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bstract

The work described here is concerned with the enhancement of liquid–liquid contact of oil/water mixtures using high voltage electrical fields.
he enzymatic hydrolysis of high oleate sunflower oil was studied in an electrically enhanced liquid–liquid reactor. The kinetics of the reaction were
easured at a range of applied electrical field strengths. The effect of electrical field upon liquid hold-up was also determined. The performance

f a laboratory scale electrically enhanced enzymatic reactor was evaluated in batch mode, in recycle mode and in continuous mode of operation.
he results of the study showed that the rate of reaction was significantly enhanced as the magnitude of the applied electrical field was increased.
he dispersed phase hold-up in the recycle reactor was reduced at increased electrical field strength and the rate of phase separation enhanced. The
nhanced interfacial area generated by electrostatic dispersion was one factor in the observed increase in the reaction rate. However the specific

ates of reaction (rate of conversion per unit interfacial area) for electrical dispersions showed a very large increase when compared with dispersions
f similar quality which were generated by mechanical agitation. A clear difference in the rate of reaction for a negative electrical field was also
bserved when compared with a positive electrical field.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The hydrolytic splitting of tri-glyceride esters to yield free
atty acids and glycerol – Scheme 1 – is a very important group
f chemical reactions relevant to the industrial processing of
atural oils and fats. Current large scale processing for this con-
ersion involves high temperature, high pressure counter-current
ontact of molten fat, water and steam typically at 75 bar and a
emperatures in the region of 250 ◦C [1–3]. Other options for
he hydrolysis under less rigorous physical conditions include
atalysis by acid, alkali and in the presence of enzymes. Lipoly-
ic fat splitting in the presence of enzymes has been studied
xtensively [4–8] and appears to operate most effectively in a
eterogeneous environment at a defined interface [9]. This com-

lements the physical requirement of interfacial area for mass
ransfer processes necessary for the supply of reaction substrate
rom the corresponding bulk phases. Verger and deHaas [9] and
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erger [10] reviewed various physical oil–water models in the
ontext of lipase function including emulsions, bilayers, and
icelles. Here we are concerned with liquid–liquid emulsions

f relatively low stability since product and enzyme recovery via
hase separation is an important process requirement. In partic-
lar we are concerned with using electrostatic fields to intensify
he dispersion of enzyme into the oil substrate and thus enhance
verall rate of reaction.

High voltage electrical fields may be used for the dispersion
f the aqueous phase into the oil phase in order to generate an
nstable emulsion [11–13]. With reference to Fig. 1 in which
small reactor is shown on the right hand side of the diagram,

onducting aqueous phase is fed through a conducting nozzle
here it acquires a high intensity electrical charge resulting in

n electrostatic spray into the oil phase [14]. Dispersed phases
f higher conductivity acquire electrical charge more rapidly at
he nozzle and thus detachment conditions are enhanced thus

eading to easier spray formation and drop de-stabilisation [15].
he pH of the solution, the presence of buffer and salt concentra-

ion may affect the dispersion rate and also exert an important
nfluence upon lipase activity [16–19]. It is also possible that
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26 L.R. Weatherley, D. Rooney / Chemical Engineering Journal 135 (2008) 25–32

e
o

e
k
f
t
p
c
h
a
V
m
p
g
t
e

m
w
t
r
v
a

F
o

Table 1
Fatty acid composition of high oleate sunflower oil [20]

Name Short % (w/w) Formula MW MP (◦C)

Palmitic 16:0 3.6 CH3(CH2)14COOH 256.43 62.9
Stearic 18:0 3.8 CH3(CH2)16COOH 284.48 70.1
Oleic 18:1 80.9 C17H33COOH 282.47 14.0
Linoleic 18:2 10.0 C17H31COOH 280.46 −5.0
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Scheme 1. Hydrolysis of tri-glyceride ester.

lectrical spraying conditions influence lipase activity because
f the charged nature of the protein molecule.

The reaction of tri-glyceride esters with water in the pres-
nce of lipase is fundamentally an interfacial reaction and the
ey to a successful reactor is the efficient generation of inter-
ace between the two phases. The method of generation should
ake into account enzyme stability, liquid–liquid stability, and
roduct recovery. Earlier work by Rooney [20] and Jones [21]
learly demonstrated the ability to enhance rates of enzymatic
ydrolysis of sunflower oil using electrical fields. Preliminary
nalysis of the reaction kinetics [22] confirmed other work by
erger and deHaas [9] and Verger [10] that a Michaelis–Menten
odel which incorporates concentration of interfacial area as a

arameter which partially determines reaction kinetics offers a
ood refinement for two phase systems. This model showed par-
icularly good application to lipolytic hydrolysis of tri-glyceride
ster.

