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Oxygen-transfer enhancement has been observed in the presence of colloidal dispersions of magnetite (Fe3O4)
nanoparticles coated with oleic acid and a polymerizable surfactant. These fluids improve gas-liquid oxygen
mass transfer up to 6-fold (600%) at nanoparticle volume fractions below 1% in an agitated, sparged reactor
and show remarkable stability in high-ionic strength media over a wide pH range. Through a combination of
experiments using physical and chemical methods to characterize mass transfer, it is shown that (i) both the
mass transfer coefficient (kL) and the gas-liquid interfacial area (a) are enhanced in the presence of
nanoparticles, the latter accounting for a large fraction of the total enhancement (80% or more), (ii) the
enhancement inkL measured by physical and chemical methods is similar and ranges from 20 to 60%
approximately, (iii) the enhancement inkL levels off at a nanoparticle volume fraction of approximately 1%
v/v, and (iv) the enhancement inkLa shows a strong temperature dependence. These results are relevant to a
wide range of processes limited by the mass transfer of a solute between a gas phase and a liquid phase, such
as fermentation, waste treatment, and hydrogenation reactions.

Introduction

Absorption of gases into a liquid is of crucial importance to
multiphase reactions because diffusion of a sparingly soluble
gas species across a gas-liquid interface generally limits the
reaction rates. Many examples of multiphase reactions have
found application in the chemical and biochemical industries.1

Typical applications include fermentation, water treatment,
hydrogenation reactions, and the Fischer-Tropsch process.

The presence of particles or droplet emulsions in the liquid
phase can enhance the rate of gas-liquid mass transfer when
the solubility of the gas solute in the dispersed phase is higher
than in the continuous liquid phase.2-13 Several reviews have
summarized the investigations undertaken in this area over the
past 35 years.1,14-16 In general, these investigations have only
examined the effect on mass transfer of dispersed phases with
particle or droplet size on the order of a few micrometers (µm)
to several hundredµm.

This article considers the application of colloidal dispersions
of magnetic nanoparticles to mass transfer enhancement in a
gas-liquid system. The particle size studied is 3 orders of
magnitude smaller than the typical size covered in the previous
literature. The dispersions consisted of colloidal aqueous solu-
tions of nanoparticles formed by a core of magnetite (Fe3O4)
to which a first layer of oleic acid was grafted by chelating
bonds to confer high oxygen storage capacity and a second layer
of surfactant (Hitenol-BC) was covalently grafted to the first
layer to prevent unbounded aggregation.

This technology shows potential for significant mass transfer
enhancement in gas-liquid systems while addressing the
limitations of former approaches based on the addition of an
organic phase to aqueous media. In particular, it allows for the
recovery of the dispersed phase after use through high-gradient
magnetic separation (HGMS).17,18In addition, the nanoparticles
are nonvolatile and are synthesized with benign, low-cost

chemicals, which makes their application attractive from
environmental and economic standpoints.19

Colloidal dispersions of magnetic nanoparticles coated with
different polymers have been used for separation of organic
contaminants from water20 and ion-exchange purification of
proteins.21 The common aspect in the applications listed is the
exploitation of the large surface area per unit volume of the
nanoparticle dispersions to accelerate the mass-transfer process.

Nanoparticles have been used for over a decade to increase
the heat transfer properties of solutions in a wide range of heat
transfer applications; the termnanofluid22 has been coined to
describe these dispersions. Research has shown that nanopar-
ticles made of metals,23-26 metal oxides,27-29 and multiwalled
carbon nanotubes25,26 greatly enhance heat transfer in liquids.
It is expected that these findings will have important repercus-
sions in the microelectronics and transportation industry.30

Nanoparticles of conducting materials have been found to
enhance the thermal conductivity of base fluids to values well
above the predictions of the theoretical effective property
models,31 which take into account the volume fraction of the
particles but not their size. Determining the transport mecha-
nisms involved in the anomalously enhanced heat transfer by
nanoparticles has been the focus of many studies,30,32-48 but to
date, it remains a fundamental challenge.

