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A B S T R A C T

Spherical calcium alginate gel particles were synthesized by dripping method. The effects of temperature,
pressure, particle size and CO2 flow rate on kinetics of supercritical drying of alginate gel particles in a packed
bed were investigated. Increase in CO2 flow rate, increase in temperature and decrease in particle size increased
the drying rate and decreased the drying time. A mathematical model based on (i) the diffusion of the solvent
inside the pores of gel particles, (ii) external mass transfer of the solvent from the surface of the gel particles into
the flowing fluid stream, and (iii) convection and axial dispersion of the solvent in the flowing fluid stream was
developed. A correlation for predicting external mass transfer coefficients for supercritical drying of alcogel
particles was developed by fitting the model to experimental data. A good agreement between the experimental
data and model results was achieved using the developed correlation.

1. Introduction

Aerogels have unique properties such as low density, high porosity,
large surface area, and exhibit three dimensional open pore structures
[1]. Aerogels were first synthesized by Kistler in 1932 [2] and since
then substantial research efforts were exhausted in many research la-
boratories to replace glass windows with transparent silica aerogels for
energy saving purposes utilizing the very low thermal conductivities of
aerogels [3–6]. However, poor mechanical properties and high

production costs of silica aerogel panels hindered their commerciali-
zation. Aspen Aerogels developed a composite aerogel blanket by in-
fusing glass fibers with silica aerogel and started production of these
blankets on an industrial scale in 2007 [7]. This accelerated the re-
search on development of aerogels for use in numerous applications
such as drug delivery, catalysis, tissue engineering, energy storage,
adsorption, sensing, and cosmetics [8–14]. These applications generally
require aerogels in the form of particles. For instance, Dow Corning
produces silica silylate aerogel fine particles as thickening agents for
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organic oils in personal care applications [15].
Synthesis of aerogels can generally be divided into two primary

steps. The first step is forming a gel which consists of a three-dimen-
sional network of cross-linked polymers and a solvent filling up the pore
volume around the polymeric chains. In the second step, the solvent
present in the pores of the gel is replaced with air in order to obtain an
aerogel. The formation of vapor-liquid interface should be prevented
during solvent removal since it leads to capillary stresses which collapse
the pores and shrink the gel. Thus, supercritical drying is commonly
used instead of ambient drying to remove the solvent from the wet-gel.
In supercritical drying, a supercritical fluid, generally supercritical CO2

(scCO2), is continuously passed over gel particles in a packed bed.
During this process, solvent inside the pores of the gel particles diffuses
to the surface of the gel particles and is subsequently transported by
convective mass transfer from the surface into the flowing fluid stream
in which convection and axial dispersion of the solvent take place. CO2

is also transported by convective mass transfer to the surface of the gel
particles and by diffusion into the gel particles. At the end of super-
critical drying, all of the solvent inside the pores is replaced by scCO2.
After depressurization and exposure to air, CO2 inside the pores is re-
placed by air resulting in an aerogel. Supercritical drying is generally
considered a slow process due to the slow rates of diffusion of solvent
inside the pores of the gel particles. Consequently, the operational costs
associated with pumping and compression of CO2 which are propor-
tional to total amount of CO2 to completely dry the wet-gel contribute
significantly to production costs of aerogels. Therefore, a fundamental
understanding of kinetics of supercritical drying of gel particles is
crucial for material development, scale-up and optimization of manu-
facturing of aerogel particles.

