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Transport of butyric acid (BA) through a layered bulk liquid membrane (BLM) with trioctyl-
amine (TOA) as carrier has been studied. With increasing concentration of TOA from 0.2 to 0.6
the flux of BA through the BLM increased only by 16 % while the permeability (in the first approx-
imation product of the distribution and diffusion coefficients) increased 2.7 times. The flux through
the stripping interface increased with temperature, while the flux through the extraction interface
remained practically constant. These facts can be interpreted by a slower reaction of the complex
decomposition on the stripping interface and/or by saturation of the stripping interface with the
molecules of complexes. A model of transport through a BLM, taking into account adsorption equi-
librium of the complex and the reaction kinetics of its decomposition on the stripping interface, is
suggested. The proposed model fits experimental data well. It has been found that the pseudofirst-
order rate equation can be used only as a first approximation and a more detailed description of the
reaction kinetics is required. A two-compartment contactor can be useful in studying the kinetics of
the decomposition or formation of complexes on the stripping or extraction interfaces in pertraction

or extraction.

Integration of membrane separations with fermen-
tation can enhance the fermenter performance by de-
creasing the product inhibition and allows semicontin-
uation of the process [1—5]. Pertraction or extraction
of carboxylic acids in HF contactors has been stud-
ied in papers [4, 6—10]. The transport of butyric acid
(BA) [11], Ce-carboxylic acid [12], lactic acid [13—15],
and lysine [16] through a layered bulk liquid mem-
brane (BLM) has been investigated. The competitive
transport of mineral acids influences the pertraction
of BA [11] and lactic acid [15].

The transport of permeants through liquid mem-
branes can be studied in contactors with a layered
BLM. The advantage of these contactors is their rel-
ative simplicity, possibility of experimental identifica-
tion of concentrations in all three phases, and possi-
bility of visual observation of interfaces and phases.
Different types of contactors have been described in
the literature. In the early published experiments [17]
a U-tube-type contactor has been utilized with a BLM
placed at the bottom of the U-tube, and having a
higher density than that of the aqueous phases, and
the feed and the stripping solution in its arms. For
a BLM with lower density than that of the aque-
ous phases, H-type contactors can be used [11, 13].
Two vertical tubes are connected by a neck, which is
partially filled with the membrane phase, with inter-
faces in tubes below this neck. All three phases can be
stirred. In papers [16, 18, 19] contactors with concen-
tric cylindrical vessels were used. The smaller vessel
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placed in the centre has a lower height and it is filled
with aqueous phases close to its top. The solvent is
layered above these phases and forms a BLM. Mix-
ing in these contactors cannot be arranged in such a
way that identical hydrodynamic conditions at both
interfaces can be reached.

The aim of this paper was to study the transport
of BA through layered bulk membranes in a contactor
with identical hydrodynamic conditions at both inter-
faces and to derive a model for this transport taking
into account adsorption equilibrium of the acid/carrier
complexes and the reaction kinetics of the complex de-
composition on the stripping interface.

THEORETICAL

The overall reaction of the formation of a complex
between acid (HA), in our case butyric acid (BA),
and carrier (P), e.g. trioctylamine (TOA), on the feed-
membrane interface can be written as

nHA + P & (HA) P (4)

where bars denote species dissolved in the membrane
(solvent) phase. Based on the analysis and modelling
of equilibrium data presented in paper [20] it has been
found that the probable values of n for the complexes
of BA are 1, 3, and 5. BA is dissolved in the membrane
also in the form of a dimer. The monomer is practi-
cally not present in the membrane, as follows from
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Fig. 1. Concentration profile of acid in pertraction through well mixed bulk liquid membranes. F - feed, M — membrane phase, R

— stripping solution.

modelling, because on the interface or in the solvent
phase it immediately forms a dimer. The content of
individual forms of complexes and the dimer is shown
in the above-mentioned paper as well. The overall re-
actions for the complex and the dimer decomposition
on the membrane-stripping solution interface are

(HA),P +nHO~ = P +nA~ +nH,0 (B)
(HA), + 2HO~ — 2A~ + 2H,0 (C)

The concentration profile of the permeant, i.e. acid
in the form of different complexes and the dimer,
with denotation of individual concentrations, is shown
schematically in Fig. 1.

