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The mechanism of reactive extraction of pantothenic acid with tri-n-octylamine and
di-(2-ethylhexyl) phosphoric acid was analysed for three solvents in the presence or ab-
sence of l-octanol. In the absence of 1-octanol, the stoichiometric ratio between the
solute and tri-n-octylamine was 1:1 for dichloromethane, 1:2 for butyl acetate, and 1:4
for n-heptane. In the presence of 1-octanol, the formation of aminic adducts was restrict-
ed, the stoichiometries for the interfacial reaction between the acid and tri-n-octylamine
becoming 1:1 for dichloromethane and butyl acetate, 1:2 for n-heptane. A similar effect
has been observed for extraction with di-(2-ethylhexyl) phosphoric acid, the structure of
the interfacial compound being changed for n-heptane and butyl acetate from HAE, in
the absence of 1-octanol to HAE by addition of this alcohol. The highest extraction con-
stants were obtained when extractant associates were formed. However, when the ex-
traction mechanism was the same, the increase in organic phase polarity influenced pos-

itively the value of extraction constant.
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Introduction

Pantothenic acid, also known as vitamin B35, is
a water-soluble vitamin involved in the conversion
of carbohydrates into glucose needed to produce en-
ergy.! From the chemical point of view, pantothenic
acid is the amide of pantoic acid with f-alanine
(Figure 1).

OH .
HO 0

H3C CH, O OH

Fig. 1 — Chemical structure of pantothenic acid

Vitamin B5 was isolated from yeast in 1933,
and a few years later from liver, by R.J. Williams.
The main role of pantothenic acid in cells is the
synthesis of coenzyme A, as well as the synthesis
and metabolism of proteins, carbohydrates and fats.
Regarding the human body, this compound is in-
volved in the health of the digestive, nervous, circu-
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latory, and skeletal systems, skin and hair, as well
as in the synthesis of hormones (insulin, adrena-
line). It also plays an important role in increasing
the immunity of the human body.

Generally, pantothenic acid is obtained from
natural sources (bread yeast, mushrooms, cereals,
eggs, peanuts, soybeans, lentil, liver of various ani-
mals or birds, etc.). From these materials, this com-
pound can be obtained by extraction with aqueous
solvents, in weak acidic medium (pH = 4-5) at ele-
vated temperature (80-95 °C), with or without prior
enzymatic hydrolysis of the natural compounds
formed by the acid (usually, the enzymatic complex
containing papain is used for this purpose).>* Panto-
thenic acid can also be obtained by chemical syn-
thesis.* An efficient alternative is its biosynthesis by
microorganisms, due to the reduction of the required
process steps and consumption of materials and en-
ergy. The biochemical synthesis uses Brucella abor-
tus, Azotobacter vinelandii, Escherichia coli, Fu-
sarium oxysporum microorganisms, the main
nutrients of the cultivation media being glucose and
ammonium inorganic or organic salts.*”’

The separation of pantothenic acid from natural
extracts or biosynthesis media can be carried out by
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crystallization, ion exchange, and chromatography,
but with rather low efficiency and significant mate-
rial and energy costs.” !

The separation by physical extraction consti-
tutes a viable solution in many technologies, being
technically accessible and offering high efficiency.
However, its application is limited for the ionizable
compounds, namely the carboxylic acids, due to
their low solubility in usual organic solvents. Panto-
thenic acid is soluble in water-miscible solvents
(ethanol, 1-pentanol, acetic acid, dioxane), and
moderately soluble in benzene, chloroform, diethyl
ether, ethyl acetate.!! For these reasons, either the
physical extraction cannot be applied or it allows
reaching rather low distribution coefficients be-
tween the aqueous and organic phases, being ineffi-
cient at larger scale.

The performance of extraction processes can be
improved by adding an extractant into the organic
phase, which can react with the solute to form a hy-
drophobic compound. Generally, this separation
method, called reactive extraction, uses extractants
(organophosphoric compounds, high molecular
weight amines or macrocyclic compounds) to sepa-
rate some natural carboxylic acids.'>"'* Because the
chemical structure of pantothenic acid contains both
acidic and basic groups, the reactive extraction
could become possible with two different extract-
ants: one of the high molecular weight amine type,
and the other from the organophosphoric acid com-
pounds category.

In this context, this work investigates compara-
tively the reactive extraction of pantothenic acid
with tri-n-octylamine (TOA) and, respectively, with
di-(2-ethylhexyl) phosphoric acid (D2EHPA) dis-
solved in three different solvents (n-heptane, butyl
acetate, and dichloromethane) in the presence or ab-
sence of 1-octanol as phase modifier. Therefore, the
influences of extraction system characteristics (ex-
tractant type, solvent polarity, 1-octanol addition)
and operating conditions (pH-value of aqueous
phase, extractant concentration) on the efficiency of
extraction have been analysed, and the mechanism
of interfacial reaction has been discussed.

