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ARTICLE INFO ABSTRACT
Keywords: Muconic acid is a six-carbon dicarboxylic acid with conjugated double bonds that finds extensive
Reactive extraction use in the food (additive), chemical (production of adipic acid, monomer for functional resins and

Mathematical modelling
ITonic liquid

Muconic acid
[C14C6C6CeP][Dec]

bio-plastics), and pharmaceutical sectors. The biosynthesis of muconic acid has been the subject
of recent industrial and scientific attention. However, because of its low concentration in aqueous
solutions and high purity requirement, downstream separation presents a significant problem.
Artificial Neural Networks and Differential Evolution were used to optimize process parameters
for the recovery of muconic acid from aqueous streams in a system with n-heptane as an organic
diluent and ionic liquids as extractants. The system using 120 g/L tri-hexyl-tetra-decyl-
phosphonium decanoate dissolved in n-heptane, pH of the aqueous phase 3, 20 min contact
time, and 45 °C temperature assured a muconic acid extraction efficiency of 99,24 %. Low
stripping efficiency compared to extraction efficiency was observed for the optimum conditions
on the extraction step (120 g/L ionic liquids dissolved in heptane). However, re-extraction effi-
ciencies obtained for the recycled organic phase in three consecutive stages were close to the first
extraction stage. The mechanism analysis proved that the analysed phosphonium ionic liquids
(PILSs) extracts only undissociated molecules of muconic acid through H-bonding.

1. Introduction

Muconic acid, MA, is a versatile building block with various applications: is an essential intermediate in the synthesis of adipic acid,
a precursor for the production of bio-based polymers such as polyethylene terephthalate (PET) and polybutylene terephthalate (PBT),
as the building block for the synthesis of various speciality chemicals: adipic dihydrazide, hexamethylene diamine, and cyclohexane-
dicarboxylic acid, as a starting material for the production of bioplastics and biofuels [1-3]. It can be converted into renewable
chemicals and materials through bio-based processes, contributing to a more sustainable and environmentally friendly approach.
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Table 1
Production of muconic acid through biosynthesis.
Microorganism Process MA produced Ref.
Engineered Saccharomyces cerevisiae Fed-batch cultivation through the shikimate pathway 1.2 g/1 MA under prototrophic conditions [6]
40 g/L glucose 5.1 g/1 MA when supplemented with amino
acids
Engineered Saccharomyces cerevisiae Fed-batch fermentation (50 L bioreactor) 15.2 g/L (muconate) [71
ST10209 10 g/L yeast extract
Engineered Escherichia coli Fed-batch fermentation 3.153 £ 0.149 g/L [81]
20 g/L glucose
Engineered Escherichia coli Batch fermentation 4.45 g/L 9]
20 g/L glucose
Engineered Fed-batch fermentation through 3-dehydroshikimate (DHS) 53.8 + 5.5 g/L (muconate) [10]
Corynebacterium glutamicum pathway
55 g/L glucose
Engineered Fed-batch fermentation 3.376 g/L [11]
Pseudomonas chlororaphis HT66 18 g/L glycerol
Engineered Fed-batch fermentation Strain LC224: [12]
Pseudomonas putida 10.6 g/L glucose 26.8 g/L (muconate)
Strain QP478:
9.3 g/L (muconate)
Engineered Flask cultivation 2.1g/L [13]
Klebsiella pneumoniae 80 g/L of glucose
Engineered Fed-batch fermentation 38.8 g/L (muconate) [14]

Pichia occidentalis LP635

40 g/L glucose

MA production is an active area in research and development, and new methods and technologies must be explored to improve the
production process’s efficiency, yield, and sustainability. MA can be produced through different processes, including both chemical
and biological methods: chemical synthesis from benzene through a multi-step process or biological production from renewable
feedstocks [4,5]. In chemical synthesis, benzene is first converted to catechol through a series of reactions. Then, catechol is oxidized to
muconic acid, a process involving various chemical reagents and catalysts. Through microbial fermentation (Table 1), muconic acid
can be produced using mainly glucose or glycerol as a carbon source.

MA separation from fermentation broth is realized through multiple steps, with high costs and important consumption of materials.
Yoshikawa et al. suggested a multistep separation approach that involves filtering, adsorption/desorption, precipitation, ion exchange
chromatography, and sedimentation to produce MA with a 95 % purity and 90 % yield [15]. Kohlstedt used catechol and p-coumaric
acid as the substrates for the bioconversion of MA (cis-cis) in Pseudomonas putida fermentation. For the downstream part, the
fermentation broth was treated with activated carbon to remove coloured compounds and proto-catechuic acid. MA was precipitated
at pH 2 (32 % HCI) and 5 °C temperature, and spray drying (50 °C) was used as a recovery and purification step. Overall recovery yield
was 74 %, and the resulting MA had a purity level higher than 97 % [16]. The traditional approaches have drawbacks such as waste
production, excessive energy consumption, and material requirements that drive up expenses. Given that the downstream recovery
process for most carboxylic acids accounts for 30-50 % of the total production cost [17], developing an efficient separation and re-
covery procedure for muconic acid is critical to minimizing costs.

