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Introduction

Adsorption of proteins on solid surfaces has been a topic of
interest in recent years and plays a critical role in various

applications including the formulation and stabilization of
foam- and emulsion-based products in the food industry,
analysis and purification of proteins, preparation of immu-
noassays for medical diagnostic tests, enzymatic catalysis,
drug-delivery systems, and protein-based biosensors.[1–18]

Further advances in the above applications require in-depth
knowledge of the basics of protein adsorption on different
solid adsorbents, and the factors affecting the amount of
protein adsorbed and the structure and stability of the pro-
tein after adsorption. The adsorption behavior of proteins
over various nonporous solid substrates such as silica and
mica has been studied by methods such as in situ ellipsome-
try,[19] neutron reflection,[20] fluorescence with total internal
reflection,[21] UV absorbance[22] and time-resolved optical
waveguide light-mode spectroscopy (OWLS).[23–25]

Porous materials such as zeolites and zeotype materials
have received much attention owing to their application in
adsorption and separation of small organic molecules.[26–27]

Although zeolites and zeotype materials have huge surface
areas and large pore volume, and proved to be efficient ad-
sorbents for small organic molecules, they are not suitable
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for the adsorption of large biomolecules such as proteins
and enzymes. This is mainly due to their micropore size,
which limits the diffusion of the large biomolecules inside
the pore channels and access to the adsorption sites. To
overcome these problems, adsorption of proteins has been
studied over sol–gels and controlled porous glass (CPG), the
pores of which are much larger than protein molecules.[9,15,18]

However, sol–gels have broad pore size distributions, which
are disadvantageous for selective removal of protein mole-
cules with different sizes. Moreover, the preparation of the
sol–gels involves harsh conditions or reagents which may
harm the nature, stability, and the activity of the proteins.
On the other hand, CPGs offer high selectivity in the ad-
sorption of large biomolecules, but their high cost and lower
surface area make them unsuitable for adsorption of pro-
teins.

The surfactant-templated self-assembly approach has gen-
erated mesoporous materials with different structures.[28–30]

Generally, ordered mesoporous materials have excellent
properties such as surface area, pore volume, large and tun-
able pore diameters, well-defined porous structure, and ex-
cellent morphologies, which have helped them to find many
applications such as catalysis, adsorption, sensing, drug de-
livery, and separation.[29–42] Balkus et al. were the first to ex-
ploit the large pore diameter of mesoporous materials for
immobilization of biomolecules such as proteins and en-
zymes.[35] Recently, Vinu et al. investigated the factors af-
fecting the extent of protein adsorption on one-dimensional
mesoporous silica and carbon materials with different pore
diameters and found that the loading efficiency of mesopo-
rous materials depend on the pore size, pore volume, and
surface charge of the adsorbent, the protein concentration,
and adsorption conditions such as solution pH and the equi-
libration time.[36–42]

Mesoporous silicas with three-dimensional porous net-
works are thought to have advantages over materials having
one-dimensional arrays of pores, mainly because materials
with three-dimensional pore structure are more resistant to
pore blocking, have better mass transfer of the reactant mol-
ecules in the pore channels, and provide more adsorption
sites. However, only a few reports are available on immobi-
lization of biomolecules such as cytochrome c and lysozyme
on three-dimensional mesoporous materials such as KIT-5,
KIT-5-130, and KIT-5-150.[34,43] Although KIT-5 materials
have three-dimensional cage-type structures, they show poor
protein adsorption capacity, mainly due to their small pore
volume. Recently, Ryoo et al. reported a three-dimensional
large-pore mesoporous silica with cubic Ia3d symmetry
(KIT-6), which has well-ordered pore structure with high
surface area, large pore volume, and large, tunable pore di-
ameters. KIT-6 was synthesized by utilizing an ethylene
oxide (EO) propylene oxide (PO) triblock copolymer
(EO20PO70EO20)/butanol mixture as structure-directing
agent in a highly acidic medium.[44] The materials are of in-
terest for their three-dimensional structures with large pore
diameters. The pore diameter of KIT-6 is similar to that of
SBA-15 but larger than that of MCM-48. The pore diameter

of the materials can also be tuned by simply changing the
synthesis temperature. Although the structure and textural
parameters of the KIT-6 materials are superior to those of
MCM-48, no detailed study has been performed on immobi-
lization of biomolecules on these materials.

