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Microcapsules were prepared by forming a celtulose nitrate (collodion) membrane aronnd emulsified
aqureous droplets within an organic continuwous phase. The control of mean diameter and size
distribution of the microcapsules was achieved by varying the conditions of emulsification. Distribution
data were shown to fit the log-normal distribution function. A lattice impeller permitied a greater
variation of particle distribution parameters (35 to 225 pm mean diameter for a decreasing range af rev
min~! from 600 to 150} than was possible with a turbine impeller (72 to 91 um for a similar range of
rotational speed). Increasing emudsification time lowers the microcapsule mean diameter (from 130 to
70 pm for I to 3 min, respectively) and the geometric standard deviation (from 2.0 to 1.5 for 3 to 9 min,
respectively). The addition of a surfactant (1% to 4% v/v) promotes the formation of smaller droplets
(mean diameter from 85 to 70 pm) and leads to unimodally distributed microcapsules even at low
rotational speed and duration. Finally, increasing phase ratio of internal emulsified aqueous to organic

external (from 5% to 20% vlv) decreases the geometric standard deviation (from 1.7 to 1.5).
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Infroduction

Microencapsulation of enzymes and cells is an effec-
tive technique for immobilizing highly sensitive bio-
logically active molecules and materials."™ The pres-
ence of an ultra-thin, semi-permeable membrane
surrounding the encapsulated contents permits trans-
fer through diffusion of low molecular weight substrate
materials and products, while limiting access to large
molecular weight motecules such as antibodies or
proteolytic enzymes or contaminating microrganisms.
The reaction kinetics are then partially governed by
Fickian diffuston and are thus indirectly proportional
to the particle size, as illustrated by the decrease of the
apparent activity of immobilized urease with increas-
ing microcapsule diameter.®
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Control of the size distribution and mean diameter
of microcapsules during the manufacturing processis a
necessary step toward efficient reactor operation.
Some consideration has been given to formulating
microcapsules under the microgravity of space in an
attempt to produce perfectly spherical beads of uni-
form membrane thickness and consistent size.® Emul-
sification techniques for microencapsulation of en-
zymes have not resolved these difficulties, with
resulting lack of control of diameters and size distribu-
tions and a poor understanding of the parameters
affecting the physical properties of the beads.

The objective of this study was (o investigate the
effects of reactor and impeller geometry, rotational
speed and duration, emulsifier concentration, and
phase ratio on the mean diameter and size distribution
of cellulose nitrate (colledion) membrane microcap-
sules.

Enzyme Microb. Technol., 1989, vol. 11, January 29



Papers

Table 1 Geometry and characteristic dimensions of impellers
D H w Wire diameter NMesh size
Name Blade number {mim}) {mm)} {mm} {mm} {mmj}
Sheet-1a 2 45 55 - 0.2 i
Sheet-1b 2 45 5h - 0.4 1
Sheet-2a 4 45 55 - 0.2 1
Sheet-2b 4 45 55 - 0.4 1
Sheet-3 4 45 65 - 0.8 25
Frame-1 2 45 65 10 0.2 1
Frame-2 4 45 65 10 0.2 ]
Turbine 8 38 5 7 - -
Sheet Laltica Frame Turbine
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Materials and methods
Microcapsule preparation

Cellulose nitrate (collodion) microcapsules were pre-
pared following the procedure outlined in detail by
Chang,” by dispersing an aqueous solution of hemoglo-
bin in a water-saturated-ether organic phase, with the
aid of an emulsifier (Span 83), to yield a water-in-oil
emulsion. The only modifications introduced to this
procedure concern the emulsification step, i.e., reac-
tor and impeller geometry, rotational speed and dura-
tion, emulsifier concentration, and phase ratio. This
step was followed by coacervation of a collodion
membrane on the surface of the aqueous droplets.
Finally, transfer of the microcapsules from the organic
phase into the aqueous phase was performed by aid of
a surfactant (Tween 20), and the aqueous suspension
was washed several times and then sampled for size
distribution determination. Normal and log-normal
distribution parameters were compared.

