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Abstract

A new mesoporous organosilica materigtCD-Silica-4%) containing microporoy3-cyclodextrins 3-CDs) has been prepared by the
co-polymerization of a silylate@-CD monomer with tetraethoxysilane in the presence of a structure-directing template, cetyltrimethylam-
monium bromide. Solid-staf€C and?®Si NMR studies provided evidence for the presence of covalently attfi@is in the mesoporous
material. Nitrogen adsorption experiments showed fhaD-Silica-4% material had a BET surface area of 460ynand an average meso-
pore diameter of 2.52 nm. Small-angle powder X-ray diffraction patteri-@D-Silica-4% material revealed the lack of highly ordered
mesoporous structure. Adsorption experiments showed3#@D-Silica-4% material removed up to 99% of humic acid from an aqueous
solution containing 50 ppm of humic acid at a solution-to-solid ratio of 100 ml/g.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Humic acids, which are soluble in alkaline to weekly
acidic agueous solutions, are derived from the degra-
The synthesis of porous materials with tailored properties dation of plants and micro-organisms. They represent a

is one of the most attractive areas of materials scig¢he®]. broad range of structurally complex compounds containing
In 1992, the first mesoporous silica material with regular aliphatic, aromatic, and hydrophilic functional groups, such
pore channels in the range of 20—100 A was repojied]. as carboxyl and phenolic groups. Since humic acids are a

Since then, the synthesis of mesoporous inorganic materi-well-established cause of color in all open water sources
als using a structure-directing template has attracted wideand are also implicated in the formation of disinfection
attention[8]. Recently, a new generation of mesoporous by-products upon chlorination, with potential health im-
hybrid silicas containing organic groups on the surfaces plications, their removal is an important task to improve
of ordered mesoporous silicas was developed by graftingthe water quality. Because of the huge volumes involved,
or anchoring of organic guests onto the mesopore channeleffective purification methods for the removal of humic
surface[9-12] or by the direct incorporation of organic acids from water supplies have to be efficient, fast and in-
groups through co-condensation of organotrialkoxysilanes expensive. Recently, Wirth and Heaf24] have reported
with tetraalkoxysilanes (Si(OEt)or Si(OMe)) [13-19] the use of porous zirconia and silica particles modified with
This new family of hybrid mesoporous materials is of great anion-exchange functionalities for the removal of humic
interest in environmental remediation and chromatographic acid from surface water.
separation due to the presence of high surface areas and or- Cyclodextrins (CD) are cyclic oligomers of glucoses,
ganic functional groups. Most recently, mesoporous hybrid which possess a hydrophilic exterior and a hydrophobic in-
silica materials with covalently bound specific large organic terior into which a variety of hydrophobic organic molecules
cavities have been report§20-23] may be introduced. The CD molecule not only offers a hy-
drophobic cavity on the nanometer scale, generally smaller
* Corresponding author. Teks1-217-333-2088; than the zeolitic cavit.ies, but als.O possesses hydrophilic
fax: +1-217-333-2736. hydroxyl groups outside the cavity, which contribute to
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been immobilized to silica gel via a carbamate spacer, and2.2. Characterization of materials
have been used as a chiral-recognizing perphenyR€d
column[25,26] Most recently, the use of mesoporous sil- FTIR spectra were recorded from KBr pellets using a
ica containing immobilize-CD in chiral separations has Galaxy Series FTIR 5000 spectrophotometer. Liquid state
been reported by Gallis et aJ27]. We have previously  1H and13C NMR spectra were recorded on a Varian Mer-
reported the synthesis of ordered mesoporous organosili-cury 400 spectrometer operating at 400.2 MHH) and
cas with covalently boung-CDs in the silica wall[22]. 100.6 MHz £°C). Liquid state?°Si NMR spectra were
However, more than 14 OH groups in tReCD units of recorded on a Varian Chemagnetics Infinity Plus 500 spec-
those materials were converted into O(4groups. Thus, trometer operating at 99.3 MHz. High-resolutiéfC and
the hydrophilicity of thep-CD units in thep-CD-based 293i MAS NMR spectra were run at 75.5 and 59.6 MHz,
materials is much weaker than that of the origifaCD respectively, on a Varian VXR300 spectrometer with a
molecules. ZrO7 rotor and two aurum caps. The spinning speed ranged
In the present work, we report the synthesis of a new between 3 and 4kHz. The experiments were made using
type of mesoporous hybrid silica adsorbent containing a high-power proton decoupling (DD). The XRD patterns
covalently bound microporoug-CDs for the efficient re-  were obtained with a Rigaku DMAX-B diffractometer us-
moval of humic acid contaminant from water. There are ing Cu Ka radiation. Nitrogen sorption isotherms of the
two main differences between this n@8a#CD-based meso-  materials were taken at 77 K by using nitrogen in a conven-
porous organosilica material and our previ@+€D-based tional volumetric technique by an Autosorb-1 volumetric
mesoporous materialR2]. One is that theB-CD units sorption analyzer controlled by Autosorb-1 for windows
in this new material are viewed as terminal groups inside 1.19 software (Quantachrome). All samples were outgassed
the mesopores, whereas tReCD units in our previous at 80°C until the test of outgas pressure rise was passed
materials[22] function as the bridge groups in the sil- by 5uHg/min prior to their analysis. The surface area
ica walls. The other difference is that tfleCD units in was calculated using the BET method based on adsorption
the new material have much more free OH groups than data in the partial pressurd®/Pp) range 0.1-0.3. TEM
those in our previous materia[82], which may play an images were recorded on a Hitachi HF-2000 transmis-
important role for their interaction with humic acids that sion electron microscopy. UV-Vis spectra were recorded
contain a variety of hydrophilic and hydrophobic functional at 25°C with an Agilent 8453 UV-Vis spectrophotome-
groups. The newp-CD-based mesoporous organosilica ter.
material possesses both the advantages of the mesoporous
silica, including high surface area and controlled pore size, 2.3. Synthesis of CD-based monomer 1
and the advantages @-CD hosts, such as their ability
to incorporate hydrophobic organic molecules into their  To a stirred solution of purifie@-CD (5.74 g, 5.0 mmol)
hydrophobic cavities and their ability to form hydrogen in 70ml of dried DMF, was added 3.70g (15.0 mmol)
bonding with hydrophilic compounds through their OH of 3-isocyanatopropyltriethoxysilane. The solution was
groups. Based on these characteristics, we expect that thistirred at 70C under nitrogen for 24 h. The solvent was
new material would have fast sorption kinetics for humic removed under reduced pressure under nitrogen. The prod-
acids. uct monomerl was obtained as a light yellow solid.
Yield 97%. IR (KBr) 3390 (N-H), 1713 (€0), 1542
(NH-CO). 'H NMR (DMSO0) § 0.52 (m, 6H, SiCH),

