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Abstract

The oxygen carrying performance of a perfluorooctyl bromide (PFOB) emulsion is considered. The intended purpose is to enhance
hepatocyte growth and function in a bio-artificial liver support system (BALSS). Such oxygen carrying emulsions have previously been
used in biological systems (e.g. cell culturing). However, optimum emulsion characteristics for enhanced oxygen mass transfer have not
been established nor was consideration given to the effect of emulsion rheology on mass transfer: With increase in the dispersed phase
volume fraction (φp) both the oxygen holding capacity and the viscosity increases. These issues are addressed here using simplified mass
transfer models, amenable to analytical solution, for both gas-sparged and membrane oxygenators. The model predictions that the rate
at which oxygen can be supplied improves with increase inφp and decrease in emulsion droplet size were checked experimentally for
perfluorooctyl bromide emulsions. Biological applications mandate a suitably low emulsion viscosity and this limits the usable range for
the PFOB volume fraction toφp < 0.5. There is also a lower practical limit to the possible droplet size (about 100 nm).

The predicted higher oxygen loading rates for the membrane oxygenator compared to the gas-sparged oxygenator was also confirmed
by experiment. Predicted and measured volumetric mass transfer coefficients (k × a) were ca. 8×10−4 s−1 for the gas-sparged oxygenator
and ca. 1 s−1 for the hollow fibre membrane unit at 20 vol.% PFOB emulsions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Acute fulminant liver failure is a potentially life threaten-
ing condition with mortality rates exceeding 80%[1]. Or-
thotopic liver transplantation is currently the only effective
treatment. The shortage of suitable donors and the short time
span between onset of acute liver failure and death con-
tributes to the high mortality seen in this condition. Mortality
rate could be reduced if a therapy were available capable
of supporting liver functions, either until patient recovery
or as a bridge to liver transplantation. The development of
such a therapy can take the form of an artificial, biolog-
ical or bio-artificial approach. Due to the complexity of
the liver, bio-artificial approaches are the most promising.
Bio-artificial liver support systems (BALSS) must comply
with a number of requirements including immune protection
of the hepatocytes (liver cells) in the bioreactor and efficient
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mass transfer between the cells and the contact fluid from the
patient.

The BALS system under development at the University of
Pretoria (UP) and the CSIR is shown schematically inFig. 1
[2]. It allows for direct hepatocyte–plasma contact and this
necessitates removal of the immunologically active white
blood cells. This approach is also used in the spiral-wound
polyester matrix system of the University of Amsterdam
[3,4]. Thus, in the first step, the blood plasma is separated
from the cellular blood components. It is unfortunate that
red blood cells are also removed in the process: owing to the
absence of red blood cells and the low solubility of O2 in
plasma, the oxygen supply to the hepatocytes in the biore-
actor is insufficient. The UP-CSIR BALSS addresses this
problem by the introduction of an oxygen carrier into the
plasma circulation system. The oxygen carrier–plasma blend
is oxygenated using a neonatal membrane unit, before flow-
ing through the bioreactor that contains a three-dimensional
scaffold with attached hepatocytes. The oxygen carrier (or
‘blood substitute’) is separated from the treated plasma be-
fore it is returned to the patient.

1369-703X/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Nomenclature

aa specific surface area of a per unit total
volume (gas, medium and PFC) (m2/m3)

aab interfacial specific surface area between
a and b per unit total volume (gas,
medium and PFC) (m2/m3)

A area (m2)
Aab surface area between phases a and b (m2)
Bim mass transfer Biot number
Ca concentration of oxygen in phase a

(mol/m3)
Ca,g concentration of oxygen in phase a, at

phase boundary with gas phase (mol/m3)
Cm,equil equilibrium O2 concentration in medium

at phase boundary with PFC (mol/m3)
db internal diameter of hollow fibre (m)
dh hydraulic diameter (m)
di internal diameter of membrane

oxygenator unit (m)
dimp impeller diameter in agitated tank (m)
Doa binary diffusion coefficient for O2 in

phase a (m2/s)
dor diameter of gas orifices in gas-sparged

oxygenator (m)
dsa Sauter mean diameter of droplets

of phase a (m)
g gravitational acceleration= 9.81 (m/s2)
hb membrane wall thickness (m)
Hg–l Henry’s constant for gas g in liquid l

