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Abstract

The silica monoliths were prepared by a combination of sol-gel synthesis, pore templating, and a process of phase separation. The
as-prepared monoliths are characterized by meso- and macroporosity. The pore size significantly differs for each sample de-
pending on the preparation conditions. The transport properties of the monoliths were investigated using benzene, isopropanol,
hexane, and methane as probing molecules. The effective diffusion coefficients in the monoliths were estimated based on the
second Fick’s law of diffusion. The obtained diffusivities are quite similar for different samples, demonstrating that the diffusion
occurs mainly in the macropores of the monolith. The values of the diffusion coefficients were found to fall outside the Knudsen
prediction. In addition, it was investigated that the benzene and hexane transport in the monolith sample with a bimodal
mesopores distribution does not follow the Fick’s diffusion law. To describe the mass transfer of the benzene and hexane in this
sample the time-fractional diffusion equation was utilized on a phenomenological basis. Several scenarios concerning the role of
the relatively small mesopores in the hydrocarbons diffusion are discussed.

1 Introduction

Silica monolithic materials with hierarchical pore size distri-
bution are the objective of research in recent years due to their
exceptional properties, i.e. high porosity, large specific surface
area and extended continuous network of meso and
macropores [1-5]. The monoliths were prepared with the
use of the sol-gel process of silicon alkoxide precursor under
acidic conditions and phase separation induced by a water-
soluble polymer. The composition of the initial reaction
mixture and process conditions have impact on the porous
structure both in meso and macro scales. A final mesoporous
structure of these materials also strongly depended on the
post-gelation treatment in an aqueous ammonia solution due
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to Ostwald ripening mechanism [6, 7]. The monoliths ap-
peared to be good candidates for application in continuous
flow processes e. g. for a chromatographic analysis [8—12],
as supports of active species for catalytic and sorption process-
es and in the fabrication of microreactors [13—19]. In order to
meet the expectations for these applications, the monoliths
should be characterized by well-defined micrometer-range
pores and well-developed mesoporosity. The thickness of
the silica skeleton is also of great importance as it determines
an effective diffusion path length and time scales. Except a
liquid chromatography, the application of monoliths for
microreactors fabrications requires the materials with low-
pressure drops (<1 bar/cm) [14]. Fortunately, monoliths with
large macropores, in the range of 20-50 um fully meet these
requirements and they were successfully obtained [6, 7].
Moreover, the skeletal mesopores providing large specif-
ic surface areas allow achieving the high concentration
of active sites per unit of volume, which translates di-
rectly for high efficacy. The structural properties of the
monoliths and their functionalization with various active
species were published in numerous papers. The effec-
tiveness of microreactors has been confirmed in impor-
tant chemical processes, e. g. Diels-Alder reaction [20],
Knoevenagel condensation [21], MPV selective reduc-
tion of carbonyl compounds [22-25], selective oxidation
[26] and in enzyme-catalysed processes [27-29].
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To be effectively used as a microreactor, catalyst, or sor-
bent, a monolith should exhibit low diffusion resistance. In
hierarchical materials, the mass transfer scenarios may be sig-
nificantly different [30]. For instance, the mass transfer in a
porous media with a bimodal pore distribution may follow a
combination of the diffusion process in each pore geometry
[31]. However, it has been found that, for a hierarchical ma-
terial, an approach based on combining the diffusion process
in each pore system overestimates the effective diffusion co-
efficient [32, 33]. The remarkable deviation of the diffusion
length from the pore size has been affirmed in hierarchical
zeolite [34]. In addition, the anomalous diffusion that cannot
be described by Fick’s law has been verified in the porous
media [35]. Recent findings concerning the diffusion in a po-
rous medium indicated that the diffusion regime may cross
over from the single-file to either two dimensional [36] or to
the standard diffusion [37]. This transition has been experi-
mentally verified for various systems, e.g. zeolite membranes
[38] and carbon nanotubes [39]. In this respect, the monoliths
with a hierarchical porous structure may be characterized by
the anomalous diffusion of a molecule. The anomalous diffu-
sion may provide either slower or faster transport compared to
the standard diffusion [40, 41]. Therefore, depending on the
diffusion regime in the silica monolith process productivity
may be either intensified or inhibited.

