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ABSTRACT 

Aerogels are nanoporous materials with unique properties such as high porosities, high 

surface areas and high pore volumes that are tunable by manipulation of synthesis conditions. 

Recently, aerogels in the form of particles are attracting increased attention for development of a 

wide variety of products for drug delivery, sensing, adsorption and catalysis. Supercritical drying 

is the most important step in production of aerogel particles. Therefore, kinetics of supercritical 

drying of gel particles is important for design, scale-up and optimization of industrial scale aerogel 

production facilities. In this study, we investigated supercritical drying of alginate gel particles in 

a packed bed. Spherical calcium alginate hydrogel particles with an average diameter of 0.4 cm 

were prepared by dripping a 1.5 wt% aqueous alginate solution into a 0.2 M aqueous CaCl2 

solution. The hydrogel particles were subjected to a stepwise solvent exchange procedure with 

ethanol before supercritical drying. The effects of temperature, pressure and CO2 flow rate on the 

drying kinetics were investigated. A large fraction of the ethanol inside the pores was extracted in 

a very short time. Results indicate that although temperature affected the exit ethanol concentration 

profiles, drying time was not affected considerably. The CO2 flow rate had a significant effect on 

drying times. A drying model which takes into account diffusion inside the pores, external mass 

transfer from the surface of the gel particles into the flowing CO2 stream and convection and axial 

dispersion in the fluid phase was developed.  

INTRODUCTION 

 Unique material properties of aerogels, such as high porosity, high surfaces area and very 

low density, make them attractive for  use in a variety of applications [1]. Current aerogel market 

is largely dominated by silica-aerogels due to their thermal insulation performance. However, 

emerging markets for aerogels, such as catalysis [2], sensing [1], adsorption [3] and drug delivery 

[4], demand aerogels with different materials properties. This demand can be met by introducing 

other types of aerogels than those based on silica. Thus, organic and hybrid aerogels are gaining 

increased attention over the last decade. For example, unlike silica aerogels, polysaccharide-based 

organic aerogels are biodegradable and well-suited for several pharmaceutical applications [4–6]. 

Similarly aerogels were synthesized not only in the form of monoliths but also as particles, like 

beads and granules, in order to increase their usability in various applications [4,7]. 

 Synthesis of organic aerogels is similar to their inorganic counterparts involving gelation 

and drying steps. Removing the pore filling liquid from the gel during the drying step is a key 

process in order to maintain an open nanoporous structure and desired textural properties. 

Supercritical drying process is commonly used for this purpose. In this process, generally 
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supercritical carbon dioxide (scCO2) is passed over the entire body of wet-gel and extracts the pore 

filling liquid without formation of a vapor-liquid interface and subsequent collapse of the gel 

network due to capillary stresses. An understanding of the kinetics of supercritical drying is crucial 

for material development, scale-up and optimization of the aerogel manufacturing process.  

 Literature on kinetics of supercritical drying is mostly dominated by the studies involving 

the drying of monolithic silica based aerogels coupled with several modeling efforts [8]. Early 

studies treated the drying as a purely diffusion based process [9–11]. Garcia-Gonzalez et al. studied 

the drying of silica alcogels as cylindrical rods with 1.2 cm diameter and 3 cm length in a 25 ml 

tubular vessel at 318 K and 110 bar by measuring the ethanol amount in the exit CO2 stream with 

respect to time [12]. A model based on Fick’s second law with a constant effective diffusivity was 

proposed to describe the experimental data. The proposed model failed to predict the initial stage 

of drying whereas there was a good fit for the later stages using the same model. Therefore, they 

concluded that mass transfer at the gel- scCO2 should also be considered. Griffin et al. investigated 

the drying of 2.5 mm, 5 mm and 7.5 mm cylindrical silica alcogels at 323 K and 12.4 MPa with 

different flow rates [13]. A two-dimensional mass transfer model based on pure diffusion with 

composition dependent effective diffusivity led to a good agreement with the experimental data. 

A more realistic model for drying of cylindrical silica alcogels was developed by Özbakir et al. 

[14]. The model treated the alcogel phase and flowing scCO2 phase separately with a two 

dimensional diffusive model based on Fick’s second law including the mass transfer of ethanol 

from alcogel surface to flowing scCO2 stream. A good agreement with the proposed model results 

and experimental percent removal data as a function of time was obtained. Several experimental 

investigations concluded that increasing gel thickness or diameter resulted in increasing drying 

time due elongated diffusion paths [9,13–15]. Moreover, studies of Özbakır et al. and Griffin et al. 

showed that flow rate of scCO2 was found to affect the initial phase of drying whereas the drying 

time was not affected considerably [13,14]. 

