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Abstract

This study explores the application of phosphonium-based ionic liquids (ILs) for the efficient
separation of valeric acid (VA) through reactive liquid-liquid extraction. Two hydrophobic
quaternary phosphine ILs, trihexyl(tetradecyl)phosphonium decanoate (C103) and tri-
hexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate (C104), were evalu-
ated in combination with heptane as a diluent. Extraction efficiency was experimentally
determined at different levels of extraction process factors in terms of aqueous phase pH
(3-6), IL concentration (0-120 g/L), and process temperature (25-60 °C). For each IL, extrac-
tion efficiency was predicted using a response surface regression model, and the process
factors were optimized based on the desirability function approach. Both ILs effectively
extracted VA, with optimal mean values of extraction efficiency of 98.61% for C103 and
99.24% for C104 under optimal conditions (pH of 3.8 and 4, respectively, IL concentration of
60 g/L, and temperature of 25 °C). Mechanistic analysis revealed that VA extraction occurs
through the formation of IL-acid complexes, involving hydrogen bonding between the
non-dissociated acid and the IL anion. Depending on the extractant concentration, 1:1 and
2:1 acid-to-IL stoichiometric ratios were observed. These findings highlight the potential of
phosphonium-based ILs, particularly in a heptane-diluted system, as high-performance
extractants for carboxylic acid separation.

Keywords: heptane; ionic liquid; reactive extraction; valeric acid

1. Introduction

Volatile fatty acids (VFAs) are essential chemical intermediates with diverse appli-
cations across industries such as food, pharmaceuticals, plastics, and wastewater treat-
ment. These low-molecular-weight organic acids can be derived both from petrochemical
processes and the bioconversion of organic matter. VFAs are important by-products of
fermentation and digestion processes, primarily consisting of six short-chain fatty acids:
acetic acid, propionic acid, n- and i-butyric acid, and n- and i-valeric acid [1]. In addition
to serving as a supplementary carbon source for nitrogen and phosphorus removal in
sewage treatment [2,3], VFAs are also valuable raw materials for producing biodegradable
plastics such as polyhydroxyalkanoates [4,5]. The fermentative production of VFAs from
waste activated sludge (WAS) involves a critical balance between hydrolysis, acidification,
and methanation, with hydrolysis being the rate-limiting step [6,7]. Various pretreatment
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methods, including alkaline treatment, ultrasonication, microwave heating, and the ad-
dition of free nitrous acid, can enhance the hydrolysis rate and promote the production
of fermentation intermediates [8]. However, these methods tend to be energy-intensive
and may face challenges from emerging pollutants in WAS, which limits their large-scale
application in wastewater treatment plants [6,9].

Among VFAs, valeric acid (VA), also known as pentanoic acid (CsH;¢0O,), stands out
for its considerable industrial potential. VA is a straight-chain saturated carboxylic acid
with a strong, unpleasant odor, naturally occurring in both free and esterified forms in
various plants, particularly those of the Valeriana genus within the Valerianaceae family [10].
Despite its pungent smell, VA possesses a distinctive fruity aroma that makes it a valuable
intermediate in the fragrance, cosmetics, pharmaceutical, and food industries [11]. It also
plays an important role in various bioproduction processes, including the manufacture of
monoclonal antibodies, animal feed, flavorings, pharmaceutical compounds, lubricants,
and biodegradable plastics [6].

VA can be obtained from plants like Angelica archangelica and Valeriana officinalis,
produced through the oxidation of biosynthesized amyl alcohol [9], or via biosynthesis
from renewable resources. One efficient route involves coupling two fermentation pro-
cesses: the initial production of propionic acid followed by elongation chain to valeric
acid [12]. Additionally, the selective reduction in levulinic acid to valeric acid represents
a key reaction in converting biomass and its derivatives into fuel precursors. This trans-
formation significantly contributes to the advancement of bio-based production systems,
with promising potential to reduce fossil fuel dependency and address pressing environ-
mental concerns [13]. The production of VA from WAS through fermentative pathways
has emerged as a promising strategy for sustainable industrial applications that not only
enables the efficient valorization of residual materials but also contributes to CO, emissions
reduction and supports the transition toward a circular and sustainable economy [3,6,14].
This approach transforms waste into a valuable resource with applications in bioenergy
and biodegradable materials. Table 1 presents reported values of VA production achieved
through waste sludge fermentation.

Table 1. Comparison of VA yields in waste sludge fermentation processes.

VFA Production
Pretreatment VA VA (mg COD/ Reference
(mg COD/g VSS) (% COD) 8 8
VSS)

In situ ammonia 77.2 25 308 [15]
stripping

Sulfite 16 49 324 [16]

Riboflavin 220.1 62.8 355 [6]

Saponin 113.8 40 292 [17]
Tetrakis

hydroxymethyl 72.7 375 194 [18]

phosphonium sulfate
COD—chemical oxygen demand; VA—valeric acid; VFA—volatile fatty acid; VSS—volatile suspended solids.

The growing demand for environmentally friendly and cost-effective separation tech-
niques has led to increased interest in alternative methods for VA recovery and purification.
Liquid-liquid reactive extraction, a common separation method, is advantageous for its
efficiency in separating VFAs, especially from low-concentration fermentation broths. Sev-
eral studies have demonstrated the use of various extractants and solvents for the recovery
of VFAs. For example, in case of VFA separation from mixed culture fermentation broth,
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according to Kaur et al. (2020), in situ product recovery using reactive extraction with extrac-
tants such as Aliquat 336 and trioctylphosphine oxide (TOPO) in methyl octanoate achieved
75-85% higher extraction efficiency than physical extraction [19]. Similarly, Alkaya et al.
(2009) used TOPO in kerosene for the extraction of various VFAs, including acetic, propi-
onic, butyric, iso-butyric, valeric, iso-valeric, caproic, iso-caproic, and heptanoic acids [20].
The extraction was conducted on 10 mL of fermentation broth, which was derived from
the simultaneous acidification of sugar industry wastewater and beet pulp, resulting in
VFA concentrations of 2910 mg/L, and up to 98% VFA recovery. Furthermore, Rocha et al.
(2017) demonstrated up to 80% extraction efficiency of acetic, propionic, and butyric acids
using medium-chain fatty acids (hexanoic, octanoic, and decanoic acids) diluted in organic
solvents such as toluene and n-hexane, with an initial VFA concentration of 1 wt% [21].
Begun et al. (2020) demonstrated that reactive extraction of VFAs using extractants such
as tri-n-octylamine (TOA) and tributyl phosphate (TBP) in 1-octanol as a diluent achieved
90.9% in synthetic systems, but the system had a reduced performance in real effluents due
to matrix complexity and co-extraction effects [22].