2. Experimental 1.15 (t, 27H, SIOCHCHs), 1.44 (m, 6H, SiCHCH,),
3.27 (M, SICHCH,CHy), 2.87-3.73, 4.19-4.88, 5.58-5.77
2.1. Materials (m, 67H, SIOCH, H1, H2, H3, H4, H5).13C NMR

(DMSO) § 7.3, 18.3, 23.0, 43.3, 57.8, 60.0, 69.8, 72.2,

Most of the solvents and all reagents were obtained from 73.0, 81.6, 101.6, 102.0, 155.8°Si NMR (DMSO)
commercial supplies and used without further purifica- § —46.2.
tion. THF and DMF employed in the syntheses were dried
over 3A molecular sieves. CycloheptaamyloggQD) 2.4. Preparation of as-synthesized organosilica materials
was obtained from Aldrich Chemical Co. Inc., purified (8-CD-Slica-X%-S)
by recrystallization from water three times, and dried at
110°C for 12h. 3-Isocyanatopropyltriethoxysilane was A mixture of monomerl dissolved in DMF and TEOS
obtained from Gelest Inc. and used without purification. corresponding to the appropriate mole fraction, with a to-
Tetraethoxysilane (TEOS) and cetyltrimethylammonium tal of 32.5mmol Si (for example, 6.01g (28.6 mmol) of
bromide (CTAB) were purchased from Aldrich Chemi- TEOS and 2.44g (1.3 mmol) of monomérfor sample
cal Corp. and used without further purification. Humic B-CD-Silica-4%-S), was added slowly to the base—surfactant
acids were obtained from Alfa Aesar and Fisher Scientific, solution with gentle stirring. The base—surfactant solution
respectively. was prepared by adding 1.10g of CTABr (3.0 mmol) to a
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solution of NaOH (0.71g, 18 mmol) and deionized water
(58.5 g, 3.3mol), and stirring at 4€ for 30 min in a closed
flask. The mixture was then heated at 2@0for 24 h. The
white solid was collected by filtration, washed thoroughly
with water, acetone, THF and diethyl ether, and air-dried
under ambient conditions. A mole ratio of 1.00 TE®@S:
monomerl:130 H,0:0.7 NaOH:0.12 CTAB was used dur-
ing the synthesis. Samples were prepared with mondmer
to the total amount of Si molar ratios/(1 + 3z)) of 0/100
(B-CD-Silica-0%-S), 4/100 R-CD-Silica-4%-S), 10/100
(B-CD-Silica-10%-S).

