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Abstract: Mathematical models of alumina/silica gel supercritical drying with carbon

dioxide were studied using supercritical drying experimental data. An alumina/silica

gel with zinc chloride was synthesized and dried with superciritical carbon dioxide,

and its weight change was monitored as a function of drying time. The pore size distri-

bution of the obtained aerogel was determined using the BET method and nitrogen ad-

sorption/desorption. The mathematical model of the supercritical drying of the wet gel

was represented as unsteady and one-dimensional diffusion of solvent through the

aerogel pores filled with supercitical carbon dioxide. Parallel pore model and pores in

series model were developed on the basis of the measured porous structure of the

aerogel. It was found that these models which use different effective diffusivity value

for each pore size were in much better agreement with the experimental data than

models which use an overall effective diffusivity. The local effective diffusivity coef-

ficients were calculated using different tortuosity values for each pore size, and they

were distributed according to the pore size distribution data. Model simulations of the

superciritical drying with carbon dioxide confirmed that the drying temperature and

gel particle diameter have a significant influence on the drying time.

Keywords: supercritical drying, aerogels, modeling of diffusion.

INTRODUCTION

After dissolution of the reactants in an appropriate solvent and subsequent

gelation of the sol, the formed wet gel can be dried by several methods. When ele-

vated temperature and atmospheric pressure or vacuum are applied, the presence of

two phases (a liquid and a vapor one) leads to the evolution of capillary pressure in

the gel pores. Consequently, cracks occur in the gel network, changing its original

structure. The obtained material is known as a xerogel. Another available drying

method is the evacuation of the solvent using supercritical drying, which produces

an aerogel.1,2 The solvent and sol-gel reaction by-products present in the gel pores
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are evacuated at a temperature and a pressure higher than the critical temperature

and pressure of the solvent (or their mixture), or by another supercritical extracting

fluid with moderate values of critical parameters (commonly carbon dioxide). Us-

ing the supercritical drying method, the evolution of the capillary pressure is

avoided and the original gel structure remains largely preserved.3,4 Aerogels are

usually described as open structure materials, typically highly porous, with low

particle sizes and large surface areas. Some potential fields of aerogels applications

are: optoelectronics, special technical ceramics, thermal insulation and heteroge-

neous catalysis.

Since the supercritical drying procedure is the most complex and time con-

suming step in the processing of aerogels, mathematical modeling of the supercriti-

cal drying procedure could provide important information about scale-up and pro-

cess optimization. Mathematical models of the extraction of etheric oils from

herbal material with supercritical carbon dioxide,5–10 and of the extraction of

heavy organic compounds from polluted soil with supercritical carbon diox-

ide11–13 (polluted soil remediation), are well described in the literature. On the

other hand, to the best of our knowledge, mathematical models describing wet gel

drying with supercritical carbon dioxide are rare and oversimplified.14–16

In this paper, mathematical modeling of wet gel drying with supercritical car-

bon dioxide is presented. An alumina/silica gel with zinc chloride investgated as

the alkylation catalyst17,18 was obtained in a one step sol-gel synthesis with

1-butanol as the solvent. The obtained wet gel was dried with supercritical carbon

dioxide and the change of gel weight was monitored in time. The porous structure

of the aerogel was analyzed using the BET method with nitrogen as the adsorbent

at 77 K. The model equations were solved using the finite difference method and a

FORTRAN program.

EXPERIMENTAL

The sol-gel synthesis was performed according to Miller et al..19 Aluminum tri-sec-butoxide

(9.84 g, 0.04 mol) was mixed with 1-butanol (100 cm3) and then TEOS (8.32 g, 0.04 mol) was

added. The mixture was stirred vigorously and heated to 343 K for 5 min until a clear solution was

obtained, after which the solution was cooled down to room temperature. Then, it was hydrolyzed

with water (18.75 cm3, 1.04 mol) in which zinc chloride (3.75 g, 0.025 mol) had already been dis-

solved. The solution was stirred for 15 min and left to stand overnight (gelation). The obtained gel

was a viscous liquid (particulate gel), containing: 1-butanol (solvent), ethanol (product of TEOS hy-

drolysis) and water. Prior to superciritical drying with carbon dioxide it was necessary to remove the

water, ethanol and a part of the 1-butanol by heating the gel to 423 K (in order to preserve only

1-butanol presence and diffusion through the aerogel porous structure). A glass cylinder (open at

one end) was filled with wet gel (the gel cylinder dimensions were: 11 mm height and 11 mm diame-

ter). The wet gel sample was then placed in a 70 cm3 tubular extractor (Autoclave Engineers Super-

critical Extraction Screening System), and filled with liquid carbon dioxide from a storage cylinder.

