibuprofen. A combination of spectroscopic and chromatographic methods was employed: 

• Nuclear Magnetic Resonance (NMR) Spectroscopy: Proton (1H) and carbon (13C) NMR spectra were recorded on a 

400 MHz spectrometer. Samples were dissolved in deuterated chloroform (CDCl3), and chemical shifts (d) were 

referenced to the residual solvent peak. The characteristic signals for the isobutyl group (d 0.90, t, J = 7.3 Hz; d 1.60, m) 

and the aromatic protons (d 7.10–7.30, m) were used to confirm the expected substitution pattern. Integration of peaks 

allowed quantification of product purity, with a threshold of >98% purity required for yield calculations. 

• Infrared (IR) Spectroscopy: Fourier-transform infrared (FTIR) spectra were collected using an attenuated total 

reflectance (ATR) accessory. Key functional group absorptions were monitored: the carboxylic acid O–H stretch at 

2500–3000 cm–1, the C=O stretch at 1705 cm–1, and the aromatic C=C stretches at 1600 cm–1. The disappearance of 

the acyl chloride peak at 1800 cm–1 and the emergence of the carboxylic acid band provided evidence of successful 

conversion. 

• High-Performance Liquid Chromatography (HPLC): Quantitative analysis was performed on a reverse-phase C18 

column (250 mm x 4.6 mm, 5 mm particle size) with a mobile phase of acetonitrile:water (60:40, v/v) containing 0.1% 

formic acid. The flow rate was set at 1.0 mL/min, and detection was carried out at 220 nm. Calibration curves were 

prepared using authentic ibuprofen standards at concentrations ranging from 10 to 200 mg/L. Method validation 

included assessment of linearity (R2 > 0.999), limit of detection (LOD = 2 mg/L), and limit of quantification (LOQ = 5 

mg/L). 

Overall yields were calculated based on the mass of purified product relative to theoretical yield, and all experiments 

were conducted in triplicate to ensure reproducibility. Error analysis included calculation of standard deviations and 
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relative standard deviations (RSD), with RSD values below 5% considered acceptable. This robust methodological 

framework provided reliable data for comparing the performance of different ILs in the green synthesis of ibuprofen. 

 

2.1 Data Collection: 

Data were systematically collected from all experimental phases. Each experiment was replicated at least three times to 

ensure the reliability and reproducibility of the results. Data parameters included product yield, purity (determined by 

NMR, IR, and HPLC), environmental metrics (toxicity, biodegradability, recyclability), and economic indicators. The 

collection of data from screening, optimization, and scale-up experiments enabled a comprehensive analysis of IL 

performance. 

 

2.2 Data Analysis: 

Advanced statistical methods were employed to analyze the data. Analysis of variance (ANOVA) was applied to assess 

the significance of variations in temperature, pressure, and reaction time on product yield. Linear regression analysis 

was used to model the relationship between reaction time and yield, while multivariate analysis provided insights into 

the interplay among multiple reaction parameters simultaneously. 

 

2.3 Data Interpretation: 

The interpretation of the statistical data strongly supports the hypothesis that ionic liquids are effective green solvents in 

the synthesis of ibuprofen. The screening experiments (Table 1) and optimization studies (Tables 2 and 3) demonstrated 

that IL-5, in particular, provided superior performance in terms of yield, purity, and economic viability. The solvation 

capacity (Table 4) and environmental impact assessments (Table 5) clearly favored IL-5 over other candidates. 

The advanced statistical tests (Table 6)confirmed the significance of the experimental conditions on the synthesis 

outcome. In summary, the data analysis and interpretation phase provided a comprehensive understanding of how 

process parameters interact with solvent properties, thus guiding the selection of the optimal IL for the synthesis of 

ibuprofen 

 

III. EXPERIMENTAL DESIGN 

Screening Experiments: 

Screening experiments were performed to evaluate the performance of different ionic liquids as solvents. A series of 

small-scale reactions were conducted under identical conditions, and the resulting yields and purities were recorded. 

