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We have synthesized two different magnetic mesoporous materials that can be easily separated from
aqueous solutions by applying a magnetic field. Synthesized magnetic mesoporous materials, Mag-SBA-
15 (magnetic ordered mesoporous silica) and Mag-OMC (magnetic ordered mesoporous carbon), have a
high loading capacity of contaminants due to high surface area of the supports and high magnetic activity
due to the embedded iron oxide particles. Application of surface-modified Mag-SBA-15 was investigated
for the collection of mercury from water. The mercury adsorption using Mag-SBA-15 was rapid dur-

ﬁ:g%rt‘iji:mesoporous materials ing the initial contact time and reached a steady-state condition, with an uptake of approximately 97%
Adsorption after 7 h. Application of Mag-OMC for collection of organics from water, using fluorescein as an easily
Mercury trackable model analyte, was explored. The fluorescein was absorbed into Mag-OMC within minutes
Tyrosinase and the fluorescent intensity of solution was completely disappeared after an hour. In another appli-

cation, Mag-SBA-15 was used as a host of tyrosinase, and employed as recyclable catalytic scaffolds for
tyrosinase-catalyzed biodegradation of catechol. Crosslinked tyrosinase in Mag-SBA-15, prepared in a two
step process of tyrosinase adsorption and crosslinking, was stable enough for catechol degradation with
no serious loss of enzyme activity. Considering these results of cleaning up water from toxic inorganic
and organic contaminants, magnetic mesoporous materials have a great potential to be employed for the
removal of environmental contaminants and potentially for the application in large-scale wastewater
treatment plants.

Catehcol degradation

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Human activities generate a large quantity of various pollu-
tants into the environment. Many places are contaminated by
heavy metals, organic compounds and other hazardous materials,
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which deleteriously impact the ecosystem. In recent years, many
researchers have investigated a range of innovative techniques for
the efficient removal of contaminants from polluted water. Reme-
diation techniques for water treatment can be categorized into
biological, chemical and physical treatment methods [1]. For exam-
ple, various techniques such as biodegradation, electron-beam
irradiation, extraction, adsorption, air sparging and incineration are
being used to remove or reduce the contaminants in water [2,3].
Especially, the adsorption of contaminants is broadly employed
in the field due to the simplicity and economics of this approach.
The removal efficiency by adsorption is mostly determined by the
properties of an adsorbent, and several materials have been used
as adsorbents, such as activated carbons [4,5], zeolites [6,7], iron
oxides [8,9] and silica [10].
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Mesoporous materials have been synthesized for a variety of
applications involving large molecules; such applications cannot
be accomplished using conventional microporous zeolitic mate-
rials [11-14]. Various other organic templates including neutral
amine surfactants [15,16], alkyl polyethylene oxide (PEO) surfac-
tants [17], and triblock copolymers [18] have been used for the
synthesis of mesostructured silica materials with diverse pore
structures. Particularly, large sized SBA-15 [18] mesoporous silica,
synthesized using triblock copolymers, has attracted much atten-
tion in the society of catalyses, biotechnology, and environmental
waste treatment. The application of Self Assembled Monolayers
on Mesoporous Supports (SAMMS) technology to environmental
remediation is gathering a lot of attention because SAMMS based
adsorption enables fast kinetics, high material loading and good
selectivity based on the surface functionalization and large sur-
face area. Many studies have reported that the SAMMS particles
were successfully utilized for removal of various heavy metals from
the waste solution [19-23]. The SAMMS are organosilicate sorbent
materials and post processing recovery or separation of SAMMS
is feasible by using filtration or centrifugation, but those are not
suitable for large-scale industrial plants. In addition, the SAMMS
particles, themselves, might cause secondary environmental con-
tamination if they are not fully recovered from environment. It has
been warned that engineered nanomaterials may have different
properties from original substances [24]. Consequently nanomate-
rials may be harmful to the biosphere although original substances
cause no toxicity. Therefore, the facile separation of nanosturctured
sorbents is very important in their industrial applications in order
not to make a harmful impact to the environment.

