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1. Introduction

Multilayer plastic packaging remains difficult to recycle and constitutes a significant fraction of plastic waste (Schmidt et al., 
2022). Pyrolysis offers a promising valorization route for such materials, as polyolefin-rich packaging produces oils that are, in 
principle, compatible with steam cracking. However, pyrolysis oils contain heteroatom contaminants, including alkyl chlorides, 
which hinder their direct integration into steam crackers (Kusenberg et al., 2022). While polar contaminants can be effectively 
removed by extraction or adsorption, less polar alkyl halides are poorly captured by these physical separation techniques. An  
alternative strategy is the chemical conversion of alkyl chlorides into water-soluble species via reaction with 1-methylimidazole 
(MIM),  forming  imidazolium  chloride  salts.  This  study  investigates  the  removal  of  alkyl  chlorides,  represented  by  1-
chloropentane, through nucleophilic substitution with MIM. Because nucleophilic substitution reactions are favored in polar 
aprotic media  (Duffin, 1964; Menschutkin, 1890), 1-chloropentane is first transferred from the oil phase into polar solvents 
(DMSO or DMF) or into neat MIM, where it subsequently reacts. Single-phase reaction kinetics were determined in a model oil 
and in polar solvents, and combined with liquid–liquid equilibrium data computed using COSMO-RS to develop a batch reactor 
model. The model was subsequently validated against experimental results.

2. Material and Method

2.1 Kinetic measurement

Reaction kinetics of the quaternization between MIM and 1-chloropentane (PenCl) were investigated in both solvent and oil  
phases. The reaction was modeled as irreversible second-order kinetics, first order in each reactant (Große Böwing & Jess, 2005).

d C PenCl

dt
=- rPenCl = k ×C MIM ×C PenCl =

~
k C PenCl (1)

Kinetic experiments were performed in a 100 mL two-neck round-bottom flask under reflux at 85–95 °C. A total liquid volume 
of 50 mL containing MIM and either DMSO or DMF was used, with a fixed MIM-to-1-chloropentane molar ratio of 50:1. The 
reaction was initiated by adding 250 mg 1-chloropentane (5000 mg L ¹) and monitored for 3 hours by periodic sampling. Due⁻  
to the large excess of MIM, pseudo–first-order kinetics were assumed and rate constants were obtained using the integral method. 
Oil-phase kinetics were measured using the same protocol with a model oil (50 vol % n-octane, 35 vol % 1-octene, 15 vol % 
ethylbenzene) pre-saturated with MIM.

2.2 Liquid – liquid equilibrium (LLE) calculation 

Liquid–liquid equilibrium (LLE) was described using the NRTL activity-coefficient model in Aspen Plus. Binary interaction  
parameters were estimated by calculating activity coefficients with COSMO-RS and regressing them to NRTL parameters. The  
parameterized model was validated against batch extraction experiments, in which model oil spiked with 5000 ppm PenCl was  
contacted with an equal volume of DMSO, DMF, or MIM at room temperature.

2.3 Batch reactor experiment 

Biphasic batch reactor experiments were conducted using 25 mL of solvent mixture (MIM with or without co-solvent) and 25  
mL of chloride-free model oil. After heating to 95 °C, 125 mg 1-chloropentane was added and the system was stirred isothermally 
for 3 h before quenching and phase separation. 1-chloropentane concentrations were quantified by GC-FID using acenaphthene-
d10 as internal standard.

2.4 Batch reactor model 

Batch reactor modeling included solvent-phase reaction coupled with phase partitioning. As oil-phase reactivity was negligible  
(see Result section), the model assumed kinetic control, with the 1-chloropentane partition coefficient ( K PenCl) dynamically 
updated using LLE calculations in Aspen Plus. The resulting mass balance equations were solved numerically using a Runge–
Kutta method.
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d X PenCl

dt
= k ×C MIM ×

(1- X PenCl )
K PenCl +1

(2)

3. Result and Discussion

To model batch reactor, the kinetics of the quaternization reaction were first determined by fitting Equation (1) to the conversion 
of 1-chloropentane as a function of time at different temperatures (Figure 1). In general, the neat MIM system exhibited the 
highest  rate  constant.  At  95  °C,  the  rate  constant  reached  (68.0  ±  1.28 ) ×10-5  s-1,  compared  with 

(15.9  ±  0.17 ) ×10-5  s-1 in DMSO and (7.87  ±  0.20 ) ×10-5  s-1 in DMF. In contrast, for reactions conducted in the 

model oil phase, the concentration of 1-chloropentane remained nearly unchanged after 3 h at 95 °C, confirming that the reaction 
was negligible under these conditions. The pronounced solvent effect is consistent with the strong dependence of quaternization 
kinetics on the reaction medium, where solvent polarity can alter reaction rates by more than an order of magnitude. This behavior 
was first reported by Menschutkin (Menschutkin, 1890) and later elaborated by Duffin (Duffin, 1964), who demonstrated that 
aprotic solvents with high dielectric constants are particularly favorable for quaternization reactions.
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Figure 1 Kinetic plot for reaction between 1-chloropentane and MIM in DMSO, DMF, and in the absence of solvent (denoted as MIM). The  
error bar is the standard error of the corresponding data. Symbols represent experimental data at 95 °C (), 90oC (), and 85oC (). Dashed 
lines show the corresponding fitted curves at each temperature.

Using liquid–liquid equilibrium (LLE) data  derived from COSMO-RS, a  batch reactor  model  was applied to  predict  the  
conversion  of  1-chloropentane  after  3  hours  and compared  with  experimental  results  (Figure  2),  for  which  a  maximum 
experimental removal of 76.8% was achieved. Removal of 1-chloropentane in the biphasic system was evaluated under extraction 
conditions at room temperature and under reactive extraction conditions at 95 °C. In extraction mode, reaction was negligible, 
as the estimated rate constant at room temperature was less than one percent of its value at 95 °C; removal was therefore governed 
solely by liquid–liquid equilibrium. The model correctly captured the solvent ranking (DMF > MIM > DMSO) but systematically 
overpredicted removal, with relative errors of 24% for DMSO, 29% for DMF, and 30% for MIM. These deviations were  
attributed to non-ideal phase contact and limitations of the LLE model. Incorporation of a stage efficiency factor of 0.68  
significantly improved agreement with experimental data, reducing the average relative error from 31.8% to 18.0%. Among the 
tested solvent mixtures, higher MIM content (mixture D) resulted in greater removal. For mixtures with equal MIM content,  
systems containing co-solvents (mixtures A and B) outperformed the system without a co-solvent (mixture C). The presence of  
co-solvents enhanced removal by increasing either intrinsic reactivity (DMSO) or 1-chloropentane solubility (DMF).
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Figure 2 Comparison of 1-chloropentane removal in the batch reactor: experimental data versus model predictions (Base Model and Efficiency 
Model) in (a) extraction mode and (b) reactive extraction mode. Symbols: () Experiment, () Efficiency Model, and () Base Model. Mixture 
A: 9.35mL MIM + 15.65mL DMSO; Mixture B: 9.35mL MIM + 15.65mL DMF; Mixture C: 9.35mL MIM; Mixture D: 25mL MIM
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