2.5. Surfactant extraction

The surfactant template was removed from the as-synthe-
sized organosilicaB-CD-Silica-X%-S materials through
solvent extraction. An as-synthesized sample (5g) was re-
fluxed in ethanol-HCI (100:1) for 24 h. The powder was
filtered, washed with methanol, and air-dried at room tem-
perature to provide the surfactant-extractg@dCD-based
B-CD-Silica-X% material.

2.6. Adsorption of humic acid by the surfactant-extracted
B-CD-Slica-X% materials

B-CD-Silica-X% (100mg) was stirred with 10ml of
aqueous solution containing humic acid (Fisher Scientific
or Alfa Aesar, 50 ppm) at 25C for 18 h. The suspension
was filtered, and the residual humic acid concentration in
the filtrate was measured using UV-Vis spectroscopy. The
UV spectrum of the humic acid aqueous solution showed
a shoulder between 250 and 350 nm representing the aro
matic components of the humic acid. The absorbance
changes at 275nm wavelength of the humic acid solu-
tion before and after the adsorption ByCD-Silica-X%
were used to monitor the adsorption of humic acid to
B-CD-Silica-X% material. The amount of humic acid ad-
sorbed byp-CD-Silica-X% was then determined by sub-
tracting the humic acid in the filtrate from that of the
untreated humic acid solution. The same procedure was
used with variation of adsorption time, concentration of
humic acid, type of humic acid, and the amount of solid
material.

2.7. Regeneration of humic acid-loaded 8-CD-Slica-4%

Two hundred milligrams off3-CD-Silica-4% material
loaded with a known amount of humic acid (Fisher Scien-
tific) was shaked in 20 ml of a concentrated sodium chloride
aqueous solution (brine, pH 7.72) at 5 for 6h. The
suspension was filtered, and the concentration of humic
acid in the filtrate was measured by UV-Vis spectroscopy.
The amount of humic acid removed frogaCD-Silica-4%
material then was determined by difference.
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3. Results and discussion
3.1. Synthesis

The strategy to linkB-CD hosts to mesoporous sil-
ica framework involved covalently attaching two to
three triethoxysilyl groups to3-CD through carbamate
linkages Fig. 1), and co-polymerizing the resulting
B-CD-based monomet with TEOS in the presence of
a structure-directing surfactant, cetyltrimethylammonium
bromide (CTAB), to produce th@-CD-based organosili-
cas Fig. 2. In the present study, we have identified the
surfactant-templated mesoporous silicas as platform sub-
strates for preparin@-CD-based mesoporous organosilica
materials. The basis of this approach was to couple the use
of supramolecular surfactant template with co-condensation
reactions involving siloxane (TEOS) an@-CD-based

()=
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Fig. 2. Preparation op-CD-Silica-X% materials.
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(a)
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Fig. 3.13C NMR spectra of (aB-CD-Silica-4% material, and (b) CTAB
surfactant.

monomerl. TEOS was used as the primary silica source
and as a reagent for the formation of fully saturated link-
ages that are required to maintain structural integrity in

T T T T

200 150 100 50 0 2100 -150 200 ppm

Fig. 4. Solid stat€°Si NMR spectrum of3-CD-Silica-4% material.

pore size is in the mesopore range. The steep slope at low
relative pressure in the nitrogen adsorption isotherm curve
of B-CD-Silica-4% Eig. 5b reveals that the isotherm is
not strictly of type IV (indicating the mesoporositj38],

but it indicates that the isotherm has a superposition of

the organo-silica-surfactant mesophase. The surfactant wasype | and type IV isotherms. This superposition indi-

removed by treatment with ethanol containing aqueous
hydrochloric acid to produce the mesoporous organosilicas.

The as-synthesized materials were nare@D-Silica-
X%-S and the surfactant-extracted materials were named
B-CD-Silica-X%. B-CD-Silica-0%-S and its extraction
productB-CD-Silica-0% were prepared entirely from TEOS
and contain n@-CD host molecule.