Here we report on the preparation and characterization
of KIT-6 materials with different pore diameters by using
pluronic P123 surfactant in a highly acidic medium at differ-
ent synthesis temperatures. A synthesis temperature of
150 8C gave KIT-6 materials with large pore diameter and
large pore volume. We also demonstrate immobilization of
lysozyme, which is a stable and hard protein with molecular
dimensions of 3.0 � 4.5 � 3.0 nm, a molecular mass of
14 400 Da, and an isoelectric point of 10.5,[45] on KIT-6 mate-
rials with different pore diameters. The amount of lysozyme
adsorbed on large-pore KIT-6 of 57.2 mmol g�1 is the highest
value reported for mesoporous materials so far. The effect
of various parameters such as buffer concentration, adsorp-
tion temperature, concentration of lysozyme, and the textur-
al parameters of KIT-6 on the lysozyme adsorption capacity
was studied in detail. The extent of adsorption mainly de-
pends on the solution pH, ionic strength, adsorption temper-
ature, and pore volume and pore diameter of the adsorbent.
The structural stability of lysozyme molecules and the KIT-6
adsorbent before and after adsorption measurements were
confirmed by physiochemical methods such as XRD, N2

sorption, and FT-IR spectroscopy.

Results and Discussion

Characterization of KIT-6 materials with different pore di-
ameters : The synthesis temperature was varied from 100 to
150 8C to control the pore diameter and the pore volume of
the KIT-6 materials. The quality and phase purity of samples
prepared at different temperature were assessed by powder
XRD measurements. Figure 1 shows the powder XRD dif-

fraction patterns of KIT-6-100, KIT-6-130, and KIT-6-150.
All samples exhibit a sharp, well-resolved (211) reflection
and several higher order reflections at 2q value between 3
and 58, which indicate excellent structural ordering with the

Figure 1. Powder XRD patterns of a) KIT-6-100, b) KIT-6-130, and
c) KIT-6-150.
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symmetry of the body-centered cubic space group Ia3d, and
the XRD patterns are similar to those of previously report-
ed KIT-6 materials.[44] The cubic Ia3d symmetry in all the
samples is further confirmed by the fact that the reciprocal
of the d spacings of the samples prepared at different tem-
perature has a linear relationship with the square root of the
sum of h2, k2, and l2. The much higher intensity of the sharp
peak in the XRD patterns of the samples prepared at 130
and 150 8C compared to the sample prepared at 100 8C indi-
cates enhanced condensation of silanol groups in the meso-
porous wall structure and improved long-range ordering of
samples prepared at higher temperature. Increasing the syn-
thesis temperature of the samples causes a shift of the (211)
XRD reflection to lower 2q, which reflects an increase in
the d spacings and unit-cell constants of the samples. The
unit-cell constants of KIT-6-100, KIT-6-130, and KIT-6-150,
calculated from the (211) reflection of the cubic Ia3d space
group as d211

p
6, are 22.5, 23.6, and 24.0 nm, respectively.

These results indirectly reveal that the pore diameter of the
KIT-6 materials also increases with increasing synthesis tem-
perature.

The effect of the synthesis temperature on the porous
structure and the topology of the materials was studied by
HRTEM. The HRTEM images of KIT-6-100 and KIT-6-150
are shown in Figure 2. The bright lines correspond to pore
walls, and dark portions of the images to pore channels. The
side-view HRTEM images (Figure 2 A and B) of both the
samples show well-ordered pore structure with a linear
array of pores arranged at regular intervals. The orientation
and pore entrance of the individual pores are clearly visible
in the top-view HRTEM images of both samples (Figure 2 C
and D). The HRTEM images also provide evidence for the

presence of a three-dimensional cubic structure with chan-
nels running along the different pore directions, similar to
that reported for KIT-6. Significantly, the HRTEM images
also reveal that the pore diameter of KIT-6-150 is much
larger than that of KIT-6-100, which is consistent with the
pore diameters obtained by nitrogen sorption measurements
(Table 1).

Low-temperature nitrogen adsorption/desorption meas-
urements were used to calculate the specific surface area,
pore size distribution, and specific pore volume of the KIT-6
materials. The nitrogen adsorption isotherms and the textur-
al parameters of the KIT-6 materials prepared at different
temperatures are shown in Figure 3 and Table 1, respective-

ly. All the samples display type IV isotherms. The presence
of a sharp capillary condensation or evaporation step at
higher relative pressure and H1 hysteresis loop indicate that
all the materials have a uniform pore structure with large
channel-like mesopores. When the synthesis temperature is
increased from 100 to 150 8C, the capillary-condensation
region of the isotherm, which gives information about the
pore diameter of the materials, shifts to higher relative pres-
sure. This indicates that the pore diameter of the materials
indeed increases with increasing synthesis temperature, con-
sistent with the increase in unit-cell size observed in the
XRD patterns (Table 1). The synthesis temperature also has
a significant impact on textural parameters of the materials
such as specific surface area and specific pore volume.
When the synthesis temperature is increased from 100 to
150 8C, the specific surface area of the materials decreases
from 728 to 555 m2 g�1, but the specific pore volume and
pore diameter increase from 0.99 to 1.53 cm3 g�1, and 8.0 toFigure 2. HRTEM images of a, b) KIT-6-100 and c, d) KIT-6-150.

