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ABSTRACT

Forward extraction of shikimic and quinic acids with tridodecylamine (TDA)/1-
heptanol is favored at low temperature. In back extraction, higher temperatures and
the addition of oleic acid as a competitive displacer provided 80% recovery for
shikimic acid and 70% recovery for quinic acid. Higher recoveries are possible since
these values are limited by the forward extraction step. The effect of temperature
swing on carboxylic acid extraction by amines is primarily due to the change in
amine basicity with temperature. The addition of a displacer lowers the energy cost
by lowering the temperature required in back extraction.

Key Words  Shikimic acid; Quinic acid; Tridodecylamine; 1-Hepta-

nol; Oleic acid; Extraction

INTRODUCTION

Previous studies have investigated the effect of temperature on the extrac-
tion of carboxylic acids by amine extractants (1-3). These studies showed
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that complex formation is strongly dependent on temperature. Because of our
interest in the extraction of shikimic acid (SAH) and derivatives, we decided
to explore process conditions under which the extraction system I-
heptanol/tridodecylamine (TDA) could be used to recover the cyclic hydroxy
carboxylic acids of interest (4). Using a tertiary amine, tridodecylamine, as
an extractant and a primary alcohol, 1-heptanol, as a diluent proved to be
very effective for the forward extraction step, especially at low temperature
where the transfer favors the organic phase.

Back extraction involves reversing the complexation between the acid and
the extractant, and recovering the acid in water at a higher concentration and
purity. This is done by adding a displacer, oleic acid (OAH), which is another
carboxylic acid of lower water solubility (4). Competitive back extraction
proved to be a promising solution, especially at high temperature where the
distribution favors the aqueous phase.

Forward Exiraction

In forward extraction the acid gets transferred from the aqueous to the
organic phase. This transfer is not only due to the complexation reaction that
takes place between the acid and the tertiary amine, but it is also due to the
solvating ability of the diluent. The equilibria describing the forward extrac-
tion step is considered to be a two-part process described by the following
equilibria (5):

K,
Acid,q + Extractant,,, <=——=—=> Acid-Extractant,,

K,
Acid—-Extractant,, + m Diluent,,, — Acid-Extractant-Diluent,,

Assuming that the acid-base complexation is only due to the formation of
a (1,1) acid—amine complex and that the diluent is a good solvating medium,
the system can be described by a simple mass-action model (6). The distribu-
tion coefficient of the forward extraction process, Ky, can be expressed in
terms of the equilibrium constants of the acid, the extractant (base), and the
complexation reaction;

Ky = {—Ac—“i‘“g = K, {Extractant} + K, K, {Extractant}{Diluent}™
{Acid},q ! 1
where the braces represent the activity of the species.
Stoichiometric ratios other than 1:1 could also be considered to define
K,,. However, there is no reason to suspect that more than one base will
complex with these monacids. Also, K, has the biggest effect since the sol-
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vated complex, (Acid—Extractant-Diluent,,), is more likely to form than the
unsolvated complex, (Acid-Extractant), and the diluent concentration is
higher than the solute and extractant concentrations. Therefore, K,, > K,
and only terms containing K,, should be considered.

1. At low extractant activity, {Diluent}” > {Extractant} and is a constant:

Kacid

K, K, [Extractant]Ygxiractant(COnstant) (1)
t

KExtraclzm

where the brackets represent the concentration of the species and K,.q
and Kgxiractan: are the aqueous proton dissociation constants of the solute
(acid) and the extractant (base).

2. At high extractant activity, {Diluent}™ = (constant)/{Extractant}™:

Kd—

Kacia constant
- K ayl . (2)
Extractant

[Extractant]™ ™ "yEactant

Thus, this model predicts a maximum in the plot of extractant concentration
with K4 because high extractant concentration impedes the effect of the active
diluent in solubilizing the complex in the organic phase.