Until recently, the diffusion of the solvent inside the gel was con-
sidered as the only mode of mass transport in most of the studies on
supercritical drying of monolithic silica alcogels [16–21]. Experimental
studies showed that drying time increased with increasing gel thickness
due to longer diffusion path [19,22–24]. Moreover, lower temperatures
led to elongated drying times in several studies [16,24]. There are also
a few studies on kinetics of supercritical drying of organic gels. García-
González et al. compared the drying profiles of starch alcogels in the
form of cylindrical monoliths and spherical particles [25]. Spherical
particles could be dried much faster than monoliths. Lazrag et al. stu-
died supercritical drying of cylindrical organic gels which were syn-
thesized using an amino-acid-type organogelator of fibrillary structure
where the solvent was tetralin [26]. Drying time was found to decrease
with increasing scCO2 flow rate and decreasing gel thickness. Selmer
et al. prepared cylindrical whey protein alcogels with a diameter of
14.2 mm and length of 9.1mm and performed in situ measurements to
follow their drying kinetics using Raman spectroscopy [27]. They found
that the initial transfer of CO2 into gel was fast and a significant amount
of CO2 was detected at the center of the gel after five minutes.

Theoretical investigations on drying kinetics using mathematical
models were also carried out. In the early modeling efforts, supercritical
drying was treated as a purely diffusive process described by Fick’s
second law [10]. A more realistic approach was later developed for the
description of supercritical drying. The mass transfer of the solvent in
the gel phase was treated as a diffusive process described by Fick’s
second law with an effective diffusion coefficient. However, additional
transport mechanisms were also taken into account. At the mass
transfer boundary layer at the surface of the gel, convective mass
transfer of the solvent to the flowing fluid stream was considered with
the use of a mass transfer coefficient. For the fluid phase flowing around
the gel, the mass transport of the solvent was described by convection
due to flow and axial dispersion. The partial differential equations for
the solvent in the fluid inside the gel was coupled to that of the solvent
in the flowing fluid phase and solved by using proper initial and
boundary conditions yielding the concentration of solvent in the ef-
fluent stream from the supercritical dryer as a function of time. Griffin
et al. used this approach by (i) neglecting the axial dispersion in the

fluid phase, (ii) assuming no-slip condition at the surface of the gel, and
(iii) introducing a composition-dependent diffusivity term for the
drying of a monolithic silica alcogel with annular geometry and laminar
flow of scCO2 inside the vessel [19]. Their model was in agreement with
experimental data although the amount of ethanol extracted was un-
derestimated during the early phases of drying process and over-
estimated during the later drying phases. Özbakır et al. incorporated a
convective mass transfer term describing the transfer of solvent at the
mass transfer boundary layer from the surface of the gel and neglected
axial dispersion for the drying of monolithic cylindrical silica alcogel
[23]. The good agreement between experimental data and model si-
mulations using mass transfer coefficients calculated from literature
correlations indicated that the proposed model was more appropriate
for reproducing the experimental supercritical drying data.

Kinetics of supercritical drying of gels in the form of particles was
not investigated in detail either experimentally or theoretically until the
recent studies of Selmer et al [27,28]. They used differential mass
balances for spherical gel particles and the fluid phase around the gel
particles. All modes of mass transport including diffusion, convective
mass transfer, convection and axial dispersion, were taken into account
in developing the mathematical model. There was an underestimation
of the drying profiles for the early phases of drying. These deviations
were attributed to the simplified description of the hydrodynamics in
the packed bed. Simulations using the proposed model showed that
staying in the diffusion-limited region near to the transition Biot
number was essential to minimize the drying duration and CO2 con-
sumption. Therefore, convective mass transfer contribution to the
drying kinetics should be accounted for accurate modeling and opti-
mization of the drying process.

Mass transfer coefficients are usually calculated using correlations.
An empirial correlation in terms of dimensionless numbers for the es-
timation of the mass transfer coefficients in supercritical drying of gels
in a packed bed does not exist. On the other hand, for modeling su-
percritical extraction from various matrices, mass transfer coefficients
are estimated from several empirical correlations in terms of di-
mensionless numbers [29–34] Tan et al. proposed a Sherwood number
correlation derived from experiments carried out under supercritical
conditions for the first time [34]. Later, modified versions of this cor-
relation have been derived and utilized in several studies [29,30].
However, one of the key differences between the supercritical drying
and the supercritical extraction processes is the amount of solvent in the
solid medium (wet-gel). Typical extract concentrations in various ma-
trices are around a few percent for supercritical extraction processes in
contrast to a value of 90 wt% for most of the supercritical drying pro-
cess due to highly porous nature of gels [35]. Therefore, there is a need
to develop a mass transfer coefficient correlation for supercritical
drying of particles.