Despite the research conducted on nanofluids for heat transfer,
the potential application of nanofluids to mass-transfer enhance-
ment has thus far been overlooked. Only one experimental study
has been published,49 where it was reported that nanometer-
sized TiO2 particles reduced the volumetric mass-transfer
coefficient in a three-phase airlift reactor. Two theoretical
studies50,51 predicted that the presence of nanoparticles in a
falling film exposed to air would enhance mass transfer but the
improvements would not be significant. In contrast, the present
work shows that aqueous solutions of nanoparticles can be used
to increase oxygen mass transfer into water severalfold.
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Experimental Methods

Nanoparticle Synthesis and Purification.A solution of 94
g of ferric chloride hexahydrate (97% FeCl3‚6H2O, Sigma-
Aldrich) and 34.4 g ferrous chloride tetrahydrate (99% FeCl2‚
4H2O, Sigma-Aldrich) in 100 g of water was stirred at 80°C
under nitrogen sparging for 30 min in a round-bottom flask.
Next, 100 g of potassium oleate (40 wt % paste in water,
CH3(CH2)7CHdCH(CH2)7COOK, Sigma-Aldrich) was added,
and the mixture was stirred for an additional 30 min. One
hundred milliliters of an aqueous solution containing 28%
ammonium hydroxide (NH4OH, Mallinckrodt) was added to the
mixture, after which the solution immediately turned black
because of the formation of magnetite. The reaction continued
at 80°C under stirring and nitrogen sparging for 30 min, after
which it was assumed that oleic acid had completely coated
the magnetite aggregates. Following the coating of the magnetite
aggregates, 100 g of Hitenol-BC (Daiichi Kogyo Seiyaki) and
5 g of ammonium persulfate (>98% (NH4)2S2O8, Sigma-
Aldrich) were added to the reaction mixture. The reaction
continued at 80°C for 30 min, under nitrogen sparging and
vigorous stirring, to allow for the formation of covalent bonds
between the propenyl group of Hitenol-BC and the double bond
in the alkyl chain of the oleic acid. Hitenol-BC is a polyoxy-
ethylene alkylphenyl ether ammonium sulfate that contains a
reactive propenyl group; the long PEO chains and the sulfate
group confer stability in water when attached to the surface of
oleic acid-coated magnetite particles. The solution was cooled
to room temperature and was left in the oven at 80°C overnight,
after which most of the residual ammonium hydroxide evapo-
rated. The dispersion was dialyzed against distilled water (14 000
kDa MWCO dialysis membrane, Pals) in a 20 L container under
mild stirring for 2 days to remove unreacted potassium oleate,
Hitenol-BC, ammonium persulfate, and other salts and metal
ions. Finally, the dialyzed solution was kept in the oven
overnight at 80°C, after which its solid contents were measured.
The final solid contents were typically between 15 and 25% in
weight. This synthetic procedure yielded magnetic nanoparticles
with an average number diameter between 20 and 25 nm.

Nanoparticle Characterization. The size of the magnetic
nanoparticles was characterized by Dynamic Light Scattering
(DLS) using a Brookhaven BI-200SM instrument at a measure-
ment angle of 90°. Samples were first passed through a 0.45
µm filter to remove dust particles before the measurements were
taken. A value of the diffusion coefficient is extracted from the
autocorrelation function measured by DLS, and a hydrodynamic
diameter is calculated using the Stokes-Einstein equation.
Number-averaged and volume-averaged size distributions are
recorded. The particle sizes cited in this work correspond to
number averages. All measurements were recorded in quadru-
plicate and reported as average values.

ú-potential measurements were recorded using a Brookhaven
ZetaPals zeta potential analyzer. The built-in software uses the
Smoluchowski potential model to convert electrophoretic mobil-
ity to ú-potential. Measurements were recorded in quadruplicate
and reported as average values. Measurements for both DLS
and ú-potential were conducted in 1000 ppm nanoparticle
suspensions in fermentation media, the composition of which
is described elsewhere,19 with an ionic strength of approximately
1 M. The pH was adjusted with acetic acid or NaOH.

Experimental Determination of the Volumetric Mass-
Transfer Coefficient (kLa). Physical Method: Stirred Beaker
as Experimental System to DeterminekL. Dynamic measure-
ments of dissolved oxygen via surface aeration were used to
determinekL. Experiments were conducted in a cylindrical, 10.3

cm diameter beaker, without baffles, filled with 500 mL of
liquid, to a liquid height of approximately 6 cm. The liquid
was circulated slowly by a 4.5 cm diameter, 4-bladed, axial-
flow impeller (pitched-blade with each blade measuring 3 cm
wide and 1.5 cm long), placed centrally in the beaker. The free
surface of the liquid remained flat (i.e., it did not exhibit a vortex
or appear broken at the agitation speeds studied, 300 and 500
rpm). Dissolved oxygen was measured using a dissolved oxygen
polarographic sensor (YSI 5010) connected to a data acquisition
meter (YSI 5100). A built-in barometer compensated for slight
atmospheric pressure variations between runs. The temperature
was regulated at 37( 0.5 °C with a water bath, and the pH of
the solution was adjusted to 7.0 before the start of the
experiment. Oxygen response curves were obtained by first
sparging nitrogen until the dissolved oxygen concentration fell
to zero and then monitoring the increase in dissolved oxygen
concentration resulting from the exposure of the liquid free
surface to the room air. To ensure a constant gas-liquid
interfacial area (83.3 cm2), no air sparging was used during the
second step. The relatively long duration of the experiments
(∼1 h) guaranteed that the time constant of the probe did not
affect the response curves. The dissolved oxygen data can be
analyzed by constructing a mass balance of oxygen in the liquid
phase as follows