Table 1. Structural characteristics of KIT-6.

Material d211 spacing
[nm]

Unit cell
a0 [nm]

ABETACHTUNGTRENNUNG[m2 g�1]
VpACHTUNGTRENNUNG[cm3 g�1]

dp,BJH

[nm]

KIT-6-100 9.17 22.5 728 0.99 8.0
KIT-6-130 9.62 23.6 625 1.32 9.9
KIT-6-150 9.81 24.0 555 1.53 11.3

Figure 3. Nitrogen adsorption–desorption isotherms of KIT-6 materials
prepared at different temperature (closed symbols: adsorption; open
symbols: desorption): * KIT-6-100, & KIT-6-130, ~ KIT-6-150.
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11.3 nm, respectively. The material prepared at the synthesis
temperature of 150 8C, KIT-6-150, has a large pore diameter
and high specific pore volume, but its adsorption pore size
distribution is broader than those of KIT-6-130 and KIT-6-
100 (Figure 4).

The effect of the synthesis temperature on the pore diam-
eter of the KIT-6 materials can be explained by changes in
the nature of the block copolymer with temperature. At low
temperature, the poly(ethylene oxide), PEO, chains of the
micelle are hydrophilic, and the poly(propylene oxide),
PPO, chains are hydrophobic. These PEO chains penetrate
into the walls of KIT-6 and interact with the silanol groups
by hydrogen bonding. When the synthesis temperature is in-
creased from 100 to 150 8C, the hydrophilicity of the PEO
chains decreases with a concomitant increase in hydrophobic
character. We believe that the increased hydrophobic char-
acter enhances the interaction between the PPO and PEO
chains of the micelle. As a result, the length of the hydro-
phobic part of the surfactant micelle increases (interaction
between PEO and PPO chains), and thus the micelle size in-
creases with increasing synthesis temperature. The increase
in micelle size, which generally determines the pore diame-
ter of mesoporous materials, is responsible for the enlarged
pore diameter of the KIT-6 materials synthesized at high
temperature. However, broadening of the pore size distribu-
tion of KIT-6-150 is attributed to differences in micelle size
at very high temperature due to breakage of the large mi-
celles.

Immobilization of lysozyme molecules inside the mesochan-
nels of KIT-6 : KIT-6 materials with different pore diameters
and the specific pore volumes were used for the adsorption
of lysozyme molecules from buffer solution. As the lyso-
zyme molecule is relatively large, long equilibration times
are needed. From our previous studies, we found that at
least 96 h is required to reach the adsorption equilibrium of
lysozyme molecules on the large pore mesoporous SBA-15
silica.[37] Thus, an adsorption time of 96 h was used in all ad-
sorption experiments conducted in this work.

Influence of pore volume and pore diameter on the adsorp-
tion of lysozyme on KIT-6 : To study the role of the textural

parameters of the adsorbent on the amount of lysozyme ad-
sorbed in the porous channels, adsorption parameters such
as solution pH, buffer (phosphate) concentration (25 mm),
and adsorption temperature (20 8C) were kept constant.
Figure 5 shows the adsorption isotherms of lysozyme on

KIT-6 with different pore diameters and pore volumes,
wherein the amount of lysozyme adsorbed per unit weight
of adsorbent is plotted against equilibrium concentration of
the lysozyme solution. The adsorption equilibrium data
were fitted by using the Langmuir model, which assumes
monolayer coverage of the adsorbent, and the solid lines in
the Figure 5 are the best fit Langmuir isotherm obtained
from Equation (1),

ns ¼ Knmc=ð1þKcÞ

where K is the Langmuir constant, c the lysozyme concen-
tration, nm the monolayer adsorption capacity, and ns the
amount of lysozyme adsorbed on the adsorbent. All of the
isotherms are of L type according to the Giles classifica-
tion.[46] Each isotherm shows a sharp initial rise indicating a
high affinity between lysozyme and the adsorbent surface.
With increasing lysozyme concentration in the buffer solu-
tion, the amount of lysozyme adsorbed on the porous sur-
face of the KIT-6 adsorbent increases. Finally, when the ini-
tial lysozyme concentration is increased to 5 g L�1, all of the
isotherms reach a plateau. Monolayer adsorption capacity
increases with increasing the pore diameter and pore
volume of the KIT-6 adsorbents (Figure 5, Table 1). KIT-6-
150 has a very high lysozyme adsorption capacity of
57.2 mmol g�1, which is much higher than those of
22.1 mmol g�1 and 53.3 mmol g�1 for KIT-6-100 and KIT-6-
130, respectively. This could be due to the fact that the pore
diameter and pore volume of KIT-6-150 are much larger
than those of KIT-6-100 and KIT-6-130.

