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ABSTRACT: Cellular Al2TiO5−Al2O3 composite ceramic mono-
liths were prepared and tested as a potential stationary phase for
process chromatography. The material was characterized by
measuring the pore size distribution and hydraulic permeability.
The interstitial porosity, the axial dispersion coefficient, and the
height equivalent to a theoretical plate were calculated by pulse
tests under nonbinding conditions. The surface of the ceramic
material was activated with graphene oxide and then functionalized
with Cibacron Blue F3GA. The dynamic binding capacity of the
functionalized columns was measured in chromatographic cycles by
using bovine serum albumin (BSA) as the target molecule. The
experiments showed that the proposed monoliths have a well-
defined porous structure, leading to particularly interesting flow
properties for chromatographic bioseparations, such as very high permeability and convection, as the main mass transport
phenomenon. These results are encouraging for a possible future optimization of the functionalization procedure toward the
development of efficient convective media for protein purification.

1. INTRODUCTION
Chromatographic separations based on packed-bed columns
represent a fundamental technology for the selective and
efficient industrial purification of biomolecules. Columns
packed with porous microbeads made of agarose beads, silica
particles, glass beads, or various organic polymers with
different functionalities are commonly used.1 The use of
porous beads provides high surface area but also introduces
important limitations, most notably slow intraparticle diffusion,
which results in flow-dependent binding capacity and long
process times.2 For analytical applications, this limitation can
be mitigated by reducing particle size, while in preparative
settings, the associated increase in pressure drop makes
significant particle size reduction impractical. The need to
find a compromise between these competing factors ultimately
imposes a limit on the maximum achievable efficiency and
productivity of packed-bed chromatography. In addition, this
technology is often associated with high costs of the materials
and complex, time-consuming packing procedures and scale-
up. For these reasons, there is ongoing research toward the
development of novel supports for convective chromatography,
such as membranes and monoliths. Compared to packed bed,

convective chromatographic materials offer significantly lower
surface area. However, this is offset by the elimination of
diffusive mass transfer limitations, resulting in a flow-
independent binding capacity and resolution and reduced
processing time.2 Moreover, due to the different stationary
phase configuration, monoliths can be prepared and used in
several additional formats, such as disks and pipet tips. There is
no need for column packing, and the pressure drop per column
length is usually lower.1,3,4 Monoliths, however, have scale-up
challenges of their own, including heat dissipation during
polymerization, control over pore size distribution, wall
channeling effects, and mechanical integrity when producing
large, mechanically stable formats.5 In addition, monoliths
typically have a significantly lower permeability compared to
columns packed with large-diameter particles.2
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The pore structure and morphological characteristics of
monolithic columns make them particularly attractive for the
isolation and purification of very large biomolecules, such as
plasmids, extracellular vesicles, viruses, and virus-like particles,
that cannot enter the small pores of chromatographic beads.
With these large molecules, the potential binding capacity of
chromatographic particles is significantly reduced since they
can only bind to the external bead surface. Monoliths have a
more open structure with through-pores, which translates into
a more accessible surface area and can provide a greater
binding capacity.6 As reported by several research groups,
monoliths have been successfully used for the isolation and
purification of many large biomolecules, such as nucleic acids,
plasmid DNA,7−9 viruses,10−12 virus-like particles,13,14 viral
vectors,15 and extracellular vesicles,16,17 demonstrating the
superiority of these convective materials with respect to
chromatographic beads.

Monoliths are typically characterized by a bimodal pore size
distribution, with through-pores in the micrometer range and
internal small pores in the nanometer range.18 The large
proportion of through-pores and their high porosity, usually
around 60%, provide monoliths with desirable high perme-
ability.19,20

Organic and inorganic monolithic materials may be
produced as a continuous porous phase in different shapes
and sizes, considering that they both can affect temperature
gradients during material preparation, as well as mechanical
resistance. Indeed, the flexibility that characterizes the design
of these materials makes them suitable for both preparative and
analytical purposes,21 since the exploitation of convective mass
transport can significantly reduce both processing and
analytical times.6,22−24

The most popular materials for monolith chromatography
are represented by organic monoliths, usually made of
polyacrylamide and polymethacrylate, which can be produced
in different formats,25−27 while, among the class of inorganic
materials, silica monoliths have often been employed.25,28

