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ABSTRACT

Herein, since the extraction of organic acids is very important for recovery, acrylic acid was
investigated from aqueous solutions by different diluents of trioctylamine (TOA). The
extraction of acrylic acid with TOA dissolved in various individual solvents has been
worked. Solvents have selected as dimethyl phthalate (DMP), cyclohexyleacetate (CHA),
methyl isobutyl ketone, 2-octanone, 1-octanol, and 1-decanol. The experimental results of
experiments are reported as distribution coefficients, D, loading factors, Z, and extraction
efficiency, E. It is essential to improve extraction by adding extractant. The maximum
removal of acrylic acid is 97.32% with DMP 1.15mol/kg initial concentration of TOA. Here
in, the LSER model has been applied to TOA + alcohol systems on extraction of acrylic acid
to make predictions of distribution coefficient.
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1. Introduction

The acrylic acid is a sharp smell colorless liquid
which is easily polymerized and miscible with water.
It is inflammable, mildly toxic, and of high industrial
importance. Acrylic acid or namely prop-2-enoic acid
(CH2=CH–COOH) is most basic acid containing unsat-
urated vinyl group at the first carbon. Most of the
polymers are made from acrylic acid and its deriva-
tives. Most of the polymers are extremely finding
ample uses ranging from fibers, detergent, textiles,
adhesives, paper technologies, polishes, leather, sur-
face coatings to super-absorbent materials [1–3].

Manufacture of acrylic acid using bioroute has still
proven to be an attractive alternative. One of the
most important problems of fermentation is low

concentration value since the product distribution is
highly sensitive to reaction medium acidity. In the
chemical industry, there are a lot of versatile methods
for separation of acrylic acid. Reactive extraction is
most important especially for separation of acids from
the bioreactor. Basically, reactive extraction is mainly
combined from extractant and diluents. Additionally,
reactive extraction also provides some important
advantages such as high selectivity and fractional
recovery [4–7].

Extraction (physically) with highly pure organic
diluents has not been confirmed good enough for the
separation of most organic acids without amine and
phosphorus compounds. Amine compounds are very
important compounds since their high efficiency and
selectivity are so high. It is essential to note that the
basicity increased in the following order: tertiary > sec-
ondary > primary [8–10]. Amine or phosphorus*Corresponding author.
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compounds and a diluent are also mostly added in
order to improve the physical properties for better
solvatation and extraction power. Versatile active polar
diluents containing electron-donating groups (haloge-
nated aliphatic/aromatic hydrocarbons, ketones, nitro-
benzenes, higher alcohols) increase the extraction
efficiency. While active polar diluents increase the
extraction, inert diluents (paraffin, benzene etc.)
decrease the capacity of solvent [11–14].

The behavior and different extractant types having
different basicity in the extraction in diluents have
been worked [15–17]. Tamada et al. has also explained
the effect of different diluents on extraction (physi-
cally) [13]. As a result, reactive extraction differs from
general solvatation and specific solvatation caused by
hydrogen bonding [18].

Herein, we have explored the separation of acrylic
acid from aqueous solutions using trioctylamine (TOA)
as an extractant dissolved in various diluents in differ-
ent amine solution concentrations ranging from 0.23 to
1.15mol/kg. All extractions were conducted with TOA
dissolved in ketones (methyl isobutyl ketone (MIBK),
2-octanone), dimethyl phthalate (DMP), cyclohexyleac-
etate (CHA), and alcohols (1-octanol, 1-decanol). Distri-
bution coefficients, extraction efficiencies, and loading
factors of each sequential were calculated from the
results of the experiments.

2. Theoretical

The extraction of acrylic acid (HA) with trioctyl-
amine (R3N) can be described by the following reaction.

HAð1Þ þ �R3Nð2Þ $ �(HA):(R3NÞð3Þ (1)

where HA represents the nondissociated part of the
acid present in the aqueous phase and organic phase
species is marked with an asterisk (*). Reaction 1 can
be characterized by the overall thermodynamic extrac-
tion constant K.

The loading of the extractant, Z, is defined as the
total concentration of acid in the organic phase
divided by the total concentration of amine in the
organic phase [14]. The expression for Z can be writ-
ten in the form

Z ¼ Ca=Ce;org (2)

In Eq. (2), Ca is the total concentration of acid in the
organic phase, mol kg−1 and Ce,org is the total concen-
tration of amine in the organic phase. The partitioning

coefficients, D, for acid extracted from the water into
the organic phase were determined by:

D ¼ Ca;org=Ca (3)

The efficiency of extraction, E, is expressed as:

E ¼ ð1� ðCa=CaoÞÞ � 100 (4)

where Ca is the concentration of acid in the aqueous
phase after extraction and Cao is the initial concentra-
tion of acid in the aqueous phase [19–25].