Several authors™® describe an optimum batch size
for emuision production, when the level in the tank is
equal to the tank diameter. Below this level, turbu-
lence of the liquid suiface dissipates much of the
energy; above this level, the energy per unit volume
decreases markedly. Mixing studies were thus con-
ducted in a Corning 1060, 200-ml beaker, with an
internal diameter of 50 mm, the total liquid (100 ml)
height reaching 50 mm. Three types of impeller ge-
ometries—turbine and sheet or frame lattice impel-
ter—were compared. Characteristic dimensions of the
impellers are given in Table 1.
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Size distribution curves and analysis

The most common particle distribution laws are the
normal and the log-normal distribution functions.”!®

The normal, or Gaussian, distribution function is
expressed by:

d(P) 100 ( (d — d.)
dd) o, V27 20
w_here P is the percentage of microcapsules having a
diameter smaller than d, and «, is the arithmetic mean
diameter defined by:
2, d

n

(1)

dy =

(2

where n represents the number of counted microcap-
sttles. o, is the arithmetic standard deviation defined
by:

T ld — d)?

2 -
o . (3)
The log-normal distribution equation is expressed
by:
d(P) 100

. 2
exp (_ (log d — log d,) ) @)

dllogd) V7 log o, 2log o)’

where d, is the geometric mean diameter defined by:

=, log d
]

log d, = {5)
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Figure 1 Collodion microcapsules distiibution curves (A) Nor-
mal distribution curve; {B) log-normal distribution curve.
{Sheet-1a, N = 300 rev min~", ¢ = 3 min, [emulsifier] = 1% v/v,
phase ratio = 10% v/v}

o, is the geometric standard deviation defined by:

3, (log d — log d,)
R

(log o) = (6)

Other parameters characterizing the size distribu-
tion are the mode and median diameters. The mode
diameter passes through the peak of the distribution
curve, where the frequency density is maximum. The
vertical line at the median divides the area under the
curve into equal parts, the median diameter corres-
ponding to a cumulative frequency of 50%. The verti-
cal line at the mean passes through the center of
gravity of a sheet of uniform thickness and density cut
to the shape of the distribution curve. The mode,
median, and mean coincide for symmetrical distri-
bution.

Integration of equation {(4) leads to a relation be-
tween the cumulative frequency, P, and the particle
diameter, d, expressed by:

100 d (logd - logd, )
V2 (loga,) [n 2(logoy)’
The cumulative frequency, P, will plot a straight

line of P versus the particle logarithmic diameter, log
d, on a normal probability graph paper, or versus

) d(logd} (1)

particle diameter, d, on a log-normal probability graph
paper, Particle size log-normal distribution is then
characterized by two parameters, the geometric mean
particle diameter, d,, identified with the median (50%)
particle size of the distribution curve, and the geomet-
ric standard deviation, oy, obtained from the diameter
value at 16% and 84% cumulative frequency.

Resulis
Microcapsule size distribution

Distribution curves were microscopically determined
by first measuring the diameter of 200 collodion micro-
capsules by use of a graduated ocular. Size distribu-
tion curves obtained by plotting relative frequencies
versus particle diameter, o, typically resulted in a
continuous asymmeirical curve which tends toward
the high diameters (Figure 1A). The normal distribu-
tion function is symmetrical about the arithmetic
mean, d,, as shown by the squared argument invoiving
d in the exponent of equation (1}. Application of the
normal distribution function to asymmetrical distribu-
tion does not accurately represent ali data, and can
lead to erroneous conclusions for distribution parame-
ters. However, replacing particle diameter, d, by its
logarithm, log d, leads to nearly symmetrical curves
(Figure 1B), suggesting the application of the more
representative log-normal distribution function [equa-
tion (4)]. Representation on a log-normal probability
graph of the distribution data from Figures 1A and IB
is presented in Figure 2,

In the case of emulsified droplets, the size distribu-
tion is more often characterized by a right-side bias'®;
the log-normal distribution function is least likely to
apply at the diameter extremes and most likely to fit in
the midrange (80% to 90% of the diameter range).
Mode, median, and mean diameters determined on the
whole sample diameter range indicate a certain dis-
crepancy (Table 2). Recalculated values of median and
mean diameters without taking into account the higher
diameter side bias are lower and in better accordance
with the mode value.
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Figure 2 Collodion microcapsules size distribution on log-nor-
mal probability graph