wherekL is the liquid-side mass-transfer coefficient,a is the
specific interfacial area,PO2,bulk and P*O2

are the partial pres-
sures of oxygen in the well-mixed bulk and at saturation,
respectively,CO2,bulk and C*O2

are the equivalent liquid-phase
partial pressures,H is the Henry’s law constant, andt is the
elapsed time. Furthermore, it is assumed that the gas-side
resistance to mass transfer is much lower than the liquid-side
resistance. WithCO2,bulk ) 0 at t ) 0, the integrated form of
this expression is

The rationale for characterizing mass transfer by a physical
method in an agitated beaker is to avoid problems associated
with interfacial area and gas holdup. By conducting experiments
in a system that has a fixed and known gas-liquid contact area,
we obtained information on the value of the mass-transfer
coefficient,kL.

Chemical Method: Sodium Sulfite Oxidation. Oxygen
mass transfer was characterized in a laboratory-scale aerated
and agitated fermentor using the sodium sulfite oxidation
method,52 which yields a steady state determination of the mass
transfer rate. In the presence of a Cu2+ or Co2+ catalyst, sodium
sulfite is oxidized according to the following reaction

The reaction rate can be adjusted with temperature or by
changing the catalyst concentration so that oxygen transport
from the gas to the liquid, rather than the chemical reaction, is
the limiting step. The oxygen uptake rate (OUR) is calculated
by measuring the effluent-gas composition with a mass spec-
trometer (Perkin-Elmer MGA 1600) and performing a mass

dCO2,bulk

dt
) kLa(C*O2

- CO2,bulk) ) kLaH(P*O2
- PO2,bulk) (1)

ln(1 -
CO2,bulk

C*O2
) ) -kLat (2)

Na2SO3 + 1
2O298

Cu2+ or Co2+

Na2SO4 (3)
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balance on oxygen of the gas phase through the reactor as
follows

where OUR is the oxygen uptake rate,FN2,in is the flowrate of
nitrogen entering the reactor,CO2 andCN2 are the concentrations
of oxygen and nitrogen, respectively, entering or exiting the
reactor, andV is the working volume. The volumetric mass
transfer coefficient can then be determined as

whereC*O2
is the average liquid-phase saturation concentration

in equilibrium with the inlet and outlet gas.
A convenient feature of this method is that separate deter-

minations of the volumetric mass transfer coefficientkLa and
the gas-liquid interfacial areaa can be made by manipulating
the relative magnitudes of the rate of chemical reaction and the
rate of mass transfer.

The absorption flux of oxygen undergoing a pseudo-nth-order
reaction with sulfite ions in an aqueous phase can be expressed
as53

whereN is the absorption rate,a is the interfacial area,DO2,L is
the diffusion coefficient of oxygen in the liquid phase,kn is the
rate constant of thenth-order reaction, andn is the reaction
order. The relative magnitudes of the rate of oxygen consump-
tion by reaction and the rate of mass transfer can be compared
through the Hatta number

If the following conditions are met

wherez is a stoichiometric coefficient (moles of sulfite reacted
per mole of oxygen), then the reaction is limited by mass transfer
andkLa can be obtained from oxygen absorption rates according
to

Experiments were performed in a 20 L (5.5 L working
volume) stirred tank reactor (Biolafitte fermentor system, model
BL 20.2). Only 5.5 L of working volume were used to reduce
the amount of magnetic nanoparticles used at a given volume
fraction. The fermentor was equipped with an Ingold-type pH
electrode, aBiolafittedissolved oxygen electrode, a temperature
probe, a bottom aeration system consisting of a 4-branded
rotating sparger, and an agitator with 3 Rushton 4-bladed turbine
impellers (2 of the 3 impellers were covered by the liquid and

the third remained in the gas phase). A 0.67 M sodium sulfite
solution was loaded into the reactor, and then a 1× 10-3M
solution of copper sulfate catalyst was added. At this catalyst
concentration, the mass transfer is not chemically enhanced.54

The pH was initially adjusted to 8.0 with sulfuric acid to avoid
the accelerated reaction regime typical of sodium sulfite
solutions at higher pH. The temperature for the experimental
runs was maintained at 37( 0.5 °C, except when specified
otherwise.

Interfacial Area Determination. Experiments to determine
the gas-liquid interfacial area were conducted with the experi-
mental system previously described. The catalyst used was Co2+

instead of Cu2+ because it is not possible to attain an enhanced
absorption regime with Cu2+;52 instead, low Co2+ concentrations
generally suffice. Interfacial areas can then be calculated from
experimental measures of absorption rates.