3. Materials and methods

TOA (M = 353.67 g.mole−1) (purity > 99% in mass),
acrylic acid, and the solvents (DMP, CHA, MIBK,
2-octanone, 1-octanol, 1-decanol) were purchased from
Merck Co., (Darmstadt, Germany). All chemicals were
of reagent grade and used without further purifica-
tion. In most cases, the relative uncertainty of aqueous
phase determination did not exceed 3%. The pH value
of the aqueous phase was determined with a pH
meter (Mettler Toledo pH meter) with the uncertainty
of 1%. The solubilities of amine salts and diluents in
the aqueous phase were negligible in the range of
variables investigated. Acrylic acid was dissolved in
distilled water to prepare the different solutions with
initial concentrations of acid of 1.56mol kg−1. The
organic phase has been obtained by mixing TOA with
organic solvents to prepare six different concentrations
between 0.23 and 1.15mol kg−1. Liquid–liquid equilib-
rium experiments were conducted on an Erlenmeyer
flask. The extraction was done in a closed 50mL
Erlenmeyer flask in which both aqueous solutions of a
acrylic acid and organic phase (pure solvent or solvent
enriched with TOA) were introduced. The concentra-
tion of TOA in diluents as an organic solvent was var-
ied between 0 (pure solvent) and 1.15mol kg−1. After
the introduction of both phases, the Erlenmeyer flasks
were agitated in a GFL shaker (an orbital shaking
incubator at 100 rpm) for 2.5 h at 25 ± 0.1˚C to ensure
equilibrium. After agitation, the Erlenmeyer flasks
were transferred into trays, and a settling time of at
least 6 h was allowed and shown to be sufficient. After
settling, samples of the aqueous phase were taken.
The concentration of acrylic acid in the aqueous phase
was determined by titration with aqueous 0.1 mol kg−1

sodium hydroxide (relative uncertainty 1%) in the
presence of phenolphthalein as the indicator with each
measurement being performed in duplicate [14,17].
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4. Results and discussion

Most of the extracts used for reactive extraction are
toxic for bacteria in the reactor so that low concentra-
tion of acrylic acid (around 10%) is used in the present
studies.

The results of the reactive extraction of acrylic acid
using TOA in different diluents are listed in Table 1.
It is noteworthy that increasing extractant concentra-
tion increases the distribution coefficient. The concen-
trations of TOA in diluents were between 0.23 and
1.15mol/kg. The acrylic acid concentration in the ini-
tial aqueous phase was 1.56 mol/kg.

The equilibrium data on the distribution of acrylic
acid between water and organic phase dissolved in
DMP, CHA, MIBK, 2-octanone, 1-octanol, and 1-dec
anol are listed in Table 1. Table 1 demonstrates that
95–97% of acrylic acid are recovered by 1.15mol/kg

TOA from starting aqueous solutions. Hence the
recovery of acrylic acid completely related with both
the amount of amine and type of dilutes. The maximum
removal of acrylic acid was 97.32% with DMP and 1.15
mol/kg initial concentration of TOA. Distribution
coefficient increases from 3.07 to 36.34 with increasing
the amount of TOA from 0.23 to 1.15 mol/kg for DMP.

As it can be seen from Fig. 1, distribution of
organic diluent between two phases (water and
organic phase) depends on extractant concentration.
The extraction efficiency of mixture (TOA and diluent)
changes at higher initial concentration of extractant
(TOA) in the organic phase.

Fig. 2 demonstrates the extraction efficiency of
TOA—diluents mixture changes when increasing the
initial concentration of TOA. The highest extraction
efficiency of acrylic acid was found as 97.32% using
DMP at 1.15 mol kg−1 initial concentration of TOA.