(Sheet-1a, NV = 300 rev min~', ¢ = 3 min, [emulsifier] = 1% v/v,
phase ratio = 10% v/v)

Enzyme Microb. Technol., 1989, vol. 11, January 31



Papers

Table 2 Distribution parameters of collodion microcapsules

Parameter Determination method A B C

Mean diameter Normal distribution (equation 2} o, 12 67 63 nm
Log-normal distribution {equation 5) [ 64 81 58 um

Standard deviation Normal distribution (equation 3} 7y 36 pm
Log-normal distribution {equation 6} 0y 1.6 -}

Median Diameter corrgsponding to 50% 58 57 55 mm

cumutative frequency
Mode Diameter corresponding to the maxi- 50 pm

mum frequency

A: Caleulated on the entire range of particle diameters (ty,, = 200 gm)

B: Calculated on 95% of the particle diameter range {dh.. = 140 pm}
C: Calculated on 90% of the particle diameter range (0.« = 120 pm}

Sheet-1a, & = 300 rev min~', t = 3 min, [emulsifier} = 1% v/v, phase ratioc = 10% viv

In cases of broad distribution or wide diameter
range, distribution curves obtained by measuring 200
particle diameters were discontinuous (Figure 3) and
distribution parameters were difficult to determine
precisely. Increasing sample size leads to a natural
smoothing of the distribution curve (Figure 3) and to
an evolution of the log-normal distribution parameters,
geometric mean diameter, d;, and standard deviation,
o, as a function of sample size. Figure 4 illustrates
that typically measurement of 400 collodion microcap-
sules is sufficient to justify the continuum approach.
Beyond this sample size, the distribution parameters
remain relatively constant. The values of mean diame-
ter obtained from replicate experiments varied less
than 5%. When replicate sets of experiments were run
with all but one parameter held constant, the size
distribution parameters varied in a similar fashion, and
the same conclusions were drawn about the influence
of the varying parameters.

Impeller type and rotational speed

Collodion microcapsules prepared by using a turbine
impeller result in a narrow size distribution followed
by a very low tail which extends less and less as the
rotational speed increases from 150 to 600 rev min !

o 200 microcape.
¢ 400 microcaps.

Relative frequency (%}

0 200 400 600 800
d {pm)

Figure 3 Size distribution of collodion microcapsulas with
different sample sizes

{Sheet-1a, N = 160 rev min~', ¢ = 1 min, [emulsifier] = 1% v/v,
phase ratio = 10% v/v}

32 Enzyme Microb. Technol., 1989, vol. 11, January

(Figure 5). In contrast, a lattice impeller under the
same operating conditions yields microcapsules cover-
ing a smaller diameter range with a size distribution
curve that gradually evolves from a low broad curve at
150 rev min~' to a high sharp peak at 600 rev min~'
(Figure 6).

The corresponding size distribution parameters of
collodion microcapsules prepared with the turbine
impetler and with the lattice impeller are tabulated
respectively in Tables 3 and 4. While the effect of an
increase of turbine rotational speed is limited to the
lowering of both arithmetic, o, and geomelric, gy
standard deviation, the lattice impeller rotational
speed strongly affects every distribution parameter.
Figure 7 presents the microcapsule geometric mean
diameter, d,, and standard deviation, o, as a function
of the lattice impeller rotational speed,

The log-normal distribution parameters of micro-
capsules prepared with different patterns of lattice
impeller are tabulated in Table 5.

Emulsification time

Figure 8 presents size distribution curves for collodion
microcapsules prepared by use of a lattice impeller at
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Figure 4 Influence of sample size, n, on collodion micrecap-
sules distribution parameters

lemulsifier] = 1% v/v, phase ratio = 10% v/v, a: turbine, N = 150
rev min~%, ¢ = 1 min; b: Sheet-ta, N = 300 rev min~%, { = 1 min;
¢: Sheet-1a, & = 300 rev min", t = 9 min
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Figure 5 Influence of rotational speed, N, on size distribution of
collodion microcapsules
{turbine, t = 1 min, [emulsifier] = 1% v/v, phase ratio = 10% v/v)

different mixing time, 7. Increasing mixing time results
in a gradual evolution of the size distribution from a
low broad curve obtained for 0.5 min of emulsification
time, to a narrower distribution for 3 min of emulsifi-
cation time, with a marked shift of the mode. This
effect is similar to the influence of increases in rota-
tional speed. However, any additional increase of
mixing time beyond 3 min has no further effect on the
distribution curve,

