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h i g h l i g h t s

� a-Lactalbumin and b-lactoglobulin
were adsorbed on mesoporous silica
FDU-12.
� The protein adsorption depends on

the pore entrance size and surface
functionality.
� Adsorption kinetics and capacity

were increased by amine
functionalization.
� Modeling showed intraparticle

protein diffusion can be rate limiting.
� Separation of these dairy proteins is

feasible under non-equilibrium
conditions.
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a b s t r a c t

A class of mesoporous silica material, FDU-12, was synthesized with different pore sizes and amine func-
tionalized to determine its potential to differentially adsorb and separate dairy proteins. The adsorption
behavior of the dairy proteins a-lactalbumin and b-lactoglobulin on the amino surface functionalised and
unfunctionalised material was examined. It was shown that the pore size of unfunctionalised FDU-12 is
an important factor in the protein adsorption capacity. Amine functionalization of FDU-12 significantly
increased protein adsorption for larger pore size materials, with a marked difference in the rate of uptake
between the two proteins. The kinetics of adsorption were investigated as a function of temperature and
were modeled using pseudo second order kinetics and an intraparticle diffusion model, showing that
intraparticle protein diffusion can be rate limiting. These results indicate that functionalised FDU-12
has potential for the selective separation of proteins with similar size and isoelectric point, under
dynamic processing conditions.

Crown Copyright � 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Templated mesoporous silica materials [1] are synthetic mate-
rials with uniformly sized mesopores that can be tailored in the

range of 2–50 nm. They have a high surface area and porosity
and a variety of interconnected pore structures that are controlla-
ble through various synthesis conditions and starting reagents.
These characteristics make them ideal for many applications
including separation, catalysis, and sorption.

There have been many studies of the potential to use mesopor-
ous silica materials for biomolecule adsorption [2–11]. It has been
shown that ordered mesoporous materials are useful for stable
entrapment of biomolecules and the stabilization of biologically
interesting molecules under different conditions [12–14].
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However, challenges remain in the design and optimization of
adsorbents suitable for industrial separations, due to problems
including pore blockages, slow adsorption kinetics due to hindered
intraparticle diffusion and lack of selectivity. FDU-12 is one such
mesoporous silica material, first reported by Fan et al. [15]. Its
three dimensional, interconnected porous structure is advanta-
geous for bio-adsorption since it reduces the likelihood of pore
blockage and facilitates higher diffusion rates during the separa-
tions process [16]. Furthermore, recent studies have shown that
FDU-12 can be synthesized with different pore size distributions
[17,18]. In this study, FDU-12 was selected to study the adsorption
and separation of target biomolecules, specifically milk proteins,
and kinetic models used to analyze protein adsorption within its
pores.

Milk and its associated products such as cheese and whey are
important in the human diet. In particular, whey proteins are
often used in food products due to their high nutritional value
in, for example, infant formula, and as gelling agents and emulsi-
fiers [19]. The two major whey proteins in bovine milk are a-lact-
albumin and b-lactoglobulin, which are found in milk and whey
at concentrations of approximately 1.2 g/L and 3.2 g/L, respec-
tively [20]. In comparison, human breast milk does not contain
any b-lactoglobulin [21] and approximately 2.4 g/L a-lactalbu-
min, which constitutes approximately 10–20% of the total
proteins in human breast milk [22]. Infant formula manufactures
are continuously striving to replicate the composition of human
breast milk, which requires the addition of a-lactalbumin and
the removal of b-lactoglobulin. Simple and cost effective
methods to isolate a-lactalbumin from bovine milk and whey
will offer infant formula manufacturers the ability to
manufacture products that more closely replicate human breast
milk [21].

Methods used to isolate proteins from milk and whey include
diafiltration, size-exclusion chromatography [23], precipitation
[24–26], heat coagulation, ion exchange adsorption, ion exchange
chromatography [27,28] and ultrafiltration [29,30]. Although these
fractionation techniques can provide good protein purification
there are still problems in separation of the two most important
whey proteins (a-lactalbumin and b-lactoglobulin) due to the sim-
ilar isoelectric point and size of these proteins.

Here we present a study of the application of mesoporous
silicates for the separation of dairy proteins. Specifically we have
tuned the pore size of the materials to facilitate protein uptake
after functionalization of the pore surfaces. The pore surfaces
were functionalized with amino groups to regulate their uptake
capacity and the kinetics of protein adsorption were analyzed
to assess the rate controlling steps in the uptake as a function
of temperature and surface functionalization using FDU-12.
Using these insights, the selective adsorption and separation of
the milk proteins a-lactalbumin and b-lactoglobulin from a
model milk solution were investigated under dynamic condi-
tions. Our results show the potential of amino-functionalised
FDU-12 for the selective separation of proteins with similar
physicochemical properties.