Reactive extraction is utilized in various industries for purification and separation of chemicals: extraction of metals from ores,
removal of impurities from solutions, recovery of valuable compounds, and transformation of chemical species into more desirable
forms. For carboxylic acids, the reactive extraction process involves two immiscible phases: an aqueous phase that includes the acid
and an organic phase that contains a complexing extractant. The critical step of the process is the reversible formation of a complex
carboxylic acid-extractant, which is soluble in the organic phase. After the separation process is completed, the extractant is recovered
from the complex by increasing the temperature or adding sodium hydroxide/sodium carbonate solutions [18]. The choice of solvents,
extractants, and operating conditions depends on the specific application and the solute-solvent systems’ properties. For muconic acid
separation, several solvents were analysed, obtaining low extraction efficiency: 26.23 % for hexane, and 36.17 % for methyl isobutyl
ketone [19]. Adding amines into the organic phase in a system with ethyl oleate, 1-dodecanol, and di-n-octylamine increased the
extraction efficiency to 98.66 % [20]. Bahrami et al. (2018) analysed a supported hollow liquid membrane containing 1-octanol and
10 % w/v of Aliquat 336 for trans,trans-MA (benzene metabolite) extraction from human urine and stripping using a solution con-
taining 3.0 mol/L sodium chloride, obtaining 87-95 % recovery [20]. Abbaszadeh et al. (2021) analysed an in-syringe ionic
liquid-dispersive liquid-liquid microextraction process for preconcentration of trans,trans-MA in the human urine sample, using tri-
hexyl(tetradecyl)phosphonium chloride as an easy and rapid analysis of low amounts of urinary t,t-MA with HPLC-UV [21]. A highly
efficient and biocompatible approach of reactive extraction was developed by Tonjes et al. (2023) using 12.5 % (v/v) CYTOP 503
dissolved in canola oil in a direct extraction procedure from Saccharomyces cerevisiae MDS130 fermentation broth, which laid the
foundation for the environmentally friendly production of MA. The method was successfully realized in a fed-batch fermentation (10 L
bioreactor volume), with a final MA titer of 4.33 g/L and the highest achieved productivity of 0.053 g/L [22,23].

The current methods of separating MA have several drawbacks, including low extraction efficiencies and increased prices for the
finished product due to the high complexity of the separation procedures (such as chromatography), which also require extensive time
and energy. Moreover, hazardous volatile chemical solvents are typically used. Due to these drawbacks, it is necessary to develop
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Fig. 1. Chemical structure of muconic acid and PILs used in this study.
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Fig. 2. Schematic representation of extraction step.

"greener" and more sustainable extraction and purification methods; one such method that has drawn interest is the use of ionic liquids
(ILs), due to their excellent solvation ability. ILs have been proposed as promising extractants for carboxylic acids, such as lactic,
butyric, and acetic [24-26].

Physical or mathematical modelling is vital in separation to correlate input and output design variables, and it may be used in the
simulation and optimisation of the separation process to help find an efficient and economical method. Selecting a suitable technique
for evaluating different process parameters and any interactions involved while minimizing the number of experimental runs is
essential. In recent years, the rapid development of artificial intelligence (AI) techniques, especially of different types of neural net-
works (ANNs), coupled with advances in computing power, allowed the generation of robust systems that can be efficiently used for
various tasks. Examples of ANN (simple or in combination with multiple algorithms) applied for modelling of processes focused on the
extraction of various valuable products include: i) betalain pigment extraction from Beta vulgaris; a comparison between response
surface methodology (RSM), classical one layer ANNs and a hybrid RSM - Genetic Algorithm (GA) approach was performed [27]; ii)
bioactive compounds extraction from Allium sativum L. leaf powder; two strategies were used for process modelling and optimisation:
RSM with a rotable central composite design and a hybrid ANN-GA approach [28]; iii) phycocyanin extraction from Arthrospira
platensis; RSM with Box-Behnken design and one hidden layer ANN were used for process modelling and optimisation [29]; iv)
ellagitannins extraction from black raspberry seeds; a one hidden layer with ten neurons ANN trained with Levenberg Marquardt and
coupled with GA was used [30]; pseudomonic acids extraction; a shallow ANN model combined with DE, BackPropagation algorithm
and a Local Search procedure was used to model and optimize the process [31]. While relatively easy to use, the Al-based systems must
be prior trained and their optimal settings determined in order to provide good results. This is also applicable for ANNs, where their
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Fig. 3. Simplified schema of the a) DE algorithm; b) modeling and optimisation strategy.

topology and internal parameters are still challenging to determine, and the combination of ANN-DE used in this work aims to alleviate
some of these challenges. The strategy describing the combination of the two approaches is presented in Section 2.2.