(bar m3/mol)
jab flux of oxygen from phase a to phase b

(mol/m2 s)
K distribution coefficient of oxygen between

PFC and medium
Ko factor making provision for associated

liquid volume around emulsion droplets
kab convection mass transfer coefficient from

a to b (m/s)
Lb length of hollow fibre in membrane

oxygenator (m)
Ma molar mass of molecule/phase a (kg/kmol)
Nb number of hollow fibres per unit

oxygenator process volume (m−3)
Nimp impeller speed (rev/s)
Np impeller power number
Pa partial pressure of gas a in gas phase (bar)
Pag agitator power input in gas sparger (W)
Qg volumetric gas flow rate in gas sparger

(m3/s)
Re Reynolds number
Rh hydraulic radius (m)
Sc Schmidt number
Sh Sherwood number

T temperature (K)
tm average time spent in membrane oxygenator

by unit cell of emulsion (s)
ue bulk (average) emulsion velocity (m/s)
uor gas bubble velocity through orifice

(gas-sparged oxygenator) (m/s)
Vgs total system volume in gas-sparged

oxygenator= Vp + Vg + Vm (m3)
Vob molar volume of liquid oxygen at its

boiling point (m3/mol)
Vt total system volume in membrane

oxygenator= Vp + Vgb + Vm + Vb (m3)

Greek symbols
δc “Film” theory boundary layer thickness (m)
φg volume fraction gas in

medium= Vg/(Vp + Vg + Vm)
φp volume fraction PFOB in medium, exclusive

of gas= Vp/(Vp + Vm)
η dynamic viscosity (Pa s)
ηr reduced viscosity= ηe/ηm (Pa s)
ρ density (kg/m3)
σs surface tension (N/m)
τe emulsion residence time in membrane

oxygenator (s)

General subscripts
ave average
b membrane
e emulsion phase (combined PFOB and

medium)
equil value of parameter at equilibrium
g gas phase
m medium (or plasma) phase
p PFOB phase
w property evaluated at the wall

‘Artificial blood’ or ‘blood substitutes’ have been under
development for several decades[5]. These terms are mis-
leading, as they actually refer to compounds that only per-
form the oxygen carrying function of blood; ‘oxygen carrier’
is more specific. Perfluorocarbons (PFCs) are a family of
inert compounds with exceptionally high capacity to dis-
solve gasses[6]. Various studies[7–9] have demonstrated
their ability to improve cell growth and yield in cell cul-
ture systems. As PFCs are immiscible with aqueous media,
they need to be emulsified for use as oxygen carriers in such
media. Kraft et al.[14] give a review of the status of PFC
emulsification technology. Lipids, e.g. as egg yolk lecithin
(l-�-phosphatidylcholine) are suitable emulsifiers[10]. PFC
emulsions with Sauter mean droplet diameters (SMD) of
ca. 0.2�m are best suited for oxygenation in biological ap-
plications [11–13]. Perfluorooctyl bromide (PFOB) is the
most commonly used PFC owing to its low toxicity and
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Fig. 1. Basic flow diagram of the UP-CSIR BALSS showing the whole-blood and plasma circulation systems.
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its rapid elimination from the reticulo-endothelial system.
The slightly lipophilic character also provides for improved
emulsion stability.

The mass transfer of gasses to and from the emulsion
droplets is of vital importance in PFC oxygen carrier appli-
cations. The mass transfer characteristics are key in tissue
oxygenation and cell culture systems, specifically in the de-
sign and modelling of BALS systems. Important aspects in-
clude O2 loading times at typical circulation rates and emul-
sion viscosity. This study investigates two PFOB emulsions
of different Sauter mean droplet diameters (0.2 and 4 mm)
and examines the influence of parameters such as droplet
size, dispersed phase volume fraction, emulsion viscosity,
etc. on oxygen carrier properties.

2. Model development

Mass transfer models are developed for two different oxy-
genator types: membrane and gas-sparged. Comprehensive
details are reported in[15]. Appendices A and Bsum-
marize the determination of auxiliary coefficients for the
models.

Losses of PFOB into the gas phase were neglected con-
sidering the low PFOB vapour pressure (590 Pa at 20◦C and
1400 Pa at 37◦C [19]) and the fact that it is emulsified. It
was also assumed that the oxygen partial pressure in gas
bubbles remained constant and that PFOB droplet density is
independent of the dissolved oxygen concentration.