In this study, we investigated the kinetics of supercritical drying of
polysaccharide gel particles in a packed bed. Spherical calcium alginate
alcogel particles with various sizes and porosity were used.
Concentration of the solvent, ethanol, in the effluent stream at the exit
of the drying vessel was measured as a function of time. The effect of
temperature, pressure and scCO2 flow rate, and gel size on drying
profiles were studied. A correlation for mass transfer coefficients for
supercritical drying of alcogel particles in a packed bed was developed
by fitting kinetic data to a physically realistic mathematical model. This
work is the first effort on describing the kinetics of drying of poly-
saccharide aerogel particles which are currently attracting increasing
attention for use in applications such as flavor encapsulation, controlled
drug release and humidity removal [9,13,36].

2. Materials and methods

2.1. Materials

Alginic acid sodium salt from brown algae (medium viscosity) and
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calcium chloride (anhydrous granular,> 93%) were obtained from
Sigma-Aldrich®. Ethanol (99.9% purity) was purchased from Isolab.
CO2 was obtained from Air Liquide and had a stated purity of 99.9%.

2.2. Preparation of spherical calcium alginate beads

Spherical calcium alginate gel particles were synthesized by drip-
ping a 1.5 wt% aqueous alginate solution into a 0.2M aqueous CaCl2
solution with constant stirring at 200 rpm. Hydrogel beads were then
placed in a distilled water bath. After that, hydrogel beads were sub-
jected to a stepwise solvent-exchange procedure with ethanol for a
duration of 2 h at each step (10%, 30%, 50%, 70%, 90% and 100%
ethanol by vol., respectively) to prevent excessive shrinkage of beads.
Before supercritical drying, gels were kept in fresh ethanol (99.9%
purity) for 24 h.

2.3. Supercritical drying of calcium alginate alcogels with scCO2

Supercritical drying of synthesized calcium alginate alcogels was
performed in an Applied Separations Speed SFE unit (tubular vessel,
length=15.94 cm, diameter= 1.43 cm, volume=26ml). A schematic
diagram of the drying unit used in this study is shown in Fig. 1. The
vessel (item 6 in Fig. 1) was initially preheated to the desired tem-
perature and filled with alcogel beads. Sufficient amount of ethanol to
cover the whole packed bed of particles was added in order to prevent
possible evaporation of the solvent from the alcogel surface which
could lead to shrinkage of the gel beads. The vessel was then heated to
the drying temperature. After rapid pressurization by opening the inlet
valve to the vessel, the valve at the exit of the vessel was opened. Then,
the desired flow rate of CO2 (2–4 L/min at ambient conditions, 1 atm
and 298 K) was adjusted using a micro-metering valve. Ethanol started
coming out from the vessel immediately and was collected in a vial
immersed in a cooling bath composed of dry ice-acetone mixture at
−75 °C. In doing so, ethanol-rich liquid phase was collected in the vial
whereas CO2-rich gas phase was vented out. Mass balance calculations
indicated that 99.88% of ethanol can be recovered at this temperature
[23]. When the amount of collected ethanol in the vial was approxi-
mately equal to the amount of excess ethanol initially added to the
vessel, the vial was replaced with an empty one. Time “zero” in both
concentration and percent removal plots refers to this time. The ethanol
in the first vial was assumed to be the excess ethanol placed in the
vessel. The collection time in the first vial lasted usually anywhere from
1 to 2min which was much shorter than the duration of a typical drying
experiment (i.e., 30 min). Ethanol extracted from the alcogel was

discretely collected in separate vials within certain time intervals and
weighed.

The concentration of ethanol in the effluent stream at the extraction
conditions, EC, CEtOH EC was calculated by dividing the mass of ethanol
collected in the vial, mEtOH , by the molecular weight of ethanol,
Mw EtOH, , the time interval of collection, t , and the volumetric flow rate
of the effluent stream at extraction conditions, Qmixture EC .