Materials and methods

The experiments were carried out using an ex-
traction column with vibratory mixing, which offers
high interfacial area and the possibility of reaching
rapidly the equilibrium state. The laboratory equip-
ment has been described in detail in previous pa-
pers,'>'* which consists of a glass column with in-
ternal diameter of 36 mm and height of 250 mm,
provided with a thermostatic jacket where the ther-
mal agent (water and ethylene glycol mixture) is

circulated at 25 °C. The phases were mixed by
means of a perforated disk with 45 mm diameter
and 20 % free section. The vibrations had a fre-
quency of 50 s! and amplitude of 5 mm. The perfo-
rated disk position was maintained at the initial
contact interface between the aqueous and organic
phases. The extraction time was 1 minute. The re-
sulting emulsion was broken in a centrifugal separa-
tor at 8000 rpm.

The initial pantothenic acid (Fluka, >99.9 %)
concentration in aqueous solution was 5 g L
(2.28-10* M). The reactive extraction was carried
out with three solvents possessing different dielectric
constants, namely n-heptane (Merck, >99 %) (di-
electric constant 1.90 at 25 °C),!! butyl acetate (Flu-
ka, >99 %) (dielectric constant of 5.01 at 25 °C),"
and dichloromethane (Fluka, >99.9 %) (dielectric
constant 9.08 at 25 °C).!"" 1-Octanol (Fluka, >99.9 %)
(dielectric constant 10.3 at 25 °C)"" was dissolved
into the solvents mentioned above, its volumetric
fraction being 0.20.

The two extractants, TOA (Sigma, >98 %) and
D2EHPA (Fluka, >95 %), were dissolved separately
in the organic phase. The extractants concentrations
in organic phase varied between 5 and 80 g L!
(0.014 to 0.23 M for TOA, respectively 0.015 to
0.24 M for D2EHPA). The volumetric ratio of aque-
ous and organic phases was 1 (20 mL of each
phase).

The pH value of the initial aqueous solution
was varied between 1 and 7. The pH adjusted with
a solution of 3 % sulphuric acid or 3 % sodium hy-
droxide, depending on the prescribed pH-value. The
pH-values were determined using a digital pH-me-
ter of Consort C836 type, and were recorded
throughout each experiment. Any pH change was
recorded during the extraction experiments.

The extraction process was analysed by means
of the extraction yield and distribution coefficient.
For calculating these parameters, the pantothenic
acid concentrations in the initial aqueous solution
and in the raffinate were measured, and the mass
balance was used for the entire extraction system.
For this purpose, the HPLC method with concentra-
tion gradient was used (Dionex Ultimate 3000, Ac-
claim PolarAdvantage column type II (PA2), with a
diameter of 4.6 mm, length of 150 mm, particles
diameter of 5 um). The equipment was provided
with UV-VIS detector with diode array DAD-3000.
The injection volume was 20 pL. The mobile phase
consisted of acetonitrile (A) and phosphate buffer
(pH = 3.2, phosphoric acid) (B). The gradient was
0 — 35 % A in the first 14 minutes, at a flow rate of
I mL min"'. Analyses were carried out at tempera-
ture of 25 °C.

Each experiment was repeated two or three
times for identical conditions, using the average
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value of the considered parameters. The maximum
experimental error was + 4.83 %.

Results and discussion
Reactive extraction in the absence of 1-octanol

Pantothenic acid has a rather complex struc-
ture, possessing one carboxylic and one amide
group that could react with the two considered ex-
tractants. Regardless of the extractant type, because
the solubility of solute and, respectively, extractant
in the opposite phase is very low or zero,':"” it can
be assumed that the reactive extraction of panto-
thenic acid occurs by the formation of a strong hy-
drophobic compound at the interface between the
aqueous and organic phases. The mechanism and
kinetics of the interfacial reaction and the optimum
operating conditions depend on the extractant type
and polarity of the organic phase.