In the present work, we report the synthesis of magnetically sep-
arable mesoporous materials and their applications for the removal
of environmental contaminants from aquatic system. Two types of
magnetic mesoporous materials, Mag-SBA-15 (magnetic ordered
mesoporous silica) and Mag-OMC (magnetic ordered mesoporous
carbon), were synthesized as magnetically separable high surface
area support structures for remediation efforts. These materials
were modified and used for the removal of mercury, an adsorp-
tion of an organic dye, and the biodegradation of catechol by the
immobilized enzyme tyrosinase. These materials could be eas-
ily separated from water by using a magnet, and the removal of
contaminants was effective due to high affinity to target contami-
nants on their appropriately functionalized large surface. Magnetic
mesoporous materials can be potentially employed as recoverable
adsorbents in large-scale plants of waste water treatment due to
their facile separation and high adsorption capacity [25-29].

2. Materials and methods

2.1. Preparation of magnetically separable SBA-15 mesoporous
silica and magnetically separable ordered mesoporous carbon

Pristine SBA-15 silica was prepared by following a reported
procedure (Fig. Sla in supplementary data) [18]. Briefly, 4g
of P123 (BASF, poly(ethylene oxide),g-poly(propylene oxide)q-
poly(ethylene oxide),g) was dissolved in solution composed of
130 mL deionized water and 20 mL hydrochloric acid (37 wt%),
and the temperature of the solution was raised to 40°C. TEOS
(9.2mL) was added to the solution and stirred vigorously and
the solution was remained at 40°C for 20 h, followed by aging at
100°C for 24 h. The resulting material was put in a beaker and
reacted at 100 °C for 24 h. The resultant white precipitate was fil-
tered, dried at room temperature and finally calcined at 550°C
to remove P123. By thermal decomposition [30] of Fe-carboxylate
coordinate composite, magnetic nanoparticles were deposited into
montmorillonites [31], fumed silica [32], and MCM-41 [33]. In

the present work, 1.34g Fe(NO3)3-9H,0 in 3 mL methanol was
impregnated into 0.5g SBA-15 silica, and dried in a oven at 85°C
till the methanol was completely dried. The Fe(NO3)3; impreg-
nated silica was reacted with propionic acid vapor at 85°C for
more than 3 h under static vacuum to make iron propionate com-
plex. The composite was heated to 300°C under air (1°Cmin~!)
slowly for decomposition of iron propionate complex, and kept
at 300°C for 30 min. The resulting magnetic nanoparticle incor-
porated SBA-15 is denoted as Mag-SBA-15 (magnetically separable
SBA-15).

For the thiol (-SH) functionalization, 1g of Mag-SBA-15 was
suspended in 100 mL of anhydrous toluene, and refluxed for 3 h.
The stoichiometric amount of 3-mercaptopropyltriethoxysilane
was added and refluxed overnight. After cooling to room tem-
perature, the mixture was filtered and washed thoroughly
with toluene, and dried under vacuum. The triethoxy groups
of mecaptopropyltriethoxysilane can be hydrolyzed into three
silanol groups, which can react with free silanol groups on
the surface of mesoporous silica. By this simple condensa-
tion, mercaptopropyl group containing thiol (-SH) functional
group can be anchored on the surface of mesoporous silica
[34,35].

Mag-OMC was prepared by following the reported procedure
(Fig. S1b in supplementary data) [36]. Briefly, pyrrole monomer,
based on the pore volume of SBA-15, was incorporated into SBA-
15 by vapor phase infiltration under static vacuum. The resulting
pyrrole/SBA-15 nanocomposite was dispersed in H,O containing
2.3 molar equivalents of FeCl; to the amount of pyrrole, and
stirred for 3h to polymerize the pyrrole inside the mesoporous
SBA-15 silica template. After recovering the poly(pyrrole)/SBA-15
nanocomposite by filtration, it was carbonized in a N; atmo-
sphere at 800°C for 3h. The silica template was removed by
boiling the silica/carbon composite in 1 M NaOH solution, and dis-
solved in 50:50 mixture (v:v) of water and ethanol for more than
1h twice.