This study aims to search for a feasible downstream processing alternative for MA separation from aqueous media, resulting in an
effective extraction system by analyzing two hydrophobic ionic liquids based on tetradecyl-(trihexyl) phosphonium — [C;4CCsCgP1l:
Cyphos IL104 — [C14C6CsCsP]1[(i0Oc)2Phos] and Cyphos IL103 - [C14CsCeCsP1[Dec] dissolved in n-heptane.

A thorough analysis was conducted of the variables influencing the extraction behaviour of MA, including temperature, aqueous
phase pH, type and concentration of extractant, and contact time. The process was modelled and optimised using a deep neural
network with an optimised structure obtained using the Differential Evolution (DE) algorithm.

2. Materials and methods
2.1. Chemical and methods

All chemicals, including muconic acid cis-cis (97.0 %), [C14CeCsCeP1[(i0c)2Phos] (95 %), [C14CsCsCeP1[Dec] (95 %), heptane (99
%), sodium phosphate (99 %), sodium hydroxide (>97 %), sulfuric acid (95.0-98.0 %), and acetonitrile (99.99 %), were purchased
from Sigma and used as received (see Fig. 1).

The experiments performed for MA extraction (Fig. 2.) were carried out using a vibration shaker that ensured a stirring speed of
1200 rpm (extraction time between 10 and 30 min and temperature 25-65 °C), using equal volumes (2 mL) of MA solution, and the
organic phase using a glass cell. MA was extracted from aqueous solutions whose initial concentration was 0.8 g/L. The extraction was
carried out either using Cyphos IL103 - Trihexyl-tetra-decyl-phosphonium decanoate and Cyphos IL104 - Tri-hexyl-tetra-decyl-
phosphonium bis(2,4,4- trimethylpentyl)phosphinate, mixed with n-heptane, the ionic liquid concentration in the organic phase
varied between 0 and 120 g/L. The pH of the initial aqueous phase was corrected to the predetermined value, using 4 % sulfuric acid
and 4 % sodium hydroxide solutions, based on the indications of a Hanna Instruments pH 213 digital pH meter. The pH of MA solution
0.8 g/L was 3.05 before any adjustment, and its pH at equilibrium was 4.45. After extraction, the samples were separated by
centrifugation at 4000 rpm for 5 min. The analysis of the process was carried out using the extraction efficiency, E (%), which was
calculated by determining the MA concentration from the initial solution and the raffinate solution using a Dionex Ultimate HPLC
system equipped with a Hypersil Gold column, the mobile phase being a mixture of 35 % acetonitrile and 65 % sodium phosphate
solution with a flow rate of 0.75 mL/min, detection at 210 nm. The stripping experiments for MA separation were carried out using
diluted sodium hydroxide solution (pH 12, modified using the indications of the digital pH meter (CONSORT C 836) in equal volumes
with loaded organic phases organic phase (2 mL) using a vibratory shaker with 1200 rpm and 20 min contact time. After extraction, the
aqueous exhausted phase was removed, and the organic extract was mixed with the stripping phase. The back extraction efficiency was
calculated using the equation:
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Fig. 4. pH influence on MA reactive extraction.
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where ¢, ¢, and c (g/L) are MA concentrations in the stripping solution, aqueous initial solutions, and the raffinate (exhausted initial
solution after extraction). All experiments were performed in triplicate (n = 3, error between 1.5 and 4.5 %). An Agilent Cary 630 FTIR
instrument (32 scans per sample at 4 cm ™! spectral resolution and 4000-400 cm ™! range) was used for FTIR analysis.

2.2. Modelling and optimisation

The process was modelled using a neuro-evolutionary approach in which a sequential multiple-layer ANN model’s structure (the
number of hidden layers and neurons in each hidden layer) is automatically determined using the DE algorithm. DE is a bio-inspired
metaheuristic that has proved its efficiency in solving many problems. Considering the No Free Lunch theorem [32], many optimisers
can provide good results for this problem. However, DE was chosen based on its simplicity, reduced number of parameters, and overall
performance. As with every population-based algorithm, DE evolves (through a series of steps) a set of randomly generated potential
solutions until a stop criterion is reached.

