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Abstract —~ Reactive extraction of lactic acid was performed continuously in a packed column. The 0.6 M trioc-
tylamine (TOA)/1-chlorobutane system was used as an extractant. The initial concentration of lactic acid was 10
wt% based on fermentation results. Raschig rings (5 and 7 mm diameter) were used to measure hydrodynamic data.
Disperse phase holdup was nearly constant at V,<0.8V,;. It can be seen that the flooding data obtained from this
study were consistent with the literature. NTU and HTU were calculated. NTU varied from 1 to 2 and HTU from
96 cm to 44 cm with variation of V,. The overall mass transfer coefficients of the continuous phase were nearly

constant to 8.98x 10™° mol/cm’s with variation of V..
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INTRODUCTION

Recovery of lactic acid has recently received increasing at-
tention due to its usage as the monomer of biodegradable po-
lymers. Lactic acid was mainly obtained from the fermenta-
tion and hydration of lactonitrile synthesized from hydrogen
cyanide and acetaldehyde. The fermentation process has re-
ceived a great deal of attention as an alternative process to the
synthetic process. However, the fermentation process needs
an economic separation method to compete with the synthetic
process because it contains various impurities of fermentation
broth [Kertes and King, 1986].

Reactive extraction using long chain aliphatic amines has
been studied as an effective and economic separation process
of lactic acid. Various basic factors affecting reactive extrac-
tion were studied, and mass action models were applied to
evaluate equilibrium data of reactive extraction [Kertes and
King, 1986; Tamada et al., 1990; Prochazka et al., 1994; Han
and Hong, 1996, 1998].

In addition to these basic.studies, continuous processes using
reactive extraction have been recently investigated to achieve
mass production of lactic acid by fermentation process. Liki-
dis and Schugerl [1987] used a centrifugal reactor to perform
continuous separation of lactic acid. Reschke and Schugerl
[1984] separated lactic acid by a series of mixer-settler type
extractors. However, these processes need long settling time
due to difficult phase separation, which also requires addition-
al equipment such as a settler and a centrifuge.

The application of columns was proposed to solve these
problems. The application of a packed column for reactive ex-
traction provides an easy operation and short operation time.
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Differential contacts in columns give an easy phase separa-
tion and large interfacial area.

In this study, reactive extraction was performed to investi-
gate the feasibility of continuous operation in a packed col-
umn. In packed column operation, basic hydrodynamic data
such as flooding velocities and disperse phase hold up were
measured.

Based on the hydrodynamic data, the reactive extraction of
lactic acid was carried out in the packed column. Volumetric
overall mass transfer coefficients were calculated by the NTU-
HTU method. Overall mass transfer coefficients were obtain-
ed by calculating the interfacial area using Kumar and Hart-
land [1994]'s correlation.

EXPERIMENTAL

1. Materials

Trioctylamine (TOA), a Cs straight-chain tertiary amine,
was purchased from Acros Co. and was used as an extractant
without further purification. 1-Chlorobutane, which was used
as an active diluent, was purchased from Acros. The 20 wt%
lactic acid, obtained from Acros, was diluted to prepare a con-
tinuous phase. All reagents were GR grade. The initial con-
centration of lactic acid was 10 wt% by considering the con-
centration of lactic acid obtained from fermentation. The 0.6
M TOA/1-chlorobutane was used to extract lactic acid from
aqueous solution based on Han and Hong's [1996] study. The
0.6 M TOA/1-chlorobutane extractant has a lower density than
an aqueous solution of lactic acid. In the operation of the pack-
ed column, this extractant was used as the disperse phase. The
properties of the extractants were measured with various instru-
ments, as listed in Table 1. Packed materials used were Raschig
rings with 5 and 7 mm diameters. The Raschig ring specifi-
cations are listed in Table 2.
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Table 1. Properties of 0.6 M TOA/1-chlorobutane/10 wt% lac-

tic acid
Properties of 0.6 M TOA/ 10 wt% Lactic
system 1-chlorobutane acid

y (dyne/cm) 13.79 13.99

p (g/em®) 0.859 1.05

U (cP) 1.301 1.24
Table 2. Specifications of packing used
Specification S mm 7 mm
Voidage 0.64 0.68
Packing surface area per unit volume of 5.63 3.04

column (cm’/cm’)

