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A B S T R A C T   

Taking into account that limited research has been carried out on the reactive extraction of 2-ketogluconic acid, 
this study was focused on analyzing the pH dependent extraction performance and the molar ratios of acid and 
extractant (Amberlite LA-2) dissolved in three solvents with 1-octanol as phase modifier. Back extraction was 
successfully performed using NaOH solutions. The mechanism of the interfacial reaction in the presence of 1- 
octanol, pointed out that, indifferent of the pH value and solvent polarity, only one molecule of 2-ketogluconic 
acid and one of extractant react at the interface. The positive effect of 1-octanol on extraction efficiency was 
quantified by means of the amplification factor, its maximum values being 2.43 for dichloromethane, 3.67 for 
butyl acetate and 3.64 for n-heptane. In addition, the process was modelled using statistical regression and 
Artificial Neural Networks (ANNs) determined with chaos based Differential Evolution algorithm. The best ANN 
model had a mean squared error for the testing phase of 0.19 and modeled the process with an acceptable error.   

1. Introduction 

2-Keto-D-gluconic acid, 2-KGA, is a mild organic acid (pKa = 2.66) 
with multiple applications in food, cosmetic and pharmaceutic in-
dustries. Its chemical structure (Fig. 1) derives from a ketoaldonic acid 
that is D-gluconic acid in which the hydroxyl group at position 2 has 
been oxidized to a keto group. In food industry is an important inter-
mediate in the D-isoascorbic acid (E315 – free acid and E316 – sodium 
salt) synthesis (vitamin C stereoisomer), used as GRAS (generally 
recognized as safe) antioxidant. This compound is produced over 40,000 
tons/year due to its wide use as food antioxidant, its properties to 
maintain food color, flavors and aroma, and its ability to block the 
formation of ammonium nitrite (carcinogenic) during food processing 
[1,2]. 

Various bacterial strains are used for its production from glucose or 
starch hydrolysates (as carbon sources): Gluconobacter, Preudomonas, 
Pseudogluconobacter, Artrobacter, Serratia, Erwinia spp. [1–5]. At large 
scale the most widely used genus is Pseudomonas due to several advan-
tages related to high selectivity, titer and conversion, but recently 

different strains of Gluconobacter (Table 1) have been investigated for 
selective production of 2-keto-D-gluconic acid. The main by-products 
resulting from the 2-KGA biosynthesis are gluconic acid and 5-ketoglu-
conic acid, but the new engineered strains (Gluconobacter oxydans, 
Pseudomonas plecoglossicida) are capable to produce only 2-ketogluconic 
acid [3]. 

2-KGA is also a byproduct in the vitamin C production by biotech-
nological process (applied by all the manufacturers from China for in-
dustrial production) using two stages and mixed cultures of Erwinia, 
Acetobacter, Gluconobacter for the first stage (conversion of glucose to 
2,5-diketogluconic acid and 2-ketogluconic acid) and Brevibacterium for 
the second step (conversion of 2,5-diketo-gluconic acid into 2-ketogu-
lonic acid that transformed into ascorbic acid), less costly and more 
environment-friendly. The by-product, 2-keto-D-gluconic acid, obtained 
during the first step, is very difficult to separate from its optical isomer 2- 
keto-L-gulonic acid [6]. 

The development of a cost-effective and eco-friendly process for 
separating high purity 2- ketogluconic acid requires more studies, 
mainly due to involvement of multiple downstream steps that generates 
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high costs. The downstream purification process for 2 KGA involves 
several steps (centrifugation, activated carbon adsorption, evaporation, 
crystallization, ion-exchange using a weakly basic anion exchange resin, 
followed by H2SO4-CH3OH elution) being associated with high energy 
consumption, releasing high amount of wastewater and demanding 
relatively high manpower [7]. 

Reactive extraction (a clean, energy efficient and economical 
method) is a promising separation technique that combines simulta-
neously two operations: a selective solute distribution between two 
immiscible liquid phases (one aqueous and one organic) and a reaction 
between an extractant dissolved in the organic phase that has the ability 
to react with the target acid from the aqueous phase. This modified 
liquid extraction technique offers several advantages: it is a clean and 
economical method, energy efficient and can be used at industrial scale 
with existing equipment. It has been applied for different carboxylic 
acids: succinic acid, malic acid, fumaric acid, itaconic acid, propionic 
acid, formic acid, gallic acid, lactic acid etc. [8–13]. For the separation 
of succinic acid from fermentation broth, Alexandri (2019) analyzed 
different separation techniques: calcium precipitation, direct crystalli-
zation using acidification with sulfuric acid or cation-exchange resins, 
salting-out and reactive extraction, obtaining for the reactive extraction 
the higher purity for the crystals (97.2%) and a total yield for the 
downstream process of 73% [14]. 

The extractants, that are usually highly viscous, dissolved in an 
organic solvent in order to improve their physical properties like vis-
cosity and surface tension, react with the solute from the aqueous phase 
to form complexes that are only soluble in the organic phase. From the 
large variety of extractants (high molecular weight aliphatic or aromatic 
amines, organophosphorus compounds, ionic liquids), for carboxylic 
acids, high molecular amines are the most effective extractants and offer 
advantages compared to phosphorus-bonded extractants such as: are 
less expensive and more effective in formation of a complex with car-
boxylic groups [15,16]. Due to the necessity of using green solvents for 
the extraction cumulated with these solvents poor solvation capabilities, 
several researchers increased the extraction efficiency by improving the 
solvent polarity through the addition of a phase modifier in the organic 
solvent for the reactive extraction of acetic, formic, fumaric, lactic, 
succinic acids [11,17–19]. 

Although reactive extraction is a mature separation and concentra-
tion technique in industrial extractive metallurgy, which was applied 
successfully in a variety of processes it is not yet applied for industrial 

separation of carboxylic acids. The main challenge in the use of reactive 
extraction for the recovery of organic acids is finding a selective, cheap 
and efficient extractant and diluent system, on the basis of maximum 
capacity and minimum toxicity, and to determine the optimal conditions 
for its implementation. Since limited research has been carried out on 
the reactive extraction of 2-KGA [20] for the intensification of its re-
covery from the fermentation broth, the present study is aimed on 
reactive extraction of 2-KGA from aqueous solution using Amberlite LA- 
2 dissolved in three solvents with different dielectric constants: n-hep-
tane, butyl acetate and dichloromethane in the presence of 1-octanol, as 
phase modifier. 

In order to extend the experimental knowledge, the process was 
modelled using two strategies: (i) classical statistical linear regression 
and (ii) Artificial Neural Networks (ANNs) determined by a version of 
Differential Evolution (DE) algorithm based on chaotic maps. The 
motivation behind using two different strategies relies in the fact that 
each approach uses differently the knowledge from the system (repre-
sented by experimental data) and can indicate different relations and 
interactions between the parameters. The ANNs are efficient tools that 
imitate the functioning of the mammalian brain. The manner in which 
the knowledge about a given problem is gathered in ANNs allows them 
to model highly non-linear relations, to work with continuous data and 
to be robust even in the presence of noise in the data [21]. As a result, 
ANNs were widely used to solve various complex problems. In the 
biochemical filed, some application examples include: modeling and 
optimization of cyanobacterial C-phycocyanin production [22], mixing 
efficiency modelling for Yarrowia lipolytica suspensions [23], estimation 
of fungal biomass [24], predicting sugar yields from lignocellulosic 
biomass [25], inactivation of E. coli by natural pyrite in presence of 
citrate and EDTA [26], optimization of L-Lysine production [27]. In 
order to use an ANN for a given problem, first, the ANN must be trained, 
and the quality of the training procedure determines the efficiency of the 
model. Therefore, various strategies for ANN training were developed. 
In this work, a neuro-evolutive technique is applied. It combines the 
ANN with DE, the training procedure being performed by DE. In this 
work, DE also performs a topological optimization (and determines the 
number of hidden layers and neurons in each hidden layer). 

2. Materials and methods 

2.1. Chemicals 

All chemicals were purchased by Sigma Aldrich and used as received 
without further treatment, i.e. 2-ketogluconic acid (99%), dichloro-
methane (99%), butyl acetate (99%), 1-octanol (99%), heptane (99%), 
sulfuric acid (95.0–98.0%), sodium hydroxide (>97%), and lauryl tri- 
alkylmethylamine - Amberlite LA2 (99%). 

2.2. Liquid – liquid extraction experiments 

Liquid-liquid extraction experiments for 2-KGA separation were 
carried out in an extraction column with vibratory mixing that offers a 
high interfacial area. It consists of a glass column with 3.6 cm diameter 
and 25 cm height. For temperature control (all the reactive extraction 
experiments have been performed at 25 ± 0.02 ◦C and the stripping 
experiments at 50 ± 0.02 ◦C) during the experiments, a thermostatic 
jacket was used and for intense mixing of the two phases a vibratory 
mixer (perforated disk with 45 mm in diameter and a 20% free section), 
with 50 s− 1 frequency and 5 mm amplitude was maintained at the initial 
interface between the two phases (aqueous and the organic in equal 
ratios – 20 mL). The extraction time was 1 min and the stripping time 
was 5 min, followed by phase separation in a centrifugal separator at 
4000 rpm. 2-ketogluconic acid initial concentration in the aqueous 
phase was 1 g/L (5.15 × 10− 3 M), and the concentrations of the amine 
extractant: Amberlite LA-2 in the organic phase varied between 0 and 
120 g/L (0.321 M). The pH value of the aqueous phase varied between 1 

Fig. 1. 2- keto-D-gluconic acid structure.  

Table 1 
Strains used for 2-ketogluconic acid production.  

No. Strain 2-KGA production, g/L Reference 

1 Pseudomonas 
fluorescens AR4 

178 (shaking flask); 444.96 (20 L 
fermenter, semi-continous process) 

[2,4] 

2 Pseudomonas 
aeruginosa 

72 (immobilized cells) [5] 

3 Pseudomonas 
plecoglossicida 

110/215 (two stage fermentation) [2] 

4 Gluconobacter 
oxydans 

321 (overexpressed the ga2dh gene); 
234.6 (using resting cells) 

[3] 

5 Gluconobacter 
japonicus 

239.4 [1]  
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and 6, for the reactive extraction, while for the stripping phase the pH of 
the aqueous solutions was 12. The pH was modified depending on the 
value of the prescribed pH, using the digital pH meter (CONSORT C 836) 
using a solution of 3% sulfuric acid or 3% sodium hydroxide. 

2.3. Analytical procedures 

The extraction process was analysed on the basis of the distribution 
coefficient and the extraction efficiency, calculated using the mass bal-
ance for the extraction system based on the 2-ketogluconic acid con-
centration in the initial aqueous solution and in the raffinate measured 
by high performance liquid chromatography technique (HPLC) as 
described in the literature [28]. For this purpose a HPLC system, Ulti-
Mate 3000 Dionex, was fitted with an Hamilton PRP-X300 column (150 
mm × 4.1 mm, 5 μm), 4 mM sulfuric acid solution as mobile phase, 
detection being performed by UV absorbance at a wavelength of 210 
nm, and the flow rate of 0.5 mL/min). The determinations were done at 
25 ◦C. 

2.4. Calculations 

The parameter used to quantify the amount of 2-ketogluconic acid 
extracted into the organic phase is the extraction efficiency (E), while 
the amount transferred from the organic phase into the stripping phase 
is described by the stripping efficiency (R): 

E =

(
C0 − C

C0

)

∙100,% (1)  

R =

(
Cs

C0 − C

)

∙100,% (2) 

where C0, C and Cs, (mol/L) are the concentrations of 2-ketogluconic 
acid in the aqueous initial solutions, raffinate (exhausted initial solution 
after extraction) and stripping solution, respectively. 

Distribution ratio (D) of 2-ketogluconic acid between the organic and 
aqueous phases in equilibrium is defined in literature as follows: 

D =
Corg

C
(3) 

where Corg (mol/L) is the concentration in the organic phase after 
extraction, calculated from the mass balance as a difference Co-C, C is 
the concentration in the raffinate. 

In order to quantify the phase modifier effect, the amplification 
factor has been used, calculated as the ratio between the extraction yield 
in the presence and in the absence of the phase modifier: 

F =
Eoct

E
(4) 

To confirm the reaction mechanism the loading ratio was used, 
defined as the total concentration of acid in the organic phase divided by 
the total concentration of amine in organic phase: 

Z =
Corg

CALA2org

(5)  

2.5. Process modelling 

In order to model the extraction efficiency, two strategies were 
considered. The first uses the standard regression technique (its role is to 
determine the modelling difficulty - if the process is well modelled by 
linear regression, then, the use of ANNs is not motivated). The second 
strategy is represented by ANNs combined with DE algorithm. The main 
motivation behind using a neuro-evolutive technique that combines 
ANNs with DE relies on: (i) the ANNs are easy to use but very difficult to 
determine in an optimal form; (ii) neuro-evolution is a process that can 
be overcome the drawback of standard training techniques of getting 

stuck in local optima; (iii) neuro-evolution can be applied at multiple 
levels and can simultaneously determine the topology (structure of the 
ANN) and its optimal internal parameters (training); (iv) from the 
multitude of optimizer algorithms that can be combined with ANNs in a 
neuro-evolutive technique, DE is efficient, fast and has the ability of 
providing good solution with an acceptable amount of resources 
consumed. 

The motivation for chosen ANNs was based on their proven effec-
tiveness on several reactive extraction systems [29–33]. The DE algo-
rithm is based on the evolution principle developed by Darwin and if 
follows the classical idea of Evolutionary Algorithms: a population of 
potential solution (also known as the initial population) is evolved 
(through a series of steps that include mutation, crossover and selection) 
until a stop criterion is reached. The combination of DE with ANN will be 
further referred as cDE-ANN and its main working principle is shown in 
Fig. 2. 

As it can be observed from Fig. 2, the process parameters are fed into 
the ANN. Then, the ANN parameters are fed into the DE algorithm that 
generates the optimized ANN values that are then used to make pre-
dictions regarding the extraction efficiency. In order to have an efficient 
optimizer, DE is improved with a series of techniques that include: (i) 
chaos theory (it uses the principles of chaos theory to generate the 
random numbers necessary in the majority of DE steps; for the current 
work, the logistic map is used); (ii) opposition based principle to 
improve the DE initial population (step 2 from Fig. 2); (iii) local 
improvement after step 5 (for each iteration, the best so far solution is 
improved by randomly choosing between BackPropagation- a classical 
ANN training algorithm- and Local Search algorithm). 

For the parameter setting (step 1 from Fig. 2), for the current work, 
number of iterations that represent the stop criteria and the dimension of 
the population are considered, while for the other DE parameters, F 
(from step 3) and Cr (from step 4) a self-adaptive strategy is used. It 
implies the introduction of these parameters into the algorithm itself and 
changing their values using the same steps (mutation, selection and 
crossover) used for the ANN optimization. 

The objective of the optimization procedure is to determine models 
with the highest performance (the lowest difference between the 
experimental data and predictions). Thus, the fitness function (Eq. (6)) 
used to determine the suitability of the individuals and their selection on 
next generation is based on the Mean Squared Error (MSE) in the 
training phase. This is due to the fact that, in the current case, DE evolves 
populations of encoded ANNs. 

Fitness =
1

MSEtrain + 10− 10 (6) 

The process parameters that are used for determining the efficiency 
of the extraction are represented by: the pH of the solution, the ALA-2 
concentration, the dielectric constant of the solvent and the octanol 
concentration. In addition, as the process has two phases with different 
behaviour, an additional parameter is considered. It shows whether an 
extraction or a back-extraction process occurs (indicated by values 1 and 
0). 

3. Results and discussion 

3.1. Influence of aqueous phase pH on the extraction efficiency 

The pH-value of aqueous phase exhibits an important influence on 
reactive extraction efficiency, as it controls the form in which the acid 
exists in aqueous solutions: dissociated at pH value superior to pKa 
(2.66), and undissociated at pH value lower than pKa. Due to acids 
insolubility in all chosen solvents, the extraction is based on the for-
mation of a complex between the extractant: Amberlite LA2 and the 
carboxylic group from the 2-ketogluconic acid structure (Fig. 3). 

The complex can be obtained either through electrostatic in-
teractions or hydrogen bond (at pH lower than pKa) or through ionic 
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type bond (at pH higher than pKa) [11,20,34,35]. At the interface, three 
types of complexes can be formed: equimolecular (with only one 
molecule of each extraction system components), acidic adducts (with 
more than one molecule of acid bonded to the aminic extractant) or 
aminic adducts (with more than one molecule of amine extractant 
bonded to 2-ketogluconic acid). The formation of a certain complex is 
strongly influenced by the solvent polarity (low polarity solvents favors 
the formation of aminic adducts), solute and extractant structure and 
concentration (more complex and voluminous structures would steri-
cally inhibit the formation of aminic or acidic adducts). 

The pH influence on the reactive extraction system is depicted in 
Fig. 4 and indicates that the optimum pH for the extraction is 3, corre-
sponding to the maximum extraction yield for all considered solvents, 
similar as the results obtained by Blaga et.al., in the absence of 1-octanol 
[20]. 

The maximum corresponding to pH 3 can be explained by the 
changes that appear in the solute structure with pH: at pH 1, 2-ketoglu-
conic acid is able to form dimers in aqueous solutions [20,34,36] that 
would block the carboxylic group for the extraction, by further increase 
of pH the dimerization is less important – thus enabling the carboxylic 
group for the extraction and increasing the extraction yield, but the acid 
is dissociating according to its pKa (2.66) reducing the extraction effi-
ciency at pH higher than 3. This variation suggests the combination 
between the proton from the 2-ketogluconic acid and the nitrogen atom 
from the amine’s structure. The addition of 1-octanol in the three sol-
vents increased significantly the extraction yield, without any effect on 
the curve variation, thus without influence on the extraction 

mechanism. 
To quantify the effect of 1-octanol addition on the extraction yield, 

the amplification factor (calculated as the ratio between the extraction 
yield in the presence and in the absence of the phase modifier) is pre-
sented in Fig. 5, with values larger than the unit for all pH domain 
analyzed. The addition of 1-octanol (dielectric constant 10.3 at 25 ◦C 
[31]) improved the extraction efficiency similar to other compounds 
(fumaric acid [11], acetic acid [17], acetic, formic and lactic acid [18], 
succinic acid [19]). This is attributed to an increase in the polarity of the 
organic phase with a stronger influence for n-heptane, the solvent with 
the lower dielectric constant (1.9 [37]) compared to butyl acetate (5.01 
[37]), and dichloromethane (9.08 [37]), but also to the extraction ca-
pacity of its hydroxyl groups that can form hydrogen bonds with the 
solute (Fig. 6). 

The presented results show that an increase in aqueous phase pH 
induces an increase of the amplification factor for all considered 

Fig. 2. General schema of the ANN based modelling.  

Fig. 3. Extraction mechanism of 2-ketogluconic acid.  

Fig. 4. pH influence on reactive extraction with and without 1-octanol addition 
(Amberlite LA-2 concentration 40 g/L, 2-KGA concentration 1 g/L). 

L. Roxana Georgiana et al.                                                                                                                                                                                                                   



Separation and Purification Technology 255 (2021) 117740

5

solvents. Thus, its minimum level is reached at pH 1 (the increase in 
solvent polarity did not influence the dimerization process, hence the 2- 
ketogluconic acid extraction) and its maximum at pH = 6, variation that 
is a consequence of additional solubilization of ionized 2-ketogluconic 
acid molecules in the presence of 1-octanol at higher pH values. 1-Octa-
nol addition in the organic solvent prevented the third phase formation 
and facilitated the separation between organic and aqueous phase, fact 
that is a major advantage for the industrial application of reactive 
extraction. 

3.2. Influence of extractant concentration on the extraction efficiency 

The reactive extraction of carboxylic acids, with an amine as 
extractant, occurs by means of an interfacial reaction with the formation 
of a strong hydrophobic compound. Solvation of this compound by the 
diluent is a critical factor in the extraction of most acids. 

In Fig. 7 the influence of Amberlite LA2 concentration on the 
extraction efficiency is plotted, for pH = 3, as the maximum of the 
extraction degree was obtained for this value. It was observed that an 
increase in Amberlite LA2 concentration influences positively the 
extraction degree, due to the increase of the interfacial amount of one of 
the reactants. For all the solvents it can be observed that the increase in 
amines concentration in the organic phase [0 up to 0.321 M], over the 
stoichiometric ratio (2-ketogluconic acid concentration was 5.15x10-3 

M), generates an improved extraction yield. This variation suggests an 
increase of interfacial compounds hydrophobicity and its improved 
solvation by extractant molecules. 

The addition of 1-octanol (active diluent) in the inactive diluent n- 

heptane improved substantially the extraction degree for the same 
amine concentration, due to interactions of the acid–amine complex 
with the active diluent that increases its solubility and stabilized it 
(Fig. 7). 

The amplification factor correlated with the extractant concentration 
is presented in Fig. 8, and values over the unit for the entire experi-
mented domain of Amberlite LA-2 concentration were obtained. The 
higher value was recorded for 20 g/L Amberlite LA2 (0,053 M), and the 
lowest value for the maximum considered concentration of Amberlite 
LA2 (120 g/L – 0.321 M), fact that proves the reduction of extractant 
concentration influence in the presence of phase modifier − 1-octanol - 
in the organic phase. For low Amberlite LA2 concentration in heptane, a 
third phase was observed in the extraction system, similar to other acidic 
compounds [38–40]. 

3.3. Synergic reactive extraction mechanism 

The reactive extraction mechanism for 1-ketogluconic acid was 
analysed by Blaga et al, in the solvents considered without 1-octanol 
[20]. The results showed that the separation occurs by means of an 
interfacial reaction controlled by the solvent’s polarity, and in the two 
solvents n-heptane or n-butyl acetate, the interfacial product is of aminic 
adduct type, its structure including two extractant molecules, while if as 
solvent is used dichloromethane with higher polarity, the reactive 
extraction involves one molecule of each reactant. 

To analyse the mechanism in the presence of 1-octanol, the following 

Fig. 5. The amplification factors values vs pH corresponding to 1-octa-
nol addition. 

Fig. 6. Hydrophobic solute-extractant complex in the absence (a) and in the presence (b) of 1-octanol added in the organic phase.  

Fig. 7. Influence of Amberlite LA-2 concentration on reactive extraction with 
and without 1-octanol addition (pH = 3, 2-KGA concentration 1 g/L). 
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equilibrium at the organic/aqueous interface (2-ketogluconic acid is 
insoluble in all organic solvents considered and Amberlite LA2 (Q) is 
insoluble in the aqueous phase) is considered: 

2KGlu − COOH(aq) + nQ(o)⇌R − COOH Qn(o) (7) 

For this system, the distribution coefficient, D can be calculated with 
the following expression: the ratio of total acid concentration in organic 
phase and total concentration in aqueous raffinate at the equilibrium 
state: 

D =
[2KGlu − COOHQn(o)]

[2KGlu − COOH(aq)]
(8) 

According to interfacial reaction, the equilibrium constant can be 
calculated using the following expression: 

KE =
[2KGlu − COOHQn(o)]

[
2KGlu − COOH(aq)

]
[Q(o)]

n
→
[
2KGlu − COOHQn(o)

]

= KE∙
[
2KGlu − COOH(aq)

]
∙
[
Q(o)

]n (9) 

The concentration of undissociated 2-ketogluconic acid in the 
aqueous phase can be calculated by using its total concentration, 
2KGlu − COOHaq and the dissociation constant, Ka: 

[
2KGlu − COOH(aq)

]
=

[2KGlu − COOH(aq)]

1 + Ka
[H+]

(10) 

Using these three Eqs. (8)–(10) the distribution coefficient D can be 
calculated: 

D = KE∙
[
Q(o)

]n

1 + Ka
[H+]

(11) 

By applying the logarithm to relation (11) the equation of a straight 
line can be obtained: 

lnD+ ln
(

1+
Ka

[H+]

)

= lnKE + ln
[
Q(o)

]
(12) 

Graphical representation of this equation is presented in Fig. 9 for the 
extraction systems studied. From the slope of the straight line given by 
equation it is possible to determine the number of Amberlite LA-2 
molecules, n, that participate in the formation of the interfacial 
adduct, and from its intercept the value of the extraction constant, KE. 

According to Fig. 9, independent on the polarity of the solvent, the 
number of amine molecules involved in the interfacial complex is 1 
(Table 2), but the values of the extraction constant (Table 2) are 

dependent on the the polarity of the organic phase. The results obtained 
pointed out that, compared to the results recorded for the reactive 
extraction of 2-ketogluconic acid with Amberlite LA-2 without 1-octanol 
[20], the addition of the phase modifier changed the number of amine 
molecules included in the interfacial complex from 2 to 1 for n-heptane 
and butyl acetate, while for the dichloromethane the complex remained 
unchanged. 

The phase modifier increases the polarity of the organic phase, thus 
preventing the formation of aminic aducts, effect that is less important in 
the case of dichloromethane with higher dielectric constant than the 
other two analyzed solvents. 

To confirm these results the loading ratio, Z has been calculated and 
the results are presented in Table 3. The distribution coefficient in-
creases with extractant concentration and also with the dielectric con-
stant of the three solvents considered for the study. 

The change in the loading ratio with Amberlite LA2 concentration 
occurs only when complexes having more acid molecules are formed at 
lower concentrations of the extractant and complexes having more 
extractant molecules are formed if the solvent phase is highly loaded 
usually at low extractant concentration and high acid concentrations. 
Since there is a decrease in the loading ratio by increasing extractant 
concentration, it can be confirmed that only complexes having one 
single amine molecule are formed [41]. 

3.4. Stripping analysis 

In order to regenerate the acid from the loaded organic phase, the 
back-extraction of the bound 2-ketogluconic acid into water, is required. 
To this purpose, the 2-ketogluconic acid- Amberlite LA-2 complex needs 
to be split. The addition into the extract of an aqueous phase with a 
superior pH value (sodium hydroxide, pH 12) will generate the trans-
formation of the carboxylic acid into its salt. The increase in temperature 
to 50 ◦C favored this reaction by reducing the complexation constant, 
thus increasing the recovery rate. The overall reactions can be written as 

Fig. 8. The amplification factors values corresponding to 1-octanol addition.  

Fig. 9. The graphical representation of Equation (12).  

Table 2 
Values of n and extraction constants for extraction systems with 1-octanol and 
Amberlite LA2.  

Solvent n Ke, (L/mol) 

n-heptane/octanol 0.788 11.94 
Butyl acetate/octanol 0.86 65.95 
Dichloromethane/ octanol 1.17 311.6  
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follows: 
The results obtained for the back-extraction of 2-ketogluconic acid 

from the three analyzed solvents and 10% 1-octanol added at different 
aqueous phase initial pH values, are presented in Fig. 10 and for 
different concentrations of extractant (differently loaded organic pha-
ses) in Table 4 and can be discussed using the hydration theory and the 
salting in effect. 

According to the hydration theory, by sodium hydroxide dissolution 
corresponding to an aqueous phase pH of 12, the dipoles of polar water 
molecules arrange themselves around the ions present in the solution 
(Na+, OH–) and form a layer of oriented dipoles surrounding them. 
During the striping intense mixing and intimate contact between the 
aqueous solution and the extract containing 2-ketogluconic acid, the 
ionization strength of the acid increases due to higher concentration of 
alkali Na+ cations (electron acceptor) in the aqueous phase and there-
fore a higher amount of R-COO− (carboxylate anions) becomes present 
in the aqueous phase, which results in a strong decrease of 2-ketoglu-
conic acid solubility in all considered solvents (salting in effect). 

The highest values of stripping efficiency were obtained for the sol-
vent with the higher polarity: dichloromethane - octanol, in relations to 
highest extraction efficiency that will allow high concentration of 2- 
ketogluconic acid in the extract (Table 4). 

3.5. Process modelling 

The extraction efficiency was determined as a function of the type of 
process (extraction or back-extraction) –x1–, the dielectric constant of 
the solvent –x2–, the octanol concentration –x3-, pH of the solution 
–x4–, ALA-2 concentration –x5–. First, a linear regression approach was 
applied, resulting in the model represented in Eq (13). For this relation 
the coefficient of determination is 0.83 with residuals varying from 
− 25.04 to 24.55 and an average relative error (ARE) of 29.21%. These 
high values indicated that the current process is not well approximated 
by a linear relation and that there are complex interactions between the 
process parameters that influence the extraction behavior.   

In case of ANN based modelling, part of the topology is fixed and 
determined by the number and type of process parameters. Therefore, 
there are 5 inputs and 1 output, corresponding to the same parameters 
considered for the linear regressing approach: type of process (extrac-
tion or back-extraction), the dielectric constant of the solvent, the 
octanol concentration, pH of the solution and ALA-2 concentration. The 
maximum number of hidden layers is set to two, with maximum number 
of neurons in the hidden layers 20 and respectively 10. Based on these 
limitations, the modified DE version performs the training (determina-
tion of the optimal values for weights, biases, activation functions and 
their parameters) and identifies the topology (number of hidden layers 
and neurons in each layer). The parameters of the DE are as follows: 
number of individuals in the population 80, number of iterations 1500. 
The F and Cr parameter for DE are included into a self-adaptive pro-
cedure that automatically modified them based on the search space 
characteristics (within the [0,1] interval). 

Due to the random nature of DE (that dependents at different stages 
of evolution on random number generators), a set of 50 simulations were 
performed. Also, since for ANN determination, it is a standard approach 
to split the data into at least training and testing subsets, in this work the 
available dataset (93 exemplars) was split into 75% training and 25% 
testing (with data randomly assigned into one of the two groups). In 
addition, the data was normalized and transformed to the [0,1] interval 
using the Min-Max approach. In Table 5, the fitness indicates the suit-
ability of the models to the environment (computed based on the Mean 
Squared Error -MSE- in the testing phase). 

In Table 5, the best and worst models were selected based on their 
Fitness, the higher the value, the better the performance. 

R(%) = 35.60598926 − 28.47870249*x1+ 1.973979664*x2+ 2.054068788*x3 − 4.102307221*x4+ 0.357362289*x5 (13)   

Table 3 
Loading factor and distribution coefficient variation with Amberlite LA-2 
concentration.  

Solvent CALA2, mol/L D Z 

n-heptane + octanol 0.053 0.41 0.034  
0.107 0.83 0.030  
0.214 1.22 0.018  
0.321 1.43 0.013 

Butyl acetate + octanol 0.053 1.00 0.046  
0.107 1.57 0.041  
0.214 1.79 0.022  
0.321 2.52 0.016 

Dichloromethane + octanol 0.053 1.33 0.078  
0.107 2.26 0.047  
0.214 3.67 0.028  
0.321 3.98 0.020  

Fig. 10. Influence of initial phase pH on back extraction efficiency.  
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For both the best and the worst models the topology determined was 
similar. However, from the 50 models determined, the topology varied 
substantially. For the best model, the residuals varied within the [-17.4, 
10.58] interval and the ARE is 19.41 for the testing phase and 19.42 for 
the training phase. A point by point comparison between the predictions 
generated for the testing data by the best ANN determined and the 
regression model is presented in Fig. 11. 

The mathematical relations implemented in Python that describe the 
ANN model are represented by Eqs. (14)–(25), presented in Apendix. 
These relations can be further used to generate predictions for additional 
combinations of parameters. Although it is possible to test any combi-
nation of parameters, for the best predictions and lowest errors, it is 
indicated to use values within the limits indicated by the last differential 
term from Eqs. (14)–(18), presented in Appendix. 

4. Conclusions 

The downstream processing of dilute aqueous solutions from 
biotechnological processes is a key challenge in order to obtain a bio-
based competitive economy that can be achieved by the use different 
synergies and classic methods improvement. The 2-ketogluconic acid 
production through biosynthesis is an extremely important process 
because of its multiple applications in food, cosmetic and pharmaceu-
tical industries; reactive extraction could represent an advantageous 

alternative to current used downstream processes. Experimentally the 
highest extraction yield (69.4% for heptane, 86.4% for butyl acetate and 
92.3% for dichloromethane) and distribution coefficient (1.43 for hep-
tane, 2.52 for butyl acetate and 3.98 for dichloromethane) are achieved 
for pH of 3 and 120 g/L extractant, for all the studied solvents. The 
addition of 1-octanol as polar modifier strongly increased the extraction 
efficiency for all solvents, with bigger values for the inactive organic 
solvent with the lowest dielectric constant (n-heptane). The process was 
modeled using linear regression and ANNs modeled with DE. The errors 
from the linear regression were relatively high, indicating that, for the 
considered process, a linear model cannot efficiently provide the 
necessary generalization. The ANNs had lower errors compared with the 
regression, the average relative error being reduced to 19.41% in the 
testing phase. 
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Table 4 
Extractant concentration influence on stripping ([2-KGA(org)] − 2-KGA concentration in the organic phase before back-extraction).  