The reaction rate of the oxidation of sodium sulfite can be
manipulated through the catalyst concentration so that it
becomes several times greater than the mass-transfer rate. The
absorption rate is then greatly enhanced by the reaction, and
the effect of the hydrodynamic conditions can be ignored. Under
these conditions, the absorption rate depends only on the
interfacial area and reaction kinetics, and thus eq 6 reduces to

The appropriate experimental conditions for determination
of the interfacial area can be predicted if information on the
kinetic constant of the reaction is available. However, adoption
of literature data on kinetic constants for the sulfite oxidation
is discouraged52 because significant differences exist between
measurements made at equivalent conditions by different auth-
ors. Alternatively, an appropriate range of catalyst concentrations
that permit operation in a regime where absorption is kinetically
enhanced can be selected. The interfacial area enhancement can
then be quantified using eq 10, even if an accurate measure of
the kinetic constant is not available. Rearranging eq 10 and
taking a ratio in the presence and absence of particles, we
obtained the following expression for the area enhancement

where the values of the kinetic constants and the diffusion coef-
ficient initially present in eq 10 cancel. TheC*O2

terms do not
cancel because the average value of the oxygen solubility de-
pends on the oxygen partial pressure in the gas phase, which is
not constant during the bubble residence time in the absorption
equipment; instead, it decreases as the oxygen in the bubble is
depleted.

Results

Characterization of Magnetic Nanoparticles.Stability in
high-ionic strength media is a crucial requirement for magnetic
nanoparticles to have practical applications in bioprocesses. The
ú-potential, which gives a measure of the surface charge of a
particle, is a good indicator of the colloidal stability of a solution
of particles. The nanoparticles synthesized in this study acquire
stability in aqueous media by both electrostatic and steric
interactions. Their exterior coating of Hitenol-BC contains a
sulfonate group that confers a negative charge to the particle

Na ) aC*O2x 2
n + 1

knC*O2

n-1DO2,L
(10)

Earea)
ananoparticles

acontrol
)

(Na)nanoparticles

(Na)control

(C*O2xC*O2

n-1)control

(C*O2xC*O2

n-1)nanoparticles
(11)

OUR )

FN2,in[(CO2

CN2
)

in

- (CO2

CN2
)

out
]

V
(4)

kLa ) OUR
C*O2

- CO2,bulk
(5)

Na ) a(C*O2
- CO2,bulk)x 2

n + 1
knC*O2

n-1DO2,L
+ kL

2 (6)

Ha )
x 2

n + 1
knC*O2

n-1DO2,L

kL
(7)

CO2,bulk ) 0 (8a)

Ha < 0.3 (8b)

Ha , CSO3
2-/(zC*O2

) (8c)

Na ) C*O2
kLa (9)
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surface. As shown in Figure 1, particles in fermentation media
that has an ionic strength of approximately 1 M have a strongly
negativeú-potential of-30 mV in a pH range of 1.6-7.5; this
indicates that the sulfonate groups on the surface remain
deprotonated. In addition, the Hitenol-BC molecule contains an
8-unit PEO chain that is solvated by water molecules and confers
steric stabilization. DLS measurements of the hydrodynamic
diameter of the particles, which has a number average value of
20 nm over the range of pH relevant to fermentation (around
7), are also shown in Figure 1. This suggests that the particles
are individually dispersed coated magnetite cores rather than
clusters. The stability of the particles is still remarkable at a
pH of 1.6, at which the particles experience some minor
aggregation to form clusters of approximately 40 nm in diameter.

Mass-Transfer Characterization. Physical Method: Mass
Transfer in a Stirred Beaker System.Oxygen mass transfer
into an aqueous liquid phase is enhanced in the presence of
nanoparticles, as shown in Figure 2. The time required to reach
saturation is reduced by approximately 25% in the presence of
a nanoparticle mass fraction ofφ ) 0.005 (0.5% w/w). Further
reductions are attained at larger particle holdups, but the effect
is less pronounced aboveφ ) 0.01 (this effect is shown more
clearly in Figure 3). The slopes of the first order curves shown
in the inset on the semilogarithmic plot in Figure 2 are directly
proportional tokLa and illustrate the increase ofkL in the
presence of nanoparticles.

