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The fine tuning of porosity in sol gel based devices makes possible the design of novel applications in
which the transport of molecules through the oxide gel plays a crucial role. In this work we develop a
new method for the simultaneous analysis of diffusion and adsorption of small diffusing probes, as anio-
nic and cationic dyes, through silica mesoporous hydrogels synthesized by sol–gel. The novelty of the
work resides in the simplicity of acquisition of the experimental data (by means of a desk scanner)
and further mathematical modeling, which is in line with high throughput screening procedures,
enabling rapid and simultaneous determination of relevant diffusion and adsorption parameters. Net
mass transport and adsorption properties of the silica based hydrogels were contrasted to dye adsorption
isotherms and textural characterization of the wet gels by SAXS, as well as that of the corresponding aero-
gels determined by Field Emission Scanning Electron Microscopy (FESEM) and N2 adsorption. Thus, the
validation of the results with well-established characterization methods demonstrates that our approach
is robust enough to give reliable physicochemical information on these systems.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Sol–gel processes provide a unique route for synthesizing inor-
ganic materials at room temperature. By this route, novel materials
have been obtained, such as mesoporous and nanostructured oxi-
des, as well as a wide variety of hybrids [1,2]. The meso and micro-
porous structures of sol–gel materials can be tuned by modifying
the synthesis parameters, such as precursors, pH and additives,
giving rise to oxide networks with well-defined porosity that are
useful for the design of sensors, filtration devices or coatings [3,4].

The mild conditions of sol–gel routes are also appropriate for
the design of novel bio-functional materials [5,6]. In particular,
the encapsulation of different cell types including bacteria, yeasts,
fungi and microalgae within silica hosts has become a well-estab-
lished platform for enzymatic conversion, biosensing, and biomed-
ical applications [7]. Several parameters can influence cell viability,
such as gelation time [8], ionic strength [9] or cell/matrix interac-
tions [10,11]. But, depending on their particular application, the
optimization of viability must fulfill other needs, such as porosity,
density, hardness and elasticity, which require a fine control of the
synthesis parameters and a detailed characterization of their
microstructure [12].

For any biological application, transport of molecules through
the matrix results literally, of vital importance. In the first place,
to fulfill nutrient diffusion required by actively growing cells
[13,14], but also to allow the outcome of biosynthetic products
of interest from encapsulation devices acting as modular bioreac-
tors [15]. In several applications of these functional materials, such
as remediation of contaminated water, transport of pollutants to-
ward the encapsulated microorganisms must be controlled to reg-
ulate their concentration, in order to minimize harmful effects on
the living species [16,17].

The transport within the water-filled regions in the space delin-
eated by the silica skeleton can be fully described considering the
size of the solute and the existence of charged groups on the skel-
eton which may bind the solute molecule will have an effect on the
movement of the solute [18]. In the case of silica based hydrogels
the polymer chain mobility can be neglected, as these hydrogels
do not swell as it occurs with flexible polymeric hydrogels. Within
a general approach, in mesoporous systems, mass transport in-
volves at least two processes: diffusion and adsorption [19–21].
The last one is particularly important in silica hydrogels due to
the high specific surface area, hydrophilicity and surface charge
on pore walls (isoelectric point of silica �pH 2) [22]. For almost
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all biomaterials based on silica, the working pH is near 7 and the
surface charge plays an important role in the transport of posi-
tively charged molecules.

Many devices and methods have been developed to study sol-
ute transport in hydrogels; among them, fluorescence micros-
copy, isotope labeling, permeation, or electrochemical
techniques are the most employed [23–25]. However, most of
the published work does not present a full description of trans-
port through these matrices since they discuss the diffusion in
terms of pore size and tortuosity, not taking adsorption phenom-
ena explicitly into account. On the other hand, several detailed
mathematical models were proposed to account for diffusion–
adsorption processes in porous media and polymer hydrogels
[26–28]. Although these advanced tools and models are highly
appropriate for the study the transport phenomena within silica
matrices, simpler methods to obtain relevant parameters are
needed in order to optimize the matrix transport properties when
developing particular applications. In this scenario, the method
proposed by Nakanishi et al. [29] (and its ensuing variants) was
successfully used to measure diffusion and partition coefficients
of several diffusing species in silica or silica-hybrid matrices
[30,31]. Even these are relatively simple methods, the informa-
tion concerning diffusion and adsorption phenomena is obtained
in separate experiments.

