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• Kinetics  of  supercritical  drying  of  a
series  of ionotropic  alginate  gel  par-
ticles  was investigated.

• Supercritical  drying  kinetics  was
predicted  using  a mathematical
model.

• Changes  in  drying  kinetics  could  be
accounted  by  changes  in  particle
diameter and  porosity.

• Gel  particles  of  diameter  of  4.5  mm
could  be  supercritically  dried  in  less
than  25 min.
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a  b  s  t r  a  c  t

A series  of spherical  ionotropic  alginate  gel  particles  with  different  diameters  ranging  from  2.8  mm  to
5.0  mm  and  porosities  ranging  from  0.899  to  0.976  were  prepared  by  dripping  a Na-alginate  solution
into  a  solution  of  salts  of  divalent  cations  (Ca2+, Mn2+, Ni2+, Co2+, Cu2+ and  Zn2+). After  solvent  exchange
with ethanol,  kinetics  of  supercritical  drying  of  these  ionotropic  alginate  gel  particles  in a  packed  bed
was  investigated  at 308–338  K and 100–120  bar.  Experimental  data  were  compared  with  predictions  of
a  model  which  considers  diffusive  transport  inside  the  pores  and  convection  in the  flowing  fluid  stream.
eywords:
upercritical drying
inetics
lginate
ass transfer coefficient
athematical model

The  model  predicted  drying  profiles  by taking  into  account  only the  changes  in porosity  and  diameter
of  the  gel  particles.  A convective  mass  transfer  coefficient  correlation  that  was  originally  developed  for
supercritical  drying  of  Ca-alginate  gel  particles  was  found  to be suitable  for  M-alginate  gel  particles.

© 2019  Elsevier  B.V.  All  rights  reserved.
erogel

. Introduction
Aerogels are mesoporous materials that have low density, high
orosity and high pore volume. Aerogels can be organic or inorganic
nd can be produced as monoliths, fibers and particles. Significant

∗ Corresponding author.
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896-8446/© 2019 Elsevier B.V. All rights reserved.
research efforts have been exhausted in many laboratories around
the world for development of monolithic transparent silica aerogels
in the form of panels and silica aerogel based blankets for the past
three decades [1–6]. Recently, a wide variety of organic and inor-
ganic aerogels and their composites in the form of particles have

been under investigation for various applications such as adsorp-
tion, catalysis, energy, sensing, cosmetics and food [7–10]. In some
cases, the unique and tunable properties of aerogel particles has
led to very promising results [11]. Aerogel particles are obtained
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y supercritical extraction of solvent (supercritical drying) from gel
articles which can be produced by a number of methods such as
mulsion gelation (with and without surfactant) and dripping [7].

In supercritical drying, a supercritical fluid, generally supercrit-
cal CO2 (scCO2), is continuously passed over gel particles that are
acked in a bed until the solvent is completely removed from the
ores of the gel particles. During this process, solvent inside the
ores of the gel is transported by diffusion to the surface of the gel
articles owing to the presence of a concentration gradient. The
olvent is then transported by convective mass transfer from the
urface of the gel particles into the flowing fluid stream. An under-
tanding of the kinetics of supercritical drying of gel particles is
mportant not only for the design and optimization of large scale
upercritical dryers but also for improving our understanding of
ransport processes in supercritical fluids.

There has been a limited number of experimental and theo-
etical studies on kinetics of supercritical drying of gel particles
12]. Selmer et al. developed a model for predicting the kinetics of
upercritical drying in a bed packed with spherical silica alcogel
articles [13]. The differential mass balance equations were writ-
en separately for ethanol in the fluid phase in the alcogel and for
thanol in the fluid phase flowing around the gel particles. The mass
ransfer of the solvent in the alcogel was considered as a diffusive
rocess described by Fick’s second law with the use of an effective
iffusion coefficient. A partial differential equation was written to
escribe the variation of ethanol concentration in the flowing fluid
s a function of time and bed height which included a convective
erm due to the flowing fluid, a term for the convective mass trans-
er of ethanol from the surface of the gel particle to the flowing fluid
nd an axial dispersion term due to diffusion of ethanol in the flow-
ng fluid stream around the particles. The solution of these coupled
artial differential equations by using proper initial and boundary
onditions yielded concentration profiles of ethanol inside the par-
icle and along the height of the packed bed. The model was then
sed to simulate the effects of various parameters such as oper-
ting conditions, flow rate, particle size, and bed dimensions on
rying times. The mass transfer coefficient was calculated utiliz-

ng the existing correlations in the literature [13]. The simulations
uggested the presence of two distinct regimes. Comparison of the
odel results with the experimental data for drying of spherical

ilica alcogel particles in a packed bed indicated that there was  an
nderestimation of the drying profiles for the early phases of drying
14]. These deviations were attributed to the simplified description
f the hydrodynamics in the packed bed. Simulations using the pro-
osed model showed that staying in the diffusion-limited region
ear to the transition Biot number was essential to minimize the
rying duration and CO2 consumption. Both of these two  studies

ndicated that accurate description of convective mass transport at
he gel-scCO2 interface is crucial for the optimization of supercrit-
cal drying of gel particles.