Extractant concentration [2-KGA(org)], g/L R, % [2-KGA(org)], g/L R, % [2-KGA(org)], g/L R, % 

Solvent n-heptane + octanol  butyl acetate + octanol  dicholoromethane + octanol  
20 0.25 55.42 0.34 64.65 0.42 69.34 
40 0.45 62.24 0.60 69.51 0.69 73.56 
80 0.54 69.67 0.69 77.09 0.86 82.51 
120 0.58 73.85 0.71 78.36 0.93 87.23  

Table 5 
Statistics of the ANN models determined.   

Fitness MSE train MSE test Correlation train Correlation test Topology 

Best 467.6439 0.002138 0.19781 0.987675 0.9664 5:05:00:01 
Worst 103.86 0.009628 0.216542 0.942022 0.9473 5:05:00:01 
Average 136.6564 0.008067 0.21244 0.952303 0.951287   

Fig. 11. Comparison between the ANN predictions and the regression model.  
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Appendix 

INP0 = − 1E − 20+ 0.001+(ProcessType − 0)*(0.999 − 0.001)/(1 − 0) (14)  

INP1 = − 1E − 20+ 0.001+(DielectricConstant − 1.9)*(0.999 − 0.001)/(9.08 − 1.9) (15)  

INP2 = − 1E − 20+ 0.001+(OctanolConcentration − 0)*(0.999 − 0.001)/(10 − 0) (16)  

INP3 = − 1E − 20+ 0.001+(pH − 1)*(0.999 − 0.001)/(6 − 1) (17)  

INP4 = − 1E − 20+ 0.001+(ALA2Concentration − 20)*(0.999 − 0.001)/(120 − 20) (18)  

H10 = math.abs(+ INP0*0.510620482213915+ INP1*0.0311292282251747+ INP2*0.0597498867978941

+ INP3*0.940690751637173+ INP4* − 0.742620724622526+ − 0.814809837991477)
(19)  

H11 = math.sin(+ INP0* − 0.539603386095338+ INP1*0.497221060183135+ INP2*0.251843642359137+ INP3*

− 0.555739731205647+ INP4*0.958461235459178+ − 0.367227552195319)
(20)  

H12 = (2.0/(1.0+math.exp( − 2*(+ INP0*0.138125162694939+ INP1* − 0.2962553882786+ INP2*0.224173158392771

+ INP3*0.3500631583339+ INP4*0.654599716670967+ 0.300550217709745))) − 1.0)
(21)  

H13 = max(0, + INP0* − 0.963247176175909+ INP1* − 0.0741058295528126+ INP2* − 0.0628537692916737+ INP3*

− 0.965357950529181+ INP4* − 0.0406610143816796+ 0.738616319779838)
(22)  

H14 = (1.0/(1.0+math.exp( − 0.749280472006278*(+ INP0*0.495726140070667+ INP1* − 0.583084930431651+ INP2*

− 0.402381544618572+ INP3*0.245431860978348+ INP4* − 0.435081543935651+ 0.39068309943157))))
(23)  

OUTPUT1 = math.abs(+H10* − 0.785000562668162+H11*0.585632535504261+H12*0.718711298955677

+H13*0.999224127083383+H14* − 0.533548224447293+ 0.688466558620135)
(24)  

Efficiency = (OUTPUT1 + 1E − 20 − 0.001)*(92.367 − 2.68)/(0.999 − 0.001)+ 2.68 (25)  
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A B S T R A C T

Adipic acid (hexanedioic acid, AA) can be utilised as an essential monomer in the production of nylon-6,6 (75 %),
but also for urethane foams, fibers, elastomers, tire reinforcements, and synthetic lubricants. Considerable work
has been done to develop sustainable biosynthetic processes for its manufacture, especially for adipic acid
efficient separation (one of the main challenges for industrialisation). As for scale-up, process optimisation, and
thorough engineering mathematical models that describe the system efficiently are required, this study proposes
mathematical models for a reactive extraction using ionic liquids as extractants for adipic acid separation to
improve the biosynthetic route’s sustainability, efficiency, and environmental performance. Heptane as the
solvent and 117.8 g/L [P6,6,6,14][Phos] as the extractant at 2.8 pH of the aqueous phase were the optimum
mixture for reactive extraction, resulting in an extraction yield of 97.55 % for adipic acid. The process was
modeled using an artificial neural network optimised with a differential evolution algorithm. The optimal model
structure had one hidden layer with 20 neurons, and its performance in the testing phase was: explained variance
score of 0.974, mean absolute error of 1.917, and coefficient of determination of 0.974.

1. Introduction

Within the ever-evolving domain of chemical process modeling and
optimisation, Artificial Intelligence (AI) tools emerged as a powerful
alternative that redefined and improved the notion of efficiency. AI can
be used to find deeper insights into the complex areas of process
parameter influence, nonlinear process dynamics, and intricate system
interactions, which are being decoded with remarkable precision.

As an essential platform chemical, adipic acid (AA) is employed in
many industrial sectors, such as food additives, lubricants, and nylons.
Adipic acid’s extensive range of uses in nylon-6,6-related activities,
including being an essential component in its manufacture, drives its use
in particular. Over 3 million tonnes of AA are produced globally yearly,
and demand has risen at about 4 % per year [1–3]. The AA
manufacturing market is expected to rise further, given that the world’s
production of nylon-6,6 was around 1.4 million tonnes in 2022. A
consistent increase in the compound yearly growth rate of 5.09 % until
2035 is anticipated.

The main possibilities for producing AA are chemical, biological, and
biochemical [4–7]. The most common industrial method is the chemical

one, which involves the chemical oxidation of a mixture of cyclohexa-
none and cyclohexanol (“KA oil” − ketone and alcohol-oil). Petroleum, a
non-renewable resource, can be used as a source of rawmaterials for this
energy-intensive process that generates toxic products and uses harsh
reaction conditions. The development of feasible, environmentally
friendly, and sustainable alternative synthesis techniques for producing
AA is in high demand. Several microorganisms have been genetically
modified to produce AA through biosynthesis [7–15]. Using direct or
indirect fermentation combined with chemical conversion, AA can be
produced from biomass raw materials. For instance, the Verdezyne
company uses a genetically modified yeast species to transform fatty
acid into AA using a two-stage fed-batch method with 98 % selectivity.

Despite its advantages, separating adipic acid from fermentation
broths is still a somewhat complex process. Although reliable, tradi-
tional separation techniques − crystallisation, membrane separation,
and chromatography − stumble upon process bottlenecks due to high
energy demands and scaling difficulties. Reactive extraction has
emerged as a promising method for extracting important solutes due to
the combination of chemical and physical processes that increase the
extraction yield. By accelerating mass transfer and chemical reaction
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rates, combining the two processes results in a larger solute distribution
coefficient and increased extraction efficiency. Reactive extraction is
also highly valued for its ease of use, technical accessibility, temperate
conditions, and potential for using inexpensive, environmentally
friendly, and effective chemicals. The present techniques for separating
adipic acid have several shortcomings, such as low efficiency and higher
final product costs, since the separation processes are highly complex
and involve a lot of time and effort. Furthermore, volatile chemical
solvents that pose a risk are frequently utilised. Owing to these disad-
vantages, creating more environmentally friendly extraction and puri-
fication techniques is imperative. One such technique that has generated
interest is the application of ionic liquids (ILs) and deep eutectic solvents
(DES), which have been suggested as promising extractants for carbox-
ylic acids like lactic, butyric, and acetic due to their superior solvation
ability.

The method of reactive extraction for separating organic acids from
fermentation’s aqueous stream has been the subject of numerous in-
vestigations [16–21]. Liu et al. (2023) analysed carboxylic acid extrac-
tion performance using a hydrophobic deep eutectic solvent composed
of amides (N, N-di-n-butylacetamide and N, N-di-n-butylbutamide) and
geraniol through molecular dynamics simulations and proved hydrogen
bond-induced geraniol-carboxylic acid and amide-carboxylic acid multi-
molecular assembly for acetic, succinic and L-lactic acid [16]. In their
review of the synthesis, physiochemical properties, and uses of TBP-
based ILs, including the extraction of biomolecules, Akhlaq et al.
(2024) showed that the ILs anions are tunable and the physiochemical
properties of ILs may be tailored by selecting the right ones [17]. Zheng
et al. (2024) examined the molecular mechanism underlying rutin’s
interaction with six imidazolium-based ILs ([bmim][TsO], [bmim]
[TfO], [bmim][Tf2N], [bmim][Br], [Bbmim][Br], [Bmbmim][Br]),
demonstrating that electrostatic interactions between the anion and
rutin, as well as van der Walls interactions between the cation and rutin,
are the primary drivers of this interaction. While cations and anions may
both form H-bonds with rutin, anions have a much stronger ability to do
so than cations. On the other hand, cations’ slight ability to increase the
stability of the complexes system through cation-π stacking is what
makes them distinctive. Consequently, increasing the stability of the
complex system requires the anion and cation to work together in a
synergistic manner [20]. In their assessment of the DES field of study,
Prabhune and Dey (2023) concentrated on the several types of DESs,
their potential for synthesis, and their commercial uses as sustainable
and green solvents. Along with theoretical and computational models,
their regeneration, scalability for industrial applications, and potential
commercial uses have also been analysed. Gao et al. (2024) investigated
metal separation and oil recovery from highly oily waste with a novel
green hydrophobic DES synthesised from ethyl maltol and fatty acids,
with an oil extraction efficiency of about 86.3 %, a dehydration rate
surpassing 92 %, and a heavy metal removal rate ranging from 15 % to
75 %, at 60 ◦C [22,23].

Lang et al. (2021) analysed the latest advances in sustainable adipic
acid production using biomass-based processes. They highlighted that
the major challenge of its industrial production is adipic acid separation
from aqueous solutions [24]. Based on an in-depth literature review,
minimal research has been done for adipic acid separation from diluted
aqueous solutions. Riveiro et al (2020) analysed trioctylphosphine
oxide-based deep eutectic solvents: TOPO-Decanoic acid and TOPO-
Dodecanoic acid for liquid–liquid separation of organic acids (adipic,
levulinic and succinic acids) in aqueous solution and the performance of
the DESs was compared with TOPO, the best extraction efficiencies
obtained with TOPO [25]. However, studies that employ statistical
techniques on the experimental design of adipic acid recovery from
aqueous solution using an intensified process, such as a reactive liq-
uid–liquid separation process, are missing in the literature.

Reactive extraction using a mixture of ionic liquids and heptane is an
alternative for separating biosynthetic products (ascorbic acid, folic
acid, muconic acid [26–29]) but requires numerous experiments with

large raw material and time consumed. Innovative modeling and opti-
misation methods suited to the complexity posed by the adipic acid
separation process are required to solve these problems. Integrating
advanced computational approaches, particularly neuro-evolutionary
techniques, holds the promise of solving this complex task. Neuro-
evolution combines evolutionary algorithms with neural networks
(ANNs) to tackle the complex problem of identifying the optimal ANN
configuration in a multi-dimensional search space. It is based on the
adaptive mechanics of evolutionary computation, which systematically
mutates, recombines, and selects network parameters, resulting in
neural architectures that increasingly fit the characteristics of the
problem being solved [30,31]. The advantage of neuro-evolution relies
on the iterative nature of the evolutionary process in combination with
the use of performance metrics suited for multi-dimensional and non-
linear landscapes.

In this context, in this work, ANNs were combined with differential
evolution (DE). ANNs are well-recognised for their capability to identify
complex and high-dimensional relationships within data sets, a char-
acteristic especially useful for modeling the intricate variables seen in
chemical processes [31]. Examples of applications where ANNs were
effectively applied include: i) reactive extraction of itaconic acid [32],
gallic acid [33], and malic acid [34]; ii) supercritical fluid extraction of
phytochemicals [35]; iii) ultrasound extraction of phytocompounds
[36,37]. In contrast, the DE algorithm is known for its performance in
solving global optimisation problems, navigating through multiple local
optima landscapes, and identifying robust, high-fidelity solutions [38].
This combination is motivated by the hypothesis that DE’s adaptability
and global search properties can be harnessed to optimise both the ar-
chitecture and parameters of ANNs, potentially leading to models with
superior predictive accuracy and generalisation capacity [38–40]. Ex-
amples of successful applications of DE (simple or in combination with
other algorithms or methods include): i) pertraction of vitamin C [41];
ii) reactive extraction of pseudomonic acids [42], folic acid [26], and
gallic acid [43].

The experimental analysis considering for the first time
phosphonium-based ILs as extractants for adipic acid reactive extrac-
tion, combined with the modelling and optimisation procedure based on
ANNs and DE, represent the current work’s novelty. The selection of the
appropriate extractant considered environmental impact, extraction
capabilities, cost-effectiveness, and selectivity. Since this research will
be the first to look into the separation of adipic acid by hydrophobic
ionic liquids, it will provide crucial information for the future devel-
opment of a plan for adipic acid recovery from the fermentation broth.
The investigation carried out is based on the hypothesis that neuro-
evolution applied to the separation of adipic acid can maximise effi-
ciency through a series of parameter combinations that might be over-
looked by traditional methodologies. This is based on the adaptability
and learning capacity inherent to neuro-evolution, which can lead to
optimised process parameters, hence minimising energy and chemical
consumption while maximising yield.

2. Material and methods

2.1. Chemical and methods

All chemicals, including adipic acid (99.0 %), [P6,6,6,14][Phos] −

Trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate,
[P6,6,6,14][Dec] − Trihexyltetradecylphosphonium decanoate, [C8mim]
[PF6] − 1-octyl-3-methyl-imidazolium-hexafluorophosphate, [C6mim]
[PF6] − 1-hexyl-3-methyl-imidazolium-hexafluorophosphate, [C4mim]
[PF6] − 1-butyl-3-methyl-imidazolium-hexafluorophosphate, heptane
(99 %), sodium hydroxide (>97 %), sulfuric acid (95.0–98.0 %), sodium
phosphate (99.9 %) and acetonitrile (99.99 %), were purchased by Sigma
Aldrich and used as received without further processing. The AA reactive
extraction experiments were realised using equal amounts of aqueous and
organic phases (2 mL, 1:1 v/v ratio), and were conducted using a
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vibratory shaker operating at 1200 rpm. To ensure enough interfacial
contact, the extraction tests were conducted for 5, 10, 20, and 30 min at
20 ◦C, 30 ◦C, 40 ◦C, and 50 ◦C. Phases were separated in a centrifugal
separator operating at 4000 rpm following the extraction. For quantita-
tive analysis, the raffinate aqueous phase was analysed through HPLC.
Ionic liquid concentrations in the organic phase varied from 0 to 120 g/L,
while the initial concentration of AA in the aqueous phase was 10 g/L
(initial aqueous phase pH 4). During the extraction, the aqueous phase’s
pH value was adjusted to range from 2 to 6, being modified by using
solutions of 4 % sulfuric acid or sodium hydroxide employing the in-
dications of the digital pH meter (CONSORT C 836). The process was
analysed based on extraction efficiency and distribution coefficient,
calculated using the mass balance based on the AA concentration.

The distribution coefficient can be defined as the ratio between
adipic acid concentration in the extract–organic phase, [AA]org, and its
concentration in the raffinate (exhausted aqueous phase), [AA]aq at
equilibrium.

D =
[AA]org
[AA]aq

(1)

Extraction efficiency can be defined as the ratio of AA concentration
in the extract ([AA]org) to the AA concentration in the initial aqueous
phase [AA]in:

E =
[AA]org
[AA]in

*100, % (2)

AA concentration in the aqueous phases was measured by the high-
performance liquid chromatography technique (HPLC). For this pur-
pose, an UltiMate 3000 Dionex HPLC system was equipped with a
Hypersil Gold column. The system operated with a mobile phase con-
sisting of 35 % acetonitrile and 65 % sodium phosphate, with a flow rate
of 0.75 ml/min. Detection at 210 nm was used.

2.2. Modelling and optimisation

A successful neuro-evolutionary approach is based on a foundation of
high-quality experimental data. This data informs and shapes the pre-
dictive effectiveness of the resulting models, the entire modelling and
simulation process starting with the acquisition of experimental data
that includes variables and conditions observable in adipic acid sepa-
ration processes. However, the need for extensive data for the ANN
training in general and the neuro-evolutive approach, in particular,
cannot always be met by experimental data due to the high limitations
imposed by time and resources (experienced researchers, laboratory
setup, chemicals consumed). As such, a data interpolation strategy is
applied in this work. The objective is to extract information from a
combination of two parameters while keeping the others fixed and
applying an order three logistic regression approach. In this manner,
from 32 experiments, a set of 298 points were extracted. After that, this
data undergoes a series of preprocessing steps, pivotal for enhancing the
signal-to-noise ratio and ensuring the relevance of the information that
will be subsequently used. Normalisation standardizes the scale across
different inputs while outlier detection and removal preserve the
integrity of the dataset. These preprocessing techniques are essential to
identifying an optimal neural network architecture that can effectively
generalize unseen data. In this work, the normalization procedure
applied in Min-Max [44] and a dataset analysis indicated no significant
outliers.

Next, the data is partitioned into training and testing sets, a strategy
indispensable for evaluating the generalization capabilities. The training
set is used for the development of the ANNs and for generating the
fitness function used by the DE algorithm to refine the structure and
parameters iteratively. The validation set provides an unbiased assess-
ment of the model’s generalization capability. After initially generating
a set of potential solutions (represented by encoded network

parameters), DE is used to refine and optimize the architecture while the
Adam optimizer performs the training procedure [45]. This phase is
pivotal, as it aims to fine-tune the varied parameters − neural weights,
biases, and network topology − to converge on an optimal solution that
maximizes separation efficiency. With each iteration, DE explores the
search space, adjusting and recalibrating the parameters in pursuit of the
most advantageous configuration for the best model that fits the
problem.

The genetics of the initial population set the stage by providing a
varied base from which advantageous traits can emerge. The mutation
step introduces necessary randomness, safeguarding the evolutionary
trajectory from stagnation. There are various mutation strategies for the
DE algorithm, among which DE/2/best was selected. This case uses two
differential terms, and the current generation’s best solution represents
the base individual. The crossover step, synonymous with recombina-
tion in biological contexts, propagates favorable traits and introduces
novel network topologies, thereby maintaining diversity within the
population. The selection step influences the convergence rate and
prevents maturation from local minima. A greedy procedure is applied
based on the fitness function (represented by Mean Squared Error). The
delicate interplay between these components governs the adaptive ca-
pacity of neuro-evolutionary systems, ultimately impacting the perfor-
mance and generalizability of the models developed for intricate tasks
such as the separation of adipic acid. Since the steps of the algorithm are
controlled by parameters, in order to ensure that they are the best fit for
the problem at hand, they are included in the algorithm. They are
simultaneously evolved with the individuals (this is known as self-
adaptation). In order to ensure tight integration of DE with ANNs, due
to the particularities of each approach, an encoding procedure is
required to translate the ANN parameters (phenotype) into structures
that DE can evolve (genotype). This work applies a direct encoding,
where there is a direct link between genotype and phenotype. Moreover,
a limit on the maximum allowed topology (maximum of five hidden
layers, each with a maximum of 20 neurons) is set to limit the search
space to an acceptable area (in correlation with the available data). After
the best ANN model for the considered process is determined, the next
step consists of identifying the process conditions that lead to a maxi-
mization of extraction efficiency. This step is performed using the pre-
viously determined model and the DE algorithm. In the case of model
optimization, the potential solutions were represented by encoded
neural networks; for process optimization, the solutions are represented
by the combination of process parameters. As such, the limitations for
the solutions change to the characteristics of the process conditions, as
obtained during the experimental phase. The other parameters of DE
remain unchanged. Fig. 1 presents the general schema of the proposed
approach. The code for the resulting model and the script for loading
and using it are available at https://elenadragoi.ro/CV/Documents/ad
ipic_acid_model.7z. The Python source code that implements the
modelling and optimization strategy and that was used to determine the
models detailed in this work is available at https://elenadragoi.ro
/CV/Documents/ANNOptimizer.7z.

3. Results and discussions

3.1. Experimental

The solute’s physical and chemical characteristics (hydrophobicity,
acid-base properties), the extractant’s properties (reactivity, ability to
form hydrophobic compounds with the solute), and the conditions of the
separation (pH, temperature, mixing intensity, concentration level,
contact time, kinetics, phase ratio, etc.) all affect the effectiveness of the
reactive extraction. These parameters must be balanced and optimized
according to the particular system and desired results to reach an
effective reactive extraction.

Reactive extraction relies heavily on the selection of extractants and
solvents. To enable simple separation and the required extraction
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efficiency, they should have appropriate physical and chemical prop-
erties, be environmentally benign, and be immiscible with the aqueous
phase. The solubility and partitioning behavior of AA are impacted by
organic phase selection, which in turn impacts the extraction efficiency.
Ionic liquids may be more environmentally friendly than traditional
organic systems, but to ensure sustainable use, it is imperative to care-
fully analyze their features, application requirements, and environ-
mental impact. In order to find an appropriate extractant for adipic acid
separation five hydrophobic ionic liquids were considered: (trihexyl-
tetradecyl-phosphonium bis(2,4,4-trimethylpentyl) phosphinate,
[P6,6,6,14][Phos]; trihexyl-tetradecyl-phosphonium decanoate, [P6,6,6,14]
[Dec]; 1-octyl-3-methyl-imidazolium-hexafluorophosphate, [C8mim]
[PF6]; 1-hexyl-3-methyl-imidazolium-hexafluorophosphate, [C6mim]
[PF6]; 1-butyl-3-methyl-imidazolium-hexafluorophosphate, [C4mim]
[PF6]), based on their properties (water immiscibility and prior used in
reactive extraction systems). The results, presented in Fig. 2, prove that
only phosphonium ILs can efficiently extract adipic acid from diluted
aqueous solutions, due to their superior basicity over imidazolium ILs.
These ILs were chosen because of their hydrophobic nature, which
renders them practically insoluble in aqueous solutions and facilitates
their separation. The most effective ILs, phosphonium-based ILs, have
previously been applied in industrial processes and are less costly and
more stable than their imidazolium-based equivalents.

High viscosity ILs (319 cP for [P6,6,6,14][Dec] and 805 cP for
[P6,6,6,14][Phos] [27]) can generate difficulties for equipment design
and operation as well as for extraction performance.

In light of these results, the analysis of the two more effective hy-
drophobic ionic liquids ([P6,6,6,14][Phos] and [P6,6,6,14][Dec]) at
different concentrations was conducted for AA extraction. The ILs cho-
sen for AA extraction are hydrophobic. [P6,6,6,14] ILs, in particular, are

immiscible with water: The solubility at room temperature (20 ± 1 ◦C)
for tri-hexyl-tetra-decyl-phosphonium decanoate [P6,6,6,14][Dec], was
determined to be 8.7 ± 0.2 mg/L and for tri-hexyl-tetra-decyl-
phosphonium bis(2,4,4-trimethylpentyl) phosphinate, [P6,6,6,14][Phos],
12.6 ± 0.3 mg/L [46]. The ILs were dissolved in heptane to decrease
their high viscosity and to reduce the economic impact, as the price for
ionic liquids is higher than that of heptane. The organic solvent (hep-
tane) was chosen for its water insolubility, low toxicity, low density,
slow evaporation rate, low boiling point, and relatively low price. The
highest extraction efficiency (Fig. 3) was recorded in the case of
[P6,6,6,14][Phos] dissolved in heptane, 97.55 %, similar to other results
obtained in literature for the reactive extraction of folic acid [16] and
ascorbic acid [17]. As mentioned before, in order to extract adipic acid
from aqueous solutions, Riveiro et al. (2020) investigated two hydro-
phobic TOPO-based deep eutectic solvents: TOPO-DecAc and TOPO-
DodecAc (decanoic or dodecanoic acids). The experimental results
revealed inferior extraction efficiency values for TOPO-DecAc and
TOPO-Dodec at an initial concentration of 10 g/L: 84.58 % and 83.14 %,
respectively, compared to 97.67 % for TOPO [25].

The main stage in the reactive extraction of adipic acid by an ILs
extractant is the formation of an acid: ILs complex that is soluble only in
the organic phase. In order to analyze the extraction mechanism for AA,
the loading factor ([AA]org/[IL]org) was calculated (Table 1). The results
show a substantial decrease in the loading factor with the increase in
extractant concentration, correlated with a higher distribution coeffi-
cient. This variation and the values lower than 1, are consistent with no
overloading in the formation of the complex, indicating the formation of
an equimolecular complex involving only one molecule of both AA and
ionic liquid.

The extraction mechanism for ILs containing hydrophobic anion

Fig. 1. Modelling strategy.

Fig. 2. Effect of ionic liquids on adipic acid extraction efficiency. Fig. 3. ILs concentration influence on AA extraction efficiency.
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often involves the formation of H-bonds between the ionic liquid and the
undissociated form of the organic acid (Fig. 4). The undissociated acid
forms an H-bond to the binding sites in the anion of the IL (the oxygen
from bis(2,4,4-trimethylpentyl) phosphinate − [P6,6,6,14][Phos] or from
decanoate − [P6,6,6,14][Dec]).

The proposed extraction mechanism is supported by the dependence
between the separation yield and the pH value of the initial aqueous
solution of AA. According to Fig. 5, for both studied extractants, the
reactive extraction efficiency increases continuously in the pH range
2–4, reaching its maximum value around pH=4, decreasing then. This
variation of the extraction yield could be explained by the dissociation of
the AA carboxylic groups, which promotes or avoids the formation of
internal H-bonds, directly affecting the interfacial chemical reaction of
acid with the extractants. The aqueous phase pH has a very important
effect on extraction efficiency as it controls the acid dissociation:

HOOC–(CH2)4-COOH(aq) ↔ HOOC–(CH2)4-COO-
(aq) + H+, pKa1 = 4.41

HOOC–(CH2)4-COO-
(aq) ↔ –OOC-(CH2)4-COO-

(aq) + H+, pKa2 = 5.41

In reactive extraction, AA can interact with the extractant in one of
two ways: by hydrogen bonding when it is present as an undissociated
molecule or by the formation of ion pairs when AA is present as a
dissociated molecule (pH>pKa). Moreover, the pH of fermentation
broth varies as acid is produced [18]. Thus, it becomes important to
study the influence of the pH on extraction. From the cost perspective, it
is beneficial if the separation is realized at a pH close to the one used in
the fermentation process, preferably around the pKa of the acid, to avoid
the formation of salts when a base is added to maintain the pH thereby
reducing the cost of downstream processing. For adipic acid, the
preferred process pH would then be lower than 4, since adipic acid has a
pKa of 4.41 (first carboxylic group) and 5.41 (secondary carboxylic
group).

For pH values below 4, both carboxylic groups of AA are undissoci-
ated, thus allowing the establishment of internal H-bonds with the for-
mation of stable cyclic isomers [47]. This chemical configuration of AA
does not allow it to react with the extractants. By increasing the pH, the
dissociation of AA carboxylic groups is occurring. The anionic forms of

–COOH groups are also involved in forming internal H-bonds, but the
cyclic structure is unstable, and the acid can easily react with ILs. Due to
the important dissociation of the AA at a higher pH domain, the inter-
facial reaction is not possible, and the extraction yields become lower
than 10 %.

In order to attain optimal extraction efficiency and provide the
largest extraction yield while preserving the process’s viability and cost-
effectiveness, one crucial parameter that may be adjusted is the contact
time. According to the experimental results (Fig. 6), increasing the
contact time improves the efficiency of reactive extraction for AA within
5 min and then stays essentially unchanged. This rapid extraction is
caused by an increase in interfacial area that results from intense mixing
and reactants being available at the interface in vicinal aqueous and
organic regions.

3.2. Modelling and optimization

Once the data was gathered and pre-processed, it was fed into the
modelling and optimization procedure detailed in Section 2.2. The
implementation was performed in Python and used the TensorFlow and
Keras frameworks. The type of ANN considered was Sequential with
Dense layers, with a kernel L1 regulation rate of 0.01 applied per each
hidden layer. The types of neurons in the hidden layer were Relu and
Linear for the output layer. The training procedure was performed using

Table 1
Loading factor and distribution coefficient values obtained for ILs in heptane.

[P6,6,6,14]
[Dec], M

D Loading
factor

[P6,6,6,14]
[Phos], M

D Loading
factor

1 0.03 0.50 0.69 0.02 0.69 0.97
2 0.06 1.62 0.63 0.05 1.62 0.73
3 0.09 3.70 0.53 0.07 1.94 0.52
4 0.12 8.45 0.45 0.10 6.82 0.52
5 0.18 19.38 0.32 0.15 10.67 0.36

Fig. 4. Reactive extraction system for adipic acid using [P6,6,6,14][Phos] ionic liquid.

Fig. 5. Aqueous phase pH influence on AA extraction efficiency.
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the Adam optimizer, with a 0.05 learning rate. A validation split of 0.2
was applied in the training phase. The starting values for the DE pa-
rameters F and CR were 0.5. The total number of generations was set to
30.

After applying the optimization procedure, the best model obtained
had one hidden layer with 20 neurons. The topologies were closely
monitored during the evolutionary process, and the best solutions per
iteration had hidden layers that varied between 1 and 3. This indicates
that a simple network can capture its dynamic efficiently for the
considered process. The statistical indicators that show the performance
of the best model are for the training phase: explained variance score
0.98, mean absolute error 1.94, mean squared error 8.88, mean absolute
percentage error 0.052, coefficient of determination 0.979 and for the
testing phase: explained variance score 0.97, mean absolute error 1.91,
mean squared error 7.49, mean absolute percentage error 0.082, coef-
ficient of determination 0.974. In total, the number of trainable pa-
rameters was 161. A comparison between the initial testing values and
the predicted ones is presented in Fig. 7.

As can be observed from Fig. 3, the differences between the experi-
mental and predicted values are small for the majority of exemplars.

This indicates that the model has a good generalization capacity and
can, therefore, be used in the process optimization phase. Moreover, a
sensitivity analysis based on the SHAP module was applied to determine
the influence of inputs (process parameters) on the removal efficiency
(Fig. 8).

In Fig. 8, the importance of the inputs is set from the highest to the
lowest. IL indicates the concentration of the extractant ([P6,6,6,14][Dec]
and [P6,6,6,14][Phos] indicates the type of the extractant). Since the
extractant type is categorical, it was considered an input based on a one-
hot encoding. As can be observed, the extractant concentration is the
most influential parameter, with higher values positively influencing the
extraction performance. pH is the second most influential parameter,
and higher values tend to negatively influence extraction performance.
Concerning the type of extractant, [P6,6,6,14][Dec] tends to have a higher
impact on the output than [P6,6,6,14][Phos]. However, in terms of output,
the presence of [P6,6,6,14][Phos] tends to lead to a slightly higher
extraction efficiency. The SHAP analysis indicates that lower tempera-
tures increase extraction performance, while a significant trend was not
observed for time.

The next step consisted of the identification of the best combination
of process parameters that lead to a maximization of extraction effi-
ciency. Table 2 presents a series of combinations obtained during this
stage. Because the DE algorithm can find multiple solutions near the
optimum, Table 3 contains only the ones with a significant difference.

As can be observed, most solutions consider [P6,6,6,14][Phos]. For
[P6,6,6,14][Dec], the best solution revolves around 60 % efficiency at
higher temperatures but lower IL concentrations compared with
[P6,6,6,14][Phos]. Forcing the optimization to focus only [P6,6,6,14][Dec]
also identifies reasonable solutions (Table 3). However, in this case, the
prediction goes slightly over 100 %. This can be explained by the error
induced by the model, and in all situations where the predicted effi-
ciency is > 100 %, it can be considered a maximum of 100 %.

The next step involved experimentally validating some of the ob-
tained optimization conditions. The results are presented in Table 4,
where No is correlated with the experimental conditions in Table 3. The
validation data is slightly lower compared with the predictions over 100.

4. Conclusions

This work studied a novel extraction system with hydrophobic ILs as
an effective extractant for separating adipic acid from aqueous solutions.
The results showed that the extraction efficiency for AA was maximum
when [P6,6,6,14][Phos] was used as the extractant with the following

Fig. 6. Contact time influence on AA extraction efficiency.