The unique physicochemical properties of hierarchical sil-
ica monolithic materials have been highlighted in the litera-
ture. However, so far the diffusion in these materials was
studied only numerically, and the impact of the size of tracer
particles on long-time effective diffusion coefficient was de-
termined [42]. In this report, the diffusion in hierarchical silica
materials was studied experimentally using four probing mol-
ecules (benzene, isopropanol, hexane, and methane). It is
demonstrated that bimodal mesopore distribution with a sig-
nificant difference of the pore size governs the deviation from
the Fick’s diffusion law. In contrast, silica monolith with uni-
formly distributed mesopores is characterized by standard dif-
fusion. The obtained diffusion coefficients demonstrate very
little difference for various monoliths indicating that most of
the flux seems to pass through the macropores.

2 Theory

The standard diffusion is usually described by the second
Fick’s law of diffusion:

oC o' C
D. -

= 1
ot Ox? (1)

where: C — linear concentration of the diffusing species, mole/
cm; D — the diffusion coefficient, cmz/s; t—time, sec; x — space
coordinate, cm.
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For a description of the diffusion process, which does not
follow the Fick’s formalism; we use the time-fractional diffu-
sion equation:

ooC o aZfC
o ox?

(2)

where: o — the fractional order; K — time-fractional diffusion
coefficient, cm?/sec®. Evidently, the use of the time-fractional
diffusion equation is based on the assumption of the time-
fractionality of the relevant mass transfer process. Any other
non-Fickian diffusion equation may be used for quantification
of the obtained experimental results. The time-fractional deriva-
tive in Eq. (2) is used according to the Caputo definition [43]:
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where: m —a constantequal to 1 and 2 forO<a<1land l <x <
2, respectively; 7(*) — the Euler gamma function.
For the following initial and boundary conditions:

C(x,0) = Cy(x) = const (4)
oC
a0 (5)

the solutions of Egs. (1) and (2) given as the concentration C(L, ¢)
at an upper boundary L, cm, corresponding to the thickness of the
grain, may be obtained for the long times using the Green’s
function approach. For the standard diffusion equation (Eq. (1))
the corresponding long-time solution is given by [44]:

C(L,t) = Cy-A-exp {—Dz—zﬂl}

(6)
For the time-fractional diffusion equation (Eq. (2)) the cor-
responding solution at a long time is given by [45]:
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(7)
Egs. (6) and (7) hold for the time decay of concentration in a
range that satisfies the following relation: C(L, ) <0.5-C, [46],
where C is the initial concentration of the diffusing species.
The obtained solutions may be transformed into the loga-
rithmic coordinates. Particularly, for the standard diffusion
equation, the corresponding transformation yields:
C(L,t 2D

2 't + InA (8)

Whereas for the time-fractional diffusion equation the log-
arithmic transformation gives:
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In Eq. (9), the slope directly corresponds to the anomalous
diffusion exponent. Contrary, in order to obtain the order of
the temporal derivative from the slope, Eq. (8) should be
transformed to the logarithmic coordinates as follows:

In [mA—ln {%0’)” =Inf+1In BZL? } (10)

Herein, we treat the one-dimensional forms of the diffusion
equations for the sake of computational simplicity. Evidently,
this simplification may not be absolutely correct on the phys-
ical basis. In this paper, we account only for the diffusant
concentration evolution versus time and not the concentration
distribution in the volume of the silica monolith. Moreover,
we assume that the initial concentration distribution across the
monolith is uniform. In the experiment, only the upper surface
of the monolith is permeable for the diffusing species.
Therefore, we may consider the one-dimensional diffusant
flux, i.e. the flux through the upper surface of the silica mono-
lith, whereas the fluxes in the other directions may be
neglected. It should be also emphasized that the relevant so-
lution follows the same temporal evolution nevertheless
which form of the diffusion equation is used, i.e. one-
dimensional or three-dimensional [47].