The effect of the pore diameter and pore volume of KIT-
6 adsorbents on the rate of the lysozyme adsorption was
also studied. Information about the rate of adsorption of

Figure 4. BJH pore size distribution of KIT-6 materials prepared at differ-
ent temperatures: * KIT-6-100, & KIT-6-130, ~ KIT-6-150.

Figure 5. Adsorption isotherms of lysozyme on KIT-6 with various pore
diameters: * KIT-6-100, ^ KIT-6-130, and & KIT-6-150. Buffer concen-
tration 25 mm, adsorption temperature 25 8C, solution pH 11.0.
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proteins on the surface of the adsorbents is important for
separation and chromatographic applications. The three-di-
mensional structure of KIT-6 may help to achieve excellent
mass transfer of the adsorbate molecule and achieve high
adsorption capacity in a short time. Figure 6 shows the rate

of lysozyme adsorption, expressed as n(t)/neq (neq =amount
lysozyme adsorbed on KIT-6 adsorbents at thermodynamic
equilibrium) versus adsorption time t. With increasing ad-
sorption time, the amount of lysozyme adsorbed also in-
creases. At an adsorption time of 3 h, KIT-6-150 shows
almost two times higher rate of adsorption than KIT-6-100.
From the rate of adsorption data, it can also be deduced
that the time required to reach 85 % of the equilibrium ad-
sorption is 24 h for KIT-6-150, whereas 48 h are required to
reach the same amount of adsorption in KIT-6-100. This
clearly indicates that the small pore diameter of the KIT-6-
100 may cause space constraints and restrict the access of
free adsorbate molecules to vacant adsorption sites in the
internal porous structure, and thus a long time is required
for adsorption of lysozyme molecules. From these results, it
can be concluded that the pore diameter and pore volume
of the KIT-6 adsorbent play a significant role in controlling
the amount and rate of lysozyme adsorption in the mesopo-
rous channels of the adsorbents.

The superiority of KIT-6-150 in lysozyme adsorption is
demonstrated by comparing its adsorption data with those
of other mesoporous materials such as MCM-41, KIT-5, and
SBA-15 under the same adsorption conditions. The lyso-
zyme capacity decreases in the following order: KIT-6-150>
KIT-6-130>SBA-15-100>C16-MCM-41>C12-MCM-41>
KIT-5-150. The monolayer adsorption capacities of SBA-15-
100, C16-MCM-41, C12-MCM-41, and KIT-5-100 are 35.3,
28.1, 13.4, and 5.2 mmol g�1, respectively.[34,37, 43] Although
KIT-5 has a three-dimensional porous structure with the
pore size (ca. 4.0 nm) which is similar to the size of the lyso-
zyme molecule, it shows the least adsorption capacity for ly-
sozyme (5.16 mmol g�1).[43] This is contrary to the expectation
for three-dimensional materials, and further reveals that,
other than the structure, another parameter is also involved
in controlling protein adsorption. As reported previously,

the specific pore volume of KIT-5 is around 0.44 cm3 g�1,
which is much lower than those of the other mesoporous
materials used in the adsorption study (Table 1). Thus, we
surmise that the lower adsorption capacity of KIT-5 is solely
due to its poor textural characteristics. On the other hand,
the lysozyme adsorption capacity of KIT-6-150 of
57.2 mmol g�1 is the highest ever reported for mesoporous
materials and is almost 2, 3, and 10 times higher than those
of SBA-15, MCM-41, and KIT-5-100, respectively.

The adsorption capacity of KIT-6-150 is also larger than
those of mesoporous carbons (22.9 mmol g�1, CMK-3-150)
and carbon nanocages (26.5 mmolg�1, CNC).[38, 38] This high
adsorption capacity of KIT-6-150 could be mainly due to its
large pore volume and pore diameter. Another possible ex-
planation is that KIT-6 has a three-dimensional large-pore
network with two nonintersecting pore systems which allows
adsorbate molecules to access the adsorption sites from all
the three directions. As a result, a huge adsorption capacity
for the lysozyme molecule is observed. From these results, it
can be concluded that a good adsorbent for biomolecules
should not only have a large pore diameter, which provides
free access to the adsorption sites, but also a large specific
pore volume of the adsorbent, which is required to accom-
modate a large quantity of biomolecules in the mesoporous
channels, and a well-ordered three-dimensional structure for
easy access of the adsorbate molecules.