Therefore, similar to the extraction of other or-
ganic acids, the carboxylic group of pantothenic
acid is involved in the process of reactive extraction
with TOA (E). The interfacial interactions between
solute and extractant could be of the hydrogen-bond-
ing type if the pantothenic acid is undissociated in
the aqueous phase, or of the ionic type if the acid is
partially dissociated:

R-CO-NH-(CH,),-COOH  +nE = ==

== R-CO-NH-(CH,),-COOH.E

n (org)

Furthermore, depending on the structures of
system components and solvent polarity, the acidic
or aminic adducts could be formed at the interface.
However, as it was observed for the reactive ex-
traction of other carboxylic acids,!*!>!¢ due to the
steric hindrance induced by the voluminous mole-
cule of pantothenic acid and its initial concentration
which is lower compared to that of TOA, the forma-
tion of acidic adducts at the interface is hindered.
Therefore, the interfacial compound could be of
ammonium salt type as a result of neutralization of
the solute carboxylic group with one extractant
molecule, or of aminic adducts type, for n > 2. The
formation of these molecular associations is more
pronounced in solvents with low dielectric constant
and improves the hydrophobicity of the interfacial
compound."’

Because pantothenic acid contains one basic
group, namely carbonyl from amide group, it can re-
act also with acidic extractants, including D2EHPA
(HP). Similar to the extraction of other basic com-
pounds,'®! in this case, the reactive extraction oc-
curs by means of an interfacial reaction of ion-ex-
changing type, which requires the solute to be in

protonated form in the aqueous phase (carbonyl ox-
ygen at low pH):

R-COH"-NH-(CH,),-COOH  +nHP ==
== R-COH"-NH-(CH,),,COOH.P(n-DHP_ +H'

For the same reason as discussed above, the
formation of the adducts containing many mole-
cules of pantothenic acid is also hindered in the ex-
traction with D2EHPA.

The dependence between the pantothenic acid
extraction yield and pH-value of aqueous phase is
plotted in Figure 2 for both extractants and the three
considered solvents without 1-octanol. Although the
variations of extraction efficiency are rather similar
regardless of the extractant type, the phenomena
controlling them are different.

Therefore, for the reactive extraction with
TOA, from Figure 2 it can be seen that the efficien-
cy of pantothenic acid separation initially increases
slowly with the increase in pH-value of aqueous
solution, reaching a maximum level corresponding
to pH = 2, then decreases. Generally, the yields of
reactive extraction of carboxylic acids with an ex-
tractant of high molecular weight amine type are
continuously reduced by increasing the pH-value,
due to the carboxylic group or groups’ dissociation,
which become unable to react with the extractant.'”
The same phenomenon also controls the extraction
of pantothenic acid with TOA. Because the acid in-
dex of pantothenic acid is 4.41 at 25 °C,* its ioniza-
tion at -COOH group is more important at pH-val-
ues over 3 and, consequently, the extraction is
efficient in the strong acidic pH-domain. However,
the chemical stability of pantothenic acid is signifi-
cantly affected in the pH-domain below 3 and above
7.20 Consequently, regardless of the experimented
solvent, and considering the initial solute concentra-
tion of 5 g L', the extraction yield of pantothenic
acid reached at pH = 1 is inferior to that corre-
sponding to pH = 2 of aqueous solution, due both to
the extractant protonation and the acid chemical
degradation.

Due to the superior ability of solvents with
higher polarity to solubilize the dissociated mole-
cules, the maximum extraction degree of pantothen-
ic acid with TOA was recorded for dichloromethane
(Figure 2). At pH = 2 the reactive extraction yield
for this solvent was 1.09 times higher than that for
butyl acetate, and 1.4 times higher than that corre-
sponding to n-heptane.

The reactive extraction with D2EHPA occurs if
the amide group of pantothenic acid exists in pro-
tonated form at the carbonyl oxygen, respectively,
in the highly acidic domain. On the other hand, the
strong acidic domain induces also the protonation
of extractant, a phenomenon which hinders its reac-
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Fig. 2 — Influence of pH-value of aqueous phase on effi-
ciency of reactive extraction of pantothenic acid with TOA
and D2EHPA without I-octanol (extractants concentration =
40g L)

tion with pantothenic acid.'® In this case, due to
these two contrary phenomena induced at low
pH-value, the maximum extraction efficiency with
D2EHPA is reached for pH = 3 (Figure 2). The fur-
ther increase in pH-value affects the protonation of
carbonyl group and induces the dissociation of car-
boxylic group, both effects exhibiting a negative
influence on extraction efficiency.

Compared to the extraction with TOA, the
maximum level of extraction degree with D2EHPA
is more obvious, because in the strong acidic do-
main, the protonation of organophosphoric extract-
ant is cumulated with the chemical degradation of
solute. The difference between extraction yields re-
lated to the three solvents is maintained also in the
case of reactive extraction with D2EHPA. For the
optimum pH-value, the extraction efficiency record-
ed for dichloromethane was greater by 1.12 times
than that for butyl acetate, and by 1.42 times than
that for n-heptane.