Usually, correlations in terms of dimensionless numbers are
sed to calculate convective mass transfer coefficients in super-
ritical fluid applications [15–20]. A Sherwood number correlation
as derived for experiments carried out under supercritical con-
itions for the first time by Tan et al [20]. Later, modified versions
f this correlation were developed and utilized in several studies
oncerning supercritical extraction of natural materials [15,16]. We
ecently modeled the drying of spherical calcium alginate alcogel
articles in a packed bed using a similar model to the model devel-
ped by Selmer et al [21,22]. A correlation for predicting external
ass transfer coefficients for supercritical drying of alcogel parti-

les in a packed bed was developed for the first time by fitting the

odel results to experimental data. A good agreement between

he experimental data and model results was achieved using this
orrelation.
Fluids 152 (2019) 104571

In this study, our objective was  to expand our investigation by
studying the effect of gel properties on the kinetics of supercritical
drying of gel particles in a packed bed. To that end, a series of spher-
ical ionotropic alginate gel particles with different diameters and
porosities were prepared by dripping a Na-alginate solution into
a solution of salts of divalent cations (Ca2+, Mn2+, Ni2+, Co2+,  Cu2+

and Zn2+). Supercritical drying experiments for a bed packed with
these ionotropic alginate gel particles were performed at various
operating conditions. Concentration of ethanol in the flowing fluid
stream at the exit of the drying vessel was measured as a function
of time. Experimental data were compared with the results of the
predictions of our previously developed model. The kinetic data in
agreement with the model could be very helpful in the design of
supercritical drying units for production of ionotropic aerogels for
various applications in large scale [23–29].

2. Materials and methods

2.1. Materials

Sodium salt of alginic acid from brown algae (medium viscos-
ity, product number: A2033 and low viscosity, product number:
A1112), and calcium chloride (anhydrous granular, >93%), cobalt(II)
chloride hexahydrate (Ph. Eur., 99–102%), zinc sulfate heptahy-
drate (Ph. Eur., 99.0–103.0%), manganese(II) chloride tetrahydrate
(≥99%) were obtained from Sigma-Aldrich. Nickel(II) nitrate hex-
ahydrate (analysis grade) and copper(II) nitrate trihydrate (analysis
grade) were purchased from Merck. Ethanol (99.9% purity) was pur-
chased from Isolab. CO2 was  obtained from Air Liquide and had a
stated purity of 99.9%.

2.2. Preparation of spherical ionotropic alginate gel particles

Ionotropic alginate gel particles with Cu2+, Ca2+, Zn2+, Co2+, Ni2+

and Mn2+ ions were synthesized by dripping a 1.5 wt%  aqueous algi-
nate solution (medium viscosity) into a 0.2 M aqueous metal salt
solution which was  constantly stirred at 200 rpm. Formed hydro-
gel particles were cured in the corresponding metal salt solutions
for overnight. After that, hydrogel beads were subjected to a step-
wise solvent-exchange procedure with mixtures of ethanol and
water for a duration of 2 h at each step (10%, 30%, 50%, 70%, 90%
and 100% ethanol by vol., respectively) to prevent excessive shrink-
age. The ratio of the volume of ethanol solution to the volume of
the hydrogel particles were close to 2 for each solvent exchange
step. Before supercritical drying, gels were kept in fresh ethanol for
24 h. Since alginate’s affinity towards divalent ions vary with the
type of the divalent ion (alginate affinity towards various divalent
ions follows the order of Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn > Mn
[30,31]), obtained hydrogels after curing step had different particle
diameters and porosities. The particle diameter of hydrogel par-
ticles measured after they were initially formed in the metal salt
solution bath was 5.9 mm.  After curing and solvent exchange, the
particle diameter of alcogel particles were measured as 5.0, 4.5, 4.2,
3.2, 3.1, and 2.8 mm for Cu, Ca, Zn, Co, Ni, and Mn-alginate, respec-
tively. Aerogels obtained after supercritical drying of these alcogels
were named as “1.5M-Alg” where M stands for the metal and 1.5
stands for the concentration of the sodium alginate solution in wt.
%.

Calcium alginate alcogel particles were also prepared by drip-
ping 3 wt. %, 5 wt. % and 10 wt. % alginate solutions (low viscosity)
into a 0.2 M aqueous CaCl2 solution which was constantly stirred

at 200 rpm. Resulting hydrogels, having an average diameter of
5.9 mm,  were subjected to a stepwise solvent-exchange procedure
with mixtures of ethanol and water for a duration of 2 h at each step
(10%, 30%, 50%, 70%, 90% and 100% ethanol by vol., respectively) to
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revent excessive shrinkage. Before supercritical drying, gels were
ept in fresh ethanol (99.9% purity) for 24 h. Aerogels obtained after
upercritical drying of these alcogels were named as “XCa-Alg-Low”
here X stands for the weight percent of Na-alginate solution used

n preparation of the samples.