Fig. 7. Comparison between the experimental and predicted values in the testing phase.
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optimal extraction conditions: 5 min contact time, 30 ◦C temperature,
and 120 g/L ionic liquid dissolved in heptane. The process was modelled
and optimized using a neuro-evolutive approach combining ANNs and
DE. A sensibility analysis on the best model obtained (with a coefficient
of determination of 0.974 in the testing phase) indicated that IL and pH
have the highest influence on the process output. In the optimization
phase, the search is directed by the extractant type, and the best process
conditions when no limits are imposed focus on [P6,6,6,14][Phos].
Nevertheless, when a limit on the extractant type was set to [P6,6,6,14]
[Dec], the DE algorithm could find good solutions, pointing out its ca-
pacity to efficiently explore the search space and identify near optimum
solutions. The process can be efficiently simulated using the proposed
approach and the obtained model, and predictions in different condi-
tions can be used to extract meaningful information.
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Abstract

Mupirocin (a mixture of A, B, C, and D pseudomonic acids—four complex,

similar structures) is an antibiotic belonging to the monocarboxylic acid class,

used to cure infections caused by bacteria (Gram-positive), especially

methicillin-resistant Staphylococcus aureus (MRSA). Its biotechnological pro-

duction and separation need constant attention, as improving antibiotics is

important in the pharmaceutical industry. This is the first study regarding

pseudomonic acids separation through reactive extraction; the experiments

were focused on finding a proper combination of extractant and diluent for

optimization of the separation yield. The pH influence (4–9) and extractant

(TOA and Amberlite LA-2, 5–20 g/L) concentration dissolved in n-heptane

(green solvent) have been analyzed, obtaining the maximum extraction yield

(88.78%) at pH 4, 20 g/L extractant, and 10% octanol added to the organic sol-

vent. The addition of the phase modifier, 1-octanol, improved the extraction

yield by 2.6 times for Pseudomonic acid A due to interactions of formed com-

plexes with the phase modifier that improves its solubility. The experimental

results for determining the mechanism of the interfacial reaction showed that,

regardless of the pH value and solvent polarity (modified by the addition of

1-octanol), only one molecule of Pseudomonic acid A and extractant react at

the aqueous-organic interface. In addition, the system was modelled and opti-

mized with a methodology combining artificial neural networks (ANN) and

differential evolution.

KEYWORD S

mathematical modelling, mupirocin, octanol, separation, solvent extraction

1 | INTRODUCTION

Mupirocin is a topical antibiotic that acts by inhibiting
protein synthesis in Gram-positive bacteria used to treat
superficial infections of skin and soft tissue. It is pro-
duced as a mixture of four similar pseudomonic acids: A,

B, C, and D (Figure 1), through biosynthesis, using Pseu-
domonas fluorescens NCIMB 10586 bacterium. The basic
structure of pseudomonic acids, that implies a monic acid
containing a pyran ring, connected through an ester link-
age to 9-hydroxynonanoic acid, is different from other
antibiotics.[1,2]
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Mupirocin is produced by biosynthesis as a mixture of
these four very similar compounds (Table 1) in different
proportions: maximum 90% Pseudomonic acid A, 8%
Pseudomonic acid B, 2% Pseudomonic acid C, and 2%
Pseudomonic acid D; but for different growth conditions
(including culture media) these proportions could vary
(Pseudomonic acid B could reach up to 61%[1,3]). Pseudo-
monic acid A is responsible for most of the antimicrobial
activity; the three minor metabolites share a similar spec-
trum, but their specific activity—especially that of Pseu-
domonic acid B—is considerably weaker.[4]

There are several reported methods for the recovery of
mupirocin from fermentation broth that implies the
removal of the biomass by centrifugation followed by the
supernatant processing for mupirocin separation by liquid–
liquid extraction or precipitation.[5–7] However, these sepa-
ration methods imply multiple steps and high cost and
energy consumption. This, correlated to the presence of
various impurities and low concentration of mupirocin in
the fermentation broths, necessitates the development of
an effective, economic, and clean separation technique in
order to obtain industrial feasible process.

In order to optimize the downstream part of several
bioprocesses, an innovative approach, namely reactive
extraction, was proposed by researchers as a selective route
for the separation of bio-products in low concentration
from a complex mixture.[8–14] The reactive extraction com-
bines in one single unit operation the liquid–liquid extrac-
tion and a chemical reaction (which can lead to process
intensification) and involves two immiscible phases: the
aqueous phase that contains the product (mupirocin) and
the organic phase that contains the extractant. The key
stage of the process is the formation of a hydrophobic and

reversible complex between the solute (mupirocin) and
the extractant, the first being recovered from the complex
by a stripping step with a dilute basic solution. The separa-
tion technology by reactive extraction is easily industrial-
ized with relatively low energy consumption, but the
selection of a good solvent is extremely important. An
appropriate solvent needs to fulfil the following require-
ments[8,12–15]: suitable distribution ratios and immiscibility
with the aqueous phase (viscosity and interfacial tension
of two phases should be low), good recyclability, and envi-
ronmental benignity to ensure economically feasible pro-
cesses. There are several types of commercially available
extractants (organophosphorus compounds or high molec-
ular weight aliphatic or aromatic amines), but for antibi-
otics with a carboxylic group in their structure, higher
extraction degrees are obtained for high molecular amines.
Their efficiencies are supplemented with other advantages
such as lower price and the improved ability to form com-
plexes with carboxylic groups (higher affinity for carbox-
ylic groups offer higher selectivity over other nonacidic
components in the initial mixture).[14–16] These amines,
often with high viscosity and low solvation ability, need to
be used in order to improve the conditions and extraction
efficiency in mixtures with an organic diluent; it is of great
importance to find environmentally friendly ones. Ionic
liquid extractants of improved safety, toxicological, and
ecological characteristics (non-flammable, non-volatile,
high thermal stability),[17] have been proposed as promis-
ing substituents in numerous processes, but their viscosity,
ranging from 10–500 mPa s at room temperature (20–
25�C), could be a drawback for their use as extractants.

Several carboxylic acids have been separated using
ionic liquids obtaining higher extraction ability compared
with the traditional solvents: nicotinic acid,[10] acetic
acid,[18] and formic acid.[19] Caproic acid has been sepa-
rated through reactive extraction using non-toxic green dil-
uents (sunflower and soybean oils) with tributyl phosphate
(TBP) as extractant, with better results (97.10% extraction
efficiency) being obtained for sunflower oil at low tempera-
ture.[20] For the separation of itaconic acid, tri-n-
butylphosphate and a quaternary amine (Aliquat 336) were
used in sunflower oil, with superior values (76.62% com-
pared to 36.17%) being reached for Aliquat 336.[21]

Based on the above discussion, in the present study,
n-heptane (classified as a green solvent[22]) was used as

FIGURE 1 The pseudomonic acids chemical structure (R = H

for Pseudomonic acid A; R = OH for Pseudomonic acid B; R = H,

olefin C-10,11 for Pseudomonic acid; R = H, olefin C-40, 50 for
Pseudomonic acid D)

TABLE 1 Properties of

pseudomonic acids, Tucaliuc et al.[3]
Pseudomonic acid Molecular formula Molecular weight (g/mol) pKa

A C26H44O9 500.629 4.83

B C26H44O10 516.62 4.83

C C26H44O8 484.63 4.76

D C26H42O9 498.613 4.83
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diluent while lauryl tri-alkylmethylamine (Amberlite
LA-2) and tri-octylamine (TOA) were used as extractants.
In order to improve the extraction efficiency while using
n-heptane, 1-octanol was added in the diluent as phase
modifier, its main purpose being to increase the solvent
polarity (by increasing the organic-phase polarity,
1-octanol facilitates the solubilization of polar molecules
and therefore enhances the separation of pseudomonic
acids) and to minimize the formation of the stable third
phase (emulsion) that appears during reactive extraction.
For liquid, physical, and reactive extraction, 1-octanol is
one of the most used solvents (especially for carboxylic
acids) and can be considered a suitable replacement for
chlorinated solvents like 1,2-dichloroethane.[23,24] It is an
environmentally friendly compound with applications as
a flavouring agent in food and cosmetic products.[24,25]

The results were discussed regarding separation yield and
distribution coefficient, the extraction conditions were
analyzed, and the extraction mechanism was discussed.

Furthermore, the mupirocin extraction process was
modelled and optimized to determine the conditions that
lead to the maximum extraction yield obtained for Pseudo-
monic acid A with the higher antimicrobial efficiency and
the minimum extraction yield for the secondary pseudo-
monic acids. The methodology used to achieve this objec-
tive is represented by a modified differential evolution
(DE) algorithm and artificial neural networks (ANNs). The
strategy is called hSADE-NN[26] and was initially developed
for modelling some gaseous streams’ depollution process.
Due to its flexibility, it can be adapted and efficiently used
to model and/or optimize other types of processes, being
successfully applied for modelling the polycyclic aromatic
hydrocarbon formation in grilled meat products,[27] for
modelling of aqueous mixtures of poly (ethylene glycol)
transport and thermodynamic and thermophysical
properties,[28] and for modelling and optimization of the
UV/peroxydisulfate process used for acid blue
193 removal.[29] Also, similar strategies combining DE and
ANNs were successfully applied for biotechnological
processes,[30–32] indicating that the combination of these
two algorithm is also suitable for these types of systems.

To the authors’ knowledge, this is the first complete
study (experimental, modelling, and optimization) on reac-
tive extraction of pseudomonic acids from aqueous solution.

2 | MATERIALS AND METHODS

2.1 | Chemicals

All chemicals were purchased from Sigma Aldrich and
used as received without further treatment, that is,
mupirocin (99%) as solute, heptane (99%) as solvent,

1-octanol (99%) as phase modifier, sodium hydroxide
(>97%) and sulphuric acid (95.0–98.0%) for pH modifica-
tions, and TOA (99.6%) and Amberlite LA-2 (99%) as
extractants.

2.2 | Extraction experiments

Reactive extraction experiments for mupirocin separation
were realized using an extraction column with vibratory
mixing that can rapidly achieve steady state and provides
a high interfacial area.[16] The glass extraction column
has an inner diameter of 3.6 cm and 25 cm height, fitted
with a thermostatic jacket for temperature control. For
the mass transfer, the aqueous and organic phase
(in equal volumes) were thoroughly mixed using a mixer
consisting of a perforated 45 mm diameter disk with 20%
free section (maintained at the initial interface between
the two phases) that operated at 5 mm and amplitude
50 s−1 frequency. The time for each extraction experi-
ment was 1 min and the phase’s separation was done at
6000 rpm in a centrifugal separator. All the extractions
were realized at 25 ± 0.02�C and were performed at least
in duplicate.

The initial pseudomonic acids concentration in the
aqueous phase was 0.0265 g/L (5.3 � 10−5 mol/L), with
the following proportions: 90.2% Pseudomonic acid A,
5.82% Pseudomonic acid B, and 1.98% Pseudomonic acids
C and D. The two aminic type extractants, Amberlite
LA-2 and TOA, were dissolved individually in the organic
solvent (n-heptane) with concentrations varied between
0–20 g/L (0.06 mol/L). The aqueous phase pH varied
between 4–9, adjusted with a solution of 3% sodium
hydroxide and 3% sulphuric acid, using the digital pH
meter (CONSORT C 836).

2.3 | Analytical procedures

The extraction process was analyzed using the distribu-
tion coefficient and the extraction efficiency (the ratio
between mupirocin concentration in the solvent and its
concentration in the initial aqueous phase, %), calculated
using the mass balance for the extraction system based
on the pseudomonic acids concentration in the aqueous
and in the exhausted solutions measured by a high per-
formance liquid chromatography technique (HPLC), a
method that allows for simultaneous quantification of
Pseudomonic acids A, B, and C.[33] For this purpose, an
UltiMate 3000 Dionex HPLC system was used with an
Acclaim 120 C18 column (4.6 mm diameter, 150 mm
long) and a UV detector set at 230 nm. The mobile phase
with a flow rate of 0.8 ml/min was composed of 60%
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0.05 mol/L ammonium acetate (modified with acetic acid
to pH 5.0) and 40% acetonitrile. The determinations were
done at 25�C.[33]

2.4 | Modelling and optimization

For modelling the mupirocin’s extraction, in this study
an algorithm hSADE-NN[26] was applied. It combines a
modified version of DE[34]—a population-based, bio-
inspired metaheuristic optimizer inspired by the Darwin-
ian principle of evolution—with ANNs (mathematical
representation of the functioning of the mammalian
brain). In the hSADE-NN approach, DE represents the
optimizer that determines the ANNs’ parameters
(by performing a simultaneous structural and internal
parameter optimization), while the model of the process
being analyzed is represented by the ANN. A simplified
schematic of the hSADE-NN approach is presented in
Figure 2.

As can be observed in Figure 2, DE is helped by three
additional algorithms: opposition-based principle (which
is applied at the initialization level) and local search and
backpropagation (which have the role of improving the
best-so-far found solution). In addition to these three
modifications, another alteration to the base DE algo-
rithm is represented by the introduction of the self-
adaptation (where the parameters of the DE are included

into the algorithm itself and adapted in accordance with
the search space of the problem being solved). More
details about the inner workings of the DE improvements
made in hSADE-NN can be found in the results obtained
by Curteanu et al.[26]

Depending on the problem being solved (process
modelling or process optimization), the workflow of data
from the process to the ANN and DE is different. In cases
of process modelling, based on the process parameters,
first the general topology of the ANN is determined in
the form of inputs and outputs. Then, based on the user
settings, all the remainder parameters representing the
ANN (number of hidden layers and neurons in each
layer, weights, biases, activation functions and their
parameters) are encoded into a collection of real values
and sent to DE.

Through a repetitive process, DE optimizes the
ANN parameters so that the difference between the pre-
dictions generated by the ANN and the experimental
data is at a minimum. Once optimized, the parameters
are sent to the ANN and further process predictions can
be generated. In cases of process optimization, DE uses
the predictions generated by the model previously
determined and uses the same repetitive process to opti-
mize the process parameters in accordance with the
specifics of the process (minimization, maximization,
or a combination of minimum and maximum for spe-
cific outputs).

FIGURE 2 Simplified schema of the hSADE-NN algorithm
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3 | RESULTS AND DISCUSSION

3.1 | Experimental analysis on reactive
extraction

3.1.1 | The pH-value dependence

Pseudomonic acids have a complex structure (Figure 1,
Table 1) with one carboxylic group and a theoretical pKa
value between 4.76 (Pseudomonic acid C) and 4.83
(Pseudomonic acids A, B, and D).[3] Mupirocin is a mild
acid, but the antibiotic activity in aqueous solutions is
pH-dependent; the activity is maintained only between
pH 4–9 (at pH 1, the antibiotic suffers molecular
rearrangements in only 30 min, while at pH 13 only 30%
of the compounds are degraded), so the extraction experi-
ments were performed in this interval.

The following parameters strongly influence the reac-
tive extraction efficiency: the amine basicity and the pKa
of the pseudomonic acid, the extractant and acid initial
concentration, steric hindrance, aqueous phase pH, and
solvent type. The pH impact on the reactive extraction is
presented in Figure 3; the results showed that pseudo-
monic acids are extracted with higher yields at acidic
pH. This suggests that hydrogen bonding is the dominant
interaction between pseudomonic acids and the aminic
extractants, results that are in accordance with findings
for the reactive extraction of other carboxylic acids, such
as muconic acid, protocatechuic acid, and 2-ketogluconic
acid.[11,35–37]

As can be noted from Figure 3, the variation of the
extraction efficiency with the pH suggests that the
extractant nature exhibits less influence on the separation
performance compared to the solvent polarity.

(A) (B)

(C) (D)

FIGURE 3 pH influence on the mupirocin extraction using Amberlite LA-2 and TOA (■—Pseudomonic acid A, ●—Pseudomonic

acid B, ▲—Pseudomonic acid C)
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In all systems, the reactive extraction efficiency
decreases with the pH increase, suggesting hydrogen
bond formation between pseudomonic acids and the
amines, requiring that the first would be in un-
dissociated form (the molecular form of pseudomonic
acids is selectively extracted in the organic phase while
the dissociated form remains in the aqueous phase). At
pH value equal to acid’s pKa, half of the pseudomonic
acids quantity is dissociated, and the increase of the pH
generates complete dissociation that will induce a more
accentuated decrease of the extraction yield.

For the considered domain of pH values, the opti-
mum pH for reactive extraction was found to be 4, for all
systems analyzed, favourable both for the separation and
for the stability and maintaining of antibacterial activity
of the antibiotic. In n-heptane, pseudomonic acids are
insoluble, so the reactive extraction with long chain
amines occurs through a reaction that occurs at the
organic/aqueous interface, followed by the resulting com-
plex diffusion in the organic phase.

The 1-octanol (dielectric constant at 25�C: 10.3[38])
addition in heptane improved the extraction efficiency
(by 2.5–3.3 times), by improving the solvation of the acid-
amine complex, similar to other compounds
(2-ketogluconic,[16] and fumaric,[24] acetic, formic, and
lactic acid[39]), due both to enhancing the polarity of the
organic phase, and to the extraction capacity of
1-octanol’s hydroxyl groups being able to react with pseu-
domonic acid through hydrogen bonds:

n-heptane:

Mup-COOH + HN-ALA2 ↔ Mup-COO-H---+NH-ALA2 

(R1)

n-heptane with 1-octanol:  

Mup-COOH + HN-ALA2 + HO-(CH2)7-CH3↔ Mup-C-O-H---+NH-ALA2

  O---HO-( 2C )7H -CH3 

         O---HO-(CH2)7-CH3

Mup-COOH + N-TOA + HO-(CH2)7-CH3↔ Mup-C-O-H---+N-TOA

(R2)

Similar to the results published by Gorden et al.[11] and
Canari and Eyal[8] for carboxylic compounds (muconic,
succinic, lactic), the complex solute-extractant is formed
based on hydrogen bonds between the hydrogen atom
from the hydroxyl group of the pseudomonic acids and
the central nitrogen atom of the amine (negative polar-
ized). The H bond formation is easier for a higher nega-
tive polarization of the nitrogen atom, which is
influenced both by the number and length of the carbon
chains, the latter with higher influence. This could
explain the better results obtained when Amberlite LA-2
(secondary amine) was used rather than TOA (tertiary
amine), due to superior density of amine groups, the less
steric hindrance around the reactive amine group, and
secondary amines’ higher basicity. Taking this into

account, the extractant concentration influence was ana-
lyzed for Amberlite LA-2 only.

3.1.2 | Amine concentration dependence

The extractant concentration’s influence on the separation
efficiency is presented in Figure 4 and shows that there are
significant improvements in extraction yield with the
increase in Amberlite LA-2 concentration in the n-heptane
(0–0.06 mol/L), over the stoichiometric ratio (the pseudo-
monic acids’ concentration was 5.3 × 10−5 mol/L). This
effect can be attributed both to the increase of the acid-
amine complex hydrophobicity and its enhanced solvation
by extractant molecules. The addition of the phase modi-
fier, 1-octanol, for the same amine concentration substan-
tially improved the extraction yield (from 33.45% to 88.78%
for Pseudomonic acid A), due to interactions of the
mupirocin-Amberlite LA-2 complexes with the phase mod-
ifier (1-octanol) that improves its solubility. It also facili-
tates phase separation and, by influencing the extractant
basicity, modifies the stability of the complex formed.[37]

For low amines molecular concentration in heptane,
the addition of 1-octanol inhibited the formation of the
third phase (stable emulsion which is difficult to sepa-
rate), similar to other acidic compounds.[11,36,37,40]

3.1.3 | Reactive extraction mechanism

The recovery of pseudomonic acids using amines
extractant, Q, by the formation of a complex through
hydrogen bonding in an interfacial reaction, can be rep-
resented as follows:

MUP−COOHðaqÞ+n QðoÞ $MUP−COOHQn ðoÞ ðR3Þ

For mupirocin, the distribution coefficient, D, is calculated
using Equation (1), the ratio between total concentrations of
mupirocin in the organic phase and in the aqueous raffinate:

D=
MUPCOOHQn oð Þ
� �
MUPCOOH aqð Þ
� � ð1Þ

The equilibrium constant is calculated using
Equation (2), taking into account the interfacial balance:

KE =
MUPCOOHQn oð Þ
� �

�MUPCOOH aqð Þ
� �

Q oð Þ
� �n ! MUPCOOHQn oð Þ

� �

=KE � �MUPCOOH aqð Þ
� � � Q oð Þ

� �n ð2Þ

The concentration of un-dissociated acid from the
aqueous phase can be calculated using Equation (3),
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considering its total concentration in the aqueous phase
and the dissociation constant, Ka:

MUP−COOH aqð Þ
� �

=
�½MUP−COOH aqð Þ�

1+ Ka
H +½ �

ð3Þ

Using Equations (1)–(3), the distribution coefficient
(D) equation takes the following form:

D=KE �
Q oð Þ
� �n
1+ Ka

H +½ �
ð4Þ

Using Equation (4) under logarithmic form, the equation
of a straight line can be attained (Equation (5)), by whose
graphic representation the number of extractant mole-
cules (n) that are involved in the formation of the
mupirocin-extractant complex (from the straight line
slope) and the extraction constant, KE (from the straight
line intercept), can be determined:

lnD− ln 1+
Ka

H +½ �
� �

= lnKE + ln Q oð Þ
� � ð5Þ

According to Figure 5 (graphical representation of Equa-
tion (5)), the number of aminic extractant molecules
involved in the mupirocin-Amberlite LA-2 complex is
1 (Table 2), both in the presence and in the absence of
1-octanol, but the values of the extraction constant
(Table 2) are influenced by the organic phase polarity
(increased by 1-octanol addition in n-heptane).

These results indicate that, regardless of the pH value
and the polarity of the solvent, one molecule from each
component of the extraction system participates in the
interfacial reaction. However, from Figure 4 it can be
noted that in order to obtain high extraction yield, the
amine concentration in the organic mixture need to be
much higher than the stoichiometric need for the reac-
tion with pseudomonic acids. At higher concentrations
of Amberlite LA-2, the Pseudomonic acid A extraction
was significantly improved (Figure 4), especially when
octanol was added to the inactive diluent, n-heptane, and
a higher strength of the complex solvation was noted for
n-heptane/octanol mixture, as the KE value was found to
be much higher than in the case of using only n-heptane
(Table 2).

This behaviour is caused by a slow interfacial reaction
(by increasing the concentration of one reactant the reac-
tion rate will increase and, respectively, the amount of
pseudomonic acids extracted), cumulated with a reduced
solubility of the non-reactive groups from the solute
structure (Figure 1), that can be overcome by the forma-
tion of aminic associations that either include the com-
plex solute-extractant in the organic phase or induce its
solvation. Due to the large dimension of both molecules
(extractant and solute), the formation of aminic adducts
is inhibited by steric hindrance.

3.1.4 | Selective separation

The selectivity factor is presented in Figure 6, and was
calculated as the ratio between the reactive extraction

(A) (B)

FIGURE 4 Extractant concentration influence on pseudomonic acids yield (■—Pseudomonic acid A, ●—Pseudomonic acid B,

▲—Pseudomonic acid C)
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yield of Pseudomonic acid A and the overall extraction
yield of pseudomonic acids. In order to obtain a satisfac-
tory selectivity for Pseudomonic A, a separation selectiv-
ity factor higher than 1 is required, but the obtained
results indicated that the differences between the extrac-
tion degrees were not sufficient. This behaviour is caused

by the structure similarity in the four pseudomonic acids;
the acid-differentiating radical is not a chemically active
one (acidic or basic) and the carboxylic active group of
mupirocin is not affected by the type of substituent in the
radical, as in the case of selective separation of
gentamicin.[41]

The selectivity for Pseudomonic acid A increases with
increasing Amberlite LA-2 concentration and the addi-
tion of 1-octanol; despite this, the experimental results
show that Pseudomonic acid A cannot be selectively sep-
arated from Pseudomonic acids B and C. However, in
terms of pseudomonic acids’ selective separation from a
fermentation broth, the results are interesting. Pseudomo-
nas fluorescens NCIMB 10586 bacterium fermentation
produces around 10% of the secondary acids, but Pseudo-
monic acid B can be produced up to 61% and has less
antibiotic activity. Thus, Pseudomonic acid B could be
maintained in the broth, while the other acids (A, C, and
D) may be selectively separated through a multi-stage
extraction by increasing the octanol content from the
organic phase, influencing the selectivity.

3.2 | Modelling and optimization

3.2.1 | Process modelling

After the experimental data was collected and analyzed
(76 exemplars) and before using it for process modelling,
it was pre-processed. This included a normalization pro-
cedure (the Min-Max approach), where all the data was
reduced to the interval [0–1], a randomization step (the

FIGURE 5 The graphical representation of Equation (5)

TABLE 2 Values of parameters from Equation (5) and Figure 5

Solvent n KE (L/mol)

n-heptane 0.772 51 2.31

n-heptane/octanol 1.263 28 270

(A) (B)

FIGURE 6 Influences of pH-value and extractant concentration on pseudomonic acid A selectivity factor (■—n-heptane, ●—n-

heptane+octanol)
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data was randomly re-arranged), and an assignment step
(the first 75% from the randomized set was assigned for
training and 25% for testing). The training dataset is used
to train the ANN model (which in the case of hSADE-NN
is performed simultaneously with the topology determi-
nation) and the testing set is used to determine the gener-
alization capability of the trained ANN.

For the current process, the extraction yields of Pseu-
domonic acids A, B, and C were separately modelled as a
function of concentration of octanol added, pH, and
Amberlite LA-2 concentration.

Next, due to the random nature of the hSADE-NN,
50 simulations were performed for each case with the fol-
lowing settings: maximum number of hidden layers (1),
maximum neurons in the hidden layer (20), population
size (50), and generations (1000). The control parameters
of the optimizer were limited in the interval [0,1] and they
were automatically determined by the algorithm through
the self-adaptive procedure. The statistics of all the models
determined for the three types of pseudomonic acid are
presented in Table 3; the architecture is presented in the
form inputs: neurons_hidden_layer:outputs.

For comparison purposes, the three acids were also
modelled using the standard linear regression approach
(Equations (6–8)):

PseudomonicA=28:772 49+ 4:6698 �octanol−5:2249
�pH+1:4903 �ALA_concentration

ð6Þ

Pseudomonic B= 47:7529+ 4:4606 �octanol−8:6796
�pH+1:2034 �ALA_concentration ð7Þ

PseudomonicC= 73:8941+ 3:8909 �octanol−6:3539
�pH−1:0890 �ALA_concentration ð8Þ

The performance indicators of the regression models and
of the best ANNs determined are presented in Table 4. As
can be observed, although simple and easy to use, the
regression models have high errors (especially for ARE)
and cannot be further used in the optimization process.
For Pseudomonic acid C, the highest errors obtained by
the regression models are when the experimental values

TABLE 3 Statistic of all the determined models

Output Perform. index Fitness MSE train MSE test R2 train
Architecture of the
combining model

Pseudomonic acid A Average 563.2141 0.001 893 0.211 008 0.992 161

Best 789.6331 0.001 266 0.208 365 0.994 757 3:16:01

Worst 310.3073 0.003 223 0.214 299 0.986 584 3:08:01

Pseudomonic acid B Average 3136.145 0.000 368 0.225 612 0.998 162

Best 7912.976 0.000 126 0.224 647 0.999 409 3:14:01

Worst 1507.154 0.000 664 0.230 393 0.996 647 3:11:01

Pseudomonic acid C Average 141.087 0.007 157 0.185 946 0.961 567

Best 187.788 0.005 325 0.189 062 0.971 736 3:07:01

Worst 123.7531 0.008 081 0.187 567 0.956 233 3:18:01

Abbreviations: MSE, mean squared error; perform., performance.

TABLE 4 Performance indexes of the best models determined

Output Model ARE train (%) ARE test (%) R2 test

Pseudomonic acid A Regression (Equation (6)) 27.23 27.62 0.9591

ANN(3:16:01) 7.51 10.94 0.9963

Pseudomonic acid B Regression (Equation (7)) 24.25 23.04 0.9749

ANN(3:14:01) 3.209 2.802 0.9994

Pseudomonic acid C Regression (Equation (8)) 98.77 56.407 0.8655

ANN(3:07:01) 16.49 13.58 0.9865

Abbreviations: ANN, artificial neural network; ARE, absolute average error; R2, coefficient of determination.
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are <15. This indicates that for an entire interval, the
model is not able to efficiently capture the process
dynamic. This is also true for the ANN model but, over-
all, its performance is much better (Figure 7).

3.2.2 | Process optimization

In the case of process optimization, the ANNs obtained
in the modelling phase are used to generate predictions
and to optimize the process. If in the case of model opti-
mization, the objective of the optimizer is to determine
the parameters of the ANN in order to minimize the
error between prediction and experimental; in the case of
process optimization, the objective is to determine the
process independent parameters (concentration of
octanol added, pH, and Amberlite LA-2 concentration)

for which the maximum of Pseudomonic acid A and min-
imum of Pseudomonic acids B and C are obtained.

In order to reach this objective, two cases were consid-
ered: where each type of acid is considered separately
(CASE I) and where all acids were considered simulta-
neously (CASE II). In CASE I, the best models obtained
are combined into a single model. Since the manner in
which the process optimization is formulated is, in fact,
a multi-objective problem, and since hSADE-NN was
designed for single objective, the output of the combined
model is represented in the following form (Equation (9)):

Ouput =
PseudomonicAcidA

PseudomonicAcidB + PseudomonicAcidC
ð9Þ

The results obtained in CASE I are presented in Table 5,
where the objective for Pseudomonic acid A is maximiza-
tion and is minimization for Pseudomonic acids B and
C. In addition to the objective followed in each case, the
other two acids were determined using the process
parameters and the models identified in the previous
step. The results for CASE II are presented in Table 6.

As can be observed from Tables 5 and 6, when
values higher than 100 were obtained (due to the fact
that the models do not take into account the phenome-
nology of the process, the model automatically returns
100), the optimization procedure found various solu-
tions that can be considered optimum in both CASE I
and CASE II.

FIGURE 7 Comparison between experimental, regression, and

artificial neural network (ANN) model for the testing data

TABLE 5 Optimization results for CASE 1

Parameter optimized
Octanol
conc. pH

Amberlite
LA-2 conc.

Pseudomonic
acid A

Pseudomonic
acid B

Pseudomonic
acid C

Pseudomonic acid A-max 10 4 20 94.3822 89.8671 85.7203

9.8 4 19.1 92.1635 87.0150 83.6610

9 4 19.8 91.1329 81.7476 79.3242

9.7 4.1 18.5 90.2485 83.7204 80.9335

9.1 4.3 19.9 90.0162 77.7943 75.3277

Pseudomonic acid B-min 5.5 7.2 5.1 18.3738 8.5580 100.00

8 8.6 5.2 31.9409 8.5236 100.00

2.9 6 5.5 15.1388 8.5417 95.0854

0.7 5 5.5 21.2908 8.5616 82.4264

3.2 6.2 5.8 14.6856 8.5278 94.9627

Pseudomonic acid C-min 0.5 5.3 14.8 24.8823 17.4393 1.7831

1 5.5 15.1 28.6087 18.0553 1.8206

2 5.9 15.6 34.7107 19.2088 2.0915

1.1 5.6 16 30.1410 19.1544 1.9051

2.7 6.5 16.4 35.0788 18.9043 1.7923

Abbreviation: conc., concentration.
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This indicates the capability of the optimization pro-
cedure to efficiently cover the search space represented
by the process parameters and to provide combinations
that could not be manually extracted from the experi-
mental information. In this manner, new directions of
development are provided.