The diffusion of colored moieties was used to calculate appar-
ent diffusion coefficients, Dapp, by digital image analysis of the
concentration gradients at different elapsed times [32–34]. Dapp

is considered a parameter of practical relevance since it encom-
passes the retardation by adsorption and the tortuosity imposed
by narrow pores, but it is only valid under restricted conditions.
Parameters such as the concentration of free dye in solution as a
function of distance and time elapsed cannot be derived from it.

In this work, we propose an extremely simple method based on
digital image analysis for the simultaneous determination of dye
diffusion and adsorption parameters on the silica hydrogel. The
presented model, which considers diffusion coupled with adsorp-
tion occurring within the matrix, allows for the determination of
an effective diffusion coefficient of the dye in the aqueous pores
(Deff).

Silica matrices were synthesized by silicate polymerization in
the presence of LUDOX� silica nanoparticles. Varying the synthesis
pH, the microstructure of silica hydrogels is modulated, and
changes in the specific surface area and pore volume impact on
the adsorption and diffusion processes, tuning the transport of
dyes through these materials.

2. Materials and methods

2.1. Evaluation of transport properties

The protocol for monitoring the transport of dyes was based on
the digital analysis of images [17]. In order to satisfy the boundary
conditions for one-dimensional diffusion, the flow cell was made
with two parallel glass slides (10.0 mm each side) separated by
1.0 mm layer of in situ prepared hydrogel. The dye is seeded on
top of the hydrogel and the cell was placed on a digital scanner
to acquire images of dye concentration profile at different times
by sequential scanning. Color intensity profiles at each time are ob-
tained by image analysis with ImageJ free software [35]. The values
of color intensity are carefully restricted to the linear response
range obtained with a proper calibration curve. To model the diffu-
sion of Xylenol Orange (XO), as the anionic dye adsorption on neg-
atively charged silica pores is found to be negligible, the effective
diffusion coefficients were simply derived by fitting the concentra-
tion profiles to the second Fick equation:
@C
@t
¼ Deff

@2C

@2x
ð1Þ

The effective diffusion coefficient (Deff) is defined as follows

Deff ¼ D
/d
s

ð2Þ

where D is the diffusion coefficient of the dye in water, / is the pore
volume fraction, d is the constrictivity, and s is the tortuosity of the
matrix. The latter parameters allow describing the constraints im-
posed by mesopores to molecular free movement.

For a punctual source and assuming semi-infinite conditions
(i.e., the dye does not reach the other side of the diffusing matrix
throughout the whole time of the experiment), the diffusion profile
is given by Eq. (4), where M is the initial amount of dye seeded:

Cðx; tÞ ¼ M
ffiffiffiffiffiffiffiffiffiffiffiffiffi
pDeff t

p e
�x2

4Deff t ð3Þ

To model the transport of the cationic dye Malachite Green (MG),
where the process of diffusion is coupled with the adsorption on
the silica surface, we represent the hydrogel as composed by N lay-
ers of thickness dx = 10�3 cm (see Fig. S1 in Supplementary Infor-
mation). The MG concentration in layer i at time j, Q(i,j), is given
by the sum of the concentration of dye in solution C(i,j), and the
dye adsorbed on silica surface, S(i,j), at that time in the same layer.
At time t = 0 all layers have a MG concentration Q = 0, except for the
first layer at which the concentration equals to the total amount of
dye seeded divided by the layer volume, Q(1,0) = 6.00 mM. The cal-
culations were made using the Crank–Nicholson numerical method
[36]. At each time step dt = 3 dx2/D, the partition between MG ad-
sorbed and MG in solution is assumed to reach the adsorption equi-
librium, and the diffusion of dye in solution is supposed to follow
Fick first law. The parameters for fitting the experimental concen-
tration profiles are Deff (effective diffusion of the dye within the
aqueous pores) and P that account for the partition of the dye be-
tween solution and silica surface.