.3. Supercritical drying of alginate alcogels with scCO2

Supercritical drying of synthesized alginate alcogels was  per-
ormed in an Applied Separations Speed SFE unit (tubular vessel,
ength = 15.94 cm,  diameter = 1.43 cm,  volume = 26 ml). A schematic
epresentation of the experimental setup can be seen in Fig. 1.
etails of the apparatus and the supercritical drying procedure are
iven elsewhere [21]. In summary, the preheated bed was  packed
ith alginate gel particles and topped with ethanol. Subsequently,
O2 was passed through the vessel after pressurization. The pres-
urization rate was very fast and close to 30 bar/s. Ethanol was
ollected in glass vials immersed in a dry ice - acetone bath kept
t −75 ◦C to minimize evaporation losses of ethanol. When the
mount of collected ethanol in the first vial was  approximately
qual to the amount of excess ethanol initially added to the vessel,
he vial was replaced with an empty one. Time “zero” in experimen-
al concentration plots refers to this time. The ethanol in the first
ial was assumed to be the excess ethanol placed in the vessel. The
ollection time in the first vial lasted usually anywhere from 1 to

 min  which was much shorter than the duration of a typical drying
xperiment. Ethanol extracted from the alcogel was  discretely col-
ected in separate vials within certain time intervals and weighed.

 total of 10–12 vials were used for a drying experiment. Therefore,
otal duration of vial changing was about 20 s which was  very short
ompared to an average drying time of 25 min. Material balance
losures for ethanol, listed in Table S1 and S2 of Supplementary
nformation, were better than 5% for all the experiments.

The concentration of ethanol in the effluent stream at the extrac-
ion conditions, EC, CEtOH−EC was calculated by dividing the mass
f ethanol collected in the vial, mEtOH , by the molecular weight of
thanol, Mw,EtOH , the time interval of collection, �t,  and the vol-
metric flow rate of the effluent stream at extraction conditions,
mixture−EC .

EtOH−EC = mEtOH

Qmixture−EC × Mw,EtOH × �t
(1)

mixture−EC was calculated by adding the volumetric flow rates of
thanol, QEtOH−EC , and CO2, QCO2−EC , assuming that CO2 and ethanol
ormed ideal mixtures at these conditions.

mixture−EC = QEtOH−EC + QCO2−EC (2)

EtOH−EC and QCO2−EC were calculated from the experimentally
etermined volumetric flow rate of ethanol at standard condi-
ion (QEtOH−std = mEtOH/(�EtOH × �t), where �EtOH is the density of
thanol at standard conditions) and volumetric flow rate of CO2
t standard conditions, QCO2−std (2–4 L/min) by material balances
round the micro-metering valve for ethanol and CO2, given by:

EtOH−EC = V̄EtOH−EC × QEtOH−std

V̄EtOH−std

(3)

CO2−EC = V̄CO2−EC × QCO2−std

V̄CO2−std

(4)

here V̄EtOH−EC and V̄CO2−EC are molar volumes of ethanol and CO2
t the extraction conditions, and V̄EtOH−std and V̄CO2−std are molar

olumes of ethanol and CO2 at standard conditions.

The shrinkage of the particle diameter of the gels after supercrit-
cal drying were only about 4% for all of the prepared samples except
u-alginates for which an 8% shrinkage in diameter was observed.
Fluids 152 (2019) 104571 3

2.4. Characterization of alginate aerogel particles

The average particle diameter, dp, of gels was determined by
measuring the diameter of at least 20 particles. The bulk density of
the aerogel, �bulk, was  determined by first measuring the average
mass of particles by weighing the aerogel particles using a bal-
ance and then dividing the calculated average mass to the average
particle volume, which was calculated from the average particle
diameter. The bed porosity was  measured by filling the extraction
vessel with alcogel particles and rapidly adding a sufficient amount
of ethanol to fill the void volume of the bed. Then, the bed porosity
was calculated by dividing the added ethanol volume to the vol-
ume  of extraction vessel. At least three measurements were done
for each sample.

The skeletal density of the aerogel samples was  determined
using a pycnometer, which was  suggested for determination of the
skeletal density of porous materials [32,33]. Skeletal densities of
several silica aerogels were also measured by liquid pycnometry in
several studies [34–36]. In our procedure, ethanol at room temper-
ature was  used as the solvent. First, aerogel particles were crushed
and placed into the pycnometer and ethanol was added. A certain
time was allowed to pass until trapped air inside the pores was  dis-
placed by ethanol and there were no bubbles. Sufficient amount of
ethanol was then added to fully fill the pycnometer. The skeletal
density of the sample was  calculated using the weights of empty
pycnometer, pycnometer filled with ethanol and pycnometer filled
with ethanol and the sample. Following this calculation, the particle
porosity of the samples was  calculated as follows:

ε = 1 − �bulk

�skeletal
(5)

where �sketal is the skeletal density of the aerogels and ε is the par-
ticle porosity. The total pore volume per mass of aerogel, Vp, was
also calculated by using the measured densities as follows;

Vp = 1
�bulk

− 1
�skeletal

(6)

The pore size, dpore, and the Brauner, Emmet and Teller (BET)
surface area, SBET , of the aerogel samples were determined by
N2 adsorption using a Micromeritics ASAP 2020 instrument. N2
adsorption/desorption isotherms were obtained with a relative
pressure (P/P0) ranging from 10−7 to 0.995. The desorption curve
was used for the determination of average pore size. The pore
volume, Vp,BET , was  taken as the adsorbed volume at maximum
pressure (P/P0).