The absolute enhancement inkL, defined as

is plotted in Figure 3 as a function of the nanoparticle holdup

for different agitation rates. Data points are the average of 3
experiments. It can be observed that (i) enhancement increases
rapidly at low particle holdups and slowly at larger holdups
(aboveφ ) 0.01 approximately) and (ii) enhancement is greater
at a lower agitation rate since the ratio ofkL values in the water
control at the two agitation speeds studied,kL,500rpm/kL,300rpm, is
larger than the equivalent ratio ofkL values in the presence of
particles. The value ofkL in water increases by 67% upon
changing the agitation speed (from 2.7× 10-5 m/s at 300 rpm
to 4.5× 10-5 m/s at 500 rpm), whereas the value ofkL in the
presence of particles increases by a smaller amount at any
particle fraction (e.g., by 34% atφ ) 0.01).

Chemical Method: Sodium Sulfite Oxidation.This section
presents measurements of mass-transfer enhancement over a
range of values of power input, superficial velocity, and
nanoparticle mass fraction obtained using the sodium sulfite
method. A comprehensive review of the method has been
presented elsewhere.52

Determination of the Volumetric Mass Transfer Coef-
ficient (kLa). The physical dimensions of the absorption
equipment and the fluid properties used for the determination
of kLa are summarized in Table 1. In the presence of a 1×
10-3 M concentration of Cu2+ catalyst, the rate of reaction is
fast enough to maintain the dissolved oxygen levels in the bulk
at zero,CO2,bulk ) 0 (except for a brief induction time at the
beginning of the experiments, during which the cuprous ions
are being formed), as indicated by readings from a dissolved
oxygen probe. Yet, the chemical enhancement of the absorption
rate caused by the catalyst is not enough to obtain a fast-reaction
regime55 in which absorption rates would depend solely on
reaction kinetics and not on mass transfer. Using a value for
the kinetic constant,kn, of 3.5 s-1,56 the diffusion coefficient
of oxygen listed in Table 1, a value ofn ) 2,57,58 and typical

Figure 1. ú-Potential and hydrodynamic diameter of particles as a function
of pH.

Figure 2. Response curves of dissolved oxygen in a stirred beaker at 300
rpm and at increasing nanoparticle holdup. Curves have been adjusted to a
saturation value of 100%. The inset shows response curves on a semiloga-
rithmic plot of dissolved oxygen at increasing nanoparticle holdup. The
absolute value of the slope corresponds to the value ofkLa.

E )
kL,nanoparticles

kL,control
(12)

Figure 3. Absolute enhancement inkL as a function of nanoparticle holdup
in a stirred beaker at different agitation rates.

Table 1. Physical Dimensions of the Reactor and Physical
Properties of the System Used for the Determination ofkLa by the
Sodium Sulfite Method

tank diameter 21.7 cm
impeller diameter 9.8 cm
impeller type 2 Rushton turbines

4-bladed
liquid volume 5.5 L
liquid height 17 cm
oxygen diffusivity (37°C) 3.22× 10-9 m2/s
oxygen solubility
in 0.67 M SO3

2- (37 °C)a
0.124 mol/m3

viscosity (37°C)b 6.95× 10-4 (Pa s)
surface tension (37°C)c 70 mN/m

(40 mN/m with nanoparticles)

a Estimated asH ) 5.909× 10-6 exp((1602.1/T) - 0.9407CSO3
2-/(1 +

0.1933CSO3
2-)).52 b Measured using a U-tube Canon-Fenske.c Measured

with a Kruss DSA10 instrument.

4358 Ind. Eng. Chem. Res., Vol. 45, No. 12, 2006
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values ofkL in the absorption equipment calculated from an
eddy model by Lamont,59 which range from 5× 10-4 to 8.3×
10-4 m/s for the experimental conditions of agitation studied,
we found that the values of the Hatta number calculated from
eq 7 range from 0.21 to 0.13. Additionally, the term
CSO3

2-/(zC*O2
) has a value of 2700 for a 0.67 M sodium sulfite

solution. Therefore, the constraints imposed by eqs 8a, 8b, and
8c are satisfied.

The results presented in Figures 4 and 5 show that a 3- to
4-fold enhancement ofkLa can be obtained at a particle mass
fraction as low asφ ) 0.0025 (0.25% w/v). At higher particle
concentrations,kLa can still be further enhanced, but diminishing
returns are obtained as the particle fraction approachesφ ) 0.01.
The results illustrate that a severalfold enhancement can be
obtained over a broad range of operating conditions of power
input per unit volume and superficial velocity. Figures 6 and 7
show the influence of power input per unit volume and
superficial velocity on the absolute enhancement inkLa defined
as

It is apparent from Figure 6 that enhancement initially
increases with power input, reaches a maximum, and subse-
quently decreases. As will be shown in the next section, this
trend is caused by the change in interfacial area enhancement
as a function of power input. As shown in Figure 7, superficial
velocity does not have a noticeable effect on enhancement.