2.2. Synthesis and supercritical drying of silica hydrogels

Silica sources are a sodium silicate solution (27 wt% SiO2,
10 wt% NaOH from Riedel-de Haën) and colloidal silica (40 wt%
SiO2, LUDOX HS-40 from Aldrich). The aqueous synthesis of silica
gels is performed as previously described [13]. Briefly, hydrochloric
acid is added to a mixture containing sodium silicate and colloidal
silica (LUDOX) in order to decrease the pH to the specified value.
1000 lL phosphate buffer and volumes of the different precursor
solutions are adjusted to obtain a SiO2:water molar relation of
3.8:100 with a proportion of polymeric to particulate silica precur-
sors 1:4 in a final volume of 3.00 mL. In all cases the total silicon
concentration is 2.1 M. In what follows, samples are labeled ‘‘HG-
4.5’’, ‘‘HG-7’’ and ‘‘HG-9’’, for HydroGels synthesized at pH 4.5,
7.0 and 9.0, respectively. Except for syneresis experiments, for
which samples are left in equilibrium with their mother liquors,
hydrogel samples are washed thoroughly with distilled water
48 h after synthesis (at least 3 times of gelation), are then aged
one week in phosphate buffer pH 6.5 and are washed thoroughly
with distilled water prior to experiments.

Aerogels are prepared by supercritical CO2 drying of hydrogels.
Before drying, the samples are immersed in methanol for 2 days to
reduce their water content; then they are transferred to a high-
pressure quartz cell with fresh methanol. Supercritical CO2 is
passed through the cell at a flow rate of ca. 100 mL (NPT)/min
while the pressure is kept constant at 9 MPa by a high-pressure
syringe (Teledyne ISCO 100DM). Temperature is maintained at
55 �C during the whole procedure. The complete removal of meth-
anol, realized by the absence of alcohol downstream, is achieved in
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less than 3 h. The samples of aerogels are labeled AG-4.5, AG-7.0
and AG-9.0 (AeroGels derived from hydrogels synthesized at pH
4.5, 7.0 and 9.0, respectively).

2.3. Microstructure characterization of samples

Total volume of pores, /L, is obtained from the mass loss of the
wet gels measured by thermal gravimetry (TG) carried out in a Shi-
madzu DTG50 thermal analyzer with a heating rate of 5 �C/min.
Surface area and mesopore radii are determined from N2 adsorp-
tion/desorption isotherms on the aerogels obtained from each
hydrogel at 77 K on a Micromeritics 2010 sorptometer. Prior to
each run the samples are degassed at 90 �C. Surface area is derived
from the BET equation and pore radius from the capillary conden-
sation in cylindrical pores using the classical Kelvin equation (BJH
model) [37]. FESEM images of aerogels are taken with a Zeiss LEO
982 GEMINI microscope (CMA, FCEyN-UBA). Samples are metal-
ized with gold for better image quality and stability.

2.4. Adsorption isotherms

For dye-adsorption experiments, samples of wet gels are left in
contact with aliquots of 2000 lL of dye solution in different con-
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Fig. 1. Diffusional profiles of the anionic dye Xylenol Orange (XO) in silica hydrogel
HG-4.5, taken at different sampling times: 11 min, 20 min and 45 min. The
experimental XO concentration profiles can be fitted to the Fick’s second law,
describing a pure diffusive process. Inset: The apparent diffusion coefficients (Dapp)
obtained from each fitting as a function of sampling time for different hydrogel
samples (HG-4.5: blue, HG-7.0: green and HG-9.0: red). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Diffusion and adsorption parameters derived from the transport model and correlations to
and pore fraction volumes derived from aerogel porosimetry.