With increasing concentration of carrier (TOA),
the flux of BA through the BLM increases only
slightly, despite the fact that the values of the dis-
tribution coefficient and the permeability of the mem-
brane are being substantially increased, as discussed
later. The permeability of the LM can be in the first
approximation estimated as a product of the distribu-
tion coefficient and the diffusion coefficient of species
in the membrane. A possible explanation of this dis-
crepancy is the influence of the reaction kinetics of
the decomposition of acid/carrier complexes on the
stripping interface. In connection with these results
also the conception of interface saturation with the
molecules of both complexes and the dimer, even at
their low concentration in the membrane phase can
arise. Adsorption equilibrium can be described by the
Langmuir isotherm.

In the development of a model for the pertrac-
tion through a well mixed layered BLM in a two-
compartment pertractor the following assumptions
were made:

i) Chemical reactions of the complex acid/carrier
formation on the extraction interface (F/M) are fast,
which means that the diffusional mass-transfer resis-
tances in boundary layers are decisive at this interface.

ii) All three phases are well mixed and hydrody-
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namic conditions, as well as the structure of the trans-
ported species, at both interfaces in the membrane are
identical. Hence, kyr = kmr = km- The accumulation
of species in the boundary layers at interfaces is negli-
gible. This means that the fluxes through the bound-
ary layers on both sides of the individual interface are
identical.

iii) On the extraction interface an equilibrium is
reached.

iv) The rate of the stripping reaction is propor-
tional to the concentration of acid species (complexes
and dimer) on the interface, which can be described
by the Langmuir isotherm. The rate of the decomposi-
tion of the complexes on the stripping interface (M/R)
can be described by a pseudofirst-order rate equation
defined for acid concentration.

v) The excess of reagent in the stripping solution is
maintained so that the concentration of the undissoci-
ated acid in the stripping solution even at the interface
R/M is practically zero.

vi) The volumes of phases are functions of the con-
centration of the organic acid providing that the ad-
ditivity of volumes is valid, which was proved exper-
imentally. Components of the membrane phase, i.e.
carrier, diluent (n-alkanes), and complexes are insolu-
ble in aqueous solutions in contact.

Based on these assumptions the following model
equations were derived. For the concentration of acid
in individual phases differential equations have been
derived

der _ krkmAr(Drcr — cm)

has' M 1
dt Vp(kp + kMDF) ( )
dem _ krkmAr [(DFCF - CM)J _
dt Vum (kr + kmDF)
kmA
— =y (em — wm) (2)
M
dcar _ kmAr

The concentration of acid in the membrane phase can
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be calculated from the material balance

_ Vrocpo — Vrcr — VRear 4
™ = VM ( )

Based on assumption vi), following relationships for
the volumes of phases were derived

VFo(Pk = CFoMk)
Vp = FoPk = CRo k) 5
F px — cr My ¥
VRoPx
VR=—""— 6
Rk — car M, )
VMo px
VM = —— 7
M o — oMy %

where py is the density of the pure acid, in the present
paper BA.

The flux of acid in the boundary layer at the strip-
ping interface can be expressed by the equation

n = kmAr(em — eMR) (8)

The flux through the interface is influenced also by
the reaction kinetics of the complexes and the dimer
decomposition. As the first approximation, it will be
assumed that this kinetics can be described by the
pseudofirst-order rate equation

n =rsARCR 9)

where for the concentration of acid (in the form of
different species) on the phase interface the following
relation applies according to the Langmuir isotherm

aCMR

—_— 1
1+ acmr (20)

CiR = CiRmax

Considering assumption ii), the fluxes in eqns (8)
and (9) are equal. Taking into account eqn (10) a
quadratic equation is obtained

—kMaCIZVIR‘i-CMR(kMCMa—kM-Xa)-l-kMCM =0 (11)
where

X = TSCiRmax (12)
with ¢irmax being the maximal concentration of acid
on the interface. Eqn (11) enables the estimation of
the concentration of acid in the membrane at the strip-
ping interface cvr. This concentration is related to
the minimal area occupied by one molecule on the in-
terface. Its value has to be, together with the value
of a, estimated by an independent method. For the
first orientation, for hydroxyoximes ¢;rmax has a value
around 2 x 107% mol m~2 [21]. The value of a = 200
m3 kmol~! or 1000 m® kmol ™! in eqn (10) was chosen
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Fig. 2. Extraction equilibria of butyric acid in water/solvent
system at 30°C. Lines are calculated according to the
model [20].

according to the assumption that the stripping inter-
face is saturated even at lower concentrations of acid
in the membrane.