4 | CONCLUSIONS

The processing of dilute aqueous solutions resulting
from fermentation processes requires the use of differ-
ent synergies to improve classical separation methods, a
key challenge being to increase the economic competi-
tiveness of biotechnological processes. The mupirocin
production through biosynthesis leads to a mixture of
four components in the fermentation broth that could
be separated through a chemical extraction using a
green solvent as n-heptane. Experimentally, the highest
extraction yield and distribution coefficient are obtained
for a pH of 4 and 20 g/L extractant. The reactive extrac-
tion is based on the H bond between the pseudomonic
acids and the amines, with better results being obtained
for Amberlite LA-2 compared to TOA. The addition of
1-octanol as polar modifier leads to the inhibition of the
formation of a third phase and increases the extraction
efficiency (influences the extraction equilibrium by
increasing polarity and improves the acid-amine com-
plex solubility in the organic phase). The mechanism of
the interfacial reaction showed that only one molecule
of Pseudomonic acid A and extractant react for the for-
mation of the acid-extractant complex, indifferent of the
pH value. The modelling and optimization of the pro-
cess was performed by an algorithm combining DE and
ANNs. First, the models for each type of acid were
obtained in the form of stacked neural networks
(formed from three independent ANNs and an addi-
tional network that combines the output of the indepen-
dent models). In all cases, the best stacks obtained had
an average absolute error in the testing phase of around
10% and therefore, they were further used in the

optimization phase, where two cases were considered:
(i) individual optimization (where for each acid,
depending on its type, a maximization or minimization
of output was performed) and (ii) simultaneous optimi-
zation (where the multi-objective problem of maximiz-
ing Pseudomonic acid A and minimizing Pseudomonic
acids B and C was realized). In both optimization cases,
multiple solutions were obtained, indicating that the
optimizer is efficient in covering the entire search space
formed by the process parameters.
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NOMENCLATURE
E extraction efficiency (%)
D distribution coefficient
KE extraction constant
Ka dissociation constant
[MupCOOHaq] un-dissociated mupirocin’s concen-

tration in the aqueous phase
½MUP−COOH aqð Þ� total mupirocin’s concentration in

the aqueous phase
[Qorg] extractant concentration in the

organic phase
n number of amines molecules

involved in the interfacial complex
S selectivity factor
ANN artificial neural networks
DE differential evolution
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Selective separation of vitamin C by reactive extraction using ionic liquid: 
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A B S T R A C T   

Vitamin C (ascorbic acid), is an important nutrient widely used as a dietary supplement in the food, beverage, 
cosmetic and feed industries or as a drug in the pharmaceutical industry. It can be produced by a traditional two- 
step fermentation or a novel one-step process, but its separation from the fermentation broth still needs 
improvement. This study investigated a reactive extraction method to selectively separate vitamin C from 2-keto-
gluconic acid using an ionic liquid as the extracting agent and heptane as diluent. The separation efficiency and 
selectivity factor, as well as the analysis of extraction conditions (type and ionic liquid concentration, pH of the 
aqueous phase, contact time, temperature) influence and extraction mechanism were discussed. Heptane as the 
solvent and 100 g/L [P6,6,6,14][Phos] as the extractant were the optimum mixture for reactive extraction, 
resulting in an extraction yield of 99.98 % for vitamin C. A maximum selectivity factor of 3.5 was obtained for 
ascorbic acid for 160 g/L [P6,6,6,14][Phos] and pH 3 of the aqueous phase. The process was modeled and opti-
mized using an Artificial Neural Networks (ANNs) and Differential Evolution (DE) algorithm. Based on the 
performance parameters evaluated and extraction yields obtained, ionic liquids have great potential for vitamin 
C separation.   

Introduction 

The metabolism of all living organisms depends on vitamins, which 
are defined as organic substances capable of sustaining life and 
enhancing growth, essential nutrients for the human body that are used 
and recycled in various processes. Although they do not have a high 
energy value and do not contribute to increased body mass, all living 
organisms require vitamins for growth, development and reproduction 
[1]. Their deficiency in the diet can lead to slowed or even blocked 
metabolic processes. Numerous coenzymes, enzymes or enzyme systems 
are synthesized from or with the help of vitamins, which maintain all 
human physiological functions [2]. 

Vitamin C (ascorbic acid, AA) is a vital water-soluble antioxidant and 
a nutrient used in many food additives, supporting a critical number of 
biological processes [3–6]. It is an essential vitamin involved in dental, 
bone, skin and blood vessel health, repairing tissues and preventing 

heart disease by acting as an antioxidant [3]. AA is usually helpful in 
relieving allergy symptoms and preventing or reducing viral and bac-
terial infections [1]. AA is obtained by extraction from various plant 
materials, through chemical synthesis, biosynthesis, or combined pro-
cesses (chemical synthesis and biosynthesis). At the industrial level, two 
processes are used: biosynthesis combined with chemical conversion 
(the Reichstein process in seven steps) and fermentation in two steps 
using a single or mixed microbial culture [7]. The estimated 95,000 
tonnes of AA recorded globally in 2021 were primarily produced in 
China (81 %). Data Bridge Market Research estimates that the global AA 
market will grow exponentially between 2022 and 2030, from USD 
1,143.00 million in 2022 to USD 2,131.00 million in 2030. The most 
significant amount of AA is consumed in the pharmaceutical sector, 
which accounts for one-third of total production. 

The Reichstein technique was essential for producing commercial AA 
for over 60 years [5]. This process converts L-sorbose into 2-keto-L- 
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gulonic acid (2-KLG), obtained using D-glucose as a substrate via five 
chemical reactions and a single biological reaction. This method has 
been the primary method of producing AA, although it has some dis-
advantages. These consist of long production time, complicated steps, 
high pressure and temperature requirements, continuous operation 
problems, and the need to use harmful chemicals. In addition, sorbitol in 
high initial concentrations prevents the development of bacteria and 
slows down oxidation. Because of these disadvantages, the two-step 
fermentation process was developed and is currently used on an indus-
trial scale [4]. In this approach, G. oxydans converts D-sorbitol to L- 
sorbose in the first step with an efficiency of 98 %, which is then con-
verted to 2-KLG in the second step by a mixed microbial culture (Keto-
gulonigenium vulgare - Gram negative and Bacillus megaterium - Gram 
positive) with a yield of 97 %. The two-stage fermentation is less 
complicated than the Reichstein method because there are fewer pro-
cesses, lower pressure and temperature requirements, lower capital and 
operating costs (2/3 of Reichstein costs). The one-step fermentation 
process using glucose or sorbitol as substrate has been analyzed for 
direct production of AA in a system with a single culture of either bac-
teria (Erwinia herbicola) or yeast (Saccharomyces cerevisiae) or a mixed 
bacterial culture: K. vulgare and G. oxydans [7]. In the fermentation 
broth, glucose conversion leads to the formation of AA and 2-ketoglu-
conic acid (2-KGA) [8]. 

Vitamin C separation from the fermentation broth is difficult due to 
its low stability in aqueous solutions [9]. The downstream process in-
volves two steps: pre-purification, which removes the by-products by ion 
exchange, followed by vacuum concentration of the obtained solution 
and crystallization at low temperatures and in an acidic environment. 
Different techniques have been analyzed for the extraction of ascorbic 
acid: liquid-phase, solid-phase, ultrasonic and microwave-assisted 
extraction [10]. A reactive extraction procedure was analyzed for 
separating vitamin C using dichloromethane and Amberlite LA-2. An 
extraction efficiency of 96 % was obtained at a pH of 2 in the aqueous 
phase and a concentration of 160 g/L of extractant [11]. Jahromi et al. 
(2017) used [Aliquat+]2[MnCl42− ] in a single-drop microextraction 
technique for ascorbic acid determination in effervescent tablets and 
orange juice [12]. Considering the request to develop eco-friendly pro-
cesses, this work identified a more environmentally friendly and effi-
cient extraction approach to reduce pollution from conventional volatile 
solvents (as dichloromethane). 

Liquid-liquid extraction is a separation technique used to extract a 
specific component (solute) in a system of two immiscible liquids 
(aqueous and organic), commonly used in chemical laboratories for 
purification, separation, and concentration of compounds. It is also 
employed in industries such as pharmaceuticals, food processing, envi-
ronmental analysis, and nuclear reprocessing, where selective separa-
tion of specific components is required. The technique relies on the 
differences in solubility or partitioning behavior of the desired com-
pound between the two liquid phases. Reactive extraction is a special-
ized form of liquid–liquid extraction that involves chemical reactions 
occurring simultaneously with the extraction process. It combines the 
principles of extraction and reaction in a single step, allowing for the 
simultaneous removal and transformation of a target compound from a 
mixture. The reactive extraction process offers several advantages over 
conventional extraction methods: selectivity, enhanced efficiency, 
minimization of byproducts, reduced process duration, and the possi-
bility of being realized in continuous systems [13–16]. 

There has been much research done on reactive liquid–liquid 
extraction as a technique for separating valuable compounds [11–21], 
such as natural products, pharmaceutical intermediates, and bioactive 
molecules from fermentation broths, using different solvents 
(dichloromethane, octanol, chloroform, etc.). Reactive extraction sys-
tems usually contain a solvent (diluent) and an extractant that interacts 
with the dissolved target substance (solute) and forms complexes. A 
practical alternative to classical extractants (long chain amines, 
ammonium salts, organophosphorus acid type extractants) is ionic 

liquids (greener choice), which contain a large, asymmetric organic 
cation and a small, often inorganic anion in their structure. Due to some 
essential properties, such as low vapor pressure and high thermal sta-
bility, ionic liquids have attracted much interest due to the increasing 
environmental awareness and the vast demand for efficient and envi-
ronmentally friendly solvents. As extractants in reactive extraction, 
ionic liquids have been used for the separation of carboxylic acids: 
butyric, lactic, succinic, glycolic, valeric, propionic, adipic, nicotinic 
[19]. The separation of fat-soluble vitamins (vitamin D3 and E) was 
investigated with good results using a pyrrolidinium-based ionic liquid 
([BMPr][NTf2]), and a methylimidazolium-based ionic liquid [C4C1im] 
Cl respectively [15]. 

Because both efficiency and environmental impact must be consid-
ered in the extraction of bioproducts, this study analyzed five hydro-
phobic ionic liquids (trihexyl-tetradecyl-phosphonium bis(2,4,4- 
trimethylpentyl) phosphinate, [P6,6,6,14][Phos]; trihexyl-tetradecyl- 
phosphonium decanoate, [P6,6,6,14][Dec]; 1-butyl-3-methyl-imidazo-
lium-hexafluorophosphate, [C4mim][PF6]; 1-hexyl-3-methyl-imidazo-
lium-hexafluorophosphate, [C6mim][PF6]; 1-octyl-3-methyl- 
imidazolium-hexafluorophosphate, [C8mim][PF6]) for the selective 
separation of AA from 2-KGA from aqueous solutions such as fermen-
tation broth. Considering both the unfavorable physical properties of the 
pure extractants – very high viscosity, and their relatively high cost, they 
were also investigated in diluted form with an inactive diluent (hep-
tane). The influence of the main factors on the separation, namely pH of 
the aqueous phase, contact time, temperature, type and concentration of 
ILs were analyzed in terms of extraction efficiency, selectivity and 
loading factor. This is the first article to report on separating vitamin C 
with ionic liquids from aqueous solutions. Furthermore, the stripping 
process was analyzed to investigate the ILs reusability and the process 
was modeled and optimized using ANNs. 

Experimental 

Materials 

All chemicals, including ascorbic acid (99.0 %), 2-ketogluconic acid 
(99 %), [P6,6,6,14][Phos], [P6,6,6,14][Dec], [C4mim][PF6], [C6mim][PF6], 
[C8mim][PF6] (99 %), 1-octanol (99 %), heptane (99 %), sodium hy-
droxide (>97 %), sulfuric acid (95.0–98.0 %), and acetonitrile (99.99 
%), were purchased by Sigma Aldrich and used as received without 
further processing. 

Reactive extraction experiments 

Reactive extraction experiments for AA and 2-KGA separation were 
carried out using equal volumes of aqueous and organic phases (2 mL, 
1:1 v/v ratio forming a two-phase system) using a vibratory shaker with 
1200 rpm. The extraction experiments were performed at 20 ◦C, 30 ◦C, 
40 ◦C and 50 ◦C with a duration of 5, 10, 20 and 30 min to assure good 
interfacial contact. After the extraction, phases were separated in a 
centrifugal separator at 4000 rpm. The separated organic phase was 
employed in stripping experiments and the aqueous phase was used for 
quantitative analysis (HPLC). AA initial concentration in the aqueous 
phase was 5 g/L (2.83 × 10-2 M), 2-KGA concentration was 1g/L (5.15 ×
10-3 M), the concentrations of the ionic liquids in the organic phase 
varying between 0 and 160 g/L. The pH value of the aqueous phase 
varied between 1 and 5 for the extraction, being modified by using so-
lutions of 3 % sulfuric acid or 3 % sodium hydroxide by means of the 
indications of the digital pH meter (CONSORT C 836). 

Stripping experiments 

Stripping experiments for AA and 2-KGA separation were carried out 
using diluted sodium hydroxide solution (pH 10, modified by means of 
the indications of the digital pH meter (CONSORT C 836) in equal 
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volumes with loaded organic phases organic phase (2 mL) using a 
vibratory shaker with 1200 rpm. The stripping experiments were per-
formed at 50 ◦C with a duration of 20 min to assure good interfacial 
contact. The pH value of the aqueous phase varied between 1 and 5 for 
the extraction and 10 for the stripping experiments, being modified by 
using solutions of 3 % sulfuric acid or 3 % sodium hydroxide. 

HPLC analysis 

The processes were analyzed based on extraction efficiency, calcu-
lated using the mass balance based on the AA and 2-KGA concentration 
in the aqueous phases measured by high-performance liquid chroma-
tography technique (HPLC) [16]. For this purpose, an HPLC system, 
UltiMate 3000 Dionex, provided with a Hamilton PRP-X300 column 
(150 mm × 4.1 mm, 5 μm), 4 mM sulfuric acid solution used as mobile 
phase, with detection by UV absorbance at 210 nm wavelength, and the 
flow rate of 0.5 mL/min was used. 

FTIR analysis 

FTIR spectra of organic phase (fresh and loaded) were recorded using 
an Agilent Cary 630 FTIR instrument (32 scans per sample at 4 cm− 1 

spectral resolution and 4000–400 cm− 1 range). 

Calculations 

The percentages of extraction efficiency (AA and 2KGA amount 
extracted into the organic phase), stripping/re-extraction efficiency (AA 
and 2-KGA amount transferred from the loaded organic phase into the 
stripping phase) were defined by Eqs. (1), (2), where C0, C and Cs, (mol/ 
L) are AA and 2-KGA concentrations in the aqueous initial solutions, 
raffinate (exhausted initial solution after extraction) and stripping so-
lution, respectively: 

E =

(
C0 − C

C0

)

• 100,% (1)  

R =

(
Cs

C0 − C

)

• 100,% (2) 

The selectivity factor, S, is calculated as the ratio between the 
extraction degree of AA and that of 2-KGA: 

S =
EAA

E2KGA
(3) 

To confirm the reaction mechanism the loading ratio was used, 
defined as the total AA and 2-KGA concentration in the organic phase 
(calculated from the mass balance as a difference Co-C) divided by the 
total concentration of ionic liquid in organic phase: 

Z =
Corg

CILorg

(4)  

Modelling and optimization 

Artificial Neural Networks (ANNs) are complex mathematical 
models that determine non-linear interactions between a system’s inputs 
and outputs. As such, simple or combined with other Artificial Intelli-
gence techniques, they were efficiently applied to various types of pro-
cesses and systems, examples focusing on reactive extractions of 
compounds such as 2-keto gluconic acid [14], malic acid [17], gallic 
acid [18,19], itaconic acid [20], tartaric acid [21]. Although simple to 
use, the optimal ANN setup is a problem that must be carefully solved to 
ensure good results. The two main aspects that influence performance 
are: i) network topology (the structure of the network, such as the 
number of hidden layers and neurons in each hidden layer) and ii) the 
network training (internal parameters such as weights, biases). Network 
topology is usually set through a trial-and-error approach, where 
different combinations are manually tested. Training is usually per-
formed by a series of training algorithms (mainly gradient-based), the 
most known being BackPropagation. Compared with the classical ap-
proaches, this work applies the neuro-evolution principle to automati-
cally determine the ANN’s topology automatically. The general schema 
of the modeling and optimization procedure is presented in Fig. 1. 

In other words, a bio-inspired metaheuristic (Differential Evolution – 
DE) is applied to identify the optimal arrangement of neurons and hid-
den layers for the ANN represented by the Keras Sequential Model. The 
training phase is performed using Adam [22]. The implementation was 
performed in Python and was previously applied to efficiently model the 
transition of five-ring bent-core molecules [23]. After the best model 
was determined, the impact of the inputs on the model outputs was 
determined using the SHapley Additive exPlanations (SHAP) strategy 
[24]. Next, the DE algorithm was applied to optimize the process and 
identify the conditions leading to a maximum efficiency extraction of 

Fig. 1. The main steps for process modeling and optimization.  
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AA. 

Results and discussions 

Reactive extraction 

The efficiency of the reactive extraction depends on the physical and 
chemical characteristics of the solute (hydrophobicity, acid-base prop-
erties), properties of the extractant (reactivity, ability to form hydro-
phobic compounds with the solute) and separation conditions (pH, 
temperature, mixing intensity, presence of impurities, concentration 
level, contact time, reaction kinetics, phase ratio etc.). It is essential to 
optimize and balance these factors based on the specific system and 
desired outcomes to achieve efficient and selective reactive extraction. 
Experimental design, process control, and characterization techniques 
can be employed to identify and optimize the key factors affecting the 
efficiency of the reactive extraction process. 

The choice of solvents and extractants used in reactive extraction 
plays a crucial role. They should be eco-friendly, immiscible with the 
aqueous phase, and with suitable physical and chemical properties to 
facilitate easy separation and the desired extraction efficiency. Organic 
phase selection affects the solubility and partitioning behavior of AA and 

2-KGA, thereby influencing the extraction efficiency. Ionic liquids have 
the potential to be greener alternatives to classical organic systems. 
However, carefully considering their properties, application re-
quirements, and environmental impact is necessary to ensure sustain-
able use. Considering this, five hydrophobic ionic liquids (Fig. 2a) and 
two organic solvents (with different polarities – heptane and octanol) 
were analyzed for AA and 2-KGA (Fig. 2b) extraction, with the results 
presented in Fig. 2. The intention at this stage was not to perform an 
exhaustive screening but to find the most promising system for further 
optimization. 

The structural differences between AA and 2-KGA are due to the 
lactonic structure (Fig. 2b), so their physical–chemical characteristics 
are quite similar. AA and 2-KGA solubility is influenced by the four 
hydrophilic hydroxyl groups and, in the case of 2-ketogluconic acid, by 
the specific carboxylic acid group [16]. Both compounds have shown 
similar properties in terms of solubility: they are almost insoluble in 
both organic solvents analyzed: heptane, an aprotic solvent (dielectric 
constant 1.9), and octanol, protic solvent (dielectric constant 10.3). 

The highest extraction efficiency was recorded for both compounds 
(Fig. 3) in the case of trihexyl-tetradecyl-phosphonium ([P6,6,6,14]) ionic 
liquids, corelated to their superior basicity compared cu imidazolium 
ionic liquids (basicity reduces in the following sequence phosphonium 
> ammonium > pyrrolidinium > pyridinium > imidazolium) [25]. 
[P6,6,6,14][Dec] (98.39 % for AA and 73.95 % for 2-KGA) allowed the 
highest extraction for 2-ketogluconic acid, while for vitamin C, the best 
results were obtained for [P6,6,6,14][Phos] (99.94 % for AA and 36.16 % 
for 2-KGA). This is due to the formation of stronger hydrogen bonds (due 
to the presence of oxygen atoms with non-bonding pairs of electrons). 
These results were confirmed in literature in the case of other vitamins: 
vitamin B9 [26] or carboxylic acids: lactic, malic, succinic [27]. 
[P6,6,6,14] ILs offer several attractive properties for their use in devel-
opmental and industrial applications: they are liquid at room tempera-
ture, are immiscible with water (9.1 g/m3 water solubility for [P6,6,6,14] 
[Phos] [26], but a three-phase system forms in excess water [28]), have 
high thermal stability, are miscible with organic solvents, are stable 
under basic conditions (important for stripping) and have a lower cost 
compared to other ionic liquids. 

Viscosity plays an essential role in influencing the efficiency of 
reactive extraction because it affects mass transfer, the efficiency of 
mixing of the two phases and their separation. As far as the organic 
phase is concerned, the use of ionic liquids with high viscosity (319 cP 
for [P6,6,6,14][Dec] and 805 cP for [P6,6,6,14][Phos] [27]) can pose a 
challenge to extraction performance, affecting the mass transfer of IL- 
based extraction systems [29], but also for equipment design and 

[C4mim][PF6] [C6mim][PF6] [C8mim][PF6] [P6,6,6,14][Dec] [P6,6,6,14][Phos]

Vitamin C, AA 2-ketogluconic acid, 2-KGA
Fig. 2. Chemical structure of ionic liquids (a) and solutes (b) analyzed in this study.  
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Fig. 3. Effect of organic phase on vitamin C and 2-ketogluconic acid extrac-
tion efficiency. 
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operation (e.g., higher viscosity of the organic phase may require 
modifications of the equipment and operating parameters to account for 
the increased flow resistance). Considering this, heptane, a non-polar 
solvent, was investigated as a possible diluent for both [P6,6,6,14] ILs to 
reduce the viscosity and surface tension. 

Parameter influence on the extraction efficiency 
The impact of aqueous phase pH, contact time and temperature on 

the extraction efficiency was studied. The pH of the aqueous phase plays 
a crucial role in the reactive extraction of acidic compounds, which can 
be undissociated (pH < pKa), but also dissociated/ionized (pH > pKa), 

the degree of ionization affecting the solubility and partitioning 
behavior of the acidic compounds between the aqueous and organic 
phases. The results obtained for pH influence in the case of 2-KGA and 
AA separation from their mixture are presented in Fig. 4a for both 
[P6,6,6,14] ILs. AA is a monobasic acid (pKa = 4.1 at 25 ◦C), the acidity 
being conferred by the HO– enolic group in position 3, the HO– enolic 
group in position 2 having a pronounced basic character (pKb = 11.6 at 
25 ◦C) [11]. 2-KGA is one of the strongest monobasic carboxylic acids 
(pKa = 2.66 at 25 ◦C) [13]. For 40 g/L ionic liquids in heptane, the 
maximum extraction degree was obtained for AA at pH 3 (68.37 % using 
[P6,6,6,14][Phos]; 63.23 % using [P6,6,6,14][Dec]) and at pH 2 for 2-KGA 
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Fig. 4. Parameter’s influence on extraction efficiency a) - pH, b) - time, c) - temperature (ILs concentration 40 g/L).  
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(45.08 % using [P6,6,6,14][Dec] and 29.53 % using [P6,6,6,14][Phos]). 
The experimental results showed a maximum extraction efficiency at 

a pH lower than pKa; as the pH increases, the acid equilibrium shifts to 
dissociation, and the extraction efficiency decreases. This variation can 
be explained by considering the properties of solutes and ILs. For hy-
drophobic anion-containing ILs, the extraction mechanism usually im-
plies H-bonds between the ionic liquid and the organic acid 
undissociated form. Thus, to achieve maximum extraction efficiency, 
the pH of the aqueous phase should be significantly below the pKa of the 
acid. 

The extraction mechanism assumes the attachment of the protonated 
acid via an H-bond to the binding sites in the anion of the IL (for 
example, the oxygen of bis(2,4,4-trimethylpentyl) phosphinate, in the 
case of [P6,6,6,14][Phos] or from decanoate - carboxylate for [P6,6,6,14] 
[Dec]). The addition of sulfuric acid for the pH control (at pH 1) in-
fluences the extraction efficiency, reducing the IL’s extractant capacity 
for both ascorbic acid and 2-ketogluconic acid. Sulfuric acid determines 
the extractant protonation (induced by the protons of the strong mineral 
acid), that generates counter-anions extraction to preserve the 
neutrality, similar to the results obtained for lactic and butyric acid 
[26,27,30]. In addition, 2-KGA forms dimers at low pH in the aqueous 
phase [14], reducing the number of carboxyl groups available for H- 
bond formation with [P6,6,6,14] ILs. The 2-KGA higher acidity (pKa: 2.6 
compared to 4.1 for AA) supports the higher extraction efficiencies ob-
tained in the case of [P6,6,6,14][Dec], similar to other carboxylic acids: 
lactic, folic and butyric acids [26,30] and the difference between the 
optimal pH-value for the extraction of 2-KGA (pH = 2) and for AA (pH =
3). For the pH correction at pH 4 and 5, the addition of NaOH (strong 
mineral base) generates the preferential neutralization of the stronger 
acid in the system (2-KGA), leading to a sharp decrease of its extraction 

efficiency. 
The contact time is an important parameter that can be optimized to 

achieve the desired extraction efficiency since the optimal process 
duration can be determined by varying the contact time. That will 
provide the highest extraction yield while maintaining the feasibility 
and cost efficiency of the process [31]. If the contact time is too short, 
incomplete extraction may result in low separation efficiency. However, 
if the contact time is too long, the degradation of the solute may also 
appear [32]. The experimental results (Fig. 4b) show that increasing the 
contact time increases reactive extraction efficiency in 10 min and re-
mains almost unchanged after that for 2-KGA, while for vitamin C the 
extraction efficiency reaches its’ maximum value after 20 min of contact 
time (determined by its lower acidity) and only then remains at 
approximately the same value, extraction efficiency between 10 and 20 
min of contact time increases for about 10 %. The rapid extraction is due 
to the increased interfacial area resulting from the intense mixing and 
availability of the reactants to the interface in vicinal aqueous and 
organic regions. Similar results were obtained for reactive extraction of 
lactic acid [32] or acetic acid [33]. 

The temperature significantly affects reactive extraction and in-
fluences the efficiency of the process, affecting carboxylic acid’s solva-
tion and interactions in aqueous phases [13]. It affects the rate of the 
chemical reaction that occurs during reactive extraction. An increase in 
temperature leads to an acceleration of the reaction kinetics (higher 
temperatures provide more energy to the reacting species, which in-
creases the collision frequency and reaction rate), allowing faster and 
more complete reactions between the solute and the extractant. In 
addition, solubility increases with temperature, resulting in a higher 
solute concentration in the organic phase and improving extraction ef-
ficiency (more solute molecules can be dissolved and extracted from the 
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aqueous phase). Temperature affects the mass transfer rate between the 
aqueous and solvent phases: higher temperatures improve the diffusion 
coefficient and reduce the solvent’s viscosity, intensifying the mass 
transfer. This can lead to higher extraction efficiency, as the solute 
molecules can diffuse more easily from the aqueous to the organic phase. 
The influence of this parameter was studied under similar batch con-
ditions for the temperature range 20 – 50 ◦C at an aqueous phase pH of 3, 
10 min contact time and an IL concentration of 40 g/L. The experimental 
results show that temperature has the lowest effect on reactive extrac-
tion efficiency, a small decrease can be recorded with increasing tem-
perature, presented in Fig. 4c. This phenomenon could be related to the 
apparition of the back extraction phenomenon with increasing temper-
ature, which decreases the overall efficiency of the process. The system’s 
decreased entropy leads to complexes forming in the organic phase, 

which increases the reaction order. Based on the obtained results, it can 
be concluded that the temperature of 20 ◦C is the desired temperature to 
achieve higher extraction efficiency. These results are similar to other 
published data for caproic acid [34] and protocatechuic acid [35]. 

The selectivity factor, S, is calculated as the ratio between the 
extraction degree of AA and that of 2-KGA, and the experimental results 
show that the values of S for [P6,6,6,14][Phos] are higher regardless of 
pH, temperature, and time, which is attributed to the superior efficiency 
of this IL for the reactive extraction of AA. From Fig. 5, it can be seen that 
S varies as a function of pH and is closely related to the extraction ef-
ficiency for the two compounds, with the highest selectivity obtained at 
pH = 5 for both ionic liquids, due to a very low extraction efficiency of 2- 
KGA at this pH. The minimum value for pH = 1 are in agreement with 
the very close extraction efficiencies for both compounds obtained at 
this pH. The highest selectivity factor was obtained at a contact time of 5 
min, when the extraction of vitamin C with [P6,6,6,14][Phos] is faster 
than the reaction of 2-ketogluconic acid with IL. The temperature of 
40 ◦C provides the highest selectivity factor due to the more efficient 
extraction of vitamin C. 

Reactive extraction mechanism 
The analysis of the effects of pH on the degree of extraction indicated 

that the reactive extraction process is based on H-bonding between the 
undissociated form of the acids and the ionic liquids. Due to the insol-
ubility of the two compounds (AA and 2-KGA) in heptane and of the 
extractant in the aqueous phase, the reactive extraction with [P6,6,6,14] 
ILs proceeds via an interfacial reaction followed by diffusion of the re-
action product into the organic phase. To investigate the mechanism of 
reactive extraction, the effect of extractant concentration on reactive 
extraction was studied for the optimum conditions: aqueous phase pH 3, 
temperature 20 ◦C and 10 min contact time. The results presented in 
Fig. 6 show an important increase in extraction efficiency with 
increasing concentration of the extractant in heptane up to 100 g/L, 
further increase (160 g/L ILs) only slightly improved both L- AA and 2- 
KGA extraction. 

The loading ratio (Z) indicates the number of molecules of solute and 
extractant involved in forming the hydrophobic complex and is used to 
estimate the reaction stoichiometry. Z is influenced by the equilibrium 
concentration of the solute, but also by the nature of the diluent of the 
organic phase (heptane) and the extractant ([P6,6,6,14] IL) properties. 
Table 1 shows the values obtained for [P6,6,6,14] IL extraction in both AA 
and 2-KGA cases. All values obtained are less than 1, so no overloading 
of the ionic liquid can be assumed. 

The decrease of the loading ratio with the increase of the extractant 
concentration indicates that only equimolecular (1:1) acid-extractant 
complexes are formed for both studied compounds, independent of IL. 
This is supported by the obtained values of Z lower than 0.5 associated 
with low solute concentrations in the organic phase [36]. For the 

-20 0 20 40 60 80 100 120 140 160 180

0

20

40

60

80

100

Ex
tra

ct
io

n 
ef

fic
ie

nc
y 

(%
)

ILs concentration (g/L)

AA
2-KGA

[P6,6,6,14][Dec]

-20 0 20 40 60 80 100 120 140 160 180

0

20

40

60

80

100

Ex
tra

ct
io

n 
ef

fic
ie

nc
y 

(%
)

ILs concentration (g/L)

AA
2-KGA

[P6,6,6,14][Phos]

Fig. 6. IL’s concentration influence on extraction efficiency (aqueous phase pH = 3, contact time 10 min, temperature 20 ◦C).  

Table 1 
Z values for AA and 2-KGA.  

[P6,6,6,14][Dec], 
M 

Z 
(AA) 

Z (2- 
KGA) 

[P6,6,6,14][Phos], 
M 

Z 
(AA) 

Z (2- 
KGA)  

0.03  0.317  0.022  0.02  0.365  0.018  
0.06  0.307  0.034  0.05  0.324  0.043  
0.12  0.234  0.020  0.10  0.278  0.010  
0.24  0.117  0.009  0.20  0.139  0.003  
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duration of the extraction process, no change in the viscosity and density 
of the organic phase (heptane with [P6,6,6,14] IL) was observed at equi-
librium, so no co-extraction with water was considered. This is the effect 
of short extraction time, but also to weak water co-extraction associated 
to monocarboxylic acids (e.g. 2-KGA, at low acid concentrations) [37]. 

The selectivity factor (Fig. 7) increases by increasing extractant 
concentration from the value of 1.94, corresponding to a concentration 
of 40 g/L, to 3.55, for 160 g/L [P6,6,6,14][Phos]. For [P6,6,6,14][Dec], the 
highest value (1.83) was obtained at 20 g/L extractant concentration, 
due to its higher efficiency towards 2-KGA extraction. 

In order to confirm the extraction mechanism, IR spectra (Fig. 8) of 
the two ionic liquids in heptane and obtained extracts were analyzed. 

The FTIR spectra of the organic phase (ionic liquid in heptane and 
extracts) are not very different, but a significant change was recorded in 
the 3400–3500 cm− 1 domain. As observed, the major peaks in the 
2800–3000 cm− 1 range (H-C–H stretch: asymmetric and symmetric) 
correspond to the solvent–heptane, the ionic liquid peaks are mainly 
visible in the 1700–600 cm− 1 domain. At 3400–3500 cm− 1 domain, the 
OH (hydrogen-bonded) stretch valence oscillation can be recognized, 
and an increasingly large peak can be observed in both extracts 

spectrum, proving the formation of hydrogen bonds of both AA and 2- 
KGA with the extractant, similar to other extraction systems (citric 
acid and TOA [38]). In the FTIR spectra recorded for ionic liquids in 
heptane, peaks at 1466 cm− 1 are due to P-C stretching, at 1382 cm− 1 are 
due to C - H in-plane bending, and the characteristic vibrations reflecting 
the presence of IL anions (e.g. POO- at ca. 1026 cm-1, P-CH2 at ca. 1467 
cm-1 and COO– at ca. 1563 cm-1 and ca. 1406 cm-1 [39], stretching vi-
bration of C = O (decanoate) at ca. 1716 cm− 1 [40]) were also detected. 
FTIR spectroscopy revealed new bands at ca. 1634–1636 cm− 1 (C = O 
stretching mode vibration), ca. 1559–1561 cm− 1 (carboxylate peak 
[40]) for the spectrum of KGA extract and at 1591 cm− 1 (C = C) and 
1720 cm− 1 (C = O stretch [41]) for the spectrum of AA extract. 