2.2. Magnet capture of porous magnetic nanoparticles

For magnetic separation of Mag-SBA-15 or Mag-OMC, these
porous magnetic nanoparticles were dispersed in 10 mM sodium
phosphate buffer (pH 7.0) by vortexing and further sonication
for 30s. Suspended nanoparticles were transferred in glass vials.
To examine cyclic recovery performance of porous magnetic
nanoparticles, glass vials containing Mag-SBA-15 (0.5 mgmL~1) or
Mag-OMC (0.5mgmL-1) were attached on a magnet for 60 min at
least and recovered particles were resuspended. At each cyclic step,
solution after magnet capturing was taken and residual particles
in solution were observed using UV spectrophotometer (Cary 5G,
Varian, Inc.) at A320 nm.

2.3. Hg adsorption

The synthesized materials with magnetic property were used as
adsorbents in the mercury adsorption study. NANOpure™ water
(high-purity water of at least 18 M2 cm resistivity) was used for
preparing all solutions. Mercury (Hg(II)) was added as mercury
nitrate (Hg(NOs3),) (Aldrich). Sodium nitrate (NaNO3) was used
to adjust the ionic strength of the background electrolyte, and
the pH of the solution was adjusted using nitric acid (HNOs) or
sodium hydroxide (NaOH). Batch adsorption experiments were
conducted in individual 15 mL polypropylene centrifuge tubes by
mixing the thiol functionalized Mag-SBA-15 with a Hg(Il) solu-
tion. Various initial Hg(I) concentrations ranging from 2.0 to
790 mgL-! and a constant solid concentration of 1gL~! were used
in the experiments. All experiments were conducted in closed
test tubes with a minimal headspace, and a CO,-free solution
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(N,-sparged NANOpure™ water) was used to prepare all solu-
tions to minimize CO,(g) absorption. The Hg(II) solution with
a constant background electrolyte (I=0.01 M NaNOs3) was added
to the test tubes containing the adsorbents. Test tubes without
adsorbents were also prepared in an identical manner to deter-
mine the initial Hg(Il) concentration and to ensure that there
was no Hg(Il) adsorption to the container walls. The test tubes
were placed on a slow-moving platform shaker for 24 h. The 24h
period was based on the results of a suite of kinetic experiments
conducted previously to determine Hg(Il) adsorption uptake as
a function of time. Each of several separate test tubes was pre-
pared using the same experimental conditions as described, and
one tube at a specific time was periodically removed for analysis.
The results of kinetic experiments showed that 1 day was suffi-
cient to reach steady-state conditions. Generally, more rigorous
mixing improved the mass transport and reduced time to equi-
librium. After equilibrium, the magnet was used to separate the
solution from the adsorbents. The final pH was measured, and
a 2mlL aliquot was removed from the supernatant solution for
Hg(II) analysis. The Hg(II) concentration was determined by induc-
tively coupled plasma mass spectroscopy (ICP-MS, Perkin Elmer
Inc., Wellesley, MA). Fractional sorption uptake was calculated as
a difference between the initial and the final Hg(II) concentrations.
The values of distribution coefficient, K4 (mLg~1), were calculated
using the difference between initial and final concentrations in
solution to represent the concentration of Hg(Il) adsorbed to the
adsorbents.

2.4. Fluorescein adsorption

Fluorescent dye, fluorescein (C;gH120s5, Sigma-Aldrich), was
dissolved in N,N-dimethylformamide, and this stock solution was
diluted to 10 mM sodium phosphate buffer (pH 7.0). The adsorp-
tion of fluorescein was performed by adding Mag-OMC (40 mg) into
fluorescein solution (10,000 ppm, 3 mL), and the vial was shaken at
250 rpm. After 60 min, the glass vial was attached on the magnet
for 40 min. Residual fluorescent intensity in solution was measured
at 512 nm emission after excitation at 492 nm using spectroflu-
orophotometer (RF5301-PC, Shimadzu, Japan) before and after
adsorption of fluorescein.