 Previous studies on kinetics supercritical drying of wet-gels to prepare aerogels shows that 

current understanding of kinetics of supercritical drying for drying of organic and hybrid gels in 

the form of particles is limited. Therefore, in this study we aimed to investigate the drying of 

calcium alginate alcogel particles in a packed bed by varying operating conditions and proposed a 

physically realistic model by considering diffusion inside the pores, external mass transfer from 

the surface of the gel particles into the flowing scCO2 stream and convection and axial dispersion 

in the fluid phase.  

  

MATERIALS & METHODS 

 

 Alginic acid sodium salt from brown algae (medium viscosity) and calcium chloride 

(anhydrous granular, >93%) were obtained from Sigma-Aldrich®. Calcium alginate beads were 

synthesized by the dripping method. Spherical calcium alginate hydrogel particles with an average 

diameter of 0.4 cm were prepared by dripping a 1.5 wt% aqueous alginate solution into a 0.2 M 

aqueous CaCl2 solution with constant stirring. The hydrogel particles were subjected to a stepwise 

solvent exchange procedure with mixtures of ethanol with water (10%, 30%, 50%, 70%, 90% and 

100% ethanol by vol., respectively) before supercritical drying.  

 Supercritical drying of prepared calcium alginate alcogels was performed in an Applied 

Separations Speed SFE unit (tubular vessels, volumes = 26 ml and 100ml). A schematic diagram 

of the drying unit used in this study is shown in Fig. 1. The vessel (6 in Fig. 1) was initially filled 

alcogel beads and excess ethanol to cover the whole packed bed of particles in order to prevent 



possible evaporation of the solvent from the alcogel surface leading to shrinkage of the gel beads. 

The vessel was heated and pressurized to the drying temperature and pressure. Then, excess 

amount of ethanol initially added to the vessel was rapidly removed from the vessel in about 2-3 

min. The desired flow rate of CO2 (2-4 L/min at standard conditions) was adjusted using the micro-

metering valve. The CO2 stream from the extractor was expanded to ambient pressure and 

subsequently cooled by passing it through 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 into the vial whereas 

CO2 rich gas phase was vented out. Ethanol extracted from the alcogel was collected in the separate 

vials within certain time intervals and was weighed. Drying was continued after there was no 

ethanol observed in the vial and then the vessel was slowly depressurized to ambient pressure at 

the set drying temperature. The dried sample was finally collected from the vessel.  

 The mass balance in the drying experiments was checked by weighing the alcogel particles 

and excess ethanol initially placed to the vessel before drying and comparing the summation of 

the two by the summation of the amount of ethanol collected in the vials and the weight of the 

aerogel particles.  

 

 
Figure 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 [14]. 

 

RESULTS 

 In order to accurately evaluate the evolution of ethanol concentration during the course of 

supercritical drying, the mass balance for ethanol during a particular run should be closed with a 

reasonable percent deviation. Drying experiments at 313 K and 100-80 bars with CO2 flow rate of 

2 L/min using half-filled 100ml tubular vessel were initially performed to study mass balance 

closure and reproducibility. Entering and exit masses were compared as described in previous 

section and the percent difference between the two was found to be less than %1 in both of the 

experiments as shown in Table 1. 

 

 

 



 

  
Table 1. Comparison of entering and exit masses for experiments at 100 bar and 80 bar. 

 

Entering mass (g) Exit mass (g) Difference (%) 

Alcogel 

Mass 

Excess 

Ethanol 
Total 

Aerogel 

Mass 

Ethanol 

Exit 
Total  

100 

bar 
24.0 19.2 43.2 1.110 41.72 42.8 0.93 

80 

bar 
24.5 19.2 43.7 1.122 42.43 43.6 0.23 

 

 Moreover, plots of ethanol exit concentration, calculated using the collected ethanol 

amounts in the vial, versus time were plotted as in Fig. 2 for repeated experiments for each case. 

Added excess ethanol to cover the beads was not considered in development of the concentration 

versus time curves. A good reproducibility was obtained in both cases indicating the adequacy of 

the proposed drying procedures.  

 
Figure 2. Concentration ethanol in the exit stream from the vessel as a function time for a) 100 bar, 313 K and 2 

L/min CO2 flow rate, b) 80 bar, 313 K and 2 L/min CO2 flow rate. 

 

Fig. 2 shows that there was a rapid decrease in ethanol concentration indicating a fast drying 

mechanism for first 4 minutes of drying. Calculations shows that almost 65% of the ethanol in the 

alcogel were extracted in this period. Then, the rate of concentration drop was decreased until the 

completion of drying. Subsequently, effects of operating conditions were investigated. 