Through a nonlinear least-squares fit of all data presented in
Figures 4 and 5, an empirical correlation forkLa as a function
of particle mass fraction, power input per unit volume, and
superficial velocity is obtained

where the values of the estimated parameters area ) 12.9 (
5.1, b ) 4.0 ( 1.0, c ) 0.34( 0.09,d ) 0.63( 0.05, ande
) 0.57( 0.09 (95% confidence intervals),PG/VL is the gassed
power per unit volume, andVS is the superficial gas velocity.
As shown in Figure 8, eq 14 gives a satisfactory correlation of
all data. This correlation can be used for scale-up purposes but
does not contain physical insight into the mechanism of mass
transfer enhancement by nanoparticles.

Figure 4. Volumetric mass-transfer coefficients measured by the sodium
sulfite method as a function of power input per unit volume at several
nanoparticle mass fractions. Operating conditions areT ) 37 °C, pH )
8.0, Vs ) 14.5 cm/min.

Figure 5. Volumetric mass-transfer coefficients measured by the sodium
sulfite method as a function of superficial velocity at several nanoparticle
mass fractions. Operating conditions areT ) 37 °C, pH) 8.0,PG/VL) 2.1
kW/m3.

Figure 6. Absolute enhancement inkLa measured by the sodium sulfite
method as a function of power input per unit volume at several nanoparticle
holdups. Operating conditions areT ) 37 °C, pH ) 8.0, Vs ) 14.5 cm/
min.

Figure 7. Absolute enhancement inkLa measured by the sodium sulfite
method as a function of superficial velocity at several nanoparticle holdups.
Operating conditions areT ) 37 °C, pH ) 8.0, PG/VL ) 2.1 kW/m3.

Figure 8. Comparison of calculatedkLa values with experimental data.

kLa ) a(1 + bφ
c)(PG

VL
)d

(VS)
e (14)

E′ )
(kLa)nanoparticles

(kLa)control

(13)
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Determination of the Interfacial Area (a). An appropriate
range of catalyst concentrations that permit operation in a regime
where absorption is kinetically enhanced was selected by
performing absorption experiments at increasing catalyst con-
centration, as shown in Figure 9. It is found that above a
concentration of Co2+ of 1 × 10-5 M, the absorption rate
increases with catalyst concentration. This observation is equally
valid in the presence of nanoparticles at mass fractions ofφ )
0.0025 and 0.005. Inspection of Figure 9 reveals that nanopar-
ticles increase the gas-liquid interfacial area; it also reveals
that doubling the nanoparticle mass fraction, fromφ ) 0.0025
to 0.005, does not have a significant effect on the interfacial
area. These considerations are made under the assumption that
nanoparticles do not alter the kinetic reaction rate of the sodium
sulfite oxidation.

Above a catalyst concentration of 10-4 M (Figure 9), where
mass transfer is greatly enhanced by the chemical reaction, the
average value of area enhancement is 3.1( 0.5 (as calculated
from eq 11) in the presence ofφ ) 0.0025 mass fraction of
nanoparticles, atPG/VL ) 2.1 kW/m3, andVS ) 14.5 cm/min.
Forφ ) 0.005, this value is 3.4( 0.2. At equivalent conditions
of power input and superficial velocity, the corresponding
enhancement inkLa (Figure 6) is 3.4 forφ ) 0.0025 and 4.1
for φ ) 0.005. Therefore, for this particular experimental
condition, most of the enhancement inkLa is caused by an
increase in the interfacial area.

A quantitative analysis of the relative contribution of area
effects to the total enhancement inkLa has been made by
performing interfacial area measurements for the range of
conditions presented in Figures 4 and 5. Estimations of area
enhancement have been made as described previously for a
nanoparticle mass fraction ofφ ) 0.0025, and the results are
summarized in Figures 10 and 11. The shapes of the interfacial
area enhancement curve and thekLa enhancement curve as
functions of power input forφ ) 0.0025 closely resemble each
other; this indicates that thekLa enhancement trend, an initial
increase at low power input followed by a decrease above
approximately 6 kW/m3, is caused primarily by a change in
interfacial area rather than a change inkL. Figure 10 further
shows that (i) enhancement inkL, given by the ratio of thekLa
enhancement to thea enhancement, also contributes to totalkLa
enhancement and (ii) the fraction of the totalkLa enhancement
corresponding to changes inkL decreases with power input;
therefore, the higher the base mass-transfer coefficient, the lower
the enhancement inkL. Both these observations are consistent
with the data obtained by a physical method in a stirred beaker
presented in Figure 3. Enhancement data as a function of
superficial velocity, shown in Figure 11, do not show as clear

a pattern; while thekLa enhancement remains approximately
constant as a function of superficial velocity, area enhancement
increases with superficial velocity, probably as a result of higher
holdup.