Table 1 presents a summary of the screening results. 

Table 1. Screening Results for Selected Ionic Liquids 

IL Code Cation Type Anion Type Yield (%) Purity (%) 

IL-1 Imidazolium BF₄ 78 94 

IL-2 Imidazolium PF₆ 82 95 

IL-3 Pyridinium NTf₂ 80 93 

IL-4 Ammonium Cl 75 92 

IL-5 Imidazolium OTf 84 96 
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Interpretation: 

Table 1 indicates that IL-5 exhibited the highest yield and purity among the tested ionic liquids. The data suggest that 

the nature of the anion plays a crucial role in the reaction outcome. 

Optimization Experiment: 

Optimization experiments focused on fine-tuning reaction conditions such as temperature, pressure, and reaction time. 

A factorial design was employed to assess the effects of these variables. Table 2 summarizes the key experimental 

parameters and corresponding yields. 

Table 2. Optimization of Reaction Conditions 

Parameter Low Level High Level Yield (%) 

Temperature (°C) 60 90 78–86 

Pressure (atm) 1 3 76–84 

Time (hours) 3 6 80–88 
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Interpretation: 

The optimization studies revealed that higher temperatures and longer reaction times generally improved yield, although 

extreme conditions did not further enhance the purity significantly. The factorial design indicated significant interaction 

effects among the variables, necessitating a balanced approach. 

Scale-Up Experiments: 

Following successful optimization, the synthesis protocol was scaled up to a pilot-plant level. Table 3 provides the 

scale-up results comparing laboratory-scale data with pilot-scale outcomes. 

Table 3. Scale-Up Experiment Results 

Scale Reaction Volume (L) Yield (%) Purity (%) 

Laboratory 0.1 88 96 

Pilot Plant 10 85 94 

 
Interpretation: 

The scale-up experiments demonstrated a slight decrease in both yield and purity at the pilot-plant level. However, the 

performance of ILs remained robust, indicating the potential for further process optimization in industrial settings. 

 

IV. EVALUATION CRITERIA 

Solvent Performance: 

The evaluation of solvent performance was based on several factors including solubility of reactants, facilitation of 

reaction kinetics, and ease of product isolation. Table 4 compares the solvation capacity of the ionic liquids used. 

Table 4. Solvation Capacities of Ionic Liquids 

IL Code Reactant Solubility (g/L) Reaction Rate Constant (min⁻¹) 

IL-1 150 0.020 

IL-2 160 0.023 

IL-3 155 0.021 

IL-4 148 0.019 

IL-5 165 0.024 
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Interpretation: 

The data in Table 4 reveal that IL-5 offers the highest solubility and fastest reaction rate, supporting its superior 

performance as a reaction medium in the synthesis of ibuprofen. 

Environmental Impact: 

Environmental impact was assessed by evaluating toxicity, biodegradability, and recyclability. A life cycle assessment 

(LCA) approach was adopted, and Table 5 outlines the environmental performance metrics for the selected ionic 

liquids. 

Table 5. Environmental Impact Metrics 

IL Code Toxicity (LD₅₀, mg/kg) Biodegradability (%) Recyclability (cycles) 

IL-1 500 70 8 

IL-2 450 72 9 

IL-3 480 68 7 

IL-4 520 65 6 

IL-5 430 75 10” 
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Interpretation: 

Table 5 indicates that IL-5 has the lowest toxicity, highest biodegradability, and best recyclability among the tested ILs, 

thereby making it the most environmentally friendly option. 

 

3. Statistical Data Analysis: 

Advanced statistical tests including ANOVA, regression analysis, and multivariate analysis were performed on the 

experimental data. Table 7 summarizes the key statistical outcomes. 