The present work describes the production and character-
ization of inorganic cellular ceramic monoliths in view of their
application for the chromatographic separation of biomole-
cules. Ceramic monoliths are highly porous materials whose
porosity can be tuned according to the manufacturing
technique; their use in filtration and separation requires a
flexible and rational design to impart the desired functionalities
in terms of the porous structure. The processing method
applied for their production takes advantage of recent
developments in the preparation of porous cellular ceramics
through the emulsification of ceramic suspensions.29−32

According to this processing method, a novel and promising
porous stationary phase based on cellular Al2TiO5−Al2O3
composite ceramics was recently designed and produced by
our group to be used as a support matrix for adsorption
chromatography.33

The cellular Al2TiO5−Al2O3 composite monoliths were
characterized with respect to their fluid dynamics and transport
properties. The porosity, the axial dispersion coefficient, and
the height equivalent to a theoretical plate (HETP) were
experimentally determined by means of pulse tests and the
method of moments.34 Pulse tests were performed on columns
of different lengths, using several tracers over a wide range of
molecular weights under nonbinding conditions. Moreover,
the permeability was determined in the flow experiments.

The surface of the ceramic monoliths was functionalized
with affinity ligands to enable their chromatographic character-
ization in terms of binding capacity. Several articles deal with
the functionalization of inorganic materials in the form of
porous nanoparticles and membranes, using different techni-
ques and reagents. Graphene oxide (GO) represents a
relatively new opportunity in terms of surface activation: it is
a graphene derivative material characterized by the presence of
different functional groups (i.e., hydroxyl, epoxy, and carboxyl
groups) and a high surface area (theoretical limit: 2630 m2/g).
In addition, GO coating can be produced using relatively
simple aqueous-phase deposition methods, without the need of
high-temperature treatments or complex protocols often
required for metallic nanoparticles such as gold or titanium
dioxide.35,36 Graphene oxide has aroused great interest since it
can find applications in many different fields.37−40

The functional groups created with GO were used to
immobilize an affinity ligand, Cibacron Blue F3GA (CB for
simplicity), on the surface. CB belongs to the triazine dye
family of affinity ligands, which has found several applications
in the field of protein purification.41−43 These ligands are able
to interact with the active sites of biomolecules by mimicking
the structures of coenzymes and enzyme cofactors.31,44 Dye
ligands are inexpensive and easy to immobilize on surfaces,45

which explains the reasons for the success of Cibacron Blue. In
fact, this ligand is widely used to capture BSA,42,45−48 but also
other biomolecules were successfully purified by immobilizing
CB on the surfaces of membranes49−51 and monoliths.46,52

The success of the immobilization was indirectly verified by
performing batch and dynamic adsorption tests with pure BSA
solutions, and the capacity of the novel ceramic stationary
phase was also determined.

The results obtained showed that the design of these novel
cellular ceramic monolithic structures was effective in
producing materials with very high permeability and promising
properties, in terms of fluid dynamics features as well as
binding capacity, to be used as alternative chromatographic
stationary phases.

2. MATERIALS AND METHODS
The preparation and guidelines to design cellular Al2TiO5−
Al2O3 monoliths were previously described in detail.46 The
internal structure of the monoliths was investigated by
scanning electron microscopy (SEM) and mercury intrusion
porosimetry (MIP) analysis.

Seven columns of similar diameter and different lengths were
prepared: three columns were used for fluid dynamic
characterization by measuring their permeability and perform-
ing pulse tests, and the others were tested in chromatographic
cycles to measure the dynamic binding capacity after
functionalization with CB.

2.1. Chemicals. Bovine serum albumin (BSA), lysozyme,
dextran sulfate sodium salt (average molecular weight of 4000
Da), arginine, glycine, acetone, hydrogen peroxide, and buffer
chemicals were purchased from Merck S.p.A. (Milan, Italy).
Graphene oxide powder was kindly provided by ISOF, CNR
(Bologna, Italy). Cibacron Blue F3GA was purchased from
Polysciences Europe GmbH (Hirschberg an der Bergstraße,
Germany).

