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alginate and 43.07 mg g™ fucoidan were extracted.

INTRODUCTION

Polysaccharides are distributed widely in animals, plants
and microorganisms and exhibit antitumor [1], anticancer [2],
antiviral [3], anticoagulant [4] and immunological activities
[5]. Accordingly, polysaccharides from edible and medicinal
plants have attracted considerable attention for novel potential
antioxidants [6-8]. Brown algaeare a rich source of water-soluble
polysaccharides, such as fucoidans and alginic acid.

Fucoidan and alginic acids are the main polysaccharides
from brown algae. Fucoidans have antineoplastic, anticoagulant
and anticomplementary activities, as well as antiviral activity
against the human immunodeficiency, herpes and hepatitis
viruses. The structure of alginate varies according to the
monomer position on the chain and is composed of mannuronic
and guluronic acid with B-(1,4)-linkages, forming either
heteropolymeric segments or homopolymeric [9]. Alginic acids
have been used successfully in industry and medicine as the
basis of tablets and capsules and asenterosorbents for the
removal toxins and radio nuclides. To evaluate and predict the
bioactivity of polysaccharides, their purification and separation
processes are important as the foundations for further study
[10].

In the 1990s, researchers from Mobil corporation used a
liquid crystal templating approach to synthesize a large family
of mesoporous silicates and aluminosilicates, which are known
as mesoporous mobil crystalline materials series molecular
sieves. Since the discovery of the mesoporous mobil crystalline
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materials of number 41 series family, the synthesis and applica-
tions of mesoporous molecular sieves have attracted consi-
derable interest [11,12]. Mesoporous mobil catalytic materials
of number 41 silica materials possess a regular array of
hexagonal, uniform, unidimensional mesopores, varying in
size from approximately 16 to 100 A. Owing to its very high
surface area and narrow size pore distribution, mesoporous
mobil catalytic materials of number 41 silica materials appears
in principle to be a good support material. Therefore, many
studies examined various aspects of ordered mesoporous
materials, such as their surface modification [13], synthesis
[14,15], applications as adsorbents [16,17] and catalysis
[18,19]. The surface mesoporous mobil catalytic material of
number 41 contains no specific functional groups, except for
hydroxyl groups. Therefore the adsorption, selectivity and
affinity of polysaccharides on mesoporous mobil catalytic
materials of number 41 silica materials cannot be controlled.
Mesoporous mobil catalytic materials of number 41 silica
materials was modified by ionic liquid (IL) to enhance its
selectivity by research group [20]. The hydrophobicity, high
viscosity, ionic structure, ionic conductivity, low volatility and
biocompatibility of ionic liquids make them attractive for
electrode modification [21]. The enhanced m-m interactions
between the sorbent and target compounds resulted in increased
selectivity was reported by Meng and Anderson [22].

In this study, the surface of mesoporous mobil catalytic
materials of number 41 silica materials was modified with
different functional groups using amino ionic liquids to
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increase its surface area and high selectivity for the target
compounds. The adsorption isotherm of two polysaccharides
and four modifications of mesoporous mobil catalytic materials
of number 41 silica materials were compared and the interactions
between the modified mesoporous mobil catalytic materials
of number 41 silica materials and target compounds were
examined.

EXPERIMENTAL

Fucoidan and alginic acid sodium standards were obtained
from Sigma Aldrich (St. Louis, MO, USA). Commercial meso-
porous mobil catalytic materials of number 41 silica materials
(3.0 nm pore diameter, surface area > 800 m*g) was purchased
from Hailongtech development co. 1td (Binzhou, China).
Ethanol, nitric acid and toluene were acquired from Duksan
Pure chemical Co. Ltd., (Ansan, Korea). Imidazole (99 %),
(3-chloropropyl)trimethoxysilane (= 97 %), (3-aminopropyl)-
trimethoxysilane (97 %), 3-bromopropylamine hydrobromide
(98 %) and triethylamine were supplied by Aldrich (Milwaukee,
USA). All other reagents used in the experiment were of high
performance liquid chromatography (HPLC) or extra pure
grade. Double distilled water was filtered using a vacuum pump
(Division of Millipore, Waters, USA) and filter (HA-0.45, Division
of Millipore, Waters, USA). All samples were filtered through
afilter (Minisart RC 15, 0.45 um, Goettingen, Germany) before
being injected into the HPLC system.