3. Results and discussions

3.1. Properties of aerogels

The physical and textural properties of the synthesized aerogels
are shown in Table 1. The particle diameters of the synthesized
aerogels with different cations were found relatively to be in the
order of Cu > Ca > Zn > Co > Ni > Mn.  This trend was observed to fol-
low the trend of alginate’s affinity towards the divalent cations.
Therefore, this results indicates that alginate gels tend to shrink
more when the affinity of the alginate towards the cation is weaker.
On the other hand, skeletal density did not change much with the
type of divalent cation.

The substantial differences between the pore volumes calcu-
lated from the particle densities and from N2 physisorption data for
all of the ionotropic aerogels can be attributed to the presence of

macropores assuming that (i) all pores were accessible by N2, (ii) the
equilibration time of each adsorption and desorption step was suffi-
cient and (iii) there was no contraction/expansion of the gel during
N2 physisorption [37]. Since the particle size of the aerogels did not
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Fig. 1. Schematic diagram of experimental set-up (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).

Table 1
Physical and textural properties of the prepared samples.

dp (mm) �bulk (g/cm3) �skeletal (g/cm3) Vp (cm3/g) ε εb SBET (m2/g) dpore (nm) V p,BET (cm3/g)

1.5Cu-Alg 5.0 ± 0.1 0.043 1.79 22.70 0.976 0.43 ± 0.01 572.96 36.86 5.202
1.5Ca-Alg 4.5 ± 0.1 0.056 1.82 17.31 0 .969 0.43 ± 0.01 449.72 11.63 1.102
1.5Zn-Alg 4.2 ± 0.1 0.065 1.87 14.83 0.965 0.41 ± 0.01 236.34 19.39 0.888
1.5Co-Alg 3.2 ± 0.1 0.151 1.77 6.06 0.915 0.40 ± 0.01 163.09 24.88 0.772
1.5Ni-Alg 3.1 ± 0.1 0.161 1.78 5.65 0.910 0.38 ± 0.01 169.2 28.6 0.789
1.5Mn-Alg 2.8 ± 0.1 0.191 1.89 4.71 0.899 0.30 ± 0.01 64.87 21.82 0.259
3Ca-Alg-Low 5.2 ± 0.2 0.05 1.85 19.46 

5Ca-Alg-Low 5.8 ± 0.2 0.075 1.77 12.77 

10Ca-Alg-Low 5.8 ± 0.2 0.137 1.84 6.76 
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ig. 2. BET surface area versus the particle diameter of various ionotropic aerogels
repared using 1.5 wt. % alginate solution (medium viscosity).

hange after N2 physisorption experiments and the determination
f the equilibration point by the instrument during N2 physisorp-
ion analysis was accurate, the most probable cause of this discrep-
ncy can be considered as the presence of macropores. Moreover,
ecrease of both BET surface area and the pore volume calculated
rom physisorption data with the increasing degree of shrinkage

mplies the loss of mesopores in addition to macropores upon
hrinkage resulting from weak interactions between the alginate
nd the cation. Interestingly, the BET surface area was  found to be
irectly proportional to the particle diameter as indicated in Fig. 2.
0.973 0.41 ± 0.01 236.77 14.50 0.586
0.958 0.45 ± 0.01 266.45 18.90 0.919
0.926 0.45 ± 0.01 262.98 37.32 2.363

In the case of Ca-alginate aerogels prepared using low viscos-
ity alginate solution, the particle diameter increased from 5.2 mm
to 5.8 mm when the concentration of the alginate was  increased
from 3 wt.  % to 5 wt.%. Further increase of the alginate concentra-
tion did not affect aerogel’s particle diameter. The decrease in gel
shrinkage and the increase of the particle diameter implies that gel
network becomes stronger when concentration of the alginate is
higher. The effect of changing alginate concentration on BET sur-
face area was  similar to the effect on particle diameter. Both of
them increased about 12% when the alginate concentration was
increased from 3 wt.  % to 5 wt.  %. The pore volume calculated from
physisorption data was directly proportional to the average pore
diameter.

3.2. Supercritical drying of ionotropic alginate gels

Supercritical drying experiments for different ionotropic gels
were carried out at 318 K and 100 bar with an exit CO2 flow rate
of 2 L/min at standard conditions. The packed bed volume of the
alcogel particles in the drying vessel was 20 cm3 for all alcogels
except for 1.5Mn-Alg for which the packed bed volume was 15 cm3.