By comparing the extraction yields reached for
both extractants, it can be observed that TOA is
more efficient. Thus, at the specific optimum

pH-values, namely pH = 2 for TOA and pH = 3 for
D2EHPA, respectively, the increase of solvent po-
larity leads to the variation of yields difference of
6 to 9% in favour of TOA. These differences in-
crease significantly for the more acidic pH-value,
becoming 21-22 % at pH = 1, but are attenuated
and become insignificant at pH above 3.

For elucidating the mechanism of pantothenic
acid extraction, for both extractants it was assumed
that n molecules of extractant, E, and one solute
molecule participate in the formation of the interfa-
cial compound, as mentioned previously. In these
circumstances, the reactive extraction of pantothen-
ic acid with TOA can be described by the following
interfacial equilibrium:

HA,, +nE, == HAE

org) n(org)
(HA symbolizes the pantothenic acid).

Therefore, the distribution coefficient, D, can
be calculated by the expression:

[HAE, ., |
[HA(aq)]

where [HA ] is the acid overall concentration in
the aqueous phase while [HAE , ] represents the
overall concentration of extracteé compound in the
solvent phase, both at the equilibrium state. Accord-
ing to the interfacial equilibrium, the extraction
constant, K, can be calculated with the following
relationship:

(1)

K, = I:HAE"(Org) ] Q)

[HA(aq)] I: (org) ]”

Thus, the concentration of extracted compound
is:

[HAEn(org)] =Kg- I:HA(aq) ] ’ I:E(org)]n (3)

The study on the interfacial mechanism of re-
active extraction with TOA was carried out at the
optimum pH-value of 2. Thus, the concentration of
pantothenic acid molecules with undissociated —
COOH group from aqueous 'phase, EHA(W)], is qal-
culated by means of the acid overall concentration
in aqueous phase and the concentration of dissociat-

ed acid, [A_

(aq)

[HA(aq)] = [%] - I:A_(aq)] 4

The dissociation constant, K is defined accord-
ing to the following equilibrium:
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HA =— A +H'
(aq) (aq) (aq)

_ I:A_(aq)] ] [H+]
[HAp |

Based on the equations (4) and (5), the expres-
sion for concentration of undissociated pantothenic
acid from the aqueous phase becomes:

(4o, ]= [HA?] ©)
e

]

By combining the equations (1), (3) and (6),
the following relationship for the distribution coef-
ficient is obtained:

K

a

)

D= Ky '[EI(;rg)]n (7)
I+

(7]

The correlation (7) represents in logarithmic
form the equation of a straight line:

K
InD+In|1++—%5 =1nKE+n-ln[E(0rg)] ()

(7]

Because the initial concentration of TOA is
higher than the initial concentration of pantothenic
acid, [E(m,g)] could be assumed to be the initial con-
centration of extractant in the solvent phase. By
means of the above algorithm, from the slope of the
straight line given by equation (8), it is possible to
determine the number of aminic extractant mole-
cules participating in the interfacial reaction with
the solute, while the value of extraction constant
could be calculated from the straight line intercept.

In order to establish the number of aminic ex-
tractant molecules reacting with pantothenic acid,
as well as the influence of solvent polarity on the
interfacial compound structure, the influence of
TOA concentration on extraction efficiency was
studied for all three solvents without 1-octanol, the
experimental variations being indicated in Figure 3.

The data from Figure 3 were used for plotting
in Figure 4 the straight lines described by equation
(8), for each solvent.

Table 1 indicates that the values of the straight
lines slopes depend on the solvent type, suggesting
the modification of chemical structure of the inter-
facial compound in relation with the polarity of or-
ganic phase. Therefore, the reactive extraction of
pantothenic acid with TOA in low-polar solvent,
namely n-heptane, occurs with the formation of an
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Fig. 3 — Influence of TOA concentration on reactive ex-
traction efficiency of pantothenic acid without 1-oc-
tanol (pH = 2)
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Fig. 4 — Graphical representation of the straight lines given
by equation (8) for solvents without 1-octanol (pH = 2)

interfacial aminic adduct with four extractant mole-
cules.

