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a b s t r a c t

Free enzyme lipolase 100 T from Thermomyces lanuginosus has been investigated as a hydrolyzing catalyst
in a spray extraction column. The aqueous buffer (pH 7.0) enzyme solution as continuous phase (batch-
wise) and the oil as dispersed phase have been used. Various operating parameters which affect the drop
size in a spray column, i.e. nozzle diameter, oil flow rate, etc. have been studied. Using the optimized
flow rate and nozzle diameter, the effect of various other operating parameters such as concentration
of enzyme, enzyme solution height (oil residence time) on the hydrolysis reaction has been evaluated.
The highest conversion is obtained for the optimum flow rate of 3.8 ml/min and the nozzle diameter of
pray column
rop size distribution
astor oil

nterfacial area
atch reactor

0.75 mm. The experimental result showed that the extent of hydrolysis of castor oil is 0.16% in a column
reactor due to drop coalescing is almost equal to the hydrolysis due to drop residence time of 1 min in
the column. It was also observed that the enzyme activity does not show any appreciable change up to
a maximum of 44 passes in the spray column. The contributions of various hydrodynamic phenomena,
such as drop formation, rise and coalesce of drops, to the overall hydrolysis rate have been estimated and
discussed. Experimental data obtained for the spray column have been compared with that of an agitated

batch reactor.

. Introduction

Fatty acids produced by hydrolysis of triglycerides are the basic
aw material for a wide range of chemicals. The usual methods for
ydrolysis of triglycerides to fatty acids and glycerol employ high
emperature and pressure [1] and therefore, are not suitable for
he hydrolysis of heat sensitive oils such as castor oil. Enzymatic
ydrolysis is a good alternative for such heat sensitive oils since
he use of enzyme for the hydrolysis (carried out at room temper-
ture) not only gives colorless pure product but also reduces the
yproduct formation due to enzyme specificity. The main disad-
antage of enzymatic hydrolysis is slow reaction rate and high cost
f enzyme. Due to reduction in the cost of enzymes in recent times,
he enzymatic fat-splitting and other similar enzymatic reactions
ave shown a renewed interest [2]. The industrial use of lipase for
plitting of lipids as energy saving process has been cited in the
iterature, especially for value-added products and heat sensitive
atty acids [3].
Usually, enzymatic hydrolysis is carried out in a batch reactor.
arious reactor configurations have been reported using immo-
ilized lipases and a comprehensive review of the literature has
een carried out by Malcata et al. [4], Prazeres and Cabral [5],
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and Balcao et al. [6]. In our earlier work on optimization of the
enzymatic hydrolysis of the castor oil in a batch reactor, it was
shown that the rate of reaction shows a significant decrease after
1 h [7]. Similarly, different modifications in the processes aimed
at increasing the hydrolysis rate were not successful [8]. In addi-
tion, our study concluded that the decrease in the rate of hydrolysis
was because of the replacement of enzyme from the oil/aqueous
phase interface by the product fatty acid due to latter’s higher
affinity for the oil–water interface. Thus, it was thought desirable
to develop a continuous process for the hydrolysis of castor oil
with continuous removal of the product (fatty acid) resulting into
enhanced hydrolysis rates. Stirred tank reactor (STR) operated in
a batch and continuous manner (CSTR) [4,8], packed bed reactor
(PBR) [9,10–15], fluidized bed reactor (FBR) [16] and membrane
reactor [17,18–21], etc. have been reported to carry out different
enzyme catalyzed reactions. All the work reported has mostly used
an immobilized enzyme. The immobilization of enzyme on certain
material makes the system heterogeneous. Packed bed reactor is an
option in such situation. Even though the enzyme can be recovered
and reused due to heterogeneity, intraparticle diffusion retards the
reaction significantly. These disadvantages of heterogeneous sys-
tem can be overcome using enzyme in a soluble form. In a spray

column operation, column is filled with continuous phase while the
other phase is dispersed using a nozzle either from top or bottom
of the column depending upon the density of the dispersed phase.
Usually, spray columns are used for the liquid–liquid extraction;
but it can also be used for enzyme catalyzed reactions especially

dx.doi.org/10.1016/j.molcatb.2010.06.010
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Nomenclature

n number of coalesce events (drop/s)
A disappearance of the area (m2)
m mass of single oil drop (kg)
v∞ rise of single oil drop (m/s)
Np power number
d diameter of the impeller (m)
N speed of impeller (rev/s)
dP diameter of the oil drop (m)
v∞ terminal rise velocity of the drop (m/s)
H hydrolysis of oil (%)
t time (min)
a interfacial area (m2/m3)
c concentration of the enzyme in buffer solution

(mg/l)

Greek characters
� interfacial tension (N/m)
� density of the mixture (kg/m3)
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�� density difference between dispersed and continu-
ous phase (kg/m3)

hen enzyme is in a solubilized form and is present as a separate
hase.