Effect of Temperature on Enhancement.The effect of
temperature on the mass-transfer coefficient in aqueous solutions
was investigated for two types of nanoparticles: (i) 20 nm
particles synthesized as described in the Experimental Section
and (ii) 80 nm clusters of magnetite cores coated with random
copolymers of ethylene oxide (EO) and propylene oxide (PO)
repeat units, the synthesis method of which has been described
elsewhere.60,61 A range of temperatures from 20 to 80°C was
explored atPG/VL ) 2.1 kW/m3, VS ) 14.5 cm/min, andφ )
0.0025 for both types of particles. Figure 12 shows the
experimental enhancement inkLa (eq 13) as a function of
temperature. A strong temperature dependence is evident for

Figure 9. Absorption rate as a function of cobalt ion concentration at pH
) 8.5,T ) 37 °C, PG/VL ) 2.1 kW/m3, Vs ) 14.5 cm/min, and [SO32-] )
0.67 M. Above [Co]2+ ) 10-5 M, the absorption rate is enhanced by the
chemical reaction.

Figure 10. Enhancement inkLa, a, andkL as a function of power input per
unit volume forφ ) 0.0025 atVs ) 14.5 cm/min, pH) 8.0, T ) 37 °C.
The enhancement inkL is calculated asEkL ) EkLa/Ea.

Figure 11. Enhancement inkLa, a, and kL as a function of superficial
velocity for φ ) 0.0025 atPG/VL) 2.1 kW/m3. The enhancement inkL is
calculated asEkL ) EkLa/Ea.

Figure 12. Enhancement inkLa as a function temperature for 80 nm, PPO-
PEO-coated particles and 20 nm oleic acid-coated particles.

4360 Ind. Eng. Chem. Res., Vol. 45, No. 12, 2006
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both types of particles: a 3- to 6-fold enhancement ofkLa takes
place from 25 to 80°C in the presence ofφ ) 0.0025 oleic
acid-coated particles, whereas a 1.3- to 2.7-fold enhancement
of kLa takes place from 20 to 60°C in the presence ofφ )
0.0025 PPO-PEO-coated particles.

Discussion

Measurements obtained by the physical method (Figure 3)
and the chemical method (Figure 10) show that the enhancement
corresponding tokL effects that can be obtained at a nanoparticle
mass fraction belowφ ) 0.01 is below 1-fold (approximately
25% for both the physical method experiments and chemical
method experiments). It is also shown thatkL enhancement
decreases with power input.

The effect of nanoparticles on interfacial area is clear at all
concentrations considered, down to a nanoparticle mass fraction
of φ ) 0.0025. Doubling this fraction, as shown in Figure 9,
does not have a significant effect on the interfacial area
enhancement. This is consistent with surface tension measure-
ments conducted in a Kruss DSA10 instrument that have shown
that nanoparticles at a mass fraction ofφ ) 0.001 reduce the
surface tension of an aqueous solution to approximately 40
mN/m (30 mN/m below the value for pure water at 37°C).
Increasing the particle fraction aboveφ ) 0.001 has a negligible
effect on the surface tension reduction of a sample. While the
trends are consistent, the values of area that can be predicted
from correlations62 (using these surface tension values in the
presence of nanoparticles) largely underestimate the area
measurements in this work.

The exponentsd and e on the power input and superficial
velocity for expressions of the form of eq 14 are typically 0.4
and 0.5 for water-coalescing systems and 0.7 and 0.2 for water-
noncoalescing systems.63 The value of d ) 0.63 ( 0.05
estimated in this work falls between the values of coalescing
and noncoalescing systems and the value ofe ) 0.57( 0.09 is
similar to that of coalescing systems. It is likely that nanopar-
ticles modify the coalescencing behavior of the medium, given
the substantial effect that they have on interfacial area and
surface tension.

The enhancement ofkLa as a function of temperature shown
in Figure 12 cannot be an effect of temperature on oxygen
diffusivity or solubility. Although diffusivity of oxygen increases
with temperature, its solubility in water decreases, and overall,
oxygen uptake rates in water as a function of temperature vary
only slightly. The enhancement trends as a function of temper-
ature are not a product of the differential solubility (or
temperature dependence of solubility) of oxygen in oleic acid
and PPO-PEO copolymers, either. Although the solubility of
oxygen in oleic acid is 4 times higher than in water, the
dispersions used cannot solubilize significantly more oxygen
than pure water: a solution with mass fractionφ ) 0.0025 of
oleic acid-coated nanoparticles contains approximately a mass
fraction of oleic acid,φoleic, of [(0.2)(0.0025)) 5 × 10-4], which
can account for only [(5× 10-4)4] ) 0.002 (0.2%) of the total
amount of oxygen solubilized in the media. PPO-PEO copoly-
mers are not reportedly known as oxygen carriers. The
unambiguous temperature dependence of the enhancement
suggests one of the following: (i) the enhancement in interfacial
area caused by nanoparticles is greater at a higher temperature,
(ii) the enhancement inkL is greater at a higher temperature, or
(iii) both. A possible mechanism at play could be enhancement
in kL caused by Brownian motion of the nanoparticles: diffu-
sivity of a nanoparticle increases with temperature and decreases
with particle size, in qualitative agreement with data in Figure

12. Further experiments using the physical and chemical
methods to determine separately the impact of temperature on
kL anda could be used to clarify this point.