Study of stripping process 
In this study, the stripping step was performed by pH variation 

(NaOH solutions with pH 12 were used for solute recovery) and tem-
perature variation (re-extraction was performed at 50 ◦C). 

The results from Fig. 9 showed a more efficient stripping of 2-KGA 
compared to AA, regardless of the pH of the starting phase or the con-
centration of the extractant. This is due to the higher acidity of KGA, 
which favors its reaction with NaOH. For AA, the highest efficiency was 
obtained at an extract concentration of 20 g/L, while for 2-KGA the best 
results were obtained at 80 g/L. The carboxylic acid is transformed into 
its salt when an aqueous sodium hydroxide solution is added to the 
extract. Lowering the complexation constant and increasing the recov-
ery rate, raising the temperature to 50 ◦C promoted this reaction. The re- 
extraction process is more efficient at low concentrations of extractant in 
the organic phase when the extraction efficiency is reduced. Thus, a 
smaller solute quantity is available in the organic phase forming 
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Fig. 9. Influence of pH (a) and extractant concentration (b) on back extraction efficiency.  

Table 2 
Statistic indicators of the best ANN models obtained.  

Model Dataset EVS MAE MSE MAPE R2 

AA Training  0.984  1.380  3.782  0.024  0.983 
Testing  0.982  2.044  7.322  0.037  0.981 

2-KGA Training  0.899  3.237  21.589  0.099  0.898 
Testing  0.797  3.271  22.149  0.1077  0.793  
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hydrophobic complexes with the ionic liquid. 

Modelling and optimization 

The modeling procedure used a Keras sequential model with an 
Adam optimizer with a 0.05 learning rate. The maximum allowed to-
pology consisted of 5 hidden layers with a maximum of 20 neurons in 

each hidden layer. The topology identification step used a self-adaptive 
DE algorithm with a population size of 15 individuals and 10 genera-
tions. Since the experimental dataset contained relatively few points, an 
interpolation procedure was applied to extend the dataset and ensure 
sufficient exemplars for the ANN to efficiently capture the process’s 
dynamic. The interpolation procedure consisted of identifying the 
trendlines that best fit the experimental points grouped by specific 

Fig. 10. The SHAP values for a) AA model; b) 2-KGA model.  
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characteristics (for example, the data presented in Fig. 6). The final 
dataset contained 180 points and 5 process parameters: pH, extractant 
concentration, extractant type (encoded 1 for [P6,6,6,14][Dec]and 2 for 
[P6,6,6,14][Phos]), contact time and temperature. Next, the data were 
normalized using a Min-Max approach and randomly assigned to the 
training or the testing dataset. 20 % of the training data is assigned to the 
validation set. Due to the stochastic nature of the DE algorithm, 10 runs 
were performed. The statistics of the best models obtained from AA and 
2-KGA are presented in Table 2, where EVS indicates the explained 
variance score, MAE is the mean absolute error, MSE is the mean 
squared error, MAPE is the mean absolute percentage error, and R2 is the 
coefficient of determination. The 2-KA model had a topology with one 
hidden layer and 11 neurons, while the AA model had a topology with 
three hidden layers with 16, 4 and 8 neurons, respectively. 

As can be observed, all statistical metrics show that the AA model 
performs better than 2-KGA. This indicates that the propped approach 
better captured the process’s dynamic concerning the AA extraction 
efficiency. For 2-KGA, the separation process involves a more complex 
dynamic due to the formation of dimers in the aqueous phase. 

In the next step, the Shapley values were determined to identify each 
input’s influence on the output. Fig. 10 a and b present the beeswarm 
plot for the AA and 2-KGA model, respectively. The process parameters 
are organized from the highest importance to the lowest. If for the AA, 
the extractant concentration has the highest influence on the output, for 
the 2-KGA, the extractant type is the most influential. Nevertheless, the 
contact time is the least influential parameter in both cases. As Fig. 10a 
shows, lower values of the extractant concentration and pH are corre-
lated with lower values of the AA extraction efficiency. An opposite 
effect is observed for temperature, where lower temperature values 
correlate to higher AA extraction efficiency predictions. The same ten-
dencies can also be observed for 2-KGA, indicating that the process 
parameters influence the two outputs similarly. All these aspects can 
also be observed from the experimental data (Fig. 4). 

After the ANNs were determined and analyzed, the same DE pro-
cedure applied to determine the topology was combined with the best 
models to optimize the process. The objective was to identify the process 

parameters that will lead to a maximization of AA and a minimization of 
2-KGA. These objectives were set separately and not simultaneously, and 
a series of results for each case are presented in Table 3, where No. in-
dicates the number of the solution. As can be observed from Table 3, 
different combinations of parameters that lead to a similar output were 
identified. In the case of AA maximization, the predicted efficiency is 
higher than 100 % due to the model’s error and the tendency of the 
predictions to be slightly higher than the experimental values. 

The next step consisted of experimentally validating some of the 
obtained optimization conditions. The results are presented in Table 4, 
where No is correlated with the experimental conditions in Table 3. For 
the AA model, it can be observed that the validation data is slightly 
lower compared with the predictions over 100. As identified by the 
statistical indicators, the validation of the 2-KGA model shows that the 
experimental-predicted differences are higher than the AA model. Since 
the selectivity factor depends on both AA and 2-KGA, the errors in the 
predictions of these outputs are propagated. Following only the selec-
tivity factor, from an optimization perspective, is not an indicated 
approach. 

Conclusions 

This work studied a novel extraction system with hydrophobic ILs as 
an effective extractant for separating ascorbic acid from 2-ketogluconic 
acid in aqueous solutions. The results showed that the extraction effi-
ciency for AA was maximum when [P6,6,6,14][Phos] was used as the 
extractant with the following optimal extraction conditions: pH = 3.0, 
10 min contact time, 30 ◦C temperature, and 160 g/L ionic liquid dis-
solved in heptane. For 2-KGA, the best results were obtained with 160 g/ 
L [P6,6,6,14][Dec], pH = 2, 10 min contact time, 20 ◦C temperature, but 
the efficiency of the process was lower than for AA extraction. Moreover, 
the mechanism of the extraction system was analyzed, demonstrating an 
equimolecular hydrophobic complex for both compounds analyzed. The 
process was also modeled and optimized using ANNs and DE algorithms. 
The influence of the considered parameters on the model’s output 
correlate well with the experimental data analysis, and the optimization 

Table 3 
Optimization results.  

Objective No. pH Extractant 
Conc, g/L 

Extractant 
Type 

Contact Time Temperature, 
◦C 

AA predicted 2-KGA predicted Selectivity factor 

AA max 1 3.1 95.3 1 5 20  109.65  31.99  3.43 
2 3.7 97.5 1 8.15 20.3  109.46  48.88  2.24 
3 2.9 105 2 6.23 20  106.67  2.04  52.29 
4 2.8 116.2 2 6.52 20  105.02  3.48  30.18 

2-KA min 5 2 96.2 2 27.49 40.7  18.11  0.73  24.81 
6 4.6 53.6 1 20.88 41.7  39.39  9.4  4.19 
7 1.4 83.3 2 16.92 37.3  24.01  1.73  13.88 
8 2 34.4 1 16.12 50  42.29  12.15  3.48 

Selectivity factor max 9 2.9 105 2 6.23 20  106.67  2.04  52.29 
10 1.3 68.9 1 8.05 37.1  47.28  1.94  24.39 
11 3 36.5 2 21.11 49.3  14.47  0.71  20.49 
12 3.4 99 2 9.96 43.6  37.32  2.31  16.14 
13 2.3 48.9 2 19.28 39.6  17.88  1.28  14.01 
14 3.3 83.6 1 5 40.7  79.26  6.57  12.07 
15 1 99.9 2 25.44 29.8  38.79  3.58  10.84 
16 3.3 104.1 2 9.37 36.3  55.71  5.39  10.34 
17 1.2 103.1 2 22.6 34.1  34.62  3.49  9.92 
18 3.1 101.1 2 9.24 33.1  64.72  6.96  9.30  

Table 4 
Experimental validation.  

No. AA predicted AA experimental 2-KGA predicted 2-KGA experimental Selectivity factor predicted Selectivity factor experimental 

1  109.65  98.98  31.99  27.33  3.43  3.62 
8  42.29  37.56  12.15  15.42  3.48  2.43 
9  106.67  98.31  2.04  4.99  52.29  19.70 
14  79.26  74.82  6.57  10.31  12.07  7.25  

A.C. Blaga et al.                                                                                                                                                                                                                                



Journal of Industrial and Engineering Chemistry 133 (2024) 183–194

194

procedure provided different conditions for obtaining high extraction 
efficiency for AA. 
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Abstract: Folic acid (vitamin B9) is an essential micronutrient for human health. It can be obtained
using different biological pathways as a competitive option for chemical synthesis, but the price
of its separation is the key obstacle preventing the implementation of biological methods on a
broad scale. Published studies have confirmed that ionic liquids can be used to separate organic
compounds. In this article, we investigated folic acid separation by analyzing 5 ionic liquids (CYPHOS
IL103, CYPHOS IL104, [HMIM][PF6], [BMIM][PF6], [OMIM][PF6]) and 3 organic solvents (heptane,
chloroform, and octanol) as the extraction medium. The best obtained results indicated that ionic
liquids are potentially valuable for the recovery of vitamin B9 from diluted aqueous solutions as
fermentation broths; the efficiency of the process reached 99.56% for 120 g/L CYPHOS IL103 dissolved
in heptane and pH 4 of the aqueous folic acid solution. Artificial Neural Networks (ANNs) were
combined with Grey Wolf Optimizer (GWO) for modelling the process, considering its characteristics.

Keywords: CYPHOS IL103; vitamin B9; ionic liquid; extraction; modelling

1. Introduction

Vitamins are chemical substances whose derivatives are engaged in the vital metabolic
pathways of all living organisms [1]. Since only bacteria, yeast and plants have endogenous
routes for vitamin production, humans must obtain most of these crucial nutrients from
food [2]. A form of B vitamin called folic acid (folate in its natural form [3])—Figure 1
aids in the maintenance and production of new cells in the body and prevents nucleic
acid alterations [2]. Several physiological processes in humans, including the biosynthesis
of nucleotides, cell division, and gene expression, as well as the prevention of vascular
diseases, megaloblastic anemia, and neural tube defects in developing children, depend on
a proper supply of folic acid (FA) or folates.
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Figure 1. Folic acid (FA) chemical structure.

FA has numerous applications in the pharmaceutical, nutraceutical, food and bev-
erages industries [4], but its stability decreases when exposed to light, moisture, strong
acidic or alkaline media, oxygen and high temperatures. It can be found in foods, including
oranges, whole-wheat products, dry beans, peas, lentils, oranges, liver, asparagus, beets,
broccoli, brussels sprouts and spinach [5].
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The estimated value of the global FA market in 2022 was USD 166.8 million. By
2028, it is anticipated to grow to USD 220.9 million, the leading producers being BASF,
DSM, Nantong Changhai Food Additive Co., Ltd., Niutang, Zhejiang Shengda, Parchem
Fine & Specialty Chemicals, Xinjiang Wujiaqu Xingnong Cycle Chemical Co., Ltd., Xinfa
Pharmaceutical Co., Medicamen Biotech Ltd., Jiangxi Tianxin Pharmaceutical Co., Ltd.,
and Zydus Pharmaceuticals Ltd. [6].

FA is used as a dietary supplement and is currently produced through chemical syn-
thesis, but this process requires the reduction of ecologically harmful effects. Significant
research has been employed to develop microbial strains (Ashbya gossypii ATCC 10895,
Lactococcus lactis NZ9000, Bacillus subtilis 168) in order to manufacture FA [7–10]. The
highest production value to date has been recorded for A. gossypii, which can synthesize
6.59 mg/L of folic acid after metabolic engineering (from its natural ability to produce
0.04 mg/L) [11]. For this process to be successfully employed, efficient separation methods
must be developed. More research is required to create a method that is both economical
and environmentally benign for producing high-purity FA, because its industrial sepa-
ration involves many expensive downstream steps and requires mild conditions due to
acid’s instability.

Various technologies can be used to separate carboxylic acids (ion exchange, elec-
trodialysis, ultrafiltration, solvent extraction, and membrane processes) [12]. However,
reactive extraction using particular extractants has been proven to be an excellent alterna-
tive to classical methods, due to its many advantages [13]. Reactive extraction is based on
a reaction between an extractant (dissolved in the organic solvent) and the target solute
(e.g., carboxylic acids dissolved in the aqueous phase). Several carboxylic acids (gallic
acid [14,15], keto-gluconic acid [16], pseudo-monic acid [17], lactic acid [18]), and vitamins
(vitamin C [19], vitamin B5 [20]) have been successfully separated through this method
at laboratory scale. For sustainability of this process, finding a selective, affordable, and
effective extractant and diluent system based on maximal efficiency and minimal toxicity
and determining the ideal implementation circumstances are the key challenges in using
reactive extraction for the recovery of organic acids. Several characteristics must be consid-
ered for the choice of the organic phase, such as selectivity, solubility, cost and operational
safety, hydrophobicity, density, polarity, viscosity, recoverability and environmental effects
(the use of volatile organic solvents harms the environment). Thus, based on their superior
characteristics, ionic liquids (tunable organic salts obtained as a combination of an organic
cation and either an organic or a polyatomic inorganic anion in a liquid state below 100 ◦C)
are effective alternatives to classical solvents. The use of most ionic liquids has several
advantages over organic solvents, and they play crucial roles in the extraction processes;
high thermal stability, negligible vapor pressure, and biocompatibility make them envi-
ronmentally friendly substances with excellent solvation ability. Based on their properties,
most ionic liquids can be employed in green chemistry concepts [21,22]. Lactic acid, citric
acid, mevalonic acid [23], and butyric acid [24] have all been successfully extracted using
ionic liquids. For the micro-solid phase extraction (for preconcentration and analysis) of
pyridoxine and folic acid from biological samples, Zare et al. (2015) investigated a sorbent
obtained through the synthesis of gold nanoparticles (Au NPs) and their subsequent trans-
fer to aqueous solution by the application of the ionic liquid: 1-hexyl-3-methylimidazolium
bis(trifluoro-methyl-sulfonyl)imide [25].

For the scale-up application of reactive extraction, rigorous modelling and optimiza-
tion of laboratory-scale studies are essential and different models can be applied [15–17].
ANNs are inspired by the biological brain, and GWO is inspired by the grey wolf’s so-
cial hierarchy and hunting mechanism [26]. In this work, ANN represents the process
model, while GWO is used for model optimization. This combination was considered
based on the difficulties in identifying the optimal characteristics of an ANN for a given
problem. From the multitude of ANN types, the fully connected feed-forward multilayer
perceptron was selected because it is well suited to the complexity and characteristics of
the studied process. Moreover, this type of network was successfully applied to solve
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different problems, including modeling of phytocompounds extraction from dragon fruit
peel [27], pectinase extraction from cashew apple juice [28], and separation of pseudo-monic
acids [16]. As a bio-inspired metaheuristic, GWO was efficiently applied to optimize the
extraction of essential oil from Cleome Coluteiodes Boiss [29], or biodiesel production from
waste oils [30,31].

To the authors’ knowledge, this is the first study regarding folic acid’s separation using
ionic liquids (IL) and a liquid–liquid approach. For this research, five ionic
liquids (Trihexyl-tetradecyl-phosphonium decanoate, Trihexyl-tetradecyl-phosphonium
bis(2,4,4-trimethylpentyl)phosphinate, 1-Butyl-3-methylimidazolium hexafluorophosphate,
1-Octyl-3-methylimidazolium hexafluorophosphate, 1-Hexyl-3-methylimidazolium
hexafluorophosphate—Figure 2) were analyzed for FA extraction in order to find an optimal
system for the separation process.
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Considering the physical characteristics of the ionic liquid (such as high density, vis-
cosity and surface tension) and their high price, three solvents were analyzed as diluents
(heptane, chloroform and octanol). The results were discussed from the viewpoint of the
extraction mechanism, separation yield and distribution coefficient for different extraction
conditions (aqueous phase pH and ionic liquids concentration in the organic phase). Sup-
plementary Artificial Neural Networks (ANNs) were combined with Grey Wolf Optimizer
(GWO) to model the considered process.

2. Results and Discussions
2.1. Extraction Process

Liquid–liquid extraction is a low-energy separation process with simple technical
requirements and gentle operating conditions. Its effectiveness is influenced by several
variables, including the type of solute and solvent, the utilized diluent and its physico-
chemical properties, and the solution pH. For FA extraction 5 ionic liquids with different
chemical structures (Figure 2) and properties (Table 1) and 3 organic solvents with different
dielectric constants (heptane—1.92, chloroform—4.81 and octanol—10.3 [32]) were investi-
gated. The extraction system was chosen based on its low environmental impact. The ionic
liquids chosen are highly hydrophobic [33] and were successfully used for the separation
of other carboxylic acids (e.g., lactic acid) [34]. Phosphonium ILs offer, in specific cases and
applications, several advantages over other types of ILs, including higher thermal stability,
lower viscosity and higher stability in strongly basic or strongly reducing conditions [35].
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Table 1. Main ionic liquids’ physical properties used in biosynthetic compounds extraction [21,36,37].

Ionic Liquid Molecular Formula mol. wt., g/mol Viscosity, cP, 25 ◦C log P Toxicity

[BMIM][PF6] C8H15F6N2P 284.18 274 4.49 log EC50 * = 3.32 µM
[OMIM][PF6] C12H23F6N2P 340.29 682 6.05 log EC50 * = 2.24 µM
[HMIM][PF6] C10H19F6N2P 312.24 585 5.27 log EC50 * = 1.25 µM

CYPHOS IL 103 C42H87O2P 665.11 319 14.32 Inhib. ** = 1.5 cm
CYPHOS IL 104 C48H102O2P2 773.27 805.8 18.28 Inhib. ** = 2.6 cm

* Determined against A. fischeri. ** Determined against Shewanella sp. (inhibition zone, ±0.2).

The results obtained are presented in Figure 3. It can be observed that, without
regarding the used organic solvent, the separation yield is very low, proving that physical
extraction in classical organic solvents (based only on diffusion and solubilization) is
practically impossible for FA. Simultaneously, the ionic liquids can effectively remove FA
from the aqueous phase. In general, various variables, including the hydrophobic effect,
hydrogen bonding, steric hindrance, and π-π interaction, affect how well ILs can extract
carboxylic acids.
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The highest efficiency was obtained for quaternary phosphonium salts: CYPHOS IL103
(99.98%) and CYPHOS IL104 (92.85%), the anions decanoate and bis(2,4,4-trimethylpentyl)
phosphinate providing significantly superior yields than the hexafluorophosphate

[
PF−6

]
anion, due to stronger hydrogen bonds established between the anion and FA, and to the
hydrophobic behavior of the trihexyl(tetradecyl)phosphonium cation (phosphonium IL
possesses the highest hydrophobicity among ILs [34]), present in both CYPHOS IL103 and
CYPHOS IL104 structure). The superior efficiency that was obtained using CHYPHOS
IL103 can be explained by the effect of both the interference of sterically hindrance in
CYPHOS IL104 case during the chemical reaction (CYPHOS IL104 has a larger structure
compared to CYPHOS IL103 due to the presence of bis(2,4,4-trimethylpentyl)phosphinate
ion compared to decanoate anion) and the superior viscosity of CYPHOS IL104 (Table 1)—
according to the Wilke-Chang equation, diffusivity varies inversely with viscosity [34].
Similar results (superior values for CYPHOS IL103 compared with other ionic liquids) were
obtained by Schlosser et al., 2018, for lactic and butyric acids [38]. These results proved that
FA could be successfully separated using ionic liquids; however, their high viscosity and
high price are vital points that require more research on this matter.

Due to mass transfer at the liquid–liquid interface, which influences the time required
to set the equilibration stage between the aqueous and IL phases, viscosity is a crucial
element that affects the kinetics of IL-based extraction systems. Conventional extraction
systems using organic solvents may typically reach equilibrium in a short contact time
(minutes), whereas IL-based systems require a longer contact time (minutes to hours) due
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to the high viscosity value, which is in this case (Table 1), between 274 and 805 cP (viscosity
of water is 0.89 cP at 25 ◦C). Because of the influence on the Coulombic interaction between
ions, adding an inert solvent could reduce IL viscosity [39]. In this context, the use of
heptane, a non-polar solvent, as a diluent to decrease the viscosity and surface tension of
the very viscous ionic liquids used, was analyzed as an alternative solution to pure ionic
liquids for both CYPHOS IL. For [HMIM][PF6], the solvent considered was chloroform,
since this ionic liquid and heptane are not miscible. The FA from the aqueous phase can
react with the strong hydrophobic ionic liquid dissolved in heptane to generate complexes
that are only soluble in the organic phase:

R(COOH)COOH(aq) + [C14C6C6C6P][BTMPP]→[C14C6C6C6P][R(COOH)COO] + BTMPPH

R(COOH)COOH(aq) + [C14C6C6C6P][CH3(CH2)8COO]→[C14C6C6C6P][R(COOH)COO] + CH3(CH2)8COOH

The extraction mechanism could be characterized in terms of displacement reac-
tion since ionic liquids are organic salts and contain tri-hexyl(tetradecyl) phosphonium
([C14C6C6C6P]) as a cation and bis(2,4,4-trimethylpentyl) phosphinate ([BTMPP]—CYPHOS
IL104 and decanoate -CYPHOS IL103) as an anion. The anionic component of the acid
(C13H11N6O-CH(CH2-CH2-COOH)-COO) can displace the anionic species of IL in this
reaction (pKa of decanoic acid is 5.7 while folic acid pKa are 4.69; 6.80). The extraction
mechanism can also imply hydrogen bonding, the values for hydrogen-bonding interaction
energy in the equimolar cation-anion mixture (EHB/(kJ/mol) are −38.64 for decanoate
[C9H20CO2]− and −38.45 for Bis(2,4,4-trimethylpentyl)phosphinate, [C16H34O2P]− [39].

FA is a weak acid in aqueous solutions, stable between pH 2–10, without heating [40],
but its maximum stability is in the pH range of 4–10. The aqueous phase pH has a significant
effect on extraction efficiency as it controls acid dissociation:

R(COOH)COOH(aq)↔R(COOH)COO−(aq) + H+, pKa1 = 4.69
R(COOH)COO−(aq)↔R(COO−)COO−(aq) + H+, pKa2 = 6.8

The extraction efficiency using the purposed extraction system (ionic liquids mixed
with an organic diluent) decreases with the increase of aqueous phase pH, as highlighted
by the experimental results depicted in Figure 4. Better results were obtained for CYPHOS
(dissolved in heptane) compared to [HMIM][PF6] (dissolved in chloroform), similar to the
results obtained for protocatechuic acid or adipic acid [21]. Due to this fact (extraction
efficiency much lower for [HMIM][PF6]), the ionic liquid concentration influence was only
analyzed for CYPHOS IL103 and CYPHOS IL104.
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The experimental results proved that FA could only be extracted by CYPHOS IL103
and CYPHOS IL104 in its undissociated state through H-bond coordination. FA is present
in the aqueous solution in an undissociated form at pH lower than 4.5, as determined by
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the pKa values of 4.69 for the first carboxylic group and 6.80 for the second carboxylic
group. This supports the idea that FA will be reactively extracted utilizing a coordination
mechanism similar to lactic acid extraction, using CYPHOS IL104 [41]. Furthermore, the
results prove that satisfactory separation efficiency can be achieved even at pH equal to 4,
at which FA stability is considered maximum.

The extraction efficiency of FA increases with IL (CYPHOS IL103 and CYPHOS IL104)
concentrations in heptane, as seen in Figure 5, proving that this parameter has a critical
impact on extraction efficiency. This variation is due to the increase of one reactant con-
centration at the reaction interface; a higher concentration of IL is more likely to extract
a higher concentration of the targeted folic acid from the aqueous phase. No third phase
formation was observed in the experiments.
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The influence of ionic liquids concentration on extraction efficiency was analyzed at
pH 4 to avoid denaturation [40]. In order to establish how many molecules of acid and
ionic liquid are involved in the formation of the interfacial complex, the loading factor, Z,
defined as the ratio between the concentrations of FA and ionic liquid in the organic phase:
[FA]org/[IL]org, was calculated (Table 2).

Table 2. Loading factor and distribution coefficient values obtained for C103 and C104 in heptane.

CYPHOS
IL103 conc., M D Loading

Factor
CYPHOS

IL104 conc., M D Loading
Factor

1 0.03 0.52 0.43 0.02 0.43 0.43
2 0.06 6.24 0.53 0.05 3.95 0.57
3 0.12 12.99 0.28 0.10 8.19 0.32
4 0.18 231.18 0.20 0.15 53.51 0.23

Two cases can be considered when the variation of the Z parameters is assessed [42].
The first implies that, as the concentration of the ionic liquid increases, so do the loading
factor values. This phenomenon, known as overloading (loading larger than unity), shows
the formation of complexes with more than one acid per ionic liquid molecule. The
maximum value obtained for the loading factor was 0.53 and 0.57 for both ionic liquids,
so no overloading was noted in the system. The second case implies that complexes
include more than one ionic liquid molecule if the loading factor values decrease as the
IL concentration rises. The obtained results, presented in Table 2, showed that for ionic
concentrations below the value equal to 40 g/L (0.05 M and 0.06 M for CYPHOS IL104 and
CYPHOS IL103, respectively), the loading ratio slowly increases (from 0.43 to 0.53/0.57)
between the concentrations 0.03 M and 0.06 M (20–40 g/L), followed by a significant
decrease of Z with the increase in ionic liquid concentration. Thus, two types of complexes
are formed in direct connection with the ionic liquid concentration:
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- For concentrations lower than 40 g/L, echi-molecular complexes (involving only
one molecule of both FA and ionic liquid) for both cases: [FA][CYPHOS IL103] and
[FA][CYPHOS IL104] are formed, while

- For concentrations higher than 40 g/L, the decrease of Z with increasing ionic liquid
concentration in the organic phase indicates the formation of complexes involving
two molecules of ionic liquid per folic acid molecule: [FA][CYPHOS IL103]2 and
[FA][CYPHOS IL104]2. This suggests that it may be more cost-effective to enhance the
extractant concentration when the process efficiency is below the optimum level than
to raise the process efficiency while maintaining the extractant concentration [42].

Schlosser [37] described two methods for water coextraction in the organic phase
using Cyphos IL-104 dissolved in dodecane: the production of reverse micelles, and the
incorporation of water into hydrated complexes including lactic acid and IL, complexes
that include two molecules of water. In this study, no modifications of the two phases
volume were recorded after the extraction using heptane as an organic solvent. This could
be due to the short extraction time—10 min, or to the large structure of folic acid and its
lower concentrations than the ionic liquid.

2.2. Modeling

The proposed ANN-GWO approach was applied to model the process. To reach this
objective, the extraction yield for FA was determined as a function of the type of solvent
used, aqueous phase pH, type of extractant and its concentration. Since the type of solvent
and type of extractant are categorical values, they were coded with numerical integer values.
This strategy allowed the development of a single model for all possible combinations
regarding the considered parameters. This represents one significant advantage over the
classical regression methods usually used to determine a process model.

Since the experimental work aimed to perform a reduced number of experiments
and since ANNs work better with large datasets, in this work the experimental data were
supplemented with a series of additional points by performing an interpolation procedure
for simple, individual cases of combinations of parameters. For these cases, based on 2D
plot representation, the trendlines that best fit the experimental points were determined
using the R2 metric, and the identified equation was then used to generate additional data.
In this manner, the available dataset was extended from 27 experimental points to 103,
thus allowing the ANN model to better capture the dynamic and influence of all process
parameters on the extraction yield. Next, following the standard procedures regarding
the application of ANNs, the data was normalized and randomly split into two groups
(training and testing). The normalization procedure scales all the parameters to the [−1,1]
interval and reduces the impact of inputs with higher orders of magnitude. The type
of normalization considered in this work is the Min-Max approach [43]. Afterward, the
entire available dataset was randomly attributed: 75% to training and 25% to testing. The
statistical indicators for these two subsets are presented in Table 3.

In the next step, the limits for the maximum ANN topology and the settings for GWO
were set. Regarding topology, to reduce the number of ANN parameters that need to be
identified based on the available data, the maximum number of hidden layers was set to
1, with 20 neurons in the hidden layer. This limitation was based on a set of preliminary
runs that indicated that, for the current process, an ANN with a single hidden layer could
efficiently capture the system’s dynamic. Concerning the GWO parameters, the population
size was set to 50 individuals, and the number of runs was set to 500. Next, 50 simulations
were performed to determine the best ANN model for the process. The statistics of these
runs are presented in Table 4, where Fitness measures model efficiency and is determined
based on the Mean Squared Error (MSE) obtained in the training phase. The ANN with the
highest fitness, referred to as ANN (4:05:01), indicates the best model for the process. In
Table 4, topology is represented using an Input:HiddenLayer:Output notation, where Input
represents the number of inputs corresponding to the process parameters (type of solvent
used, aqueous phase pH, type of extractant and its concentration), HiddenLayer indicates



Molecules 2023, 28, 3339 8 of 13

the number of neurons in the hidden layer and Output indicates the number of process
outputs (which for the current problem is FA).

Table 3. Statistics descriptors for the subsets used for ANN training and testing.

Subset Indicator Type of
Solvent

Type of
Extractant

Aqueous
Phase pH

Extractant
Concentration FA

Training

Mean 1.155844 1.727273 4.084416 48.7013 63.0724
Median 1 2 4 40 79.8336

Standard Deviation 0.365086 0.718851 0.874164 28.2191 32.09486
Sample Variance 0.133288 0.516746 0.764162 796.3175 1030.08

Kurtosis 1.792505 −0.94144 0.632868 0.556316 −1.11127
Skewness 1.935617 0.461642 −0.01714 0.909524 −0.65705
Minimum 1 1 2 0 6.229
Maximum 2 3 6 120 98.33493

Count 77 77 77 77 77

Testing

Mean 1.269231 1.923077 3.75 51.15385 62.5145
Median 1 2 4 40 81.54103

Standard Deviation 0.452344 0.796145 0.806226 26.08861 32.47939
Sample Variance 0.204615 0.633846 0.65 680.6154 1054.911

Kurtosis −0.84995 −1.37721 1.646948 0.895838 −1.59354
Skewness 1.105353 0.143288 −0.10853 1.188646 −0.49504
Minimum 1 1 2 15 8.340475
Maximum 2 3 5.75 120 99.5693

Count 26 26 26 26 26

Table 4. Statistic indicators for 50 runs for the ANN-GWO approach.

Fitness MSE Training MSE Testing Topology

Best 647.7774 0.001544 0.000624 4:05:01
Worst 137.7863 0.007258 0.006111 4:08:01

Confidence interval 318.34 ± 41.06 0.004 ± 0.0005 0.003 ± 0.0004 0.985 ± 0.0018

The average absolute error computed in the training phase for ANN (4:05:01) presented
in Figure 6 was 6.8%, and in the testing phase was 3.8%. In Figure 6, the hidden layer
contains in total 5 neurons, numbered Neuron1 through Neuron5.
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These results and the low values for MSE (Table 4) indicate the selected model’s
performance. One explanation for the MSE in the training phase being higher than in the
testing phase is related to the fact that it contains the only two examples in the entire dataset
with a 0 value for the extractant concentration. Only for these two cases is the absolute
error high (~50%), with an experimental value of 6.2 and predicted values of ~9.2.

An analysis of the data obtained in laboratory settings showed that the identified
ANN captures well the system’s behavior in different combinations of solvent-extractant
(Figure 7a–c). The relations describing the model are presented in the Supplementary
Material.
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Figure 7. Comparison between the experimental data and the ANN predictions for (a) Heptane and
CYPHOS IL103 when pH = 4; (b) chloroform and [HMIM][PF6] when extractant concentration is 40;
(c) Heptane and CYPHOS IL104 when pH = 4.