Influence of pH : Besides the textural parameters of the
KIT-6 materials, the solution pH is another critical factor
for protein adsorption, as it significantly affects the degree
of ionization of the functional groups on the surface of the
proteins and the surface charge of the adsorbents. There-
fore, we investigated the effect of solution pH on the extent
of lysozyme adsorption on KIT-6 materials. These studies
are important because pH change is one of the most
common methods used for eluting proteins in immobilized
metal ion affinity chromatography. KIT-6-150 was used for
this study as it showed the highest degree of lysozyme ad-
sorption. The adsorption isotherms of lysozyme on KIT-6-
150 at solution pHs ranging from 6.5 to 12 are plotted in
Figure 7. The monolayer adsorption capacity significantly
depends on solution pH, and the amount adsorbed increases
with increasing solution pH from pH 6.5 to 11, reaches a
maximum at pH 11, and then decreases. A similar trend was
observed by Vinu et al. for mesoporous silica materials, such
as MCM-41 and SBA-15, and mesoporous carbon materi-
als.[36–39] They showed that the hydrophobic interaction and
electrostatic repulsion and attraction between the adsorbent
and the protein molecule greatly vary with solution pH and
significantly influence the amount of lysozyme adsorbed
MCM-41 and SBA-15 materials.

The maximum adsorbed amount of 57.2 mmol per gram of
KIT-6-150 was registered near the isoelectric point, that is,
at a solution pH of 11. At this pH, the net charge of the pro-
tein is low, Coulombic repulsive force between and or
within the protein molecules would be minimal, and closer
packing of the protein molecules is possible. Moreover,

Figure 6. Relative uptake n(t)/neq versus t at pH 11. Buffer concentration
25 mm, adsorption temperature 25 8C, concentration of lysozyme 5 gL�1.
* KIT-6-100, ^ KIT-6-130, and & KIT-6-150.
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when the pH is close to the isoelectric point of lysozyme,
the hydrophobic interactions, which originate from the
amido groups on the surface of the lysozyme molecules, and
the interaction between the amido groups of lysozyme and
the siloxane bridges on the surface of the KIT-6 adsorbent,
are dominant and are also responsible for enhanced protein
adsorption near the isoelectric point. As a result, maximum
adsorption is observed at pH 11. Above and below pH 11,
the amount of lysozyme adsorption significantly decreases.
The decreased lysozyme adsorption at lower pH is correlat-
ed with the increased positive charge on the protein mole-
cules and thus increased hydrophilicity. The increased posi-
tive charge on the surface of the protein also implies that
the electrostatic repulsion within the molecules will be
greater. These factors limit close packing of the lysozyme
molecules and lead to a low adsorption capacity. On the
other hand, when the solution pH is increased above the iso-
electric point, the negative charge on the surface of the lyso-
zyme molecule and the adsorbent start to increase, and so
does the electrostatic repulsion between the negatively
charged silica surface of KIT-6-150 and the negatively
charged lysozyme, and electrostatic repulsion within and/or
between the lysozyme molecules is dominant. The combina-
tion of these factors hinders adsorption of lysozyme on the
silica surface, and thus leads to low adsorption capacity
when the pH of the solution is increased above the isoelec-
tric point of lysozyme.

Influence of ionic strength : To study the influence of the
ionic strength of the buffer, adsorption experiments were
carried out at different buffer concentrations and different
pH values over KIT-6-150. Figure 8 shows the adsorption of
lysozyme on KIT-6-150 as a function of the ionic strength of
the buffer with the solution pH in the range of 6.5–12. Ad-
sorption of lysozyme on KIT-6-150 is significantly affected
by the ionic strength of the buffer at different solution pH
values, and this reveals the presence of a screening effect
produced by the different concentrations of phosphate or
carbonate ions in the buffer. A marked increase in the

amount of adsorbed lysozyme is observed on increasing the
ionic strength of the buffer from 10 to 100 mm at a solution
pH of 6.5, but a little change is observed when the solution
pH is increased further to 9.6. This could be mainly due to
the fact that when the solution pH is decreased from 9.6 to
6.5, the charge on the phosphate ions of the buffer increases
and so do the repulsive forces between the phosphate ions.
As the ionic strength of the buffer increases, the repulsive
electrostatic interaction between the phosphate ions in the
buffer also increase. These strong repulsive forces push the
lysozyme molecules together and enhance the interaction
between the positively charged silica surface and the nega-
tively charged lysozyme molecules. Thus, the amount of ad-
sorbed lysozyme also increases with increasing ionic strength
of the buffer at a solution pH of 6.5.