The initial solutions are generated using random number generators following different distribution functions (usually normal
distribution) in the initialisation step (step 1). The other steps used by DE include mutation (step 2), crossover (step 3), and selection
(step 3). The mutation introduces new information in the population through a specific DE operator called differentiation (in its simple
form, to a base individual, a scaled differential term is added). In the crossover step, a new population is created by combining data
from the individuals from the current and the mutated populations. The resulting individuals are compared with the existing popu-
lation, and if their fitness (a measure that indicates their performance) is better, they are selected to form the new population. In this
case, the stop criterion is represented by the number of iterations reaching a pre-determined value. The control parameters that direct
the search are introduced into the individuals and are modified as the other parameters (the self-adaptation principle). The type of
parameters and the mechanisms used in each algorithm step indicate its variant. Fig. 3a presents the simplified schema of the DE
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algorithm. The general principles of DE, the mathematical relations describing each step, and the concepts used to combine it with
ANNSs are described in Ref. [33]. The simplified schema of the modelling and optimisation strategy is presented in Fig. 3b.

The model’s training was performed using the algorithms Adam (Adaptive Moment Estimation) and Adamax (Adam variant using
infinite norm). Both algorithms are gradient-based variants and incorporate adaptive learning rates that improve efficiency and reduce
training time. L1 regulation (also known as Lasso regulation) was applied to prevent overtraining. This involves adding a penalty to the
loss function and has the effect of forming model parameters towards small values, thus introducing sparsity. The implementation was
done in Python, using the TensorFlow and sklearn modules. The best-resulting models and the Python script for running it can be
downloaded from https://elenadragoi.ro/CV/Documents/muconic_model.zip.

3. Results and discussion
3.1. Influence of various parameters on MA reactive extraction

Because of their hydrophilic nature and their dissociation in aqueous solutions, short-chain carboxylic acids, like MA, cannot be
directly recovered in an organic solvent. Instead, if an extractant is added in the organic phase, it can form with MA a hydrophobic
complex, soluble mainly in the organic phase. ILs are characterised by exceptional solvation ability, nonflammability, low volatility,
and good chemical, thermal, and electrochemical stability. They can be used as extractants and diluents for hydrophilic carboxylic acid
separation, which is much safer than conventional organic solvents. Due to their high viscosity, which makes them difficult to utilise
alone, they are frequently combined with organic solvents (diluents) to improve extraction effectiveness. n-Heptane has been selected
as the inactive diluent for this investigation due to its very low water solubility and good miscibility with Plls. The extraction of MA
from aqueous solutions using a mixture of phosphonium ionic liquids - PILs and heptane-was examined using varying aqueous phase
pH, time, temperature, and ionic liquid concentration.

The pH of the aqueous phase is a decisive factor in the efficiency of the reactive extraction process. Fig. 4a shows the influence of
the aqueous phase pH on the extraction of MA by 40 g/L PlIls diluted in n-heptane. The extraction efficiency increases in the pH range of
2-3, being reduced when the pH of the aqueous phase increases above pH 3. Carboxylic acids, in aqueous solutions, can be undis-
sociated at pH lower than pKa (pKa; 2.9 and pKay 3.4 for MA [34]) or dissociated at pH higher than pKa, with the degree of ionisation
influencing its solubility and partitioning behaviour between the aqueous and organic phases. The highest extraction efficiency was
observed in the experimental data at a pH lower than pKa; when pH increases above pKay, the acid equilibrium switches to dissociation
of both carboxylic groups, and extraction efficiency decreases. Taking into account the characteristics of PILs and MA, the obtained
results show that the formation of the complex MA-PIls is based on hydrogen bonds between the ionic liquid and the undissociated
form of the MA, as to get optimal extraction efficiency, the pH of the aqueous phase needs to be lower than the pKay (3.4). The cis-cis
form of MA is in its protonated form at pH 3.4. However, the increase of pH until 6 and an increase in temperature could determine its
irreversible conversion of CCM into cis, trans form, which is less available for reacting with PILs. This property can be exploited in the
back-extraction step.

The extraction mechanism, presented in Fig. 4b, assumes H-bond formation between the protonated MA and the binding sites in the
anion of the IL (for example, the oxygen of bis(2,4,4-trimethylpentyl) phosphinate, in the case of [C14C¢CeCsP]1[(10c)2Phos] or from
decanoate - carboxylate for [C14C¢CCsP][Dec]). Due to extractant protonation, adding sulfuric acid for pH control (at pH 2) slowly
decreases the extraction efficiency and PIL’s extractant capacity to form H bonds with MA. Superior values of extraction yield were
obtained in the case of [C14C¢CsCgP][Dec], probably due to less sterical hindrance (decanoate being smaller than bis(2,4,4- tri-methyl-
pentyl)phosphinate).

The reaction between MA and PILs was further investigated by FTIR analysis (Fig. 4c) of the extract compared to the organic phase.
It proves the formation of hydrogen bonds between MA and PILs for both extractants, similar to citric acid and tri-octylamine
extraction systems [35]: the OH (hydrogen-bonded) stretch valence oscillation around 3400-3500 cm~! domain can be detected,
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Table 2
Loading factor values obtained for MA extraction.