Fig. 3 shows the concentration ethanol in the exit stream as
a function time for the investigated ionotropic alginate alcogels.
Cu and Ca-alginate gels dried slower than Zn, Mn and Co-alginate
gels. Ni-alginate alcogels, on the other hand, initially dried slower
than all of other alcogels. Drying times of ionotropic alcogels
ranged between 15–25 min. Selmer et. al. reported the experimen-
tal drying curves for silica alcogel particles (diameter = 6.35 mm,
porosity = 0.90 and tortuosity = 3.48) at 100 bar and 321 K using a

cylindrical extractor (diameter = 0.017 m,  volume = 151.4 ml)  with
a flow rate of 11.2 L/min at standard conditions. The drying time for
this experiment was around 40 min. This value is in agreement with
the data presented here considering that silica particles had larger
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ig. 3. Concentration ethanol in the exit stream as a function time for various
onotropic alginate alcogels at 318 K and 100 bar with a scCO2 flow rate of 2 L/min
t  standard conditions.

iameters, which will increase the diffusion path length, therefore,
rying time.

The drying behavior shown in Fig. 3 indicates a complex inter-
lay between particle size, bed porosity and particle porosity. We
ecently showed that decreasing the particle size of Ca-alginate
lcogels significantly reduced their drying time due to the decrease
f diffusion path length [21]. So, the particle size and drying time
re proportional. The bed porosity decreases with decreasing par-
icle size. The bed porosity also influences interstitial velocity (the
ower the bed porosity, the higher the interstitial velocity at con-
tant volumetric flow rate). As another parameter, particle porosity
lso affects the drying kinetics. Decreasing the particle porosity
lows down the diffusion of ethanol to the surface of the parti-
le since the pore network becomes more tortuous. Thus, while the
iffusion path length decreases with decreasing particle diameter,
ffective diffusivity of ethanol decreases due to a more tortuous
ore network. Therefore, the effects of gel properties on the drying
ehavior is rather complex requiring simultaneous consideration of
article size, bed porosity and particle porosity. The use of reliable

heoretical models can be beneficial for this purpose.

The effect of changing flow rate of scCO2 on the drying kinetics of
.5Cu-Alg and 1.5Co-Alg samples was studied by performing drying
xperiments at 318 K and 100 bar with an exit CO2 flow rate of

ig. 4. Concentration ethanol in the exit stream as a function time for (a) 1.5Cu-Alg at 31
.5Co-Alg at 318 K and 100 bar with an exit CO2 flow rate of 2–3 L/min at standard condit
Fig. 5. Concentration ethanol in the exit stream as a function time for Ca-alginate
(prepared using low viscosity solution) samples at 318 K and 100 bar with an exit
CO2 flow rate of 2 L/min at standard conditions.

2–4 L/min at standard conditions. Increase of flow rate from 2 L/min
to 3 L/min led to faster drying times for both samples as shown in
Fig. 4. For 1.5Cu-Alg, further increase of scCO2 flow rate did not
affect the drying curve.

3.3. Supercritical drying of Ca-alginate aerogels prepared using
low viscosity alginate

Supercritical drying experiments were carried out at 318 K and
100 bar with an exit CO2 flow rate of 2 L/min at standard conditions.
The packed volume of the Ca-alginate particles in the drying ves-
sel was  20 cm3. The effect of changing temperature on the drying
kinetics of 10Ca-Alg-Low was  also investigated.

Drying curves in Fig. 5 show that initial rate of ethanol removal
for 3Ca-Alg-Low was higher than those of 5Ca-Alg-Low and 10Ca-
Alg-Low. This can be attributed to the smaller particle size of
3Ca-Alg-Low. However, after 10th minute of drying, all three curves
became almost identical. The drying curves of 5Ca-Alg and 10Ca-

Alg-Low were very similar to each other throughout the whole
drying period although the initial rate of ethanol removal was
slightly higher for 5Ca-Alg-Low. For these three samples, particle
porosity decreased with increasing alginate concentration. Thus,

8 K and 100 bar with an exit CO2 flow rate of 2–4 L/min at standard conditions, (b)
ions.
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Table 2
Summary of the conditions for drying experiments performed with ionotropic algi-
nate alcogels.

Exp. No. Sample Name Temperature (K) Pressure (bar) QCO2 (L/min)

1 1.5Cu-Alg 318 100 2
2 1.5Ca-Alg 318 100 2
3 1.5Zn-Alg 318 100 2
4 1.5Co-Alg 318 100 2
5 1.5Ni-Alg 318 100 2
6 1.5Mn-Alg 318 100 2
ig. 6. Concentration ethanol in the exit stream as a function time for 10Ca-Alg-
ow at 308, 323 and 338 K and 120 bar with a scCO2 flow rate of 2 L/min at standard
onditions.

or this set of samples the influence of particle size on drying kinet-
cs is more pronounced than the influence of particle porosity.

Experiments were carried out at three different temperatures of
08, 323, and 338 K at 120 bar with an exit CO2 flow rate of 2 L/min
t standard conditions in order to investigate the effect of tempera-
ure on the drying kinetics of 10Ca-Alg-Low gel particles. Increasing
emperature led to shorter drying times as is illustrated in Fig. 6.
he effect of increasing temperature from 308 K to 323 K on the
rying behavior was more significant than further increasing the
emperature from 323 K to 338 K.