2.5. Tyrosinase entrapped Mag-SBA-15 and its uses for catechol
oxidation

For adsorption of tyrosinase (TY, Sigma-Aldrich), 10 mg of Mag-
SBA-15 was mixed with 1.5 mL of 4 mg mL~! TY solution in 100 mM

Heat-treatment
(300 °C under air)

sodium phosphate buffer (pH 6.5), vortexed for 30, sonicated for
55, and incubated at room temperature under shaking (250 rpm)
for 30 min. After incubation, the samples were washed briefly with
100 mM sodium phosphate buffer (pH 6.5), and further treated with
0.1% glutaraldehyde (GA) solution in 100 mM sodium phosphate
buffer (pH 8.0) at 200 rpm for 30 min to achieve the nanoscale
enzyme reactors of TY (NER-TY) in Mag-SBA-15. After GA treat-
ment, the samples were washed by 100 mM sodium phosphate
buffer (pH 8.0) and 100 mM Tris-HCl buffer (pH 8.0). The capping
of unreacted aldehyde groups was performed in a fresh 100 mM
Tris-HCl buffer (pH 8.0) at 200 rpm for 30 min. After capping, the
samples were washed five times by using 100 mM sodium phos-
phate buffer (pH 6.5) and stored at 4 °C. The adsorbed TY (ADS-TY)
was also prepared by omitting the GA treatment, but the washing
was performed in an exactly same way as for NER-YT.

The TY activity was determined by oxidation of 1 mM catechol
in an aqueous buffer (100 mM sodium phosphate buffer, pH 6.5) at
room temperature under rigorous shaking (250 rpm), which could
be measured by checking the increase of absorbance at 394 nm. The
stabilities of ADS-TY and NER-TY were investigated by incubating
each sample in 100 mM sodium phosphate buffer (pH 6.5) under
rigorous shaking (250 rpm) and checking the residual activity. At
each cycle, the suspended samples were captured by using a mag-
net, the solution was decanted, the same volume of fresh sodium
phosphate buffer was added to the suspension, and excessive wash-
ing was finally performed under the shaking condition (250 rpm)
for 1 h. This procedure was repeated for 30 cycles, and the residual
activities were measured after 0, 5, 10, 15, 20, 25, and 30 cycles.
The relative activity was calculated from the ratio of the residual
activity to the initial activity of each sample.

3. Results and discussion
3.1. Synthesize of Mag-SBA-15 and Mag-OMC

Mag-SBA-15 was synthesized by the thermal decomposition of
iron propionate complex formed by reaction between Fe3* salt and
propionic acid. During the decomposition and conversion of iron
propionate to magnetic nanoparticles, the formed nanoparticles
extruded from the mesopores, which resulted in the formation
of hierarchical magnetic nanoparticle assembly outside the pores
(Figs. 1a and 2a). Due to the magnetic nanoparticles formed outside
the pores, the mesoporous silica Mag-SBA-15 could be effectively
separated by using a magnet. The growth of nanoparticles outside
the pores were reported by two groups [37,38]. Silver super-
structure was formed outside the pores of MCM-48 [37]. The

Hierarchical structure of
magnetic nanoparticles
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Fig. 1. Schematic representation for the formation of hierarchically magnetic nanoparticle assembly outside the pores of SBA-15.



B.C. Kim et al. / Journal of Hazardous Materials 192 (2011) 1140-1147 1143

impregnated AgNO3; was converted to Ag nanoparticles at high
temperature (300°C) in the pores and subsequently assembled
into the superstructure on the surface of MCM-48 particles. They
claimed that huge free excess energy in nanoparticles made the
nanoparticle mobile, resulting in the superstructure of nanoparti-
cle aggregates. During the formation of superstructure, the ordered
channels of MCM-48 guided the assembly into ordered structures.
In a similar way, palladium superstructures were also formed out-
side the MCM-48 particles [38].