Experiments were carried out in three different temperatures as 35 °C, 45 °C and 65 °C at 100 bar 

with an exit CO2 gas flow rate of 2 L/min to investigate the effect of temperature on concentration 

profiles. Results were plotted in Fig. 3. 

a) b) 



 
Figure 3. Ethanol exit concentration change (a) and percent removal (b) with time for different temperatures for 

supercritical drying of calcium alginate beads [8]. 

Temperature was found to affect the concentration profiles due to the change in the density of 

scCO2 whereas the drying time was not changed considerably. In contrast, changing the flow rate 

influenced the drying time significantly since shorter drying times were found for faster CO2 flow 

rates. A very small percent shrinkage was observed in all of the experiments.  

 A physical model taking diffusion of ethanol from the pores of gel, mass transfer of ethanol 

from gel surface to flowing CO2 stream and convection and axial dispersion of ethanol in the CO2 

into account was proposed. Partial differential equation governing mass transfer of the solvent 

inside a spherical gel is given by; 
𝜕𝐶𝑠

𝜕𝑡
=

1

𝑟2

𝜕

𝜕𝑟
(𝑟2𝐷𝑒

𝜕𝐶𝑠

𝜕𝑟
)         (1) 

 

where Cs is concentration of ethanol in the gel; 𝐷𝑒 is effective diffusion coefficient; t is time (s); z 

and r is the direction that diffusion occurs in the gel. The initial condition and the boundary 

conditions were selected as;  

 

𝑡 = 0          𝐶𝑠 = 𝐶𝑠0       (2) 
 

𝑟 = 0       
𝜕𝐶𝑠

𝜕𝑟
= 0      (3) 

 

𝑟 = 𝑅       𝐷𝑒

𝜕𝐶𝑠

𝜕𝑟
= 𝑘𝑓(𝐶𝑓 − 𝐶𝑓𝑅)      (4) 

 
where Cf  is concentration of the ethanol in the fluid phase (scCO2) ; R is the radius of the gel 

where 𝐶𝑓𝑅 = 𝐶𝑠𝑅 ,    𝐶𝑠𝑅 = 𝐶𝑠  𝑎𝑡  𝑟 = 𝑅. 

The partial differential equation obtained from a mass balance in a differential volume 

element outside of the gel in the fluid phase is given by; 
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−
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1

𝑅
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𝑓𝑅 
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where 𝐷𝐿 is axial dispersion coefficient; 𝜀 is the porosity of the gel; 𝑘𝑓 external mass transfer 

coefficient; 𝑢0 is the velocity of scCO2. The initial condition and the boundary conditions were 

selected as;  
 

𝑡 = 0          𝐶𝑓 = 0       (6) 

 



𝑧 = 0       𝑢0𝐶𝑓 − 𝐷𝐿

𝜕𝐶𝑓

𝜕𝑧
= 0     (7) 

 

𝑧 = 𝐿       
𝜕𝐶𝑓

𝜕𝑧
= 0      (8) 

 

Eq. 1- 4 indicate that mass transfer mechanism inside the gel particles is diffusion whereas 

at the surface of the gel, where r=R, there is an external mass transfer from surface into the fluid 

phase. Symmetry and continuity boundary conditions were considered. Moreover, the right hand 

side of Eq. 5 accounts for mass transfer of ethanol in the fluid phase, the first term denotes the 

axial dispersion of ethanol, the second term denotes the mass transfer of ethanol by convection in 

the z direction in the vessel, the last term represents the mass transfer taking place between the gel 

surface and the flowing stream of scCO2. Initially pores of the gel were assumed to be filled with 

pure ethanol as in Eq. 2. However, ethanol concentration in the flowing stream of scCO2 was 

assumed to be zero at the start of the drying according to Eq. 6. There was good agreement between 

experimental concentration profiles and the model results.   
 

CONCLUSION 

 In this study, kinetics of supercritical drying of calcium alginate alcogel particles in a 

packed bed was investigated. Spherical calcium alginate particles with a diameter of 0.4cm were 

prepared and subsequently supercritical drying was performed to obtain aerogels. Kinetics were 

studied by monitoring exit ethanol amount during the course of drying. Temperature and pressure 

did not affect the drying time considerably whereas the influence of flow rate on drying time and 

exit ethanol concentration was significant. Moreover, a physical model considering diffusion of 

ethanol from the pores of gel, mass transfer of ethanol from gel surface to flowing CO2 stream and 

convection and axial dispersion of ethanol in the CO2 was proposed first time in the literature for 

the supercritical drying of gel to produce aerogels.  
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