Table 3 Influence of turbine rotational speed, N, on the distri-

bution parameters

Turbine rotational speed {rev min~"}

Parameter 150 400 600
d, {um) 91 89 72
7 {m) 124 68 39
d, {zm) 63 72 63
Oy {-) 2.1 1.8 1.7
Median {rem} 54 59 57
Mode {m) 40 50 40

t = 1 min, {emulsifier] = 1% v/v, phase ratio = 10% v/v

Table 4 Infiuence of the sheet-ta rotational speed on distribu-
tion parameters

Sheet-1a rotational speed {rev min™")

Parameter 150 400 600
d, {rem} 132 64 38
T, {pm} 114 25 14
dy {prm) 98 53 35
oy -} 2.1 1.5 1.6
Median {um) 80 53 30
Mode {um) 60 50 30

t = 1 min, [emulsifier] = 1% v/v, phase ratio = 10% v/v

Figure 9 shows that the particle geometric mean
diameter, d,, decreases until a limit value is reached
for 3 min of stirring, while the geometric standard
deviation, o, continues to decrease if the stirring time
is increased.

Emulsifier concentration

Increasing emulsifier concentration results in the
evolution from a polymodal-type distribution curve at
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Figure 8 Influence of rotational spaed, A, on size distribution of
collodion microcapsules

{Sheet-1a, t = 1 min, [emulsifier} = 1% v/v, phase ratio = 10%
viv)
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Figure 7 Evolution with rotational speed, N, of geometric mean
diameter, dy, and standard deviation, o,

{Sheet-1a, t = 1 min, [emulsifiar} = 1% v/v, phase ratio = 10%
vivi

low concentration of emulsifier (1% v/v) to a monomo-
dal distribution curve at a 4% v/v concentration of
emulsifier {Figure 10). Figure 11 shows that the geo-
metric mean diameter, d,, and standard deviation, o,
change in the same way as a function of the emulsifier
concentration, characterized by a sharp decline at low
increasing concentration, followed by an asymptotic
value reached at about 4% v/v concentration of emul-
sifier.

Phase ratio

As the hemoglobin aqueous internal phase volume is
increased with regard to the ether organic external
phase volume (from 5% v/v to 20% v/v), the size
distribution curve becomes more symmetrical about
the mode diameter, which value increases with in-
crease of the phase ratio (Figure 12). An increase of
both arithmetic, d., and geomelric, dy, particle mean
diameter together with a decrease of the related stan-
dard deviation, o, and o, (Table 6) also resulted from
increasing the internal phase ratio.

Discussion

The size distribution of collodion microcapsules pre-
pared following the procedure proposed by Chang*

Table 5 Influence of the lattice impelfer design on distribution
parameters

A B
dg (um) oy {~)

Impeller design dy (pm) g )

Sheet-1a a5 1.7 142 2.0
Sheet-1b - - 115 1.9
Sheest-2a 99 1.7 113 2.2
Sheet-2b - - 109 1.9
Sheet-3 - - 99 2.1
Frame-1 90 t.7 - -

Frame-2 96 1.7 - -

[emulsifier] = 1% v/v, phase ratio = 10% v/v
A N =300 rev min~', £ = 6 min, B: N = 150 rev min~ ", t = 1 min
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Figure 8 Influence of emulsification time, ¢, on size distribution
of collodion microcapsutes