[C14C6C6CsP][Dec] concentration

Loading factor, Z

[C14C6CsCeP1[(i0c)2Phos] concentration

Loading factor, Z

M g/L - M g/L -
0.03 20 0.155 0.02 20 0.161
0.06 40 0.094 0.05 40 0.102
0.12 80 0.046 0.10 80 0.048
0.18 120 0.031 0.15 120 0.032
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Fig. 6. Contact time influence on MA reactive extraction (0.8 g/L MA concentration, aqueous phase pH 3, 40 g/L Plls concentration).

and an increasing peak can be observed in the PILs extracts spectrum. The major peaks observed between 2800 and 3000 cm*
corresponding to H-C-H stretch are representative for heptane, while for ionic liquid peaks are mainly visible in the 1800-600 cm ™!
domain: at 1466 cm ™! corresponding to PC stretching, at 1382 cm ™! to C - H in-plane bending, and the characteristic vibrations
reflecting the presence of PIL anions: for [C14C¢CsCeP][(iOc)2Phos]: POO™ at ca. 1026 cm’l, P-CH, at ca. 1467 c¢m ! and COO- at ca.
1563 cm ! and ca. 1406 cm ™! ; and for [C14C¢CsCeP1[Dec]: stretching vibration of C=0 at ca. 1716 em™ L. FTIR spectroscopy of the MA
extract spectrum showed the presence of novel bands at around 1634-1636 cm ™ (C=O stretching mode vibration) and at approxi-
mately 1559-1561 cm ! (carboxylate peak) [36,37].

Fig. 5 shows the extraction yield as a function of PILs concentration in the organic phase: an improved yield can be observed with
the increased extractant concentration in the inert diluent, and the maximum MA extraction is observed at approximately 0.12 mol/L
(80 g/L) for both ionic liquids, corresponding to the optimal composition of the organic phase. Visual observations showed no third-
phase formation for any of the analysed systems. Reaching the optimum conditions at equilibrium for different extraction systems and
achieving reproducible results requires understanding emulsification. It is crucial to prevent this undesirable phenomenon while
preserving the PILs-diluent system’s capacity for easy regeneration. The dilution of PILs with n-heptane is likely the primary cause of
the high stability of this extraction system (depending on the polarity of the diluent used, it is incorporated preferentially in the polar
or non-polar domains of the IL) and the short time required to reach high extraction efficiencies in the investigated system (hydro-
phobic ionic liquids based on tetradecyl-(trihexyl) phosphonium diluted with heptane), as no emulsification was observed.

The analysis of different extraction systems points out that the extraction system behaviour is very different for specific ILs/car-
boxylic acid systems. Zhang et al. (2021) removed 55%-88 % perfluorooctanoic acid (its specific hydrophobic and oleophobic
properties lead to low extraction efficiency and severe emulsification) in diluted wastewater using [methyltrioctylammonium][bis
(trifluoromethylsulfonyl)imide], and observed that ILs addition could suppress the emulsification with high extraction efficiency [38].
Grabda et al. (2022) obtained an extraction efficiency of 80 %-91 % for perfluorooctanoic acid from water by using [trihexylte-
tradecylphosphonium][pivalic acid] as IL, without emulsification difficulties developed for a particular PFOA: IL ration of 1:1 and
re-extraction using a 1 % NaOH solution [39]. Martak and Schlosser (2019) investigated the reactive extraction of monocarboxylic
acids using hydrophobic ionic liquids diluted with dodecane in a setup where equilibrium requires more than 10 h in a rotating shaking
water bath. They observed coextraction of acid and water, and competitive extraction of acid and water, probably due to extremely
high time necessary for reaching equilibrium [40].

PILs with a hydrophobic anion form complexes with MA through H bond formation at the interface between the organic and
aqueous phase, with different stoichiometry: 1:1 (when a molecule of MA and PILs are involved in the complex formation), n:1 (when
more molecules of MA react with one molecule of PILs for the complex formation) or 1:n (when a molecule of MA and more molecules
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of PILs are involved in the complex formation).

To establish the number of molecules of MA and PILs involved in forming the hydrophobic complex, the loading ratio (Z, ([MA]org/
[PIL]org) was calculated.

The results in Table 2 proved no overloading during the complex’s formation, as evidenced by the loading ratio decreasing as PILs
concentration increased and Z values below 1. This suggested the formation of an equimolecular complex including just one MA and
one ionic liquid molecule.

Experiments were conducted for both PILs to examine the dependence of MA extraction efficiency on extraction time. The findings
shown in Fig. 6 indicated that the maximum yield was reached for all systems after 10 min and stayed consistent during the whole
investigation period. Good mixing conditions are necessary for reactive extraction as they help increase the contact between the solute
and extractant, increasing the reaction rate. The optimum contact time (20 min) ensured intense mixing and intimate contact between
the aqueous and organic phases, thus achieving equilibrium. These results are in accordance with findings obtained for muconic acid
reactive extraction using amines [20].