The pressure was then raised above the critical one (74 bar) at room temperature. After reaching 80

bar, the temperature was increased to 313 K. When the desired drying conditions were reached (100

bar and 313 K), supercritical carbon dioxide flow through the extractor was started. After 30 min,
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the flow was stopped, the pressure was released from the system (at 313 K in order to avoid two

phases of carbon dioxide), and the sample was removed from the extractor. After recording the sam-

ple weight, the above described procedure was repeated at regular time intervals. The total con-

sumption of carbon dioxide was recorded for each drying time interval. The experimental data ob-

tained using the above described procedure, are shown in Fig. 1.

The aerogel weight change with drying time is the result of unsteady, one-dimensional and uni-

directional diffusion of 1-butanol (solvent) through aerogel pores filled with supercritical carbon di-

oxide. Since the aerogel porous structure is the key parameter which determines the supercritical

drying dynamics, the BET method using nitrogen adsorption/desorption at 77 K was used to obtain

the pore size distribution of the dry aerogel. The adsorption and desorption isotherms are shown in

Fig. 2, and the pore size distribution plot (calculated using the BJH method) is shown in Fig. 3. The

specific surface area and total pore volume determined from the BET measurements were 175.63

m2/g and 1.04 cm3/g, respectively. After completion of the supercritical drying experiment, cracks

were observed in the dry aerogel cylinder. This was to be expected since the wet aerogel was con-

strained in a glass cylinder. The volume of macropores was calculated from the difference between

the volume of the removed 1-butanol (calculated from the total aerogel weight change after drying

and the 1-butanol density at 298 K) and the total pore volume measured using the BET method (mi-

cro and mesopores). The distribution of the pore volumes is shown in Table I.
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Fig. 1. Experimental data of the gel
cylinder drying.

Fig. 2. Adsorption/desorption
isotherms of the aerogel.



TABLE I. Pore radius, pore volume distribution, solvent weight distribution, and local pore

tortuousity of the aerogel

Pore radius/10-10 m Pore volume/cm3 g-1 1-Butanol weight/g Pore tortuousity

> 705 0.8210 0.3214 2.50

705.08 0.7105 0.2870 3.00

144.06 0.1550 0.0607 3.20

83.05 0.0595 0.0233 3.55

58.59 0.0359 0.0140 3.90

40.45 0.0202 0.0079 4.25

31.15 0.0150 0.0059 4.60

24.95 0.0097 0.0038 4.95

21.11 0.0075 0.0029 5.30

18.38 0.0076 0.0030 5.65

15.98 0.0039 0.0036 6.00

MATHEMATICAL MODEL

Equation (1) represents the mathematical model of unsteady and one-dimen-

sional diffusion through a porous solid and it can describe the gel drying process,

since the solution of 1-butanol in carbon dioxide is hightly diluted.
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The initial and boundary conditions are given as follows:

– initial conditions t = 0, x = 0 � C = C*; 0 < x � L � C = Co

– boundary conditions t > 0, x = 0 � C = Ci

t > 0, x = L �
�

�

c

x
= 0.
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Fig. 3. Pore size distribution of the
aerogel.



The diffusion resistance of the supercritical carbon dioxide film above the

aerogel cylinder was neglected, and the 1-butanol concentration at the interface

was taken to be equal to the 1-butanol concentration in the bulk supercritical car-

bon dioxide. The validity of this assumption was confirmed by the two orders of

magnitude difference between the solubility of 1-butanol in supercritical carbon

dioxide at 100 bar and 313 K, and the calculated average concentration of

1-butanol in the supercritical carbon dioxide during our experiment. The solubility

of 1-butanol in supercritical carbon dioxide (yBu–OH = 0.0135) was obtained using

CHEMSHARE DESIGN II computer software (Pend-Robinson equation of state)

and literature data.20 Since supercritical drying does not promote the collapse of

the gel network, the wet and partially wet gel porous structure was approximated

with the dry aerogel porous structure2 (Table I). The above partial differential

equation with initial and boundary conditions was solved numerically using the fi-

nite difference method.21

The most important parameter of the mathematical model is the effective diffu-

sivity of 1-butanol through the aerogel pores filled with supercritical carbon dioxide.