C m
Q M tEtOH EC

EtOH

mixture EC w EtOH,
=

× × (1)

Qmixture EC was calculated by adding the volumetric flow rates of
ethanol, QEtOH EC, and CO2, QCO EC2 , assuming that CO2 and ethanol
formed ideal mixtures at these conditions.

Q Q Qmixture EC EtOH EC CO EC2= + (2)

QEtOH EC and QCO EC2 were calculated from the experimentally de-
termined volumetric flow rate of ethanol at ambient conditions,
QEtOH amb (m t/( )EtOH EtOH × , where EtOH is the density of ethanol at
ambient conditions) and volumetric flow rate of CO2 at ambient con-
ditions, QCO amb2 (2–4 L/min) by material balances around the micro-
metering valve for ethanol and CO2, given by:

Q V Q
V

¯
¯EtOH EC EtOH EC
EtOH amb

EtOH amb
= ×

(3)

Q V Q
V

¯
¯CO EC CO EC
CO amb

CO amb
2 2

2

2
= ×

(4)

where V̄EtOH EC and V̄CO EC2 are molar volumes of ethanol and CO2 at
the extraction conditions, and V̄EtOH amb and V̄CO amb2 are molar vo-
lumes of ethanol and CO2 at ambient conditions.

Drying was continued until no ethanol could be collected in the vial,
and the vessel was then slowly depressurized to ambient pressure at the
set drying temperature. The dry aerogel particles were finally collected
from the vessel.

Drying time for complete drying of small gel particles is much
shorter than that in drying of large monoliths. Therefore, the con-
centration of ethanol at the exit stream decreases very rapidly and
should be measured correctly in order to have reliable drying kinetic
profiles. The early phases of drying are particularly important since
drying occurs faster in these early phases. One important advantage of
our experimental setup is the flexibility of the sampling interval during
concentration measurement of ethanol in the exit stream. We used short
intervals, 1 or 2 min, for collection of ethnaol in the vials for the early
phases of drying to measure the ethanol concentration accurately.

Two experiments at identical operating conditions were carried out

Fig. 1. Schematic representation of process flow diagram of drying unit used in our studies (1. CO2 tank, 2. Valve, 3. Cooler, 4. Pressure transducer, 5. Pump, 6.
Tubular extraction vessel, 7. Oven, 8. Micro-metering Valve, 9. Thermocouple, 10. Sample collection vial, 11. Dry ice cooling bath, 12. Rotameter [23].
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to evaluate the reproducibility of the data drying profiles. Fig. 2 shows
that the concentration profiles measured in these experiments (half-
filled tubular vessel, length=12.623 cm, diameter= 3.175 cm, vo-
lume=100ml) were almost identical indicating excellent reproduci-
bility. The small differences observed in concentrations may be attrib-
uted to the small delays in changing the sampling vials. Table 1
compares the total mass of alcogel particles placed in the vessel and
added excess ethanol with the total mass of aerogel particles and
ethanol collected during the full course of experiments. The difference
between the two amounts was found to be less than 1% for both ex-
periments. For all the other experiments carried out in this study, ma-
terial balance closures for ethanol were better than 3%.

3. Results and discussions

3.1. Effect of operating conditions on drying

Effects of changing CO2 flow rate, temperature and pressure on
drying process were investigated. For the investigation of the effect of
scCO2 flow rate, experiments were carried out with three different exit
flow rates which were 2, 3 and 4 L/min at ambient conditions. The
temperature and pressure at extraction conditions were 318 K and
100 bar, respectively. Flow rate of the entering scCO2 was found to be
affecting both concentration profiles at the exit stream and drying time.
Fig. 3 shows that the effluent concentration decreased faster with in-
creasing exit flow rate from 2 L/min to 4 L/min. Around 40% of the
ethanol in the gel was removed in the very first minute of the drying at
all flow rates. This was due to both the short diffusion path lengths and
to the spherical geometry of the alcogels since a larger portion of the

total ethanol volume in the wet-gel is close the gel surface in contact
with flowing fluid stream. If the spherical particle is hypothetically
divided into five shells with equal thicknesses, the outmost shell con-
tains almost 50% of the total ethanol in the pores to the gel. Therefore,
the behavior of rapid decrease in the concentration curves can be partly
attributed to the spherical geometry and small particle size. The pro-
nounced effect of flow rate on the drying kinetics implies the im-
portance of convective mass transfer on the drying kinetics.