3 Experimental

Tetraethoxysilane (TEOS, 99%, ABCR), polyethylene glycol
(PEG 35000, Sigma Aldrich), nitric acid (65%, Avantor),
cetyltrimethylammonium bromide (CTAB, Sigma Aldrich)
and ammonia aqueous solution (25%, Avantor Performance
Materials) were used for monoliths® synthesis. All the
chemicals were used without further purification.

The silica monoliths in the form of rods were synthesized
using combined sol-gel, pore templating and phase separation
processes described in [6]. Polyethylene glycol (PEG 35000),
was dissolved in HNOj solution. The mixture was placed in
an ice-bath and TEOS was added dropwise after 30 min of
stirring cetyltrimethylammonium bromide (CTAB) was
added. Next, polypropylene tubes were filled with the sol to
obtain monoliths. The samples were stored at 40 °C for gela-
tion and aging. Subsequently, rod-shaped monoliths were
washed with an excess of water, treated in ammonia solution,
washed again with water and finally calcined in air at 550 °C.
Details of the reaction mixture composition and synthesis con-
ditions of monoliths are given in Table 1.

The structural properties of the silica monoliths were char-
acterized by means of several techniques. Specific surface
area (Sggr), mesopore size distribution and their volume were
obtained from nitrogen adsorption data (ASAP 2020
Micromeritics instrument). Macropore structure was analysed
by means of mercury porosimetry (Micromeritics Autopore

IV 9510) and scanning electron microscopy (TM 30000
Hitachi). Moreover, skeletal density was measured by a
helium pycnometer (AccuPyc 1330) and FTIR spectra were
recorded in a Nicolet 6700 spectrometer using DRIFT
technique.

The mass transfer experiment was performed using com-
mercial gas chromatograph LHM-72 with the flame-
ionization detector. The chromatograph was modified viz.
the diffusion cell, which was installed except the chromatog-
raphy column. The detailed description of the cell working
principle, as well as the pellet installation inside the cell in full
details, are presented in our referenced study [45]. A sketch of
the experimental setup used for the diffusion study is shown in
Fig. 1. The monolith grain is placed inside the cell and fixed
with inert non-porous sodium silicate. This material is imper-
meable for the diffusing species. The only upper surface is free
for diffusant penetration so that initial and boundary condi-
tions (4)—(5) are satisfied. The following diffusants were used:
benzene, isopropanol, hexane, and methane. The experimental
conditions were used as follows: diffusant amount manually
injected into evaporator was 0.3 pl and 0.6 pl for liquid
diffusants (benzene, isopropanol, and hexane), 0.5 ml and
1.0 ml for the gaseous diffusant (methane), temperature inside
the diffusion cell was kept 120 °C, gas-carrier (Ar) flow was
30 cm3/min, and thickness of each sample was 0.5 cm.

Benzene, isopropanol, hexane, and methane were used as
diffusants since these chemicals are typical reagents of impor-
tant industrial processes that may be potentially operated in
microreactors. Particularly, benzene nitration and hydrogena-
tion may be processed in a microreactor [48, 49].
Photosensitized isopropanol reaction with furanone in a glassy
microreactor was reported [50]. Hexane is a usual continuous
phase of the processes performed using microreactor technol-
ogy [51, 52]. Methane partial oxidation in a microreactor is
widely used for syngas synthesis [53, 54]. In microreactors,
the reactions based on the multiphase gas-liquid systems are
usually processed [55]. Therefore, the mass transfer peculiar-
ities of reagents play a crucial role in investigating the
microreactor performance in the processes carried out on an
industrial scale.