Chromatography conditions: The HPLC system consisted
of an YL9112 isocratic pump (Young linco., Anyang, Korea),
RIdetector (RI750F, Young lininstrument co., Anyang, Korea)
and integrated data system (Clarity chromatography software,
version 2.3, DateApex, EU). HPLC was performed using a
Waters ultrahydrogel™ WATO 11530 size exclusion column
(300 x 7.8 mmi.d.) and a Waters ultrahydrogel ™ WATO 11565
guard column (40 x 6 mm i.d.) from Waters (Milford, MA,
USA). Injection valves with 20.0 uL sample loops were used.
The mobile phase was water. The flow-rate and injection volume
were set to 0.6 mL/min and 10.0 pL, respectively. Fourier
transform infrared (FT-IR, Vertex 80V, Bruker, Billerica, MA,
USA) spectroscopy was performed in the range, 4000-400 cm™,
atascan rate of 20 scans min™'. A KBr pellet was used for analysis.
The carbon, hydrogen and nitrogen contents were determined
by elemental analysis performed on an elemental analyzer
EA1112 (Thermo, Italy). Thermogravimetric analysis (TGA,
Scinco thermal gravimeter S-1000) was performed at a heating
rate of 20 °C min™ under a nitrogen atmosphere.

Preparation of standard solution: To obtain the standard
curves, 2.0, 1.5, 1.0, 0.75 and 0.5 mg mL™" of each the two
target compounds were dissolved in water. Subsequently, 10.0
pL of each of the five standard solutions was injected into the
HPLC using a size exclusion column.

Synthesis of amino ionic liquid- modified mesoporous
mobil catalytic materials of number 41 silica materials:
The amino ionic liquid modified mesoporous mobil catalytic
materials of number 41 silica materials was synthesized using
the method reported elsewhere [20]. A pretreatment was perfor-
med to enhance the presence of hydroxyl groups on the meso-
porous mobil catalytic materials of number 41 silica materials
surface and eliminate any metal oxide and nitrogenous impurities.

Mesoporous mobil catalytic materials of number 41 silica
materials was activated by stirring with nitric acid/water (50:
50, v/v) for 24 h. The activated mesoporous mobil catalytic
materials of number 41 silica materials was filtered and washed
thoroughly with distilled water and ethanol and then dried at
120 °C for 12 h.

3-Chloropropyltrimethoxysilane (1 mL) or (3-amino-
propyl)trimethoxysilane (0.7 mL) with 2 g mesoporous mobil
catalytic materials of number 41 silica materials was stirred
and heated under reflux in 50 mL dry toluene. After a 24 h
reaction, the powders were washed with ethanol. Chloropropyl
mesoporous mobil catalytic materials of number 41 silica
material and amino mesoporous mobil catalytic materials of
number 41 silica materials were dried under vacuum at 80 °C.
Imidazole 0.5 g (with triethylamine catalyst 0.5 g) was then
used to modify the chloropropyl mesoporous mobil catalytic
materials of number 41 silica materials under reflux in a 50
mL dry toluene. Imidazole-based mesoporous mobil catalytic
materials of number 41 silica materials was obtained after
heating under reflux for 10 h. The resulting material was washed
with ethanol and dried. Subsequently, 2 g imidazole-based
mesoporous mobil catalytic materials of number 41 silica materials
and 2 g 3-bromopropylamine hydrobromide were stirred in
50 mL of ethanol and heated under reflux for 24 h. After the
reaction, the amino ionic liquid-modified mesoporous mobil
catalytic materials of number 41 silica materials was obtained.