In the present work, enzyme has been selected as a bio-catalyst
or the hydrolysis of castor oil. Lipases are ubiquitous enzymes
hose biological function is to catalyze the hydrolysis of triacyl-

lycerols. Due to high specificity and stereo-selectivity, lipases have
een used as catalyst for various reactions such as hydrolysis, ester-

fication, and transesterification. Roberto [22] has reviewed various
roperties and uses of Thermomyces lanuginosus. The presence of
ater–oil interface is known to enhance the hydrolytic activity of

ipases. The first confirmation of the structural rearrangement was
rovided by the crystal structure for small R. michei lipase [23,24].
he active sites of lipases are found to be covered by surface loop
alled a lid or flap. On contact with the interface, the lid opens out
nd the active sites are accessible to the substrate.

In a spray column reactor, the formation of the oil drop, its
ize, and frequency which decides the interfacial area between
he oil and continuous enzyme buffer phase is dependent on the
ozzle diameter, flow rate of oil feed, etc. The usual high temper-
ture high pressure process of manufacturing fatty acids are not
uitable for castor oil hydrolysis because of intermolecular ester-
fication of ricinoleic acid resulting in the formation of estolide
1]. Thus, enzymatic hydrolysis of castor oil was investigated. The
ffect of geometric parameters such as nozzle diameter, continu-
us phase height and operating parameters such as oil flow rate,
esidence time and enzyme concentration on the extent of reac-
ion was studied. The effect of interfacial area, interfacial agitation,
nd concentration of enzyme solution on the rate of hydrolysis has
een correlated. The data obtained from the spray column study
ave been compared with the batch stirred reactor data for energy
fficacy of the hydrolysis process.

. Materials and methods

.1. Enzymes and chemicals
The substrates, tributyrin and castor oil, were purchased from
imedia Laboratories Ltd. (Mumbai, India) and IPCA Chemicals and
osmetics Ltd. (Mumbai, India), respectively. The enzyme lipase

rom T. lanuginosus was gifted by Novo Nordisk Ltd. (Bagsvaerd,
enmark). As per the specifications provided by the manufacturers,
Catalysis B: Enzymatic 67 (2010) 1–9

the enzyme promoted the hydrolysis of a wide variety of triglyc-
erides with 1,3-specificity. Eudragit L-100 used for immobilization
was obtained from Rohm Haas, Germany. The cross-linker 1-ethyl-
3-(3-dimethylaminopropyl) carbodi-imide (EDC) was purchased
from Sigma Chemical Co., Germany. All the other chemicals used
were of laboratory reagent grade.

2.2. Analytical methods

2.2.1. Lipase assay with tributyrin as a substrate
Lipase assay was performed with tributyrin as a substrate. Trib-

utyrin (1 ml) was incubated with the conjugated lipase (1 ml) in the
presence of phosphate buffer (pH 7) for 10 min [25]. At the end of
incubation, the reaction was terminated by the addition of 20 ml
methanol and the contents were titrated against NaOH (2 M, in
methanol) using phenolphthalein as an indicator. The blank con-
tained the same constituents as the test except the enzyme. One
unit of Lipase activity was defined as the amount of enzyme necessary
to hydrolyze 1 �mol of ester bond per minute under assay conditions.

2.2.2. Determination of the fatty acid concentration
The concentration of fatty acid was determined by titrimetric

method as discussed in earlier work [7].

2.2.3. Measurement of drop size and residence time
The drop size of the castor oil, i.e. dispersed phase in a column

reactor is required to estimate the interfacial area available for the
enzymatic hydrolysis of the oil. The castor oil was sparged continu-
ously in the form of individual oil drops through a nozzle of known
diameter into a column (batch-wise) filled with the enzyme solu-
tion and single drop was formed at the nozzle tip. The volumetric
flow rate of the dispersed phase (oil) was monitored with the help
of a peristaltic pump by determining the time required for a mea-
sured quantity of castor oil to flow through the pump. The number
of drops was manually measured over a required period of time and
the diameter of the drop was estimated by volume balance using
formula.

do =
(

6Tv
�N

)(1/3)
(1)

Similarly, the time of rise of drop from bottom up to top level of the
enzyme solution (i.e. residence time of the drop in column) for one
pass was measured three times, and the average drop residence
time in the column of the enzyme solution of a specific height was
estimated.