4 Results and discussion
4.1 Monolith characterization

The structural properties of these materials were determined
from mercury porosimetry (Fig. 2), nitrogen adsorption
(Fig. 3) and helium pycnometry. Moreover, the macropore
structure was confirmed by scanning electron microscopy
(Fig. 4).

The materials have characteristic bimodal pore structure,
i.e. the presence of macropores and mesopores with sizes that
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Table 1 Composition of the reaction mixture and synthesis conditions of monoliths
Monolith Molar ratio Aging Ammonia treatment
(days)
TEOS PEG H,O HNO; CTAB Conc. Time Temp.
(mol/L) (h) O

Ml 1 0.53 14.3 0.27 0.0275 10 1 8 90
M2 1 0.60 139 0.26 0 10 1 24 80
M3 1 0.64 14.8 0.42 0 10 0.1 20 40

strongly depended on the synthesis conditions (Table 1), in
particular on the ammonia treatment and the use of the
structure-directing compound (CTAB). The monolith M1 dif-
fers from M2 and M3 by the presence of small mesopores, ca.
2.5 nm, which originated from CTAB used in the synthesis of
that material. These small pores had impact on the value of
specific surface area (Sggt), which was 50% larger than that
of M2 material. Moreover, larger mesopores, with diameter
ca. 20 nm, were also present in silica skeleton, similarly as in
the M2 material. However, the M3 monolith with medium
mesopores (diameter ca. 9 nm) showed the largest specific
surface area (652 m”/g). Dramatic differences in macropores
size were observed (Fig. 4), i.e. very large macropores in the
range of 30—50 um were founded in the M1 material, while in
M2 and M3 macropore size was 6—10 um and 24 pm,
respectively.

The synthesis conditions had a minor impact on a skeletal
and apparent density, and thus on the porosity of studied ma-
terials (Table 2). Only in the case of the M3 monolith, smaller
skeletal density was observed that those recorded for M1 and
M2. It seems to be that the lower concentration of the ammo-
nia solution and lower temperature during thermal treatment
(Table 1) were responsible for a less pronounced Ostwald
ripening, and hence the less condensed silica skeleton was
obtained. All three monoliths were highly porous materials
with porosity ca. 90% and amorphous silica skeleton

Fig. 1 A schematic diagram of

. Evoaparotar
the experimental setup

(confirmed by XRD; data not shown here). FTIR spectrum
of M1 material was given in Fig. 5. It shows the characteristics
absorption band in the range of 3000-3800 ¢cm ', which cor-
responds to the stretching vibration of different hydroxyl
groups with well seen isolated vicinal SiO-H vibrations at
3750 cm . The bands recorded at 1080 and 1220 cm ™" are
assigned to Si-O-Si asymmetric stretching modes, while band
at 800 cm ! is associated with symmetric Si-O-Si vibrations.

4.2 Mass transfer investigations
4.2.1 Diffusion regime identification

The mass transfer experiments resulted in the concentration
decays on a boundary of a pellet evolving in time. Further,
each concentration decay was recalculated into the relative
concentration of the corresponding diffusion agent. Fig. S1
of the Supplemental material demonstrates relative diffusant
concentration decays for different samples and diffusants. The
retention time ranges between approximately 80 and 200 s for
liquid diffusants, whereas the retention time for the gaseous
diffusant (methane) is considerably lower (15-25 s). The re-
tention time is individual for each diffusant-sample combina-
tion, as it follows from the data presented in Fig. S1.