The drying behavior at two different pressures were investigated at
310 K with a CO2 exit flow rate of 3 L/min and at 318 K with a CO2 exit
flow rate of 2 L/min. Fig. 4a shows as pressure increases, concentration
increases at a particular time. However, when this data is converted to
percent removal data, this trend does not hold anymore with drying
time decreasing in the order 200 bar ≈100 bar> 150 bar, as indicated
in Fig. 4b.

Similarly, the drying behavior at two different temperatures were
investigated at 100 bar and 150 bar with a CO2 exit flow rate of 2 L/
min. Fig. 5 shows that increase in temperature speeds up the drying,
shifting both curves in Fig. 5b to the left.

The experiments were carried out to investigate the changes of
drying profiles at a constant density of inlet CO2 stream. A set of tem-
perature and pressure values were selected providing nearly identical
CO2 densities. Experiments were performed at 85 bar and 310 K,
100 bar and 318 K, 125 bar and 331 K, 150 bar and 344 K, and 170 bar
and 354 K keeping the CO2 exit flow rate at 2 L/min. Density of scCO2 is
equal to 500 kg/m3 at these conditions. Concentration profiles and
percent removal curves in Fig. 6 indicate that increasing temperature
and pressure at a constant density resulted in faster drying kinetics.

Fig. 2. Concentration ethanol in the exit stream as a function time for (a) 100 bar, 318 K and 2 L/min CO2 exit flow rate at ambient conditions, and (b) 80 bar, 313 K
and 2 L/min CO2 exit flow rate at ambient conditions.

Table 1
Comparison of the initial and the final mass of the system for experiments at 100 bar 318 K and 80 bar 318 K with 2 L/min flow rate of CO2.

Initial mass (g) Final mass (g) Difference (%)

Alcogel Mass Excess Ethanol Total Aerogel
Mass

Ethanol
Exit

Total

100 bar
318 K

24.0 19.2 43.2 1.110 41.72 42.8 0.93

80 bar
318 K

24.5 19.2 43.7 1.122 42.43 43.6 0.23
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3.2. Effect of particle size on drying

The effect of particle size was investigated by using alcogels with
two different diameters, dp. Alcogels with a diameter of 2.1mm were
synthesized by dripping the alginate solution using a needle with a
narrow tip. Results in Fig. 7 were found to be consistent with previous
findings in the literature on the effect of gel thickness on drying kinetics
[19,22,24]. We observed a very fast drying when the particle size was
decreased from 4.5mm to 2.1 mm. Decreased diffusion path lengths
was the main cause of the fast drying behavior.

3.3. Modeling of drying of spherical calcium alginate alcogel particles

Mass transfer in the system, see Fig. 8, was represented using a
physical model which consisted two coupled partial differential equa-
tions, one for the solvent in the fluid phase in the alcogel and the other

for the solvent in the fluid phase flowing around the gel particles. The
direction of mass transfer of ethanol for the flowing fluid stream and for
the fluid in the gel particles is schematically shown in Fig. 8. Diffusion
of ethanol from the gel to the surface of the gel particles was described
by Fick’s second law. Mass transfer of ethanol from the surface of the
particles into the flowing fluid stream, and convection and axial dis-
persion of ethanol in the flowing fluid stream were taken into account
for the flowing fluid phase.