Schiith group also reported magnetically separable mesoporous
silica, which were synthesized in a multi-step process [39]. They
first prepared magnetic nanoparticles via a high-temperature ther-
mal decomposition method, filled up all the mesopores with
thermally decomposable polymer, adsorbed magnetite nanoparti-
cles onto the surface of mesoporous silica particles, and carbonized
furfuryl alcohol to prevent the leaching of magnetic nanoparti-
cles from the surface of mesostructured silica [39]. However, the
present work adopted a simpler approach for the synthesis of
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Fig.2. (a) TEM image of Mag-SBA-15, (inset) Fourier transformation pattern of Mag-SBA-15; (b) TEM image of Mag-SBA-15 obtained at the opposite site from the hierarchically
formed magnetic nanoassembly; (c) XRD pattern of Mag-SBA-15; (d) Nitrogen isotherms of Mag-SBA-15; (e) pore size distribution of Mag-SBA-15 obtained from adsorption

isotherm. The scale bar of (a) and (b) denotes 100 nm.
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Fig. 3. A representative TEM image of Mag-OMC.

open-pore magnetic silica SBA-15 without using preformed mag-
netic nanoparticle. Fourier transformation pattern of Mag-SBA-15
reveals the hexagonally ordered regular array of pores. Most of the
channels were not blocked by iron oxide nanoparticles (Fig. 2b).
XRD pattern of Mag-SBA-15 shows that major phase of magnetite
or maghemite was mixed with minor phase hematite (Fig. 2c).
Unreacted iron salts with propionic acid might be converted to
hematite during high temperature treatment under air [31]. The
physical properties of Mag-SBA-15 were characterized by N, sorp-
tion isotherms. The N, isotherm is typical for type IV mesoporous
materials (Fig. 2d). The surface area was 297 m2 g~!, which was
reduced compared with pure SBA-15 silica (~500m?2 g~1) due to
increased weight of iron oxide nanoparticles (~36 wt% Fe;03). The
average pore size, determined from adsorption isotherms, was
6.7 nm (Fig. 2e).

Mag-OMC was synthesized by using SBA-15 and pyrrole as a
template and a carbon source, respectively. After the oxidative
polymerization of pyrrole, Fe?* ions were converted to magnetic
nanoparticles in the carbon pores. A typical TEM image of Mag-
OMC reveals that the magnetic nanoparticles were embedded in
the carbon walls (Fig. 3). The pore size and BET surface area of
Mag-OMC were 2.9nm and 643 m2g-!, respectively. Magnetic
mesoporous carbon materials were typically synthesized via a
multi-step synthesis [40], starting with the separate synthesis of
magnetic nanoparticles. The magnetic mesoporous carbon with

open pores in this work (Mag-OMC) was synthesized via a simpler
synthetic procedure. The Fe2* ions were used as a catalyst for the
pyrrole polymerization, and converted to magnetic nanoparticles
embedded in the carbon walls, thus leading to magnetic meso-
porous carbon with open pores [36]. The present work is the first
demonstration of its potential uses as an adsorbent for the removal
of environmental contaminants.

3.2. Recovery and repetitive utilization of magnet sorbent
materials

The recovery of particles was investigated by iterative mag-
netic capture (Fig. S1 in supplementary data) and release using
a magnet in aqueous solution. By using a magnet, most particles
of Mag-SBA-15 were recovered within 60 min while the recovery
of Mag-OMC was slower than Mag-SBA-15 by showing the cap-
ture of about 90% particles within 60 min. Fig. 4 shows repeated
magnetic capture and release of Mag-SBA-15 and Mag-OMC. Mag-
SBA-15 were recovered by magnetic capture within 60 min, and
then suspended again. After 10 cycles, it was observed that there
was no significant loss of Mag-SBA-15 (Fig. 4). However, the recov-
ery of Mag-OMC was reduced as the number of cycles increased, and
79% of initial Mag-OMC remained after 10 cycles because Mag-OMC
could not be fully recovered within 60 min. To improve the recovery
rate, the time for magnetic capture could be extended, a different
geometry employed (i.e. directed flow over magnet surface), or a
stronger external magnetic field could be employed. We also envi-
sion that the amount of incorporated magnetic nanoparticles can
be increased for a quicker magnetic separation.