3. Materials and Methods
3.1. Extraction Process

The experiments performed for FA extraction were carried out using a vibration
shaker (WIZARD IR Infrared Vortex Mixer, VELP Scientifica Srl, Usmate (MB), Italy) that
ensured a stirring speed of 1200 rpm (extraction time—10 min and temperature 22 ◦C),
using equal volumes (2 mL) of FA solution, and the organic phase using a glass cell. FA
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was extracted from aqueous solutions whose initial concentration was 0.04 g/L (due to
limited solubility in water). The extraction was carried out either using only pure ionic
liquids (preliminary studies): [BMIM][PF6]: 1-Butyl-3-methylimidazolium hexafluorophos-
phate, [HMIM][PF6]: 1-Hexyl-3-methylimidazolium hexafluorophosphate, [OMIM][PF6]:
1-Octyl-3-methylimidazolium hexafluorophosphate, CYPHOS IL103—Trihexyl-tetra-decyl-
phosphonium decanoate, and CYPHOS IL104—Tri-hexyl-tetra-decyl-phosphonium bis(2,4,4-
trimethylpentyl)phosphinate, or organic solvents with different dielectric constants (hep-
tane, chloroform and octanol) and a mixture of ionic liquid and organic solvent (CYPHOS
IL103 and heptane, CYPHOS IL104 and heptane and [HMIM][PF6] and chloroform). All
reagents were procured from Sigma-Aldrich [Merck KGaA, Darmstadt, Germany]. 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 sodium hydroxide solutions, based on the indications of a Hanna Instruments pH 213
digital pH meter (Woonsocket, Rhode Island). After extraction, the samples were separated
by centrifugation at 4000 rpm for 5 min, using a DLAB centrifuge (Beijing, China).

The analysis of the acid extraction process was carried out using the separation yield.
It was calculated by determining the FA concentration from the initial solution and the
raffinate solution, using a Dionex Ultimate HPLC system (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) equipped with an Acclaim PA2 column, the mobile phase being
a mixture of acetonitrile and 30 mM KH2PO4 solution with a flow rate of 0.5 mL/min,
detection at 270 nm. All experiments were performed in triplicate (n = 3, error between 1.5
and 4.5%).

3.2. Modeling

Combining mathematical modeling with experimental research can offer a tool for
anticipating extraction performance. In order to extend experimental knowledge, the FA
separation process was modelled. The methodology applied in this work combined ANNs
with the GWO algorithm to model the considered process. The role of GWO is to optimize
the ANN characteristics. This combination of bio-inspired metaheuristic-ANN belongs
to the neuro-evolutive procedures. Neuro-evolution can be applied at different levels:
(a) topology; (b) connection weights; (c) learning rule; (d) node behavior [44]. In this
work, GWO was applied simultaneously for topology (the number of hidden layers and
neurons in each hidden layer), connections’ weights (parameters usually set in the training
procedure with algorithms such as Backpropagation) and node behavior (the selection of
transfer function and its associated properties) and, to incorporate all these parameters
into the structure of real numbers used by GWO, a direct encoding procedure is used.
Once this structure is established, the GWO optimizes a population of randomly generated
networks until a stop criterion is reached. The stop function is represented by the number
of iterations set at the start of the run.

Distinctively from other bio-inspired metaheuristics such as Genetic Algorithms or
Differential Evolution, in GWO the population is divided into four groups that simulate the
hierarchical structure of wolfs: alpha (the leaders), beta (that supports the alpha), delta (that
executes the commands of alpha and beta), omega (that are managed by the delta and are
at the bottom of the hierarchy) [45]. The hunting mechanisms that GWO mathematically
simulates include: (a) encircling (where the entire pack works together to chase and direct
the prey in a strategy to increase the chance of catching it); (b) hunting (movement of
wolfs around the prey guided by the alpha); and (c) attacking (attacking the prey when it
stopped moving). These principles were implemented in Visual Studio C#, following the
mathematical relations described in the work of Mirjalili et al., 2014 [26].

4. Conclusions

This study presents the extraction of FA from aqueous solutions using reactive ex-
traction with hydrophobic IL diluted with heptane (a greener alternative to classical sol-
vents [46]) as an efficient technological alternative for this vitamin’s separation. Almost
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100% (99.56%) extraction yield was obtained for 120 g/L CYPHOS IL103 and aqueous
phase pH equal to 4, the reactive extraction mechanism being based on hydrogen bonding
between FA and IL. The analysis of the loading factor indicated no overloading in the
extraction systems in optimum conditions. The process was modelled using a combined
ANNs with the GWO algorithm; the data obtained showed good accordance between
predicted and experimental results. According to the findings of this study, it is possible
to use efficiently phosphonium-based ionic liquids for folic acid extraction or reactive
extraction. Moreover, the separation procedures were straightforward and free of volatile
organic solvents.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28083339/s1, Figure S1: FTIR spectra for folic
acid, Cyphos IL103 ionic liquid in heptane and extract; Figure S2: UV-VIS spectra for Cyphos IL103
ionic liquid in heptane and Chyphos Il103 loaded with FA.
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Abstract: Gallic acid (GA) is a naturally occurring phenolic acid that can be found in the leaves, roots,
flowers, or stems of a wide variety of plant species. It has a broad range of uses in the food and
pharmaceutical industries. The objective of this research is to investigate the GA reactive extraction
process employing dichloromethane and n-heptane as solvents, 1-octanol as a phase-modifier, and
Amberlite LA-2 as an amine extractant dissolved in the organic phase. The separation yield and
distribution coefficient data were discussed, along with the analysis of the extraction conditions
and the extraction mechanism. Dichloromethane employed as the solvent, 80 g/L Amberlite LA2
used as the extractant, and 10% phase modifier were determined to be the ideal conditions for the
reactive extraction onto a biphasic organic-aqueous system. Statistical regression and artificial neural
networks (ANNs) established with the differential evolution (DE) algorithm were also used to model
and optimize the process.
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1. Introduction

Gallic acid (3,4,5-trihydroxybenzoic acid, Figure 1) (GA) is a phenolic acid of natural
origin, found in the leaves, roots, flowers, or stem of a large number of plant species
(Bergia suffruticosa, Ceratonia siliqua, Tectonagrandis, and Casuarina equisetifolia) with numer-
ous applications in the food and pharmaceutical industries [1].
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Figure 1. Chemical structure of gallic acid.

GA is a white or pale-yellow crystalline compound, with the structural formula
presented in Figure 1 and the main physicochemical properties in Table 1.
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Table 1. Main characteristics of gallic acid [2].

Characteristic Value

Molar mass 170.12 g/mol (anhydrous)
Density 1.694 g/cm3

Solubility in water 1.19 g/100 mL (anhydrous, 20 ◦C)
Melting point 260 ◦C

Acidity constant 3.94 (COOH)
8.45, 11.4, and 13 (phenolics OH)

From the pharmacological point of view, GA has antimicrobial, anti-inflammatory and
antioxidant action [1,3]. In addition, GA inhibits the adhesion and development of microor-
ganisms from the species Pseudomonas aeruginosa, Staphylococcus aureus, Streptococcus mutans,
Chromobacterium violaceum, Listeria monocytogenes, and Shigella flexneri [4–9]. Moreover, it is
able to exhibit degradative action on the cell wall of some Gram-negative microorganisms
and an inhibitory effect on the activity of some enzymes (HIV-1 integrase, HIV-1 transcrip-
tase, HCV serine protease, etc.) [10–12]. Additionally, a few studies present models for the
use of GA and its derivatives in various diseases, including cancer [13]. The cytotoxic and
antitumoral effect of GA results from modulating pro- and anti-oxidant activities [3].

Conventionally, GA can be obtained by acid hydrolysis of tannic acid. However,
it implies high cost, low yield, low purity, and generation of toxic effluents. A more
efficient process involves microbial hydrolysis of tannic acid (Table 2) using tannase (tannin-
acyl-hydrolase, EC 3.1. 1.20, an enzyme that catalyzes the breakdown of ester bonds in
gallotannins) produced by fungal and bacterial strains.

Table 2. Production of gallic acid using tannase-producing microorganisms [14–18].

Microorganism Process Culture Media GA Produced

B. subtilis AM1 Anaerobic batch fermentation,
30 ◦C, 48 h

FeSO4 × 7H2O, 0.01; NaNO3, 3; K2HPO4, 1;
MgSO4 × 7H2O, 0.5; KCl, 0.5; and tannic acid 1%. 24.16 g/L

L. plantarum CIR1 Anaerobic batch fermentation,
30 ◦C, 48 h

FeSO4 × 7H2O, 0.01; NaNO3, 3; K2HPO4, 1;
MgSO4 × 7H2O, 0.5; KCl, 0.5; and tannic acid 1%. 23.73 g/L

Sporidiobolus ruineniae A45.2

Aerobic batch fermentation, 1L
stirred tank fermenter, 250 rpm,

aeration rate of 0.2 vvm
30 ◦C for 48 h

3 g/L yeast extract, 3 g/L malt extract, 5 g/L
peptone, 10 g/L glucose, 5 g/L tannic acid 11.2 g/L

Bacillus sphaericus Batch fermentation, pH 6.0,
37 ◦C, 100 rpm, 48 h

2.0% tannic acid, 2.5% galactose, 0.25% ammonium
chloride, and 0.1% MgSO4

90.8%

Rhizopus oryzae NRRL 21498,
Aspergillus foetidus

MTCC 3557

Modified solid-state
fermentation, 30 ◦C and 80%

relative humidity, pH 5

Powdered fruits of Terminalia chebula and
powdered pod cover of Caesalpinia digyna 94.8%

Aspergillus fischeri MTCC 150 Batch fermentation 35 ◦C, pH:
4.0 to 3.5, agitation: 250 rpm

NH4NO3, 1.65 g/L, KNO3, 1.9 g/L, MgSO4 ×
7H2O, 0.371.65 g/L, CaCl2 × 2H2O, 0.44 g/L,

KH2PO4, 0.17 g/L, H3BO3, 6.2 mg/mL, MnSO4 ×
H2O, 16.9 mg/mL, ZnSO4 × 7H2O, 8.6 mg/mL,

Na2MoO4 × 2H2O, 0.25 mg/mL, CuSO4 × 5H2O,
0.025 mg/mL, CoCl2 × 6H2O, 0.025 mg/mL,

FeSO4 × 7H2O, 5.6 mg/mL, and Na2EDTA, 7.6
mg/mL, tannic acid 5.0 g/L

7.35 g GA/g biomass;
23% conversion

obtained at 50 g/L
tannic acid

Penicillium rolfsii (CCMB 714) Submerged fermentation, 30 ◦C 10% tannic acid 21.51 g/L

Several studies have analyzed reactive extraction for the GA separation [19–22], show-
ing its potential. Rewatkar et al. [19] obtained-under optimum conditions of 2.34 g/L GA,
65.65% v/v tri-n-butyl phosphate in hexanol, 19 ◦C, and pH 1.8-an extraction efficiency
of 99.43% for gallic acid from an aqueous stream. Joshi et al. [20] obtained the following
distributions coefficient of GA 1.94–27.57 for 2-octanone: 1.12–8.83 for lauryl alcohol, and
0.20–22.07 for n-heptane, increased values being obtained by adding 0.3652 mol/L TBP
(tri-butyl phosphate) as an extractant. Pandey et al. [21,22] obtained the maximum GA ex-
traction of 90.1%, at an initial acid concentration of 0.0588 mol/L, initial TOA concentration
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of 0.2762 mol/L, pH 2, and temperature of 25.0 ◦C. However, none of these studies have
analyzed GA back extraction from organic solvents.

This study aims to provide a complete analysis (extraction, stripping, and optimization)
of the GA reactive extraction process using Amberlite LA2 dissolved into two solvents
with different dielectric constants: dichloromethane and n-heptane and a phase modifier
(1-octanol). For reactive extraction of carboxylic acids during the intense mixture necessary
for a good mass transfer, a third phase is formed—a stable emulsion very difficult to
separate. The addition of a phase modifier, 1-octanol, prevents its formation, facilitating
the organic and aqueous phase separation, and, it also increases the solvent polarity
increasing the reactive extraction efficiency [23–25]. The results were discussed from the
viewpoint of the extraction mechanism, separation yield and distribution coefficient, for
different extraction conditions. Back extraction was successfully performed using NaOH
solutions. In addition, the process was modeled and optimized using statistical regression
and Artificial Neural Networks (ANNs) determined with the Differential Evolution (DE)
algorithm. The objective is to rapidly identify the extraction efficiency without additional
experiments and determine the optimal conditions that lead to maximum efficiency.

2. Materials and Methods
2.1. Chemicals

All chemicals, including gallic acid (98.0%), dichloromethane (99%), 1-octanol (99%),
heptane (99%), sulfuric acid (95.0–98.0%), sodium hydroxide (>97%), lauryl tri-alkylmethyl-
amine—Amberlite LA2 (99%), and acetonitrile (99.99%), were purchased by Sigma Aldrich
(Burlington, VT, USA) and used as received without further processing.

2.2. Reactive Extraction Experiments

Reactive extraction and stripping experiments for GA separation were carried out
using equal volumes of aqueous and organic phases (20 mL) in an extraction column with
vibratory mixing (50 s−1 frequency and 5 mm amplitude, the stirrer being maintained at the
initial interface between the two phases), consisting in a glass column with a diameter of
36 mm and 250 mm height, provided with a thermostatic jacket that allowed temperature
control: 25 ± 0.02 ◦C for all the reactive extraction experiments and 50 ± 0.02 ◦C for the
back extraction. The reactive extraction experiments were performed using two solvents
with different polarities: dichloromethane (dielectric constant 9.08 [26]) and n-heptane
(dielectric constant 1.9 [26]). The first solvent, suitable for polar compounds, was chosen
based on efficient reactive extraction obtained for other carboxylic acids (2-ketogluconic
acid, formic acid, pseudomonic acid, acetic acid, etc. [23–25,27]), while the second one was
chosen due to its green classification [28]. As a phase modifier, 1-octanol (dielectric constant
10.3 at 25 ◦C [26]) was added to the organic solution to increase the polarity of the solvent
and to facilitate the phases separations (1-octanol prevents the formation of a third phase—a
stable emulsion between the two phases). Solvent selection is an essential parameter since
it influences the extraction efficiency and the design of a continuous extraction process and
solvent regeneration cycle.

After the extraction and the stripping (each process having a duration of 1 min),
phases were separated in a centrifugal separator at 4000 rpm. GA initial concentration
in the aqueous phase was 5 g/L (2.29 × 10−2 M), and the concentrations of the amine
extractant, Amberlite LA-2, in the organic phase varied between 0 and 80 g/L (0.215 M). The
pH value of the aqueous phase was between 2 and 5 for the extraction and 8 for the stripping
experiments, modified using solutions of 3% sulfuric acid or 3% sodium hydroxide, by
means of the indications of the digital pH meter (CONSORT C 836) (Turnhout, Belgium).

2.3. Analytical Procedures

The processes were analyzed on the basis of distribution coefficients and extraction
efficiency, calculated using the mass balance based on the GA concentration in the aqueous
phases measured by the high-performance liquid chromatography technique (HPLC) as
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described in the literature [19]. For this purpose, an HPLC system, UltiMate 3000 Dionex
(Sunnyvale, CA, USA), provided with an Acclaim C18 (150 mm × 4.1 mm, 5 µm) column
(Sunnyvale, CA, USA), 90% water, and 10% acetonitrile solution were used as mobile phase,
with detection by UV absorbance at 264 nm wavelength, and the flow rate of 0.8 mL/min.

2.4. Modelling and Optimization

In order to model and optimize the considered process, two strategies were considered.
One is based on the classical approaches that use statistical methods, and the other uses
artificial intelligence techniques: ANNs and bio-inspired metaheuristics.

2.4.1. Statistic Approaches

The statistical analysis of the process was performed using Minitab (Coventry, UK), with
a regression model with interactions through order 2 and terms through order 2, with
a 95% confidence level for all intervals, and a forward selection strategy for parameter
optimization. For process optimization, the Response Optimizer option was used.

2.4.2. Artificial Neural Networks and Differential Evolution

In this case, the process modeling was performed using ANNs. Although ANNs are
relatively easy to use, their optimal configuration and hyper-parameters are a problem
in themselves. Thus, a Keras sequential model was considered in this work, with an
Adam optimizer and ReLU activation function for the hidden layers and a linear activation
function for the output layer. Consequently, the training of the ANN is performed using the
Keras framework. However, before training, an optimal architecture must be selected. This
step is performed by DE, a population-based bio-inspired metaheuristic that showed a good
capability to solve various problems from different areas. For example, in simple or different
combinations, it was applied for: the prediction of polycyclic aromatic hydrocarbons
formation in grilled meats [29] prediction of reactive extraction of pseudomonic acids [23],
modeling the biogas production from anaerobic wastewater treatment plant [30], and
optimization of biogas power plant feedstock [31].

Except for the determination of the ANN model architecture, in this work, DE is also
applied to optimize the process. Since this step cannot be performed without a model, in
this work, the ANN model was used in combination with DE.

Since DE is a population-based algorithm that uses vectors of real numbers, each
of the two optimization problems is individually solved. In each case, a direct encoding
transforms the problem into a structure that DE can work with. In the case of ANN
optimization, the parameters considered are strictly related to the architecture: the number
of hidden layers and neurons in each hidden layer. In the case of process optimization, the
parameters considered are related to the process parameters: solvent, octanol addition, pH,
and ALA-2 concentration.

Compared with the standard DE algorithm [32], the variant used in this work uses a
self-adaptive procedure for the control parameters. This strategy is applied to eliminate the
need for manually tuning the F and CR parameters that influence the algorithm’s perfor-
mance. The F parameter controls the mutation rate of the individuals in the population.
CR is the crossover rate that influences how the trial individuals are generated from the
current and mutated population. Overall, the DE algorithm has fewer steps: initialization,
mutation, crossover, and selection. In the initialization phase, the population is randomly
generated using the limits of the considered problem. The limits are previously set for the
ANN problem depending on how large a model is allowed. For process optimization, the
limits are the ones used in the experimental phase. The mutation and the crossover phases
are the ones responsible for generating new individuals. The mutation introduces changes
in the individuals, and the crossover combines the characteristics of two parents to create
children. Finally, in the selection phase, the best individuals are selected to participate in
the next generation. The steps mutation, crossover, and selection are repeated until a stop
criterion is reached (maximum number of generations).
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The general schema of the workflow of the steps performed in this work is presented
in Figure 2.
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3. Results
3.1. Reactive Extraction

Reactive extraction is a separating technique that implies a chemical reaction between
one or more components from a liquid mixture and a selective extractant dissolved in
an organic solvent. The efficiency of the reactive extraction depends on the physical and
chemical characteristics of the solute (hydrophobicity, acid-base properties), on properties
of the extractant (reactivity, ability to form hydrophobic compounds with the solute) and
on separation conditions (pH, mixing intensity, concentration level, etc.). Due to these
conditions, the mechanism of interaction between solute and extractant, the optimal extrac-
tion conditions in correlation with the separation factors, and the extraction mechanism
constitute the main study directions in reactive extraction.

3.1.1. Influence of Aqueous Phase pH on the Extraction Efficiency

The pH-value of aqueous solutions is an important parameter that influences the
reactive extraction process, as it controls the form in which the acid is found in aqueous
solutions: undissociated at pH value lower than pKa (3.94 for the carboxylic group), and
dissociated at pH value superior to pKa. GA contains in his molecule a carboxylic group
and three hydroxyl groups and the dissociation of these functional groups is represented
in Figure 3:

However, due to polarizable hydroxyl from phenolic groups, GA can form hydrogen
bonds, generating dimers [33].

Due to GA insolubility in both chosen solvents, the extraction is based on forming a
complex between the extractant (Amberlite LA2) and the carboxylic group from the acid
structure. The pH influence on the extraction efficiency (E, %—the ratio of GA concentration
in the extracted phase and its initial concentration), depicted in Figure 4, suggest hydrogen
bond formation between the un-dissociated acid and the extractant (for pH < pKa1, the
acid dissociation in the aqueous phase can be considered negligible).

Adding 1-octanol increased the extraction efficiency for both solvents (Table 3), with a
more significative influence at pH over 4. The organic phase consists either of two (diluent
and extractant) or three components (diluent, extractant, and modifier). The extractant
reacts with gallic acid, forming an amine–acid complex that is soluble only in the diluent
(used primarily for decreasing extractant viscosity), solubility being improved by the
modifier addition. The most important influence of 1-octanol is observed in the case of
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n-heptane, by improving its low transfer capabilities of the acid–amine complex in the
organic phase.
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Table 3. The amplification factor values corresponding to 1-octanol addition (CALA2 = 40 g/L).

Solvent/pH 2 3 4 5

n-Heptane 1.47 1.50 1.84 1.92
Dichloromethane 1.19 1.26 1.47 1.55

The most important increase in the values of amplification factors has been reached for
pH over 4, in the domain corresponding to the higher extent of carboxyl group dissociation.

3.1.2. Influence of Amine Concentration on the Extraction Efficiency

The reactive extraction of carboxylic acids, which are usually present in low concen-
trations in the fermentation broth, with an aminic extractant occurs, at equilibrium, at
the organic-aqueous interface, with the formation of a strong hydrophobic compound.
Solvation of this compound by the diluent is a critical factor in the extraction of most acids.

The experimental results regarding the influence of Amberlite LA2 concentration on
the extraction efficiency are illustrated in Figure 5, for pH = 2 (pH value corresponding to
the maximum extraction efficiency).

Physical extraction was found to be very poor in both used solvents. An increase in
ALA2 concentration in the organic phase from 0 to 0.226 M, over the stoichiometric ratio
(GA concentration was 2.935 × 10−2 M), induces the continuous increase of the extraction
degrees. These high extraction yield values suggest improved solvation by extractant
molecules by increasing interfacial compounds hydrophobicity. Similar trends can be
observed for other acid-extraction systems [23–25,27].
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Adding 1-octanol improves the solvation power of the acid–amine complex, as shown
by the amplification factors values presented in Table 4. In the case of the solvent with the
lower polarity, the 1-octanol addition generates the lowest influence at low amine concen-
tration in the organic phase. This proves that the modifier presence is more important for
increased extractant quantities in the solvent, probably due to the formation of gallic acid
dimers through intermolecular hydrogen bonds, resulting in carboxylic groups blocked and
requiring higher amounts of extractant to make the interfacial reaction possible. The octanol
provides a good solvation media for the interfacial product (acid–amine complex), but it
can also form hydrogen bonds with gallic acid, due to the alcohol functional group. In the
dichloromethane case, the highest influence can be observed at low amine concentrations,
but the values are comparable with those obtained for n-heptane. At higher extractant con-
centrations in dichloromethane, the phase modifier influence is diminished, the extraction
degree being high even in the absence of 1-octanol, due to increased solvent polarity.

Table 4. The amplification factors values corresponding to 1-octanol addition (pH = 2).

Solvent/A LA2 Concentration 10 20 40 80

n-Heptane 1.23 1.27 1.47 1.45
Dichloromethane 1.30 1.25 1.19 1.08

3.1.3. Study of the Reactive Extraction Mechanism

To analyze the reactive extraction mechanism with and without 1-octanol as the phase
modifier, the following interfacial equilibrium is considered (gallic acid is insoluble in
n-heptane and in dichloromethane and Amberlite LA2 is insoluble in the aqueous phase).
The purpose is to determine the extraction equilibrium constant (KE) and the number of
extractant molecules (n), using the law of mass action. As concluded from the pH influence,
Amberlite LA2 extracts the non-dissociated form of GA when the pH < pKa:

Gal−COOH(aq) + nQ(o) ↔ Gal−COOHQn(o) (1)

For this system, the distribution coefficient, D, is determined using Equation (2), the
ratio of gallic acid concentration in the solvent phase and in the aqueous phase at equilibrium:

D =

[
Gal−COOH Qn(o)

]
[
Gal−COOH(aq)

] (2)

According to the interfacial reaction proposed, the equilibrium constant can be deter-
mined with Equation (3):
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KE =

[
Gal−COOH Qn(o)

]
[
Gal−COOH(aq)

] [
Q(o)

]n →
[
Gal−COOH Qn(o)

]
= KE·

[
Gal−COOH(aq)

]
·
[
Q(o)

]n
(3)

The concentration of un-dissociated gallic acid in the aqueous solution is calcu-
lated through Equation (4), by using its total concentration, Gal−COOHaq and Ka, the
dissociation constant:

[
Gal−COOH(aq)

]
=

[Gal−COOH(aq)]

1 + Ka
[H+ ]

(4)

Using these three Equations (2)–(4) the equation for distribution coefficient D becomes:

D = KE·

[
Q(o)

]n

1 + Ka
[H+ ]

(5)

By applying the logarithm to relation Equation (5), the following equation (straight
line) can be obtained:

ln D + ln
(

1 +
Ka

[H+]

)
= ln KE + n ln

[
Q(o)

]
(6)

Using the graphical representation of Equation (6), in Figure 6, it is possible to deter-
mine the number of Amberlite LA-2 molecules, n, which participate in the formation of
the interfacial adduct (from the slope), and the value of the extraction constant, KE, (from
its intercept).
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The results presented in Table 5, demonstrate that in the absence of the phase modifier,
the reactive extraction occurs through the formation of an aminic adduct that contains two
molecules of extractant for n-heptane, while for dichloromethane it occurs by forming an
equimolecular complex between Amberlite LA2 and GA. The addition of 1-octanol changes
the mechanism for the inert solvent n-heptane, for both solvents the interfacial complex
containing one molecule of each reactant.

As can be observed from Table 5, the increase of organic phase polarity leads to the
increase of the extraction constant KE, thus suggesting the moving of the interfacial equilib-
rium towards the formation of extraction compounds. In order to confirm these results, the
loading factor, Z, [Gal-COOH(o)]/[Q(o)] was calculated, the values being presented in Figure 7.
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Table 5. Values of n and KE for extraction systems with 1-octanol and Amberlite LA2.

Solvent n KE,

n-Heptane 1.86 56.56, L2/ mol2

Dichloromethane 1.18 358.31, L/mol
n-Heptane + octanol 1.08 82.43, L/mol

Dichloromethane + octanol 1.16 947.97, L/mol
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The decrease in the loading ratio, with Amberlite LA2 increasing concentration
cumulated with values smaller than 0.5, confirms that only acid—extractant 1:1 (for
dichloromethane with or without 1-octanol and n-heptane with 1-octanol) or 1:2 (for
n-heptane)—complex is formed in the organic phase. The values of Z superiors to 0.5,
obtained for dichloromethane at low Amberlite LA-2 concentrations (with or without the
phase modifier) assume the formation of an acid: extractant complexes of 2:1 and 3:1 [22].

3.1.4. Study of Stripping Efficiency

Stripping is a necessary step for the recovery of GA from the interfacial complex, which
can be attained by the reaction with NaOH that will convert the acid into its salt, regenerat-
ing the extractant in the same time. The results obtained for GA are presented in Figure 8.
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The study was performed at an initial phase pH equal to 2, corresponding to the maxi-
mum efficiency of the reactive extraction process and different extractant concentrations.
The maximum recovery yield was obtained at low amine concentrations in the organic
phase corresponding to smaller equilibrium concentration of gallic acid in organic phase.
The increase in temperature for the re-extraction at 50 ◦C facilitates the back extraction as
the formation of the complex between gallic acid and Amberlite LA2 through hydrogen
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bonds is exothermic and decreases the system entropy. Increasing the system temperature
diminishes the amount of gallic acid extracted, thus increasing the stripping efficiency.

3.2. Modelling and Optimization
3.2.1. Statistical Approaches

The regression model was determined based on the process parameters: solvent types
(described by the dielectric constant), the octanol addition (0 if no octanol is added and 1 if
octanol is added), pH, and ALA-2 concentration. The software used was MINITAB 17.1.0,
and a forward selection was applied for parameter selection. The resulting model had an
R2 of 91.63% and an adjusted R2 of 89.15%. The analysis of variance for the resulting model
is presented in Table 6, where DF indicates the degrees of freedom, Adj_SS is the adjusted
sum of squares, Adj_MS is the measure of the adjusted mean of squares, and F-value
indicates if the term is associated with the response. Finally, p-value is the probability that
indicates the evidence against the null hypothesis.

Table 6. ANOVA analysis.

Source DF Adj_SS Adj_MS F-Value p-Value

Regression 8 25,395.6 3174.45 36.94 0
pH 1 133.2 133.2 1.55 0.224

ALA_2 1 9175 9175.02 106.78 0
Solvent 1 1537.4 1537.36 17.89 0
Octanol 1 140.3 140.26 1.63 0.212

pH × pH 1 0.2 0.17 0 0.964
ALA_2 × ALA_2 1 6947.4 6947.38 80.86 0

pH × Octanol 1 209.7 209.69 2.44 0.13
ALA_2 × Octanol 1 828.8 828.79 9.65 0.004

The resulting models are indicated by Equations (7)–(10). The main explanation for
the fact that there are four equations for the process is related to the fact that in the model,
there are two categorical predictors: the solvent type and the octanol addition. Equation (7)
corresponds to the case where the solvent used is n-heptane, and no octanol is added.
Equation (8) corresponds to the case where n-heptane with octanol is used. Equation (9)
corresponds to the case where the solvent used is dichloromethane, and Equation (10)
describes the dichloromethane and octanol case.

E f f = 42.6− 18.2× pH + 2.558× ALA_2 + 0.1× pH2 − 0.02516× ALA_22 (7)

E f f = 54.4− 22.8× pH + 3.007× ALA_2 + 0.1× pH2 − 0.02516× ALA_22 (8)

E f f = 55.7− 18.2× pH + 2.558× ALA_2 + 0.1× pH2 − 0.02516× ALA_22 (9)

E f f = 67.4− 22.8× pH + 3.007× ALA_2 + 0.1× pH2 − 0.02516× ALA_22 (10)

The next step was determining the optimal conditions that lead to a maximization of
efficiency. In MINITAB, this was performed using the Response Optimizer option. The
solutions that resulted are presented in Table 7, where Fit indicates the efficiency of the
process, and Desirability is a measure that indicates the effectiveness of the response to the
desired conditions.

Table 7. Optimization solutions obtained in MINITAB.

Solution Solvent Octanol pH ALA-2 Fit Desirability

1 9.08 1 2.07477 80 100 1
2 1.9 1 2 59.7469 96.929 0.98891
3 9.08 0 2 50.8301 84.727 0.84183
4 9.08 1 3.5 59.7273 78.556 0.77792
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3.2.2. Artificial Intelligence

In order to determine the optimal ANN model for the considered process, the DE
algorithm in combination with the classical BackPropagation training technique optimized
with Adam (a combination implemented in Python and using the Tensorflow library) was
applied. As previously mentioned, two DE control parameters were included in a self-
adaptive approach to eliminate the need for manual tuning. However, DE does not have
only two parameters. It is also controlled by the number of individuals in the population
and the number of generations. However, following the classical DE idea, these parameters
are fixed through the run and, thus, can be easier to set up manually. Thus, based on a
preliminary test series, the generations were set to 50 and the number of individuals to 25.
These settings were used in all the optimization cases.

Regarding the ANN optimization problem, due to the direct encoding of the pa-
rameters, a set of limits were set to the ANN topology not to complicate the model too
much. Thus, the maximum number of hidden layers was set to 5, with 50, 50, 30, 30,
and 15 maximum number of neurons, respectively. After all the parameters were set,
the experimental data were pre-processed (randomized, split into training and testing,
and normalized) and fed to the DE procedure. Since the DE is a high stochastic algo-
rithm, 10 runs were performed, and the best ANN was chosen from the pool of gener-
ated solutions based on the mean squared error (MSE) computed in the training phase.
Due to the relatively low number of experimental points and the high number of hyper-
parameters that need to be determined during the architecture determination and training,
the best ANN determined—although it had a better performance than the regression mod-
els in a few cases—had an unacceptable low performance. This indicated that the ANN
did not efficiently capture the process’s dynamic in all cases due to the low number of
experimental data.

To solve this problem, the number of points was enlarged using a procedure that
generates synthetic data based on actual data. First, the process’s dynamic was graphically
determined for each type of solvent (with or without octanol), and intermediary points
were obtained using the Digitizer tool from Origin. After that, the new extended dataset
underwent the same procedure to determine the process model as in the original experi-
mental data. The best model obtained had a single hidden layer with 50 neurons. Table 8
presents the main statistic indicators for this ANN model, which will be further referred
as ANN (4:50:1).

Table 8. Statistical indicators for the best ANN obtained.

Training Testing

Explained variance score 0.996 0.996
Mean absolute error 1.141 1.212
Mean squared error 2.552 2.794

Mean absolute percentage error 0.0401 0.032
Coefficient of determination 0.995 0.994

A comparison between the experimental data, the statistical regression model’s pre-
dictions, and the ANN (4:50:1) model for a concentration of ALA-2 of 40 is presented in
Figure 9. As observed, the regression model does not efficiently capture the efficiency
dynamic and tends to be linear. On the other hand, the ANN predictions are closer to the
experimental data. Moreover, there is a single ANN that models all the cases, and there
is no need to change the relation based on the initial conditions. However, in terms of
predicted values, especially at low pH, for n-heptane, the predicted values for the regression
are far from the experimental data.