.4. Modeling of supercritical drying

The partial differential equation describing mass transfer of
thanol inside a spherical gel particle is given by;

∂Cs

∂t
= 1

r2

∂
∂r

(
r2De

∂Cs

∂r

)
(7)

here Cs is concentration of ethanol inside the gel, De is effective
iffusion coefficient of ethanol, t is time, and r is the radial position
t which the diffusion occurs inside the gel.

The initial condition and the boundary conditions for Eq. (7) are:

 = 0 , Cs = Cs0 (8)

 = 0,
∂Cs

∂r
= 0 (9)

 = R , De
∂Cs

∂r
= kf (Cf − CsR) (10)

here Cf is concentration of ethanol in the flowing fluid outside the
articles, R is the radius of the gel particle, CsR is the concentration
f the ethanol at the surface of the gel particle, that is CsR = Cs at

 = R.
Initially, there was pure ethanol inside the gel (Eq. 8). Sym-

etry boundary condition at the center of the spherical particle

as implemented as shown in Eqs. (9 and 10) indicates that there

s convective mass transfer from the surface of the gel particles
r = R) into the flowing fluid stream governed by the mass transfer
oefficient kf .
7 1.5Cu-Alg 318 100 3
8 1.5Cu-Alg 318 100 4
9 1.5Co-Alg 318 100 3

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

∂Cf

∂t
= DL

∂2
Cf

∂z2
− u0

∂Cf

∂z
− 3 (1 − εb)

εb

1
R

kf

(
Cf − CfR

)
(11)

where CfR = CsR, DL is axial dispersion coefficient of ethanol, εb is
the porosity of the packed bed, kf is the external mass transfer
coefficient and u0 is the interstitial velocity of flowing fluid stream.

The initial condition and the boundary conditions for Eq. (11)
were as follows;

t = 0 , Cf = Cf 0 (12)

z = 0, u0Cf − DL
∂Cf

∂z
= 0 (13)

z = L,
∂Cf

∂z
= 0 (14)

Initially, the pores of the gel and the void volume of the extrac-
tion vessel were filled with pure ethanol (Eq. 12). Danckwerts
boundary condition was  implemented for the flowing fluid 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. 13). Concentration of ethanol at the exit of the vessel (z = L)
did not change with position (Eq. 14).

The model assumes that the process is isothermal and isobaric.
A radially symmetric concentration distribution of ethanol was also
assumed. Since the change in particle diameter is very small during
supercritical drying, the bed porosity and bed length was  consid-
ered to be constant. Moreover, since the particles were closely and
uniformly packed, channeling and bed compression were assumed
not to be present in the vessel. The possible spillover of ethanol
due to the volume expansion by CO2 was not considered in con-
structing the model. The density and viscosity of the fluid around
the gel particles were taken as those of pure CO2. This assump-
tion would not be valid for the initial stages of drying where the
mole fraction of ethanol is high. This stage made up only 10–15 %
of total drying time. Besides, the main mode of mass transport in
this period would be the convective mass transport from the parti-
cle surface, which was considered in the model using a developed
dimensionless number correlation to calculate the mass transfer
coefficients.

Numerical method of lines (NMOL) was implemented by con-
verting the coupled partial differential equations, Eqs. (7 and 11),
into a coupled set of differential-algebraic equations by discretizing
only the spatial dimension via finite difference method. The tem-
poral dimension, t was  allowed to be continuous. Then, an available
built-in ordinary differential equation (ODE) solver in MATLAB was

utilized to solve the ODEs obtained from discretization. The model
calculates concentration of ethanol in the fluid phase inside the
particles, Cs, as a function of r, z and t, and concentration of ethanol
in the fluid phase flowing around the particles, Cf , as a function of z
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Table  3
Summary of the conditions and gel properties for drying experiments performed with Ca-alginate aerogels prepared using low viscosity alginate solution.

Exp. No. Sample Name Temperature (K) Pressure (bar) QCO2 (L/min)

1 3Ca-Alg-Low 318 100 2
2  5Ca-Alg-Low 318 100 2
3  10Ca-Alg-Low 318 100 2
4  10Ca-Alg-Low 308 120 2
5  10Ca-Alg-Low 323 120 2
6  10Ca-Alg-Low 338 120 2

Table 4
Summary of the parameter estimation for mathematical modeling.

Parameter Value References

Tortuosity, � 1/ε [38]
Density & viscosity Varies with T, P [39]
Effective diffusion coefficient, De De = D(1−xco2 )

og × Dxco2
ol

× ε/� [40]
Binary diffusion coefficient of ethanol in scCO2 at infinite dilution, Dog Dog = T × (−9.434 × 10−7�CO2 + 1.296 × 10−6) [41]

Binary diffusion coefficient of scCO2 in ethanol at infinite dilution, Dol Dol = 336.5 × 10−9exp
(

−1314.7
T

)
[42]

Axial  dispersion coefficient, DL

DL = u0 × dp

Pe
,

Pe = 1.634Re0.265Sc−0.919,

Re = dpu0εb�CO2

�CO2

,

Sc  = �CO2

�CO2 Dog

[43]

Mass  transfer coefficient, kf
kf = Sh × Dog

dp
,

Sh = 0.249Re0.295Sc0.333
[21]

Table 5
Physicochemical properties of CO2 and calculated transport coefficients and dimensionless numbers for the experiments listed in Table 2.