The partial differential equation governing mass transfer of the
ethanol inside a spherical gel is given by;

C
t r r

r D C
r

1s
e

s
2

2=
(5)

where Cs is concentration of ethanol inside the fluid in the gel, De is a
concentration dependent effective diffusion coefficient of ethanol in
scCO2, t is time, and r is the radial position.

Fig. 3. (a) Concentration of ethanol in the exit stream as a function time, and (b) percent removal of ethanol from the wet-gel for different exit flow rates of CO2

measured at ambient conditions.

Fig. 4. (a) Concentration of ethanol in the exit stream as a function time, and (b) percent removal of ethanol from the wet-gel for different pressure for each set of
other operating conditions.
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The initial condition and the boundary conditions for Eq. 5 were
taken as;

C C tat 0s s0= = (6)

C
r

r0at 0s = = (7)

D C
r

k C C r R( )ate
s

f f sR= = (8)

where Cf is concentration of ethanol in the flowing fluid phase, R is the
radius of the gel, CsR is the concentration of ethanol at the surface of the
gel, that is C CsR s= at r R= .

Eq. 8 indicates that there is convective mass transfer from the sur-
face of the gel (r R= ) into the flowing fluid phase governed by the
external mass transfer coefficient kf . Initially, there was pure ethanol
inside the gel particles (Eq. 6). Symmetry boundary condition at the
center of the spherical particle was implemented as given in Eq. 7.

The partial differential equation obtained from a mass balance in a
differential volume element in the flowing fluid phase outside the gel
particles is given by;

C
t

D
C
z

u
C
z R

k C C3(1 ) 1 ( )f
L

f f b

b
f f sR

2

2 0=
(9)

where Cf is concentration of ethanol in the flowing fluid phase, DL is
axial dispersion coefficient of ethanol, b is the porosity of the packed
bed, kf is the external mass transfer coefficient, and u0 is the interstitial
velocity of the flowing fluid phase. The first term at the right hand side
of Eq. 9 denotes the axial dispersion of ethanol governed by the axial
dispersion coefficient DL, the second term shows the mass transfer of
ethanol by convection in the z direction in the vessel, and the last term
represents the mass transfer taking place from the surface of the gel
particles.

The initial condition and the boundary conditions for Eq. 9 were as

Fig. 5. (a) Concentration of ethanol in the exit stream as a function time, and (b) percent removal of ethanol from the wet-gel for different temperatures for each set
of other operating conditions.

Fig. 6. (a) Concentration of ethanol in the exit stream as a function time, and (b) percent removal of ethanol from the wet-gel for different temperatures and pressure
for a constant density of inlet scCO2.
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follows;

C C tat 0f f 0= = (10)

u C D
C
z

z0at 0f L
f

0 = =
(11)

C
z

z L0atf = =
(12)

Initially, the pores in the gel and the void volume of the extraction
vessel were assumed to be filled with pure ethanol (Eq. 10). Danckwerts
boundary condition was implemented for the flowing fluid phase at the
top of the drying vessel, z= 0, indicating the dispersion of ethanol is
counterbalanced by the convective term to prevent ethanol loss (Eq.
11.). Concentration of ethanol at the exit of the vessel (z= L) does not
change with position. (Eq. 12.).

Numerical method of lines (NMOL) was implemented by converting
the coupled partial differential equations, Eqs. 5 and 9, into a coupled
set of differential-algebraic equations by discretizing only the spatial

dimension via finite difference method. The temporal dimension, t, was
allowed to be continuous. Then, available built-in ordinary differential
equation (ODE) solvers in MATLAB were utilized to solve the ODEs
obtained from discretization. The model thus yielded concentration of
ethanol in the fluid phase inside the particles, Cs, as a function of r, z,
and time and concentration of ethanol in the fluid phase flowing around
the particles, Cf, as a function of z and time. The inlet volumetric flow
rate of CO2 at extraction conditions varied as a function of time in
solving model equations. In experiments, the volumetric flow rate of
CO2 at the exit at ambient conditions was kept constant (2–4 L/min).
The volumetric flow rate of CO2 at the inlet of the bed was taken as the
sum of the volumetric flow rate of ethanol and CO2 at the exit of the bed
at extraction conditions. The inlet volumetric flow rates of CO2 as a
function of time for all of the experiments can be found in Table S1 in
Supplementary Information.