2.3. Enzyme preparation

The enzyme was dissolved in 0.2 M sodium phosphate buffer
solution of pH 7. The enzyme solution was kept overnight to settle
the binder added in the solid enzyme. Next day, the enzyme solu-
tion was centrifuged and clear enzyme solution obtained was used
for the experiments after measuring its activity.

2.4. The process of conjugation of lipolase to Eudragit L-100

The conjugation method developed by Kulkarni [25] has
been adopted. According to the procedure, conjugation was car-
ried out by cross-linking the enzyme to the Eudragit L-100
polymer using the bifunctional cross-linking agent 1-ethyl-3-(3-
dimethylaminopropyl) carbodi-imide (EDC).
2.5. Hydrolysis of oil

The spray column reactor consists of a glass column of 25 mm
inner diameter and 2 m height (Fig. 1). The bottom of the column
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Fig. 1. Experimental set-up for enzymatic hydrolysis of oil in spray column.

as packed using a rubber cork provided with a single glass noz-
le of 0.75 mm inner bore diameter. Five side ports were provided
o the column at the interval of 470 mm each for the continuous
emoval of partially hydrolyzed oil from a predecided flight path
liquid column height of the enzyme solution). The provision of
he ports helps to check the activity of the enzyme at any time
ntervals from the different locations and also provides the effect
f the height of the enzyme solution (oil drop residence time) on
he rate of the castor oil hydrolysis. The continuous phase, i.e. lipo-
ase enzyme in a buffer solution (pH 7) was placed in the glass
olumn in such a way that there was a gap of 40 mm from the pre-
ecided outlet. Thus, there was always 40 mm oil layer at the top
f the oil–enzyme solution interface. This arrangement prevents
he entrainment of the aqueous solution (enzyme loss) along with
he oil during the collection of the oil drop after every pass of the
ispersed oil phase. Thus, the oil gets added to the lower part of
he oil layer and is removed from the upper section (Fig. 1). The
xpanded view of the oil–enzyme solution interface at the top of
olumn has been shown in Fig. 2. This arrangement also promoted
ome enhancement in the hydrolysis rate due to the coalescence of
rops with the oil layer. The contribution of this has been discussed

ater in detail. The dispersed phase, i.e. oil was pumped though the
ozzle at a known flow rate using a peristaltic pump. The partially
ydrolyzed oil was collected from the predecided outlet side port.
he hydrolyzed oil was analyzed for the acid value to assess the per-
entage of hydrolysis (extent of reaction). The column was operated
t a room temperature (35–40 ◦C) for all the experiments.

The effect of various operational and design parameters were

tudied and the results are described below.

.5.1. Effect of oil flow rate
Flow rate of oil is an important parameter in this study as it

ecides the size of the oil drop formed with a specific nozzle size
Fig. 2. Enlarge view of oil–enzyme solution at the top of spray column.

as well as the average disperse phase hold-up and the available
aqueous-oil interfacial area (drops and the top layer interface).
Experiments were carried out in a spray column with four differ-
ent oil flow rates. The free enzyme solution with a concentration
of 10 g/l (activity 10 unit/ml and protein content 0.37 mg/ml) was
filled in a glass column up to height of 1800 mm. Using nozzle diam-
eter of 0.75 mm, the oil was passed though the free enzyme solution
at a flow rate of 1.7 ml/min and the partially hydrolyzed oil was
collected at the top and was analyzed after every two passes. The
process was continued for a total of 10 passes. The procedure was
repeated for three other oil flow rates, i.e. 1.3, 3.8, and 4.4 ml/min.
The height of the enzyme solution (1800 mm), concentration of the
enzyme in the aqueous buffer solution, and the nozzle diameter
(0.75 mm) were kept constant for all these oil flow rates.

2.5.2. Effect of nozzle diameter
Second set of experiment was carried out using three different

nozzle diameters. Lipolase enzyme solution (concentration 10 g/l)
was filled in a glass column up to a height of 1800 mm. Castor oil was
pumped at a flow rate of 3.8 ml/min with a nozzle diameter of 1 mm.
The partially hydrolyzed oil was collected from the outlet was again
recycled. This procedure was continued for 10 such cycles (passes)
and the samples were collected after every two cycles (passes) for
the determination of the acid value to assess the extent of hydrol-
ysis. This procedure was repeated using 1.5 mm diameter nozzle
while the flow rate and the height of the enzyme solution were
kept constant.