Preparation of adsorption isotherm: The static method
was performed on the amino-mesoporous mobil catalytic materials
of number 41 silica materials, imidazole-based mesoporous
mobil catalytic materials of number 41 silica materials and
amino ionic liquid-modified mesoporous mobil catalytic
materials of number 41 silica materials particles. 2 mg of
amino-mesoporous mobil catalytic materials of number 41
silica materials, imidazole-based mesoporous mobil catalytic
materials of number 41 silica materials and amino ionic liquid-
modified mesoporous mobil catalytic materials of number 41
silica materials was placed, separately, into microtubes and
mixed with 1 mL of water and the standard solutions (0.50,
0.75, 1.00, 1.50, 2.00 mg mL") at room temperature for 0.5 h
with constant stirring. The adsorption solution was centrifuged
and the supernatant solvent was collected and filtered. The
experimental adsorption isotherms were fitted to the following
three models: linear, Freundlich adsorption isotherm and
Langmuir-Freundlich models. This process was accomplished
using the solver function in OriginPro 8.0 software (Origin
Lab Corporation, MA, USA) by varying the fitting parameters
until the squared correlation coefficient (1*) reached unity.

RESULTS AND DISCUSSION

To obtain the standard curves, alginate and fucoidan
solutions with accurate concentrations were produced by
dilution (0.50, 0.75, 1.00, 1.50 and 2.00 mg mL™") with water.
The resulting linear regression equations of the two compounds
were Y = 136.03x - 8.3505 (1> = 0.9928) for alginate and Y =
83.54x - 6.815 (r* = 0.9974) for fucoidan. The precision was
determined by repeating the analysis six times and the method
recovery ranged from 97.4 to 100.7 %. Assays of the repeat-
ability calculated as the relative standard deviations (RSDs)
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were performed by injecting the extraction sample 5 times in
a 5-day period. The RSDs were lower than 5.12 % showing
acceptable precision and accuracy (Table-1). These results
show that the proposed method is stable with a wide range of
potential applications. The amount (Q) of alginate and fucoidan
adsorbed on mesoporous mobil catalytic materials of number
41 silica materials, amino-mesoporous mobil catalytic materials
of number 41 silica materials, imidazole-based mesoporous
mobil catalytic materials of number 41 silica materials and
amino ionic liquid-modified mesoporous mobil catalytic
materials of number 41 silica materials were determined using
the following equation:

Q={E=H 1)

m

where Q (mg g) is the amount absorbed, Cy (mg mL™) is the
initiator concentration, C (mg mL™") is the free concentration,
V (mL) is the volume of the sample solvent and m (mg) is the
dry mass of the sorbent. Q was calculated using eqn. 1. The
experimental parameters were compared by non-linear regre-
ssion analysis using the equilibrium isotherms.

The IR spectra of mesoporous mobil catalytic materials
of number 41 silica materials and its modified mesoporous
mobil catalytic materials of number 41 silica materials shows
that the hydroxyl group absorbs between 3600 to 3200 cm'
(Fig. 1). The signal of the hydroxyl group in a new material is
lower than that of mesoporous mobil catalytic materials of
number 41 silica materials [20,23,24]. The presence of the N—
H bending vibration around 3400 cm™ and the C=N stretching
in the range of 1515 cm™ confirmed the incorporation of imida-
zole groups. The absorbance of the H-N—H stretching vibration
is normally observed at approximately 1627 and 1390 cm
[25]. Therefore, the ionic liquid groups successfully replaced
the —OH groups on the mesoporous mobil catalytic materials
of number 41 silica materials surface.

Fig. 2 presents the TGA profiles of the three modified
mesoporous mobil catalytic materials of number 41 silica
materials and parent mesoporous mobil catalytic materials of
number 41 silica materials samples. All samples showed an
initial weight loss at approximately 150 °C, which was assigned
to the loss of physically adsorbed water interacting with the
hydrophilic surface. With increasing temperature, the weight
loss of mesoporous mobil catalytic materials of number 41
silica materials and imidazole-based mesoporous mobil
catalytic materials of number 41 silica materials remained
constant, indicating no appreciable condensation of silanol
groups on the surface. The weight loss curves of amino-meso-
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/

Absorbance
N

500 1 OIOO 1 5IOO 20|OO 25|00 30IOO 35|OO 4000
Wavenumber (cm71)