3.3. Mercury(ll) adsorption

Prior to conducting the actual Hg(II) adsorption experiments, we
measured the kinetics of Hg(II) adsorption on the thiol functional-
ized Mag-SBA-15 at pH 5.0 and ionic strength condition of I=0.01 M
NaNOs. The results of these preliminary kinetic tests showed the
fractional Hg(II) adsorption uptake (%) as a function of contact time
(Fig. 5a). The Hg(Il) adsorption was rapid during the initial contact
time, and then slowed down gradually as the equilibrium condition
was approached. Hg(Il) adsorption reached a steady-state condition
after 7h with an uptake of approximately 97%, which remained
same for the duration of 24 h contact time. Based on these pre-
liminary kinetic results, all of the subsequent batch equilibrium
adsorption experiments were carried out with one day of contact
time.

a Mag-SBA-15

b Mag-omc
100 A

75 1

50 A

Residual suspended patrticles (%)

25 1

100 4
75 -
50 4
25 1
0

18 1C 28 2C 3S 3C 4S 4C 58 5C 6S 6C 78 7C 8S 8C 9S 9C 10S10C
Cycle (S:suspension / C:.capture)

Fig. 4. Cyclic recovery of porous magnetic nanoparticles: (a) Mag-SBA-15; (b) Mag-OMC.
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SBA-15 at pH values of 4.5, 5.0, 6.7 and 8.2.

The subsequent batch experiments were conducted using var-
ious initial Hg(Il) concentrations at different pH’s. The Hg(II)
adsorption isotherms are shown in Fig. 5b. Hg(Il) adsorption to
thiol-functionalized Mag-SBA-15 showed high affinity at low ini-
tial Hg(Il) concentrations. Because mercury is characterized as a
“soft” Lewis acid and it forms strong covalent bonds with “soft”
Lewis bases like the thiol group, a high Hg(II) adsorption affinity
on the thiol group of Mag-SBA-15 is noticeable, especially at low
initial Hg(II) concentrations [32]. The relatively low Hg(II) uptake
at low pH of 5.0 compared to the uptake at higher pH of 8.5 can
be attributed to competition with the hydrogen ions at the lower
pH condition. The Hg(II) isotherm was fitted by Langmuir isotherm
model:

bC

QZQ‘ITI&XH_T (1)

where Q is Hg(II) concentration on the adsorbents (mg g~1); Qmax is
the maximum Hg(II) concentration on the adsorbents (mgg=1); b
is a Langmuir constant; and Cis Hg(II) concentration in the solution
(mgL-1). The maximum Hg(II) removal capacity (Qmax) was deter-
mined by linearized Langmuir equation, and the fitted parameters
are shown in Table 1. The distribution coefficients (Ky) were cal-
culated at the low concentration range of the Langmuir isotherm.
Higher K4 value was obtained at the higher pH condition, which
is consistent with the electrostatic binding of Hg(Il) due to the
presence of deprotonated surface adsorption sites.

Table 1
Parameters for Langmuir and linear isotherms.

pH Langmuir isotherm parameters Linearisotherm parameters
b Qmax (mgg™") R? Kq (mLg™')? R?

45 1.1 90.9 0.98 107.8 0.99

5.0 0.56 188.7 0.99 109.5 0.99

6.7 0.51 3333 0.99 150.4 0.99

8.2 1.0 357.1 0.99 281.9 0.99

2 Distribution coefficient (K4 ) was determined at low concentration data in Lang-
muir isotherm.

3.4. Dye adsorption

Another exemplary application of porous magnetic nanopar-
ticles as adsorbents was investigated by using Mag-OMC for the
adsorption of a fluorescent dye, fluorescein, from aqueous solution.
When 40 mg of Mag-OMC was added to 10,000 ppm of fluorescein
solution and rigorously shaken, the color of solution was changed
from green to colorless within minutes. It indicates that the fluo-
rescent dye was quickly and strongly adsorbed into Mag-OMC. The
fluorescent dye-loaded Mag-OMC could be separated by using a
magnet (Fig. 6). The fluorescent intensity was totally disappeared
after 60 min mixing and 40 min magnet separation. The black parti-
cles of Mag-OMC could be attached to the magnet, the clear solution
could be easily decanted off or removed by a simple manipulation
such as pipetting. This result demonstrates that Mag-OMC has mag-
netic property and can potentially be used as a magnetic adsorbent
to remove dyes or other hydrophobic pollutants from the liquid
phase for the wastewater treatment processes.