The effective diffusivity was calculated using the binary diffusivity coefficient, mate-

rial overall porosity, constriction factor and tortuousity, as shown in Eq. (2).
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For solids containing micropores, Knudsen diffusivity can play an important

role, and in this case the overall effective diffusivity can be calculated using Eq. (3)
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The binary diffusivity (1-butanol – carbon dioxide) at normal pressure and

drying temperature was calculated using the Fuller, Schettler and Giddings empiri-

cal correlation22 (Eq. (4)). The value of the binary diffusivity at normal pressure

was used to calculate the binary diffusivity at the supercritical drying pressure, us-

ing the Takahashi correlation22 (Eq. (5)):
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The Knudesen diffusivity23 was calculated using Equation 6:
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Based on the method of the calculation of the effective diffusivity, four differ-

ent models were developed. In the shrinking core model (SCM1), the effective

diffusivity calculated by Eq. (2) was used. The binary diffusivity at the supercriti-

cal drying pressure and temperature was calculated using Eqs. (4) and (5), the con-

striction factor was assumed to be 1, the porosity was taken as the overall porosity

including macropores, and tortuosity values of 1.5 and 3 were used (commonly

used values for porous catalytic materials). The model results obtained using the

SCM1 procedure are shown in Figure 4. In the second shrinking core model

(SCM2), it was assumed that Knudsen diffusivity plays an important role, and the

effective diffusivity was calculated using Eq. (3). In this model, the binary

diffusivity at the supercritical drying pressure and temperature was calculated us-

ing Eqs. (4) and (5)., the constriction factor was assumed to be 1, the porosity was

taken as the overall porosity including macropores, a tortuousity value of 3 was

used and the Knudsen diffusivity was calculated using Eq. (6) with an average pore

radius of 29.6
10

–10 m and � = 1. The resulting drying plot obtained using the

SCM2 is shown in Fig. 4.

The parallel pore model (PPM) and pores in series model (PSM)24 were devel-

oped using the pore size distribution data. Schematic representations of the idealized

aerogel porous structure used to approximate the actual aerogel porous structure are

shown in: Fig. 5A for the PPM and Fig. 5B for the PSM (both Figures demonstrate

the case of a partially dried gel). The basic assumptions of the parallel pore model

(PPM) are: pores with different dimensions are distributed in parallel order, they are

all being dried simultaneously, and all pore sizes are in contact with supercritical car-

bon dioxide at all time intervals. In the PPM the effective diffusivities of the

mesopores and macropores were calculated using Equation (2) with the use of differ-

ent tortuousity values for each pore size (Table I) and the effective diffusivity of the

micropores was calculated as the Knudsen diffusivity with a micropore average pore

radius of 4.16
10

–10 m and � = 1. The set of tortuousity values was established by
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adjusting the values to fit the experimental data and using following assumptions:

typical tortuousity values for alumina/silica materials are in the range of 2 – 6

24,25

and smaller size pores are more tortuous than bigger ones (since they are more irreg-

ularly shaped as a consequence of the gel network growing process). The concentra-

tion gradients of the solvent in the gel pores filled with supercritical carbon dioxide

were calculated using Equation (1) in the finite difference form (for each pore size

with different effective diffusivity values). When C reached the value of C*, a loca-

tion of the liquid – supercritical fluid interface was established for each pore size and

after each time interval (by the interpolation method). Since the liquid – supercritical

fluid interface was moving through the pores in time, the sample weight change as a

function of time was calculated by summarizing the contributions of the weight

change for all pore sizes at each time increment according to Eq. (7)

� �m V Vi t
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| | |t solv� �

�

� �
( )

1
1

�
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The tortuousity values shown in Table I were also used in the pores in series

model (PSM). In this model (Figure 5B) pores of different sizes are arranged in se-

ries stretching through the material. Larger radius pores are dried first, and as they

empty the next pore size comes in constact with superciritical carbon dioxide and

their drying commences. This continues from one pore size to another until the

smallest pores are emptied and the sample is dry. In the PSM the effective

diffusivities of the mesopores and macropores were calculated from Eq. (2) with

the use of different values of tortuousity for each pore size (Table I) and the effec-

tive diffusivity of the micropores was calculated as the Knudsen diffusivity with a

GEL DRYING MODELING 131

Fig. 5. Schematic representation of the porous structure of the aerogel (case of partially dried gel

is depicted): A – parallel pore model and B – pores in series model.
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micropore average pore radius of 4.16
10

–10 m and 
 = 1. As in the case of the

PPM, the concentration gradient in the pores was used to establish the supercritical

fluid – liquid interface at each time interval (by the interpolation method). The

weight change between the time intervals was then calculated using Eq. (8). The

resulting drying plots obtained using the PPM and PSM are shown in Fig. 6.