2.2. Monolith Design and Structure Characterization.
The monoliths used in this work were prepared by
emulsification of liquid paraffin in aqueous alumina and titania
suspensions, using a titania/alumina molar ratio of 0.25 and a
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liquid paraffin/suspension volume ratio equal to 1. The
inherent flexibility of the selected processing procedure
actually allows the production of green monoliths with the
desired shape, size, and characteristics. For the purpose of this
work, the emulsion was cast into a cylindrical shape before the
consolidation and drying stages. The samples were fired using
a two-step procedure, defined by three parameters: peak
temperature, Tpeak = 1550 °C; isothermal treatment temper-
ature, Tiso = 1300 °C; and time, tiso = 4 h. The choice of these
sintering conditions is the result of previous intense
experimental investigation. Further details on the design,
composition, and structural features of the cellular ceramic
monoliths can be found elsewhere.33 The entire procedure
allowed monoliths to be produced with a uniform internal
microstructure, suitable for tests and applications, as already
demonstrated by the experimental investigation and confirmed
by several SEM analyses. Figure 1 shows a representation of
the internal structure that can be considered to be
representative of the entire monolithic column.

2.2.1. Mercury Intrusion Porosimetry. Mercury intrusion
porosimetry (MIP) analysis was performed on small pieces of
ceramic material to measure the porosity, pore size
distribution, and median pore diameter. The measurements
were performed using an AutoPore IV 9500 V1.09 instrument

(Micromeritics Instrument Corporation, Norcross, USA). The
obtained results on porosity were compared to those estimated
by moment analysis.

2.3. Experimental Setup. Fluid dynamic tests and
complete chromatographic cycles were carried out using lab-
scale cylindrical ceramic columns of different lengths. The
ceramic stationary phase produced exhibited a macroporous
layer on its external surface, caused by bubble formation during
the sintering process. Therefore, the samples were first
polished to remove the outer layer affected by defects and to
obtain perfectly cylindrical samples with a diameter of
approximately 1.0 cm. The samples were then cut to the
desired height and placed inside a rigid plastic ring. Between
the ceramic monolith and the rigid plastic ring, thin layers of
parafilm and acetic silicone were applied to fill any gaps, to
prevent the movement of the monolith inside the holder, and
to guarantee the hydraulic seal.

Finally, the columns were placed inside an adjustable-length
poly(ether ether ketone) (PEEK) cell purchased from BIA
Separations (Ljubljana, Slovenia) and equipped with two
porous disks (frits), one at the column inlet and the other at
the column outlet, to ensure a uniform flow distribution of the
mobile phase over the entire column cross-sectional area. In
Figure 2, a sample of the ceramic column (Figure 2a) and the
cell (Figure 2b) are shown.

Three of the seven columns produced were used for the fluid
dynamic characterization. Their dimensions are reported in
Table 1.

Two columns were used for the determination of the
dynamic binding capacity. Their dimensions are reported in
Table 2.

The cell was mounted on a Fast Protein Liquid
Chromatography (FPLC) apparatus, AKTA Purifier 100
(Cytiva Italy s.r.l., Milan, Italy), which allows the mobile
phase flow rate to be adjusted and the main operating
parameters, namely, backpressure, conductivity, and solute

Figure 1. SEM image of the Al2O3−Al2TiO5 cellular ceramic
monolith microstructure.

Figure 2. Monolith holder and its component parts: (a) module disassembled with a monolithic column on the left and a monolithic column inside
the plastic ring on the right; (b) assembled module.

Table 1. Dimensions of the Sintered Ceramic Columns
Used for Fluid Dynamic Characterization

Sintered columns�fluid dynamic characterization

A B C

diameter [cm] 1.035 1.170 1.000
height [cm] 0.445 1.174 1.365
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concentration (by an in-line spectrophotometer), to be
continuously monitored immediately downstream of the
column.

All buffers were filtered prior to use through a 0.45 μm
membrane filter using a vacuum apparatus; protein samples
were additionally filtered using a 0.22 μm low-protein-
adsorption syringe filter purchased from Sartorius Stedim
Biotech GmbH (Göttingen, Germany).