These results are supported by the variation of
extraction yield plotted in Figure 3, and confirm the
reports from literature regarding the formation of

Table 1 — Number of extractant molecules included in the in-
terfacial compound structure, n, for solvents with-
out I-octanol

Extractant Solvent Number of extzalgtant molecules
n-Heptane 3.92

TOA Butyl acetate 2.04
Dichloromethane 0.93
n-Heptane 2.11

D2EHPA Butyl acetate 1.91
Dichloromethane 1.08
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aminic associations in low-polar solvents.'” Thus, it
can be observed that, for n-heptane, the extraction
efficiency increases significantly by increasing the
extractant concentration up to 40 g L' (0.11 M), a
limit which indicates the molar ratio between panto-
thenic acid and extractant of 1:4. For butyl acetate,
the extraction yield is strongly enhanced by increas-
ing the TOA concentration up to 15-20 gL' (0.05 M),
a value related to the molar ratio solute:extractant
of 1:2, the increase becoming slower for higher
concentrations of amine. The least extended domain
of extractant concentration corresponding to the im-
portant influence of this parameter on extraction
was recorded for dichloromethane. In this case,
only the extractant concentration increase up to
10 g L' (0.028 M) influences strongly the extraction
yield, a result suggesting that each reactant partici-
pates with one molecule at the interfacial compound
formation.

It can be concluded that the decrease in solvent
polarity from dichloromethane to n-heptane facili-
tates the formation of aminic adducts by hydro-
gen-bonding interactions, and increases the number
of extractant molecules included in these adducts
from 1 to 4.

The experiments concerning the investigation
of reactive extraction mechanism of pantothenic
acid with D2EHPA were also carried out at the op-
timum pH-value of aqueous phase, pH = 3. In this
case, the aminic group is the active one, the effi-
ciency of extraction being controlled by its ability
to be protonated and, implicitly, to react with the
extractant. The interfacial reaction can be described
by the following equilibrium:

HA® +nE_ = == HAE + H*

(aq) (org) n (org) (aq)

According to this interfacial equilibrium, the
distribution coefficient, D, is:

_ [HAE, ) ]
[H2A+(ﬂ4)]

where [HZA+(aq)] and [HAEn(U)] represent the overall
concentrations of the considered components at the
equilibrium state.

)

The extraction constant, K, can be calculated
with the following relationship:

[HAEn(O)] [H(t,q)] [HAEn(O)]Z

K n n
Ul ] [ JE]

[HAEnw)] =K |:H A<+aq):| [E o)]n (1

(10)

The ionization constant of amidic group at
25 °C is K, = 2.04-10"°,* and corresponds to the
following equilibrium established in aqueous phase:

HA+ H,0 == H,A" + HO"

[HZA(Zq) ] ) [HO_] 107" I:HZA(:q)]

S ] [ i)

The concentration of protonated pantothenic
acid in aqueous phase, [H A is calculated by

. (uq)] i
means of its overall concentration in aqueous phase,

[HA(aq) , and concentration of its non-ionized mol-

ecules, | HA,, |

[l |=[ Ay |- [HAwy]  (13)
(14, = 107" % A ]

a (14)
(aq) (aq)]
A
>[m4, = % (15)
1 -
K[,

Therefore, the expression for distribution coef-
ficient becomes:

Do [HAEnw)]z Ke[Ew] _
I:HZA(:q)iI [H A(+aq)]
1071 (16)

Ko |E, | 1+ —F—
LB T e ]

[ A ]

The logarithmic form of equation (16) gives a
straight-line expression:

~14
1+ 10 g

Ky H&q) )
] =K, +n-In[E, | (17)

which is used for the graphical determination of n
and K, similar to the algorithm presented for reac-
tive extractlon with TOA ([E ] could also be as-
sumed to be equal to the 1n1t1a1 concentration of
D2EHPA in the organic solvent).

The dependence between the extraction effi-
ciency and D2EHPA concentration is plotted in Fig-
ure 5 for all studied solvents without 1-octanol add-
ed, while the straight lines correspond to equation
(17) in Figure 6.

2InD—1n
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Compared to the extraction of pantothenic acid
with TOA dissolved in n-heptane, from Figure 6 it
can be observed that only a maximum of two mole-
cules of D2EHPA and one of solute react at the in-
terface between aqueous phase and this solvent. The
reduction in the extractant number participating in
extracted compound formation compared to the
case of TOA could be attributed to the supplemen-
tary steric hindrance induced by the intermediary
position of amide group in the molecular structure
of pantothenic acid.

For the reactive extraction in butyl acetate and
dichloromethane, the interfacial product includes
the same number of D2EHPA molecules as those
of TOA in the above discussed extraction systems.
As it can be seen from Figure 5, the limits of
D2EHPA concentration increase correlated with the
significant influence on pantothenic acid extraction

yield are 15 g L' (0.046 M) for the solvents with
lower dielectric constants (n-heptane and butyl
acetate), and up to 10 g L' (0.03 M) for dichloro-
methane. These values correspond with the calcu-
lated ratios between the number of solute and ex-
tractant molecules from the proposed structure of
interfacial compound: both for n-heptane and
butyl acetate it is 1:2, and 1:1 for dichloromethane
(Table 1).