Ionic liquids (ILs) have emerged as a promising green alternative for the extraction
and separation of VFAs due to their unique physicochemical properties, including low
volatility, controllable solubility, and high thermal stability. Reyhanitash et al. (2019) inves-
tigated the VFA extraction efficiency of various solvents and found that ILs, particularly
trihexyl(tetradecyl)phosphonium bis-2,4,4-(trimethylpentyl) phosphinate ([Pggg14][Phos]),
were highly effective in extracting lactic acid, acetic acid, propionic acid, and butyric acid.
Using a 3:5 IL to VFA volume ratio, they achieved a VFA extraction yield of 100 mg/g
IL [23]. Singh et al. (2024) further explored the hydrophobic IL [Pggs14][Dibutylphosphate]
for extracting a wider range of VFAs, including acetic, propionic, butyric, and hexanoic
acids [24]. Their results demonstrated the superior extraction capacity of this IL, achieving
a remarkable yield of 842.8 mg/g IL. Andersen et al. (2016) also studied ILs for VFA recov-
ery, specifically [Pggp14][Dicyanamide], and achieved a VFA extraction yield of 48.4 mg/g
IL at a 1:10 IL to VFA volume ratio [25]. In a similar approach, Xing et al. (2023) examined
[Pess14][Chloride] for extracting acetic acid and butyric acid [26]. They reported extraction
yields of 190-250 mg/g IL for acetic acid and 330-460 mg/g IL for butyric acid, using
a 2:1 IL to VFA volume ratio with 20% IL in dodecane. These studies highlight the potential
of ILs as highly effective and versatile solvents for VFA extraction, with varying extraction
efficiencies depending on the type of IL, VFA, and extraction conditions used.

This study investigated the potential of ILs for the separation of VA from aqueous so-
lutions using two types of quaternary phosphine ILs, trihexyl-tetra-decyl-phosphonium de-
canoate (C103) and trihexyl-tetra-decyl-phosphonium bis(2,4,4-trimethylpentyl)phosphinate
(C104), in combination with the green solvent heptane. This study uniquely integrates
trihexyl-tetradecylphosphonium-based ILs with heptane as a green diluent, addressing
the critical challenges of IL viscosity and phase separation in nonpolar solvents, while
systematically investigating the combined effects of aqueous phase pH, extractant concen-
tration, and temperature on valeric acid extraction efficiency. This comprehensive approach
not only advances the understanding of IL-diluent interactions but also demonstrates
a scalable and effective reactive extraction method for valeric acid, which has not been
extensively explored in prior literature. To evaluate the influence of process variables and
extractant type on extraction efficiency, statistical analysis, including one-way ANOVA and
t-test for two samples with equal and unequal variances, and response surface regression
models were used.
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2. Results
2.1. Experimental Results

Reactive liquid-liquid extraction is an innovative and efficient technique used to im-
prove the performance of fermentative production and downstream processing of bio-based
organic acids by transferring them into an organic phase. This study aims at improving
the extraction yield for the effective recovery of VA from dilute aqueous solutions using
an IL as the extractant, combined with the low-polarity solvent heptane as the diluent.
Key factors influencing the reactive extraction process include aqueous phase pH (pH), IL
concentration (IL), and extraction temperature (f).

Extensive research has demonstrated that pH plays a critical role in the extraction of car-
boxylic acids by controlling the equilibrium between the aqueous and organic phases [27].
Carboxylic acids are typically extracted more efficiently at low pH values, where they exist
in their non-dissociated form, usually below the pK; of the acid. The extraction efficiency (E)
of the extractants (C103 and C104) on VA at IL =40 g/L, t = 25 °C, and different pH levels
(3-6) is shown in Figure 1. One-way ANOVA applied to the data presented in Figure 1
highlighted the following factors:

1.  Asignificant decrease in the mean values of E with an increase in pH from 3 to 6, i.e.,
from 91.21% to 9.489% for C103 and from 96.95% to 0.694% for C104;

2. Significantly higher mean values of Ec1o4 than those of Ecq¢3 for pH = 3 and pH =4,
similar mean values of Ec1g3 and Ecqp4 for pH = 5, and significantly higher mean
value of Ec1p3 than that of Ec1o4 for pH = 6.

120
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aB bA OC104
20 - bB
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< 60 -
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Figure 1. Aqueous phase pH influence on VA extraction efficiency (IL =40 g/L, t = 25 °C); different
lowercase letters indicate significant differences (p < 0.05) between E obtained at different pH values
for each IL; different uppercase letters indicate significant differences (p < 0.05) between Ec193 and
Ec104 obtained at a certain pH value.

These findings indicate that the highest E values were attained when VA exists pri-
marily in its molecular form, facilitating effective separation when the pH is below its pK,
(4.84 [28]).

The choice of IL and solvent combination in the organic phase plays a vital role in
optimizing carboxylic acid extraction. ILs are considered effective and environmentally
friendly extractants [29], and their combination with suitable diluents, such as heptane,
can further enhance extraction performance by reducing viscosity and improving mass
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transfer. A comprehensive investigation into the mechanism and stoichiometry of VA—
ILs complex formation requires evaluating the impact of ILs concentration on extraction
performance. The influence of IL (0-120 g/L) on Ec1o3 and Ecjo4 at pH =3 and t =25 °C is
shown in Figure 2. Depicted data highlight a sharp increase in the mean values of Ec1g3
and Ecjg4 with an increase in IL from 0 to 40 g/L (0.061 and 0.051 mol/L for C103 and
C104, respectively), i.e., from 2.565% to 91.21% for C103 and from 2.565% to 96.95% for
C104. For IL =20 g/L and IL = 40 g/L, the mean values of Ec1p4 (68.86% and 96.95%) were
significantly higher (p < 0.05) than those of Ec1g3 (58.57% and 91.21%). Compared with the
results obtained in the absence of ILs, this improvement in E can be attributed to specific
chemical interactions [23] between the ILs and the acid molecules, involving the formation
of acid-IL complexes in the organic phase, which facilitates the transfer of VA from the
aqueous phase. However, at higher levels of IL, i.e., 80 g/L and 120 g/L, the mean values
of Ec193 and Ec1o4 (98.83-99.59%) were not significantly different (p > 0.05), suggesting
a saturation effect of the extractants.

120
mC103
100 +—
EC104
80
S 60
R
40
20
dA cA
0 1 e
0 20 40 80 120

IL (g/L)

Figure 2. ILs concentration influence on VA extraction efficiency (pH = 3, t = 25 °C); different
lowercase letters indicate significant differences (p < 0.05) between E obtained at different IL values
for each IL; different uppercase letters indicate significant differences (p < 0.05) between Ec193 and
E(c104 Obtained at a certain IL value.