Ionic liquids have a high viscosity by nature, and it has been observed that when temperature increases, the organic phase’s
viscosity decreases, improving mass transfer [41]. For MA, the extraction process was analysed at various temperatures between 25
and 65 °C using 40 g/L extractant at pH 3.0. Using PILs as extractants, MA extraction efficiency slowly decreased with the increase in
temperature (Fig. 7). This phenomenon may be connected to MA back extraction in the aqueous phase, which appears at higher
temperatures and reduces process efficiency overall. This parameter is of the lowest importance in the extraction process for the
considered experimental domain.

Several studies have been conducted on the reactive extraction process of muconic acid. Demir et al. (2021) used tri-n-butyl
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Table 3
Statistics for the determined models.
Training Testing
R? score MAE MSE MAPE ? R? score MAE MSE MAPE r?
Case 1 M5 adam 0.990 1.231 2.380 0.017 0.990 0.987 1.628 5.375 0.041 0.987
M5 adamax 0.973 1.577 6.430 0.020 0.973 0.960 2.423 16.754 0.052 0.960
M6-adam 0.972 2.294 7.813 0.028 0.967 0.980 2.293 8.574 0.050 0.979
M6-adamax 0.957 2.005 10.252 0.026 0.957 0.960 2.718 16.766 0.054 0.960
Case 2 M5 adam 0.996 1.144 1.977 0.013 0.993 0.991 1.393 5.234 0.044 0.990

phosphate (TBP) in concentrations between 10 and 50 % by volume and tri-n-octyl phosphine oxide (TOPO) in concentrations between
4 % and 16 % by volume dissolved in different solvents (1-butanol, isoamyl alcohol, methyl ethyl ketone, methyl isobutyl ketone, di-
isobutyl ketone, iso-butanol, hexane, diethyl carbonate). They obtained extraction degrees between 70 and 93 % at an MA concen-
tration of 0.007 mol/kg [19]. Gorden et al. (2015) analysed tri-n-octyl amine, or TOA, dissolved in ethyl oleate and obtained a 95 %
efficiency rate for MA reactive extraction. However, in this system, a third phase situated at the interface but inside the organic phase
was seen to form. Several phase modifiers, including ethanol, 1-butanol, 1-pentanol, 1-octanol, and 1-dodecanol, were examined in an
attempt to address this issue; only ethanol was shown to be unable to stop the creation of the third phase, while butanol use yielded in a
95.66 % extraction degree [23]. The results obtained in this study allowed superior values for extraction efficiency: 99.24 %.

3.2. Stripping

Recovering MA from the loaded organic phase is crucial in the context of reusing the ionic liquid and protecting the environment.
This investigation analysed a combined approach for muconic acid recovery: pH modification of the stripping phase pH at 12 (NaOH
solutions) and an increased temperature at 50 °C. Regardless of the pH of the starting phase or the extractant concentration, the results
from Fig. 8 demonstrated a more effective stripping of MA in the case of [C14C¢CgCsP][Dec] compared to [C;4CsCeCoP1[(iOc)2Phos].

Because MA dissociates in the aqueous phase in correlation to its pH, and the fact that for breaking the equimolecular complex
formed with the extractant, MA has to be converted into its undissociated form, back-extraction efficiency of MA is higher when carried
out using an aqueous solution with a high pH when MA is converted into its sodium salt. The maximum efficiency for MA stripping
from the loaded organic phase is achieved at an initial aqueous phase pH equal to 3 because the organic phase is loaded with the
highest complex amount corresponding to maximum extraction efficiency for 40 g/L PILs in the organic phase. Nearly 89 % MA was
recovered in a single contact from the loaded organic phase for organic: aqueous volume ratio of 1:1. The MA dissociated form cor-
responding to high pH does not possess the ability to form a complex with the PILs and is re-extracted into the aqueous phase.
Regarding PILSs concentration influence on the stripping efficiency, from Fig. 8, it can be observed that the stripping process is more
effective at low extractant concentrations in the organic phase, probably correlated with an increased viscosity of the organic phase
due to the increased proportion of PILs.

The FTIR analysis (Supplementary material) was carried out to check the form of the extractant after stripping. Comparing the
spectra, all characteristic peaks appeared PILs spectra after the stripping, confirming their stability. The stability and recycling ca-
pacity of PILs were evaluated to assess its utility as an extractant for practical purposes. PILs characteristics have been investigated for
MA separation in terms of stripping efficiencies change as percent. The re-extraction efficiencies obtained were 84.47 %, 82.04 %, and
81.11 %, for [C14CsCeCsP1[Dec] and 61.47 %, 58.47 %, and 56.86 % for [C14CsCsCsP1[(iOc)2Phos] for the recycled organic phase in
the next three stages, which were close to the first extraction stage. The gradual decrease in extraction yields observed while employing
the regenerated PILs can be explained by a small pH increase during sodium hydroxide back-extraction, which lowers extraction
efficiency [42]. Regeneration, recovery, and reuse of PILs remain a major issue. Ionic liquids are more environmentally friendly than
organic solvents due to their high boiling point, making it more challenging to distil them to produce pure products. Recovering ionic
liquids at a lower cost and with less impact on the environment is a difficult undertaking. Further improvements are required for MA
back-extraction from the organic phase.