2.5.3. Effect of enzyme concentration
Lipase-based enzymatic catalytic reactions are interfacial reac-

tions; hence the concentration of the enzyme at the interface plays
an important role in deciding the overall rate of the hydrolysis of
the oil. In order to check the effect of enzyme concentration on
the rate of hydrolysis in a spray column, three different enzyme
concentrations, i.e. 2.5 g/l (activity 6.16 unit/ml and protein con-
tent 0.215 mg/ml), 5 g/l (activity 7.3 unit/ml and protein content
0.266 mg/ml), and 10 g/l (activity 10 unit/ml and protein content
0.37 mg/ml) were tested in a spray column. The height of the

enzyme solution, flow rate of the oil, and the nozzle diameter were
1800 mm, 3.8 ml/min and 0.75 mm, respectively, for all the studies
of the enzyme concentration.



4 ecular

2

b
i
s
t
a
i
w
9
T
t
i
h
fl
w

2

t
t
t
3
E
w
u
p
e

2

o
o
u
r
e
e
t
e

3

3

(
s
w
o
i
o
w
w
d

T
E

Fig. 3 shows the effect of the nozzle diameter on the hydrol-
ysis of oil with respect to the number of passes for the flow rate
of 3.8 ml/min. It shows that the percentage hydrolysis of the oil
increases linearly with the number of passes for all the nozzle
V.K. Rathod, A.B. Pandit / Journal of Mol

.5.4. Effect of drop residence time
The residence time of a single drop in a column was changed

y changing the height of the enzyme solution. Two sets of exper-
ments were carried out in a spray column. In set I, the enzyme
olution was filled up to a height of 1800 mm. The oil was pumped
hrough the enzyme solution and the partially hydrolyzed oil was
nalyzed after every two passes. The residence of the single drop
n a column was measured after each pass. The totals of 36 passes

ere given. In set II, the enzyme solution was filled up to a height of
00 mm with a 40 mm space below the outlet in each of the cases.
he procedure as discussed for set I was repeated. In order to main-
ain the total residence time equal to 36 passes for 1800 mm height
n the enzyme solution, 72 passes were made for 900 mm column
eight of the enzyme solution. The enzyme concentration (10 g/l),
ow rate of oil (3.8 ml/min) and the nozzle diameter (0.75 mm)
ere kept constant for these sets of experiments.

.5.5. Comparison of spray column with agitated batch reactor
Various batch experiments were performed for the different

ime intervals, i.e. 2, 4, 6, 8, 10, 12, and 14 min (equivalent to the
otal residence time in the spray column) in a 100 ml glass reac-
or. Oil-to-free enzyme solution ratio and the stirring speed were
:1 and 2500 rpm, respectively, which were optimized earlier [7].
very time, the experiments were performed in separate batches
ithout sampling. The concentration of the free enzyme solution
sed for all these experiments was 10 g/l (activity 10 unit/ml and
rotein content 0.37 mg/ml), same as that used in the spray column
xperiments.

.5.6. Comparison of free enzyme with conjugated enzyme
In the present study, the conjugation of the enzyme was carried

ut using the method reported by Kulkarni [25]. As the enzyme
btained after the conjugation is in the soluble form, the spray col-
mn is the best equipment for carrying out the hydrolysis of the
eaction. In order to compare the performance of the conjugated
nzyme in a spray column with that of the free enzyme, the same
xperimental procedure was repeated for the free enzyme solu-
ion experimental runs. All the experimental runs using conjugated
nzyme were carried out at room temperature (35–40 ◦C).

. Results and discussion

.1. Effect of oil flow rate

The effect of oil flow rate on the extent of castor oil hydrolysis
expressed as percentage) with respect to the number of passes is
hown in Table 1 for a nozzle diameter of 0.75 mm. It was found that
ith an increase in the oil flow rate, the percentage hydrolysis of

il increases up to an optimum flow rate of 3.8 ml/min after which

t decreases. The percentage hydrolysis obtained for an oil flow rate
f 3.8 ml/min after 10 passes (equivalent residence time of 5 min)
as 4.52% while it was 3.0% for an oil flow rate of 4.4 ml/min. It
as observed that at higher oil flow rate, the distribution of oil
rops was uneven and also the preceding drop disturbed flight

able 1
ffect of flow rate on percentage hydrolysis of oil (nozzle diameter = 0.75 mm).

Number of passes % hydrolysis

1.3 (ml/min) 1.7 (ml/min) 3.8 (ml/min) 4.4 (ml/min)

0 0 0 0 0
2 0.37 0.35 0.67 0.42
4 0.77 0.71 1.36 0.9
6 1.13 1.4 1.9 1.3
8 1.49 1.86 2.7 1.6