The temperature effect on mass-transfer enhancement pre-
sented in Figure 12 is qualitatively similar to a temperature effect
on enhancement of heat transfer by nanofluids reported in the
literature,27 which also shows a linear dependence. However, it
must be noted that (i) the absolute value of the mass transfer
enhancement reported here is 1 order of magnitude greater than
the heat transfer enhancement reported in the literature and (ii)
the experimental equipment used is widely different. While the
comparison is appealing, given the analogy between heat and
mass transfer, further evidence would be necessary to conclude
that the underlying mechanisms of enhanced transfer, which
themselves are as yet unknown, are analogous.

The enhancement inkL measured by both the physical and
chemical methods cannot be predicted satisfactorily using mass-
transfer models for dispersed phases available in the literature.12

Such models predict a linear increase of the enhancement with
the volume fraction of the dispersed phase, which, as shown in
Figure 3, is not true for the nanoparticles studied in this work.
These models also largely underestimate the enhancement
resulting from the presence of dispersed nanoparticles. Similarly,
research focusing on heat transfer30 has indicated the failure of
theoretical effective property models31 to predict experimental
data of enhanced heat transfer in nanofluids. The mechanism
by which nanoparticles increase the interfacial area and the
mass-transfer coefficient is still unclear and work is ongoing in
an attempt to resolve this issue.

Conclusions

We have presented a new type of dispersion with remarkable
stability in high-ionic strength solutions (1 M) and over a wide
range of pH conditions that can be used to enhance gas-liquid
oxygen mass transfer up to 6-fold. These findings have direct
implications for the field of fermentation. We are currently using
nanoparticle dispersions to enhance the oxygen-uptake rate and
cell density in bacterial cultures.

Through a combination of experiments using a dynamic
method (surface aeration) and a steady-state method (sodium
sulfite oxidation), we have shown that both the mass-transfer
coefficient and the interfacial area are enhanced in the presence
of nanoparticles, and that the latter accounts for most of the
total enhancement. Further, the enhancement inkL increases
rapidly at low nanoparticle holdups and slowly aboveφ ) 0.01
(approximately). Finally, it has been observed that the enhance-
ment in kLa shows a strong temperature dependence. On the
basis of these results, our future investigations will attempt to
elucidate the mechanism by which nanoparticles increase the
gas-liquid interfacial area and the mass transfer coefficient.
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Nomenclature

a, b, c, d, e) parameters of eq 14
a ) specific interfacial area, m-1

CO2,bulk ) liquid-phase concentration of oxygen in the well-
mixed bulk, mol m-3

C*O2
) liquid-phase concentration of oxygen at saturation (eq

1) or the average liquid-phase concentration of oxygen in
equilibrium with the inlet and outlet gas (eq 5), mol m-3

CO2 ) concentration of oxygen entering the reactor, mol m-3
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CN2 ) concentration of nitrogen entering or exiting the reactor,
mol m-3

DO2,L ) diffusion coefficient of oxygen in the liquid phase, m2

s-1

E ) absolute enhancement inkL

E′ ) absolute enhancement inkLa
Earea) absolute enhancement in interfacial area
FN2,in ) flow rate of nitrogen entering the reactor, m3 s-1

H ) Henry’s law constant, mol m-3 Pa-1

Ha ) Hatta number
kL ) liquid-side mass-transfer coefficient, m s-1

kLa ) volumetric mass-transfer coefficient, s-1

kn ) rate constant ofnth-order reaction, m3 mol-1 s-1 for n )
2

N ) absorption rate, mol m-2 s-1

n ) reaction order
OUR ) oxygen uptake rate, mol m-3 s-1

PO2,bulk ) partial pressure of oxygen in the well-mixed bulk,
Pa

P*O2
) partial pressure of oxygen at saturation, Pa

PG/VL ) gassed power input per unit volume, kW m-3

t ) time, s
V ) volume, m3

Vs ) superficial gas velocity, m s-1 (shown in cm/min in figures
to facilitate reading)

z) stoichiometric coefficient (moles of sulfite reacted per mole
of oxygen)

Greek Symbols

φ ) volume fraction of nanoparticles
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