2.1. Mass transfer modelling

Modelling gas absorption into emulsions in oxygenators
is complex owing to the multiphase nature of the system.
It is well established that the gas–liquid mass transfer rate
is significantly enhanced when the solubility of the gas is
substantially higher in the dispersed phase and when the
dispersed droplets are small compared to the (film theory)
mass transfer boundary layer thicknessdc [38]. Such en-
hancement of the adsorption rate has been explained in
terms of the so-called “microphase catalysis”-, “grazing”-
or “shuttle”- mechanism[17,39]. In terms of this hypoth-
esis the emulsion droplets exchange rapidly between the
bulk region and the stagnant mass transfer boundary layer
zone located at the gas–liquid interface. The droplets have
a substantially higher capacity for gas solubilization. This,
combined with the preferential dissolution of the gas in
the droplets, reduces the local gas concentration in the
medium. In effect the concentration gradient in the liquid
medium near the interface is increased and gas absorption
is enhanced. Furthermore, direct contact between the gas
and dispersed phases might provide another mechanism
contributing to mass transfer enhancement[37].

Brilman et al. [37,38] and Beenackers and van Swaaij
[39] reviewed the plethora of mass transfer models proposed
for such gas–liquid–liquid systems. The model chosen in

this study is of the homogeneous type. Despite the fact that
such models are based on physically unrealistic assumptions,
they do predict the correct trends with respect to changing
operating conditions such as the gas–liquid contact time, the
relative solubility and the dispersed phase volume fraction
[38]. An added advantage is the mathematical simplicity
that permits analytical solution of the differential equations.
The following simplifying assumptions, common to most
homogeneous models, are made[38]:

• “Film” theory describes mass transfer to the medium.
“Film” theory assumes (a) that the gas diffuses from the
interface into the liquid medium through a hypothetical
stagnant film; (b) a linear concentration gradient in the
boundary layer; and (c) a sharp transition at the edge of the
stagnant film to a well-mixed bulk fluid where the oxygen
concentration gradient is negligible owing to bulk fluid
mixing and the Brownian motion of emulsion droplets.

• The emulsion droplets are small with respect to the
“film”-theory boundary layer thickness. Typical concen-
tration boundary layers in oil-in-water emulsions have
thicknesses exceeding 5–10�m [8,38] whereas the emul-
sions studied presently have droplet diameters of either
0.2�m or 4�m.

• The emulsified phase is treated as a continuum and is ho-
mogeneously dispersed throughout the continuous phase.
This allows the use of lumped-parameter mass transfer
coefficients.

• Mass transfer resistances within the emulsion droplets are
negligible. According to Ju et al.[16], the presence of
surfactant molecules at the PFC droplet surfaces does not
affect oxygen transport into the PFOB-plasma phase. This
assumption is further justified by the small size of the
droplets[17] and the fact that the estimated mass transfer
Biot number is significantly less than unity[15]. Conse-
quently the gas concentration within the PFOB droplets
can be taken as being uniform.

• Rapid exchange between droplets within the boundary
layer and the bulk[37]. This implies that the gas concen-
trations inside the PFOB droplets in the bulk emulsion and
inside the boundary layer phase are the same. Thus only
one PFOB concentration is relevant in the mass transfer
model.Mass transfer enhancement can be modelled by an
apparent direct transfer of gas to the first layer of emul-
sion droplets at the gas–liquid interface. Conventional ho-
mogeneous models ignore the possibility of direct droplet
(membrane) gas contact and assume that mass transport
occurs only through the continuous phase, i.e.:

gas↔ membrane↔ medium↔ PFOB droplet (i)

In the present model the mass transfer enhancement is
accounted for empirically by postulating that direct oxygen
transfer to PFOB droplets can take place inside the boundary
layer:

gas↔ membrane↔ PFOB (ii)
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Fig. 2. Schematic representation of oxygen transfer from gas to PFC for
a single hollow fibre in a hollow fibre membrane oxygenator.

Droplets located closest to the gas liquid interface have
by far the greatest effect on mass transfer enhancement[37].
For this reason it is expedient to assume that the enhance-
ment is limited to a single layer of emulsion droplets at the
interface.

2.2. Membrane oxygenator model

The membrane oxygenator consists of a bundle of hol-
low fibres connected at their ends by manifolds. The inside
of the fibres is filled with pressurized gas while the space
outside the fibre bundle is perfused with PFOB emulsion.
The hydrophobic nature of the membranes implies that voids
within the membrane are filled with gas[20]. Furthermore,
it is assumed that the permeability of the membrane mate-
rial is very high. Accordingly the mass transfer resistance
on the fluid side is assumed rate controlling.