2.4. Fluid Dynamic Characterization. 2.4.1. Permeabil-
ity. Water permeability was determined by measuring the
pressure drop across the columns when demineralized, filtered
water flowed through them at room temperature and at various
flow rates ranging from 1 to 20 mL/min, with increments of 5
mL/min. The measured pressure drop was corrected by
subtracting the pressure drop observed in the absence of the
stationary phase when only the empty column was connected
to the FPLC apparatus.
2.4.2. Pulse Tests and Method of Moments. The pulse test

consisted of injecting a known amount of an inert tracer and
analyzing its distribution in the mobile phase exiting the
column. Several tracers were tested to quantify the effect of the
molecular weight of the solute on column performance, and
their properties are listed in Table 3. The tracers were diluted

in a 20 mM phosphate buffer containing 250 mM sodium
chloride and 5% (v/v) ethanol to avoid nonspecific
interactions, such as electrostatic and hydrophobic inter-
actions. Nonbinding conditions were also ensured by the
inertness of the ceramic surface after the high temperatures
reached during the firing process.33

For each tracer and column, different mobile phase velocities
(namely 1.0, 2.5, 5.0, and 7.5 mL/min) and injection volumes
(namely 10 and 50 μL) were tested to quantify the effects of
the amount of solute and the mobile phase velocity on column
performance. The tests were carried out on the 3 columns
listed in Table 1 and in the absence of the stationary phase,
with an empty cell connected to the FPLC, to subtract the
effects of all the volumes external to the column. The
chromatograms were obtained by measuring UV absorbance
(at 210 nm for glycine and arginine, and at 280 nm for all other
tracers and were analyzed by the method of moments.34 For
each condition, the experiments were performed in triplicate,
and the average values were considered to reduce the error
associated with a single measurement. According to the

method of moments, from the analysis of the effluent peaks
resulting from small pulse injections of tracers under
nonbinding conditions, it is possible to determine the void
fraction and the dispersion coefficient that characterize a
porous medium.58 In fact, the first moment, μ1, of an
unretained tracer represents the mean residence time of the
column and is, therefore, closely related to the structural
properties of the porous medium. For a porous monolith, it
can be written as

= L
u1

f (1)

where L is the column height, ε is the void fraction of the
column, and uf is the superficial velocity.59

The axial dispersion coefficient was determined for each
tracer starting from the measured values of the second
centered moment, *

2 that for a porous medium is expressed
by

* = L
D
u

22
L

f
3

2

(2)

where L is the axial dispersion coefficient. In addition, the first
moment and the second centered moment allow to
experimentally determine the efficiency of a chromatographic
column in terms of height equivalent to a theoretical plate
(HETP), according to

=
*

LHETP 2

1
2

(3)

By using eq 1 and the relationship between *
2 and the axial

dispersion coefficient [20], eq 3 becomes

= D
u

HETP
2 L

f (4)

2.5. Protein Binding Capacity. Several complete
chromatographic cycles were performed on columns CB-1
and CB-2. The tests were carried out before and after
functionalization with Cibacron Blue F3GA, to obtain the
dispersion and breakthrough curves, respectively, and to
measure their dynamic binding capacity. To demonstrate the
absence of nonspecific adsorption by the unmodified ceramic
material, essential for the correct evaluation of the dynamic
binding capacity, batch adsorption tests were performed using
small fragments of sintered, unmodified samples.
2.5.1. Batch Adsorption for Sintered Unmodified Samples.

Batch tests were performed by soaking 0.1188 ± 0.0070 g of
fragments of sintered, unmodified samples in 4 mL of 0.5 mg/
mL BSA in PBS solution for 24 h, under gentle agitation. The
protein concentration was measured at the beginning and end
of the adsorption step by measuring the absorbance at 280 nm
with a spectrophotometer (UV-1601, Shimadzu Italia, Milan,
Italy).
2.5.2. Surface Functionalization. The surface of the

monoliths was cleaned with hydrogen peroxide before
functionalization to remove any organic contaminants. The
monolith samples were immersed in 30% v/v hydrogen
peroxide under gentle agitation and kept under vacuum at
80 °C for 4 h. After cleaning, the samples were washed several
times with demineralized water and dried overnight at 70 °C.

