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Abstract: -Carboxylic acids serve as feedstock for various useful chemicals and have potential applications in various fields in our day
to day life. Existing conventional production technologies are not eco-friendly as they generates huge amount of hazardous solid
waste. Fermentation process is a promising alternative route, although recovery of biotechnologically produced carboxylic acids from
fermentation broth is challenging bottleneck. Out of available methods to separate carboxylic acids from the fermented media
reactive extraction (liquid-liquid extraction) is found to be technologically and economically viable. In this work, effect of stirring
speed on available surface area of interfacial geometrical shape for liquid-liquid reactions is studied. Since, interfacial area between
the phases will influence the design of a reactor, so it must be accounted for. Based on the stirring speed four pace zones were
classified (slow, medium, fast and very fast) in the Lewis stirred cell. Each zone causes a different geometrical shape and theoretically
correlated with rate of reaction (by complex formation) with surface area available for the specific geometrical shape.
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INTRODUCTION

In our daily life we encountered variety of chemicals which are derived mostly from chemical and petrochemical routes.
Carboxylic acids (CAs) are one of those valuable chemicals which is basically an organic acids. Due to wide spectrum of
applications of CAs in various fields®, demand is growing day by day. Moreover, feedstock’s or raw materials used in these
routes are mostly non-renewable resources which is depleting with alarming rate. Besides, these chemical and petrochemical
routes are energy intensive and hazardous. Alternative for these environmental unfriendly chemical processes for the
commercial production is fermentation technology®®. Owing to the advancements in recombinant technology, we can produce
almost every carboxylic acid through bio-route. However, recovery of carboxylic acids from fermentation broth is incredibly
challenging®. There are different methods being used to recover carboxylic acids from fermentation broth; conventionally salt
precipitation method is in practice. Recently, chromatographic methods (ion exchange and adsorption), distillation, extraction,
and membrane separations, and so forth, had been reported for separation of carboxylic acids from the fermenter® 3 &2, Some of
these methods are energy intensive, few are still at R&D stage and mostly uneconomical. Among all these recovery
technologies, extraction (reactive extraction) is reported a promising and viable method’. Reactive extraction is often carried out
in two steps, firstly forward extraction and then second step is backward extraction®'2, There are two main studies required to
understand the maximum degree of separation and separation rate; Equilibrium studies and Kinetic Studies.

In equilibrium studies, we study how much extraction efficiency is achieved by the selected diluents and extractant system
along with the effect of operating parameters (like initial acid concentration, extractant concentration, temperature, pH etc.). In
kinetics studies, we investigate how the chemical reaction (between carboxylic acid and extractant in the diluents phase (8 —
phase)) depend on the mass transfer between phases. L.K. Doraiswamy and M.M. Sharma* proposed a mechanism for finding
the reaction regime (classified reactions in 4 types as regime 1,2,3 & 4) based on mass transfer theories and other hydrodynamic
parameters. Hatta® proposed a dimensionless number “Hatta number” whether the reaction occurring between the liquid-gas or
liquid-liquid phase is slow or fast. Based on hatta number, Data et. al? have classified the limiting criteria; proposed for the
identification of reaction regime into two zones as shown in Table 1. If Hatta number is greater than one (Ha>>1) the reaction is
fast and takes place in film and the surface area is controlling factor and it fall under regime 3 or 4.If the value of Hatta number
is less than one (Ha<<1) the reaction is slow and not takes place in film and bulk phase is controlling factor and the reaction
falls under regime 1 or 2. For identifying specific reaction regime, the classification was further modified based on other
attributes (like initial acid concentration, initial extractant concentration, stirring speed and phase volume ratio) dependency on
rate of reaction. Among all the attributes, we have focused our study on stirring speed because there is a variation of geometrical
shape (available surface area for contact between (a & 8 — phase)) with respective to stirring speed. As such the interfacial
area between the phases will influence the design of a reactor.