Temperature plays a critical role in the reactive extraction of carboxylic acids, including
VA, particularly due to its impact on both the extraction and back-extraction (regeneration)
processes. As reactive extraction systems typically operate within specific temperature
ranges, understanding how temperature influences extraction efficiency is essential for
optimizing process conditions. The influence of t (25-60 °C) on Ec1o3 and Ec1o4 at pH =3
and IL =40 g/L is shown in Figure 3.
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Figure 3. Temperature influence on VA extraction efficiency (pH = 3, IL = 40 g/L); different lowercase
letters indicate significant differences (p < 0.05) between E obtained at different t values for each IL;
different uppercase letters indicate significant differences (p < 0.05) between E1¢3 and E¢1g4 obtained
at a certain ¢t value.

Depicted data indicate the following

1.  The mean value of Ec1g3 obtained at t = 45 °C (98.59%) was significantly higher than
the mean values of Ec1g3 attained at the other ¢ levels (90.05-92.89%), which were not
significantly different; this trend may be attributed to the system approaching equilib-
rium conditions, where complexation between the acid and ILs occurs predominantly
at the organic-aqueous interface; these complexation reactions are generally exother-
mic and sensitive to thermal variations; as temperature increases, the kinetic energy of
molecules also rises, potentially disrupting weaker interactions while promoting the
formation of more stable acid—IL ILs complexes; additionally, the exothermic nature
of hydrogen bonding involved in complex formation may contribute to a reduction in
system entropy, further influencing extraction behavior [30].

2. The mean value of Ec1g4 obtained at t = 45 °C (98.68%) was significantly higher than
that attained at t = 60 °C (94.23%);

3. The mean values of Ec1g3 and Ecqo4 reached at t = 45 °C were similar, whereas the
mean values of Ecqg4 obtained at the other ¢ levels (94.23-97.49%) were significantly
higher than those of Ec1¢3 (90.05-92.89%).

The lower aqueous solubility of both ILs (C103: 8.7 & 0.2 mg/L, C104: 12.6 & 0.3 mg/L [31])
suggests a reduced risk of IL loss during back-extraction, which is essential for maintaining
regeneration efficiency and long-term reusability (critical factors for industrial implemen-
tation). Back-extraction of valeric acid (VA) was carried out using a sodium hydroxide
(NaOH) solution (pH 12), which effectively re-extracted the acid due to its strong basicity.
Performing the regeneration step at 45 °C further enhanced back-extraction efficiency
by shifting the extraction equilibrium in favor of VA release from the IL-acid complex.
Although the re-extraction efficiency was 73.46%, the ILs retained high extraction capacity
in optimum conditions over repeated use, with efficiencies of 99.14%, 98.26%, and 96.35%
recorded across three successive extraction/back-extraction cycles. These results high-
light the IL system’s chemical robustness, low loss to the aqueous phase, and promising
regeneration behavior, key attributes for scalable acid extraction processes.
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2.2. Statistical Models

Based on Figures 1-3, three levels (minimum, maximum, and mean) of each process
factor were selected to obtain statistical models, as shown in Table 2. Statistical models
described by Equation (1) link the predicted process responses (E;,,, j = 1, 2) to x1, x12,
X, X22, X3, X32, X1X2, X1x3, and xpx3, where x1, xp, and x5 are dimensionless process factors
defined by Equations (2)-(4). Regression coefficients in Equation (1), i.e., apj, a1j, a11j, a2j, a2,
azj, a33j, A12j, 413j, and a3;, were identified from experimental values of process response
variables (Ej, j =1, 2).

Ej,pr = &oj + @1jX1 + 0611]'9(% + &jX2 + Oézzjx% + X3jX3 + «x33jx§ + X12jX1X2 + X13jX1X3 + X23;X2X3 (1)
H-4
X1 = Pf 2)
IL — 40
= 3
X2 0 3)
t—35
— - 4
X3 10 4)
Table 2. Levels of dimensional and dimensionless factors.
No. X1 =pH X» =1L (g/L) X3=t(°0) X1 X2 X3
1 3 40 25 -1 0 -1
2 4 40 25 0 0 -1
3 5 40 25 1 0 -1
4 3 0 25 -1 -1 -1
5 3 80 25 -1 1 -1
6 3 40 35 -1 0 0
7 3 40 45 -1
i 1 2 3 1 2 3
MIN; 3 25 -1 -1 -1
MAX; 5 80 45 1 1 1
MN; 4 40 35 0 0 0

MIN, MAX, and MN—minimum, maximum, and mean values; x; = (X; — MN;)/(MAX; — MN;),i=1...3.

Relevant statistics of E; and the values of regression coefficients, determination co-
efficient, F statistic, and p-value for F, which are summarized in Table 3, as well as the
results of ¢-test for two samples assuming equal and unequal variances emphasize the
following aspects:

1. Ej =Ecio3 ranged from 2.370% to 99.78% (72.58 =+ 34.51%), and E; = Ec1¢4 from 1.431%
t0 99.76% (75.05 £ 35.68%); MN1 = 72.58% and MN, = 75.05% were not significantly
different, i.e., p = 0.41 (one-tail) and p = 0.82 (two-tail);

2. Significant positive effects of dimensionless concentration of IL (x;), dimensionless
temperature (x3), and x3> as well as significant negative effects of dimensionless
pH (x1), x12, %%, and xpx3 on Eq p, = Ec103 pr;

3.  Significant positive effect of x, and significant negative effects of x1, x12, and x,? on
Ezpr = Ec104,pr;

4. A very good agreement between experimental and predicted values of process re-
sponse variables (R]-2 > 0.9983, R]-/adjz > 0.9974, F; > 11174, and p; = 0.0000 for j = 1, 2).
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Table 3. Relevant characteristics of extraction response variables.

Experimental Extraction Efficiency E; (%)
j 1 (C103) 2 (C104)

Minimum value, MIN; 2.370 1.431
Maximum value, MAXj 99.78 99.76

Mean value, MN i 72.58 75.05

Standard deviation, SDj 34.51 35.68
Coefficient of variation, C Vi= 1OOSDj / MN; 47.55 47.54

Predicted extraction efficiency E; pr (%)

Regression coefficients

wy; 82.111 87.155
) —23.851 —26.500
i) —13.077 —16.166
) 44.444 47.202
o —40.515 —45.790
s 3.6882 0.8649
s 2.0150 0.3300
) 0.0000 0.0000
w3 0.0000 0.0000
3 —3.6882 —1.3974

Coefficient of determination, adjusted coefficient of determination, F statistic and
its pj-value

R? 0.9994 0.9983
Rjaa” 0.9991 0.9974
F; 3264.6 1117.4
pi 0.0000 0.0000

Significant regression coefficients are highlighted in bold.