Due to the inertness of the ceramic samples, a preliminary
activation step was performed using an aqueous GO solution

Table 2. Dimensions of the Ceramic Columns Used for
Dynamic Adsorption Tests of BSA

CB columns

CB-1 CB-2

diameter [cm] 0.885 0.950
height [cm] 0.470 1.335

Table 3. Molecular Weight (MW), Diffusivity in Water
(Dm), and Concentration (C) of the Tracers Used to
Perform the Moment Analysis

MW [g/mol] Dm [cm2/s] C

Acetone 58.08 8.54 × 10−6 53 5% (v/v)
Glycine 75.07 1.10 × 10−5 54 400 mM
Arginine 172.20 5.96 × 10−6 55 8 mg/mL
Lysozyme 14,400.00 1.11 × 10−6 56 4 mg/mL
BSA 66,436.00 6.32 × 10−7 57 4 mg/mL
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that was prepared by dissolving 1 mg of GO powder per mL of
demineralized water. The GO exfoliation and delamination
into nanosheets were promoted by ultrasonication in a water
bath for 2 h.60,61 The GO solution was then recirculated
through the monoliths for 3 h at room temperature. The
monoliths were then subjected to an overnight thermal
treatment at 80 °C.

After surface activation, the functionalization using Cibacron
Blue F3GA was carried out by recirculating through the
columns a 10 mg/mL CB in a 1 M NaOH solution at 80 °C
for 3 h. Finally, the samples were thoroughly washed with
water and dried at room temperature.
2.5.3. Protein Binding. Protein binding experiments were

performed by feeding pure BSA solutions at concentrations
ranging from 0.5 to 5 mg/mL, prepared by diluting the protein
in 25 mM phosphate buffer containing 0.05 M NaCl, pH 7.4.
The same phosphate buffer was also used in the equilibration
and washing steps, while a 0.05 M Tris-HCl solution
containing 0.05 M NaCl and 0.5 M NaSCN (pH 8.0) was
used as an elution buffer. This elution buffer was
recommended by the ligand manufacturer and has been
previously used with the same ligand in other studies.62,63

Protein concentration was measured by absorbance readings at
280 nm by using the FPLC in-line spectrophotometer.

The column performance results reported in Section 3.2
showed that the HETP of the monoliths studied did not
change with the mobile phase velocity, while it was
significantly affected by column length. Therefore, the effect
of the mobile phase velocity was not investigated here, and the
dynamic binding capacity was measured by feeding BSA
solutions only at 1 mL/min to columns of different lengths, as
reported in Table 2. Experiments were performed before and
after functionalization to obtain the dispersion curves and to
calculate the dynamic binding capacity, respectively. The CB
columns were regenerated with 20 mL of 0.5 M NaOH after
every two complete chromatographic cycles to restore the
binding capacity of the newly modified material. The
reproducibility of the dispersion curves was checked by
performing duplicate experiments.

3. RESULTS AND DISCUSSION
3.1. Permeability. Considering the values of the flow rate

used to carry out the experiments, the water density equal to
1000 kg/m3, the water viscosity equal to 0.001 Pa·s, the size of
the monoliths, as well as their average pore diameter, it can be
seen that the viscous flow conditions are met in all the
measurements and, therefore, the permeability can be
calculated by applying Darcy’s law:64

=P
L

k
uf (5)

where ΔP is the pressure drop across the column of length L, μ
is the viscosity of the fluid, and k is the superficial velocity-
based permeability of the medium.

Figure 3 shows the results obtained for all samples. As
expected, the pressure decrease increases linearly with the
superficial velocity. The resulting average permeability, k =
(3.71 ± 2.24) × 10−13 m2, of the ceramic monoliths is 2 orders
of magnitude higher than that of commercial polymeric
monoliths (CIM discs; k = 5.74 × 10−15 m2; ε = 0.60,20) and
more than 2 times higher than that of the MabSelect PrismA
packed column (k ≈ 1.5 × 10−13 m2, calculated based on the
data provided).65 Such high permeability values, combined

with the absence of diffusive limitations (as demonstrated in
Section 3.2), allow for operation at flow rates up to twice as
high as those typically used in conventional chromatographic
columns, thereby proportionally reducing the overall process
time.