Back Extraction

Back extraction is done by reversing the complexation and allowing for
recovery of the acid in a pure water phase. Reversing the reaction is a compli-
cating step due to the fact that chemical complexation should be a strong
interaction in order to affect forward extraction. However, controlling temper-
ature swing combined with displacing the acid using another carboxylic acid
of lower water solubility is a promising solution for back extraction (4).

When the displacer is added to the organic phase extract, oleic acid dis-
places the acid and complexes with the extractant to form an oleic acid—amine
complex. At this point the acid goes back to the aqueous phase where it is
recovered at a higher concentration and purity. Hence, reversing the reaction
in the back extraction process is due to competitive displacement by oleic
acid. The equilibrium describing the back extraction step is the following (5):

K,
Acid-Extractant,, + Displacer, <===—=> Displacer—Extractant,;; + Acid,q

The distribution coefficient of the back extraction process, Ky, can be
expressed in terms of the equilibrium constants of the acid, the extractant
(base), and the displacer (OAH): '
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{ACId}ﬁJL - KEx(ractam — Kdisplacer {DiSP]aCCT} (3)

Kye = {Acid},,  {Extractant}K,q  Kuia {Displacer—Extractant}

EXPERIMENTAL

All forward and back extraction experiments were performed in test tubes
using a wrist action shaker, Parafilm was used to hold cork stoppers firmly
in place and to provide a more effective liquid barrier. The initial volume
ratio of organic to aqueous phases for all of the forward and back extractions
was 1: 1. For low temperature experiments the shaker was placed in a refriger-
ator. Higher temperature experiments were conducted using a thermostat bath,

Shikimic and quinic acids were analyzed by HPLC using a 25-cm Mi-
crosorb-MYV reverse phase column. Aqueous and organic phases were individ-
ually diluted in a mobile phase to a concentration of <<0.04 M and then applied
to the column. The mobile phase consists of 0.013 M tetrabutylammonium
hydroxide, 0.0087 M trizma base, 0.09 M acetonitrile, and approximately
0.0045 M acetic acid. The exact amount of glacial acetic acid was determined
by titrating with the acid. Elution with the mobile phase was carried out
isocratically at 1.0 mL/min. HPLC traces were acquired at 254 nm for shiki-
mic acid and 218 nm for quinic acid. Concentrations were determined by
comparing the shikimic acid peak area for each sample with standard peak
areas. In addition, a material balance was calculated for all samples to check
if the sum of the amounts of shikimic and quinic acids determined in each
phase was approximately equal to the known amount of acid added.

RESULTS AND DISCUSSION
Etfect of Temperature Swing on the Extraction Process

Based on previous extraction experiments performed on shikimic acid (4)
and a more extensive series of experiments on shikimic and quinic acids,
increasing the temperature decreases the distribution coefficient of the for-
ward extraction process and increases the distribution coefficient of the back
extraction process (Figs. 1-4). This has been observed by previous research
on other systems, (2, 3, 7), but there has never been a comprehensive explana-
tion of this behavior. This paper investigates the effect of temperature swing
on the forward/back extraction process. Interesting conclusions are drawn
regarding the important effect of temperature on the forward extraction of
cyclic hydroxy carboxylic acids by amine extractants, and back extraction by
addition of a displacer.
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FIG.1 Effect of temperature on the forward extraction of shikimic acid. (O) Kq4 at 5°C, (1)
Kg4 at 25°C, (<) K, at 60°C,

Effect of Temperature Swing on the Distribution
Coefficient of the Forward Extraction Process

The decrease in the value of Ky with temperature increase could be due to
many factors including: 1) a decrease in extractant basicity, 2) an increase
in acid water solubility, 3) a decrease in the acid ac1d1ty, and 4) a change in
the activity coefficient of the extractant.