In this paper we are concerned with comparing options for
ode of operation of an electrically enhanced bioreactor. Factors
hich affect rate of reaction and the equilibrium conversion are

he main focus. Since lipase catalysed hydrolysis is an interfacial

eaction, it is clear from earlier studies that drop size and the
olumetric hold-up of the dispersed enzyme-rich aqueous phase
re critical parameters in determining reactor performance.

The goals of the research described here are as follows:

ig. 1. Overall experimental arrangement of the reactor system—incorporating
ptions for batch, recycle, or continuous operation [11].
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icosanoic 20:0 0.7 CH3(CH2)18COOH 312.54 76.1
ocosanoic 22:0 1.0 CH3(CH2)20COOH 340.60 80.0

1) To demonstrate the intensification of the lipase catalysed
hydrolysis of high oleate sunflower oil by electrostatic
spraying and to compare the effectiveness of the technique
with mechanical dispersion.

2) To compare the performance of a batch reactor, a recycle
reactor, and a semi-continuous reactor and to quantify the
role of hold-up and drop-size in each case.

. Experimental

.1. Materials

The tri-glyceride ester chosen for the study was high oleate
unflower oil which was chosen for its stability but also for
ts favorable physical properties for liquid–liquid studies in the
resence of electrical fields, and because it met the criteria for
fficient creation of electrostatic sprays [23]. The overall com-
osition of the oil was 96.5% tri-glycerides; 2.5% diglycerides,
.8% sterol esters and <0.3% free fatty acids. The fatty acid
istribution of the oil is shown in Table 1. The mono-/di-/tri-
lyceride compositions were measured by high performance
iquid chromatography (HPLC) as described by Liu et al. [24].

The lipase used in the experiments was from Candida rugosa
F360 (Meito Sangyo) with specific activity of 115,000 LU g−1

ased on a standard of olive oil hydrolysis at 30 ◦C.

.2. Stirred batch reactor

Initial studies were conducted in a small mechanically stirred
atch reactor and in an electrically enhanced batch bioreactor
ith a predetermined final oil:water ratio (weight basis) and

nzyme concentration (also on a weight% basis) which were
reset prior to the start of the reaction. Details of the reactor are
escribed elsewhere [11]. The first experiment involved mechan-
cal agitation of the reaction mixture, total volume 60 mL. The
eaction under these conditions was conducted in a 100 mL con-
cal flask using a mechanical stirrer (make IKAMAG® REO)
sed in conjunction with a 8 mm magnetic stirrer bar to effect
ixing at a constant speed of 500 rpm. All reactions were carried

ut at ambient temperature (20–25 ◦C) and pressure. The reac-
ion was followed by the periodic withdrawal of a small sample
0.5–1 g) to which was added approximately 50 mL of a 50:50

v/v) mixture of acetone in ethanol to solubilize the oil and reac-
ion products. An additional effect of adding the solvent is to
enature the enzyme and stop any further reaction from occur-
ing. This solvent mixture was observed to be the most effective



al En

f
s
i
t
e
t
b
h

%

w
d
f

u

T
e

%

w
s
o
f

s
c
s
r
c
a
[

o
e
s
T
t
n
p
f
i
t
a
c

r
a
a
q
t
t
r
t
o

w
s
o
r
T
u
h
p

t
fl
b
fl

i
e
t

c
s
u
f
c

t
M
c
t
r
e
(

3

p
w
r
s
v
h
d
t
s

i
a
p
e
r
F
h
t

L.R. Weatherley, D. Rooney / Chemic

or the purpose. The mixture was then titrated against a 0.05N
odium hydroxide solution in the presence of phenolphthalein
ndicator. The back calculated value for the concentration of
he sodium hydroxide solution was then used to determine the
xtent of oil hydrolysis. The percentage hydrolysis is defined as
he percentage weight of free fatty acids in the sample divided
y the maximum amount. In order to determine the extent of
ydrolysis the equation below was used:

hydrolysis = Na × 0.05 × 10−3 × 283.15

Wt × Fo
× 100

1
(1)

here Na is the volume of sodium hydroxide solution required
uring titrationl, Wt the weight of the sample taken and Fo is the
raction of oil at start of reaction.

The value of 283.15 used originated from the average molec-
lar weight of fatty acids in the oil (see Table 1).

The data were curve fitted in the first instance using the
ablecurve 2DTM computer package to a simple exponential
quation:

hydrolysis = (A − B) × e(−C×time) + B (2)

here A is the initial free fatty acid content (0.3% from compo-
ition), B the equilibrium concentration and C is the overall rate
f reaction. The determination of the maximum rate of reaction
or kinetics analysis was by differentiation.