{Sheet-1a, N = 300 rev min~*, [emulsifier] = 1% v/v, phase ratio
= 10% v/v}

is primarily determined by the emusification step.
The emulsification process can be described in two
stages. '*2 Initially, disruption of droplets leads to the
dispersion of the internal phase. The pressure to be
externally applied on the droplet (determined by the
Laplace pressure) is proportional to y/d®, where y is
the interfacial tension and d is the drop diameter.™
This expression shows that the lowering of the dropiet
size requires an increasing energy input. The second
stage involves coalescence of two drops into one,
which diminishes the interfacial area and thus the
interfacial surface energy leading to a more stable
state. Any emulsion is inherently unstable and will
eventually break down to form two separate phases,
because the interfacial surface energy is proportional
to the high interfacial surface area.”® Any change in the
system that reduces the total surface area and thus
energy will bring the system to a more stable state.
Examination of size distribution curves of micro-
capsules prepared by use of a turbine type impeller
operating at different rotational speed reveals that
these distributions are characterized by two zones
(Figure 5): a log-normal shaped distribution located in
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Figure 9 Evolution with emulsification time, {, of geometric
mean diameter, ¢y, and standard deviation, o,

(Sheet-1a, M = 300 rev min*, [emulsifier] = 1% v/v, phase ratio
= 10% v/v)
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Figure 10 Evolution of size distribution with emulsifier concen-
tration.

a: 1% v/v span, b: 2% v/v span, ¢; 4% v/v span

(Sheet-ta, N = 250 rev min~', ¢ = 1 min, phase ratio = 10% v/v}

the small diameter range followed by a more or less
extending right-side bias. Turbine stirrers are charac-
terized by a high flow resistance. Most of the mechani-
cal energy provided is concentrated in a small volume
in the vicinity of the impeller, where the high velocities
and shear stresses overcome the surface forces of the
fluid to be dispersed,” and where the break-up process
requiring high shear forces will be predominant. When
the turbine impeller is operated at low rotational
speed, high shear stresses develop in the vicinity of the
impeller, causing the disruption of the internal phase
into small droplets (log-normal shaped distribution
area). Al distant locations from the impeller, as at the
bottom of the tank, the available energy is not suffi-
cient to support the transport of the dense internal
phase to the impeller blades, and the coalescence
process becomes more frequent, leading o the forma-
tion of larger droplets (right-side bias distribution
area). An increase of turbine rotational speed results in
an increase and better distribution of power input in
the reactor, thereby promoting the disruption process
in a larger zone around the impeller. The acceleration
of disruption or the lowering of the coalescence rate,

440 30
8
- 25
85{ 5 B L 2,0
hnd
\*::::L - |
2. 4 I 15
80 T : T 7 v T v Y : 1.0
0 2 4 6 8 10

emutsifier conc, (% V/v)

Figure 11 Evolution with emulsifier concentration of geometric
mean diameter, d,, and standard deviation, o,
(Sheet-1a, N = 250 rev min~", t = 1 min, phase ratio = 10% v/v)

Table 8 Influence of the phase ratio on distribution parameters

Phase ratio {% v/v)

Parameter 5 10 20
d, {remy) 114 126 124
Ta {rem} 56 59 43
d, {pm) 100 110 115
g -} 1.7 1.7 1.5
Median {pem) 100 110 120
Mode (um) 70 a0 120

Sheet-1a, N = 300 rev min~", ¢ = 8 min, femulsifier] = 1% v/v

provided by a higher rotational speed, explains the
progressive disappearance of larger diameter micro-
capsules as the turbine rotational speed increases
{(Figure 5). The relatively constant mode and mean
particle diameters (Tuble 3) over the entire range of
turbine rotational speed are due to the small relative
percentage of the larger microcapsules.

Lattice impellers are designed to mix the entire
vessel contents and dispense the energy more uni-
formly throughout the liquid®; pumping and shear
effects are equally distributed in the entire vessel
volume. Microcapsules obtained by use of a lattice
impeller (Figure 6) illustrate a good fitting of the
distribution data with the log-normal distribution func-
tion over the entire range of rotational speed. These
abservations can be partially explained by the fact that
the mechanical energy input to the system is more
homogeneously distributed in the bulk of the liguid,
even at low rotational speed. The thermodynamic
energy necessary to increase the surface area leading
to a decrease of particle size is provided by increasing
the impeller speed. The maximum frequency diameter,
or mode, is markedly shifted toward smaller values,
and the corresponding relative frequency increases
strongly as the fattice impeller speed increases. Both
geometric mean diameter, d,, and standard deviation,
oy, decrease strongly as the rotational speed increases

i2

- ) B 5%

% [
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]
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284
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Figure 12 Influence of phase ratio on coltodion microcapsules

size distribution.
a: 5% viv, b: 10% viv, e: 20% v/v
(Sheet-1a, M = 300 rev min~', t = 8 min, femulsifier] = 1% v/v)
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Figure 13 Evolution with emulsification time reciprocal, 1/¢, of
collodion microcapsule geometric mean diameter, o,
{Sheet-1a, N = 300 rev min', [emulsifier] = 1% v/v, phase ratio
= 10% v/iv)