2. Equipment

A schematic diagram of a reactive extraction apparatus used
in this study is presented in Fig. 1. The column part consist-
ed mainly of a glass tube with 50 mm i.d. and 1,000 mm of
length, an expanded endpiece with 100 mm i.d., and a taper-
ed section. The height of the packed bed was 950 mm. The
packing was supported on a glass bar and larger packings.
The distributor was placed at the bottom of the column, con-
sisting of an inverted cone with nine holes of 1 mm diameter.
The separator with expanded endpiece and tapered section was
200 mm long. Along the packed bed, four sample ports were
made for measuring the concentration profile of lactic acid de-
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Fig. 1. Schematic diagram of reactive extraction in a packed
column.
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veloped in the bed. All parts of the column were made of glass.
3. Measurements of Hydrodynamic Data in a Packed Column

The operation of the system was based on a counter-cur-
rent continuous process. The superficial velocity of the dis-
perse phase was varied from 0.0 cm/s to 0.8 cm/s. For the
continuous phase, the superficial velocity was controlled be-
tween 0.0 cm/s and 0.41 cm/s. The 10 wt% lactic acid solu-
tion was charged into the packed column until the solution
reached to the top of it. After the continuous phase in the pack-
ed column was charged, both phases were supplied into the
packed column at given flow rates. The disperse phase was
supplied by the distributor, and the continuous phase was also
introduced from the top of the column.

To measure hydrodynamic data, the interface of two phases
was controlled so as to be positioned at the joint of a packed
bed and a separator while steady state was maintained. Dis-
perse phase holdup was measured by a mass cylinder after
steady state was attained. The flooding point was defined as
the state that the disperse phase was accumulated in the bot-
tom of the packed bed or that the interface of the two phases
in the top of the packed bed was raised abruptly due to the
accumulation of the disperse phase. The raffinate concentra-
tion of lactic acid was measured in the exit of aqueous phase
with time. After steady state, the concentration of lactic acid
was measured with packing height.

4. Analysis

The concentration of lactic acid was titrated by 0.1 N NaOH
using phenolphthalein as an indicator. The water concentra-
tion in the organic phase was analyzed by a Coulometric Karl-
Fisher Titrimeter (Coulometric K-F Titrimeter, Model 447, Pitts-
burgh, PA).

Density was determined by a pycnometer at an operation
temperature. A tensiomat, purchased from Fisher scientific,
was used to measure the interfacial tension between two phases.
The viscosities of materials used were measured by ARES
(Advanced rheometric extended system; Rheometric Scientific).

RESULTS AND DISCUSSION

1. Disperse Phase Holdup in a Packed Column

Disperse phase holdup means the fraction of organic phase
in the packed column. These values depend mainly on the prop-
erties of the applied system, the voidage of the packed bed,
and the velocities of the two phases.

In this study, the disperse phase holdup was measured with
the superficial velocities of each phase in the packed column
of 50.8 mm. The voidage of packing was adjusted by chang-
ing packing size (5 and 7 mm). Fig. 2 and 3 show the disperse
phase holdup data of the 5 and 7 mm Raschig rings, respec-
tively. As can be seen from Fig. 2 and 3, the disperse phase
holdup increased with an increase in the superficial velocity
of the disperse phase for both the 5 and 7 mm packings. How-
ever, the superficial velocity of the continuous phase had lit-
tle influence on the disperse phase holdup data. At V.<0.8V,;,
disperse phase holdup was nearly constant. These were similar
to the results of work done by Billet and Macowiak [1980]
who found that the velocity of the continuous phase has no
effect on disperse phase holdup data in the range of V<0.65V,.
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Fig. 2. Disperse phase holdup in a packed column (0.6 M TOA/
1-chlorobutane, 5 mm Raschig rings).
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Fig. 3. Disperse phase holdup in a packed column (0.6 M TOA/
1-chlorobutane, 7 mm Raschig rings).

From Fig. 2 and 3, it was inferred that disperse phase hold-
up depends largely on the voidage. However, the increase of
voidage has a little influence on V. dependence on disperse
phase holdup.

Based on these data, we can calculate the interfacial area
between two phases. In the design of a packed column, the di-
ameter of a column can be determined by disperse phase hold-
up at an operating condition.

2. Flooding in a Packed Column ~

In flooding conditions, the disperse phase could not pass
through the packed bed due to the flow of the continuous phase.
In this condition, the disperse phase accumulated at the bot-
tom of the packed section and the interface above the pack-

May, 1998

ed section went up abruptly due to the accumulation of the
disperse phase. As the result of these phenomena, the flood-
ing makes it impossible to perform a normal operation with
the packed column. Flooding conditions depend mainly on
the properties of the applied system, the voidage of the pack-
ed column and the velocities of two phases. Thus, in coun-
tercurrent operation, flooding can be a criterion for setting up
operating conditions.