Exp. No. �CO2 (kg/m3) �CO2 (Pa.s) De−min (m2/s) De−max (m2/s) Re Sc Sh kf (m/s)

1 498.3 3.603 × 10−5 5.144 × 10−9 2.185 × 10−8 51.9 3.2 1.2 5.372 × 10−6

2 498.3 3.603 × 10−5 5.070 × 10−9 2.153 × 10−8 46.7 3.2 1.1 5.786 × 10−6

3 498.3 3.603 × 10−5 5.029 × 10−9 2.136 × 10−8 43.6 3.2 1.1 6.074 × 10−6

4 498.3 3.603 × 10−5 4.521 × 10−9 1.920 × 10−8 33.2 3.2 1.0 7.358 × 10−6

5 498.3 3.603 × 10−5 4.472 × 10−9 1.899 × 10−8 32.2 3.2 1.0 7.254 × 10−6

6 498.3 3.603 × 10−5 3.363 × 10−9 1.854 × 10−8 29.1 3.2 1.0 8.084 × 10−6

7 498.3 3.603 × 10−5 5.144 × 10−9 2.185 × 10−8 77.9 3.2 1.3 6.054 × 10−6

8 498.3 3.603 × 10−5 5.144 × 10−9 2.185 × 10−8 103.9 3.2 1.4 6.590 × 10−6

9 498.3 3.603 × 10−5 4.521 × 10−9 1.920 × 10−8 49.9 3.2 1.2 8.293 × 10−6

Table 6
Physicochemical properties of CO2 and calculated transport coefficients and transport coefficients for the experiments listed in Table 3.

Exp. No. �CO2 (kg/m3) �CO2 (Pa.s) De−min (m2/s) De−max (m2/s) Re Sc Sh kf (m/s)

1 498.3 3.603 × 10−5 5.112 × 10−9 2.172 × 10−8 54.0 3.2 1.2 5.225 × 10−6

2 498.3 3.603 × 10−5 4.956 × 10−9 2.105 × 10−8 60.2 3.2 1.2 4.838 × 10−6

3 498.3 3.603 × 10−5 4.630 × 10−9 1.967 × 10−8 60.2 3.2 1.2 4.838 × 10−6

−5 −9 −8 −6

a
w
w
a
fl
c
P
i

c
t
e
c
c
a

4 767.1 6.552 × 10 4.049 × 10
5 584.7 4.380 × 10−5 4.936 × 10−9

6 382.9 2.899 × 10−5 5.913 × 10−9

nd t. The inlet volumetric flow rate of CO2 at extraction conditions
as varied as a function of time in solving model equations and it
as taken as the sum of the volumetric flow rate of ethanol and CO2

t the exit of the bed at extraction conditions. The inlet volumetric
ow rates of CO2 as a function of time for all of the experiments
an be found in Table S3 and S4 of the Supplementary Information.
arameters in the model were obtained from data or correlations
n the literature as shown in Table 4.

Table 5 and 6 show the physicochemical properties of CO2,
alculated transport coefficients and dimensionless numbers for
he performed experiments. Minimum and maximum values of
ffective diffusion coefficients were also listed. Effective diffusion

oefficient increased with increasing particle porosity, and in this
ase with increasing particle diameter, for a constant temperature
nd pressure. Mass transfer coefficient increased with decreas-
1.900 × 10 33.1 4.0 1.1 4.226 × 10
2.376 × 10−8 49.6 2.7 1.1 5.243 × 10−6

2.988 × 10−8 74.9 2.2 1.2 6.925 × 10−6

ing particle diameter. Moreover, increase in temperature led to
increase of both diffusion coefficients and mass transfer coefficients
for a constant particle diameter and porosity.

Calculated mass transfer coefficient for the experiment with
1.5Cu-Alg at 318 K and 100 bar with an exit CO2 flow rate of 2 L/min
at standard conditions was  compared with the mass transfer coef-
ficients calculated using the correlations in the literature in Table 7.
There is one order of magnitude difference between the literature
values and the estimated value in this study.

3.4.1. Comparison of experimental data and model predictions

Table 2 show the summary of the operating conditions for the

experiments performed with ionotropic gel particles. Simulations
were performed using the proposed model to calculate the frac-
tion of the ethanol in the gel removed from the gel particles during
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F timated by the model with the experimental data for the experiments listed in Table 2.
S tal data points. Numbers corresponds to experiment numbers denoted in Table 2.

s
c
e
r

i
g
s
t
r
T
l
p

b
i
s
t
i
s
t
s
a
t
f
v

s
f
o

Table 7
Comparison of the mass transfer coefficients estimated using the developed correla-
tion and correlations from the literature for the experiment with 1.5Cu-Alg at 318 K
and  100 bar with an exit CO2 flow rate of 2 L/min at standard conditions.