After that, the ANN model was applied for process optimization using the DE opti-
mizer. The best results obtained are presented in Table 9.

As it can be observed, the DE algorithm provided various solutions for each combina-
tion of solvents with or without octanol.
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Figure 9. Comparison between experimental, regression, and ANN model predictions for (A) n-
heptane without octanol addition; (B) n-heptane with octanol; (C) dichloromethane without octanol
addition; and (D) dichloromethane with octanol.

Table 9. Process optimization using DE with ANN (4:50:1).

Solvent Octanol pH ALA-2 Fit

9.8 1 2.018 46.518 100.000
9.8 1 2.005 25.699 99.621
9.8 1 2.145 56.867 97.834
9.8 1 2.310 42.744 93.193
9.8 1 2.310 28.929 92.596
9.8 1 2.409 56.697 90.889
1.9 1 2.047 67.956 89.606
9.8 1 2.477 56.784 89.105
9.8 1 2.477 44.331 88.840
9.8 1 2.537 32.539 86.787
9.8 1 2.560 37.518 86.524
9.8 1 2.560 35.597 86.397
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Table 9. Cont.

Solvent Octanol pH ALA-2 Fit

9.8 0 2.060 39.118 83.427
1.9 1 2.253 47.333 82.726
9.8 0 2.129 35.986 80.973
1.9 1 2.643 78.369 78.558
1.9 1 2.495 52.322 78.328
9.8 0 2.060 31.291 77.855
1.9 1 2.344 37.328 75.971
9.8 1 3.285 68.010 74.854
9.8 0 2.129 52.254 74.464
9.8 1 3.467 53.442 73.858
9.8 0 2.060 24.065 70.132
1.9 0 2.000 80.000 63.486
1.9 0 2.000 76.601 63.481
1.9 0 2.040 77.793 63.003
1.9 0 2.000 66.550 61.763

4. Conclusions

This article reports a comprehensive study on gallic acid separation including: reactive
extraction, stripping, and modeling. The optimum conditions for the reactive extraction
onto a biphasic organic-aqueous system were: pH of aqueous phase 2, dichloromethane
used as solvent, 80 g/L Amberlite LA2 used as extractant, and 10% phase modifier
(1-octanol). The extraction mechanism analysis confirmed the formation of complexes in-
volving hydrogen bonds between 1 molecule of GA and 1 of extractant, for dichloromethane
(with or without 1-octanol) and n-heptane with 10% 1-octanol, and 1:2 (acid:extractant)
complexes for n-heptane. The organic phase is regenerated at a high temperature (323 K)
with sodium hydroxide, allowing its simultaneous regeneration. Moreover, the process was
modeled and optimized with statistical approaches and artificial intelligence tools (ANNs
and DE). The results indicated that an effective model process could be further used to
generate predictions and eliminate the need for additional experimental work.
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a “Gheorghe Asachi” Technical University of Iasi, Dept. of Biochemical Engineering, D. Mangeron 73, 700050, Iasi, Romania
b “Gr.T. Popa” University of Medicine and Pharmacy of Iasi, Dept. of Biomedical Science, M. Kogalniceanu 9-13, 700454, Iasi, Romania

a  r  t  i  c  l e  i  n  f  o

Article history:
Received 5 September 2017
Received in revised form 7 December 2017
Accepted 12 December 2017
Available online 13 December 2017

Keywords:
Ergosterol
S. cerevisiae
Oxygen-vector
n-Dodecane
Ethanol
Fermentation

a  b  s  t  r  a  c  t

The  effect  of  n-dodecane  used  as  oxygen-vector  in  batch  and  fed-batch  fermentations  of  S.  cerevisiae
for  producing  ergosterol  has been  comparatively  investigated.  Regardless  of n-dodecane  concentration,
the  results  indicated  the increase  for about  three  times  of  ergosterol  content  inside  the  yeasts  cells  in
fed-batch  process.  In  both  fermentation  systems,  by  adding  the  oxygen-vector,  the  ergosterol  concen-
tration  increased  with  over  50%.  The  oxygen-vector  concentration  corresponding  to  the maximum  level
of  ergosterol  depended  mainly  on  biomass  concentration,  being  5%  vol.  for batch  fermentation,  and  10%
vol.  for  fed-batch  one.  The  increase  of  biomass  concentration  in the  fed-batch  process  partially  affected
the  positive  influence  of  oxygen-vector,  effect  that  became  less  significant  only  for  hydrocarbon  concen-
tration  over  10%  vol.  The inhibitory  phenomenon  induced  at higher  concentration  of  hydrocarbon  also
limits  the  positive  influence  of oxygen-vector,  but  this  effect  was  partially  counteracted  in  the  fed-batch
process  due to  the  higher  amount  of  yeasts  biomass  produced.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Ergosterol (ergosta-5,7,22-trien-3�-ol, Fig. 1) was firstly iso-
lated from fungal species Claviceps, but it was also found in yeasts
and few herbs [1–4]. Similarly to the cholesterol in mammalian
cells, this sterol plays the main role in ensuring the cellular mem-
brane integrity and controlling its normal functions as fluidity or
permeability and transport, as well as the plasma-membrane pro-
teins activity and cellular cycle [1–3].

In the yeasts cells, ergosterol is encountered in membranes,
being stored in its free form in the plasma-membrane, and as fatty
acids esters in lipids [5,6]. The mechanism of ergosterol production
in yeasts is complex and was the subject of multiples studies which
led to a rather complete view on this sterol biosynthesis path-
way. Specific enzymes are involved in the ergosterol biosynthesis
by catalyzing the conversion of squalene to lanosterol, zymosterol,
episterol, and finally to ergosterol [7–10].

Ergosterol is the precursor of ergocalciferol, also known as vita-
min  D2, being converted into it via viosterol by exposing to UV
light [11]. For this reason, ergosterol is known as provitamin D2.

∗ Corresponding author.
E-mail addresses: dancasca@yahoo.com, dancasca@tuiasi.ro (D. Caş caval).

Nomenclature

d Impeller diameter (mm)
d’ Impeller diameter (mm)
D Bioreactor diameter
h Distance from the stirrer to the bioreactor bottom

(mm)
H Bioreactor height (mm)
l Impeller blade length (mm)
l’ Oxygen electrode immersed length (mm)
R Ratio between the ergosterol concentrations in fed-

batch and batch fermentations
s Baffle width (mm)
Y Product yield factor related to glucose (g ergos-

terol/g glucose)
w Impeller blade height (mm)

Recently, other medical applications, as antitumor agent or specific
target for antifungal compounds, have been developed [12–15].

Due to the presence of an asymmetric center in ergosterol
molecule, its chemical synthesis is complicated and requires many
steps with high materials and energy consumptions, while the
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Fig. 1. Chemical structure of ergosterol.

yield is low [16]. Consequently, the aerobic fermentation processes
became the most attractive methods for ergosterol production.
Among various potential producers of ergosterol, different strains
of S. cerevisiae have been preferred, especially due to their easier
manipulation and the better knowledge on this sterol biosynthesis
pathway [10]. The literature indicated that this sterol was  produced
by batch or fed-batch fermentations, on glucose or corn hydrolysis
substrates, using different programs for substrate or oxygen feed-
ing [6,16–18]. From these studies it was concluded that one of the
main parameters which control the ergosterol yield is the level of
dissolved oxygen in the broths or the oxygen uptake rate.

Therefore, the oxygen supply into the yeasts broths constitutes
one of the decisive factors of ergosterol biosynthesis at a satis-
factory level. Generally, the bioreactor capacity to generate high
rate of oxygen diffusion from air to the broths, or of dissolved
oxygen transfer through the liquid phase to the microorganisms,
depends on its design and operational characteristics. However,
as it was observed for the biosynthesis of single-cell protein on
various water insoluble hydrocarbon substrates, the addition of a
nonaqueous organic phase could induce the significant increase of
oxygen transfer rate from air to microorganisms, without need-
ing a supplementary intensification of mixing [19–21]. The oxygen
solubility in these compounds, called oxygen-vectors, is from sev-
eral to over thirty times higher than in water. The main classes of
oxygen-vectors tested in fermentations were hydrocarbons, perflu-
orocarbons, and oils [19–24]. Besides their high ability to dissolve
oxygen, oxygen-vectors have to exhibit no toxicity against the cul-
tivated microorganisms, and could be consumed as supplementary
substrates (sources of carbon and energy).

Our previous studies on oxygen transfer inside S. cerevisiae
broths indicated that the addition of n-dodecane led to the increase
of oxygen mass transfer coefficient for up to 5 times [20]. The mag-
nitude of this effect depends on the hydrocarbon concentration and
specific power input.

On the basis of these results concerning the positive influence
of n-dodecane addition on oxygen transfer rate and of the relation
between the oxygen transfer efficiency and the amount of produced
ergosterol, these experiments are aimed to investigate the possible
positive effect of this oxygen-vector on ergosterol biosynthesized
by S. cerevisiae.  In this purpose, the influence of n-dodecane will
be analyzed comparatively for batch and fed-batch fermentation
systems related to the glucose feeding.

2. Materials and method

2.1. Bioreactor and operating parameters

The experiments were carried out in 2 l laboratory stirred biore-
actor (Fermac, Electrolab), provided with computer-controlled and
recorded parameters. The bioreactor mixing system consists of one
turbine impeller and three baffles. The bioreactor and impeller
characteristics are given in Table 1.

The sparging system consists of a perforated tube with 7 mm
diameter, placed at 15 mm from the vessel bottom, having 4 holes
with 1 mm diameter. The air volumetric flow rate was  5 l h−1. The
rotation speed was maintained at 300 rpm. The dissolved oxygen
concentration has been calculated as percent from the saturation
level, according to the oxygen probe calibration.

The fermentation was  carried out comparatively in batch and
fed-batch systems. In both fermentation systems, the temperature
was 30 ◦C. The pH-value was  maintained at 5.4, being automatically
adjusted by addition of 25% ammonia solution.

2.2. Strain and medium

In the experiments S. cerevisiae has been used. In order to obtain
the inoculum, a plate culture (plate media: 20 g l−1 peptone, 20 g
l−1 glucose, 10 g l−1 yeast extract, 12 g l−1 agar [25]) of yeast cells
has been grown at 30 ± 1 ◦C for 20 h. Then, the yeast cells were
transferred into a 250 ml  flask containing 50 ml  of sterile culture
medium and incubated for 20 h at 30 ± 1 ◦C and 180 rpm.

The stirred bioreactor contained 1 l working volume of an opti-
mized medium consisting of 60 g l−1 glucose, 31.2 g l−1 yeast
extract, 7.8 g l−1 ammonium sulfate, 3.7 g l−1 potassium dihydrogen
phosphate, 3.1 g l−1 magnesium sulfate, 1.25 g l−1 calcium chloride,
0.4 g silicon oil in tap water. After sterilization at 121◦ C for 20 min,
the medium was  inoculated with 5% vol. inoculum. For the feed-
batch fermentation, 60 ml  of 600 g l−1 glucose solution was added
into the bioreactor every 30 min, in the purpose to maintain the
glucose level at minimum 10 g l−1.

n-Dodecane (SIGMA Chemie GmbH) was used as oxygen-vector
(density 750 g l−1 at 20 ◦C, oxygen solubility 54.9·10−3 g l−1 at 35 ◦C
and atmospheric air pressure [26]). The sterilized hydrocarbon has
been added into the bioreactor at the beginning of fermentation,
its volumetric concentration into the broth varied between 0 and
15%.

2.3. Measurement and analysis methods

The values of oxygen transfer rate, quantified by means of kLa,
have been calculated using the static method previously described
[20].

For ergosterol extraction from biomass, 0.2 g dry cells have
been treated with 10 ml  alcoholic solution of potassium hydrox-
ide obtained by dissolving 8 g potassium hydroxide into 32 ml  60%
vol. alcoholic solution [18]. The extraction occurred 3 h at 80 ◦C.
After cooling at the room temperature, 10 ml  of petroleum ether
were added, the mixture being stirred for 2 min  with a vortex. The
phases were separated and 2 ml  extract was  subjected to evapo-
ration. The extracted ergosterol was quantified by HPLC method
(Dionex Ultimate 3000 system using a Lichrospher Si 100 column
250 × 4.6 mm,  5 �m),  the mobile phase consisting of a mixture of n-
hexane and tetrahydrofuran with volumetric ratio 85:15 and flow
rate 1.0 ml  min−1 [18]. The HPLC system was provided with PDA
detector at 280 nm.  The ergosterol content has been considered as
percent from the biomass amount.

Besides ergosterol percent accumulated at the fermentation
end, the variations of glucose, biomass, ethanol, and dissolved oxy-
gen concentrations during the fermentation have been analyzed
for the batch and fed-batch operating conditions. The analysis of
glucose and alcohol was  performed also through HPLC method,
using the same system equipped with refractive index detector
and a HyperRez carbohydrate column (300 × 7.7 mm,  8 �m), with
water as mobile phase at 0.6 ml  min−1. The column temperature
was 80 ◦C.

The biomass variation was analyzed spectrophotometrically by
measuring the turbidity at 660 nm [18].
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Table 1
Characteristics of bioreactor and impeller.

d d/D H/D w/d l/d h/d No. blades No. baffles s/d d’/d l’/d

55 0.46 1.46 0.27 0.31 0.64 6 3 0.20 0.018 1.82

Fig. 2. Metabolic pathway for ergosterol production by S. cerevisiae (ERG1 − squa-
lene epoxidase; ERG2 − sterol C-8 isomerase; ERG3 − sterol C-5 desaturase; ERG4
−  sterol C-24 reductase; ERG5 − sterol C-22 desaturase; ERG6 − sterol C-24
methyltransferase; ERG7 − lanosterol synthase; ERG11 (CYP51) − lanosterol C-14
demethylase; ERG24 − sterol C-14 reductase; ERG25 − sterol C-4 methyloxydase;
ERG26 − sterol C-3 dehydrogenase (C4-decarboxylase); ERG27 − sterol C-3 ketore-
ductase).

Each experiment has been carried out for at least three times,
considering identical conditions, the average value of measured
parameters being used. The maximum experimental error varied
between of 4.22 and 5.08%.

3. Results and discussion

3.1. Batch fermentation system

According to the mechanism proposed by Rosenfeld and Beau-
voir [27], twelve molecules of oxygen are non-respiratory used to
convert squalene in the ergosterol biosynthesis pathway from S.
cerevisiae cells (Fig. 2) [27]. Therefore, the level of oxygen concen-
tration into the broths not only limits the yeasts growth, but also
represents the factor controlling the ergosterol accumulation inside
the cells.

Fig. 3. Variation of glucose and biomass concentrations (a), as well as of oxygen,
ethanol, and ergosterol concentrations (b) during batch fermentation process ((a):
�,  � − glucose concentration; �,�- biomass concentration (b): �, � − oxygen
concentration; �,�- ethanol concentration; ©,� − ergosterol concentration).

For both fermentations, without and with n-dodecane, Fig. 3a
indicates the significant decrease of glucose concentration dur-
ing the first 9 h, this substrate being entirely consumed over 12 h.
The n-dodecane addition leads to a superior rate of glucose con-
sumption, due to an increased rate of yeasts growth under higher
dissolved oxygen concentration. Obviously, the amount of S. cere-
visiae biomass increases exponentially during the period which
corresponds to the highest rate of glucose consumption. Over 9 h,
the low level of glucose concentration induced the attenuation of
the biomass growth.

Although this variation of biomass concentration is similar for
both fermentation processes, from Fig. 3a it can be observed that
the accumulation rate of S. cerevisiae cells is higher in presence
of oxygen-vector. As it was  before mentioned, this difference is
induced by the increased concentration of dissolved oxygen in
the broths containing n-dodecane. Moreover, the addition of n-
dodecane allows the yeast biomass to grow after the moment
corresponding to the entire consumption of glucose (in absence
of the hydrocarbon, the biomass concentration reached a constant
level at fermentation duration over 12 h). This difference can be
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attributed to the ability of yeasts to use n-dodecane as supplemen-
tary source of carbon and energy, thus counteracting the absence
of other substrates [20].

The level of oxygen concentration controls not only the yeast
cells growth, but also the metabolic equilibrium between the uti-
lization of glucose for CO2, H2O and energy production, as well
as for alcohol production. From this point of view, the yeasts
can be divided into “Crabtree-negative” yeasts, which are able to
convert glucose to alcohol under anaerobic conditions only (e.g.
Candida spp., Debaryomyces spp., Kluyveromyces spp., Pichia spp.),
and “Crabtree-positive” ones, which can combine the respiratory
process with alcoholic fermentation even in presence of oxygen, at
high glucose concentration (e.g. Saccharomyces spp., Brettanomyces
spp., Schizosaccharomyces spp.) [27,28].

According to Fig. 3a and b, the oxygen concentration into the
broths varies contrarily to that of biomass one, both for fermenta-
tions without and with n-dodecane. In can be observed that in the
first 9 h of fermentation, the values of dissolved oxygen concentra-
tion are significantly higher in presence of hydrocarbon, due to its
positive effect on oxygen transfer from air bubble to liquid phase.
This effect of oxygen-vector is diminished towards the end of fer-
mentation, the level of oxygen concentration for the system with
n-dodecane becoming similar to that in absence of this hydrocar-
bon. The reduction of the hydrocarbon influence on oxygen transfer
could be the consequence of the three phenomena occurring at
higher S. cerevisiae cells amount. The first one is the increase of the
broth apparent viscosity, thus affecting the oxygen solubility and
mass transfer rate, effect that is more important at larger amount
of biomass accumulated in presence of n-dodecane [20]. Another
phenomenon represents the consumption of n-dodecane as alter-
native source of carbon and energy, especially at higher yeast cells
and low glucose concentrations. Moreover, as it was previously
reported [20], the yeasts exhibit a specific affinity for the hydro-
carbon, the cells being adsorbed to droplets surface and block the
interface needed for oxygen transfer between the organic and aque-
ous phases. The cells-droplets associations could be furthermore
attached to the air bubbles, thus generating an additional resistance
by reducing the bubble surface available for oxygen diffusion.

Acting as “Crabtree-positive” yeast, S. cerevisiae is able to con-
vert glucose into ethanol in aerobic conditions. For this reason, from
Fig. 3b it can be observed that ethanol is produced in both cases,
its concentration increasing during the first 8–9 h of fermentation,
decreasing then. The maximum amount of alcohol corresponds
to the almost entire consumption of glucose (85% without n-
dodecane, 94% with n-dodecane) and, implicitly, to the end of the
exponential growth of yeast cells. Obviously, the highest amount
of alcohol was recorded for the fermentation without n-dodecane,
due to the lower oxygen concentration dissolved into the broth. The
following decrease of alcohol concentration is the result of its uti-
lization as supplementary substrate, the relative magnitude of this
process being more important in absence of n-dodecane (which can
compensate partially the low amount of glucose).

The variation of ergosterol concentration inside the S. cerevisiae
cells can be related to the variations of glucose and oxygen concen-
trations into the broths, as well as to the amount of biosynthesized
ethanol (Fig. 3b). Therefore, for both fermentation processes, the
ergosterol amount strongly increases simultaneously with the sig-
nificant growth of the yeast cells, period limited between 2 − 3 and
8 − 9 h from the fermentation start and correlated with the rapid
consumption of glucose and oxygen. However, the low level of glu-
cose and dissolved oxygen concentrations is not the main reason
for the low rate of ergosterol accumulation over 9 h of fermenta-
tion. As it was  reported in literature, hypoxia and ethanol formation
exhibit negative influence on ergosterol biosynthesis and accumu-
lation inside the yeasts cells [29]. This effect is more important for
the fermentation without n-dodecane, owing to the higher con-

Fig. 4. Influence of n-dodecane concentration on ergosterol concentration, oxygen
transfer rate, and ethanol concentration for batch fermentation process.

centration of alcohol. Consequently, over 9 h of fermentation, from
Fig. 3b it can be seen that the concentration of ergosterol remains at
a constant level in absence of n-dodecane, but increases slowly in
presence of this hydrocarbon. Moreover, at the fermentation end,
the content of ergosterol in S. cerevisiae cells reached almost 2%
for the system with n-dodecane, compared to 1.3% in absence of
oxygen-vector. In term of product yield factors related to glucose,
Y, it can be observed that Y = 0.045 in presence of 5% n-dodecane,
while in absence of this hydrocarbon the yield factor reached only
0.026.

As it was  above discussed, the hydrocarbon concentration
exhibits a significant influence on ergosterol production mainly by
accelerating the oxygen transfer rate. Therefore, for the fermenta-
tion moment corresponding to the maximum ergosterol content
(9 h), Fig. 4 indicated that the oxygen mass transfer coefficient, kLa,
is amplified for about 3 times by increasing the volumetric con-
centration of n-dodecane from 0 to 15%. Moreover, the increase of
dissolved oxygen concentration by adding n-dodecane leads to the
diminution for 3.5 times of the produced alcohol amount.

However, the maximum content of ergosterol inside the yeast
cells is reached for 5% n-dodecane, not for the highest experimented
concentration of hydrocarbon. This variation could be the conse-
quence of the inhibition effect induced on S. cerevisiae growth at
higher concentration of n-alkanes with over 8 carbon atoms chain,
in this case n-dodecane [30]. This conclusion is supported also by
the more important decrease of ethanol production for hydrocar-
bon concentration over 5%, due to n-dodecane inhibitory effect on
the “Crabtree-positive” metabolism of yeast cells.

3.2. Fed-batch fermentation system

The supplementary amount of glucose was  added into the broth
when its concentration became slightly lower than 10 g l−1. Due
to the difference of the glucose rates consumption between the
fermentation without and with n-dodecane, the substrate addi-
tion was necessary over the first 8 h for the fermentation process
without oxygen-vector, and over 6.5 h in presence of hydrocarbon.

Regardless of n-dodecane content into the fermentation broth,
by using the fed-batch system, the biomass concentration was sig-
nificantly increased compared to the batch system, as the result
of the extension of biomass exponential growth period. Therefore,
according to Fig. 5a, it can be observed that in absence of oxygen-
vector, the S. cerevisiae cells concentration reached 46 g l−1 d.w.
over 14 h of fermentation (compared to 34 g l−1 d.w. for batch sys-
tem), this value being increased to almost 60 g l−1 d.w. at 20 h from
the process start.
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Fig. 5. Variation of glucose and biomass concentrations (a), as well as of oxygen,
ethanol, and ergosterol concentrations (b) during fed-batch fermentation process
((a): �, � − glucose concentration; �,�- biomass concentration (b): �, � − oxygen
concentration; �,�- ethanol concentration; ©,� − ergosterol concentration).

The acceleration of yeasts growth rate is more important in pres-
ence of n-dodecane, the biomass concentration reaching 61g  l−1

d.w. over 14 h of fermentation (compared to 40 g l−1 d.w. for batch
system), and 92 g l−1 d.w. over 20 h. Compared to the limitation of
cells growth by the substrate, in the case of fed-batch fermentation
the positive effect of oxygen-vector is amplified by the constant
level of glucose, which avoids the hydrocarbon consumption as
alternative source of carbon and energy.

The variation of oxygen concentration into the broths is similar
to that recorded for batch fermentation, the level of oxygen being
generally higher for the broths containing hydrocarbon (Fig. 5b).
However, after the moment considered for substrate feeding, the
dissolved oxygen amount in the system with n-dodecane becomes
initially equal and then lower than that for the classical fermen-
tation system, this suggesting the significant diminution of the
positive effect of oxygen-vector. In this case, the magnitude of some
phenomena above discussed which contribute to the attenuation of
the positive influence of hydrocarbon on oxygen transfer is ampli-
fied. The S. cerevisiae biomass amount in presence of hydrocarbon is
for 1.5 times greater than in absence of the oxygen-vector (Fig. 5b).
Although by respecting a constant level of glucose the alternative
consumption of hydrocarbon is avoided in the fed-batch fermen-
tation, the higher yeasts concentration induces stronger limitation
on oxygen diffusion from air bubbles to yeast cells in presence of
n-dodecane, as the result of corresponding higher apparent vis-
cosity of broth and more extended interfacial area between air
bubbles and broth blocked by the adsorbed associations between
hydrocarbon droplets and yeast cells.

Compared to the batch process, the ethanol concentration
increases during the entire considered duration of both fed-batch
fermentations, over 20 h becoming double compared to the maxi-
mum  alcohol level corresponding to the previous case (Fig. 5b). The
accumulation of ethanol is supported by maintaining the glucose
amount level into the broth, this operating system providing con-
stantly the required substrate and, implicitly, avoiding the alcohol
consumption in absence of glucose. Moreover, as the consequence
of the diminution of the influence of oxygen-vector presence at
higher yeasts biomass concentration, the value of ethanol concen-
tration biosynthesized in presence of n-dodecane is closer to that
produced without adding this hydrocarbon into the fermentation
medium. Therefore, over 20 h of fermentation, the ethanol concen-
tration obtained in absence of n-dodecane is with about 20% higher
than that reached in presence of hydrocarbon (in the batch fermen-
tation, at the maximum level of ethanol concentration accumulated
into the broth, the related difference between the processes with-
out and with oxygen-vector is of 40%, Fig. 3b).

Also for the fed-batch fermentation, the level of ergosterol
biosynthesized inside the yeasts cells depends directly on sub-
strate, oxygen, and ethanol concentrations into the broths (Fig. 5b).
However, in this case, regardless of the addition of n-dodecane,
the ergosterol content increases continuously during the first 20 h
of fermentation. Because over 9 h of fed-batch fermentation the
dissolved oxygen concentration in broth containing hydrocarbon
become close or slightly smaller to that in the broth without
oxygen-vector, the ergosterol concentration reached over 20 h
in the process without n-dodecane tends to equalize its value
obtained in the presence of this hydrocarbon (the ergosterol con-
centration in S. cerevisiae cells grown in presence of 5% vol.
n-dodecane was for 1.1 times higher than that obtained in the
absence of oxygen-vector in fed-batch fermentation, compared to
over 1.5 times corresponding to the batch fermentation). However,
the ergosterol yield factor related to glucose in presence of n-
dodecane is 0.186, for about 1.7 times greater than that recorded for
the fermentation system without oxygen-vector (Y = 0.110). Both
values are significantly higher that those corresponded to the batch
fermentation systems without and with hydrocarbon.

Analyzing the magnitude of the influences of substrate, oxy-
gen, and ethanol amounts on ergosterol biosynthesis in fed-batch
system, it can be concluded that the negative role of ethanol
accumulation inside the broth is diminished by maintaining the
constant concentration of glucose, probably due to the higher con-
centration of yeasts biomass. This factor could be responsible also
for the superior level of ergosterol obtained in fermentation with
n-dodecane even in the case of lower oxygen concentration inside
the broth.

In fed-batch fermentation process, the positive influence of
hydrocarbon on oxygen transfer rate is amplified mainly at its
higher concentration level, as the result of the increased yeasts
cells amount (Fig. 6). Thus, at 20 h from the fermentation start, by
varying n-dodecane concentration from 0 to 15% vol., the kLa value
increase becomes more important than for the batch fermentation,
being of 4 times. In fact, this effect could be considered important
for n-dodecane concentration over 5% vol.

Although the produced ethanol concentration is for about 2
times greater compared to the batch fermentation, the inhibition
effect on its biosynthesis induced by presence of oxygen-vector
is more significant, the amount of alcohol being reduced for 4.5
times from the broth without n-dodecane to that containing 15%
vol. n-dodecane (Fig. 6). Similar to the variation of kLa, influence of
n-dodecane concentration on hindering the ethanol production is
more relevant for hydrocarbon concentration over 5% vol.

As it was  above discussed, the value of oxygen-vector con-
centration of 5% vol., which represents the limit between its low
influences on oxygen transfer rate and alcohol production and the
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Fig. 6. Influence of n-dodecane concentration on ergosterol concentration, oxygen
transfer rate, and ethanol concentration for fed-batch fermentation process.

Fig. 7. Influence of oxygen-vector concentration on factor R.

strong ones, is the result of the high biomass amount accumu-
lated in the fed-batch process. The high concentration S. cerevisiae
biomass diminishes the positive role of n-dodecane on aeration
efficiency by increasing the broth apparent viscosity and intensify-
ing the interactions of adsorption type between the hydrocarbon
droplets – yeast cells associations and air bubbles. For this rea-
son, in the batch fermentation, the maximum level of ergosterol
corresponded to 5% vol. n-dodecane, while in the fed-batch sys-
tem it is related to double concentration of hydrocarbon, namely
10% vol. (Fig. 6). According to Fig. 6, by operating the fermenta-
tion using the fed-batch program, the maximum ergosterol content
inside the S. cerevisiae cells becomes 5.8 − 6%, being reached for
10% vol. n-dodecane. For higher oxygen-vector concentration, the
inhibitory influence of hydrocarbon on S. cerevisiae growth and
“Crabtree-positive” metabolism leads to the reduction of ergosterol
biosynthesis rate.

The relative effect of oxygen-vector on ergosterol productivity
on the batch and fed-batch fermentation processes is suggested by
Fig. 7. The comparison was made by means of the factor R, which
represents the ratio between the ergosterol concentrations in fed-
batch and batch fermentations, respectively.

Fig. 7 underlines the superior efficiency of fed-batch system
related to ergosterol production and, obviously, yeasts biomass
accumulation, the factor R being over 2 or 3 for the entire consid-
ered domain of oxygen-vector concentrations. However, the factor

R decreases initially by increasing the n-dodecane concentration
up to 5% vol., this variation confirming that the relative magni-
tude of the positive effect of hydrocarbon is more important for
the batch fermentation at lower levels of hydrocarbon amount.
Between 5 and 10% vol. oxygen-vector concentration, the factor
R increases strongly, remaining at a rather constant level for higher
concentrations of hydrocarbon. The significant increase of factor R
can be attributed to the more important influence of hydrocarbon
in broth containing high amount of S. cerevisiae biomass when its
concentration exceeds 5% vol.

According to the previous discussions, the inhibitory effect of
hydrocarbon is amplified at n-dodecane concentration over 10%
vol. and limits the production of ergosterol for both fermentation
systems. Consequently, the factor R reaches a rather constant level
of 3.3 in this domain of hydrocarbon concentration. This value of
factor R suggests that the inhibitory effect of the n-dodecane con-
centration over 10% vol. is partially counteracted by the higher
amount of yeasts biomass produced in the fed-batch process.

4. Conclusions

The production of ergosterol by S. cerevisiae cells has been stud-
ied in batch and fed-batch fermentation systems. Because this
compound biosynthesis is strongly dependent on the dissolved
oxygen concentration, in both cases the experiments have been
carried out comparatively in absence and presence of n-dodecane
as oxygen-vector.

Regardless of n-dodecane addition, by maintaining the glucose
concentration at a constant level in the fed-batch process, the
amount of ergosterol accumulated into the yeasts cells has been
almost tripled, while the product yield factor related to glucose
increased for over 4 times. In presence of hydrocarbon, the ergos-
terol concentration increased with over 50%, and the ergosterol
yield factor with almost 70%. The value of oxygen-vector concen-
tration corresponding to the maximum level of ergosterol depends
mainly on biomass concentration, due to its negative influences on
broth viscosity and interfacial phenomena of air bubbles blockage
through the adsorption of hydrocarbon droplets – yeast cells asso-
ciations. Therefore, for the batch process, the maximum ergosterol
amount was reached for 5% vol. n-dodecane, while for the fed-batch
process for 10% vol. hydrocarbon.

The increase of biomass concentration in the fed-batch process
partially counteracted the positive influence of oxygen-vector, the
highest amplitude of this effect being recorded for hydrocarbon
concentration below 5% vol.
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Abstract: n-Dodecane has been investigated as an oxygen-vector for improving α-amylase biosynthe-
sis using the strain Aspergillus terreus. In aerobic microbial cultivation, continuous supply of oxygen
is required especially due to its low solubility in the growth medium, in particular at high viscosity,
but the limitations of oxygen mass transfer in these systems can be overcome by the addition of water-
insoluble compounds which possess a strong affinity for oxygen, namely oxygen-vectors. The use of
n-dodecane (as an oxygen-vector) in the fermentation medium of A. terreus can significantly improve
the bioprocess performance and enhance α-amylase production. Using 5% n-dodecane at 35 ◦C,
an increase of 1.8–2 times in the enzymatic activity was recorded. In the oxygen-vector’s absence,
the highest amount of biomass was obtained at 35 ◦C, while in the presence of 5% vol. n-dodecane,
the amount of fungal biomass increased by approximately 70%, with a shift in optimum temperature
to 40 ◦C, generating also an enzymatic activity increase of 2.30 times. Moreover, the oxygen-vector’s
addition in the fermentation broth influenced the fungal morphological development in the form of
larger pellets with a more compact structure compared to the system without n-dodecane, with a
positive effect on the fermentation performance (higher α-amylase activity production).