However, when the solution pH is further increased to 11,
the amount of lysozyme adsorbed increases with increasing
ionic strength of the buffer from 10 to 50 mm, but decreases
at an ionic strength of 100 mm. At a solution pH of 11, the
charge of lysozyme is almost zero and hydrophobic interac-
tion is mainly involved in the adsorption process. The
change in the ionic strength of the buffer is expected to pro-
mote hydration of carbonate ions, which decreases the solu-
bility of the proteins and favors close packing of protein
molecules in the mesochannels. However, when the ionic
strength of the buffer is further increased from 50 to
100 mm, the negatively charged carbonate ions form a shield
on the surface of the proteins. This would increase the elec-
trostatic repulsion between the negatively charged shielded
protein surface and the negatively charged silica surface
with concomitant decrease of the hydrophobic interaction
between the adsorbent and the protein surface, which is
dominant at pH values near the isoelectric point of the pro-
tein, and hence adsorption is weak. When the ionic strength
of the buffer solution is increased from 10 to 100 mm at a so-
lution pH of 12, a drastic reduction in protein adsorption on
the surface of KIT-6-150 is observed. This is mainly due to
the fact that as the concentration of the buffer is increased
from 10 to 100 mm at higher pH, the negatively charged ions

Figure 7. Adsorption isotherms of lysozyme over KIT-6-150 measured at
different solution pH: * pH 6.5, ^ pH 9.6, & pH 11.0, and ~ pH 12.0.
Buffer concentration 25 mm, adsorption temperature 25 8C.

Figure 8. Effect of buffer concentration on the adsorption of lysozyme
over KIT-6-150 as a function of solution pH (adsorption temperature
25 8C): * pH 6.5, ^ pH 9.6, & pH 11.0, and ~ pH 12.0.
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present in the buffer start to shield the surface of the pro-
tein and enhance the electrostatic repulsion between the
negatively charged adsorbent surface and the protein sur-
face, which leads to formation of large aggregates of lyso-
zyme molecules. These may block the pore entrance of KIT-
6-150 and thus reduce the extent of adsorption.

Influence of temperature : The influence of temperature on
the adsorption of lysozyme on KIT-6-150 is shown in
Figure 9. The amount of lysozyme adsorbed on KIT-6-150

increases with increasing adsorption temperature from 20 to
40 8C. This indicates that the adsorption process is endother-
mic (DadsH>0) and entropy-driven.[47] A maximum adsorbed
amount of 67.3 mmol g�1, which corresponds to around
970 mgg�1, was obtained for KIT-6-150 at 40 8C and pH 11.
To the best of our knowledge, this is the highest ever report-
ed value for the adsorption of lysozyme on mesoporous ma-
terials. Protein conformation varies significantly with tem-
perature and can be partially destroyed at high temperature.
This would expose the inner hydrophobic part of the protein
molecules to the buffer solution, which could favor strong
binding with the adsorbent surface. When the adsorption
temperature is increased from 25 to 40 8C, we surmise that
some of the lysozyme molecules undergo structural rear-
rangement to a thermodynamically unstable form that has
greater affinity to surface of KIT-6-150 than the thermody-
namically stable molecules, which tend to be adsorbed only
through electrostatic attraction between protein and sur-
face.[48–49] Moreover, solution polarity also significantly
changes with temperature. The decrease in polarity with in-
creasing temperature is also responsible for the increased ly-
sozyme adsorption capacity of KIT-6-150 at high tempera-
ture. High temperatures also promote protein unfolding,
which can enhance binding with the adsorbent surface and
even allow multilayer adsorption.[50, 51] Thus, we assume that
these combined factors are responsible for the increased ly-
sozyme adsorption on KIT-6-150 on increasing the adsorp-
tion temperature.

Characterization of the adsorbent after lysozyme adsorp-
tion : To check the structural stability of the adsorbent

before and after adsorption, and whether the lysozyme mol-
ecules are immobilized inside the mesoporous channels or
on the external surface, the KIT-6-150 materials before and
after immobilization of lysozyme at two different concentra-
tion were evaluated by powder XRD measurements and ni-
trogen adsorption. Figure 10 shows powder XRD patterns of

KIT-6-150 before and after the adsorption experiment at ini-
tial lysozyme concentrations of 2 and 5 g L�1 at pH 11. The
shape of the XRD pattern of the lysozyme-loaded sample is
similar to that of the parent KIT-6-150. This indicates that
the structure of KIT-6-150 is retained even after immobiliza-
tion of lysozyme molecules in the porous channels. Howev-
er, the intensity of the lower angle peaks for the lysozyme-
loaded sample is much lower than that of the sample before
adsorption. The effect is even more prominent when a
higher initial lysozyme concentration is used. The reduction
in the intensity of the peaks is correlated with the increased
amount of lysozyme adsorption in the pore channels, which
gives a large contrast in density between the silica walls and
the empty pores relative to that between the silica walls and
the lysozyme molecules. These results also confirm that the
lysozyme molecules are indeed adsorbed inside the meso-
channels of KIT-6-150. Similar observations were also made
for lysozyme immobilized on MCM-41, SBA-15, and meso-
porous carbon.[36–39]