As presented above, the solvent polarity rep-
resents an important parameter that controls the ex-
traction of ionizable solutes. The dielectric constant
is considered a characteristic of solvent-solute local
interactions, inducing the limitation of solute solva-
tion by solvent or extractant, due to the presence of
ionizable groups in the molecular structure of sol-
ute. The modification of dielectric constant has a
smaller effect on the solubility and extraction of
nonelectrolytes or weak electrolytes, but it becomes
an important factor for the extraction of dissociable
solutes, as acids.!” Therefore, the solvent polarity
and the formation of interfacial adducts have a
strong influence on the extraction constant, mainly
through the extraction mechanism and efficiency.
The extraction constant for both extractants were
calculated taking into consideration the data pre-
sented in Figures 4 and 6 (Table 2).

Table 2 — Expressions and values of extraction constants for
the studied extraction systems without 1-octanol

Extractant| Solvent | Extraction constant | Value

[HAE, ] 222108

n-Heptane K = m (L* mol)

HAE, .
TOA Butyl K, = [ 2( g)]
acetate

7.50-10?
[HA(L,,]) ] ] I:E(o,g) ]2 (L? mol?)

_ [aE,, ]
[y ][ B

Dichloro-
methane

4.30-10?
(L mol ™)

E

[HAE, 0, | [HE) ] 5826
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According to the results given in Table 2, for
the reactive extraction of pantothenic acid with
TOA in the absence of 1-octanol, the formation of
aminic adducts leads to the increase in extraction
constant by more than 500 times from dichloro-
methane to n-heptane, a variation which indicates a
significant shift to the right side of the interfacial
equilibrium. However, if the mechanism of the in-
terfacial reaction remains the same for different sol-
vents, as in the case for extraction with D2EHPA in
n-heptane and butyl acetate, the organic phase po-
larity exhibits directly a favourable effect on the ex-
traction equilibrium. Thus, by varying the dielectric
constant from n-heptane to butyl acetate, the value
of extraction constant increased 8.5 times, while
that reached for dichloromethane is the lowest one
(37.71).

Reactive extraction in the presence of 1-octanol

In order to improve the efficiency of extraction,
a second solvent immiscible with the aqueous phase
can be added into the organic phase, its addition in-
creasing the organic phase polarity and, implicitly,
facilitating the solubilization of polar molecules.
This second solvent is called “phase modifier”, usu-
ally being an alcohol with more than 6 carbon at-
oms.!” For this purpose, 1-octanol was used in the
experiments.

Regardless of the used solvent or extractant,
from Figure 7 it can be observed that, the addition
of 1-octanol into the organic phase does not change
the shapes of the dependences between the reactive
extraction efficiency and pH of the aqueous phase.
The presence of 1-octanol improves the extraction
degree, an effect that is more pronounced for the
solvents with lower polarity.

At the optimum pH-values corresponding to
the reactive extraction with TOA and D2EHPA, the
yield of extraction in the presence of 1-octanol in-
creases 1-15 % if TOA is used, and 3-12 % for
D2EHPA compared to the absence of this alcohol.
These differences are amplified at higher pH-values
of aqueous solution. Moreover, the increase in the
solvent’s ability to solubilize polar or dissociated
molecules of pantothenic acid in the presence of
l-octanol diminishes the difference between the
values of extraction yield reached for a certain ex-
tractant. Consequently, the extraction degrees for all
the three solvents become closer.

For underlining the positive influence of 1-oc-
tanol on reactive extraction efficiency, the amplifi-
cation factor was introduced, defined as the ratio
between the pantothenic acid extraction degrees for
the solvent with and, respectively, without 1-octa-
nol. The dependences of amplification factor on the

;
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Fig. 7 — Influence of pH-value of aqueous phase on efficiency
of reactive extraction of pantothenic acid with TOA and D2EHPA
with I-octanol added (extractants concentration = 40 g L™)

pH-value of aqueous phase for the studied ex-
traction systems are plotted in Figure 8.

These variations confirm that the effect of
1-octanol addition is more important for low-polar
solvents. Thus, compared to the extraction without
1-octanol, for a volumetric fraction of alcohol of
0.20, the maximum increase in extraction degree of
pantothenic acid with TOA was 1.3 times for di-
chloromethane, 1.4 times for butyl acetate, and 1.7
times for n-heptane. Similarly, the efficiency of re-
active extraction with D2EHPA increased up to 1.6
times for dichloromethane, 2 times for butyl ace-
tate, and 2.4 times for n-heptane.

However, depending on the solvent type, the
differentiation of the shapes describing the correla-
tions between the amplification factors and pH can
be observed in Figure 9.