As can be seen in Figs. 2 and 3, the decrease of voidage
in the packed column brought about early flooding. Experi-
mental work for determining flooding velocity is shown in
Fig. 4, where flooding data were plotted as the following e-
quations [Dell and Pratt, 1951].

1

1 1 -1
Pa [ Va |7 ol (V22 | (0 ) 5| 1
e 2] o

In this study, C has the values of 0.46 and 0.55 for 5 and
7 mm Raschig rings, respectively. Dell and Pratt [1951] found
that the C value increased with increasing packing size, hav-
ing a value of 0.68 for 12.7 mm Raschig rings. Therefore, it
can be seen that the results of this study are consistent with
their work.
3. Drop Size and Interfacial Area in a Packed Column

The interfacial area is an important factor for evaluating
mass transfer in a packed column. Interfacial area was cal-
culated from disperse phase hold up and the drop size of the
disperse phase. However, it is difficult to measure the real
drop size of the disperse phase. In the packing section, the
drop size is not constant due to the breakage and the coales-
cence of drops. Thus, the average drop size was introduced
as follows [Kumar and Hartland, 1994].
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Fig. 4. Flooding velocities using 5 and 7 mm Raschig rings in
a packed column (0.6 M TOA/1-chlorobutane/water).
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In this equation, the value of C' was characterized by vari-
ous constant values or dimensionless groups. In this study,
Kumar and Hartland [1994]'s correlation was used. The value
of C' was defined as follows.

0.19
- M 8P
C'_Cl[ ApVAy3ap, 3)

The values of parameter, C,, are 2.54, 2.24 and 3.13 for
no mass transfer, the mass transfer from the continuous phase
to the disperse phase, and the mass transfer from the disperse
phase to the continuous phase, respectively.

Based on above equations, the interfacial area was defin-
ed as follows [Billet et al., 1985].

a= Sep ©)]

d32

By Egs. (2), (3) and (4), interfacial areas were calculated
with V, and summarized in Table 3.

4. Mass Transfer Operation in a Packed Column

In this study, the initial mole fraction of lactic acid was 0.022
(10 wt%) and the exit mole fraction of lactic acid was assum-
ed as 0.002 to obtain 90 % extraction efficiency. Operating con-
ditions were determined based on hydrodynamic data and spec-
ification of product. Operating conditions are summarized in
Table 4. Mass transfer operation was performed in a packed
column with 7 mm Raschig rings.

As can be seen from Fig. 5, the exit concentration of lac-
tic acid in the continuous phase was nearly constant after 20
min of extraction. Effective extraction was performed by the
increase of V,. We found that reactive extraction came to steady
state after 25 min. Steady state was obtained quickly due to
the reactivity between the amine and the lactic acid.

Fig. 6 shows the profile pf the concentration of lactic acid
in the continuous phase with a variation of packing height. In
Fig. 5 and 6, the initial concentrations of lactic acid were near-
ly constant for given flow rates of the disperse phase. How-
ever, the exit concentrations of lactic acid were reduced for an
increase of V,.

Based on these data, operating lines were drawn in Fig. 7.
The equilibrium line can be expressed by a modified mass

Table 3. Interfacial areas with variation of V, (d3,=0.28 cm)
V., (cm/s) Disperse phase holdup Interfacial area (cmz/cm3)

0.11 0.046 0.66
0.15 0.067 0.96
0.20 0.088 1.27
0.24 0.109 1.58

Table 4. Operation conditions in 7 mm Raschig ring packed

column
Experiment V, (cm/s) V. (cm/s)
1 0.11 0.11
2 0.15 0.11
3 0.20 0.11
4 0.24 0.11
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Fig. 5. Variation of raffinate concentration of lactic acid at
column exit with variation of extraction time.

action model [Han and Hong, 1996].

In this figure, it was assumed that molar flow rates of both
phases were nearly constant. The operating line was express-
ed by a mass balance as follows:

y-Lay L, ®

The slopes of the operating lines decreased with an in-
crease of velocity of the disperse phase based on the above e-
quation.

We calculated the volumetric overall mass transfer coeffi-
cient of the continuous phase. An equilibrium curve and operat-
ing line were integrated as a form of 1/y —y*) over the range
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Fig. 6. Variation of wt fraction of lactic acid with change of
the height of packing.