3.2. Method of Moments. The first moment measured for
each tracer molecule at different flow rates was plotted against
the theoretically calculated residence time L/uf, and the
porosity was obtained from the slope of the straight line of the
linear regressions that were, in all cases, characterized by a
coefficient of determination R2 > 0.98. Contributions from
extra-column volumes were taken into account by performing
the same analysis on the effluent peaks at the exit of the empty
column holder.

Figure 4a shows the results for the measured void fraction as
a function of the molecular weight of the tracer molecules. The
obtained data were averaged on all experiments performed, and
for each tracer, the void fraction is the average of the three
samples. The average porosity measured for all of the samples
is 57.2%, which confirms the good accessibility of the porous
material.

The total porosity obtained by mercury intrusion porosim-
etry (MIP), performed on a very small sample of ceramic
material, was 58.5%, which agrees very well with the average
porosity measured with the moment analysis for all samples.
MIP allowed us to measure the median pore diameter, 6.3 μm,
and to obtain information on the pore size distribution,
reported in Figure 4c.

Moreover, according to the data presented in Figure 4a, in
the range of molecular weights studied, the size of the tracers
does not have a strong influence on the measured porosity,
contrary to that observed by Herigstad et al. in the case of
polymeric monoliths.20 In fact, usually a significant decrease in
the measured porosity can be observed when using large
solutes with a molecular weight in the order of 2 MDa (a value
much higher than that of the tracers used in this investigation),
and this phenomenon is due to the exclusion of these large
molecular weight tracers from a volume fraction containing
pores with a radius smaller than the radius of gyration of the
tracer.20,66

The results obtained from the moment analysis and the pore
size distribution measurements by mercury intrusion poros-
imetry (Figure 4c) allow us to conclude that the pore structure
of the ceramic monoliths is very well-defined and that all pores

Figure 3. Pressure drops through the monolithic columns against the
superficial velocity. Refer to Table 1 for monolith samples dimensions.
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are accessible to the majority of the proteins of interest. This is
consistent with the fact that no clear trend of porosity
dependence on the molecular weight of the tracers used is
observed.

The axial dispersion coefficient was determined for each
tracer according to eq 2, where the axial dispersion coefficient
was normalized with respect to the molecular diffusion
coefficient of each tracer and plotted, on a log−log scale
graph, as a function of the reduced velocity, namely the Pećlet
number (Figure 4b):

=
u d

D
Pe f p

m (6)

where Dm is the molecular diffusion coefficient in water and dp
is the median pore diameter, whose value of 6.3 μm was
obtained from MIP analysis.

By fitting the data shown in Figure 4b, the following relation,
characterized by a coefficient of determination R2 = 0.98, was
obtained:

=D
D

110.6PeL

m

1.0

(7)

It was thus demonstrated that the normalized axial
dispersion coefficient is directly proportional to the Pećlet
number or, in view of eq 6, that the axial dispersion coefficient
scales linearly with the superficial velocity and is independent
of the molecular diffusivity:

D uL f (8)

Regarding the HETP, by combining eqs 4 and 8, it is
possible to conclude that for the monolith labeled as column
C, it does not depend on the superficial velocity, as shown in
Figure 5a. This result confirms what has been previously
observed for monoliths and membranes22,62 and highlights the
potential of these convective media: indeed, the binding
capacity of these materials does not depend on the flow rate,
and they can provide lower plate heights and higher efficiencies
than traditional chromatographic resins, especially when used
at high flow rates.25,67

In addition, Figure 5a shows that the HETP of monolith C
remains constant for the solutes with the smallest molecular
weights (namely, acetone, glycine, and arginine), while it is
slightly higher for BSA. Notably, the HETP doubles for
lysozyme, despite its lower molecular weight compared to BSA,
indicating that for this solute the influence of unknown
interactions with the stationary phase cannot be excluded. A
similar behavior was observed for monolith B, as shown in
Figure 5b where the HETP as a function of the tracer
molecular weight is reported. Instead, a clear trend cannot be
defined for column A. The lack of a clear trend for column A
can be explained by analyzing the variation of the HETP with
the column length, as shown in Figure 5c.