�m|�t = (V|tj
– V|tj–1

)�solv (8)

The shrinking core model SCM1, which uses one value of the effecitve

diffusivity for the whole material, fails to predict the experimental data well. The

main reason for the poor accuracy of this model is the application of one mean

value of effective diffusivity for a material with a broad pore size distribution. The

accuracy of the second shrinking core model SCM2, which also uses one value of

the effective diffusivity for the whole material, is improved in comparison with the

SCM1. The main reason for the improved accuracy lies in the reduced effective

diffusivity, due to the incorporation of the Knudsen diffusivity in overall effective

diffusivity. The best fits of the experimental data are achieved using the PPM and

PSM, although the former is slightly better. These models use idealized representa-

tions of the aerogel porous structure but incorporation of localized values of the ef-

fective diffusivity results in improved model accuracy. Although the tortuousities

used in the PPM and PSM seem somewhat high, values similar to these24 or even

larger ones26 are reported in the literature. Even the PPM and PSM models fail to

predict with high accuracy the upper part of the experimental drying curve. This is

probably due to the slightly higher value of the estimated 1-butanol solubility in

supercritical carbon dioxide. However, the considerably better agreement of the

PPM and PSM results in comparison to the SCM results confirms the advantage of

using local effective diffusivity values when simulating the supercritical drying

process of a material with broad pore size distribution (as in the case of an

alumina/silica aerogel).
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The most important process parameters influencing the dynamics of super-

critical drying with carbon dioxide are: the solubility of the solvent in the super-

critical carbon dioxide (effect of temperature and pressure) and the dimensions of

the wet gel body. In order to study the influence of these process parameters, a sim-

ulation of the drying of wet spherical gel particles of different diameters and at dif-

ferent temperatures was performed. The results were obtained by solving Eq. (9)

using the finite difference method and the PPM model:
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with initial and boundary conditions:

– initial conditions t = 0, r = Rs � C = C*; 0 � r < Rs � C = Co

– boundary conditions t > 0, r = 0 �
�

�

C

r
= 0

t > 0, r = Rs � C = Ci
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Fig. 7. Supercritical drying simula-
tion of a gel sphere (Rs = 1.0 cm) at
different temperatures.

Fig. 8. Supercritical drying simula-
tion using different spherical dimen-
sions at 313 K.



The simulation results of gel drying at 313 K, 393 K and 498 K are shown in

Fig. 7. The solubility of 1-butanol in supercritical carbon dioxide at 100 bar was

determined using CHEMSHARE DESIGN II software and the Peng-Robinson

equation of state (yBuOH = 0.0356 at 393 K and yBuOH = 0.312 at 498 K). As a con-

sequence of the increased solubility of 1-butanol at elevated temperatures, the dry-

ing time is decreased considerably. The influence of particle dimension on the dy-

namics of supercritical drying is demonstrated in Fig. 8. As expected, larger diame-

ter spheres need longer drying times, but it is interesting to note that 5 h of super-

critical drying is needed to completely dry bodies of moderate dimensions (1 cm

radius sphere). The optimal supercritical drying procedure should therefore in-

clude the minimum characteristic dimension of the drying body and the highest

possible drying temperature.

CONCLUSION

In order to investigate supercritical drying as the most complex and time con-

suming step in the processing of aerogels, a mathematical model based on the po-

rous structure of an aerogel was developed. Alumina/silica aerogel was obtained

using a one step sol-gel synthesis and subsequent drying with supercritical carbon

dioxide. The wet gel weight change with time was monitored during a supercritical

drying procedure and the dry aerogel sample porous structure was determined us-

ing the BET method using nitrogen adsorption/desorption. The mathematical

model of the supercritical drying of a wet gel sample was represented as unsteady

and one-dimensional diffusion of 1-butanol through the aerogel pores filled with

supercritical carbon dioxide. Four different procedures for calculating the effective

diffusivity as the most important model parameter were developed. The shrinking

core models use one value of the effective diffusivity for the whole material, and

they fail to describe the drying experiment accurately. The parallel pore model and

the pores in series model, which were developed on the basis of the measured

aerogel porous structure, use a different effective diffusivity value for each pore

size (with a local tortuousity value for each pore size), and their agreement with the

experimental supercritical drying data is much better, than those of the shrinking

core models. Simulations of supercritical drying with carbon dioxide using the par-

allel pore model, demonstrated the significant influence of the drying temperature

and the dimensions of the wet gel particles on the dynamics of supercritical drying.