Keywords: Aspergillus terreus; α-amylase; enzymatic activity; oxygen-vector

1. Introduction

Amylases are one of the most important hydrolytic enzymes, in terms of their use
at the domestic or industrial level, fungal amylase being the first enzyme produced at an
industrial scale in 1894, using the strain Rhizopus oryzae [1].

α-Amylases catalyze the cleavage of α-1,4-glycosidic bonds from starch with the
formation of lower molecular weight compounds, such as glucose, maltose, and oligosac-
charides (maltotriose, dextrin) [2]. Although microbial, plant, or animal sources can be
used to obtain α-amylases, the most utilized are microbial α-amylases (of bacterial, yeast,
or filamentous fungal origin) due to the wider versatility in industrial applications (food,
bakery, beverages, textiles, detergents, as well as pharmaceutical, clinical, or analytical
uses) [2]. In fact, the chemical process for obtaining glucose by starch hydrolysis has been
replaced almost completely, at the industrial level, by the enzymatic technology. In Asia,
α-amylases, mainly fungal, are widely used to make traditional fermented foods, such as
sake, sweet sake (koji amazake), soy sauce, and miso soup [3].

Due to its multiple applications, α-amylase is included in the category of “industrial
enzymes”, along with proteases and lipases, their market being in continuous growth,
mainly due to biotechnology advances (in 2020, the market of industrial enzymes was
estimated at over $6 billion, of which about 25% corresponded to amylases) [4].

In order to obtain α-amylases, microbial cultures are preferred because microorgan-
isms can easily grow in large quantities and, implicitly, can ensure high enzyme productions.
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The biosynthesis of α-amylases is performed in submerged or in solid state fermentations,
the second case being specific to fungal cultures, as they are more naturally adapted to
grow in a medium with low free water [5]. Enzymes produced by fungi have the advantage
that they are extracellular products, which simplifies the fermentation broth downstream
processing. In addition, fungi can grow in a variety of environments, even solids, and the
biosynthesized α-amylases are preferred to those from other microbial cultures due to their
GRAS (Generally Recognized as Safe) classification by the FDA (United States Food and
Drug Administration) [6].

Thus, for α-amylase production, Aspergillus sp., Penicillium sp., Rhizopus sp., Mucor sp.,
Thermomyces sp., Thermonospora sp. [7,8] are used, which have the ability to grow on
noncomplex culture media, generally by-products: wastewater from vegetable processing,
banana peels, rice husks, molasses, wheat bran, straw, corn cobs and leaves, oilseed
cakes, etc. [9].

Fermentation processes’ optimization in order to obtain α-amylase must take into
account many factors, including pH, temperature, carbon and nitrogen sources, the presence
of metal ions in the environment (calcium, cobalt, magnesium, sodium, manganese),
phosphate ions, etc. [8,10]. In addition, in submerged fermentations, mixing and aeration
play important roles in achieving high productivity. Both aeration and agitation systems
have a higher influence in fungal fermentations, mainly due to their determined role on
the microorganisms’ morphology and, implicitly, on the nutrients’ consumption rates and
enzyme biosynthesis [11].

Efficient aeration involves intense mixing or high air flow rates, both of which can
generate mechanical forces that would destroy microbial cells. For this reason, a variety of
oxygen-vectors (n-alkanes: n-dodecane, n-hexadecane; perfluorocarbons; vegetable oils)
can be used to ensure in the fermentation broth an efficient oxygen supply in mild me-
chanical or pneumatic mixing conditions [12]. Oxygen-vectors are organic water-insoluble
compounds, which have the ability significantly to increase the concentration of dissolved
oxygen in the fermentation broth and its transfer rate from the gas phase to the microor-
ganisms without the need to change the mixing or aeration conditions [13,14]. Obviously,
oxygen-vectors should not be toxic to microorganisms, as they are often additional sources
of nutrients. The addition of these compounds to the aerobic cultures of several microor-
ganisms, through the effect induced on the oxygen mass transfer, can lead to an increase in
target compound productivity [12,15]. Lai et al., 2002 investigated the use of n-dodecane
in A. terreus cultivation for lovastatin production, registering an increase of 1.4 fold for
2.5% oxygen vector added in the media [16]. Zhang et al., 2018 reported an increase in
fumarase activity to 124% for 2.5% n-dodecane used as the oxygen vector in the biosyn-
thetic process using recombinant E. coli BL21-pET22b-fumR, without significant changes
in the expression of the enzyme [17]. Xu et al., 2020 analyzed several oxygen vectors for
the biosynthesis of L-amino acid oxidase and obtained an increase in enzyme activity of
8.6% for Bacillus subtilis HLZ-68 using 1.5% n-dodecane [18]. Amaral et al., 2008 studied
the addition of 20% perfluorodecalin in a bioreactor with YPD (Yeast Extract–Peptone–
Dextrose) medium, and 230% enhancement was registered [19]

In this context, previous studies on the positive effects of oxygen-vectors on aero-
bic fermentation processes are continued by analyzing the influence of n-dodecane on
the biosynthesis of α-amylase using the fungus A. terreus. In this purpose, the effects
of n-dodecane presence in the environment on the morphological characteristics of the
fungi and, through morphology, on the enzyme production in the fermentation broth,
were investigated. The information obtained is integrated into a broader framework with a
number of other parameters, such as oxygen-vector concentration, biomass concentration,
and fermentation broth viscosity.
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2. Materials and Methods
2.1. Bioreactor and Operating Parameters

The fermentations were carried out in a batch system, using, in this purpose, the labo-
ratory stirred bioreactor Fermac (1 L working-volume). The bioreactor was provided with
one impeller of turbine type and three baffles. The bioreactor geometrical characteristics
were previously given [12]. The fermentations were carried out at 35 ◦C (in the experiments
studying the temperature influence, the fermentation temperature was 30, 35, or 40 ◦C).
Depending on the experimental program, the pH-value was either allowed to vary freely,
or maintained at 6 using a sterilized solution of 0.1 M NaOH. The air was distributed inside
the broth through a perforated tube of 7 mm diameter, placed at 15 mm from the bioreactor
bottom. The sparger was provided with 4 holes of 1 mm diameter. The air volumetric flow
rate was 5 L/min, and the rotation speed of the impeller was maintained at 150 rpm.

2.2. Strain and Medium

The fungus A. terreus ATCC 32588 was used in the experiments. Before the fer-
mentation process, the inoculum medium was prepared: sucrose 1.5 g, NaNO3 0.1 g,
MgSO4 0.025 g, KCl 0.025 g, FeSO4 0.0005 g, K2HPO4 0.05 g for 50 mL [20]. The spores
were germinated and the fungal cells grown at 35 ◦C in an incubator-shaker, at 150 rpm,
for one day. The fungal biomass was transferred into the bioreactor, which contained a
specific medium: soluble starch 6.7 g/L, 0.47 g KH2PO4, NH4NO3 3.3 g/L, KCl 0.16 g/L,
MgSO4 0.03 g/L, CaCl2 0.13 g/L, FeSO4 0.003 g/L [20]. For controlling the foam formation
and level, the silicone-based antifoam agent was selected (Antifoam 204, Merck, Darmstadt,
Germany). The inoculum was added at 10% vol. after the sterilization of this medium
at 121 ◦C for 20 min in a RAYPA AES-28 autoclave. Sterilized n-dodecane was used as
the oxygen-vector, with specific characteristics related to its utilization for enhancing the
oxygen transfer rate: density 750 g/L at 20 ◦C, oxygen solubility 54.9·10−3 g/L at 35 ◦C,
and atmospheric air pressure [12]. The hydrocarbon experimented concentrations into the
broth varied between 2.5 and 10% vol.

2.3. Measurement and Analysis Methods

The biomass accumulation was analyzed by centrifugation of collected samples, drying
at 80 ◦C until constant weight was achieved in order to calculate microbial biomass (d.w.)
expressed in g/L. The supernatant, separated from the n-dodecane by centrifugation at
5000 rpm, was used for amylase analysis. The pellets’ diameter was analyzed using an
Optika Microscope B380 (Ponteranica, Italy) equipped with an Optika CB-10 video camera
(Ponteranica, Italy) and Optika PROView software (Ponteranica, Italy). From each sample,
10 pellets were separated and evaluated for shape and diameter.

The activity of α-amylase was measured during the fermentation cycle using a com-
mercial kit Amilase 405, kinetic unitest (Winer Lab., Rosario, Argentina). The analysis
consists of measuring the absorbance at 405 nm of the colored 2-chloro-p-nitrophenol
released from 2-chloro-p-nitrophenyl-α-D-maltotriose under enzyme action [21]. The en-
zymatic reaction occurred at 25 ◦C, in phosphate buffer medium, the optimum pH value
being 6.00. The unit of enzyme activity was calculated as the amount of enzyme required
to hydrolyze 1 µmole of substrate per minute [21]. The values of the oxygen transfer rate,
quantified by means of kLa, were calculated using the dynamic method.

Each experiment was repeated three times, using identical conditions, the average
value of measured parameters being used in calculations. The maximum error varied
between 5.66 and 7.23%.

3. Results
3.1. The Oxygen-Vector Effect on the Fermentation Broth pH

Fungi are producers of carboxylic acids, either as the major product or as by-products
(Aspergillus sp. Produces citric, gluconic, malic, and itaconic acids). Moreover, under stress
conditions, such as limiting oxygen or nutrients, fungi can alter their metabolism, increasing
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the production of carboxylic acids [22]. For these reasons, without strict control, the pH
decreases during fermentation.

In this context, according to Figure 1, the pH evolution during the fermentation of
A. terreus is different in the two systems, depending on oxygen-vector presence: in the
first two days, the pH value is similar in both fermentation processes, with and without
n-dodecane. The differences appear from the third day, the pH of the environment without
the oxygen-vector decreasing faster. As fermentation progresses, these differences become
more pronounced, especially as the pH value for the system containing the oxygen-vector
varies very little from the fourth day. As previously mentioned, in the Introduction Section,
in the absence of the oxygen-vector, the level of oxygen concentration is lower [13,14],
and the destruction of pellets with formation of the filamentous mycelium further reduces
the oxygen and nutrients transfer rate [22].
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Figure 1. Comparison between the pH-values during the fermentation in absence and presence
of n-dodecane.

Under these conditions, the metabolic response of A. terreus strains materializes mainly
in the itaconic acid biosynthesis [23,24]. The acid accumulation as the main product
of biosynthesis significantly reduces the pH value compared to the fermentation in the
presence of n-dodecane.

3.2. The Effect of the Oxygen-Vector on A. terreus Morphology

It is known that fungi can develop in two morphological forms: dispersed mycelia and
compact pellets. The fungal morphology is determined both by the genetic information and
by the cultivation conditions in the bioreactor (dissolved oxygen level, pH value, mixing
intensity, etc.). The strains of A. terreus used in these experiments grow under normal
conditions in the form of pellets [25]. In the case of α-amylase biosynthesis, important
differences in the morphological structure of the fungi were found in the absence or presence
of n-dodecane. A first aspect observed is that by adding the oxygen-vector, the size of the
formed pellets increases (Figure 2).

Moreover, n-dodecane supports the maintenance of the pellets’ structural integrity
throughout the fermentation process; only after the fifth day was destruction of pellets
noted, as a consequence of nutrients’ depletion in the environment. In the absence of
the oxygen-vector, as the process progresses and, implicitly, as the biomass accumulates,
branched forms of A. terreus appear, with the degradation of the spherical shape of the
pellets from the second day of fermentation (Figure 3).
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third day of fermentation.

3.3. The Effect of the Oxygen-Vector on the Biomass Accumulation and α-Amylase Activity

The oxygen-vector beneficial impact is potentiated by maintaining the pH value
constant at 6 (Figure 4). From this figure, it can be noted that, regardless of the system used,
with or without n-dodecane, maintaining the pH at 6 generates higher enzyme activities
compared to the fermentation process in which no pH control is applied, the increase
being about 1.20–1.40 times; the addition of n-dodecane could partially compensate the
uncontrolled variation in pH during fermentation.
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At the same time, for both used systems, with or without pH regulation, from Figure 4,
it can be noted that the addition of n-dodecane generates a significant increase in enzyme
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production, about 1.8–2.0 times. In both fermentation systems, the maximum activity of the
enzyme is reached on the third day after the beginning of the process. However, according
to Figure 5, increasing the volume fraction of the oxygen-vector may have a negative effect
on α-amylase activity. Thus, as the oxygen-vector concentration increases, the enzymatic
activity increases, reaches its maximum, after which it decreases. The variation is the result
of two opposite effects that occur with increasing n-dodecane content in the fermentation
broth: on one side—the increase in the amount of dissolved oxygen and its transfer rate,
and on other side, as consequence of the former effect—the appearance of the oxygen
inhibitory effect, known as oxidative stress [12,24]. Under these circumstances, Figure 5
suggests that the optimum concentration of n-dodecane is 5% vol.
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The effect of the oxygen-vector must also be analyzed in the conditions of fermentation
temperature modification. In the absence of the oxygen-vector, the highest amount of
biomass was obtained at a temperature of 35 ◦C, which decreased to half by increasing
the temperature to 40 ◦C (Figure 6a). A similar variation was recorded for α-amylase
activity, but the effect of increasing the temperature above 35 ◦C was less obvious. For this
reason, the ratio between enzymatic activity and fungal biomass concentration increased
significantly in the range of 30–40 ◦C, from 5.25 U/kg to 8.70 U/kg.
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Contrarily, according to Figure 6b, in the presence of 5% vol. hydrocarbon, the increase
in temperature showed a positive effect both on the amount of biomass accumulated and
on the α-amylase production. The amount of fungal biomass increased with approxi-
mately 70% and the enzymatic activity by about 40% in the experimental temperature
range. Under these conditions, the ratio between enzymatic activity and fungal biomass
concentration was reduced in the range of 30–40 ◦C, from 12 U/kg to 9.80 U/kg.
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Increasing the fermentation temperature determines the dissolved oxygen desorption,
with negative effects on both the development of biomass and the production of α-amylase.
The addition of n-dodecane compensates for the loss of oxygen from the fermentation
broth and generates a positive evolution of the fermentation process at temperatures higher
than 35 ◦C. For the suggestive rendering of the cumulative effects of the oxygen-vector
and temperature on α-amylase production, the dependence of enzymatic activity on the
two factors was plotted in Figure 7, which confirms that the optimal values of the two
parameters are: 5% vol. for the hydrocarbon concentration and 40 ◦C for the fermentation
temperature. By comparison with the fermentation system without n-dodecane, at 35 ◦C,
the enzyme production increased 2.30 times.
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4. Discussion

The A. terreus growth under stress conditions, such as very low oxygen concentration
or pH, can induce biomass morphological changes and reduce the amount of α-amylase [21].
As previously mentioned, these physiological changes can lead to the production of organic
acids, mainly itaconic acid.

The different evolution of the morphology of A. terreus pellets in the two cultivation
systems, with and without n-dodecane, represents the fungi physiological response to the
modification of the cultivation conditions [22]. The higher level of dissolved oxygen in
the medium, favored by the addition of the oxygen-vector, allows the development of
larger spherical pellets, because, in this case, the resistance to internal diffusion of oxygen
in the mycelial association is reduced. Under these conditions, the development of fungi
continues even in the central regions of the pellets. Basically, due to the development of
biomass and higher oxygen consumption, the pellets’ growth stops after about four days
from the beginning of fermentation, and after five days, the pellets’ destruction is observed,
due to fungal autolysis in the absence of oxygen and nutrients.

In contrast, in the absence of n-dodecane, the concentration of dissolved oxygen and
its transfer rate are lower than in the system analyzed above [12,14], which has as the
first effect the decrease in the oxygen diffusion rate inside the pellets and, respectively,
the appearance of biologically inactive regions in the pellets’ central zone, with direct
consequences on their development. In response to these conditions, the fungal morphol-
ogy changes after 2–3 days from the beginning of fermentation: filamentous branches
appear, to which the access of oxygen and nutrients is direct, without involving internal
diffusion and, therefore, faster. Degradation of the pellets’ morphological structure also
affects the viscosity of the fermentation broth, because for the same biomass concentra-
tion, the filamentous fungal cultures’ viscosity is significantly higher than that of pellet
fungi [11,23]. Implicitly, the viscosity increase reduces the efficiency of the mixing and
transfer processes. As discussed below, morphological structural differences, cumulated
with differences in cultivation conditions, generated directly or indirectly, will be reflected
in different α-amylase productions.
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The addition of n-dodecane has an obvious positive effect on α-amylase activity due to
the increase in the amount of oxygen available in the environment. In addition, according
to Figure 1, the presence of the oxygen-vector attenuates the strong pH reduction, with a
beneficial influence on enzyme production. In general, the literature sustains the direct
relationship between the amount of fungal biomass and the enzymatic activity [6,8,20].
At the same time, there are situations in which the biomass growth is not directly correlated
with the accumulation of the enzyme due to environmental factors (concentration of:
sugars, nitrogen sources, or dissolved oxygen, etc.) [1,22]. In this sense, from Figure 5,
it can be observed the reduction in the amount of fungal biomass accumulated in the
first three days of fermentation with the increase in the n-dodecane concentration and,
implicitly, with the increase in the dissolved oxygen concentration in the fermentation
broth. Basically, for 10% volumetric hydrocarbon fraction, the biomass amount decreased
by about 40% compared to the fermentation system without the oxygen-vector.

This variation is the consequence of several phenomena that occur with the increase in
the amount of n-dodecane in the fermentation broth. Firstly, higher amounts of hydrocar-
bons can induce fungal growth inhibition, as reported in the literature [26]. Secondly, as it
can be observed from Figure 5, the oxygen mass transfer rate, described by oxygen transfer
coefficient kLa, is continuously amplified by increasing the n-dodecane amount into the
broth, a phenomenon that becomes more pronounced for a hydrocarbon volumetric fraction
over 2.5%. For 10% vol. oxygen-vector, kLa is about 2.4 times higher than its value in
absence of n-dodecane. This variation in kLa influences the above discussed aspects related
to the biomass morphology or productivity, as it was previously reported for other fungal
fermentation processes [12]. However, the acceleration of the oxygen transfer rate from the
gaseous phase to the microorganisms, implicitly, the increase in oxygen concentration into
the broth can generate, on the one hand, the oxidative stress, and, on the other hand, a more
rapid consumption of the substrate, its faster depletion and, implicitly, the limitation in
fungal growth [1]. This is also encountered in pressurized systems [27,28].

An interesting and apparent contradictory phenomenon with the literature data is
the opposite variation of biomass concentration and α-amylase activity (Figure 5). Thus,
if the ratio between enzymatic activity and biomass concentration is considered, it can
be noted that it increases from 5.4 U/kg for the fermentation system without n-dodecane
to 10.8 U/kg for 5% vol. n-dodecane, becoming 11.5 U/kg for the system containing
10% vol. hydrocarbon. The results are in agreement with the literature, which mentions the
increase in enzymatic activity after fungal biomass development reduction or stopping [1].
Another important aspect, apart from the biomass concentration, is its morphology. The de-
velopment of fungi in the form of larger pellets, in the presence of the oxygen-vector/higher
oxygen concentration, hinders the access of the substrate inside the pellets, which creates
conditions similar to the depletion of the substrate in the fermentation broth and promotes
enzyme biosynthesis.

5. Conclusions

The biosynthesis of α-amylase by A. terreus can be greatly enhanced by the addition
of an oxygen-vector into the fermentation broth. Using n-dodecane for this purpose,
the enzymatic activity after three days from the beginning of fermentation was 1.8–2.0 times
higher in the system with hydrocarbon compared to the system without the oxygen-
vector, at 35 ◦C fermentation temperature. Moreover, the presence of the oxygen-vector
may partially compensate for the lack of pH control during fermentation and the oxygen
desorption from the environment at higher temperatures. At the same time, by adding
n-dodecane, the fungal morphology can be controlled, the developed pellets having a more
compact structure and a larger size.

Compared to the system without n-dodecane, in the presence of this hydrocarbon, no
direct dependence on the amount of fungal biomass and α-amylase production is noticed,
the ratio between enzymatic activity and biomass concentration ranging from 5.4 U/kg
for the fermentation system without n-dodecane at 11.5 U/kg for 10% vol. hydrocarbon



Fermentation 2022, 8, 271 9 of 10

added in the fermentation broth. The experimental data indicated that the optimal value
of the oxygen-vector concentration is 5% vol.; above this level, the oxidative stress or the
inhibition generated by a high hydrocarbon concentration is induced. The presence of
n-dodecane shifted the optimum fermentation temperature to higher values, respectively,
40 ◦C, mainly as an effect of compensating for the depletion of dissolved oxygen by des-
orption. Under these conditions, the enzymatic activity was about 2.30 times higher than
for the fermentation at 35 ◦C in the absence of the oxygen-vector.
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A B S T R A C T   

Muconic acid is a six-carbon dicarboxylic acid with conjugated double bonds that finds extensive 
use in the food (additive), chemical (production of adipic acid, monomer for functional resins and 
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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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 % HCl) 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 

Table 1 
Production of muconic acid through biosynthesis.  

Microorganism Process MA produced Ref. 

Engineered Saccharomyces cerevisiae Fed-batch cultivation through the shikimate pathway 
40 g/L glucose 

1.2 g/l MA under prototrophic conditions 
5.1 g/l MA when supplemented with amino 
acids 

[6] 

Engineered Saccharomyces cerevisiae 
ST10209 

Fed-batch fermentation (50 L bioreactor) 
10 g/L yeast extract 

15.2 g/L (muconate) [7] 

Engineered Escherichia coli Fed-batch fermentation 
20 g/L glucose 

3.153 ± 0.149 g/L [8] 

Engineered Escherichia coli Batch fermentation 
20 g/L glucose 

4.45 g/L [9] 

Engineered 
Corynebacterium glutamicum 

Fed-batch fermentation through 3-dehydroshikimate (DHS) 
pathway 
55 g/L glucose 

53.8 ± 5.5 g/L (muconate) [10] 

Engineered 
Pseudomonas chlororaphis HT66 

Fed-batch fermentation 
18 g/L glycerol 

3.376 g/L [11] 

Engineered 
Pseudomonas putida 

Fed-batch fermentation 
10.6 g/L glucose 

Strain LC224: 
26.8 g/L (muconate) 
Strain QP478: 
9.3 g/L (muconate) 

[12] 

Engineered 
Klebsiella pneumoniae 

Flask cultivation 
80 g/L of glucose 

2.1 g/L [13] 

Engineered 
Pichia occidentalis LP635 

Fed-batch fermentation 
40 g/L glucose 

38.8 g/L (muconate) [14]  
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"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 AI-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 

Fig. 1. Chemical structure of muconic acid and PILs used in this study.  

Fig. 2. Schematic representation of extraction step.  
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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 – [C14C6C6C6P]: 
Cyphos IL104 – [C14C6C6C6P][(iOc)2Phos] and Cyphos IL103 - [C14C6C6C6P][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 %), [C14C6C6C6P][(iOc)2Phos] (95 %), [C14C6C6C6P][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: 

Fig. 3. Simplified schema of the a) DE algorithm; b) modeling and optimisation strategy.  
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S=
(

Cs

C0-C

)

• 100,%  

where cs, c0, 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− 1 spectral resolution and 4000–400 cm− 1 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 

Fig. 4. pH influence on MA reactive extraction.  
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algorithm. The general principles of DE, the mathematical relations describing each step, and the concepts used to combine it with 
ANNs 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 PIls. 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 PIls 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 (pKa1 2.9 and pKa2 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 pKa2, 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 pKa2 (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 [C14C6C6C6P][(iOc)2Phos] or from 
decanoate - carboxylate for [C14C6C6C6P][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 [C14C6C6C6P][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− 1 domain can be detected, 

Fig. 5. PILs concentration influence on MA reactive extraction (0.8 g/L MA concentration, aqueous phase pH 3, 10 min contact time).  
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and an increasing peak can be observed in the PILs extracts spectrum. The major peaks observed between 2800 and 3000 cm− 1 

corresponding to H–C–H stretch are representative for heptane, while for ionic liquid peaks are mainly visible in the 1800-600 cm− 1 

domain: at 1466 cm− 1 corresponding to P–C stretching, at 1382 cm− 1 to C - H in-plane bending, and the characteristic vibrations 
reflecting the presence of PIL anions: for [C14C6C6C6P][(iOc)2Phos]: POO− at ca. 1026 cm− 1, P–CH2 at ca. 1467 cm− 1 and COO- at ca. 
1563 cm− 1 and ca. 1406 cm− 1; and for [C14C6C6C6P][Dec]: stretching vibration of C=O at ca. 1716 cm− 1. FTIR spectroscopy of the MA 
extract spectrum showed the presence of novel bands at around 1634–1636 cm− 1 (C=O stretching mode vibration) and at approxi-
mately 1559–1561 cm− 1 (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]. Marták 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 

Table 2 
Loading factor values obtained for MA extraction.  

[C14C6C6C6P][Dec] concentration Loading factor, Z [C14C6C6C6P][(iOc)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  

Fig. 6. Contact time influence on MA reactive extraction (0.8 g/L MA concentration, aqueous phase pH 3, 40 g/L PIls concentration).  
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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 

Fig. 7. Temperature influence on MA reactive extraction (0.8 g/L MA concentration, aqueous phase pH 3, 40 g/L PIls concentration).  

Fig. 8. Initial aqueous phase pH and PILs concentration on MA stripping (0.8 g/L MA initial concentration, final aqueous phase pH 12).  
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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 [C14C6C6C6P][Dec] compared to [C14C6C6C6P][(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 [C14C6C6C6P][Dec] and 61.47 %, 58.47 %, and 56.86 % for [C14C6C6C6P][(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 
([C14C6C6C6P][Dec] or [C14C6C6C6P][(iOc)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 

Table 3 
Statistics for the determined models.    

Training Testing 

R2 score MAE MSE MAPE r2 R2 score MAE MSE MAPE r2 

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  
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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]. R2 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 r2 is the 
coefficient of determination. The closer the R2 score and r2 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 

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  

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

Fig. 10. Shap values a) case 1 and b) case 2.  

Table 5 
Optimisation results in case 1.  

[C14C6C6C6P] [Dec] [C14C6C6C6P] [(iOc)2Phos] pH Extractant concentration (g/L) Time (min) Temperature (⁰C) 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 54.17 23.12 43.91 101.34 
0 1 4.16 90.44 21.57 35.42 100.52 
0 1 4.11 87.33 25.84 25.3 99.83 
0 1 2.43 81.15 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 2.11 81.15 28.79 63.26 98.28 
0 1 2.36 45.09 25.54 20.49 97.95 
0 1 3.97 83.18 23.23 20.91 97.95 
0 1 3.74 45.45 20.91 65.00 97.47 
0 1 4.25 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 4.26 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  
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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 [C14C6C6C6P][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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Table 6 
Optimisation results in case 2.  

[C14C6C6C6P] [Dec] [C14C6C6C6P] [(iOc)2Phos] pH Extractant concentration (g/L) Temperature (⁰C) 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  
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[42] A.F.M. Cláudio, A.M. Ferreira, C.S.R. Freire, A.J.D. Silvestre, M.G. Freire, J.A.P. Coutinho, Sep. Purif. Technol. 97 (2012) 142, https://doi.org/10.1021/ 
jp204865a. 

[43] D. Fryer, I. Strümke, H. Nguyen, Shapley values for feature selection: the good, the bad, and the axioms, IEEE Access 9 (2021) 144352–144360, https://doi.org/ 
10.1109/ACCESS.2021.3119110. 

[44] K. Priddy, P. Keller, Artificial Neural Networks:An Introduction, SPIE Press, Washington, 2005. 

A.C. Blaga et al.                                                                                                                                                                                                       

https://doi.org/10.3390/nano9040618
https://doi.org/10.3390/nano9040618
https://doi.org/10.1021/acs.jced.8b00972
https://doi.org/10.1016/j.jhazmat.2020.124091
https://doi.org/10.1021/acs.est.1c08537
https://doi.org/10.1021/acs.est.1c08537
https://doi.org/10.3389/fchem.2019.00117
https://doi.org/10.3389/fchem.2019.00117
https://doi.org/10.1007/s00706-021-02792-w
https://doi.org/10.1021/jp204865a
https://doi.org/10.1021/jp204865a
https://doi.org/10.1109/ACCESS.2021.3119110
https://doi.org/10.1109/ACCESS.2021.3119110
http://refhub.elsevier.com/S2405-8440(24)12144-5/sref44

	Mechanism, influencing factors exploration and modelling on the reactive extraction of 2-ketogluconic acid in presence of a ...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Liquid – liquid extraction experiments
	2.3 Analytical procedures
	2.4 Calculations
	2.5 Process modelling

	3 Results and discussion
	3.1 Influence of aqueous phase pH on the extraction efficiency
	3.2 Influence of extractant concentration on the extraction efficiency
	3.3 Synergic reactive extraction mechanism
	3.4 Stripping analysis
	3.5 Process modelling

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix Declaration of Competing Interest
	References

	Experimental, modeling and optimisation of adipic acid reactive extraction using ionic liquids
	1 Introduction
	2 Material and methods
	2.1 Chemical and methods
	2.2 Modelling and optimisation

	3 Results and discussions
	3.1 Experimental
	3.2 Modelling and optimization

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	References

	Application of reactive extraction for the separation of pseudomonic acids: Influencing factors, interfacial mechanism, and...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Chemicals
	2.2  Extraction experiments
	2.3  Analytical procedures
	2.4  Modelling and optimization

	3  RESULTS AND DISCUSSION
	3.1  Experimental analysis on reactive extraction
	3.1.1  The pH-value dependence
	3.1.2  Amine concentration dependence
	3.1.3  Reactive extraction mechanism
	3.1.4  Selective separation

	3.2  Modelling and optimization
	3.2.1  Process modelling
	3.2.2  Process optimization


	4  CONCLUSIONS
	ACKNOWLEDGEMENTS
	  NOMENCLATURE
	REFERENCES

	Selective separation of vitamin C by reactive extraction using ionic liquid: Experimental and modelling
	Introduction
	Experimental
	Materials
	Reactive extraction experiments
	Stripping experiments
	HPLC analysis
	FTIR analysis
	Calculations
	Modelling and optimization

	Results and discussions
	Reactive extraction
	Parameter influence on the extraction efficiency
	Reactive extraction mechanism
	Study of stripping process

	Modelling and optimization

	Conclusions
	Declaration of Competing Interest
	Acknowledgment
	References

	Introduction 
	Results and Discussions 
	Extraction Process 
	Modeling 

	Materials and Methods 
	Extraction Process 
	Modeling 

	Conclusions 
	References
	Introduction 
	Materials and Methods 
	Chemicals 
	Reactive Extraction Experiments 
	Analytical Procedures 
	Modelling and Optimization 
	Statistic Approaches 
	Artificial Neural Networks and Differential Evolution 


	Results 
	Reactive Extraction 
	Influence of Aqueous Phase pH on the Extraction Efficiency 
	Influence of Amine Concentration on the Extraction Efficiency 
	Study of the Reactive Extraction Mechanism 
	Study of Stripping Efficiency 

	Modelling and Optimization 
	Statistical Approaches 
	Artificial Intelligence 


	Conclusions 
	References
	Enhancement of ergosterol production by Saccharomyces cerevisiae in batch and fed-batch fermentation processes using n-dod...
	1 Introduction
	2 Materials and method
	2.1 Bioreactor and operating parameters
	2.2 Strain and medium
	2.3 Measurement and analysis methods

	3 Results and discussion
	3.1 Batch fermentation system
	3.2 Fed-batch fermentation system

	4 Conclusions
	References

	Introduction 
	Materials and Methods 
	Bioreactor and Operating Parameters 
	Strain and Medium 
	Measurement and Analysis Methods 

	Results 
	The Oxygen-Vector Effect on the Fermentation Broth pH 
	The Effect of the Oxygen-Vector on A. terreus Morphology 
	The Effect of the Oxygen-Vector on the Biomass Accumulation and -Amylase Activity 

	Discussion 
	Conclusions 
	References
	Reactive extraction of muconic acid by hydrophobic phosphonium ionic liquids - Experimental, modelling and optimisation wit ...
	1 Introduction
	2 Materials and methods
	2.1 Chemical and methods
	2.2 Modelling and optimisation

	3 Results and discussion
	3.1 Influence of various parameters on MA reactive extraction
	3.2 Stripping
	3.3 Modeling and optimisation

	4 Conclusions
	Data availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	References


