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a b s t r a c t

The infinite dilution binary diffusion coefficients D12 for aluminum acetylacetonate in supercritical CO2

were determined at 308.15e333.15 K and at 7.80e40.00 MPa by the chromatographic impulse response
(CIR) method. And, the diffusion measurements in liquid ethanol were carried out at 300.15e333.15 K
and at 0.10 and 30.00 MPa by the Taylor dispersion method. It was found that the D12 values measured in
supercritical CO2 show slowing down in the region of near critical point. The determined activation
energies of diffusion were 23.0, 13.7, 12.0, 11.3 kJ/mol at 12.00, 20.00, 25.00, 35.00 MPa in supercritical
CO2 and 19.1 kJ/mol at 0.10 MPa in liquid ethanol, respectively. All determined 90 diffusion data in this
study can be correlated with the equation of D12 [m2/s] ¼ 1.558 � 10�14 T [K] h [Pa s]�0.761 with average
absolute relative deviation (AARD) of 5.6% over a wide fluid viscosity range from 2.462 � 10�5 to
1.258 � 10�3 Pa s.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Supercritical fluids as green solvents are now being often used
in chemical reaction, extraction, separation and analysis in both
academia and industry thanks to unique properties like high
diffusivity, low kinematic viscosity and easily adjustable solvent
power. For rational design and improvement of the process with
supercritical fluids, it is important to fully know basic property such
as the diffusion of solutes in the supercritical system. Diffusion is a
physical phenomenon commonly occurring in a variety of chemical,
biological and environmental processes involving mass transfer.
Therefore, the determination of diffusivities in fluids is of great
significance for the estimation of mass transfer processes. A more
efficient application using supercritical fluid technology often adds
entrainer to the supercritical fluid. Hence the diffusionmechanisms
in practical processes need to be understood not only in

supercritical state but also in liquid state. Up to now, most mea-
surements of diffusion coefficients relate only to liquid state or
supercritical state. Furthermore, there is a lack of diffusion data for
the same solute in both states. There are many methods [1e3] that
may be used to obtain infinite dilution binary diffusion coefficients
D12. Among them, the Taylor dispersion method is suitable for
determining the D12 data in liquid phase, and the chromatographic
impulse response (CIR) method [4,5] can be used not only for
measuring diffusion but also for measuring partial molar volumes
and solubilities in supercritical fluids [6,7].

Aluminum acetylacetonate (Al(acac)3) as one of aluminum
source can be soluble in supercritical CO2. Through thermal
decomposition in supercritical CO2, Al(acac)3 can be used as a
precursor to produce template nanoporous alumina materials [8],
thin films of aluminum oxide [9,10] and many important applica-
tions [11]. Diffusion data are still inconveniently few for metal
complexes [12e17] in supercritical CO2, and it is found that no
diffusion data are available for system of Al(acac)3 in supercritical
CO2 or in liquid ethanol. Therefore, this study was intended to
measure the D12 values for Al(acac)3 in supercritical CO2. In addi-
tion, the D12 data were also determined in liquid ethanol. Then, the
reliability of the correlation of D12/T vs fluid viscosity h was
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examined.

2. Theory

The detail theoretical backgrounds have been given by the au-
thors [5] for the CIR method and Alizadeh et al. [18] for the Taylor
dispersion method. The cross sectional average concentrations
c(z,t) can be given by using Eq. (1) for the CIRmethod and Eq. (2) for
the Taylor dispersion method, respectively.
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where z is the axial distance, t is the time,m is the amount injected,
R is the column radius, u and u0 are the solute and fluid velocities,
respectively. The D12 was determined by curve fit using the root
mean square fitting error ε (Eq. (3)). It was found that the fit indi-
cated acceptably if ε < 3% and good if ε < 1% [5].
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where L is the distance between injector and detector, t1 and t2 are
the times at the frontal and latter 10% peak heights of measured
curve cmeas(L,t) at z ¼ L, respectively.