The HETP decreases significantly with column length
because small defects or an uneven distribution of the mobile
phase over the cross-sectional area at the column inlet
significantly affect the performance of short columns, while

Figure 4. (a) Average void fraction of the ceramic monolithic columns as a function of the tracer molecular weight; (b) axial dispersion coefficient
normalized with respect to molecular diffusion against the Pećlet number for tracers of different molecular weights; (c) pore size distribution of the
ceramic monoliths obtained with the MIP technique during intrusion (red curve) and extrusion (green curve) steps.
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their effects are mitigated in longer columns. This result is
particularly important because it suggests that better column
performance can be achieved by increasing column length.

3.3. Protein Binding. For all the batch adsorption
experiments performed using sintered unmodified samples,
an average adsorption of 0.00 ± 0.00 mg/mg was observed,
proving that the ceramic material is completely inert after firing
and ensuring that dispersion curves resulting from chromato-
graphic cycles on CB-columns were actually obtained under
nonbinding conditions, as well as all moment analysis
experiments.

A parameter expressing the performance of chromatographic
materials is the dynamic binding capacity at saturation
(DBC100%), defined by

=
m

V
DBC100%

ads,100%

support (9)

where mads,100% is the mass of product adsorbed at saturation
and Vcolumn is the volume of the monolithic column.

In Figure 6, an example of the dispersion and the
breakthrough curves for samples CB-1 (Figure 6a) and CB-2
(Figure 6b) before and after functionalization obtained by
feeding 0.5 mg/mL of a BSA solution is shown.

The dynamic binding capacity was experimentally measured
and plotted against the BSA concentration of the feed to obtain
the dynamic binding isotherm shown in Figure 7. For each
value of BSA concentration in the feed solution, the value of
DBC100% is the average of all experiments performed using the
two samples. The red line corresponds to the data fitting with

Figure 5. Variation of the HETP with (a) the tracers’ MW and the superficial velocity for monolith C; (b) the tracers’ MW for the three monoliths;
and (c) the column length.

Figure 6. Example of the dispersion and breakthrough curve for: (a) CB-1 column and (b) CB-2 column, at an initial BSA concentration of 0.5
mg/mL.
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the Langmuir model, which gave a maximum binding capacity,
qm, of 4.42 mg/mL, a dissociation constant, Kd, of 2.08 mg/mL
with a coefficient of determination R2 of 0.92.

These results provide a proof of concept that the newly
designed material can be used as a novel chromatographic
support for the recovery of biomolecules; however, when
compared to commercial polymeric monoliths (CIM discs; qm
= 7.20 mg/mL; Kd = 0.11 mg/mL20), these results also
highlight the need to optimize the functionalization step, for
example, by using a more efficient ligand.

4. CONCLUSIONS
Porous Al2TiO5−Al2O3 composite monoliths have been fully
characterized in view of their potential use in chromatographic
separations as a new porous matrix. The method of moments
was applied to obtain the void fraction, the axial dispersion
coefficient, and the HETP of the ceramic monoliths, while the
systematic measurement of the pressure drops across the
porous material allowed us to obtain information on the
hydraulic permeability.

The total void fraction of 57.2% is comparable to the
literature data for polymeric monoliths and does not show any
significant variation as a function of the molecular weight of
the tracers used in the method of moments. This is due to the
large pore size of the monoliths (with a mean value of 6.3 μm),
which allows access to large biomolecules. The method of
moments allowed us to calculate the axial dispersion coefficient
and to show that the HETP of the material does not depend
on the superficial velocity, while it decreases significantly with
the column length. These results, combined with a measured
permeability of (3.71 ± 2.24)·10−13 m2, which is 2 orders of
magnitude higher compared to that of commercially available
polymer monoliths, suggest that the column length can be
increased to the benefit of efficiency and surface area.

The measured fluid dynamic properties of this material are
very interesting and represent an important starting point for
subsequent work: chemical functionalization of the surface and
protein binding experiments were performed to prove that the
designed materials can indeed be used for chromatographic
applications. The obtained value of the maximum binding
capacity is 4.42 mg/mL, showing good prospects for future
optimization of the functionalization procedure.
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