3.5. Tyrosinase entrapped Mag-SBA-15

As a model case for the application of magnetic mesoporous
materials in a recyclable biocatalyst for biodegradation, we immo-
bilized tyrosinase (TY) in Mag-SBA-15. TY is an oxidative enzyme
that can be used for the oxidation and remediation of harmful phe-
nol compounds. To add vales on this approach, we adopted the
approach of nanoscale enzyme reactors to stabilize the TY activ-
ity, which consists of two simple steps: enzyme adsorption and
crosslinking [41-43]. In other words, TY was adsorbed into Mag-
SBA-15, and further crosslinked to prepare the nanoscale enzyme
reactors of TY (NER-TY), which can stabilize the TY activity by pre-
venting the TY leaching and denaturation [41-43]. As a control,
we also prepared adsorbed TY (ADS-TY) in Mag-SBA-15 without
enzyme crosslinking, and compared the stabilities of ADS-TY and
NER-TY in the TY-catalyzed oxidation of catechol. The initial activ-

5 120
£ 100 1 a =
©
£ 801 -
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é 60 1 Fluorescein Flﬁﬁgﬁig*-
3 40
w
g 20
w0
[0]
(14 0 .
0 min 60 min

Fig. 6. Residual fluorescent intensity of fluorescein in aqueous solution before and
after 60 min adsorption by Mag-OMC. Inset indicates fluorescein solution (left) and
adsorption of the fluorescein on Mag-OMC and recovery of the fluorescein loaded
Mag-OMC by using a magnet (right).
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Fig. 7. Stabilities of ADS-TY and NER-TY at room temperature under rigorous shak-
ing in cycles of magnetic separation and excessive washing. One cycle consists
of magnetic separation, replenishment of solution, and excessive washing for 1 h.
The residual activity was measured after every five cycles, and the relative activity
represents the ratio of residual activity to the initial activity of each sample.

ity of ADS-TY and NER-TY were 0.052 and 0.250 A392min~! per
mg of Mag-SBA-15, respectively, which can be explained by higher
enzyme loading of NER-TY than ADS-TY due to the prevention of
enzyme leaching [42]. To investigate the leaching of TY from Mag-
SBA-15, the ADS-TY and NER-TY samples were incubated under
rigorous shaking condition (250 rpm), and the residual TY activity
was measured after every five cycles of magnetic capture, replen-
ishment of solution, and excessive washing. ADS-TY showed a
gradual loss of TY activity, which can be attributed to a continu-
ous leaching of TY during iterative washing and magnet separation.
On the other hand, NER-TY showed the stabilized TY activity dur-
ing excessive washing and magnetic separation. For example, 82%
of initial activity was preserved after 30 iterative cycles of activity
measurements and washings with NER-TY (Fig. 7). The stability of
free tyrosinase was also checked as a control, and the activity of free
tyrosinase decreased very rapidly (Fig. S2 in supplementary data)
even under incubation with no cycle of magnetic separation and
excessive washing. This result suggests that NER-TY is stable due
to negligible leaching of TY from Mag-SBA-15 and prevention of TY
denaturation by multi-point covalent linkages on the surface of TY
molecules. This impressive stability of crosslinked enzyme in meso-
porous silica will enable their repeated uses with an easy recycle for
real enzyme applications in various fields such as bioremediation,
environmental monitoring, and enzymatic synthesis.

4. Conclusions

It has been demonstrated that magnetically separable meso-
porous silica and carbon materials can be successfully synthesized
into formats viable for a range of chemical separations. We have
shown they can be used as recoverable adsorbents for inorganic
and organic environmental contaminants and recyclable biocat-
alytic scaffolds for biodegradation. Although mesoporous materials
showed high efficiencies in removal of contaminants, the effi-
cient recovery of adsorbents after usage is a very important issue
in real applications. By incorporating iron oxide nanoparticles,
magnetic mesoporous materials can achieve not only effective
adsorption but also efficient recovery property. The structural,
chemical and biological stabilities of magnetic mesoporous mate-
rials make them good candidates for a wide range of solid phase
separation and biodegradation applications. Therefore, magnetic-
separable mesoporous materials would have a significant impact
on adsorbent-based chemical processes and environmental reme-
diation/cleanup efforts.
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