In order to compare the model results with experimental data, a set
of calculations was performed after the solving differential equations.
First, the amount of ethanol collected at the exit of the vessel as a
function of time was determined by taking the integral of mass flow rate
of ethanol at the exit of the vessel Q C z L( at )mixture EC f× = versus time
curve. Then, the time when the amount of ethanol collected was equal
to the amount of initially added excess ethanol to the vessel (texcess) was
determined. This time was taken as time zero and the other time values
were adjusted by subtracting texcess. Cf values at z= L at each time
calculated from the model with time correction as described above were
compared with the concentrations calculated from experimental data as
described in the Experimental section.

3.3.1. Parameter estimation
Parameters in the constructed model were determined by mea-

surement and correlations available in the literature. Table 2 sum-
marizes the estimated model parameters, estimation method and re-
levant references.

Bulk density and skeletal density of the aerogel particles were used
to calculate the particle porosity as follows:

1 bulk

sketal
=

(13)

Bulk density was calculated from the average values of measured
weight and diameter of the spherical aerogels. Skeletal density of the
gel was assumed to be equal to the density in the crystallized state

Fig. 7. (a) Concentration of ethanol in the exit stream as a function time, and (b) percent removal of ethanol from the wet-gel for different alcogel particle sizes.
Temperature, pressure and CO2 exit flow rate were set to 318 K, 100 bar and 2 L/min, respectively.

Fig. 8. Schematic representation of the direction of mass transfer of ethanol for
the flowing fluid stream and for the fluid in the gel particles.
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which was 1.6 g/cm3 [43,44]. Tortuosity of the porous network of the
gel was assumed to be a fixed parameter and equal to 1/ε in accordance
with the work of Wakao et al [31]. Bed porosity was estimated by filling
the void volume of the drying vessel with ethanol and taking the ratio
of the filled ethanol volume to the total volume of the drying vessel
filled with alcogels. NIST Standard Reference Database was used to
calculate the density and the viscosity of scCO2, which vary with
temperature and pressure [38].

Composition-dependent effective diffusion coefficients were calcu-
lated using the Vignes correlation which was used in several previous
studies [23,27]. Infinite dilution binary diffusion coefficient of ethanol
in scCO2 was estimated using the simple empirical correlation sug-
gested by Magalhães et al. [40]. According to that study, average ab-
solute relative error between the experimental data and the values
calculated using the proposed correlation was 2.15% for the CO2-
ethanol system [45]. For the case of binary diffusion coefficient of CO2

in ethanol at infinite dilution, the empirical correlation by Snijder et al.
was utilized [41].

Axial dispersion coefficient was estimated using a Péclet number
(Pe) correlation developed by Tan et al. for methane-scCO2 system
[42]. This correlation was selected since both vessel and particle dia-
meters and operating conditions were similar to those used in this
study. Besides, calculated Pe numbers in this study fall to the studied
range of 0.6–2.7 by Tan et al. There are also several other studies which
utilized this correlation successfully [46–49].

The external mass transfer coefficient, kf, was the only regressed
parameter in the model. A Sherwood number correlation for forced
convection in terms of Reynolds number (Re) and Schmidt number (Sc)
was proposed, and constants α, β and γ were determined.

3.3.2. Comparison of experimental data to model predictions and mass
transfer correlations

The constants α, β and γ in the proposed mass transfer correlation
were determined by fitting the model results to experimental kinetic
data. Table 3 shows the experiments with their set temperature, pres-
sure, and CO2 flow rate along with particle diameter. Values of α, β and
γ were estimated as 0.249, 0.295 and 0.333, respectively, for
20<Re<200.