Fig. S2 of the Supplemental material demonstrates an at-
tempt to describe the obtained experimental data by the

Diffusicon cell

silica
Flame
ionization
Thermostot detector

Gaos carrier source
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Fig. 2 Cumulative pore volume and pore size distribution vs. pore
diameter of M1 monolith determined by mercury porosimetry

solution of the second Fick’s law of diffusion. The obtained
experimental data are fairly linear while rescaled in the semi-
logarithmic coordinates. Furthermore, rescaling the experi-
mental data in the bi-log-log coordinates reveals that the slope
is almost equal to unity for all diffusant-porous sample
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Fig. 3 Nitrogen adsorption and desorption isotherm and pore size
distribution (inset)

combinations, except the experimental data for the benzene
and the hexane transport through the sample M 1. The obtain-
ed findings reveal that the methane and isopropanol transport
through all the samples, as well as the benzene and the hexane
transport through the samples M2 and M3, are standard
Fickian. However, the second Fick’s law of diffusion fails to
describe the experimental data for the benzene and the hexane
mass transfer in the sample M1.

Fig. S3 of the Supplemental material shows the experimen-
tal data for the benzene and the hexane transport through the
sample M1 transformed into logarithmic coordinates accord-
ing to the time-fractional diffusion model. The correspon-
dence between the experimental data and the solution of the
time-fractional diffusion equation is very high. Therefore, the
mass transfer of the benzene and hexane through the studied
samples is the anomalous one, which may be described by the
time-fractional diffusion equation.

4.2.2 Mass transfer parameters

Table 3 gives the measured values of the Fickian diffusion
coefficients. The estimated values of the diffusion coefficients
are relatively high, comparing to the typical values of the
diffusion coefficients in the porous media. However, the po-
rous samples are characterized by the presence of the
macroporosity, which may govern the diffusion rate faster
than in the geometrically confined media. Moreover, the mea-
sured diffusion coefficient increases with the decrease of the
diffusant’s molecular mass, as they should. The diffusion co-
efficients exhibit almost no stable trend with respect to the
injected diffusant amount. Therefore, it may be concluded
the estimated diffusion coefficients are concentration-inde-
pendent. The diffusion coefficients of the same diffusants
measured for different samples are quite similar. To this end,
the contribution of the mesopores in the samples to the overall
mass transfer rate is lower compared to the contribution of the
macropores. Most of the flux seems to pass through the
macropores.

Table 4 presents the time-fractional orders and diffusion
coefficients for the benzene and hexane transport sample
MI. The values of the fractional orders are 1.23 and 1.51 for
0.3 pl and 0.6 pl of the benzene, respectively. The hexane
anomalous transport is characterized by the fractional order
of 1.16 and 1.19 for 0.3 ul and 0.6 ul diffusant amounts,
respectively. For both diffusants, the obtained fractional orders
correspond to the superdiffusion, which is faster compared to
the standard Fickian diffusion. However, the fractional order
seems not to be equal to the anomalous diffusion exponent.
For the benzene and hexane transport in the M1 sample, it
should be especially emphasized that the experimentally mea-
sured values of the anomalous diffusion exponents obtained
according to the time-fractional diffusion equation are the ef-
fective ones and may not correspond to the real value of the
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Fig. 4 SEM images of M1, M2 and M3 monoliths (from left to right)

fractional order of the temporal derivative. Particularly, this
may reflect a combination of the temporal and spatial fraction-
al orders or be related to the fractal dimension of the environ-
ment where the diffusion process occurs.

The time-fractional diffusion coefficients are 0.0309 cm?/
s* and 0.0072 cm?/s™ for 0.3 ul and 0.6 pl of the benzene,
respectively. For the hexane amount of 0.3 ul, the estimated
time-fractional diffusion coefficient is 0.1026 cmz/s“, where-
as, for 0.6 pl of the hexane, the time-fractional diffusion co-
efficient equals 0.0904 cm?/sec®, as it follows from the data
presented in Table 4. To compare the estimated values correct-
ly, their dimensions should be identical. Therefore, a remark-
able deviation of the fractional diffusion coefficients for dif-
ferent amounts of the benzene seems to be associated with the
difference of the fractional orders. In the porous silica mono-
liths, large molecules may block some mesopores so that a
part of the pore network is not accessible any more [42]. In
this respect, increasing the benzene concentration may lead to
larger amount of the blocked mesopores. As a result, the ben-
zene mass transfer rate increases giving rise to the time-
fractional order. Additionally, different factors may contribute
to the observed phenomenon. It may be related to the influ-
ence of the porous structure, diffusant concentration, i.e.
concentration-dependent transport, capillary condensation in