The electrically enhanced batch bioreactor consisted of a
pray chamber constructed from a 50 mm internal diameter glass
olumn with a central stainless steel electrode inserted into the
ide wall see Fig. 1. Silanisation of the column was conducted
egularly to ensure a hydrophobic surface which reduced coales-
ence of the droplets on the reactor wall. Details of this procedure
nd the recycle reactor system are described in detail elsewhere
11,20].

For batch operation the reactor was filled with 200 g of high-
leate sunflower oil and 12.5 g of enzyme solution (0.375%
nzyme solution by mass) was pumped into the oil using a peri-
taltic pump (Watson–Marlowe 101 U) at a flowrate of 5 g h−1.
he nozzle was charged to between 5 and 40 kV and the cen-

ral electrode was connected to earth. The distance between the
ozzle tip and the electrode was 50 mm. The coalesced aqueous
hase could be drained from the bottom of the spray chamber
or re-circulation, if required. The nozzle consisted of a 0.8 mm
.d. stainless steel tube which was insulated with silicone tubing
o a distance 5 mm from the its tip. The central electrode was
lso insulated from where it passed through the wall of the spray
hamber to within 5 mm of its tip.

In recycle mode, oil and coalesced aqueous phase were
emoved from the base of the reactor and recycled back via
multi-coil quickfit condenser (300 mm in length maintained

t 50 ◦C) feeding into a glass separator constructed from two
uickfit 24/29 connectors, see Fig. 1. The condenser was used
o control the temperature of the recycle oil phase and to enhance

he coalescence of the aqueous droplets. The aqueous phase was
ecovered from the base of the separator and pumped back to
he reactor. Clarified oil was pumped back to the reactor at a rate
f 200 g h−1. In the recycle system the inter-electrode distance

r
i
m
t
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ere increased to 70 mm to enhance the electrical stability of the
ystem. Coalesced aqueous phase was recovered from the base
f the separator and weighed before being returned to the main
eservoir thus allowing calculation of dispersed phase hold-up.
he fraction of the heavy phase in the recovered mixture was
sed together with a knowledge of the total initial inventory of
eavy phase in the system to calculate the amount of heavy phase
resent in the reactor at any particular time.

For direct comparison with mechanically agitated systems,
he electrostatic spray reactor was replaced by a 500 ml conical
ask which was stirred at a speed of 300 rpm (magnetic stirrer
ar). In this system, the enzyme solution was added at the same
owrate.

Continuous operation of the reactor was performed by draw-
ng off the separated aqueous phase and pumping in fresh
nzyme solution via the spray nozzle. Full oil recycle was main-
ained thus allowing almost 100% conversion to be achieved.

The determination of aqueous hold-up in the reactor was cal-
ulated by mass balance on the total aqueous phase fed to the
ystem and amount recovered after phase separation. Thus hold-
p of dispersion in retained in the reactor was thus calculated
rom the difference between the total weight fed, and the total
ollected after phase disengagement.

For all the experiments the mean drop sizes of the reac-
ion mixtures were determine off-line either using a Malvern

astersizer 2600C or photographically. The degree of natural
oalescence induced by removing the emulsion from the reac-
or was found to be small. For larger drops the size data were
ecorded photographically using an optical microscope (Prior)
quipped with a graticule, followed by digital image analysis
PC Image, Epson GT-6000 scanner).

. Results and discussion

The preliminary results of the batch hydrolysis reaction, com-
aring the rate of reaction for in a mechanically agitated reactor
ith that in an electrostatic reactor are shown in Fig. 2, The

ate of reaction and maximum conversion at −40 kV were just
lightly less than that achieved in the stirred system. As expected
isual observations, confirmed that in the electrostatic reactor
igh voltages rapid mixing and reduction in drop size smaller
roplets were observed and qualitatively served to explain
he similar rate of reaction when compared with the stirred
ystem.