The model further assumes plug flow through the oxy-
genator and neglects axial diffusion effects.Fig. 2 shows a
schematic representation of the oxygen transfer from gas
to PFOB for a single hollow fibre. The discontinuity in the
concentration at the phase boundary between the medium
and the PFOB is due to the higher solubility of oxygen
in the latter. An oxygen mole balance over a unit cell of
medium, using the concentrations as defined inFig. 2,
yields:

[accumulation of oxygen in medium]

= [flow into medium from membrane]

− [flow out of medium into PFOB]

Vm
dCm

dtm
= Abmjbm − Ampjmp (1)

The surface areas and fluxes inEq. (1)can be calculated as
follows:

Amp = Vtamp Abm = Vtabm jmp = kmp(Cm − Cm,equil)

jbm = kbm(Cm,g − Cm) (2)

SubstitutingEq. (2) into Eq. (1):

dCm

dtm
= Vt

Vm
[kbmabm(Cm,g − Cm)

− kmpamp(Cm − Cm,equil)] (3)

An analogous equation is obtained for the dispersed phase
by performing a similar oxygen mole balance:

dCp

dtm
= Vt

Vp
[kmpamp(Cm − Cm,equil)

+ kbpabp(Cm,g − Cm,equil)] (4)

Eqs. (3) and (4)describe the time-dependent mass trans-
fer to a fluid element as it traverses the membrane oxygena-
tor. They form a coupled set of linear first order ordinary
differential equations[21] that can be solved analytically
[15]. Except forkbp that is treated as an adjustable empirical
constant, all parameters can either be estimated or measured
directly (seeAppendices A and B).

A maximum Reynolds number of ca. 140 was estimated
for the lowest viscosity emulsion at maximum allowable
flow rate through the oxygenator. Thus laminar flow condi-
tions will prevail for all allowable flow rates.

Three different physical property calculation procedures
were explored for the membrane oxygenator model to de-
termine their effect on system performance predictions[15]:
Newtonian flow correlations with properties evaluated at
either (a) average conditions or (b) the high shear con-
ditions at the wall as recommended by Cussler[23]; and
(c) non-Newtonian power law equations. For the latter the
Metzner–Reed Reynolds number for power law fluids was
used in the calculations[22]. Appendix Bdetails the corre-
lations that were used.

2.3. Gas-sparged oxygenator model

Proceeding in a similar way, an analogous set of simulta-
neous differential equations is obtained for the gas-sparged
oxygenator:

dCm

dt
= 1

1 − φp(1 − φg) − φg
[kgmagm(Cm,g − Cm) − kmpamp(Cm − Cm,equil)]

dCp

dt
= 1

φp(1 − φg)
[kmpamp(Cm − Cm,equil) + kgpagp(Cp,g − Cp)]

(5)
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Appendix A lists procedures for estimating or measuring
the model parameters. The mass transfer coefficient,kgp, is
treated as an adjustable empirical constant.

2.4. Emulsion viscosity correlation

The effect ofφp on the viscosity of dilute emulsions is
described by the well-known Einstein equation[24]:

ηr = 1 + 2.5φp (6)

Mandersloot and Scott[24] proposed an improvement to the
Einstein viscosity equation that is valid for both dilute and
concentrated emulsions:

ηr =
[
1 − φp

φp,max

]−2.5koφp,max

(7)

Hereφp,max is the maximum attainable dispersed phase vol-
ume fraction for the specific emulsion system. The factorko
accounts for the presence of liquid associated with droplets
or droplet aggregates that increases the effective volume of
the dispersed phase[24].

3. Materials and methods

Emulsions were prepared using 98% PFOB (ABCR
GmbH), demineralised water, egg yolk lecithin (Lipoid
E80S–Lipoid AG), sodium chloride (Merck), sodium bi-
carbonate (BDH Chemicals) and Vitamin E (BASF) as
anti-oxidant. All ingredients, except PFOB, were added
to water and homogenized for 5 min at 6000 rpm using a
rotor-stator-type homogenizer (Silverson L4R). The PFOB
was then added drop wise over 15 min while continuing the
stirring at 6000 rpm. Final emulsification was then achieved
by either ultrasonication or high-pressure homogenization.
The 4�m Sauter mean droplet diameter emulsion was
prepared by ultrasonication in an Ultrasonic Homogenizer
4710 series (Cole-Parmer Instrument Co.) set at maximum
power (120 W). The ingredients were sonicated for 10 min,
homogenized for 7 min, sonicated for 3 min followed by
ten repetitions composed of 2 min sonications together with
1 min breathers.

The 0.2�m Sauter mean droplet diameter emulsion was
obtained by high-pressure homogenization in an APV 2000
Laboratory Homogenizer using 15 passes at 1800 bar. An ice
bath was used to cool the emulsion during the homogeniza-
tion in an effort to prevent degradation of the ingredients.
Nitrogen was continuously bubbled through the emulsion to
prevent oxidative degradation of the lecithin surfactant[25].