The distribution coefficient of BA is concentration-
dependent. Based on the reaction mechanism the fol-
lowing relationship has been derived with a good fit
to experimental data [20], as it is shown in Fig. 2

N 1 CPDMP) BCPO/C;‘
—(1- +
D= CE PP 1+Ycp (13)
14 M (N (1 — CP"MP) + BCP°)
Px PP 1+Y

where the quantities N, B, and Y are defined by the
equations

* \2
N=2 Ka(cr) i (14)
1— Ka(ch)2 =X
Pk
B =K cp + 3K1,1K3,1(01’5)3+
+5K1,1K31K5,1(ch)° (15)
Y = Kicp + K11 K31(ch)+
+ K1,1K3,1K5,1(cp)® (16)

Estimated equilibrium constants of the formation of
both the dimer and the complexes with BA TOA
moleratios1 1,3:1,5 1 have respective values Ky
= 0.669 m® kmol™!, K;; = 1.67 m3 kmol™?, K3; =
167.7 (m® kmol~1)%, K5 ; = 2.58 (m® kmol~!)?2 [20].
The concentration of undissociated acid in the feed
phase at pHy was calculated from the overall (analyti-
cal) concentration estimated according to the equation

CaF

~ 1+ 10(pHr—pKx) (17)
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Table 1. Distribution Coefficient of BA, D (at pHr = 2.6), Kinematic Viscosity of the Membrane Phase, v, and Diffusion Coeffi-
cients of the Complex BA—carrier (3 1) in a Solvent or of the Dimer of BA in n-Alkanes, D. Temperature: 30°C

D vMm - 108 p D - 1010 +Dp.D- 1010

Membrane phase e
0.15¢ 0.4¢ m? s~! kg m—3 m? s~ m?2 s~!
M1: 0.2 kmol m—3 TOA 1.8 2.0 1.792 746.6 3.83 6.9
M2: 0.4 kmol m—3 TOA 3.8 3.3 2.026 751.9 3.54 13.4
M3: 0.6 kmol m—3 TOA 6.2 4.2 2.297 757.9 2.96 18.4
M4: pure n-alkanes 0.5 0.6 1.596 741.4 10.23 5.1
a) cf in kmol m~3 at which D is determined. * for ¢ = 0.15 kmol m—3.
where for BA pK, = 4.83 at 25°C [22]. 2 2
By numerical solution of a set of differential and VA N
y N [ w1

algebraic equations (1—7) and (11—16) parameters
of the model have been estimated.

Both the initial flux of acid through the extraction
interface, what is its maximum value, and the maxi-
mum flux of acid through the stripping interface were
estimated from the equations

_ Vrder
JFo - AF dt (18)
Vg d
JRmax = _A_I;d_cf (19)

where the values of derivations were estimated from
empirical functions correlating experimental data.
The second-order power law was used for cp for the
initial period and the linear function for cg in the lin-
ear part of this dependence which is around the max-
imum in the plot ¢v vs. time. Of course, values of
these derivations can be obtained from eqns (1) and
(3), when model parameters are available.

EXPERIMENTAL

Feed: Aqueous solution of butyric acid (Reachim)
with pHp, = 2.6. The density of the pure BA is 959
kg m~3 at 30°C.

Stripping solution: Aqueous solution of NaOH with
the concentration of 0.5—1 kmol m~3.

Components of the membrane phase: Trioctyl-
amine (TOA, Fluka) was used as carrier increasing the
value of the distribution coefficient of the acid. The
density of TOA at 30°C is 804.3 kg m~2 A fraction of
n-alkanes with a composition in mass % 5.4 (Cyg), 40.6
(011), 40.4 (012), and 13.1 (013) (Slovnaft, SK) was
used as a diluent. The composition of the membrane
phases and their characteristics are listed in Table 1.
The diffusion coefficients of permeants were estimated
by the Wilke—Chang equation.

Two-Compartment Contactor

The contactor used was made of glass with a bulk
liquid membrane layered above the aqueous feed and
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Fig. 3. Scheme of a two-compartment pertraction cell. F - feed,
M - layered membrane phase, R - stripping solution. 1.
Sampling ports, 2. disc mixers, 3. magnetic Teflon rod
mixers.

the stripping phases, as it is shown in Fig. 3. The di-
ameters of cylindrical arms of the contactor, in places
where the feed and the strip interfaces are located, are
nearly the same (50.3 mm and 50.6 mm). These inter-
faces are positioned 2.5 mm below the bottom of the
neck with a length of 15.4 mm and a rectangular cross-
section 50.4 mm x 37 mm (height) connecting both
arms. The membrane phase with a height 18 mm was
stirred with Teflon disc mixers (29 mm in diameter,
distance between the centre of the disc and the inter-
face was 12 mm) driven by the same motor. The circu-
lation of the membrane phase in all the space occupied
is quite vigorous. The aqueous feed and the stripping
phases were mixed by magnetic rod mixers with a di-
ameter of 5 mm and a length of 25 mm. Stirrers in the
membrane and aqueous phases rotated in opposite di-
rections to keep undisturbed interfaces. The frequency
of mixers was adjustable and based on earlier experi-
ence it was set to 120 min~! and 100 min~! for mixers
in the membrane phase and in the aqueous phases, re-
spectively. Additionally, the frequency was monitored
by a microprocessor tachometer CT6 (Compact, UK).