The effect of temperature on the distribution coefficient of the forward
extraction process can be obtained from taking the logarithm of both sides
of the expressions describing Ky and differentiating with respect to the loga-
rithm of temperature. Perrin, Dempsey, and Serjeant showed that the acid
dissociation constants of carboxylic acids are virtually unaffected by tempera-
ture for the temperature range discussed here (9). At low extractant activity
(Eq. 1), the concentration of the extractant and K4 are not functions of
temperature. It is also assumed that X, is not a function of temperature based
on the fact that the complex solubility in both the water and organic phases
likely increases with increasing temperature and decreases with decreasing
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FIG. 2 Effect of temperature on the forward extraction of quinic acid. (O) Ky at 5°C, (O0)
K4 at 25°C, (-) K4 at 60°C,
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FIG. 3 Effect of temperature on the back extraction of shikimic acid. (&) K. at 5°C, ((CJ)
K at 22°C, (O) K at 48°C, (X) Ky at 75°C.
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FIG. 4 Effect of temperature on the back extraction of quinic acid. (X) Kp. at 5°C, () Kpe
at 22°C, (O) Ky, at 48°C, () K, at 75°C, (A) Kie at 95°C.

temperature. Thus, the net effect of temperature on complex transport to one
phase or the other is negligible. Therefore:

dlog K, deaExtncum d 10g YExtractant

dlogT ~ dlogT = dlogT

At this point we can hypothesize that the decrease in the distribution coeffi-
cient with increasing temperature is not only due to the change in basicity
of TDA, but also due to the change in the activity coefficient of TDA with
temperature.

For TDA in 1-heptanol, the effect of varying temperature on the activity
coefficient is not large. This was concluded from comparing our system (trido-
decylamine in 1-heptanol) to triethylamine in 1-propanol at 20°C (8). Using
the three-suffix Margules equation with empirical constants A = 0.0172 and
B = 0.248 at xpyuen = 1, we find that the derivative, (d 10g Yexactanmt)/
(dlog T), is a very small number, at most equal to —1 X 10™%, Accordingly,
this shows that the change in the activity coefficient of TDA with respect to
temperature has a negligible effect on the distribution coefficient. Thus the
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decrease in the distribution coefficient with increasing temperature is sug-
gested to be due to the change in the basicity of the amine.

In order to understand the change in the amine basicity with increasing
temperature, a relationship between temperature and pK, of the amine is
employed (9):

dpK, _ (pKa — 09)
T T T @

The pK, for TDA at 25°C was determined using a correlation given by
Perrin, Dempsey, and Serjeant for tertiary amines (9):

pK, = (105 = 0.2) — (n X 0.2) &)

where n is the number of methyl groups bound to the basic nitrogen atom,
and in the case of TDA, n = 0. Hence the pK, of tridodecylamine is 10.5.

From Eq. (4), the value of (dpK,____)/(dlog T) equals —9.6. This shows
that increasing the temperature decreases the basicity of the amine, thus de-
creasing the affinity of the amine for the acid. Consequently, this causes a
decrease in the value of the distribution coefficient of the forward extraction
process.

We reach the same conclusion at high amine activity from Eq. (2):

dlog Ky _ 4pKap e

— d log YExtractant
dlog T dlog T

dlogT

+ (0 —m

where m > 1.

Likewise, applying the three-suffix Margules equation in this case leads
to the same result: namely, that the change in the activity coefficient of TDA
with respect to temperature is negligible and has no effect on the distribution
coefficient of the process for all reasonable values of m.

In conclusion, it is suggested that the effect of temperature on the distribu-
tion coefficient of the forward extraction process is more likely to be due to
a decrease in the basicity of the amine with increasing temperature at both
high and low amine activity. Hence, for our system where TDA is used as
an extractant:

dlog Ky 9PKog, i
dlogT =~ dlogT

= —9.6

Plotting log K, vs log T, and applying a best-fit results in values for (dp
Koy, )/(d log T). If values of (dpK., . )/(dlog T) are approximately equal
to —9.6, then what we have concluded from our model is consistent with our
experimental results. In other words, this will prove that the drop in the distribu-
tion coefficient with increasing temperature is primarily attributed to the de-
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TABLE 1
Average Slope Value of the Linear Fit for the Forward Extraction of Shikimic Acid