10 1.9 2.4 3.42 1.9
Catalysis B: Enzymatic 67 (2010) 1–9

and the rise velocity of the subsequent drop. At higher flow rate
of 4.4 ml/min, pressure drop across the nozzle is very high and
rather than forming a single drop, the oil phase forms a jet which
subsequently breaks up randomly to give uneven distribution of
drop size. This uneven drop distribution may have given rise to
higher average drop diameter resulting in lower interfacial area
and lower extent of hydrolysis. Up to a flow rate of 3.8 ml/min,
with an increase in the oil flow rate, the oil drop size was found to
decrease resulting in higher interfacial area and higher dispersed
phase residence time as well as oil phase hold-up (lower rise veloc-
ity due to smaller drop size) resulting in higher extent of hydrolysis.
Here, it was found that the change in drop size and terminal rise
velocity with oil flow rate was marginal. For oil flow rates of 1.3,
1.7, and 3.8 ml/min, the sizes of drops formed were 4.2, 4.12, and
3.92 mm, respectively. The interfacial area formed was higher for
higher flow rates. It was found that the interfacial area formed for
the oil flow rate of 3.8 ml/min was 2.9 m2/m3 while it was 0.941
and 1.27 m2/m3 for the oil flow rate 1.3 and 1.7 ml/min, respec-
tively. Thus, with an increase in the dispersed phase flow rate,
interfacial area also increases and hence the percentage hydrolysis
was also found to increase. In jetting region, the drop size is con-
trolled by Rayleigh–Taylor type of instability, whereas buoyancy
and interfacial tension decide the drop size in the drop regime. A
relation between the hydrolysis rates and the interfacial area for a
given concentration of the enzyme solution has been empirically
correlated as follows:

dH

dt
= 0.37(a)0.52 (2)

This correlation was found to be valid only up to an oil flow rate,
where individual drop formation occurs at the nozzle. This correla-
tion does not explain the behavior at a higher oil flow rate where a
liquid jet is issued through the nozzle rather than individual drops.
The percentage hydrolysis can be obtained by integrating Eq. (2)
over the drop residence time for the desired number of passes.

3.2. Effect of nozzle diameter
Fig. 3. Effect of nozzle diameter on the percentage hydrolysis of castor oil (flow rate
– 3.8 ml/min and enzyme solution concentration – 10 gm/l).
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3.4. Effect of drop residence time

Fig. 6 shows the effect of drop residence time during its flight
in a spray column with respect to the number of passes for differ-
ig. 4. Effect of enzyme concentration on the percentage hydrolysis of castor oil
flow rate of 3.8 ml/min, nozzle diameter of 0.75 mm and enzyme solution concen-
ration – 10 g/l).

iameters studied in this work. However, the percentage hydrol-
sis of oil decreases with an increase in the nozzle diameter for
he flow rate of 3.8 ml/min. The percentage hydrolysis obtained
fter 10 passes for the nozzle diameter of 0.75 mm at a flow rate
f 3.8 ml/min was 3.42% as compared 1.6 and 1.26% for the noz-
le diameters of 1 and 1.5 mm, respectively (i.e. 37 and 54% higher
han that for 1 and 1.5 mm nozzle diameter, respectively) for the
ame flow rate (3.8 ml/min). This is mainly due to formation of very
mall drops with 0.75 mm nozzle diameter, i.e. 3.92 mm diameter
f the drop at a flow rate of 3.8 ml/min. The drop sizes obtained
ith 1 mm diameter and 1.5 mm nozzle diameter were 4.6 and

.78 mm, respectively. Similarly, interfacial areas formed (due to
maller drop size and higher dispersed phase hold-up) for 1 and
.5 mm nozzle diameter were 2.28 and 1.45 m2/m3, respectively,
s against 2.9 m2/m3 for 0.75 mm diameter nozzle.

.3. Effect of enzyme concentration

Fig. 4 gives the effect of the enzyme concentration on the %
ydrolysis of oil. It can be seen that with an increase in the concen-
ration of the enzyme from 2.5 g/l (activity 6.16 unit/ml and protein
ontent 0.215 mg/ml) to 10 g/l (activity 10 unit/ml and protein con-
ent 0.37 mg/ml), the percentage hydrolysis also increases. For a
otal residence time of 5 min in the spray column (i.e. 10 passes),
he percentage hydrolysis obtained for enzyme solution concentra-
ion of 2.5, 5 and 10 g/l was 1.5, 2.16 and 3.42%, respectively. The
xperimental data also shows that the increase in the hydrolysis
ith time (for all concentrations of enzyme solution) was linear

ut not directly proportional. This indicates that as the concentra-
ion of the enzyme is doubled, the extent of hydrolysis increases
nly by 30% (from 1.5 to 2.16% after 10 passes). As the reaction take
lace at the interface, an increase in the bulk enzyme concentration

eads to an increase in the enzyme concentration at the interface,
nd hence, percentage hydrolysis of oil increases. Nevertheless, for
iven hydrodynamic parameters, the extent of hydrolysis is likely to
ncrease with an increase in the enzyme concentration till the inter-
ace is saturated with the enzyme. Once the interface is saturated
ith the enzyme, any further increase in the enzyme concentration
ay not necessarily lead to a further increase in the hydrolysis rate.