In the case of reactive extraction with TOA, re-
gardless of the solvent polarity, the increase in
pH-value up to 4 exhibits an insignificant influence
on the amplification factor, because this pH-domain
corresponds to the highest efficiency of reactive ex-
traction. The further increase in pH leads to a sig-
nificant increase in amplification factor, which
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Fig. 9 — Influence of TOA concentration on reactive ex-
traction efficiency of pantothenic acid with I-octa-
nol added (pH = 2)

reaches a maximum value, followed by its decrease
for pH above 5-6. This variation is the consequence
of additional solubilization of ionized pantothenic
acid molecules in the presence of 1-octanol at
pH-values higher than the optimum value. The pro-

nounced dissociation of carboxyl group at neutral or
alkaline pH domain reduces the solubility also in
polar solvents, and leads to the decrease in the am-
plification factor for pH > 5. This variation of am-
plification factor becomes more obvious with the
decrease in solvent dielectric constant.

For reactive extraction with the organophos-
phoric extractant, the variation of amplification fac-
tor is different. This parameter increases slowly up
to the pH-value corresponding to the maximum of
extraction efficiency (pH = 3), then increases con-
tinuously and strongly for higher pH-values of
aqueous phase. Because -COOH group does not re-
act with D2EHPA, its dissociation at higher pH-val-
ues facilitates the continuous increase in the magni-
tude of positive influence of 1-octanol, this
phenomenon leading to the enhancement of the am-
plification factor. As in the previous case, the varia-
tion of the amplification factor is more important
for low-polar solvents, namely n-heptane.

For establishing the interfacial reaction mecha-
nisms and identifying the possible changes in the
structure of the interfacial compounds due to the
addition of 1l-octanol in the organic phase, the
straight lines described by equations (8) and (17)
were plotted and analysed for the three solvents
containing 20 % vol. alcohol. For this purpose, the
graphical correlations between the extraction yield
and extractant concentration were firstly analysed
for each extraction system containing 20 % vol.
1-octanol.

In the case of reactive extraction with the amin-
ic extractant, the calculations are based on Figures 9
and 10. Therefore, for solvents with lower dielectric
constants, namely n-heptane and butyl acetate, the
number of TOA molecules participating in the inter-
facial reaction with pantothenic acid is halved by

IND+In(1+K /[H'])
2

2] i
34 4 Dichloromethane |
o Butyl acetate
A n-Heptane
-4 . . . , . . .
-45 -4.0 -3.5 -3.0 -25
In[E,__]

Fig. 10 — Graphical representation of the straight lines
given by equation (8) for solvents with I-octanol
added (pH = 2)
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Table 3 — Number of extractant molecules included in the in-
terfacial compound structure, n, for solvents with

1-octanol

Extractant Solvent Number of extzfgtant molecules
n-Heptane 2.11

TOA Butyl acetate 1.08
Dichloromethane 1.07
n-Heptane 0.91

D2EHPA Butyl acetate 1.05
Dichloromethane 0.93

adding 1-octanol into the organic phase (Table 3).
This result underlines the role of organic phase low
polarity in promoting the formation of aminic ad-
ducts by solvating the solute, the increase in solvent
polarity hindering this process. The addition of
1-octanol in dichloromethane, which possesses the
highest dielectric constant among the experimented
solvents, does not influence the extraction mecha-
nism of pantothenic acid with TOA, the structure of
the extracted compound remaining the same to that
corresponding to the extraction without 1-octanol.

The stoichiometry of the interfacial reaction
between pantothenic acid and TOA is also suggest-
ed by Figure 9, which indicates that the reactive ex-
traction efficiency is significantly improved only
by increasing TOA concentration up to 10 g L'
(0.028 M) for dichloromethane and butyl acetate,
and up to 15-20 g L' (0.05 M) for n-heptane. These
limits of extractant concentration can be attributed
to the molar ratios between solute and TOA of 1:1
for the two solvents with higher dielectric constant,
respectively of 1:2 for n-heptane.

A similar effect of reducing the number of ex-
tractant molecules included in the extracted com-
pound structure was observed also for extraction
with D2EHPA (Figures 11 and 12). Therefore, re-
gardless of the solvent used, each component of the
extraction system participates with one molecule in
the interfacial reaction, the hydrophobic compound
formed being of ammonium salt type (Table 3). Ac-
cording to Figure 11, this conclusion is supported
by the significant increase in reactive extraction
yield by increasing D2EHPA concentration in or-
ganic phase only up to 10 g L' (0.03 M) for all
considered solvents.

Being directly related to the mechanism of re-
active extraction, the extraction constant values for
the two extractants and three solvents were modi-
fied by adding 1-octanol in the organic phase (Table
4).