In the case of the recycle system, the results are presented
n two different ways. Firstly the rate of reaction as percent-
ge hydrolysis per hour was determined from the curve fitting
rocedure, see above, and subsequent differentiation of the
xperimental fatty acid—concentration time array of data. The
ate of reaction is then shown as a function of reaction time,
ig. 3, and with respect to the concentration of the oil as un-
ydrolysed ester, see Fig. 4. Both these sets of data show clearly
hat in terms of gross rate of conversion that the stirred system

eaches a maximum rate significantly earlier in the reaction than
n the electrostatic system. This is consistent with the observed

ore rapid rate of phase break-up and mixing observed during
he experiments in the case of the stirred system. Indeed the
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ig. 2. Results of the batch enzymatic hydrolysis of sunflower oil – batch reactor
comparison of stirred contact with electrically sprayed contact.

onsistent experience with the formation of electrostatic sprays
s that in the case of lipase solutions sprayed into sunflower
il there is a significant transient start-up period. During this
eriod the electrical field becomes established in the reactor, as

pace charge migration occurs and the electrical field responds
ccordingly. This is in line with theoretical predictions already
etermined by Petera et al. [25].

ig. 3. Rate of hydrolysis in the recycle bioreactor (both phases
ecycled)—comparison of stirred contact with electrically sprayed contact
applied voltage of −15 kV).
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ig. 4. Rate of hydrolysis in the recycle bioreactor (both phases
ecycled)—comparison of stirred contact with electrically sprayed contact
applied voltage of −15 kV).

The hold-up of the dispersed liquid in the reactor comprises
he fraction of the reactor occupied by the droplets. If the mean
rop size, density and hold-up are known this allowed calcula-
ion of the mean interfacial area which is available for reaction

nd mass transfer.

In Fig. 5 the volumetric hold-up data is used as a basis for
omparison of the performance of the mechanically stirred and
he electrostatic reactor. If it is assumed that the rate difference

ig. 5. Rate of hydrolysis in the recycle bioreactor (both phases recycled) –
omparison of stirred contact with electrically sprayed contact – showing the
ffect of dispersed phase hold-up.
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volumetric hold-up of nearly 250% greater than in the case of
the electrostatic system. This is significant when the differences
in the observed rates of reaction are compared in Figs. 8 and 9.
ig. 6. Aqueous phase hold-up in the recycle—comparison of electrostatically
prayed with stirred (applied voltage of −15 kV).

s only accounted for by a difference in the total interfacial area
n the reactor, and the drop size remains the same, then differ-
nces in hold up alone would account for differences in overall
eaction rate. In Fig. 5 the electrostatic reactor rate data have
een multiplied by a factor of 1.8 to reflect the difference in
old-up and thus produce a match of the two data sets. It can be
een from this figure that this method is effective in explaining
he differences between the curves. Therefore in this case the
igher rate of conversion observed in the stirred reactor could
e explained by higher hold-up (and hence available interfacial
rea).

The actual hold-up data for the recycle system are shown in
ig. 6 plotted as a percentage of the water retained by the reactor.
he data clearly indicate that the hold-up in the mechanically
gitated system is more than double that of the electrostatically
prayed reactor. When this is compared with the estimated hold-
p difference inferred in Fig. 5, there is a small but significant
ifference. This gave a preliminary indication that perhaps volu-
etric hold-up does not alone explain the difference in observed

eactor performance.
This was now investigated further in a comparison of reactor

erformance based on “once through” feeding of the aqueous
nzyme solution. This allowed the reaction to proceed to almost
omplete hydrolysis (98%), yielding a product oil phase con-
aining less than 5% water.

The aqueous phase separated from the reactor was col-
ected and used to compare the aqueous phase hold-up for
he stirred reactor with that of the electrostatic reactor. The
umulative amounts of aqueous phase exiting each reactor are

hown in Fig. 7 along with the cumulative total of aqueous
hase fed. The exit aqueous phase amounts for the electro-
tatic and stirred reactors settle out at constant values. The
queous hold-up for each reactor is the difference between the

F
f
c

ig. 7. Cumulative aqueous phase recovery from the reactor operating with
ontinuous fresh AQ feed comparing the recovery with the total aqueous phase
ed—comparison of electrostatically sprayed with stirred.

mounts of aqueous phase fed and at the exit, as indicated in
ig. 7.

It is observed that the hold-up for the electrostatic systems
as the same for negative and positive polarities. More signif-

cant is the large difference in hold-up for the stirred system
ompared with the electrostatic system, the former showing a
ig. 8. Rate of hydrolysis vs. time in the continuous bioreactor (fresh enzyme
eed – once through) – comparison of stirred contact with electrically sprayed
ontact.
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ig. 9. Rate of hydrolysis vs. substrate concentration in the continuous bioreac-
or (fresh enzyme feed)—comparison of stirred contact with electrically sprayed
ontact.