3.3. Modeling and optimisation

The modelling strategy was performed considering two cases: i) with contact time; and ii) without. In the first case, the following
parameters were used to model the extraction process: pH, extractant concentration, contact time, temperature, and type of extractant
([C14CCsCeP1[Dec] or [C14C6CeCeP1[(10c)2Phos]. For this model to be applied, preliminary equilibrium studies are needed to verify
the influence of the contact time between phases, as the contact time for reaching equilibrium is strictly related to the mixing con-
ditions (hydrodynamic conditions) used. In the second case, the model was determined using the same parameters as in the first case
(except contact time). Since the extractant type is a discrete parameter, a coding procedure of the One-Hot-Encoding type was used,
where each type of extractant has its corresponding specific column, and the use of the type is identified by the value 1. The Min-Max
approach [43] was used to normalise the data. Preliminary tests have indicated that the process is complex and that the experimental
data obtained in the laboratory need to be revised to identify an optimal model. Thus, an interpolation procedure was applied, where
each combination of parameters was modelled with a regression relationship of order 3, and intermediate points were extracted.
Therefore, the database was expanded from 30 data to 340 points (for case 1) and from 22 to 240 (for case 2). If the first case also
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Table 4
Characteristics of the best models.
Layer (type) Output Shape Param #
Case 1 dense_122 (Dense) (None, 11) 77
dense_123 (Dense) (None, 8) 96
dense_124 (Dense) (None, 1) 9
Total params: 182
Trainable params: 182
Non-trainable params: 0
Case 2 dense_626 (Dense) (None, 17) 102
dense_627 (Dense) (None, 4) 72
dense_628 (Dense) (None, 8) 40
dense_629 (Dense) (None, 1) 9
Total params: 671
Trainable params: 223
Non-trainable params: 0
a 120
100
80
-
2
2 60
& ==@=Experimental
40 —e—ANN
20
0
0 10 20 30 40 50 60 70 80 %0 100
Exemplars
b 120
100
> 80 e Experimental
§ 60 —e—ANN
“ a0
20
0
1 11 21 31 41 51 61 71
Exemplars

Fig. 9. Comparison of experimental and predicted data for a) case 1 and b) case 2.

considers a variation of contact time, the second case is determined only for a fixed contact time equal to 10 min. These were later used
to determine the complete neural pattern. Statistical indicators for the best models obtained are presented in Table 3. After that, the
best settings identified for case 1 were also applied in case 2.

In this table, M5 indicates a model with a limit of 5 hidden layers with limits of the maximum number of neurons set to Refs. [10,10,
10,10,20], and M5 indicates a model with a maximum of 6 hidden layers with limits of [10,10,10,10,10,20]. R? score is the variation
score, MAE is the mean absolute error, MSE is the mean square error, MAPE is the mean percentage absolute error, and 12 is the
coefficient of determination. The closer the R? score and r? are to 0, and the lower the MAE, MSE, and MAPE values, the higher the
model’s performance. As seen from Table 3, the Adam algorithm tends to give better results for the current process than Adamax.
Regarding limits for the model structure, the variant with a maximum of 5 layers offers better results. This can be explained by the
complexity of the search space, which increases with the number of layers, requiring a more significant number of iterations to identify
an optimal pattern. Thus, the model identified as M5_Adam as the most suitable for the studied process was chosen.

The characteristics of the best models obtained in both cases are presented in Table 4. As can be seen, the best model for case 1 has
two hidden layers, with 11 and 8 neurons respectively. On the other hand, the model for the second case is more complex and has 3
hidden layers with respectively 17, 4 and 8 neurons.

Fig. 9 compares experimental data with those predicted by the network. The differences are minimal in both cases, indicating that
the neural model has learned the dynamics of the extraction process and can generate predictions.

An analysis of the importance of inputs to model outputs (identified by the Shap values [44]) is shown in Fig. 10. It is noted that the
most important parameter is pH, for which small values tend to lead to an increase in output (small pH leads to a high yield). The next
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Table 5

a | High
pH 3 o o0 oo e o o o © & o o o i ‘ o o
Extractant “ﬂﬂ"‘"‘ E
©
>
Time . ® o0 . *. camade 4]
\ 2
Conc Y e 8
\
Temp W
T T T ‘ T Low
—60 —-40 -20 0 20
SHAP value (impact on model output)
b [ High
H eee o & o o o o ) . . L )
p $ )
=
Extractant -Q—l‘-l Y
e
Conc . -ﬂ %
s
Temp 'h
T T T T T T ‘. T T Low
-60 -50 -40 -30 -20 -10 O 10 20
SHAP value (impact on model output)

Optimisation results in case 1.