The homogenized emulsions were autoclaved at 121◦C
for 15 min and stored refrigerated in sealed containers.
Droplet size distributions were determined, before and af-
ter autoclaving, using a Malvern 2000 Mastersizer laser
scattering particle size distribution analyzer. Emulsion sta-
bility was determined by following changes in droplet size

Table 1
Selected specifications of Polystan Safemicro Neonatal Oxygenator

Parameter Value

Total hollow fibre surface area (m2) 0.33
Fibre inner diameter (�m) 280
Fibre wall thickness (�m) 50
Fibre length (mm) 73
Process volume (ml) 26
Maximum process flow rate (ml s−1) 13.3

distributions over time: these were measured directly after
manufacture and after 1 month of storage at room tempera-
ture. Measuring coalescence kinetics of the emulsions with
a Malvern Turbiscan MA 2000 machine also provided a
stability check.

Viscosity was measured using a Rheometric Scientific
SR5 parallel plate rheometer with a 25 mm plate diameter
and a 0.5 mm gap. A parallel plate configuration was used
as it is recommended for characterizing emulsion rheology
[26]. Measurements were done at 37◦C using step stress
tests carried out at shear rates ranging from 15 to 1000 s−1.
Shear rate was kept constant for 200 s during each step.

Fig. 3(a)shows the gas-sparged oxygenator experimen-
tal setup. The PFOB emulsion was placed in a 500 ml ves-
sel fitted with a stirrer, sparger, copper heat exchange tubes
(for temperature regulation) and an oxygen probe (Biolog-
ical Oxygen Monitor, YSI Model 5300, YSI Incorporated,
USA). The oxygenator was kept at 37◦C using a water bath,
circulation pump and heat exchange tubes. The flow rate was
measured and the gas brought to temperature in the copper
heat exchanger tubes placed inside a water bath before it was
sparged through the emulsion. The exiting gas was passed
through a flow meter and an oxygen analyzer. Before each
experimental run the emulsion was de-oxygenated with ni-
trogen. The oxygen loading profile vs. time was determined
by bubbling oxygen through the emulsion at a fixed rate.

Fig. 3(b) shows the membrane oxygenator experimental
setup. The emulsion was continuously de-oxygenated in
a reservoir container by bubbling nitrogen through it. It
was then pumped through a heat exchanger before passing
through the membrane oxygenator. A Polystan Safemi-
cro Neonatal Oxygenator combination heat exchanger-
membrane oxygenator was used (Table 1). The oxygen-
loaded emulsion was collected in a container where the
oxygen content was measured with an oxygen probe (Bi-
ological Oxygen Monitor, YSI Model 5300, YSI Incor-
porated, USA). The emulsion was pumped through the
oxygenator at a fixed rate, and the outlet oxygen concen-
tration measured until it stabilized. This stabilized reading
was taken as the oxygen concentration in the emulsion
for the specific residence time determined by the pumping
rate. Each experiment yielded a single data point. The full
oxygen loading curve for a given emulsion was generated
by varying the pumping speed.Table 2lists typical param-
eter values and settings for the gas-sparged and membrane
oxygenators units during the experiments.
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Fig. 3. (a). Gas-sparged oxygenator experimental setup. (b). Membrane oxygenator experimental setup.

Mass transfer coefficients were estimated using correla-
tions from literature (seeAppendices A and B). The oxy-
genator models were fitted by regression of the experimental
data obtained for the 0.2�m droplet size emulsion at 20%
volume fraction only. The only adjustable parameters were
the mass transfer coefficients for gas transport from inter-
face to droplet in the boundary layer (kbp andkgp). Model
predictions were then made for other droplet sizes, dispersed
phase volume fractions and gas flow rates keeping this pa-
rameter unchanged.

4. Results

Fig. 4shows the droplet size distributions for the 0.2 and
4�m emulsions. The high-pressure homogenized emulsion
remained stable for several months. The sonicated emul-
sions showed a tendency to destabilize after about 1 week
of storage.