Surface and contour plots of E1pr = Ec103,pr and Ep py = Ec104r depending on x1, x,
and x3 (Figures 4 and 5) highlight a negative effect of x; and a positive effect of x, on both
response variables, as well as a slightly positive effect of x3 on E1 ;» and a negligible effect
of x3 on Ep ;.
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Figure 4. Surface and contour plots of E1 y, = Ec103,r depending on dimensionless process factors;
x1 = pH — 4; xo = (IL — 40)/40, IL: ILs concentration; x3 = (t — 35)/10, t: temperature.
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Figure 5. Surface and contour plots of E; », = Ec104,r depending on dimensionless process factors;
x1 = pH — 4; xo = (IL — 40)/40, IL: ILs concentration; x3 = (¢ — 35)/10, t: temperature.

2.3. Optimization of Process Factors

Optimization of extraction process factors, which was based on the desirability func-
tion, led to the optimal levels of process factors (x1,pt, X2,0pt, and X1 gpt, corresponding to
PHopt, ILopt, and topt) and predicted response variables (Ej,pr,opt, j =1, 2) specified in Table 3.
To validate the statistical models defined by Equation (1), 3 experiments were performed
at optimal levels of process factors, and related mean values of experimental response
variables (Ej,m,opt, j=1,2)and standard deviations (SDj) are summarized in Table 4.
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Table 4. Predicted and experimental values of process response variables at optimal levels of
dimensionless and dimensional factors.

j X1,0pt X2,0pt X3,0pt pHopt ILopt (g/L) topt (°C) E; pr,opt (%) Ejm,opt = SD]' (%)
1 —-0.2 0.5 -1 3.8 60 25 98.62 98.61 + 0.18
2 0 0.5 -1 4 60 25 99.47 +0.19

The results of t-test for two samples with equal and unequal variances (p; > 0.05)
indicated that Ej mopt and E; pr,opt Were not significantly different, which proves the validity
of statistical models described by Equation (1). Moreover, E3 , p = 99.24% was significantly
higher than E1 ;; gpt = 98.61%, i.e., p = 0.0067 (one-tail) and p = 0.0135 (two-tail).

3. Discussion

In reactive liquid-liquid extraction processes, VA is transferred from an aqueous phase
into an organic phase, where unlike conventional solvent extraction, a chemical reaction
occurs between the solute and the IL extractant. This interaction typically results in the
formation of complexes in which VA binds to the ILs through specific interactions: hydro-
gen bonding, ion-pair formation, or a combination of both, depending on the nature of the
extractant and the diluent. The formation of these complexes significantly influences extrac-
tion yield, alters the physical properties of the organic phase, and impacts the feasibility of
its regeneration. Selecting an effective combination of ILs and solvent for the organic phase
is crucial to achieving optimal performance in the extraction of carboxylic acids. In this
context, ILs have emerged as highly promising components, serving both as extractants
and as solvents, due to their unique physicochemical properties (low volatility and negli-
gible vapor pressure), which contribute to their stability under a wide range of operating
conditions. They are also characterized by broad solubility, and miscibility with various
compounds, as well as relatively low toxicity compared to conventional organic solvents.
These attributes position ILs as safer and more environmentally friendly alternatives for
liquid-liquid extraction processes [29].

To optimize performance and reduce costs, conventional organic solvents can be
employed as diluents, helping to modify the physical properties of the organic phase,
such as lowering viscosity, which can improve the overall efficiency of the extraction
process. Diluents can also influence the extraction depending on their nature. For example,
active compounds like hexanol can stabilize extractant-acid complexes through hydrogen
bonding, while inactive compounds such as hexane and dodecane do not participate
in complex formation. In this study, heptane is selected as a diluent due to its ability
to effectively reduce the viscosity of phosphonium-based ILs, thereby improving mass
transfer during VA extraction, while maintaining phase stability and minimizing acid
solubility in the diluent phase. Its chemical inertness and ease of recovery further support
its suitability for efficient and sustainable IL-based extraction systems. ILs have proven
effective in the recovery and separation of metals and organic/inorganic acid extraction,
significantly enhancing separation efficiency and overall process performance, making
them ideal candidates for efficient recovery [27,29].

The efficiency of carboxylic acid extraction is strongly influenced by pH, with optimal
performance occurring under acidic conditions where the acid remains non-dissociated.
The results from Figure 1 suggests that intermolecular interactions, such as hydrogen
bonding, play a crucial role in VA extraction using ILs. Similar findings were reported
by Reyhanitash et al. (2019), who emphasized that maintaining the pH below the pK,
of VFAs is critical for an efficient extraction, as higher pH levels reduce the fraction of
undissociated acids, essential for an effective separation [23]. However, the extraction
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process is also influenced by other factors, including functional group characteristics
and steric hindrance. The extraction performance of phosphonium-based ILs is strongly
influenced by the nature of the anion, particularly its basicity and ability to interact with
carboxylic acids. In this study, C104 (trihexyl-tetradecylphosphonium decanoate) exhibited
superior VA extraction efficiency compared to C103 (trihexyl-tetradecylphosphonium
bis(2,4,4-trimethylpentyl)phosphinate), despite both sharing an identical cation (Figure 6).
Hydrogen bonding occurs between the carboxylic acid group (<COOH) of valeric acid,
acting as the hydrogen bond donor, and the anionic moieties of the ILs: in the case of
C103, the interaction involves the carboxylate oxygen of the decanoate anion, whereas
in C104, the phosphoryl oxygen (P=0) of the phosphinate anion serves as the hydrogen
bond acceptor.

H3C
8 CHs (?HZ}SCHS o
H,C
Oy ’ CHj H3C{HzC)s—P*—(CH3)13CH3 \/\)LOH
C14R2o P CHs ((|JH )sCH
p: O CH; ST 0
CsH13/| CeHiz CHs HSC{H2C]B_<
CeH1s CH3 o
(a) (b) (c)

Figure 6. Chemical structure of ILs (a) C103 (trihexyl-tetradecylphosphonium bis(2,4,4-
trimethylpentyl)phosphinate); (b) C104 (trihexyl-tetradecylphosphonium decanoate)); and
(c) valeric acid.

This enhanced performance can be attributed to the higher basicity of the decanoate
anion, whose conjugate acid has a pKa of approximately 4.9, compared to the reduced
basicity and sterically hindered phosphinate anion. The increased basicity of decanoate
promotes stronger acid-anion interactions, through hydrogen bonding thereby enhancing
the partitioning of VA into the IL-rich phase. While the phosphinate anion contributes to
hydrophobicity and may improve phase separation, its reduced proton affinity appears
to limit effective acid binding. These findings underscore the importance of balancing
hydrophobicity with anion basicity when designing IL systems for efficient extraction of
organic acids.