In this work four pace zones (slow, medium, fast and very fast) was proposed based on stirring speed in the Lewis stirred type
cell. Each pace zones resulted a specific geometrical shape. Based on the geometrical shape, available contacting surface areas
between (@ & B — phase) are theoretically correlated with the rate of reaction.

THEORY
Separation of carboxylic acid (HA)from aqueous phase(a — phase) to organic phase(8 — phase)is achieved by complexation
between acid and extractant in the organic phase. The discussion case is for Hatta number (Ha =1) and the complex formation
reaction takes place at the film interface as shown in Figure 1. Also, it is assumed that the reaction is irreversible and it is
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occurring in organic phase (8 — phase)-film interface. The rate of reaction for liquid-liquid reactions (heterogeneous reactions)
based on interfacial surface area is shown in Figure 1and may be represented by Eq(1).
[HAE]

a-phase

[HA]

Figure 1 complex formation at the interface of aqueous and organic phase for Ha >1.

Table 1 Table for discerning the reaction regime based on various attributes.

Hatta Geometrical Phase volume
S.no Regime Reaction Controlling factor ratio
number shape Wi V)
~

1 (Verylslow) Not at film Affect
Ha<<1 - Bulk phase No affect

2 2 interface

(Slow)
3 (ngt) No affect
2 Ha>>1 at film interface Surface area Affect
4 (Instantaneous)
1dNya
TMHA D T kCya (1)

So, the rate of disapperance (— dl;%) of carboxylic acid (HA) on surface of the film interface (S) is

dNpga
dt

= _T[HA] * S = kCHA * S (2)

Based on stirring speed four pace zones (slow, medium, fast and very fast) was classified in the Lewis type cell as shown in
Figure 2. In each zone there is a formation of a different geometrical interfacial surface area in the container. These geometrical
shapes (available surface area for contact between (a & f — phase) were classified as:

Circle (cross-sectional)
Parabola/forced vortex (surface)
Gabriel’s horn / free vortex (surface)
Cylinder (surface)

oD

Based on concept of surfaces of revolution??, surface area of the geometrical shapes was proposed except for circle. The surface
area of shape was represented as deduced by equation (3) for abscissa (X-axis) and equation (4) for ordinate (Y-axis) and given
in Table 2.

s=2ny [+ @) ax )
s=amf’x [+ (2 dy (4)

RESULTS & DISCUSSION
While studying effect of stirring speed on rate of reaction for determining reaction regime; change in the geometrical shape of
the interface between the a & 8 phases were observed. The observed geometrical shapes are catagorized in four pace zones with
respect to the stirring speed as shown in Table 1. Complex formation between carboxylic acid (HA) and extractant (E) takes
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place at the surface (area) available for contact between (a & 8 — phase). Therefore, the rate of disapperance of carboxylic acid
(HA) on different geometrical surface of the film interfaces (S) in the organic phase (8 — phase)could be given as follows:

(i) Based on circular crossectional surface area

dN
[_ - = —Tya) * Scir = kCha * Scir (5)

ac lcir

(ii) Based on parabolic surface area

dN
[_i = —THA) * Spar = kCHA * Spar (6)

'l

(iii) Based on Gabriel’s horn (vortex ) surface area

dN
[_ dI:A] = —THA] * Svor = kCHA * Spor (7)
vor

(iv) Based on cylindrical surface area

dN
[_ %]cyl = —MHa] * Scyl = kCHA * Scyl (8)

Interfacial surface area of the geometrical shapes follows the order Sg; < Spar < Syor < S¢yi- Accordingly the order of rate of
disapperance of carboxylic acid (HA) with respective to the avilable interfacial surface area is as follows:

dN dN dN dN
[_ HA] < [_ HA] < [_ HA] < [_ HA] (9)
at lcir at lIpar at lyor at lcyp