imilarly, it is also reported that the enzyme has tendency to form

ggregates at higher concentration [26], and this could be another
eason for no appreciable change in the extent of hydrolysis with an
ncrease in the enzyme solution concentration. An empirical cor-
elation showing the dependence of interfacial area and enzyme
oncentration on the hydrolysis rate has been developed, and is
Fig. 5. Parity plot for the rate of hydrolysis of oil.

given by:

dH

dt
= 0.112(a)0.51(c)0.52 (3)

The exponents over interfacial area and concentration of the
enzyme in buffer solution are almost same, which shows an equal
dependence of the interfacial area and the enzyme concentration
on the rate of hydrolysis. The percentage hydrolysis could also be
predicted using Eq. (3) for different operational parameters, i.e. flow
rate and nozzle diameter. For the purpose of comparison, these
results have also been plotted in Fig. 5. The parity plot shows that
Eq. (3) is able to correlate all the experimental data within ±15%.
Fig. 6. Effect of number of passes on the percentage hydrolysis of oil for different
height of enzyme solution (flow rate – 3.8 ml/min, nozzle diameter – 0.75 mm and
enzyme solution concentration – 10 g/l).
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Fig. 8. Effect of number of passes on the percentage hydrolysis obtained due to
coalescence only.

hydrolysis obtained in spray column by considering only 14 min of
ig. 7. Effect of drop residence time on % hydrolysis (combined) for two different
eight of enzyme solution.

nt heights. As the height of the enzyme solution was increased
rom 900 to 1800 mm, the percent hydrolysis of oil did not increase
roportionally as expected. It was expected that the percentage
ydrolysis obtained for 1800 mm enzyme solution height would
e double that of 900 mm enzyme solution height for equivalent
ean drop residence time. The effect of enzyme solution height on

he percentage hydrolysis of oil can be seen by plotting residence
ime of oil drop against the enzyme solution height (Fig. 7). Fig. 7
hows that the difference in the percentage hydrolysis of the oil
ncreases linearly with an increase in the residence time. For 16 min
f mean drop residence time, the percentage hydrolysis obtained
as 12.5 and 8.99% for 900 and 1800 mm height of enzyme solution,

espectively. This unexpected behavior is due to the contribution
rom the coalescence of the oil drops at the oil–enzyme solution
nterface at the top of the column disturbing and renewing the
nterface, which must be contributing to the overall hydrolysis. Due
o the coalescence of the oil drops in the top oil layer, the interface
ets disturbed, and possibly gets renewed, exposing it to the fresh
nzyme solution entrained by the rising oil drop, thus prompting
urther hydrolysis. To get the same oil drop residence time in an
nzyme solution height of 900 mm as against 1800 mm, the number
f passes needs to be doubled. This also increases the contribution
o hydrolysis from the coalescence phenomenon as the numbers
f coalescence events are also doubled. The percentage hydrolysis
btained after 2 min of residence time for 1800 mm enzyme solu-
ion height was 0.95% while it was 1.6% for the same residence
ime (2 min) for 900 mm enzyme solution height. However, the
umbers of passes for 2 min residence time for 1800 mm enzyme
olution height were 4, and these were 8 for 900 mm enzyme solu-
ion height. Thus, the difference in the extent of hydrolysis for the
ame mean drop residence time was 0.65%. This difference gives
he extent of hydrolysis due to the increased number of coales-
ence events of the oil drops (four additional passes and hence
oalescence events). Fig. 8 gives the effect of number of passes on
ctual percentage hydrolysis of oil only due to the coalescence of
rop with the top oil layer and the interfacial disturbance. The per-
entage hydrolysis due to coalescence increases at a constant rate
ith an increase in the number of passes. Similarly, the percentage

ydrolysis obtained because of mean drop residence time of drop
drop flight time) in enzyme solution was estimated (Appendix) by
ubtracting the effect of coalescence events (per cycle or pass) from
he total extent of hydrolysis obtained and the results can be seen in
Fig. 9. Effect of residence time of drop on the percentage hydrolysis obtained by
residence time of drop only.