Fig. 5 shows that the Mandersloot viscosity correlation,
Eq. (7), provides an excellent fit for three different vis-
cosity data sets withko = 1.38 andφp,max = 0.60. The
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Table 2
Typical parameters for gas-sparged and membrane oxygenators used in
the models and experiments

Parameter Value

Gas-sparged oxygenator
Oxygen pressure (bar) 0.85
Volume of oxygenator (l) 0.48
Oxygenator diameter (m) 0.075
Gas flow rate (l/min) 0.5
Orifices 5
Orifice diameter (mm) 1
Impeller diameter (mm) 50
Impeller rotational speed (rpm) 2000

Membrane oxygenator
Oxygen pressure (bar) 0.85
Hollow fibres/volume (m−3) 4.15 × 107

Length of fibres (m) 0.073
Fibre internal diameter (�m) 280
Fibre wall thickness (�m) 50
Fibre porosity 0.5
Total hollow fibre surface area (m2) 0.33
Process volume (ml) 26
Process fluid velocity (m s−1) 0.015

value for the maximum packing volume fraction is within
the 0.60–0.66 range observed for sheared flow of disper-
sions[24]. Note that the constantko was determined inde-
pendently by fittingηr = 1 + 2.5koφp to experimental data
for dilute emulsions[15].

The membrane oxygenator model predictions were not
sensitive to the choice of the physical property calculation
method. The results, using the three different approaches,
agreed to within 2%.

Data for the 20 vol.% emulsions are shown inFigs. 6–9.
Fig. 6shows the correlation between oxygenator model pre-
dictions and experimental data for the 0.2�m emulsions. It
is clear that the membrane oxygenator provides for signifi-
cantly faster oxygen loading rates. The main reason for this
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is the much lower specific mass transfer surface area avail-
able in the gas-sparged system as compared to the membrane
oxygenator: Whereas measured mass transfer coefficients
were similar for the two oxygenators (k ≈ 1 × 10−3 m/s),
the corresponding overall volumetric mass transfer coeffi-
cients were ca.k× a ≈ 8× 10−4 s−1 andk× a ≈ 1 s−1 for
the gas-sparged and membrane oxygenators, respectively.
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Fig. 7 shows that the O2 loading rate in the gas sparger
increases with gas flow rate. Both oxygenator models pre-
dict similar trends with respect to the effect of the emulsion
droplet diameter and the dispersed phase volume fraction.
Figs. 8 and 9show the effect of emulsion droplet size on the
O2 loading rate. Higher rates were observed for the smaller
droplet emulsion in both the gas-sparged and the mem-

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 400 800 1200 1600

Time, (s)

E
m

u
ls

io
n

 O
2 

co
n

ce
n

tr
at

io
n

, (
m

o
l/m

³)

Increasing PFC 
droplet size

Equilibrium O2 concentration

20 vol % PFOB
0.5 l/min O2

0.2 µm

4 µm

Fig. 8. Gas-sparged oxygenator: effect of emulsion droplet size on oxygen
loading rate. Lines show model predictions. Solid horizontal bar indicates
equilibrium oxygen concentration.

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 5 10 15 20 25

Time, (s)
O

2 
co

n
ce

n
tr

at
io

n
 in

 e
m

u
ls

io
n

, (
m

o
l/m

³)

0.2 micron predicted

1.0 micron predicted

4.0 micron predicted

4.0 micron experimental

0.2 micron experimental

20 vol % PFOB
0.85 bar O2 pressure

Fig. 9. Membrane oxygenator: effect of dispersed phase droplet diameter
on oxygen loading rate.

brane oxygenators.Figs. 10 and 11show that faster oxygen
transfer rates are predicted with increase in PFOB content
despite the associated viscosity increase. The data shows
much scatter but suggests instead that oxygen saturation
is fastest for the 20 vol.% emulsion and slower at 10 and
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40%. This suggests optimum mass transfer enhancement at
intermediate values ofφp.

5. Discussion

Mehra [17] used Higbie’s penetration theory and
Danckwerts’ penetration theory and developed a compre-
hensive homogeneous theory for mass transfer in the pres-
ence of a dispersed microphase. McMillan and Wang[8]
model the transport enhancement in terms of droplet ex-
change between the boundary layer and the bulk medium.
The much simpler modelling approached used here provides
reasonable predictions for the effects of droplet size and
gas flow rate at 20 vol.% dispersed phase (seeFigs. 6–11).
It postulates apparent direct mass transfer between the gas
and the dispersed phase. This implies two parallel mass
transfer pathways inside the mass transport boundary layer:
gas↔ medium and gas↔ droplet↔ medium. The mass
transfer coefficient for the second pathway (kbp or kgp) was
treated as an adjustable empirical parameter. It was evalu-
ated from experimental data obtained for 20 vol.% PFOB
emulsions. Within the uncertainty in the data, the present
results suggest thatkbp is independent of the type of reac-
tor (membrane or gas-sparged), the emulsion droplet size
(0.2�m or 4�m) or the gas flow rate in the gas-sparged
reactor (0.5–1 l min−1). However, the results for the 10 and
40 vol.% PFOB emulsions in the membrane oxygenator are
more consistent with lowerkbp values. Interestingly, Elibol
and Mavituna[40] observed a maximum in the enhancement
of oxygen transfer rate to perfluorodecalin at approximately
20 vol.% dispersed phase. The rapid increase in emulsion
viscosity could explain the reduced transport enhancement
aboveφp ≈ 0.2: Higher viscosity retards Brownian motion
of emulsion droplets. This slows down the collisions at the

gas–medium interface and decreases the replacement rate
of fluid elements in the boundary layer. Another possible
explanation for the membrane separator is provided by the
segregation in small-diameter (<300�m) flow paths that
leads to lower volume fraction of the dispersed phase near
the wall [12].