Sample AG pore
volume/cm3 g�1a

Pore volume
fraction (/)b

XO Deff
c/

10�10 m2 s�1

HG-4.5/AG-4.5 0.60; 0.57 0.88 ± 0.01 2.5 ± 0.1
HG-7.0/AG-7.0 0.66; 0.65 0.92 ± 0.01 2.9 ± 0.1
HG-9.0 AG-9.0 0.53; 0.60 0.89 ± 0.01 2.7 ± 0.1

a From aerogel porosimetry (BJH Adsorption cumulative pore volume; BJH Desorption
b From thermogravimetric analysis of hydrogels.
c Xylenol Orange effective diffusion coefficient obtained from the fitting of XO concen
d Malachite Green effective diffusion coefficient and values of parameter P obtained fro

described in Section 2.1.
e Empirical partition coefficient derived from MG adsorption isotherms (for an equilib
f Calculated from the from aerogel porosimetry (BET surface area = as,BET), the density

(in cm�1) = as,BET. dSiO2. (1 � /).
centrations (aqueous solutions of MG or XO in the range 0.1–
3.0 lM are adjusted to pH = 6.5). The concentration of dye in solu-
tion is measured spectrophotometrically at each dye absorbance
maximum (k = 616 nm for MG and k = 436 nm for XO). The fraction
of dye adsorbed on the silica matrix is calculated from the differ-
ence between the concentration in solution at t = 0 and after the
systems had reach the equilibrium. For XO, under the experimental
conditions adsorption is not significant. For the adsorption of MG,
experimental data are fitted to the Freundlich model:

S ¼ FCn
e ð4Þ

where S is the mass of adsorbate by mass of adsorbent, F is the Fre-
undlich constant of adsorption, Ce is the dye concentration in solu-
tion at equilibrium and n is a constant that varies from 0 to 1. This
empirical model takes into account the heterogeneity of the differ-
ent adsorption sites, being one of the most useful when analyzing
adsorption from solution at the solid–liquid interface.

3. Results and discussion

Evaluation of transport properties of the anionic dye Xylenol
Orange (XO) and the cationic dye Malachite Green (MG) through
the silica hydrogels is performed at pH 6.5, at which the silica sur-
face is negatively charged (isoelectric point of silica �pH 2). As sta-
ted above (Section 2.1), the physical system can be modeled as
composed of multiple layers each of thickness dx, and a punctual
source of the diffusing dye is seeded on an extended layer on top
of the hydrogel. Since the gradient of concentration is established
in the direction perpendicular to the thin layers, diffusion in one
direction is assumed (see Fig. S1 in Supplementary Information).

The effective diffusion coefficient of the anionic dye XO derived
by fitting the concentration profiles evaluated at different times to
the second Fick equation is constant (Fig. 1). This indicates that for
this dye we are dealing with a pure diffusive process, i.e. there is
neither adsorption nor chemical reaction involved, and the appar-
ent diffusion coefficient (Dapp) equals the effective diffusion coeffi-
cient in the aqueous pores (Deff). On the other hand, similar values
of Dapp (�Deff) were obtained for the three hydrogels (Table 1).

The pore diameters derived from BJH model are at least one or-
der of magnitude larger than the diffusing molecules (see Fig. S4 in
Supplementary Information), thus giving little steric restriction to
diffusion. Therefore, all samples should have similar tortuosity
for diffusing species. Taking into account the pore fraction of each
sample and disregarding tortuosity and constrictivity factors (see
Eq. (2)), a unique XO diffusion coefficient DXO = (2.7 ± 0.2)
10�10 m2 s�1 was derived from all samples. This value is compara-
ble to that obtained for a parent dye bromophenol blue in 1% agar
gel (D = (4.58 ± 0.3) 10�10 m2 s�1) [38], as well as for diffusion of
several charged species not adsorbed on silica. For instance, the
empirical results obtained in MG adsorption isotherms and specific adsorption areas