Table 2 Structure parameters of materials

d

Sample SBET Vmezoa Vtotalb dmesoC dmacro pse paf Pg

m%g cm/g cm’/g nm pm glem® glem® %
M1 369 120 4.0 2.520 30-50 2229 0.223 90.0
M2 249 097 37 20 6-10 2252 0231 89.7
M3 652 134 38 9 24 2164 0.244 887

# mesopore volume

" total pore volume determined by mercury porosimetry
“ mesopore size obtained using BJH method

9 macropore size from mercury porosimetry
¢ skeletal density

Fapparent density

£ porosity
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small mesopores, as well as to their interplay. The diffusion
coefficients calculated under the time-fractional diffusion
equation are an order of magnitude larger compared to the
diffusion coefficients measured in the frame of the standard
diffusion model (Table 3). The higher values of the time-
fractional diffusivities are governed by different temporal scal-
ing. The time-fractional diffusion model admits the following
scaling of the elapsing time: ~ 1/, whereas, for the standard
Fickian diffusion, the relevant scaling is exponential versus
time and may be approximated by ~//¢ at long times.

4.3 Discussions on process physics

According to the data presented in Figs. 2, 3 and 4, all the
silica monolith samples are characterized by the presence of
the macropores. The size of the macropores varies between 2
and 50 um. The Knudsen theory of the diffusion in porous
material states that the pore size influences the mass transfer in
the case if the pore size is either lower or identical to the mean
free path of a diffusant. The mean free paths of the diffusing
species used in the present study are in the range between
approximately 30 nm and 85 nm. Therefore, the diffusion
process in the macropores is identical to the diffusion in free

100
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=

3

g
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Fig. 5 FTIR spectrum of M1 monolith
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Table 3  The values of the diffusion coefficients for each diffusant —
porous sample pair

Sample Diffusant Diffusant amount Diffusion coefficient, cm?/s
M1 Isopropanol 0.3 ul 0.0016
0.6 ul 0.0023
Methane 0.3 ul 0.0197
0.6 ul 0.0163
M2 Benzene 0.3 ul 0.0022
0.6 ul 0.0023
Hexane 0.3 ul 0.0028
0.6 ul 0.0021
Isopropanol 0.3 ul 0.0030
0.6 ul 0.0014
Methane 03 ul 0.0201
0.6 ul 0.0128
M3 Benzene 0.3 ul 0.0019
0.6 ul 0.0014
Hexane 0.3 ul 0.0018
0.6 ul 0.0016
Isopropanol 0.3 pl 0.0014
0.6 ul 0.0022
Methane 0.3 ul 0.0149
0.6 ul 0.0130

space. In general, the diffusion rate in free space is several
orders of magnitude faster compared to the diffusion in a
geometrically restricted space, €.g. mesopores or micropores.
The diffusion coefficient of the gas in free space is typical of
the order of 10" cm?/sec [56]. The measured diffusion coef-
ficients (Table 3) are obviously much lower compared to the
usual diffusion coefficient in free space. Under these consid-
erations, the diffusion in the macropores is not a rate-limiting
step of the overall mass transfer process. Transport through the
mesopores mainly contributes to the investigated diffusion
dynamics. The size of the mesopores for the sample M2 is
almost two times larger compared to the sample M3
(Table 2). The diffusion coefficients of almost all difusants
in the sample M2 exhibit higher values than the diffusivities

Table 4 The values of the time-fractional orders and diffusion coeffi-
cients for M1 sample