Small droplets provide for improved oxygen mass transfer
owing to the increase in interfacial surface area. Yamamoto
et al. [27] did not consider this effect leading them to the
conclusion that addition of PFOB is not beneficial for oxy-
gen mass transfer.

Droplet size is determined by the preparation method.
With high-pressure homogenization droplet sizes as small
as 0.1–0.2�m can be obtained. As the droplets get smaller,
the decrease in droplet size with additional homogenization
cycles diminishes[28]; and a lower practical limit is reached
at approximately 50–100 nm[14].

Despite its low toxicity, exposure of patients to PFOB
remains a risk factor. It must be removed completely from
the plasma returning to the patient. In the UP-CSIR BALSS
this separation is accomplished with a membrane unit
(seeFig. 1). This sets an additional lower size limit for
droplets—filtering-out plasma proteins must be avoided.
Bearing these factors in mind, it is concluded that the most
favourable Sauter mean diameter for PFOB emulsions is in
the range of 0.1—0.2�m.

Mass transfer rates forφp = 0.2 andφp = 0.4 emulsions
were comparable at short time periods. This is in agreement
with Ju et al.[9] and Elibol and Mavituna[40], who found
optimum enhancement factors (keae/kmam) in the range of
φp = 0.15–0.2, with a slight decrease in enhancement factor
with further increase inφp. However, owing to the higher
oxygen carrying capacity of theφp = 0.4 emulsion, it will
maintain higher oxygen concentrations (and thus concentra-
tion gradients) for longer periods. Thus, higher dispersed
phase volume fractions lead to better overall oxygen mass
transfer to cell cultures.

The droplet size distribution determines the maximum
volume fraction dispersed phase. It is usually in the range
φp = 0.6–0.7 [27]. However, biological applications man-
date emulsions with reasonably low viscosities.Fig. 5shows
that the emulsion viscosity increases by an order of magni-
tude atfp ≈ 0.4 and by two orders magnitude atφp ≈ 0.5.
Over this range the consistency of the emulsion changes
from creamy to waxy. This implies that the optimum dis-
persed phase volume fraction for PFOB emulsions lies in
the range 0.4 < φp < 0.5. At φp = 0.4, the emulsion oxy-
gen carrying capacity is 8.3 times higher than that of wa-
ter/medium alone.

6. Conclusions

Mass transfer models for the oxygenation of PFOB emul-
sions in both gas-sparged and membrane units were devel-
oped. Their predictive utility was proven experimentally.
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Consequently, they provide a rational tool for the sizing
of oxygenator units in the UP-CSIR BALSS. It was de-
termined that hollow fibre membrane oxygenators provide
much better O2 loading efficiency than gas-sparged units.
Optimal emulsion properties, based on theoretical and ex-
perimental findings, were established. They suggest the fol-
lowing guidelines when preparing PFC emulsions for bio-
logical applications: choose a PFC with the highest possi-
ble oxygen carrying capacity; maximise the PFC volume
fraction to the limit where the emulsion flow properties
are still acceptable; and, use the smallest emulsion droplets

Appendix A. Variables and parameters for the gas-sparged oxygenator model

Variable/equation Source

Equilibrium concentration of gas in liquid phase: [18,31]

Cg (liq) = Pg

Hg−l
(Henry’s law is valid for weakly soluble gases, e.g. O2 [18]. O2 dissolution in both
medium and PFOB follows Henry’s law[31].)
Henry’s constant for oxygen in medium/plasma at 37◦C: [12]

HO2−m = 0.988 bar m3/mol

Henry’s constant for oxygen in PFOB at 37◦C: [32]

HO2−p = 0.0516 bar m3/mol

Oxygen distribution coefficient between medium and PFOB: [15]

K = Cp,equil(Cm,equilMO2 + ρm)

Cm,equil(Cp,equilMO2 + ρp)

But r 
 CM. Therefore:

K ≈ HO2−mρm

HO2−pρp
Specific surface areas of gas bubbles: Derived[15]

ag = 6φg

dsg
Specific surface area of PFOB droplets: Derived[15]

ap = 6φp(1 − φg)

dsp
Interfacial specific surface area between PFOB and gas bubbles: Estimate[33]

agp = φp

0.64
ag

(maximum random packing of monodisperse sphere is ca. 0.64)

Interfacial specific surface area between gas and medium:

agm = ag − agp From definitions

Interfacial specific surface area between medium and PFOB: From definitions

amp = ap − agp
Concentration of oxygen at phase boundaries with gas: Henry’s law

Cm,g = PO2

HO2−m
; Cp,g = PO2

HO2−p

possible that still allows facile removal with membrane sep-
arators.
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Appendix A (Continued)

Variable/equation Source

Concentration of dissolved oxygen in medium in equilibrium with PFOB (derived from
Henry’s law):

[15,34]

Cm,equil =
(
ρm

ρp

)
Cp

K
= HO2−p

HO2−m
Cp

Mass transfer coefficients: gas to medium and medium to PFOB: [29]

kgm = kmp = 0.13Dom

dimp

(
d4

impρ
2
ePag

η3
eV

)0.25

Sc0.33

Density of emulsion at 37◦C: Determined experimentally

ρe = 1025+ 843.7φp

Binary diffusion coefficient of oxygen in water at 37◦C: [35]

Dom = 2.6 × 10−9 m2/s

Binary diffusion coefficient of oxygen in PFOB: [35]

Dop = 1.86× 10−18
M0.5

p T

ηpV
0.6
ob

Wilke–Chang method: unassociated solvents and low solute concentrations

Gas hold-up in agitated vessel: [36]

φg = 0.105

(
Qg

Nimpd3
imp

)(
N2

impdimp

g

)0.5(
Nimpdimpρe

ηe

)0.1

Agitator power input:Pag = NpρeN
3
impd

5
imp [35]

Impeller power number (valid forRe < 100 000): [35]

Np = 0.39+ 8.51
ln Reimp

Reimp
+ 55.07

Re0.5
imp

+ 20.65 e−Reimp

Impeller Reynolds number: [35]

Reimp =
d2

impNimpρe

ηe
Gas bubble Sauter mean diameter:

Reg = doruorρg

ηg
[36]

dsg =
[

σsd2
or

1000(ρe − ρg)g

]0.25

(eReg + f)

Appendix B. Additional variables and parameters for the membrane oxygenator model

Variable/equation Source

Total internal volume of membrane oxygenator: By definition

Vt = Vgb + Vm + Vp + Vb

Volume ratio (total volume/volume of medium): Derived[15]

Vt

Vm
= Vt

(1 − φp)Ve
= 1

(1 − φp)[1 − (π/4)NbLb(db + 2hb)2]
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Appendix B (Continued)

Variable/equation Source

Volume ratio (total/ PFOB droplet volume): Derived[15]

Vt

Vp
= Vt

φpVe
= 1

φp[1 − (π/4)NbLb(db + 2hb)2]

Specific surface areas: Derived[15]

agb = πNbLbdb ab = πNbLb(db + 2hb)

abp = φp

0.64
ab abm = ab − abp

amp = ap − abp ap = 6

dsp
φp

[
1 − π

4
NbLb(db + 2hb)

2
]

Hydraulic radius/diameter:

dh = 2Rh =
(

d2
i − NbVt(db + 2hb)

2

di + NbVt(db + 2hb)

)
[30]

Mass transfer coefficient from membrane into medium for laminar flow: [30]

Sh = (Sh3
1 + Sh3

2 + Sh3
3)

1/3

With Sh1 = 3.66+ 1.2 (1 − εc)
−0.4

Sh2 = 1.615(1 + 0.14(1 − εc)
−0.25)

(
Re Scdh

Lb

)1/3

Sh3 =
(

2

1 + 22Sc

)1/6(Re Scdh

Lb

)1/2

Sh = kbmdh

Do,m
; Sh = kbmdh

Do,m
, ReL ≤ 10000; Sc = ηe

ρeDo,m

Mass transfer coefficient from medium to PFOB (mass transfer to and from spheres): [18]

Sh = 2 + (0.4Re0.5 + 0.06Re0.67)Sc0.4
(
ηe

ηw

)0.25

whereSh = kmpdsp

Do,p
; ReD = ρeuedsp

ηe
,3.5 ≤ ReL ≤ 76000 Sc = ηe

ρeDo,p
,0.71 ≤ Sc ≤ 380

Emulsion volume average velocity through oxygenator: Derived[15]

ue = Lb

τe
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