To further elucidate the extraction mechanism, the effect of IL concentration on ex-
traction efficiency was analyzed and used to estimate the stoichiometry of the resulting
complexes. The loading ratio (Z = [VA]org/[IL]org) is a key parameter in reactive extraction
processes, as it quantifies the extent to which the organic phase is loaded with an acid. It is
typically defined as the ratio of the total concentration of acid in the organic phase (includ-
ing undissociated, dimeric, and complexed forms) to the total extractant concentration in
the same phase, effectively representing the amount of acid extracted per unit of extrac-
tant [32]. The value of Z helps in determining the type of complex formed between the acid
and the extractant, which in turn is crucial for calculating the equilibrium complexation
constant [33]:

1.  Atlow Z values (Z < 0.5), a 1:1 acid-to-extractant complex is typically formed;

2. Atintermediate Z values (0.5 < Z < 1), 2:1 or 1:2 acid-to-extractant complexes may
form in the organic phase;

3. Athigh Z values (Z > 1), a 2:1 acid-to-extractant complex may form.

Thus, the loading ratio not only indicates the saturation level of the organic phase
with acid but also plays a central role in characterizing the stoichiometry and strength of
acid-extractant complexes during the extraction process [34,35].
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The Z values for both IIs are presented in Table 5.

Table 5. Loading factor values for VA extraction depending on IL (initial VA concentration:
10 g/L = 0.098 mol/L).

Extractant C103 C104
IL (g/L) IL (mol/L) Z IL (mol/L) VA
20 0.031 1.88 0.025 2.61
40 0.061 1.46 0.051 1.83
80 0.122 0.79 0.103 0.94
120 0.183 0.53 0.155 0.63

IL—initial concentration of ILs; Z—loading ratio.

At lower levels of IL (0.031 and 0.06 mol/L for C103, respectively, 0.025 and
0.051 mol/L for C104), Z > 1. This indicates that the organic phase is heavily loaded
with acid relative to the amount of extractant present, suggesting that more acid is being
extracted per unit of extractant. Such conditions are typically associated with the formation
of 2:1 acid-to-extractant complexes, as the extractant approaches or exceeds saturation and
additional acid binds beyond the basic 1:1 stoichiometry. As the extractant concentration in-
creases above the stoichiometric ratio (to 0.122 and 0.183 mol/L for C103, respectively, 0.103
and 0.155 mol/L for C104), 0.5 < Z < 1, reflecting a lower acid load per unit of extractant.
This trend aligns with a dilution effect, where the same quantity of acid is shared among
more extractant molecules, reducing the overall loading ratio. Under these conditions,
particularly when the aqueous acid concentration remains constant, the formation of both
1:1 and 2:1 acid-IL complexes become possible.

Temperature plays a crucial role in the extraction efficiency of carboxylic acids us-
ing ILs. Moderate increases in temperature generally enhance efficiency by improving
solubility and reducing the viscosity of the ILs. However, excessive heat may negatively
affect extraction performance or lead to the degradation of the system. Identifying the
optimal temperature is essential, as it depends on the specific carboxylic acid, the type
of ILs used, and the presence of co-solvents. Temperature studies are particularly im-
portant not only for optimizing extraction conditions but also for ensuring compatibility
with downstream processes such as back-extraction and solvent regeneration. Previous
studies on carboxylic acids, including citric, lactic, succinic, acrylic, propionic, and butyric
acids, have demonstrated that temperature, extractant and acid concentrations are key
parameters affecting extraction performance [27,34]. The results for VA summarized in
Table 6 highlight that both ILs showed increasing extraction efficiency, distribution coeffi-
cient (K;—defined as the ratio between VA concentration in organic and aqueous phase at
equilibrium, [VA]ye /[VA]aq) and extraction constant (K,—defined as [VA-IL]/ [VAJ?-[IL],
for a 2:1 acid-to-IL complex, indicated by Z values higher that 1) with rising temperature
up to 45 °C, indicating enhanced complexation and mass transfer at elevated tempera-
tures. However, a notable decline in K; values was observed at 60 °C, suggesting that the
complexes formation is exothermic, implicitly E could be affected by higher temperatures.
Between the two extractants, C104 consistently outperformed C103, achieving higher E
values at 25 °C, 35 °C, and 60 °C, due to its stronger hydrogen-bonding and solvating
interactions with VA. The loading ratio (Z) remained relatively stable and below 2 for
both ILs, supporting a 2:1 acid-to-extractant stoichiometry and indicating that extractant
saturation was not reached.
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Table 6. Temperature influence on VA extraction (initial VA concentration: 10 g/L, IL = 40 g/L,
pH =3).

Extractant C103 C104
t(°C) En (%) Ky V4 K. En (%) Ky V4 K.

25 91.21 10.18 1.57 70.74 96.95 31.31 1.83 532.93

35 92.89 13.06 1.58 114.05 97.49 38.82 1.85 814.26

45 98.59 73.33 1.60 3388.06 98.68 74.97 1.87 3000.17

60 90.05 9.22 1.57 58.64 94.23 16.01 1.78 143.48
IL—ILs concentration; t—temperature; E,,—mean value of extraction efficiency; K;—distribution coefficient;
Ke—extraction constant; Z—loading ratio.

The results of this study demonstrate that phosphonium-based Ils are effective extrac-
tants for valeric acid (VA), with extraction efficiency and complex stoichiometry strongly
influenced by both pH and IL concentration, temperature having the smaller influence.
These findings are consistent with previous studies on the extraction of short-chain car-
boxylic acids using ILs, where hydrogen bonding was identified as a key interaction
mechanism [32,36]. The extraction efficiency of valeric acid using various extractant sys-
tems reported in the literature is summarized in Table 7. Compared to previous studies, the
phosphonium-based ILs used in this work (C103 and C104) exhibit competitive or superior
extraction efficiencies, reaching up to 99.24% under mild operating conditions.

Table 7. Comparative extraction efficiency of VA using various extractant systems [37-40].
Study Extractant System Conc‘eﬁi:;iico?lc(iiollm l\é?;(i.ciEe):z;C(t"i/f)n
Baylan (2019) [37] [HMIM][PF4] + TBP 0.10-0.30 87.96
Firdous & Ahmad (2020) [38] TBP + kerosene 0.05-0.13 97.64
Senol (2015) [39] TPA + ethyl valerate 0.10 99.07
40% TBP + sunflower oil 0.01-0.10 96.42
Mukherjee & Munshi (2022) [40] -
40% TBP + soybean oil 0.01-0.10 96.18
This work C103/C104 + heptane 0.097 98.61/99.24

[HMIM][PF;]—1-hexyl-3-methylimidazolium hexafluorophosphate; TBP—tributyl phosphate; TPA—tripropylamine.