To quantify the degree of lysozyme immobilization in the
mesochannels of KIT-6-150, a sample after the adsorption of
lysozyme was analyzed by nitrogen adsorption measure-
ments. Figure 11 shows the N2 adsorption isotherms of KIT-
6-150 before and after adsorption at lysozyme concentra-
tions of 2 and 5 g L�1. The amount of nitrogen adsorbed on
KIT-6-150 decreases with increasing degree of lysozyme ad-
sorption, and thus the specific pore volume is decreased
from 1.53 to 0.31 cm3 g�1 on increasing the initial concentra-
tion of lysozyme from 2 to 5 g L�1. From the structural pa-
rameters of lysozyme molecules we calculated that the
volume of the lysozyme adsorbed (5 g L�1) in the pores of
KIT-6-150 is only 0.731 cm3 g, which is 47.8 % of the total
free volume of KIT-6-150. However, a reduction of almost

Figure 9. Effect of temperature on the adsorption of lysozyme adsorbed
over KIT-6-150. Buffer concentration 25 mm, solution pH 11.0.

Figure 10. Powder XRD diffraction patterns of KIT-6-150 before and
after lysozyme immobilization. a) Before adsorption. b) Initial concentra-
tion 2 gL�1. c) Initial concentration 5 g L�1 (solution pH 11, buffer con-
centration 25 mm).
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79.7 % in the specific pore volume is observed for KIT-6-150
after adsorption in the nitrogen adsorption isotherm. As the
XRD results reveal that the structural order of the materials
is completely retained after protein immobilization, we sur-
mise that the large difference between the calculated pore
volume occupied by the adsorbed lysozyme molecule and
the experimental data, which is almost 31.9 %, is mainly due
to hindered nitrogen adsorption in the lysozyme-filled pores
of KIT-6-150 and not the result of some kind of structural
deterioration after adsorption. From these results, we con-
cluded that the lysozyme molecules are indeed tightly
packed inside the mesochannels of KIT-6 materials.

The structural stability of lysozyme after adsorption inside
the porous channels of KIT-6 was also analyzed by FTIR
spectroscopy. The spectra were recorded for different
amounts of lysozyme loaded on mesoporous KIT-6-150 and
compared with the spectrum recorded for pure lysozyme
(Figure 12). The band at 1245 cm�1 (amide III band) can be

assigned to b-sheet.[52–55] However, the amide III band is a
very complex and depends on the force field, the nature of
the side chains, and hydrogen bonding.[52] Moreover, the
band also overlaps with the strong broad band for the Si-O-
Si asymmetric stretching vibration. Thus, this band may not

give useful information about the conformation of adsorbed
lysozyme molecules. The spectra of the lysozyme-loaded
samples show a sharp amide I band at 1542 cm�1, which is
attributed to the bending and stretching modes of the N�H
and C�N groups, respectively.[55] The amide II band, which
is observed at 1664 cm�1, is attributed to C�O stretching of
the a-helical confirmation of lysozyme molecules.[55] The
presence and/or the position of these amide I and amide II
bands, which are typically used for the determination of the
confirmation and unfolding of the proteins, reveals that the
denaturation of the protein secondary structure has not oc-
curred and lysozyme molecules are highly stable even after
immobilization inside the mesochannels.

Conclusion

We have shown that KIT-6 materials with ultralarge pore di-
ameter and high pore volume can be prepared by using plur-
onic P123 as surfactant and n-butanol as cosolvent at high
synthesis temperatures. The materials were characterized by
XRD and N2 sorption. We have also demonstrated that the
specific surface area, specific pore volume, and pore diame-
ter of the materials can be finely tuned simply by adjusting
the synthesis temperature. Among the KIT-6 materials, the
material prepared at 150 8C, KIT-6-150, has a large pore di-
ameter (11.3 nm) and a high specific pore volume
(1.53 cm3 g�1). To the best of our knowledge, this is the first
successful preparation of ultralarge-pore KIT-6 at a temper-
ature around 150 8C. We also demonstrated for the first time
the immobilization of lysozyme, which is a stable and hard
protein, on KIT-6 materials with different pore diameters.
The effect of the various adsorption parameters on lysozyme
adsorption on KIT-6 materials were elucidated. The extent
of adsorption mainly depends on solution pH, ionic strength,
adsorption temperature, and pore volume and pore diame-
ter of the adsorbent. The amount of lysozyme adsorbed on
the large-pore KIT-6 is extremely high (57.2 mmol g�1), and
is much higher than that observed for MCM-41, SBA-15,
KIT-5, mesoporous carbon, and carbon nanocage materials.
We believe that the materials could also be used for adsorp-
tion and separation of large toxic biomolecules and dyes,
and may also open the way for the fabrication of devices for
chromatographic adsorption and separation process, and act
as supports for the catalytic conversion of bulky organic
molecules.