Fig. 9. It is found that the extent of hydrolysis obtained only by the
coalescence of oil drop with the top oil layer for four pass (i.e. four
set of coalescence events) is two times higher than the contribu-
tion of the moving oil drop mean residence time (drop flight time).
The total extent of hydrolysis obtained with an enzyme solution
height of 1800 mm after four passes was 0.95% with the balance
hydrolysis of 0.30% coming from the drop rising phenomenon (i.e.
for residence time of 2 min) for four passes. This suggests that, just
by increasing the liquid height (residence time) is not an efficient
way to increase the hydrolysis of the oil in a spray column type
of apparatus, but having intermediate sieve plates, where the drop
coalesce and redispersion occurs may be a better choice. The energy
efficiency of these two modes (flight/drop rise and coalescence) of
reaction has been presented in Table 2. The detailed calculation can
be seen in Appendix.

3.5. Comparison of spray column with agitated batch reactor

The results obtained from different batch experiments are com-
pared with the spray column study and are shown in Fig. 10. The
the mean oil drop residence time in the enzyme solution is only
3.06% as against 14.19% in the batch stirred reactor. In addition,
the hydrolysis obtained after combining the effect of coalescence
(25 coalesces event due to 25 passes) and drop rising phenomenon
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Table 2
Comparison of energy dissipation for different modes and batch reactor.

Mode of hydrolysis Drop flight Drop coalesce at interface Batch reactor

Energy dissipation rate (W) 3.96 × 10 −7 −7

% hydrolysis 0.3
Time/coalesce 2 min
% hydrolysis/energy dissipated (J) 6.313 × 103
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This clearly shows that there was no deactivation of enzyme in the
spray column operation. Although conjugated enzyme gives lower
conversion as compared to the free enzyme solution, the conju-
gated enzyme can be continuously used in the spray column for
ig. 10. Comparison of the batch experiments (oil: enzyme solution – 3:1, speed of
mpeller – 2500 rpm and enzyme concentration – 10 g/l) with spray column (flow
ate – 3.8 ml/min, nozzle diameter – 0.75 mm and enzyme concentration – 10 g/l).

14 min of residence time) is 50% when compared with batch
ydrolysis for 14 min of reaction period. When oil drop coalesce,
here is a release of energy due to decrease in the surface area
nd the dissipation of the kinetic energy due to the rising drop
issipating its momentum at the interface and interfacial energy
eleased due to the reduction in the interfacial area. Thus, the
nergy dissipation rate during the coalescence of oil drop at the
nterface of enzyme solution and oil has been calculated using Eq.
4) (Appendix):

C = [n × A × �] +
[

1
2

× n × m × v2
∞
]

(4)

Also, the energy dissipation rate for the batch process was cal-
ulated by the following equation:

B = Npd5N3� (5)

Similarly, the energy dissipation rate during the drop fight time
n spray column was calculated by the following equation:

R = �

6
d3

p��v∞ (6)

It has been found that the energy dissipation rate during the
oalescence of the oil drops at the interface, during drop flight for
ne pass, and in the batch reactor was 5.822 × 10−7, 6.8 × 10−5 and
.188 J/s respectively (Table 2). Thus, the energy dissipation rate is
ery high in a batch reactor as compared to energy dissipation rate
t the interface in a spray column reactor. Similarly, the percentage
ydrolysis obtained for a single set of coalescence events (for a drop
ight time of 2 min and for a 2-min batch reaction) was also cal-
ulated. Finally, the extent of hydrolysis per unit energy dissipated
as estimated for a single drop, drop flight time, and for batch reac-

or. The extent of hydrolysis obtained per unit energy dissipated

ue to drop flight time and coalescence phenomenon was found to
e 3.6 × 104 and 6.4 × 105 times higher as compared to that for a
atch reactor (solution). On the other hand, the extent of hydrolysis
er unit energy dissipated due to coalescence phenomenon is 175
imes higher than that for the drop flight time. In a batch reactor,
5.822 × 10 0.188
0.1615 1.93
Singe coalesce 2 min
5.54 × 105 0.0855

the energy used in agitation is also used for the agitation of the bulk
continuous phase. This energy is not fully utilized; only a fraction
of it is utilized in renewing the oil–enzyme solution interface. This
indicates that the energy dissipation due to the coalescence phe-
nomenon in a spray column is much more effective in promoting
the hydrolysis as compared to the stirred reactor. A very small frac-
tion (<1%) of the total energy supplied by the agitator is utilized in
generating the interfacial area and for an increase in the interfacial
mass transfer as compared to the spray column with coalescence
at the top. Coalescence and redispersion phenomena occurring at
the interface, and the energy dissipation due to the same appears
to be much more effective for interfacial transport and interfacial
reaction phenomenon.