The observed formation of 2:1 and 1:1 acid—extractant complexes aligns with reported
behavior for similar systems, such as lactic and butyric acids, further supporting the
hypothesis that ILs facilitate reactive extraction through specific molecular interactions
rather than simple partitioning. C104 has been used for the separation of lactic acid from
aqueous solutions, where the dominant complex is 2:1 lactic acid-IL species in the aqueous
acid concentration range of 0.2 to 2.0 mol/L. At higher concentrations, the formation of
a 3:1 complex also becomes significant, while the 1:1 complex is primarily formed at lactic
acid concentrations below 0.2 mol/L [36]. Importantly, the ability to modulate complex
formation through extractant concentration highlights the flexibility of IL-based systems
and their potential for process optimization. From a broader perspective, these results
contribute to the growing evidence supporting ILs as greener and more efficient alternatives
for carboxylic acid recovery. Future research should explore the extraction behavior under
continuous operation or in the presence of mixed acid systems, to assess their feasibility for
industrial-scale applications.
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4. Materials and Methods

4.1. Chemicals and Procedures

All chemicals, including VA (97.0%), C103—trihexyl-tetra-decyl-phosphonium bis(2,4,4-
trimethylpentyl)phosphinate (95%), C104—trihexyl-tetra-decyl-phosphonium decanoate
(95%), heptane (99%), methanesulfonic acid (99%), sodium hydroxide (>97%), sulfuric
acid (95.0-98.0%), and acetonitrile (99.99%), were purchased from Merck (Merck KGaA,
Darmstadt, Germany) and used as received. The VA extraction experiments were con-
ducted for 10 min, at 25-65 °C, using a vibration shaker (WIZARD IR Infrared Vortex
Mixer, VELP Scientifica Srl, Usmate (MB), Italy) with a stirring speed of 1200 rpm. Equal
volumes (2 mL) of VA solution and organic phase were mixed in a glass cell, with ini-
tial concentration of VA in the aqueous phase of 10 g/L. Extraction was carried out
using two hydrophobic ILs, i.e., either [C14CCsCsP][Dec]—CYPHOS IL 103 (C103) or
[C14CCsCsP][(iOc)2Phos]—CYPHOS IL 104 (C104), mixed with n-heptane. The concen-
tration of ILs in the organic phase ranged from 0 to 120 g/L. The pH of the initial aqueous
phase was adjusted to the predetermined values (3, 4, 5, or 6) using 4% sulfuric acid and 4%
sodium hydroxide solutions, based on readings from a Hanna Instruments pH 213 digital
pH meter (Woonsocket, Rhode Island). The pH of the VA solution (10 g/L) was 3.05 before
any adjustments. After extraction, the samples were separated by centrifugation (DLAB
centrifuge (Beijing, China) at 4000 rpm for 5 min. Stripping experiments for the recovery of
valeric acid (VA) were conducted using a diluted sodium hydroxide solution at pH 12, in
equal volume (2 mL) to the VA-loaded organic phase. The two phases were contacted in
a vibratory shaker at 1200 rpm for 20 min. Following the extraction step, the exhausted
aqueous phase was removed, and the loaded organic phase was subsequently mixed with
the stripping solution to facilitate back-extraction of VA. All experiments were performed
in triplicate (n = 3). Process analysis was carried out by calculating the extraction efficiency,
E (%), using VA concentrations in the initial, raffinate and stripping solutions. A Dionex
Ultimate HPLC system (Thermo Fisher Scientific Inc., Waltham, MA, USA), equipped with
an Acclaim OA column (temperature 30 °C), was used for analysis. The mobile phase con-
sisted of 0-1 min with 2.5 mM methanesulfonic acid, followed by 1-11 min with a mixture
of 45% acetonitrile and 55% methanesulfonic acid solution, with a flow rate of 0.6 mL/min
and detection at 210 nm.

4.2. Statistical Analysis, Modeling, and Factor Optimization

One-way ANOVA was used to determine that the effects of process quantitative
factors (aqueous phase pH, IL concentration, and extraction temperature) and extractant
type (C103 and C104) on extraction efficiency (E) were significant (p < 0.05) or not (p > 0.05).
Student t-test for two samples with equal and unequal variances was applied to assess if the
predicted and mean experimental values of Ec1o3 and Ecjp4 under optimal conditions were
significantly different or not. For each IL, the effects of process factors on E were quantified
using a response surface regression model, and the process factors were optimized based
on the desirability function approach [41].

5. Conclusions

In conclusion, the reactive extraction of VA using phosphonium-based ILs in a heptane
diluent has proven to be highly effective. Among the extractants tested, trihexyl-tetra-
decyl-phosphonium bis(2,4,4-trimethylpentyl)phosphinate (C104) outperformed trihexyl-
tetra-decyl-phosphonium decanoate (C103), exhibiting superior distribution ratios and
extraction efficiencies. The extraction mechanism involves acid-IL complex formation
through hydrogen bonding, with observed stoichiometries of 1:1 and 2:1 depending on the
extractant concentration. Optimal extraction conditions, i.e., pH of 3.8 and 4, respectively,
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an IL concentration of 60 g/L, and temperature of 25 °C, resulted in optimal mean values of
extraction efficiencies of 98.61% and 99.24% for C103 and C104, respectively. These findings
highlight the potential of phosphonium ILs for the efficient recovery of VA from dilute
aqueous waste streams and fermentation broths, offering a promising route for process
development in biorefinery applications.

Author Contributions: Conceptualization, A.C.B. and O.C.P.; methodology, A.C.B. and D.C.; soft-
ware, O.C.P; validation, D.C., O.C.P. and A.I.G,; formal analysis, A.C.B. and O.C.P; resources, A.LG.;
writing—original draft preparation, A.C.B. and O.C.P; writing—review and editing, D.C.; visualiza-
tion, D.C. and A.IL.G,; project administration, A.L.G.; funding acquisition, A.I.G. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Grant CNFIS-FDI-2025-F-0177 authorized by the Ministry
of Education and Research.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

C103  trihexyl(tetradecyl)phosphonium decanoate

C104 trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate
VA valeric acid

IL ionic liquid

References

1. Jiang,].; Zhang, Y,; Li, K.; Wang, Q.; Gong, C.; Li, M. Volatile fatty acids production from food waste: Effects of pH, temperature,
and organic loading rate. Bioresour. Technol 2013, 143, 525-530. [CrossRef] [PubMed]

2. Feng, L.; Chen, Y.,; Zheng, X. Enhancement of waste activated sludge protein conversion and volatile fatty acids accumulation
during waste activated sludge anaerobic fermentation by carbohydrate substrate addition: The effect of pH. Environ. Sci. Technol.
2009, 43, 4373-4380. [CrossRef] [PubMed]

3. Li, X.; Chen, H.; Hu, L.; Yu, L.; Chen, Y.; Gu, G. Pilot-scale waste activated sludge alkaline fermentation, fermentation liquid
separation, and application of fermentation liquid to improve biological nutrient removal. Environ. Sci. Technol. 2011, 45,
1834-1839. [CrossRef] [PubMed]

4. Cai, M,; Chua, H.; Zhao, Q.; Shirley, S.N.; Ren, J. Optimal production of polyhydroxyalkanoates (PHA) in activated sludge fed by
volatile fatty acids (VFAs) generated from alkaline excess sludge fermentation. Bioresour. Technol. 2009, 100, 1399-1405. [CrossRef]