Figs. 9 and 10 show the comparison of experimental data and model
results. There is good agreement between the model results and ex-
perimental data for all the experiments with the exceptions of experi-
ments 5 and 10 for which model predictions were slightly off than the
others. Calculated R2 values for all the experiments lie between 0.969
and 0.999. The proposed model along with the mass transfer correlation

provides a good prediction of the experimental drying time as well as
the drying kinetics. Also, the model accurately predicts the effect of
changing alcogel particle size on drying kinetics.

4. Conclusion

Kinetics of supercritical drying of polysaccharide alcogel particles in
a packed bed was investigated for the first time. Experiments were
carried out at different temperatures (308 K – 354 K), pressures
(85 bar – 200 bar), CO2 exit flow rates (2 L/min – 4 L/min) and gel
particle sizes (2.1 mm – 4.5mm). Increasing flow rate decreased the
drying time whereas increasing particle size led to a significantly slower
drying kinetics. Increase in the temperature also led to faster drying of
particles. A mathematical model, which takes into account the diffusion
of ethanol to the surface of gel particles, convective mass transfer of
ethanol into the flowing fluid stream at the mass transfer boundary
layer, convection and axial dispersion of ethanol in flowing fluid
stream, was used to describe the kinetics of supercritical drying. A
Sherwood number correlation was developed to estimate external mass
transfer coefficients by fitting the model to experimental data. A good
agreement between the experimental data and the model results was
obtained. The drying kinetics depends in a complex manner on bed
properties (bed porosity, length, and diameter), particle properties
(particle size and particle porosity) and the operating conditions
(temperature, pressure, and flow rate). The effect of all these para-
meters and their effects on effective diffusion coefficient, convective
mass transfer coefficient and axial dispersion coefficient should be

Table 2
Summary of the parameters used in the model.

Paramater Value Estimation Method References

Particle porosity, ε 0.965 Density measurements –
Bed porosity, b 0.42 Volume measurements –
Tortuosity, τ 1/ε Literature correlation [37]
Density & Viscosity,

CO2 & µCO2

Varies with T, P Literature data [38]

Effective diffusion coefficient, De D D D /e og
xco

ol
xco(1 2) 2= × × Literature correlation [39]

Binary diffusion coefficient of ethanol in scCO2 at infinite dilution, Dog D T ( 9.434 10og CO
7

2= × × ×

1.296 10 )6+ ×

Literature correlation [40]

Binary diffusion coefficient of CO2 in ethanol at infinite dilution, Dol ( )D exp336.5 10ol T
9 1314.7= × Literature correlation [41]

Axial dispersion coefficient, DL DL
u dp

Pe
0= ×

Pe Re Sc1.634 0.265 0.919=

Re Sc,
dpu b CO

µCO

µCO
CO Dog

0 2
2

2
2

= =

Literature correlation [42]

Mass transfer coefficient, kf kf
Sh Dog

dp
=

×

Sh Re Sc=

Determination of constant α, β and γ by regression –

Table 3
Summary of the operating conditions.

Experiment No. Temperature, K Pressure, bar QCO2-amb, L/min dparticle,
mm

1 318.15 100 2 4.5
2 318.15 100 3 4.5
3 318.15 100 4 4.5
4 318.15 100 2 2.1
5 318.15 200 2 4.5
6 310.15 120 3 4.5
7 310.15 100 3 4.5
8 308.15 100 2 4.5
9 344.15 150 2 4.5
10 318.15 150 2 4.5
11 331.15 125 2 4.5
12 310.15 85 2 4.5
13 354.15 170 2 4.5
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Fig. 9. Comparison of the fraction of ethanol removal curves estimated by the model with the experimental data for the experiments listed in Table 3. Straight lines
indicate the model results whereas empty circles show the experimental data points. Numbers corresponds to experiment numbers denoted in Table 3.
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Fig. 10. Comparison of the ethanol concentrations at the exit stream estimated by the model with the experimental data for the experiments listed in Table 3. Straight
lines indicate the model results whereas empty circles show the experimental data points. Numbers corresponds to experiment numbers denoted in Table 3.
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considered in order to understand the changes in drying profiles.
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