(Table 4, Figure 7). Table 5 shows that the type of
lattice (wire diameter, mesh dimensions, sheet or
frame shape and number) has only a small effect on the
microcapstle size distribution parameters, other oper-
ating conditions being maintained constant.

Both geometric mean diameter, d,, and geometric
standard deviation, o, of microcapsules prepared
with a turbine type impeller are relatively constant
over the whole range of rotational speed. In contrast,
the distribution parameters of microcapsules prepared
by use of the lattice type impeller are a function of the
stirrer rotational speed. A real control of the micro-
capsule size distribution is then only possible with
lattice impelier. For these reasons, in the remainder of
the study, the lattice impeller rather than the turbine
type was chosen.

For a given set of operating conditions, increasing
mixing time, {, corresponding fo an increase of power
input, results in a decrease of the geometric particle
diameter, d,. This effect diminishes with time as
illustrated by the asymptotic value reached for the
geometric mean particle diameter, d,. However, in-
creasing emulsification duration, f, beyond 3 min
involves a further decrease of the geometric standard
deviation, o, indicating that the equilibrium state is
not reached.

A more accurate measure of change in particle size
as a function of the emulsification duration, ¢, may be
obtained by plotting the geometric mean particle diam-
eter, d,, versus the reciprocal of stirring time, 1/t
This results in a straight line (Figure 13). The intercept
with the particle diameter axis, for t = oo, is the
smallest geometric mean diameter, oy, that can be
achieved under the emulsification conditions. This
provides an accurate way to predict geometric mean
particle diameter with emulsification time when the
uitimate diameter for a particular operation is known.

A stable emulsion will be characterized by an
cquilibrium state between disruption and coalescence.
This equilibrium state can be promoted by addition of
surface active agents lowering the interfacial tension,

36 FEnzyme Microb. Technol., 1989, vol. 11, January

v, and thus the Laplace pressure, facilitating the
deformation and disruption of the drops, for a given
stirring rate. At low to moderate emulsifier concentra-
tions, the emulsifier acts primarily as a surfactant,
facilitating the dispersion process, thus involving the
decrease of the geometric mean parlicle diameter, dg,
as iilustrated by the sharp decline in the beginning of
the curve on Figure I1. At a higher emulsifier concen-
tration, the effect of increase in external phase viscos-
ity becomes more and more important, preventing the
coalescence process, thus involving a decrease of the
geometric standard deviation, o, (Figure 11), due to
the disappearance of the secondary higher diameter
peak (Figure 10).

Finally, particle size increases as phase ratio in-
creases (Table 6), because of increased coalescence
rate, The distribution curves (Figure {2) become more
and more symmetrical about the mode, thus normally
distributed, indicaling a better equilibrium between
disruption and coalescence.

Reduction of the microcapsute size dispersion, nec-
essary for a good control of the biochemical process
involving the encapsulated product, can be achieved
by selecting optimum values for emulsification time (¢
equal to at least 3 min), emulsifier concentration (4%
v/v), and phase ratio (20% v/v}, in terms of minimal
geometric standard deviation, energy cost, and prod-
uct consumption. Greater control of mean diameter
ranging from 35 to 225 pm is aftained by use of a lattice
impeller instead of turbine, secondly by selection of an
appropriate rotational speed.
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Nomenclature

d particle diameter (m)

d, arithmetic mean diameter (pm)

d, geomelric mean diameter {um)

N impelier rotational speed (rev min™")
1 number of particles (—)

£ cumulative frequency (%)

t emulsification duration {min)

o, arithmetic standard deviation (pm)

o, geometric standard deviation ()

v interfacial tension (Ns %)
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