Chem. Papers 53 (6)403—411 (1999)
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Fig. 4. Initial flux of BA through the extraction interface () and the maximum flux through the stripping interface (O) wvs.
concentration of the carrier (TOA) in a BLM for cp, = 0.48 kmol m~2 (a), and initial feed concentration for cp, = 0.4

kmol m~3 (b).

Around frequencies applied, the interfaces were flat
and the flux practically did not change with the fre-
quency.

The respective initial volumes of phases were for
the feed, the membrane, and the stripping solution
Vro = 300 cm®, Vo = 90 cm?, and Vg, = 135 cm?
The interfacial areas were Ap = 20.13 cm? and Ay =
19.86 cm? The contactor was placed in a closed space
with the air thermostat and the temperature was kept
at (30 £+ 0.5)°C, if not otherwise stated.

At chosen times, samples of the feed and the strip-
ping solutions have been taken into a syringe with a
longer Teflon capillary on the tip, which was inserted
through the sampling ports. The amount of samples
estimated from differential weighing was around 2 g.
The same amount of the feed and the fresh stripping
solution, and later in the experiment, solutions with
adjusted concentration of BA were returned back to
both compartments, without longer delay, to keep the
volumes of solutions without change due to the sam-
pling. Tubes below the sampling ports were emptied
during the experiment by the help of elevated pressure
to have interface close to the connection with the cell
wall.

The concentration of BA in the aqueous phases
was determined using the isotachophoretic analyzer
EA 100 (Villa, SK) using HC! and a histidine solution
with pH = 6.0 as the leading electrolyte. The pH of
the feed samples was measured by an ion meter 3040
(Jenway, UK).

RESULTS AND DISCUSSION
It has been found that the overall maximum flux

through the LM, i.e. the maximum flux through the
stripping interface, JrRmax, does not change much with
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the carrier concentration (Fig. 4a). This does not re-
flect the fact that the distribution coeflicient of BA
as well as the permeability of the LM, defined in the
first approximation as product of the distribution and
diffusion coefficients, D-D, increases greatly, as it is
shown in Table 1. By increasing the TOA concentra-
tion from 0.2 to 0.6 kmol m~3, the permeability in-
creases by 2.7 times but the flux increases only by
about 16 %. The maximal flux through the extraction
interface, e.g. its initial value is in all experiments
higher than the maximal flux through the stripping
interface, as shown in Figs. 4a and 4b. This supports
the assumption on the influence of the slower kinetics

10 . - T - .
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g4 B o 4 _
S ] 6
o) @ O -
2t O 4
0 1 N 1 1 1
3.2 33 34

(/T .107)/K"

Fig. 5. Influence of temperature on the initial flux of BA
through the extraction interface, Jr,, and the maxi-
mum flux through the stripping interface, JRmax- Cro =
0.48 kmol m~3, membrane: M2 (0.4 kmol m~3 TOA).
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Fig. 6. Time course of BA concentrations in three phases of a two-chamber contactor. ¢p, = 0.48 kmol m~3. A Feed, © membrane
phase, O stripping solution. @) cp, = 0.2 kmol m~3, estimated: ky = 4.4 X 10~ ms~1, ) cp, = 0.4 kmol m~3, estimated:
kM =3.32 x 1008 ms™1, ¢) cpo = 0.6 kmol m~3, estimated: ky = 3.7 x 106 m s~!. Lines are correlated for fixed values
of parameters: X = 1.0 x 10~% kmol m? s~!, @ = 200 m3 kmol~!, and kp = 5.2 x 1076 m s~1.

of the stripping reaction on the overall transport rate.
Another reason explaining this observation can be sat-
uration of the interface with the molecules of com-
plexes and the dimer even at their relatively low con-
centration in the membrane. This results in a steady
rate of the complex decomposition, because this rate
is a function of the concentration of species on the
interface. When this concentration is close to satura-
tion, the flux through the stripping interface as well
as through the LM is increasing only slightly, as can
be seen in Fig. 4a.