5. Chen, H,; Meng, H.; Nie, Z.; Zhang, M. Polyhydroxyalkanoate production from fermented volatile fatty acids: Effect of pH and
feeding regimes. Bioresour. Technol. 2013, 128, 533-538. [CrossRef]

6.  Shi, B;; Huang, J.; Lin, Y;; Han, W.; Qiu, S.; Zhang, D.; Tang, J.; Hou, P. Towards Valeric Acid Production from Riboflavin-Assisted
Waste Sludge: pH-Dependent Fermentation and Microbial Community. Waste Biomass Valor. 2023, 14, 833-845. [CrossRef]

7. Sukphun, P; Sittijunda, S.; Reungsang, A. Volatile fatty acid production from organic waste with the emphasis on membrane-based
recovery. Fermentation 2021, 7, 159. [CrossRef]

8.  Cavinato, C.; Da Ros, C.; Pavan, P.; Bolzonella, D. Influence of temperature and hydraulic retention on the production of volatile
fatty acids during anaerobic fermentation of cow manure and maize silage. Bioresour. Technol. 2017, 223, 59-64. [CrossRef]

9.  Goldberg, I.; Rokem, ].S. Organic and Fatty Acid Production, Microbial. In Encyclopedia of Microbiology, 3rd ed.; Elsevier:
Amsterdam, The Netherlands, 2009; pp. 421-442. [CrossRef]

10. Saravanapriya, P.; Devi, K.P. Plant extracts with putative hepatotoxicity activity. In Influence of Nutrients, Bioactive Compounds, and

Plant Extracts in Liver Diseases; Elsevier: Amsterdam, The Netherlands, 2021; pp. 259-287. [CrossRef]


https://doi.org/10.1016/j.biortech.2013.06.025
https://www.ncbi.nlm.nih.gov/pubmed/23831761
https://doi.org/10.1021/es8037142
https://www.ncbi.nlm.nih.gov/pubmed/19603649
https://doi.org/10.1021/es1031882
https://www.ncbi.nlm.nih.gov/pubmed/21280571
https://doi.org/10.1016/j.biortech.2008.09.014
https://doi.org/10.1016/j.biortech.2012.10.121
https://doi.org/10.1007/s12649-022-01900-z
https://doi.org/10.3390/fermentation7030159
https://doi.org/10.1016/j.biortech.2016.10.041
https://doi.org/10.1016/B978-012373944-5.00156-5
https://doi.org/10.1016/B978-0-12-816488-4.00002-4

Int. J. Mol. Sci. 2025, 26, 8970 16 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.
37.

Bhanuchander, P.; Samudrala, S.; Putrakumar, B.; Vijayanand, P.; Kumar, B.; Chary, V. Hydrogenation of levulinic acid to valeric
acid over platinum—tungsten catalysts supported on y-Al203. New J. Chem. 2019, 43, 18003-18011. [CrossRef]

Ganigue, R.; Naert, P; Candry, P,; Smedyt, J.; Stevens, C.; Rabaey, K. Fruity flavors from waste: A novel process to upgrade crude
glycerol to ethyl valerate. Bioresour. Technol. 2019, 289, 121574. [CrossRef]

Gebresillase, M.N.; Hong, D.H.; Lee, ].-H.; Cho, E.-B.; Seo, J.G. Direct solvent-free selective hydrogenation of levulinic acid to
valeric acid over multi-metal [NixCoyMnzAlw]-doped mesoporous silica catalysts. Chem. Eng. J. 2023, 472, 144591. [CrossRef]
Yin, J.; Liu, J.; Chen, T.; Long, Y.; Shen, D. Influence of melanoidins on acidogenic fermentation of food waste to produce volatility
fatty acids. Bioresour. Technol. 2019, 284, 121-127. [CrossRef]

Ye, M,; Luo, J.; Zhang, S.; Yang, H.; Li, Y,; Liu, J. In-situ ammonia stripping with alkaline fermentation of waste activated sludge
to improve short-chain fatty acids production and carbon source availability. Bioresour. Technol. 2020, 301, 122782. [CrossRef]
Liu, X,; Du, M; Yang, J.; Wu, Y;; Xu, Q.; Wang, D.; Yang, Q.; Yang, G.; Li, X. Sulfite serving as a pretreatment method for alkaline
fermentation to enhance short-chain fatty acid production from waste activated sludge. Chem. Eng. J. 2020, 385, 123991. [CrossRef]
Huang, X.; Shen, C.; Liy, J.; Lu, L. Improved volatile fatty acid production during waste activated sludge anaerobic fermentation
by different bio-surfactants. Chem. Eng. J. 2015, 264, 280-290. [CrossRef]

Wu, Q.; Guo, W.; Bao, X;; Yin, R;; Feng, X.; Zheng, H.; Luo, H.; Ren, N. Enhancing sludge biodegradability and volatile fatty acid
production by tetrakis hydroxymethyl phosphonium sulfate pretreatment. Bioresour. Technol. 2017, 239, 518-522. [CrossRef]
Kaur, G.; Garcia-Gonzalez, L.; Elst, K.; Truzzi, F.; Bertin, L.; Kaushik, A.; Balakrishnan, M.; De Wever, H. Reactive extraction for
in-situ carboxylate recovery from mixed culture fermentation. Biochem. Eng. . 2020, 16, 107641. [CrossRef]

Alkaya, E.; Kaptan, S.; Ozkan, L.; Uludag-Demirer, S.; Demirer, G.N. Recovery of acids from anaerobic acidification broth by
liquid-liquid extraction. Chemosphere 2009, 77, 1137-1142. [CrossRef] [PubMed]

Rocha, M.A.A; Raeissi, S.; Hage, P.; Weggemans, W.M.A.; van Spronsen, ].; Peters, C.J.; Kroon, M.C. Recovery of volatile fatty
acids from water using medium-chain fatty acids and a cosolvent. Chem. Eng. Sci. 2017, 165, 74-80. [CrossRef]

Begum, S.; Arelli, V.; Anupoju, G.R; Sridhar, S.; Bhargava, S.K.; Eshtiaghi, N. Optimization of feed and extractant concentration
for the liquid-liquid extraction of volatile fatty acids from synthetic solution and landfill leachate. |. Ind. Eng. Chem. 2020, 90,
190-202. [CrossRef]

Reyhanitash, E.; Fufachev, E.; van Munster, K.D.; van Beek, M.B.M.; Sprakel, L.M.].; Edelijn, C.N.; Weckhuysen, B.M.; Kersten,
S.R.A.; Bruijnincx, P.C.A.; Schuur, B. Recovery and conversion of acetic acid from a phosphonium phosphinate ionic liquid to
enable valorization of fermented wastewater. Green Chem. 2019, 21, 2023-2034. [CrossRef]