TDA:SAH Maximum SAH slope Minimum SAH slope Average SAH slope

1 -9.1 ~1.1 —8.1
1.5 ~-104 ~8.1 -93
2 -112 ~88 —-10.0
25 ~11.6 ~89 —102
3 -124 ~9.8 —-111
35 -104 -8.1 -92
4 ~11.6 -9.2 —104
45 ~-143 —115 —-129
5 ~14.0 -109 -125
5.5 ~13.9 —10.2 -12.0
6 ~15.1 -105 —-12.8

Average SAH slope = —10.8 = 1.6

crease in amine basicity. A linear regression was performed to find the maxi-
mum and minimum slope values (5). In Tables 1 and 2 we average the maximum
and minimum values, resulting in a slope of —10.8 % 1.6 for shikimic acid,
and —8.3 £ 2.3 for quinic acid. Both values of the slope are close to —9.6.
Thus, for our system the decrease in Ky with increasing temperature is most
likely due to the decrease in the basicity of TDA.

TABLE 2
Average Slope Value of the Linear Fit for the Forward Extraction of Quinic Acid

TDA:QAH Maximum QAH slope Minimum QAH slope Average QAH slope

2 -8.7 —42 —64
25 -85 -38 -62
3 -83 -37 -6.0
35 -9.0 ~46 —-638
4 -10.0 —62 -8.1
45 112 -79 -96
5 -11.0 -80 -95
55 -96 -69 —82
6 —80 ~56 -6.8
6.5 -123 -94 ~109
7 —16.1 -10.2 —132

Average QAH slope = ~83 £ 23
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Effect of Temperature Swing on the Distribution
Coefficient of the Back Extraction Process
" The effect of temperature on the distribution coefficient of the back extrac-
tion process can be obtained from taking the logarithm of both sides of the
expression describing Ky, (Eq. 3) and differentiating with respect to the loga-
rithm of temperature. The concentration of the extractant, K4, and K,, are
essentially not functions of temperature. Therefore:

d IOg Kbc _ _(deaExtndam d 108 'YExtractam)

dlog T ~— dlogT dlog T

From the three-suffix Margules equation, we find that for the system TDA
in 1-heptanol, the effect of varying the temperature on the activity coefficient
is negligible. Therefore, an increase in the distribution coefficient of the back
extraction process with increasing temperature is essentially due to the decrease
in amine basicity. For our system where tridodecylamine is used as an ex-
tractant:

dlog Kve _ PKacuun

dlog T - dlogT =96

Plotting log Ky, vs log T at different oleic acid: TDA ratios and applymg a
best-fit results in values for —(dpK,, . )(d log T). If values of —(dp
Ko )/ (d log T) are approximately equal to 9.6, then the model is consistent
with experimental results. A linear regression was performed to find the slope
for shikimic acid and quinic acid systems (5). The slope was 10.9 for shikimic
acid, but 9.6 for quinic acid only at an oleic acid: TDA ratio of zero (Table 3).
This implies that when no oleic acid was added to the system the slope was close
to the predicted value of 9.6, but upon the addition of oleic acid the value of the
slope changed greatly. Therefore, for back extraction performed with no oleic
acid added, the increase in the distribution coefficient is more likely to be due
to the decrease in the basicity of the amine. However, upon the addition of oleic
acid, the system becomes less sensitive to temperature effects and more sensi-
tive to the amount of oleic acid added.

Plotting percent recovery versus the oleic acid: TDA ratio at different tem-
peratures helps in understanding the overall picture of the combined effect
of temperature and displacer concentration on back extraction. Percent recov-
ery is defined by the following equation:

Mass of acid in aqueous phase after back extraction
Mass of acid initially in the aqueous phase

% Recovery = X 100

Applying competitive back extraction by adding oleic acid and increasing
the temperature greatly improved percent recovery of the overall process. For
the shikimic acid and quinic acid systems (Figs. 5 and 6); increasing the
temperature by 65°C increased the percent recovery by about 20 for shikimic