2. Material and methods

2.1. Chemicals

The triblock copolymer poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide), (EO106PO70EO106, Sigma–Aldrich),
tetraethyl orthosilicate (TEOS, 98% purity, Sigma–Aldrich), 1,3,5-
trimethylbenzene (TMB, 99% purity, Acros), potassium chloride
(99.5% purity, Merck), (3-aminopropyl)triethoxysilane (APTES,
99% purity, Sigma–Aldrich), iso-propanol (analytical reagent,

Merck), a-lactalbumin from bovine milk (P85% purity, Sigma–Al-
drich), b-lactoglobulin from bovine milk, calcium depleted (P90%
purity, Sigma–Aldrich), 2-(N-Morpholino)-ethane-sulphonic acid
(MES) hydrate (Sigma, 99.5%), and sodium MES (Sigma–Aldrich,
99%) were used as received. Hydrochloric acid (2 M) was made
from 35% w/w HCl (AR grade, Merck). All water used was purified
(Millipore Simplicity unit, France, purified to a resistivity of
P18.2 MX cm). Toluene (Ajax, 99%) was pre-dried over 4 Å acti-
vated molecular sieves (Ajax Finechem) overnight, followed by dis-
tillation over sodium. The distilled toluene was kept in a dry bottle
containing activated molecular sieves before use for no more than
a few hours.

2.2. FDU-12 synthesis

FDU-12 was synthesized as previously reported [15]. In a typi-
cal synthesis, 2.0 g of EO106PO70EO106 was dissolved in 120 mL of
2 M HCl followed by dissolution of KCl (5.0 g). The solution was
mixed using a magnetic stirrer hot plate to keep the mixture at
38 �C. After approximately 12 h, 5.5 g of TMB was added drop wise
and vigorous mixing was continued at this temperature for 24 h.
Next, 8.2 g of TEOS was added drop wise to the solution with con-
tinued mixing at 38 �C for another 24 h. The mixture was trans-
ferred to an autoclave and hydrothermally treated at 100 �C for
72 h. The solid product was collected by vacuum filtration on a
Buchner funnel, washed with water and calcined in air at 550 �C
for 6 h to remove all organic species, heating at 1.5 �C per minute
[15]. In order to synthesise enlarged pore FDU-12, the same proce-
dure was followed but the hydrothermal treatment was performed
at 120 �C. In what follows, the FDU-12 samples are denoted by
FDU-12-100 and FDU-12-120, according to their hydrothermal
treatment temperature.

2.3. Amino functionalization

FDU-12 was amino-functionalised using (3-aminopropyl)trieth-
oxysilane (APTES) in dry toluene to avoid undesirable side reac-
tions of the APTES with water [31]. Typically, 2.0 g of FDU-12
was added to 75 mL of dry toluene. APTES (16 mL) was added
and the solution was heated under reflux for 18 h under nitrogen.
The functionalized sample was then collected and washed sequen-
tially with dry toluene, iso-propanol and water through a Buchner
funnel. The filtered sample was suspended in 50 mL of water,
incubated at 25 �C for 3 h and filtered again to remove any unre-
acted APTES. Finally, the FDU-12 sample was vacuum dried over-
night at 100 �C. The amino functionalized samples are given the
suffix -NH2.

2.4. Characterization of FDU-12

The surface areas and pore size distributions of the FDU-12
samples were estimated using nitrogen sorption in a Micromeritics
ASAP 2000 gas adsorption analyzer (Norcross GA, USA). Samples
were degassed at 150 �C for 5 h prior to analysis [32]. The entrance
and cage size distributions of the FDU-12 samples were calculated
by the BJH method using the desorption and adsorption branches
of the isotherm, respectively [15]. To estimate the surface areas,
the BET model was used [33].

2.5. Protein adsorption

The batch adsorption kinetics of a-lactalbumin and b-lactoglob-
ulin onto unfunctionalized and functionalized FDU-12 samples
were examined in 0.05 M MES buffer solution at pH 6.9. These
conditions are typical of the ionic strength and pH of milk. To
determine the kinetics of adsorption, aliquots (10 mL) of protein
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