Diffusant Diffusant amount  Time-fractional Time-fractional
diffusion coefficient, order
em?/s®
Benzene 0.3 ul 0.0309 1.23
0.6 ul 0.0072 1.51
Hexane 0.3 ul 0.1026 1.16
0.6 ul 0.0904 1.19

obtained for the sample M3. However, the growth of the dif-
fusion coefficient versus pore size increase does not follow the
Knudsen model. To satisfy the Knudsen formalism, the in-
crease of the diffusion coefficient should be equal to an in-
crease in the size of the mesopores, i.e. two times. For the
sample M1, the isopropanol diffusion coefficient is quite sim-
ilar to the sample M3, however, lower than for the sample M2.
The rate of the isopropanol transport in the sample M1 with a
bimodal mesopore distribution (2.5 nm and 20 nm) is almost
identical to the isopropanol diffusion rate through the sample
M3 with the size of the mesopores of 9 nm. For the methane
diffusion, the diffusion coefficients are approximately equal in
the samples M1 and M2, whereas the value of the diffusion
coefficient in the sample M3 is remarkably lower. The obtain-
ed result demonstrates that the mesopore distribution does not
affect the methane mass transfer rate. Only the mesopore size
experiences impact on methane diffusion. In contrast, the
mesopore distribution influences the mass transfer of the ben-
zene and hexane. The two cases related to the impact of the
bimodal pore distribution may be considered. On one hand,
the mesopores with the size of 2.5 nm may act as traps for
C¢Hg and CgH;, molecules in the case if their mass transfer is
naturally subdiffusive. On the other hand, provided the ben-
zene and hexane transport is naturally superdiffusive, the
movements of the molecules in the small mesopores may cor-
respond to a kind of a retarded ballistic motion with the re-
duced number of the collisions between the diffusing particles
and the pore walls, i.e. so-called sub-ballistic motion.

The measured diffusion coefficients are fairly similar if
compared to the literature data. Particularly, the methane dif-
fusivity in the silica almost identical to the values obtained in
the present study was estimated using grand canonical Monte
Carlo and equilibrium molecular dynamics simulations [57].
The diffusion coefficient of an order of 107® cm?/sec was
obtained by neutron scattering technique for the benzene
transport through the microporous silica, as well as it was
approved that the Knudsen model fails to predict the value
of the benzene diffusion coefficient [58], which is similar to
the result derived in the current study. This value is three
orders of magnitude lower than the diffusivity measured in
the present paper; however, it is not unexpected due to the fact
that the pore size of the silica material in this study was an
order of magnitude larger. A good correspondence between
the obtained results and the data presented in the literature
clearly demonstrates the robustness of the performed
measurements.

5 Conclusions
The silica monoliths are perfect materials for application as a

sorbent, catalyst, and microreactor due to their essential mass
transfer properties. The macropores of a silica monolith

@ Springer



3206

Heat Mass Transfer (2020) 56:3199-3207

provide a transport rate of a diffusing agent, which is identical
to a diffusion rate in free space. In this respect, any complica-
tions related to the diffusion of a reagent to the surface of a
monolith are excluded. In the mesopores of a silica monolith
with the size lower than the mean free path of a diffusing
species, the obtained diffusivities are of order 1073 cm?/sec
and 10 % cm?/sec for a liquid diffusant (at standard conditions)
and for a gaseous diffusant (at standard conditions), respec-
tively. The Knudsen diffusion model does not describe the
diffusion coefficient change versus the mesopore size in-
crease. For a silica monolith with a bimodal mesopore distri-
bution, the diffusion of C4 hydrocarbons cannot be described
by the second Fick’s law of diffusion. As a phenomenological
approach, the time-fractional diffusion equation is used to fit
the experimental mass transfer kinetics. The origin of the non-
Fickian diffusion remains vague, however, it may be attribut-
ed to different reasons, e.g. trapping or retarded ballistic in the
small mesopores.
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