Table 1
Experimental results of the extraction of acrylic acid with TOA/individual diluents at 25˚C

Diluent

Concentration of
amine in the organic
phase (mol/kg)

Concentration of
acid in the aqueous
phase (mol/kg)

Concentration of
acid in the organic
phase (mol/kg) pH D Dmodel Z

E
(%)

DMP 0.23 0.38 1.18 2.36 3.07 – 5.12 75.42
0.46 0.24 1.32 2.48 5.59 – 2.88 84.84
0.69 0.08 1.48 2.95 17.41 – 2.14 94.57
0.92 0.05 1.51 3.15 27.69 – 1.64 96.51
1.15 0.04 1.52 3.32 36.34 – 1.32 97.32

MIBK 0.23 0.29 1.27 2.35 4.31 – 5.51 81.17
0.46 0.10 1.46 2.46 14.54 – 3.17 93.56
0.69 0.09 1.47 2.75 17.20 – 2.14 94.51
0.92 0.06 1.50 2.98 24.17 – 1.63 96.03
1.15 0.05 1.51 3.14 30.22 – 1.31 96.80

2–Octanone 0.23 0.33 1.23 2.36 3.66 – 5.33 78.55
0.46 0.27 1.29 2.44 4.84 – 2.81 82.89
0.69 0.10 1.46 2.71 14.67 – 2.12 93.62
0.92 0.07 1.49 2.95 22.69 – 1.62 95.78
1.15 0.06 1.50 3.08 24.40 – 1.30 96.06

1-Octanol 0.23 0.35 1.21 2.47 3.44 3.62 5.25 77.47
0.46 0.22 1.34 2.59 5.96 5.79 2.90 85.63
0.69 0.14 1.42 2.68 10.29 10.41 2.06 91.14
0.92 0.08 1.48 2.90 18.29 18.22 1.61 94.82
1.15 0.05 1.51 3.10 28.35 28.72 1.31 96.59

CHA 0.23 0.35 1.21 2.31 3.41 – 5.24 77.31
0.46 0.20 1.36 2.51 6.68 – 2.95 86.98
0.69 0.10 1.46 2.78 14.06 – 2.11 93.36
0.92 0.08 1.48 2.91 18.51 – 1.61 94.87
1.15 0.07 1.49 3.07 21.83 – 1.30 95.62

1-Decanol 0.23 0.32 1.24 2.34 3.84 3.65 5.38 79.34
0.46 0.26 1.30 2.47 4.91 4.85 2.82 83.09
0.69 0.14 1.42 2.77 9.99 9.82 2.06 90.90
0.92 0.08 1.48 2.99 18.03 18.21 1.61 94.75
1.15 0.06 1.50 3.08 24.10 24.27 1.30 96.02
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Obviously, it can be seen from Table 1, the increase of
amine concentration brings about the gradual increase
of extraction efficiency. The equilibrium data about
distribution of acrylic acid between water and TOA
dissolved in different diluents are presented in Table 1.
It is noteworthy that the TOA extraction power is
more effective in the presence of DMP (Fig. 3).

The equilibrium data about distribution of acrylic
acid between water and TOA dissolved in different
diluents (DMP, CHA, MIBK, 2-octanone, 1-octanol,
and 1-decanol) are listed in Table 2 and shown in
Fig. 4.

Fig. 1. Variation of distribution coefficients with concentra-
tion of TOA in different individual diluents at 25˚C
(Δ, DMP; ■, MIBK; ▲, 2-octanone; 1-octanol; ●, CHA; □,
1-decanol).

Fig. 2. Variation of E% with concentration of TOA in
different diluting diluents at 25˚C (Δ, DMP; ■, MIBK; ▲,
2-octanone; 1-octanol; ●, CHA; □, 1-decanol).

Fig. 3. Variation of loading factors with concentration of
TOA in different diluents at 25˚C (Δ, DMP; ■, MIBK; ▲,
2-octanone; 1-octanol; ●, CHA; □, 1-decanol).

Table 2
Distribution of acrylic acid between diluents and water at
25˚C

Diluent

Concentration of acid
in the aqueous
phase (mol/kg)

(Ca)
E

(mol/kg) D
E
(%)

DMP 0.530 1.03 1.94 66.03
MIBK 0.382 1.18 3.08 75.51
2-Octanone 0.535 1.03 1.91 65.69
1-Octanol 0.483 1.08 2.23 69.06
CHA 0.524 1.04 1.98 66.41
1-Decanol 0.530 1.17 2.97 74.83

Fig. 4. Distribution coefficients of acrylic acid between
water and diluents used in this study.
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4.1. Model equation

A new approach namely linear solvation energy
relationship (LSER) approach was introduced by
Kamlet and Taft [26] and subsequently improved by
Abraham [27]. Some solvatation effects by means of
nonspecific and hydrogen bonding interactions have
been characterized. Bizek et al. [28] have improved a
modified version of LSER in order to predict the
extraction equilibrium of an amine-diluent-acid triple
system.