For comparison, a procedure similar to that for the recy-
le reactor was adopted. The hold-up increase which would be
equired to bring the performance of the electrically enhanced
eactor to coincide with that of the stirred reactor was calculated

ssuming no change in drop size. The comparison, illustrated
n Fig. 10 shows that only 55% increase in hold-up would be
equired in order to match the performance of the stirred sys-

ig. 10. Rate of hydrolysis in the continuous bioreactor (fresh enzyme feed –
nce through) – comparison of stirred contact with electrically sprayed contact
showing the effect of volumetric hold-up.
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ig. 11. Specific rate of reaction vs. substrate concentration continuous fresh
Q feed.

em. This compares with the actual difference actually measured
250% greater hold-up in the case of the stirred system), sug-
esting strongly that the rate of reaction on the basis of unit
nterfacial area is significantly greater in the case of the electro-
tatic reactor. This is true for both the positively and negatively
harged modes of operation.

Another factor which would explain the significant differ-
nce between the two modes of operation is the more efficient
hase disengagement apparent in the electrostatic system. A
ower aqueous phase hold-up results in lower overall concen-
rations of glycerol within the reactor and thus more favourable
onditions for the forward hydrolysis reaction.

The drop size is also important in determining the available
nterfacial area available for reaction. The further comparison of
he stirred and electrostatic reactors is presented in Fig. 11. Here
oth the hold-up and mean drop size data were used to deter-
ine the rates of reaction per unit interfacial area which are

lotted against substrate concentration. The difference between
he two sets of data is very significant. It is clear that the spe-
ific rate of reaction, expressed as the rate of conversion on a
er unit interfacial area basis is much greater in the case of the
lectrostatic reactor. The mean drop sizes were actually greater
n the case of the electrostatic reactor. The hold-up values are
ignificantly lower compared with the stirred reactor. The dif-
erence in observed reaction kinetics may be partially explained
y the lower glycerol concentration which will be associated
ith lower aqueous phase hold-up, since the glycerol reaction
roduct distributes into the aqueous phase. Lower glycerol lev-
ls were indeed confirmed by material balance calculation. The
econd possibility is that the enzyme activity is promoted by
he nature of the electrical field at the liquid–liquid interface.
his would be based on changes in enzyme orientation and
nhanced binding at the interface leading to improved catalytic
unction.

It is also noteworthy that in the case of the electrostatic reac-

or, the kinetic data are virtually independent of the polarity
f the applied field. The difference in mean drop size for the
egative and positively charged systems is noted. This is not
nexpected given that one of the key parameters affecting drop
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ig. 12. Rates of hydrolysis of sunflower oil—comparison of lipase catalysed
ydrolysis with a commercial batch steam splitting process performed at 240 ◦C
nd 33 bar.

ize is likely to be the reduction in the interfacial tension due to
he electrostatic charge on the surface of the forming drops. The
eduction in interfacial tension is very possibly a function of the
olarity.

Fig. 12 shows this reaction along with data on the rate of
ydrolysis for a neutral fat performed at 240 ◦C and 33 bar in
commercial batch steam splitting process [2]. It can be seen

hat this reaction starts slowly, accelerates and then slows down
s equilibrium is approached. This suggests that the reaction is
utocatalytic and the presence of free fatty acids in the mixture
ssists in the hydrolysis reaction. This is essentially true as the
ono- and diglycerides produced in the early stages of the reac-

ion help to dissolve the aqueous. What this figure also shows
s that even a 0.1% concentration the enzyme solution can out-
erform the steam splitting process, at least at the earlier stages
f the reaction, and overall produces a reaction time similar to
he steam based process. Although the substrates used in each
f these two experiments were different, this figure does pro-
ide evidence that lipase catalysed hydrolysis could be scaled
p successfully.

. Conclusions

Comparable rates of overall reaction for the enzymatic
ydrolysis of sunflower oil were achieved by mechanical agi-
ation and by electrostatically spraying of aqueous enzyme with
il. In these experiments this was achieved at an applied voltage
f 40 kV.

The volumetric hold-up of aqueous dispersion in the elec-

rostatic reactors was consistently lower than in the case of the

echanically stirred reactor. The difference in hold-up and drop
ize was insufficient to explain the differences in overall reaction
ate, giving rise to the possibility of another factor being involved

[

gineering Journal 135 (2008) 25–32 31

n the enhanced rate of hydrolysis observed in the electrostatic
ystems.

It was concluded that two possibilities could explain the large
ifference. The first was based on the better rate of phase disen-
agement in the electrostatic reactor leading to reduced glycerol
evels in the reactor and thus inhibition of the reverse ester-
fication reaction. The second possibility is that the enzyme
ctivity is enhanced in the presence of enhanced electrostatic
harge at the liquid–liquid interface. This would be based on
hanges in enzyme orientation and binding at the interface lead-
ng to improved catalytic function. However further research is
equired to test this possibility.
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