11:21 25 January 2011

Downl oaded At:

EFFECT OF TEMPERATURE ON EXTRACTION 1677

100

80

96 Recovery

20

\ T 1 3 [ 1
%05 1 15 2 25 3 35 4

FIG. 5

- ' L
o'— %. " -%.—'~N~‘-

TABLE 3
Average Slope Value of the Linear Fit for the Back Extraction
of Shikimic and Quinic Acids at Different Oleic Acid to TDA

Molar Ratios
OA:TDA Shikimic acid slope Quinic acid slope
0 109 9.6
1 6.2 22
1.5 1.9 33
2 12 14
25 2.8 04
3 13 -1.1
4 09 -13
6 -04 -12

Recovery limited by forward extraction step

*\--“
~——a
Tt A .*_—_h__\_._._ -
’-"\ ~

i X

Ratio of total moles of oleic acid to total moles of TDA

% Recovery of shikimic acid vs oleic acid: TDA molar ratio. (M) % recovery at 5°C,
(©) % recovery at 25°C, (X) % recovery at 50°C, & % recovery at 70°C.
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FIG. 6 % Recovery of quinic acid vs oleic acid: TDA molar ratio. (l) % recovery at 5°C,
(©) % recovery at 25°C, (X) % recovery at 50°C, &) % recovery at 70°C.

acid and 25 for quinic acid at OAH:TDA = 2. Likewise, increasing the
temperature resulted in higher recovery even when no oleic acid was added
(Fig. 7). However, this is not as great as the increase in recovery brought
about by increasing the molar ratio of oleic acid to TDA with temperature.
From Table 4, increasing the mole to mole ratio of oleic acid to TDA from
0 to 2 at room temperature resulted in an increase in the percent recovery to
25 for shikimic acid and 40 for quinic acid. At 70°C and the same oleic acid
to TDA ratio, the increase in percent recovery is 20 for shikimic acid and 30
for quinic acid. Hence, this increase in percent recovery is smaller than the
increase brought about at the lower temperature. This suggests that competi-
tive displacement is more effective at smaller temperature swings.

For the shikimic acid system at OAH:TDA = 0, recovery is 60% at 70°C;
this is the same as the percent recovery at 25°C and OAH:TDA = 1. For
the quinic acid system at OAH: TDA = 1, recovery is 60% at 70°C; this is
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FIG.7 % Recovery Vs temperature with no oleic acid added. (@) % recovery of SAH, (O)
% recovery of QAH.

TABLE 4
Increase in Percent Recovery (at OAH:TQA = 2:1) with
Increasing Temperature

Increase in % recovery upon
adding oleic acid to the ratio of
OAH:TDA = 2:1

Temperature

°C) Shikimic acid Quinic acid
5 35 40

25 25 40

50 20 30

70 20 30
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also about the same as the recovery at 25°C and OAH:TDA = 2. Conse-
quently, adding oleic acid in higher amounts at room temperature leads to
achieving the same recovery as adding oleic acid in smaller amounts at a
higher temperature. Therefore, the cost of temperature swing decreases with
the introduction of oleic acid, resulting in high product concentration with
low energy cost. In conclusion, for an economic recovery of cyclic hydroxy
carboxylic acids, consideration should be given to the cost of heating versus
the oleic acid added to achieve maximum yield.

CONCLUSION

For the forward extraction step, using a tertiary amine as an effective ex-
tractant coupled with decreasing temperature drove the complexation reaction
toward the products, resulting in a higher distribution coefficient. For the
back extraction process, increasing the temperature with the addition of oleic
acid as a displacer resulted in substantially concentrating the product acid in
the water phase. Also, back extraction with competitive displacement was
more effective at smaller temperature swings. Thus, the cost of temperature
swing decreases by introducing oleic acid, resulting in high product concentra-
tion with low energy cost. In conclusion, for an economic recovery of cyclic
hydroxy carboxylic acids, consideration should be given to the cost of heating
versus the amount of oleic acid added at the maximum achievable percent
recovery.
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