3. Experimental

The measurement system basically consisted of a pump, a
pressure gauge, an injector, a diffusion column, a water bath, a
thermometer, a UVeVis multidetector and a back pressure regu-
lator. The apparatus and procedure have been described elsewhere
[15e17]. The measurements in this study were carried out at higher
pressures, therefore, a high degree of accuracy in both temperature
and pressure control was desirable. The pulseless syringe pump
was used to supply compressed CO2 in the CIR method, which can
eliminate pressure and density gradients in supercritical CO2. Note
that in this study the pressure and temperature were controlled
accurately to ±0.01 K and ±0.05 bar, respectively. Then, a pulse of
Al(acac)3 dissolved in hexane or ethanol was loaded through the
injector. When the solute was injected, the injection mode must be
carefully checked. If the sample rotor was left in the flowing fluid,
the measured response curve with serious tailing was often gotten.
But, after injectedwith a very short time (e.g. less than 1 s), then the
injection valve being immediately turned to allow the fluid to flow
directly to the column, it often got in a pulse like injection, the
tailing may be avoided and the dispersion effect of the solute was
minimally-eliminated. The chromatographic response curves were
measured by the UV detector with 1 nm increments.

CO2 with purity of 99.95% was purchased from Air Gases Tokai
Ltd., Japan, aluminum acetylacetonate (molecular formula:

Al(C5H7O2)3, molecular weight: 324.3) with 99% was obtained from
Sigma Aldrich, ethanol with 99.5% was from Wako, hexane with
98% was obtained from Tokyo Chemical Industry, and all materials
used as received.

4. Results and discussion

We have examined the effects of the injected Al(acac)3 con-
centration, the wavelength, the fluid velocity and the dissolving
organic solvent on D12 of Al(acac)3 as described elsewhere [17,19].
The Al(acac)3 concentration of ethanol with 7.5 � 10�4 g/mL and
thewavelength of 300 nmwere used in all diffusionmeasurements.
The fluid velocities were controlled at lower than 8� 10�3 m/s, and
all measurements were made at DeSc1/2 < 8, where De is the Dean
number and Sc is the Schmidt number. In this study at least three
measurements at the given condition were measured, and the
average diffusion datum was determined to be the D12 value. All
determined D12 data are presented in Table 1, together with the
values of fluid density r and viscosity h.

Fig. 1 illustrates the pressure influence on the determined D12
and ε by the CIR method for Al(acac)3 at 308.15, 313.15, 323.15 and
333.15 K, and pressures from 7.80 to 40.00 MPa in supercritical CO2.
Almost ε values were lower than 1% as seen in Fig. 1 (b). The greater
pressure sensitivity of D12 at lower pressure indicates that the fluid
density or viscosity is remarkable factor, because these properties
change rapidly with pressure in this region. It was found that an
empirical correlation (Eq. (4)) can represent the 84 D12 data for
Al(acac)3 determined in supercritical CO2 with the average absolute
relative deviation (AARD) of 3.9%.
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where D12, c0, c1, c2, c3, T and P are in m2/s, m2/s, m2 MPa/s, m2/(s K),
m2 MPa/(s K), K and MPa, respectively, N is the number of experi-
mental data points, and D12, meas and D12, pred are the measured and
predicted D12 data, respectively. The parameters of c0 to c3 deter-
mined individual fittings at 308.15, 313.15, 323.15 and 333.15 K and
a global fitting are presented in Table 2 with the values of N and
AARD. It was found [12,14,17,20] that the simple empirical corre-
lation canwell represent the D12 data determined in this study over
the higher pressure region, as shown in Fig. 1 and Table 2.

The effects of temperature on D12 values of Al(acac)3 in super-
critical CO2 determined by the CIR method at 308.15e333.15 K and
at 12.00, 20.00, 25.00, 35.00 MPa, and in ethanol determined by the
Taylor dispersion method at 300.15e333.15 K and 0.10 MPa are
plotted in Fig. 2 alongwith the Li(acac) data [17] in supercritical CO2
at 20.00 MPa and in ethanol at 0.10 MPa. A straight line was formed
in all plots for each of the pressure investigated. The D12 values can
be described using the Arrhenius expression in Eq. (6), where D0 is
the preexponential factor, Ea is the activation energy, T is the ab-
solute temperature and RG the universal gas constant.

D12 ¼ D0$e
� Ea

RGT (6)

In Fig. 2(a), the slope behavior at 12.00 MPa in supercritical CO2

was distinctly separated from those at 20.00, 25.00 and 35.00 MPa.
The slopes of these lines, however, were different, indicated
different activation energies of diffusion at different pressures. At
20.00 MPa, the slopes in the plots for Al(acac)3 and Li(acac) in su-
percritical CO2 appeared to be no significant differences, however,
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