Experimental Section

Materials : Hen egg white lysozyme (activity 25000 units mg�1 of protein)
was purchased from ICN biomedicals (Cataloge No. 100831) and used
without further purification. Triblock copolymer pluronic P123
(EO20PO70EO20, M =5800) and n-butanol were obtained from Aldrich
and used as a template and a cosolvent, respectively. Tetraethyl orthosili-
cate (TEOS) was used as a silica source and purchased from Aldrich.

Syntheses of KIT-6 with different pore diameters : KIT-6 with different
pore diameters was synthesized by using P123/n-butanol mixture as struc-

Figure 11. Nitrogen adsorption–desorption isotherms of KIT-6-150 before
and after lysozyme immobilization (closed symbols: adsorption; open
symbols: desorption): * before adsorption, & initial concentration 2 gL�1,
~ initial concentration 5 gL�1 (solution pH 11, buffer concentration
25 mm).

Figure 12. FTIR spectra of the pure lysozyme and different amounts of
lysozyme loaded on KIT-6-150. a) Before adsorption. b) Initial concentra-
tion 2 gL�1. c) Initial concentration 5 g L�1 (solution pH 11, buffer con-
centration 25 mm).
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ture-directing agent at different synthesis temperatures. In a typical syn-
thesis, P123 (4 g) was dissolved in distilled water (144 g) and 35 wt %
HCl solution (7.9 g). The mixture was stirred at 35 8C for 3 h. Then n-bu-
tanol (4.0 g) was added at once to the above mixture, which was continu-
ously stirred at 35 8C for 1 h. Subsequently, TEOS (8.6 g) was added in
one portion to the homogeneous clear solution and stirring was contin-
ued at 35 8C for 24 h. Then, the mixture was transferred to a polypropy-
lene bottle and kept in an air oven at 100 8C for 24 h under static condi-
tions. A set of KIT-6 materials was prepared by varying the synthesis
temperature from 100 to 150 8C. The samples were labeled KIT-6-x
where x denotes the synthesis temperature. Ryoo et al. reported the syn-
thesis of KIT-6 materials by varying the temperature up to 130 8C.[44]

However, in this case, the synthesis temperature was increased up to
150 8C, with the aim of obtaining KIT-6 with ultralarge pore diameter
and large pore volume. The resultant product was collected by filtration
while hot without washing and dried at 100 8C for 24 h in air. Finally, the
material was calcined at 550 8C in air.

Characterization : The X-ray powder diffraction patterns of KIT-6 materi-
als prepared at different temperatures were recorded on a Rigaku dif-
fractometer with CuKa radiation (l=0.154 nm). The diffractograms were
recorded in the 2 q range of 0.8–108 with a 2q step size of 0.018 and a
step time of 10 s. Nitrogen adsorption and desorption isotherms were
measured at �196 8C on a Quantachrome Autosorb 1C analyzer. All the
samples before protein adsorption were outgassed at 250 8C for 3 h prior
to the nitrogen adsorption measurements, while the protein-loaded sam-
ples were outgassed at 40 8C for 24 h. The specific surface area was calcu-
lated by the BET method. The pore size distributions were obtained
from the adsorption and desorption branch of the nitrogen isotherms by
the Barrett–Joyner–Halenda method. HRTEM images were obtained
with a TEM JEOL JEM-2000EX2. The preparation of samples for
HRTEM analysis involved sonication in ethanol for 2–5 min and deposi-
tion on a copper grid. The accelerating voltage of the electron beam was
200 kV. FTIR spectra of KIT-6 before and after protein adsorption were
recorded on a Nicolet Nexus 670 instrument by averaging 100 scans with
a resolution of 2 cm�1 in transmission mode by using the KBr self-sup-
ported pellet technique. The spectrometer chamber was continuously
purged with dry air to remove water vapor.

Lysozyme adsorption : Lysozyme solutions with concentration ranging
from 0.25 to 5 g L�1 were prepared by dissolving different amounts of ly-
sozyme in 10, 25, 50, and 100 mm buffer solutions (pH 6.5 potassium di-
hydrogenphosphate buffer, pH 9.6 and 10.5 sodium hydrogencarbonate
buffer, and pH 12 disodium hydrogenphosphate buffer). The procedure
for the adsorption experiments is as follows: the KIT-6 adsorbent
(20 mg) was suspended in the respective lysozyme solutions (4 g) and the
resulting mixtures were continuously shaken in an agitator at a speed of
160 shakes per minute at 20 8C until equilibrium was reached (typically
96 h for the different KIT-6 silica adsorbents used in this study). The
amount of lysozyme adsorbed was calculated by UV absorption at
281.5 nm. Bulk adsorption experiments were also carried out with KIT-6-
150 (100 mg), suspended in lysozyme solution (20 g) with two different
concentrations (2 and 5 gL�1).
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