Fig. 10. Shap values a) case 1 and b) case 2.
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[C14C6C6CsP] [Decl] [C14C6C6CsP] [(i0c)oPhos]  pH Extractant concentration (g/L)  Time (min)  Temperature (°C)  Extraction efficiency (%)
0 1 3.9 55.09 23.24 53.65 102.3
0 1 3.29 73.91 26.65 50.03 101.71
1 0 4.8 51.52 25.94 55.31 101.37
0 1 3.63 5417 23.12 43.91 101.34
0 1 416  90.44 21.57 35.42 100.52
0 1 411 87.33 25.84 25.3 99.83
0 1 2.43 8115 28.79 59.9 99.53
0 1 4.11 87.33 25.21 25.3 99.27
1 0 4.25  64.55 22.01 38.92 99.24
0 1 4.00 97.83 21.66 54.03 99.14
0 1 4.27  60.55 25.84 39.33 99.17
0 1 3.97 74.59 23.23 26.23 98.92
0 1 211  81.15 28.79 63.26 98.28
0 1 2.36  45.09 25.54 20.49 97.95
0 1 3.97 8318 23.23 20.91 97.95
0 1 3.74  45.45 20.91 65.00 97.47
0 1 425  34.88 21.76 42.95 96.91
1 0 3.38  38.66 23.87 30.71 96.69
1 0 3.38 38.66 23.87 33.07 95.73
0 1 4.81 117.34 24.24 38.02 95.65
0 1 426  67.37 25.17 30.92 95.61
0 1 2.1 79.59 25.15 60.06 95.57
1 0 3.38  38.66 24.08 33.07 95.47
1 0 3.38  38.66 24.08 33.07 95.47
1 0 4.8 51.52 26.54 44.32 95.07

important parameter is the extractant, followed by Time (in case 1) and Concentration (in case 2). Temperature is the parameter with
the least influence on the model. Overall, it can be observed that the elimination of contact time from the model does not change the
impact of parameters on the output. Nevertheless, if for case 1 it can be observed clearly that increasing the temperature tends to result
in a slight increase in efficiency, this is not applicable for case 2, where there is no clear distinction between the impact of low and high
values for temperature.

In the final step, the best model obtained in combination with the same DE algorithm is used to optimize the process. Tables 5 and 6
present a set of process parameters that lead to high extraction efficiency.
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Table 6

Optimisation results in case 2.
[C14C6CsCeP] [Dec] [C14C6C6CsP] [(iOc)2Phos] pH Extractant concentration (g/L) Temperature (°C) Extraction efficiency (%)
0 1 2.67 65.06 26.19 103.33
1 0 2.42 61.64 29.62 103.3
1 0 2.34 99.35 25.11 103.11
0 1 2.67 65.06 27.51 102.92
1 0 2.22 120 27.88 102.61
1 0 2.69 60.27 20.82 101.81
1 0 2.77 43.95 23.41 99.74
1 0 2.41 97.29 30 99.71
1 0 2.6 104.59 22.45 99.32

As observed, the extraction efficiency is higher than 100 % in some cases. The error introduced by the model can explain this, as no
hard limits were set for the output during the optimisation phase. For the process parameters, the experimental limits are kept
unchanged.

In case 1, the optimisation results show that both extractants can be highly efficient; the optimisation step does not favour a
particular one. Moreover, the combinations of parameters are not focused on a particular set of values, indicating that the search space
is complex and the DE algorithm was able to explore it efficiently.

In case 2, the solutions are somewhat closer, indicating that the process has a reduced pool of local optima.

4. Conclusions

A new extraction technique utilising hydrophobic ILs was investigated in this work to effectively extract muconic acid from
aqueous solutions, such as fermentation broth. The findings demonstrated that the best extraction conditions for MA were pH = 3.0, 20
min contact time, 45 °C temperature, and above 40 g/L ionic liquid dissolved in heptane when using [C14CsCsCeP1[Dec] as the
extractant. Additionally, an analysis of the extraction system’s mechanism revealed an equimolecular hydrophobic complex between
PILs and MA for both extractants examined. Low stripping efficiency compared to extraction efficiency was observed, so further
investigation on the influence of stripping phase pH, contact time and temperature are required to improve stripping method effi-
ciency. ANNs and DE algorithms were used to model and optimize the process, and the results obtained indicated that the selected
approach could find a suitable model that can be further used to identify combinations of process parameters that lead to a high
extraction efficiency.
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