Singh, R.; Kumar, N.; Parameswaran, P.; Simmons, B.A; Sale, K.; Sun, N. Volatile fatty acid extraction from fermentation broth
using a hydrophobic ionic liquid and in situ enzymatic esterification. RSC Sustain. 2025, 3, 311-322. [CrossRef]

Andersen, S.J.; Berton, ] K.; Naert, P.; Gildemyn, S.; Rabaey, K.; Stevens, C.V. Extraction and esterification of low-titer short-chain
volatile fatty acids from anaerobic fermentation with ionic liquids. ChemSusChem 2016, 9, 2059-2063. [CrossRef] [PubMed]
Xing, T.; Yu, S.; Tang, J.; Liu, H.; Zhen, E; Sun, Y.; Kong, X. Liquid-Liquid extraction of volatile fatty acids from anaerobic
acidification broth using ionic liquids and cosolvent. Energies 2023, 16, 785. [CrossRef]

Tonjes, S.; Uitterhaegen, E.; De Winter, K.; Soetaert, W. Reactive extraction technologies for organic acids in industrial fermentation
processes—A review. Sep. Purif. Technol. 2025, 356, 129881. [CrossRef]

Zilnik, L.F; Likozar, B. Back-extraction process operation and modeling through thermodynamic equilibrium solubility of valeric
acid in aqueous and organic phase mixtures. Sep. Purif. Technol. 2019, 222, 125-135. [CrossRef]

Yudaev, P.A.; Chistyakov, E.M. Ionic liquids as components of systems for metal extraction. ChemEngineering 2022, 6, 6. [CrossRef]
Inyang, V.; Lokhat, D. Reactive extraction of malic acid using trioctylamine in 1-decanol: Equilibrium studies by response surface
methodology using Box Behnken optimization technique. Sci. Rep. 2020, 10, 2400. [CrossRef]

Skoronski, E.; Fernandes, M.; Malaret, FJ.; Hallett, J.P. Use of phosphonium ionic liquids for highly efficient extraction of phenolic
compounds from water. Sep. Purif. Technol. 2020, 248, 117069. [CrossRef]

Cevik, A.; Ascy, Y.S.; Lalikoglu, M. Investigation of the effects of ionic liquid as diluent in separation of lactic acid from aqueous
media by reactive extraction. Biomass Conv. Bioref. 2022, 12, 1323-1330. [CrossRef]

Eda, S.; Borra, A.; Parthasarathy, R.; Bankupalli, S.; Bhargava, S.; Thella, PK. Recovery of levulinic acid by reactive extraction
using tri-n-octylamine in methyl isobutyl ketone: Equilibrium and thermodynamic studies and optimization using Taguchi
multivariate approach. Sep. Purif. Technol. 2018, 197, 314-324. [CrossRef]

Antony, EM.; Wasewar, K. Effect of temperature on equilibria for physical and reactive extraction of protocatechuic acid. Heliyon
2020, 6, e03664. [CrossRef]

Uslu, H.; Datta, D.; Bamufleh, H.S. Reactive extraction of phenol from aqueous solution using tri-octylamine dissolved in alkanes
and alcohols. J. Mol. Lig. 2015, 212, 430-435. [CrossRef]

Marték, J.; Schlosser, S. Extraction of lactic acid by phosphonium ionic liquids. Sep. Purif. Technol. 2007, 57, 483—494. [CrossRef]
Baylan, N. Separation of valeric acid from aqueous solutions by reactive extraction using 1-hexyl-3-methylimidazolium hexafluo-
rophosphate. Desalination Water Treat. 2019, 172, 184-189. [CrossRef]


https://doi.org/10.1039/C9NJ04056K
https://doi.org/10.1016/j.biortech.2019.121574
https://doi.org/10.1016/j.cej.2023.144591
https://doi.org/10.1016/j.biortech.2019.03.078
https://doi.org/10.1016/j.biortech.2020.122782
https://doi.org/10.1016/j.cej.2019.123991
https://doi.org/10.1016/j.cej.2014.11.078
https://doi.org/10.1016/j.biortech.2017.05.016
https://doi.org/10.1016/j.bej.2020.107641
https://doi.org/10.1016/j.chemosphere.2009.08.027
https://www.ncbi.nlm.nih.gov/pubmed/19747710
https://doi.org/10.1016/j.ces.2017.02.014
https://doi.org/10.1016/j.jiec.2020.07.011
https://doi.org/10.1039/C9GC00725C
https://doi.org/10.1039/D4SU00346B
https://doi.org/10.1002/cssc.201600473
https://www.ncbi.nlm.nih.gov/pubmed/27390131
https://doi.org/10.3390/en16020785
https://doi.org/10.1016/j.seppur.2024.129881
https://doi.org/10.1016/j.seppur.2019.04.033
https://doi.org/10.3390/chemengineering6010006
https://doi.org/10.1038/s41598-020-59273-z
https://doi.org/10.1016/j.seppur.2020.117069
https://doi.org/10.1007/s13399-021-01513-x
https://doi.org/10.1016/j.seppur.2018.01.014
https://doi.org/10.1016/j.heliyon.2020.e03664
https://doi.org/10.1016/j.molliq.2015.10.004
https://doi.org/10.1016/j.seppur.2006.09.013
https://doi.org/10.5004/dwt.2019.24518

Int. J. Mol. Sci. 2025, 26, 8970 17 of 17

38.

39.

40.
41.

Firdous, K.; Ahmad, S.A. Reactive extraction of valeric acid with a tributyl phosphate + diluent system. J. Chem. Eng. Data 2020,
65, 5096-5100. [CrossRef]

Senol, A.; Bilgin, M.; Baslioglu, B. Optimal reactive extraction of valeric acid from aqueous solutions using tri-n-propyl
amine/diluent and dibenzyl amine/diluent Systems. Chem. Biochem. Eng. Q. 2016, 30, 317-330. [CrossRef]

Mukherjee, S.; Munshi, B. Recovery of valeric acid using green solvents. Can. J. Chem. Eng. 2023, 101, 1633-1644. [CrossRef]
Draghici-Popa, A.M.; Boscornea, A.C.; Brezoiu, A.M.; Tomas, S.T.; Parvulescu, O.C.; Stan, R. Effects of extraction process factors
on the composition and antioxidant activity of blackthorn (Prunus spinosa L.) fruit extracts. Antioxidants 2023, 12, 1897. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.jced.0c00086
https://doi.org/10.15255/CABEQ.2015.2223
https://doi.org/10.1002/cjce.24552
https://doi.org/10.3390/antiox12101897

	Introduction 
	Results 
	Experimental Results 
	Statistical Models 
	Optimization of Process Factors 

	Discussion 
	Materials and Methods 
	Chemicals and Procedures 
	Statistical Analysis, Modeling, and Factor Optimization 

	Conclusions 
	References