With increasing temperature, the initial flux

408

through the extraction interface practically does not
change. However, the maximum flux through the strip-
ping interface, where slower reaction of decomposition
takes place, increases with temperature (Fig. 5). The
temperature dependences of the fluxes through inter-
faces support the interpretation based on the reaction
kinetics of decomposition of the complexes.

The suggested model correlates experimental data
well, as shown in Figs. 6 and 7. The nonzero value of
the BA concentration in the membrane at the strip-
ping interface, cMr, was estimated and it is depicted
in these figures together with other concentrations at

Chem. Papers 53 (6)403—411 (1999)
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Fig. 8. Parameters of the model vs. concentration of carrier in the membrane. cp, = 0.48 kmol m~3. Fixed values of parameters:
0 a =200 m3 kmol™?, A a = 1000 m3 kmol~!. a) kp = 5.2 x 1078 ms~!, X = 1.0 x 107% kmol m~2 s71, b) kp = 5.2

x 1078 ms™!, ky =39 x 107% ms—1.

the feed interface. In the initial period of identification
of model parameters only the constant a was fixed to
200 m® kmol~! or 1000 m3 kmol~!, which are only
estimates. This constant should be independently de-
termined from experimental data, e.g. from the mea-
surements of interfacial tensions. From the first trials,
the mean value of the individual mass-transfer coeffi-
cient in the feed boundary layer was found to be 5.2 x
107% m s~! and in further correlations it was fixed. As
can be seen from Figs. 8a and 8b both the remaining
parameters are more or less independent of the con-
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centration of the carrier. The value of the adsorption
isotherm parameter a in the tested interval does not
influence the value of the model parameters, as shown
in Figs. 8b and 9b.

For fixed parameters a, X, and kg also the value
of the individual mass-transfer coefficient seems to be
constant, but larger fluctuations in the values of kv
at lower concentrations have been observed (Fig. 9a).
The assumption of constant individual mass-transfer
coefficients at both interfaces, k¢ and ky is reason-
able and reflects the same hydrodynamic conditions
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Fig. 9. Parameters of the model vs. concentration of acid in the feed. cp, = 0.4 kmol m—3. Fixed values of parameters: O a = 200
m? kmol~!, A a = 1000 m3 kmol=!. a) kr = 5.2 x 107 ms~!, X =1.0 x 1075 kmol m~2s~!, b) kp = 5.2 x 10~ m

sl ky =39x%x10"%ms!.

at interfaces. When fixing them it was found that the
value of the kinetic parameter X increases with the
concentration of BA in the feed, as shown in Fig. 9b.
This may be the consequence of changing distribution
of acid/carrier complexes with a different structure,
as it is presented in paper [20]. The mole ratio of acid

carrier in complexes is equal to 1 1 at low concen-
trations. This ratio changes to 3 1 and even to §
1 at higher concentrations, which may be reflected in
the kinetics of the decomposition reactions. A more
detailed analysis of the decomposition kinetics will be
the subject of further study.

A two-compartment contactor can be useful in
studying the kinetics of the decomposition or forma-
tion of complexes on the stripping or extraction inter-
faces in pertraction or extraction.
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SYMBOLS

a parameter in the Langmuir ad-

sorption isotherm, eqn (10) m? kmol !
A surface area m?
B variable defined by eqn (15)
c molar concentration of permeant

(undissociated acid or acid in the

form of complexes) kmol m~3
Ca analytical (overall) molar con-

centration of the permeant kmol m~3
410

S,

<

Ky

Ky, K3,1,K5,1

¥R

TR S

molar concentration of BA at the
stripping interface (in the form of
the dimer or complex)

molar concentration of the free
carrier

diffusion coefficient

distribution coefficient,

D = cy/ct

molar flux density of permeant

individual mass-transfer coeffi-
cient

equilibrium constant of forma-
tion of the acid dimer
equilibrium constants
of formation of complexes m(acid)
:n(carrier) (1:1, 3:1, 5:1)

molar mass

stoichiometric coefficient for acid
in reactions (A) and (B)
variable defined by eqn (14)
molar flux

volume

variable defined by eqn (11)
variable defined by eqn (16)
kinematic viscosity

density

Indices

d
F

dimer
aqueous phase, interface on the
feed side F/M

kmol m—2

kmol m—3

m? s~1

kmol m~—2

kg kmol !

kmol s~1

m? s~1
=3

kg m
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k organic acid (BA)
M membrane phase
o initial value
P free carrier (TOA)
R stripping solution, interface on
the strip side M/R
TOA  trioctylamine (carrier)
¥ equilibrium value
Abbreviations
BA butyric acid
HA organic acid
HF hollow fibre
P carrier (extractant)
TOA  trioctylamine
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