Herein, the LSER model has been applied to
TOA + alcohol systems on extraction of acrylic acid to
make predictions of distribution coefficient. Uslu has
described some calculation on distribution coefficients
of alcohols in his previous study [8]. To calculate the
effect of diluents on values of distribution coefficient
values, the following equation could be used:

ln D ¼ lnD0 þ s ðp� þ d dÞ þ b bþ a a (5)

where π* and δ are the solvatochromic parameters in
Eq. (5), that each one measures solute–solvent, dipole–
dipole, and dipole–induced dipole interactions. The
ability donation of a proton from the solvent to solute
hydrogen bond is described by solvatochromic param-
eter α scale of solvent hydrogen-bond donor (HBD)
acidity. The ability acception of a proton from the sol-
vent to solute hydrogen bond is provided by β scale
of hydrogen-bond acceptor (HBA) basicity. The all
coefficients s, d, a, and b including the solution proper-
ties coming from regression [26].

An examination of regressed distribution coeffi-
cients with solvatochromic parameters of the solvents
can be seen from Table 3 [26,29] according to Eq. (6).
After obtaining all distribution coefficients for each
alcohols, alcohols have been regressed by applying
program SPSS v14.0. The results for 1-octanol and
1-decanol with regard to Dmodel have been shown in
Table 1. The LSER model values are in agreement
with the experimental data. Table 4 shows the esti-
mated value of parameters of the model. Distribution
coefficients of acrylic acid between two phases (water

and the amine + solvent system) have been presented
using this model. As a consequence, a new revised
regression equation (Eq. (6)) has been revised in order
to estimate the distribution coefficients:

lnD ¼ ð1:142Þ þ ð�16284Þ � ðv p� � 0:v dÞ þ 26:276 � ðv bÞ
þ ð�2:356Þ ðv � aÞ

(6)

5. Conclusion

Extraction characteristics of acrylic acid using TOA
were examined in the presence of DMP, CHA, MIBK,
2-octanone, 1-octanol, and 1-decanol as diluents. TOA
is slightly viscous and can be thus used in different
diluents. The present study was to examine the effec-
tiveness of the respective diluents in the extraction of
acrylic acid using TOA. The distribution coefficients,
loading factors, and extraction efficiencies were calcu-
lated for these extraction systems. More convenient
diluents are mostly polar diluents, as shown by their
higher distribution coefficients. On the other hand, the
most suitable diluents for extraction are polar diluents
containing proton-donating groups such as alcohols
since they give the highest distribution coefficients
with TOA for the extraction. The best distribution
ratio of acrylic acid is obtained with DMP 97.32%. For
other solvents, E% values are: CHA 95.63%, 1-octanol
96.59%, 2-octanone 96.06%, 1-decanol 96.02%.

The max. extraction efficiencies for diluents used
at the max. TOA (1.15mol/kg) concentration were
determined as DMP >MIBK > 1-octanol > 2-octanone >
1-decanol > CHA. Additionally, the LSER model val-
ues are in agreement with the experimental data.
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Symbols and abbreviations

Ca –– molar concentration of acid in the aqueous
phase, mol/kg

Cao –– initial molar concentration of acid in the
aqueous phase, mol/kg

Table 3
Solvatohromic parameters HBD acidities: π* and δ; hydro-
gen-bond acceptor basicities: α and β for alcohols used in
this study

Solvents π* δ β α

1-Octanol 0.40 0 0.81 0.77
1-Decanol 0.40 0 0.81 0.72

Table 4
mLSER model parameters of acrylic acid extraction by
TOA

LSER lnD0 s d a b R2

1.142 −16.284 0 26.276 −2.356 0.98
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Ca,

org

–– molar concentration of acid in the organic
phase, mol/kg

Ce, org –– molar concentration of amine in the organic
phase, mol/kg

CHA –– cyclohexyl acetate
D –– distribution coefficient
DMP –– dimethyl phthalate
E –– the efficiency of extraction
HA –– acrylic acid
LSER –– linear solvation energy relationship
MIBK –– methyl isobutyl ketone
R3N –– tertiary amine
TOA –– trioctylamine
Z –– loading factor
( )E –– organic phase
( )R –– aqueous phase
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[16] I. Inci, Y.S. Aşçı, A.F. Tuyun, Reactive extraction of
L-(+)-tartaric acid by amberlite LA-2 in different
solvents, E-J. Chem. 8 (2011) S509–S515.

[17] A.F. Tuyun, H. Uslu, Reactive extraction of cyclic
polyhydroxy carboxylic acid using trioctylamine
(TOA) in different diluents, J. Chem. Eng. Data 57
(2012) 2143–2146.
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