Fig. 1. FTIR of mesoporous mobil catalytic materials of number 41 series
(a) mesoporous mobil catalytic materials of number 41 silica
materials, (b) amino-mesoporous mobil catalytic materials of
number 41 silica materials, (c) imidazole-based mesoporous mobil
catalytic materials of number 41silica materials, (d) amino ionic
liquid-modified mesoporous mobil catalytic materials of number
41silica materials
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Fig. 2. TGA weight loss curves of the mesoporous mobil catalytic materials

of number 41 silica materialsseries (a) amino ionic liquid-modified

mesoporous mobil catalytic materials of number 41silica materials,

(b) amino-mesoporous mobil catalytic materials of number 41 silica

materials, (c) imidazole-based mesoporous mobil catalytic materials

of number 41 silica materials, (d) mesoporous mobil catalytic

materials of number 41 silica materials

porous mobil catalytic materials of number 41 silica materials
and amino ionic liquid-modified mesoporous mobil catalytic
materials of number 41 silica materials showed three regions

TABLE-1
INTRA-DAY AND INTER-DAY PRECISIONS, ACCURACIES AND RECOVERIES OF
ALGINATE AND FUCOIDAN WITH THREE DIFFERENT CONCENTRATIONS

. Intra-day Inter-day
Analyte Concentra}flon Measured concen- Precision Measured concen- Precision Method
(ug mL™) : o ; Z recovery (%)
tration (ug mL™) RSD (%) tration (ug mL™) RSD (%)
1 1.01 (z0.21) 4.61 (x1.25) 0.99 (£2.20) 3.89 (£2.54) 99.4
Alginate 50 50.12 (+3.48) 3.54 (+4.08) 49.98 (+5.00) 4.54 (£2.82) 100.7
100 99.08 (+1.54) 3.69 (+£2.58) 100.25 (+£2.88) 4.11 (£5.12) 98.1
1 0.98 (+0.18) 3.71 (z4.01) 1.00 (x1.05) 4.60 (£3.07) 99.7
Fucoidan 50 49.14 (x0.24) 3.39 (=0.28) 51.07 (£3.85) 3.82 (£2.24) 97.4
100 100.78 (£2.85) 4.32 (x1.22) 99.98 (+2.87) 4.75 (x1.32) 98.2




1952 Lee et al.

(Fig. 2). First, the weight loss up to 150 °C refers to the loss
physically adsorbed water. Second, the weight loss between
200 and 300 °C indicated the appreciable condensation of a
ligand with any residual silanol on the surface and with silanols
on the neighboring ligands. Third, the weight losses at 320
and 700 °C were assigned to the decomposition of the organic
ligand bonded chemically to the surface. These results indicate
the different stability of the organic moieties in the samples,
which could be due to a distinct location or binding to the
silica surface [24,26].

The highest percentage of carbon and nitrogen on amino-
mesoporous mobil catalytic materials of number 41 silica mate-
rials, imidazole-based mesoporous mobil catalytic materials
of number 41 silica materials and amino ionic liquid-modified
mesoporous mobil catalytic materials of number 41 silica
materials showed that the ionic liquid group was immobilized
on mesoporous mobil catalytic materials of number 41 silica
materials (Table-2). As a result, immobilization of the amino
group was successful.

TABLE-2
ELEMENTAL ANALYSIS OF MODIFIED MESOPOROUS MOBIL
CATALYTIC MATERIALS OF NUMBER 41SILICA MATERIALS

Sorbent C (%) H (%) N (%)
MCM-41 2.15 1.06 -
NH,-MCM-41 5.95 2.43 2.10
Im-MCM-41 6.57 1.37 2.03
NH,-IL-MCM-41 11.61 2.89 4.17

MCM-41 (Mesoporous mobil catalytic materials of number 41 silica
materials), NH,-MCM-41 (amino-mesoporous mobil catalytic mate-
rials of number 41 silica materials), Imn-MCM-41 (imidazole-based
mesoporous mobil catalytic materials of number 41 silica materials),
NH,-IL-MCM-41 (amino ionic liquid-modified mesoporous mobil
catalytic materials of number 41 silica materials)