3.6. Comparison of free and immobilized enzyme

Fig. 11 gives the comparison between the percentage hydroly-
sis obtained for different number of passes in spray column for free
enzyme and conjugated enzyme. It was observed that the percent-
age hydrolysis increases linearly with an increase in the number
of passes for conjugated enzyme. However, the rate of reaction
for the free enzyme solution was marginally higher than conju-
gated enzyme solution. It was found that the percentage hydrolysis
obtained after 44 passes which equals 22 min of residence time
in a spray column for free enzyme was 12% more than obtained
for immobilized enzyme solution. This difference in the extent of
hydrolysis is attributed to the variation in the activity of the two
forms of the enzyme. The activity of the conjugated enzyme and free
enzyme solution used for the reaction was 10.5 and 10.8 units/ml
(at 10 g/l concentration), respectively. It was also observed that the
activity of the enzyme solution after 44 passes remains unchanged.
Fig. 11. Comparison of free enzyme with conjugated enzyme.
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continuous process as it can be separated, recovered, and recy-
led. Also, it has been proved that the conjugated enzyme used
n the present work can be successively reused up to 10 times
n a batch reactor for a reaction time of 1 h each time, indicat-
ng more than 10 h of stability, which is a main requirement in an
ndustry [7].

. Conclusions

Various operating parameters optimized in a spray column for
nzymatic hydrolysis of castor oil illustrated that a higher yield
an be obtained at optimum conditions of flow rate and nozzle
iameter, without encountering the deactivation of the enzyme.
he study revealed that the coalescence of the drops at the top
f the spray column plays an important role in the oil hydrolysis.
ore the number of passes more will be the coalescence events at

he column top and more will be the extent of hydrolysis. A sieve
late type of column will be more useful to carry out enzyme cat-
lyzed reactions. A correlation to predict the rate and the extent
combined) of hydrolysis has been developed as a function of the
perational parameters (interfacial area and the enzyme solution
oncentration). This correlation was found to be in good agreement
ith the experimental results obtained. The data reported in the
resent work can be used to design a spray column for an enzy-
atic reaction. The required oil drop mean residence time, number

f coalescence event (number of partitioning sieve plates) can be
esigned/accommodated into a spray column design to achieve a
esired degree of hydrolysis.

ppendix A.

.1. Calculation of percentage hydrolysis due drop coalesce and
ts flight time in spray column

Total hydrolysis obtained for 2 min of oil drop residence time.
% hydrolysis Number of

passes

a. For 1800 mm enzyme solution height 0.95 4
b. For 900 mm enzyme solution height 1.6 8

Hydrolysis obtained due to the coalescence phenomenon for
our passes = (1.6 − 0.95) = 0.65%.

Similarly, hydrolysis obtained due to 2 min residence time of the
il drop only = (0.95 − 0.65) = 0.3%.

Thus, hydrolysis due to coalescence phenomenon and residence
ime was calculated separately.

.2. Calculation of energy dissipation

.2.1. Determination of energy dissipation rate due to coalesce of
he oil drop at the interface (EC)

C = [n × A × �] + [(1/2) × n × m × v2
∞]

umber of coalesce events (n) = no. of drops
unit time

= 10
5

= 2

iameter of oil drop (dP) = 3.92 × 10−3 m

isappearance of the area = �d2
P

4
= 4.82 × 10−5 m2
olume of single drop (V) = �d3
p

6
= 3.14 × (3.92 × 10−2)

3

6

= 31.53 × 10−9 m3

[

[
[

Catalysis B: Enzymatic 67 (2010) 1–9

Mass of the single drop (m) = V × � = 31.53 × 10−9 × 815

= 2.56 × 10−5 kg

Thus, energy dissipation rate at the interface (E) is given by

EC = [n × A × �] +
[

1
2

× n × m × u2
]

EC = [2 × 4.82 × 10−5 × 4.8 × 10−3]

+
[

1
2

× 2 × 0.256 × 10−4 × 0.0522
]

EC = 5.822x10−7 J/s

Now, hydrolysis obtained due to drop flight time of 2 min = 0.3%.

% hydrolysis/energy dissipate = 0.1615 × 2

5.822 × 10−7 × 120

= 5.54 × 105% hydrolysis/J.

A.2.2. Energy dissipation due to the drop flight time in column
(ER)

ER = �

6
d3

p��v∞

ER = � × (3.92 × 10−3)
3 × (1000 − 815) × (6.8 × 10−3)

6

ER = 3.96 × 10−7 J/s

Therefore, % hydrolysis per unit energy dissipated

= 0.3/(5.822 × 10−7 × 120) = 6.13 × 103∞ % hydrolysis/J

A.3. Energy dissipation in batch reactor (EB)

EB = Npd5N3�

EB = 1 ×
(

2500
60

)3( 2
100

)5
× 815

EB = 0.188 J/s

Percentage hydrolysis per unit energy dissipated

= 1.93
0.188 × 120

= 0.0855 % hydrolysis/J.
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