These simulations indicate that a significant reduction of the drying time could be

achieved by employing minimum particle dimensions of the gel to be dried and the

maximum drying temperature.

LIST OF SYMBOLS

C – 1-Butanol concentration in supercritical carbon dioxide contained within the aerogel pores,

kmol/kmol

C* – Solubility of 1-butanol in supercritical carbon dioxide, kmol/kmol
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Ci – Concentration at the particle solid/fluid intereface, kmol/kmol

Co – Initial concentration of 1-butanol in the aerogel pores, kmol/kmol

DAB – Diffusivity of 1-butanol in supercritical carbon dioxide, m2/s

DK – Knudsen diffusivity, m2/s

Deff – Effective diffusivity, m2/s

L – Length of wet gel cylinder, m

M – Molecular weight, kg/kmol

�m|�t – Differential weight change of the wet gel cylinder at �t, kg

N – Number of different pore dimensions

P – Pressure, bar

r – Radial distance, m

rp – Pore radius, m

R – Gas constant, kJ/kmol K

Rs – Radius of spherical gel particle, m

t – Time, min

T – Temperature, K

Vi|tj
– Volume of ith pore filled with 1-butanol at jth time increment, m3

Vi|ij-1
– Volume of ith pore filled with 1-butanol at (j–1)th time increment, m3

V|tj
– Volume of pore (pores in series Fig. 5B) filled with 1-butanol at jth time increment, m3

V|tj–1
– Volume of pore (pores in series Fig. 5B) filled with 1-butanol at (j–1)th time increment, m3

x – Axial distance, m

Greek letters

�p – Porosity

��i – Molecular diffusion volumes in the Fuller, Schettler and Giddings correlation

� – Constriction factor

�solv – Density of 1-butanol, kg/m3

� – Tortuousity

� – Geometric constant of the solid

I Z V O D

MATEMATI^KO MODELOVAWE I SIMULACIJA SU[EWA GELA SA

NATKRITI^NIM UGQEN-DIOKSIDOM

ALEKSANDAR ORLOVI], STOJAN PETROVI] i DEJAN SKALA

Tehnolo{ko-metalur{ki fakultet, Univerzitet u Beogradu, Karnegijeva 4, p. pr. 3503, 11120 Beograd

U ovom radu su ispitani matemati~ki modeli su{ewa alumosilikatnog gela sa

natkriti~nim ugqen-dioksidom na osnovu eksperimentalnih podataka natkriti~nog

su{ewa. Sintetizovani alumosilikatni gel sa cink-hloridom je su{en sa natkri-

ti~nim ugqen dioksidom, pri ~emu je pra}ena wegova promena mase sa vremenom.

Raspodela veli~ina pora aerogela je odre|ena BET metodom i adsorpcijom/desorp-

cijom azota. Matemati~ki model natkriti~nog su{ewa je prikazan kao nestacionarna

jednodimenziona difuzija rastvara~a kroz pore aerogela ispuwene natkriti~nim ug-

qen-dioksidom. Model paralelnih pora i model redno vezanih pora su razvijeni na

osnovu izmerene porozne strukture dobijenog aerogela. Rezultati ukazuju da je sla-

gawe modela paralelnih pora i modela redno vezanih pora sa razli~itim vrednostima

efektivne difuzivnosti za pore razli~itih veli~ina i eksperimentalnih podataka,

GEL DRYING MODELING 135



znatno boqe nego u slu~aju modela koji koriste jednu vrednost efektivne difuziv-

nosti. Koeficiejenti efektivne difuzivnosti su dobijeni kori{}ewem razli~itih

vrednosti lokalnih izuvijanosti pora za svaku dimenziju pora, pri ~emu su ovi koefi-

cijenti efektivne difuzivnosti distribuirani na osnovu podataka o raspodeli veli-

~ina pora. Simulacijom natkriti~nog su{ewa je potvr|eno da temperatura su{ewa i

dimenzije gela imaju zna~ajan uticaj na vreme su{ewa.

(Primqeno 30. juna 2003, revidirano 6. jula 2004)
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