The cross sectional surface area of a circle is always lesser than the surface area of a parabola with the same radius. Also,
surface area of a cylinder is always greater than the vortex or Gabriel’s horn shape when the dimension of length (depth) and
radius are same. But surface area of parabola is greater than surface area of vortex when dimensions are same (i.e. radius and
depth). It will never be the case, because surface area of a parabola is proportional to the depth of the parabola. The depth of the
parabola increases with increasing stirring speed as shown in Figure 3.The relation between stirring speed and the geometrical

shape is given by Eq (10). The general relation between depth of the parabola (d;) and the parabola function (?) where (p;) is

depth factor is given by Eq(11) and as shown in Figure 3(a). Figure 3(a) shows parabola with different depths (i.e.i =
I11, 111 & IV) and the relevant depth factors are shown in Figure 3(b).The depth of the parabola is inversely proportional to
depth factor Eq(12). Therefore, the low value of depth factor having large depth and more surface area avilable as given in
Eq(14). It will never reach case IV as shown in Figure 3(b) instead it may turns into vortex at the stirring speed where (p;=1)
and the geometrical shape with stirring speed is given by Eq(15)®. At very high speeds the interfacial area between phases turn
into cylindrical.

P—Pg = pwzzrz - pgd; (10)
P —pressure at the free surface

Py, — pressure at the depth (d;)

g — gravitational constant

p — density of the fluid

w — speed of rotation

r — radius of the geometrical shape

di =X = J;_L (11)
1
d;a o (12)
pr <pu <P (13)
SPar, < SP(J,T” < SPaT”I (14)
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pr?

P—P2=pg(x1—x2)—m (15)
Kk — angular mmentum
(x; — x,) — depth of the vortex

CONCLUSION

Separation of biotechnologically produced carboxylic acids (from fermenter) using reactive extraction involves the complex
formation reaction between acid and extractant. In this work, the rate of reaction (liquid-liquid extraction) was theoretically
correlated with interfacial area between the aqueous and organic phases and its variations with stirring speed. Based on ranges
of stirring speed, four pace zones (slow, medium, fast and very fast) were classified in the Lewis type cell. Interfacial surface
area of different geometrical shapes follow the order of S < Spar < Syor < S¢yi. Therefore, Hatta number (Ha=1) rate of
reaction is increasing with increasing stirrring speed by interfacial area which increase mass transfer coefficient.
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Figure 2Effect of stirring speed on geometrical shape of interfacial surface area (a), circular; (b), parabola/ forced vortex;
(c), free vortex; (d), cylindrical
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Figure 3Transition of parabolic surface area with increasing speed (a), depth variation ;(b),depth variation with respect to vessel diameter;
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Pace zone Geometrical shape Surface area formula

A Circle:
Y-axis

Seir = ffrd&dr

‘m‘ r-axis 0el0,2m]and re[0, 7]

Slow dr Seiy = T2

Parabola:
\Y -axis

- Y\
u=1+ 4(—)
Y1 P

5
T 2

Y s,,ar=—pf Vi du
8 Y1

3/
p Yy 2 2
Spar = 6 [(1 +4 <5) ) ;121

Vortex:

Medium

Y-axi =4
A -axIs y = ;
’ dy 1

x2

VOT
~ameas |y /(1+(——)2) ax
) Vet +1

S,,or—Zn*a*

1 x3
xt+1 b/x*
oo [ gy s 2 [T
1 x

D dx = 2m

Fast

=

1
b\/F
Spor 2 2mxax | — dx

. X
bq

Svor = 27T*a*f — dx
L X

Syor = 2W*a* [log(x)HJ
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Cylinder:

x = 1; (constant)

_\ . dx
X=r o X-axis — =0
C_/ Ay,” dy

, E Y2
; : S =2 [ /T @D dy
| : Y1
Very fast : . Seyt = 211 (y2 — ¥1)

: E hcyl =Y2—0N
E E Scyl = anihcyl
S — KM
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