MG Deff
d/

10�10 m2 s�1
Parameter
P d/103

Empirical Partition
coeff. Pemp

e/103
Specific sorption
area (f f/106 cm�1

1.3 ± 0.1 6.1 ± 0.2 6.2 ± 0.6 11.3 ± 0.4
1.4 ± 0.1 2.7 ± 0.1 3.8 ± 0.4 6.3 ± 0.3
1.3 ± 0.1 3.3 ± 0.2 3.8 ± 0.4 7.7 ± 0.3

cumulative pore volume).

tration profiles to Fick law describing a pure diffusive process.
m the fitting of MG concentration profiles to the model of diffusion with adsorption

rium concentration of 0.01 lM).
of silica (theoretical value dSiO2 = 2.65 g cm�3) and the pore fraction volume (/) as f
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effective diffusion coefficient for Cr(IV) in silica hydrogels synthe-
sized from colloidal silica is between 1.76 10�10 m2 s�1 and 8.48
10�10 m2 s�1, depending on the silica content of the matrix [30].
For the diffusion of Ni2+ ion in TEOS derived silica matrices, a dif-
fusion coefficient between 4.1 10�10 m2 s�1 and 7.0 10�10 m2 s�1

was determined for pore sizes bigger than 5 nm [39]. On the con-
trary, for matrices with pore sizes smaller than 5 nm, retarding fac-
tors from 102 to 103 were observed. It is worth noting that these
systems have smaller mesopore sizes than the hydrogels prepared
from colloidal silica and silicate at any pH value.
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Fig. 2. Diffusional profiles of the cationic dye Malachite Green in silica hydrogel
HG-4.5, taken at different sampling times: 369 min and 911 min. a: The experi-
mental MG concentration profiles were fitted to the second Fick law, describing a
pure diffusive process. Inset: The apparent diffusion coefficients (Dapp) obtained
from each fitting as a function of sampling time (from 130 to 1512 min) for different
hydrogel samples (HG-4.5: blue, HG-7.0: green and HG-9.0: red). b: The exper-
imental MG concentration profiles are fitted by a numerical method to the proposed
model considering diffusion coupled with adsorption on the silica surface. Inset:
The effective diffusion coefficients (Deff) obtained from each fitting as a function of
sampling time (from 130 to 1512 min) for different hydrogel samples (HG-4.5: blue,
HG-7.0: green and HG-9.0: red). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2
Microstructural parameters of aerogels obtained from hydrogels synthesized at different p

Sample Pore diamete/nma as,BET/m2 g�1b Elemental

AG-4.5 6.4; 8.1 355 ± 18 7.6 ± 1.9
AG-7.0 8.4; 10.6 296 ± 15 16.2 ± 3.4
AG-9.0 8.7; 10.5 263 ± 13 16.4 ± 3.2

a From aerogel porosimetry (BJH Adsorption average pore diameter; BJH Desorption a
b From aerogel porosimetry (BET surface area).
c As derived from FESEM images of aerogels.
The diffusion of the cationic dye MG analyzed with the same
protocol gives an apparent diffusion coefficient (Dapp) that varies
both in distance and in time. Fig. 2a shows the fitting of MG exper-
imental diffusional profiles to a pure diffusional model. In this case,
fitting is deficient and Dapp depends on the time at which the pro-
file is taken. Here, the best fit is with a model considering diffusion
coupled with adsorption on the silica surface. As can be appreci-
ated comparing the diffusion coefficients obtained by both models
(insets of Fig. 2a and b, respectively), the retardation effect pro-
duced by adsorption of the dye on the silica surface is significant,
resulting in Dapp more than one order of magnitude smaller than
Deff. On the other hand, when adsorption is explicitly considered,
the calculated MG effective diffusion coefficients for all hydrogel
samples are constant in time and slightly differ from one hydrogel
sample to another (see inset of Fig. 2b). Furthermore, when these
Deff are divided by the pore fraction of each sample, the same value,
DMG = (1.5 ± 0.1) 10�10 m2 s�1, is obtained.