Korean J. Chem. Eng.(Vol. 15, No. 3)



328 D.H. Han and W.H. Hong

0.20 T 100 T T T T
3 ao ®
] —— Equilibrium line ® V. =011cmis
g —@- V,=0.11cmis o0 L |
2 016} O V,=015cmis -
©
g - V,=0.20 cm/s
° —
'.E —{0— V4=0.24cmis 80 -
c 012 .
3 B 70 -
] {
g 0.08 ° — o

P n 4

s v L0
s 8
§ 0041 /Aﬁf 7 50 | ® .
= A7
° //Qf/./ PY
= o 1 I |

0.00 A L 40 1 i !

0.00 0.01 0.02 0.03 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Mole fraction of lactic acid in the aqueous phase V, (cm/s)

Fig. 7. Change of operating lines with variation of V,.

Fig. 9. Effect of velocity of disperse phase on HTU.

of operating composition, and NTU was calculated with a 000014 PY
variation of V,. Using Z=NTU X HTU, HTU was evaluated
with the change of V,. 0.00012 - ®
As can be seen from Fig. 8, NTU increased from 1 to 2
due to the increase of V,. Fig. 9 shows that HTU decreased 0.00010 -
from 96 cm to 44 cm with increasing V,. These results can “g ®
be explained as follows. As shown in Table 3, the disperse O 0.00008 |-
phase holdup was increased with increasing V,. With the in- g
crease of disperse phase holdup, the interfacial area also increas- £ 0.00006 |- L]
ed based on Eq. (4). Therefore, the efficiency of mass trans- ;"
fer and NTU was increased due to the increase of interfacial 0.00004
area per unit packed section. On the other hand, HTU decreas-
ed with the increase of V,. 000002 ® V.=011cmis
Based on values of HTU, overall mass transfer coefficients
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© Fig. 10. Effect of velocity of disperse phase on K,a.
3r b of the continuous phase (K,a) were obtained. Fig. 10 shows
that the volumetric overall mass transfer coefficients of the
continuous phase increased with an increase of V,. The Ka is
= ® not constant for the applied system due to the variation of in-
z 2 ) N terfacial area as described above.
Using the interfacial area in Table 3, overall mass transfer
® coefficients of the continuous phase (K,) were shown in Fig.
] ° | 11. As can be seen from Fig. 11, overall mass transfer coef-
B ficients of the continuous phase are nearly constant to 8.98 X
107® mol/cm’s with variation of V.
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V, (cm/s) 5 and 7 mm Raschig rings were used to measure the hydro-

Fig. 8. Effect of velocity of disperse phase on NTU.
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dynamic data. The holdup of the disperse phase increased with



Reactive Extraction of Lactic Acid in a Packed Column 329

0.00020 , , ; |

® V. =011cmis

0.00016 - -

0.00012 |- n

T
I

0.00008

Kx {mol cm™ s")
| J

0.00004 |- -

0.00000 L L L | :
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Vg4 (cmis)

Fig. 11. Overall mass transfer coefficients (K,) with variation
of Vd.

an increase of superficial velocity of the disperse phase for
the 5 and 7 mm packings. However, the superficial velocity
of the continuous phase had litfle influence on the holdup
data of the disperse phase. At V,<0.8 V,; the holdup of the
disperse phase was nearly constant.

Flooding data were plotted by Dell and Pratt's [1951] equa-
tion of dimensionless groups. In this experiment, C has the
values 0.46 and 0.55 for 5 and 7 mm Raschig rings, respec-
tively. It can be seen that the flooding data obtained from this
study are consistent with the literature.

We calculated the volumetric overall mass transfer coeffi-
cients of the continuous phase. The volumetric overall mass
transfer coefficient of the continuous phase increased with
an increase of V,. The NTU varied from 1 to 2 and the HTU
varied from 96 cm to 44 cm with a variation of V,.

Considering the interfacial area that was calculated by the
correlation, the overall mass transfer coefficients of the contin-
uous phase were calculated. The overall mass transfer coeffi-
cients of the continuous phase were nearly constant to 8.98
% 10~* mol/cm’s with a variation of V,.
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NOMENCLATURE

M, :viscosity of water [cP]

Ap  :density difference between continuous phase and disperse
phase

pa  :density of disperse phase [g/cm’]

p. :density of continuous phase [g/cm3]

Y . interfacial tension [dyne/cm]

g :gravity force [cm/sz]

V. :superficial velocity of continuous phase [cm/s]
V. :superficial velocity of disperse phase [cm/s]
p. :density of water [g/cm’]

€  :voidage

a  :interfacial area [cmz/cma]

d;; :sauter diameter [cm]

¢  :disperse phase holdup

D :molar flow rate of disperse phase {mol/s]

L :molar flow rate of continuous phase [mol/s]

x  :mole fraction of continuous phase

y  :mole fraction of disperse phase

X, :mole fraction of disperse phase in bottom of column
¥» :mole fraction of continuous phase in bottom of column
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