Optimization of adsorption conditions

Effect of pH: The pH of an aqueous medium is an impor-
tant factor that can affect the uptake of an adsorbate. The
chemical characteristics of both the adsorbent and adsorbate
vary according to pH. The pH of the solution affects the degree
of ionization and the speciation of various pollutants, which
leads to a change in the reaction kinetics and equilibrium charac-
teristics of the adsorption process. The effects of the initial pH
on the adsorption of alginates and fucoidan by mesoporous
mobil catalytic materials of number 41 silica materials were
studied. In the alkaline range, the pH was varied using aqueous
NaOH, whereas in the acidic range, the pH was varied using
HCI1[27]. Fig. 3 shows the experimental results for the uptake of
alginates and fucoidan on amino-mesoporous mobil catalytic
materials of number 41 silica materials at a pH of 1, 3,7, 9
and 11. This shows that the adsorption capacity of amino-
mesoporous mobil catalytic materials of number 41 silica
materials decreases significantly at low pH (2-3) and high pH
(10-11). The maximum amounts of alginate and fucoidan at
pH 7 was 68.50 mg g"' and 43.70 mg g, respectively. NH,-
MCM-41 is a material with amphoteric characteristics.
Therefore, their surfaces might be positively or negatively
charged depending on the pH, which has a direct influence on
the electrostatic interactions [28-30]. In addition, a higher or
lower pH will not favour adsorption of the basic dye on amino-
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Fig. 3. Effects of pH on the adsorption efficiency (amino-mesoporous
mobilcatalytic materials of number silica materials, concentration:
1.5 mg g", time of alginic acid: 30 min, time of fucoidan: 60 min,
Sorbents added amount: 20 mg, solvent: water)

mesoporous mobil catalytic materials of number 41 silica
materials. Some other effects of the pH on the dyes and amino-
mesoporous mobil catalytic materials of number 41 silica
materials structure should be also considered. For example,
the structure of amino-mesoporous mobil catalytic materials
of number 41 silica materials might not be stable in acid
solutions and the dyes can decompose in acid solutions [31].

Effect of time: Fig. 4 shows the effect of time on amino-
mesoporous mobil catalytic materials of number 41 silica
materials at a concentration of 1.5 mg g, 20 mg of the added
sorbents and water as the solvent. In addition, the time was
varied from 30 to 150 min to optimize the time. A sharp
decrease in the amount adsorbed with time was observed. The
optimal time for alginate and fucoidan was found to be 30
min and 60 min, respectively. The experimental results showed
that amount of alginate and fucoidan adsorbed was 68.50 mg ¢!
and 40.43 mg g', respectively. This suggests that with alginate,
adsorption is complete at 30 min. After 30 min, a desorption
process occurs. With fucoidan, adsorption is complete at 60 min.
After 60 min, the desorption process occurs (Table-3). This is
relevant to the bonding of a large number of hydroxyl groups
on the adsorbent surface to water through hydrogen bonding.
After a certain time, there were difficulties in forming hydrogen
bonds between the hydroxyl groups remaining on the adsorbent
and water molecules and the adsorption of water reached
equilibrium [32].

Adsorption isotherms: The equilibrium adsorption
isotherm is important in the design of adsorption systems. The
effects of different functional groups in mesoporous mobil
catalytic materials of number 41 silica materials series were
evaluated. The experimental data of alginate and fucoidan was
fitted to the following three adsorption isotherm models:

=41, @)
Q=aCt 3)
B abCp*

Q= +bCLe )
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where a, b and ¢ are parameters and Cg (mg mL) is the
concentration of alginate and fucoidan in the standard solution
samples. The adsorption isotherm models used were the Langmuir
(eqn. 2), Freundlich (eqn. 3) and Langmuir-Freundlich (eqn.
4). Table-4 listed the adsorption parameters using the three
adsorption isotherm models. The regression coefficient (r*) of