Sherwood number correlation kf (m/s)

Sh = 0.249Re0.295Sc0.333 [21] 5.372 × 10−6

Sh = 2.1 + 1.1Re0.6Sc0.333 [17] 8.834 × 10−5

Sh = 0.206Re0.8Sc0.333 [16] 3.266 × 10−5
ig. 7. Comparison of the ethanol concentrations in the exit stream versus time es
olid  curves indicate the model results whereas empty circles show the experimen

upercritical drying. Fig. 7 shows the comparison of the ethanol
oncentration in the exit stream between the model results and the
xperimental data. Comparisons with respect to fraction of ethanol
emoved can be found in Figure S1 of Supplementary Information.

The performance of the proposed model in predicting the exper-
mental data of alginate aerogels with different properties was very
ood. The predicted drying behavior of experiments 5 and 6 were
lightly slower than the experimental profiles. On the other hand,
he model is capable of accounting for the effect of changing flow
ates of scCO2 on the drying profiles for Cu and Co-alginate alcogels.
his indicates that our previously proposed correlation to calcu-
ate mass transfer coefficients can be utilized for gels with different
article diameter and porosity.

The model does not consider any interactions between the solid
ackbone of the gel particles and ethanol. Therefore, the changes

n drying profiles with different ionotropic gels can be attributed
olely to the change in diameter and porosity of the particles since
he model predicts these changes well. This might be expected
f one considers that the effect of changing the chemistry of the
olid backbone of the gel particles would only affect the adsorp-
ion strength of ethanol in the form of an adsorbed layer to the
olid backbone. For ionotropic gels investigated in this study, the
mount of ethanol in the adsorbed layer is very small compared
o the amount of liquid ethanol inside the pores. This adsorbed
raction may  need to be considered for gels which have low pore
olumes and high surface areas.
Another important consideration may  be the change of the pore
tructure of the gel with different cations as shown by Agulhon et al.
or Cu, Ca, Co, and Mn-alginate aerogels due to the different ratios
f the mannuronic/guluronic residues of the alginate [44]. Actually,
Sh = 0.269Re0.83Sc0.333 [15] 4.802 × 10−5

Sh = 0.38Re0.83Sc0.333 [20] 6.783 × 10−5

each ionotropic alginate aerogel had a different average pore size,
pore size distribution, BET surface area and porosity. On the other
hand, in the presented model, the effective diffusivity of ethanol
in the pores is estimated by using solely the porosity information
from particle density irrespective of the values of pore diameter
and pore size distributions.

Summary of the operating conditions of supercritical drying of
low viscosity Ca-alginate alcogel particles are listed in Table 3.
A good agreement between the ethanol concentrations in the
exit stream estimated by the model and the experimental data is
obtained as shown in Fig. 8. Comparison of the fraction of ethanol
removal curves estimated by the model with the experimental data
can be found in Figure S2 of Supplementary Information. The model
was responsive to the changes in drying temperature for 10Ca-Alg-
Low samples. Again, the model can predict the drying profiles from

particle size and porosity information with no further input about
the material properties.

A simulation was  also performed using the presented model
for silica alcogels particles dried (diameter=6.35 mm,  poros-
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Fig. 8. Comparison of the ethanol concentrations in the exit stream versus time estimat
Solid  curves indicate the model results whereas empty circles show the experimental dat
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ig. 9. Comparison of the fraction of ethanol removed from silica alcogel particles
ersus time [14] estimated by our model with the experimental data. Solid curves
ndicate the model results whereas empty circles show the experimental data points.

ty = 0.90 and tortuosity = 3.48) at 100 bar and 321 K inside a
ylindrical extractor (diameter = 0.017 m,  volume = 151.4 ml,  bed
orosity = 0.6) with a flow rate of 11.2 L/min at standard conditions
14]. Fig. 9 shows that our model could successfully predict the dry-
ng time and profile reported in the literature which was around
0 min.

. Conclusions

The kinetics of supercritical drying of a series of M-alginate
M = Ca2+, Mn2+, Ni2+, Co2+, Cu2+ and Zn2+) gel particles was  investi-
ated. The data indicated a high removal rate initially followed by a
iminishing rate as time progressed. A model consisting of coupled
artial differential equations describing mass transport of ethanol
n the fluid inside the gel particles and in the flowing fluid around
el particles was found to predict the experimental drying pro-
les, including the high initial rates of removal, successfully. The
ood agreement suggests that the mass transfer correlation pre-
ed by the model with the experimental data for the experiments listed in Table 3.
a points. Numbers corresponds to experiment numbers denoted in Table 3.

viously developed for drying of Ca-alginate particles is also valid
for other M-alginate particles investigated in this study [21]. More-
over, it was seen that the changes in the drying kinetics for different
types of gels could be attributed only to the changes in the physical
parameters such as particle diameter and porosity of the parti-
cles rather than the surface chemistry of the gel. Further studies
with other types of organic and inorganic gel particles would be
beneficial to extend this model to all types of gel particles.
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