As in the case of extraction without 1-octanol,
for the reactive extraction with TOA, the values of

100+
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Fig. 11 — Influence of D2EHPA concentration on reactive
extraction efficiency of pantothenic acid with
1-octanol added (pH = 3)
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Fig. 12 — Graphical representation of the straight lines giv-
en by equation (17) for solvents withqut_I-octanol
(pH = 3; X =(1+107" /Kb-fH(J;q)]cj/[HA(aq) )

K, suggest the importance of interfacial compound
solvation by the extractant molecules in moving the
interfacial equilibrium towards the formation of hy-
drophobic pantothenic acid-aminic extractant ad-
ducts. Therefore, compared to the extraction sys-
tems without 1-octanol, the reduction in the number
of extractant molecules included in the structure of
the interfacial complex in the presence of 1-octanol
determines the significant decrease in the extraction
constant values for butyl acetate and n-heptane.
Moreover, the highest values of K obtained for ex-
traction systems with alcohol corresponds to the
formation of the interfacial adduct containing two
aminic molecules, namely for extraction in n-hep-
tane. If the interfacial reaction mechanism is similar
in the presence of 1-octanol, as in the case of ex-
traction in butyl acetate and dichloromethane, the
superior polarity of organic phase exhibits a favour-
able effect on the extraction constant.
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Table 4 — Expressions and values of extraction constants for
the studied extraction systems with 1-octanol

Extractant| Solvent | Extraction constant | Value

[HAEz<org>] 1.1610

n-Heptane K, = m (L*> mol )

Butyl [HAE ] 27.11
TOA acuétt);,te K= m (L mol™)
Dichloro- . _M 46,52
methane ET I:HA(aq) ] . I:E(org)] (L mol™)
n-Heptane K, = [HAE("’g)]'[H(J:’q)] 4.11
N % [ O
D2EHPA DWW K, = [HAE | [H ] 858
acetate

B [H 2A<J:zq) ] ’ [E(org):l ©

_ [HAEmg)]'[H(;q)] 26.56
I:HZA:L—’@)]'I:E(Wg)] ©)

Dichloro-
methane

Ky

In the presence of 1-octanol, the mechanism of
extraction with D2EHPA becomes the same for all
solvents. Although the hindrance of extractants ad-
ducts formation reduces the extraction constants as
compared to the systems without 1-octanol, the in-
crease in dielectric constant from n-heptane to di-
chloromethane exhibits a positive effect on this pa-
rameter, and induces its increase by about 6.5 times.

Conclusions

The study on reactive extraction of pantothenic
acid with TOA and D2EHPA dissolved in three sol-
vents with different dielectric constants (n-heptane,
butyl acetate and dichloromethane), with and with-
out 1-octanol added, has indicated that the mecha-
nism of the interfacial reaction between the solute
and the extractant is controlled by the extractant
type and organic phase polarity. Regardless of the
solvent used, the maximum efficiency for extraction
with TOA is reached at pH = 2 related to the initial
acid concentration, while for extraction with D2EH-
PA at pH = 3.

In the case of reactive extraction with TOA in
the absence of 1-octanol, the reduction in the di-
electric constant of the organic phase from dichloro-

methane to n-heptane promotes the amine adducts
formation and the modification of the interfacial
equilibrium expression. For this reason, the struc-
ture of interfacial hydrophobic compound formed
by pantothenic acid and aminic extractant was
changed from HAE for dichloromethane to HAE,
for butyl acetate and HAE, for n-heptane, respec-
tively. When 1-octanol is added in the extraction
system, due to an increase in organic phase polarity,
the formation of aminic adducts is hindered, the
structure of the interfacial complexes becoming
HAE for dichloromethane and butyl acetate, and
HAE, for n-heptane.

A similar effect was observed for extraction
with D2EHPA. Thus, in the absence of 1-octanol,
the reactive extraction occurs by means of the inter-
facial formation of a hydrophobic compound with
HAE, structure for both n-heptane and butyl ace-
tate, and with HAE general formula for dichloro-
methane. The addition of alcohol had modified only
the mechanism of reactive extraction in n-heptane
and butyl acetate, the structure of the extracted
compound becoming HAE for all the three consid-
ered solvents.

Obviously, the value of extraction constant is
influenced by extraction mechanism, implicitly by
the solvent polarity and extractant type. For ex-
traction with TOA, the highest values of extraction
constant were obtained when aminic adducts had
formed, at lower polarity of organic phase. Con-
trarily, for extraction with D2EHPA, when the ex-
traction mechanism is the same for all solvents, the
increase in organic phase polarity influenced posi-
tively the value of extraction constant.
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