| \\\§ %% é§ the cpmpetitive Langmuir-Freundlich isotl.lerm for alginate and
a0l % %\ /\ N fucoidan was 0.9887 and 0.9908, respectively. Therefore, the
| % %\ %\ Langmuir-Freundlich isotherm was used to better compare the
o0k \ /\ /\ competitive adsorption. The Langmuir adsorption isotherm is
L % /\ %% generally applied to a homogeneous adsorption system.
10} % %§ %§ Freundlich presented the earliest known experimental equation
. r A&\ Ak\ %&\ \ for the ngorpHon .of a material ont.o animal charcoal. This is
0 30 60 2 120 150 180 an empirical equation used to describe heterogeneous systems
Time (min) and is not restricted to the formation of a monolayer [17].
Fig. 4. Effe(-:t of tim‘e on the‘ adsorption efﬁcien‘c‘y (aminojmesoporous Conclusion
mobil catalytic materials of number 41 silica materials, concen-
tration: 1.5 mg g, Sorbents added amount: 20 mg, solvent: water) This study compared the ability of mesoporous mobil
catalytic materials of number 41 silica materials e.g., amino-
TABLE-3 mesoporous mobil catalytic materials of number 41 silica
ADSORBED AMOUNT OF STANDARD materials, imidazole-based mesoporous mobil catalytic
SOLVENT WITH DIFFERENT SORBENTS materials of number 41 silica materials and amino ionic liquid-
Conci Sorbents Adsorbed amount (mg g™) mgdiﬁed mesoporous mobil catalytic materials of nt}mber 41
(mg g) Alginate Fucoidan silica materials to adsorb two target compounds, alginate and
MCM-41 38.315 6.802 fucoidan. Among the four mesoporous mobil catalytic mate-
2.00 NH,-MCM-41 53.606 8.669 rials of number 41 silica materials series, amino-mesoporous
Im-MCM-41 39.260 20.436 mobil catalytic materials of number 41 silica materials showed
WL L C 5 = 1.888 the best adsorption of the target compounds. Under the
WS s Dt optimized conditions of the solvent of water and pH 7.0, 68.50
1.50 NH, MCM-41 68.50 40431 mg g and 43.70 mg g of alginate and fucoidan were obtained
Im-MCM-41 21.00 22.70 ’
NH,-IL-MCM-41 0.560 0.326 in 30 and 60 min, respectively. Among the adsorption isotherm
MCM-41 320 0.350 models, the Langmuir-Freundlich isotherm was found to be
1.00 NH,-MCM-41 39.660 18.826 the optimal isotherm for this study. The regression coefficient
Im-MCM-41 22263 23.172 (r*) of the competitive Langmuir-Freundlich isotherm for
NH,-IL-MCM-41 0.838 0.428 alginate and fucoidan was 0.9887 and 0.9908.The acceptable
BACKAE 1 23.881 1760 validation parameters and simple procedure indicates that the
NH,-MCM-41 34.431 33.421 . . .
0.75 I MCM_41 19.654 25,564 HPSEC method is a suitable method for separating the soluble
NH,-IL-MCM-41 0.295 1.855 polysaccharides in brown seaweed based on the molecular
MCM-41 14.028 20921 weight. The use of ordered mesoporous materials for adsorp-
0.50 NH,-MCM-41 21.931 20.921 tionis a grow.ing but still chal.lenging field with a high demand
Im-MCM-41 14.403 20.921 for new and improved materials.
NH.,-IL-MCM-41 3.876 2.223

Sorbents added amount: 20 mg, solvent: water, time: 30 min, MCM-41
(mesoporous mobil catalytic materials of number 41silica materials),
NH,-MCM-41 (amino-mesoporous mobil catalytic materials of
number 41 silica materials), Im-MCM-41 (imidazole-based meso-
porous mobil catalytic materials of number 41 silica materials), NH,-
IL-MCM-41 (amino ionic liquid-modified mesoporous mobil catalytic
materials of number 41silica materials)
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TABLE-4
PARAMETERS FOR THE ADSORPTION ISOTHERM OF THE TWO TARGET COMPOUNDS BY
AMINO-MESOPOROUS MOBIL CATALYTIC MATERIALS OF NUMBER 41 SILICA MATERIALS

Target compounds Parameters a b c r?
Langmuir 95.503 0.637 - 0.9850
Alginate Freundlich 36.234 0.585 - 0.9716
Langmuir-Freundlich 70.483 1.167 -0.361 0.9887
Langmuir 62.589 0.965 - 0.9654
Fucoidan Freundlich 29.970 0.487 - 0.9286
Langmuir-Freundlich 44.158 2.712 -0.907 0.9908
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