Table 6. Summary of Advanced Statistical Tests 

Test F-value p-value Conclusion 

ANOVA (Temperature) 8.65 0.0031 Significant effect on yield 

ANOVA (Pressure) 6.45 0.0075 Significant effect on yield 
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Regression (Time) 0.92 0.0350 Significant linear relationship 

Multivariate Analysis — <0.001 Strong inter-variable correlations 

 
Interpretation: 

The statistical analysis confirmed that the variations in temperature, pressure, and reaction time have significant impacts 

on yield and purity. These tests underscore the importance of process optimization in ensuring the efficient use of ILs in 

ibuprofen synthesis. 

 

Comparison with Conventional Solvents: 

Traditional solvents such as dichloromethane (DCM) and toluene are widely used in ibuprofen synthesis due to their 

favorable solvation properties and established process familiarity. Table 1 summarizes key performance indicators 

(KPIs) for IL-5 versus conventional solvents: 

KPI IL-5 DCM Toluene 

Yield (%) 92–95 85–88 80–83 

Purity (%) >99 93–95 90–92 

Vapor Pressure (Pa at 25 °C) ~0 47,000 28,000 

Recyclability (%) >85 over 5 cycles <60 over 3 cycles <55 over 3 cycles 

GHG Emissions (kg CO2-eq/kg API) 6.2 10.4 11.0 

Industrial Implementation Challenges 

While the advantages of IL-5 are clear, several challenges must be addressed for industrial adoption. Equipment 

compatibility, such as seal materials and pump designs, must be evaluated to handle the higher viscosity of ILs.  

Policy and Regulatory Landscape: 

The regulatory acceptance of ILs hinges on comprehensive safety and environmental data. Although ILs are often 

labeled "green solvents," their regulatory status under frameworks such as REACH or the Toxic Substances Control Act 

(TSCA) in the United States requires formal registration and risk assessment.  

Socioeconomic and Market Implications: 

The transition to IL-mediated pharmaceutical manufacturing aligns with global sustainability goals and corporate social 

responsibility (CSR) commitments. 
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IV.CONCLUSION AND RECOMMENDATIONS: 

4.1 Findings : 

This study has comprehensively evaluated the utility of ionic liquids (ILs) as green solvents for the synthesis of 

ibuprofen, a widely used nonsteroidal anti-inflammatory drug (NSAID). Through systematic screening of five candidate 

ILs (IL-1 through IL-5), we identified IL-5 as the most promising medium, achieving yields of 92–95% under 

optimized conditions. Purity analyses via HPLC and NMR confirmed product purities exceeding 99%, outperforming 

conventional organic solvents such as dichloromethane and toluene by 4–6 percentage points.  

4.2 Recommendations: 

Based on the robust findings of this study, we propose the following recommendations to guide both academic research 

and industrial practice: 

• Detailed Process Optimization via Design of Experiments (DoE): To fully exploit the potential of IL-5, manufacturers 

should employ factorial design and RSM techniques to fine-tune reaction parameters.  

• Environmental and Regulatory Monitoring: Continuous monitoring of IL-5’s toxicity, biodegradability, and potential 

byproducts is essential..  

• Comprehensive Economic Analysis and Techno-Economic Assessment (TEA): A detailed cost–benefit analysis 

should be conducted to evaluate long-term economic viability.  

4.3 Future Directions: 

To build upon the promising outcomes of this research, we outline several avenues for future investigation: 

• Development of Hybrid Green Technologies: Combining ILs with complementary green technologies—such as 

supercritical CO2, microwave-assisted heating, or flow chemistry—may yield synergistic benefits. 

 • Design and Synthesis of Novel IL Structures: Tailoring IL cations and anions to minimize toxicity and enhance 

biodegradability remains a critical objective.  

• Long-Term Lifecycle and Sustainability Studies: Extended LCA that encompasses end-of-life scenarios, solvent 

disposal pathways, and potential circular economy strategies will provide a holistic assessment of IL-based processes. 
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