Although the values of pure diffusion coefficients obtained for
XO and MG dyes are of the same order of magnitude, it is impor-
tant to note that one should expect a lower intrinsic diffusion coef-
ficient for XO than for MG, as the former is a bulkier molecule. As
the hydrogels have similar tortuosity, this discrepancy can be ex-
plained by considering differences in constrictivity for both mole-
cules. This parameter accounts for the fact that only a fraction of
the porosity is used as a pathway for the diffusion of molecules
due to geometrical factors (geometrical constrictivity), and for
electrostatic interactions with pore walls (electrostatic constrictiv-
ity) [40]. Considering that MG is a positively charged dye these
interactions lead to a decrease in Deff.

Concerning the adsorption of MG on the silica surface, the fit-
ting parameters P obtained for each of the samples are in good
agreement with the partition coefficients derived from empirical
MG adsorption isotherms (Pemp = ratio of adsorbed molecules to
molecules in solution in a given hydrogel volume, for a Ceq = 0.01 -
lM) and follow the same trend as the calculated specific adsorp-
tion areas derived from aerogel porosimetry and pore fraction
volumes (Table 1). The raw data of these experiments are pre-
sented in Supplementary Information.

Transport properties depend on the porosity and tortuosity of
the material, and thus they are related to the material microstruc-
ture. In order to establish a structure–property relationship hydro-
gels were submitted to supercritical drying, giving aerogels for
which it is assumed that the porosity and the particle size of the
silica backbone are the same than those of the original wet gel.
The Microstructural parameters of aerogels obtained from hydro-
gels synthesized at different pH values are summarized in Table 2.
The synthesis pH of LUDOX-silicate gels allows a fine tuning of
microstructure, and the porosity of the matrix is a key parameter
in determining mass transport phenomena.

Structural differences produced by varying the synthesis pH,
such as particle size and average pore diameter of the correspond-
ing aerogels have negligible influence on the diffusion of soluble
species through the water filled hydrogel pores as the pore radii
are well above the size of the solvated diffusing dyes. However,
the fine tuning of transport properties is given by the adsorption
H.

particle/nmc Primary cluster/nmc Secondary cluster/nmc

; 13.8 ± 2.6 42 ± 7 133 ± 19
52 ± 5 164 ± 26
56 ± 6 210 ± 32

verage pore diameter).
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retardation effect, since at pH > 3 the silica surface increases its
negative charge that induces adsorption of positively charged spe-
cies, and in consequence an additional energetic barrier for mass
transport. This is the main effect to be considered in transport pro-
cesses where the synthesis pH accounts for different surface area
and pore volume fraction.

In previous works on the silicate-LUDOX route to design cell
encapsulation host, [17] a simpler model was applied to character-
ize the solute transport in hydrogels, obtaining apparent diffusion
coefficients, Dapp, which are valid in restricted conditions. Although
these apparent diffusion coefficients allow to compare mass trans-
port on different samples under the same conditions, the calcu-
lated Dapp depends on distance and time, thus on the dye
concentration. This dependence on dye concentration in turn
determines the fraction of dye free to diffuse and adsorbed on
the silica surface.

3. Conclusions

The method proposed herein allows evaluating the effect of the
texture of the silica material as well as the charge of the diffusing
molecule in the transport process. The simplicity of acquisition of
the experimental data (by means of a desk scanner) and further
mathematical modeling is in line with high throughput screening
procedures, enabling rapid and simultaneous determination of rel-
evant diffusion and adsorption parameters. This will contribute to
a rapid screening of the best suited materials for a rational design
of silica encapsulation applications.

In particular, the method contributes to the design of materials
with biological activity where the fine tuning of mass transport can
be achieved by changing the surface charge of the silica skeleton,
either by modifying the working pH – which is not always possible
for biological systems – or by derivatizing the silica surface with
appropriate biocompatible molecules.
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