3.2. Characterization

3.2.1. NMR characterization

The chemical structure of the mesopor@+€D-Silica-
X% materials was studied with solid-state NMR. The carbon
spectrum of3-CD-Silica-4% is shown irFig. 3a The car-
bon in the urethane connector@QONH) is found in§ 159,
and the carbons in th@-CD unit are found in the regio8
60-110, indicating that the covalently boug¢CD units are
intact during the template-directed sol-gel process. The car-
bons in the carbamate connector (OCOBHHCH2CH»Si)
are found in the regio§i9-50. Compared with the solid-state
carbon NMR spectrum of CTAB surfactaritig. 3b), the
carbon spectrum of-CD-Silica-4% lacks all carbon res-
onances from CTAB, indicating the complete removal of
the surfactant from the as-synthesizgedCD-Silica-4%-S
by solvent extraction. The solid-sta®Si NMR spec-
trum of B-CD-Silica-4% sampleKig. 4) shows two sig-
nals ats —62.1 and—65.4 attributed to ¥ (CSi(OH)Q)
and T (CSiOs) substructures, respectively, as well as
one strong signal as —110.8 attributed to & (SiOs)
substructure.

3.2.2. Surface area
The nitrogen adsorption isotherm ¢@-CD-Silica-0%
(Fig. 59 exhibits a type IV isotherm, indicating that the

cates the existence of addition@lCD-based micropores

in mesoporousp-CD-Silica-4% material. The pore size
distribution of B-CD-Silica-4% calculated from the ad-
sorption branch of the nitrogen isotherrRid. 5h(inset))

by using the method proposed by Barrett, Joyner, and
Halenda[29] (BJH method) shows a bimodal pore size
distribution, with 0.69 nm-sized micropores and 2.52nm
mesopores. In contrast, the nitrogen adsorption isotherm of
B-CD-Silica-10% Fig. 50 is of type Il adsorption curve,
suggesting that it is nonporou3able 1 gives the BET
surface areas for th@-CD-Silica-X% materials in the
third column. TheB-CD-Silica-0% andB-CD-Silica-4%
have high BET surface areas of 720 and 48Myn
respectively.
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Fig. 5. Nitrogen adsorption—desorption isotherms of§a}D-Silica-0%,
and (b)B-CD-Silica-4% and (cB-CD-Silica-10%.
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Table 1 Table 2
Physical and surface properties @CD-based organosilica materials Adsorption of different humic acids by-CD-based organosilica materials
- from watef
Material XRD BET surface  Mesopore
d(100) (nm)  area (M/g) diameter (nnd Material Humic acid adsorbed (%)

B-CD-Silica-0% 3.40 720 2.79
B-CD-Silica-4% - 460 2.52 A (50ppmy B (50ppmy
B-CD-Silica-10%  — 24 - B-CD-Silica-0% 49.1 39.0

3 - - -CD-Silica-4% 99.6 99.1

Calculated from the adsorption branch by using the BJH method. B-CD-Silica-10% 33.0 25.2
. . a Experimental conditions: 0.1 g of solid material in 10 ml of aqueous

3.2.3. Powder X-ray diffraction solution, 18 h, 25C.

Fig. 6 shows the small angle powder XRD patterns of the b Humic acid A is purchased from Fisher Scientific.
surfactant-extracte@-CD-Silica-X% materials. The XRD ¢ Humic acid B is purchased from Alfa Aesar.

pattern of B-CD-Silica-0% pure silica materialF{g. 63

shows a single strong and sharp low angle diffraction o o .

(d(100)) at 2 = 2.6°, corresponding to the presence of was selected for this investigation. TigeCD units have
highly ordered mesoporous structure. The XRD pattern of both the hydrophobic cavities and hydrophilic exterior. The
B-CD-based3-CD-Silica-4% material Fig. 6b) reveals the ~ adsorption behavior of this material was characterized in
presence of a relatively broad signal at=2 2.7°, which is terms of its apparent adsorption isotherms but it should
an indication that thes-CD-basedp-CD-Silica-4% mate- be noted that these isotherms will reflect only the average
rial does not possess highly ordered mesoporous structurepehavior of the related compounds within the humic acid
Table 1gives the actuatl(100) values in the second col- mixture rather than the isothermal behavior of an individ-
umn. As the proportion of-CD units increased to 10% ual member. The humic acids adsorption properties of the
(B-CD-Silica-10%), no pronounced diffraction peak ap- B-CD-Silica-0% and3-CD-Silica-10% materials were also
peared in its small angle XRD pattern, indicating that studied for comparison purpose. TBeCD-Silica-X% ad-
B-CD-basedB-CD-Silica-10% material lacks any ordered sorbent was suspended in an aqueous solution of the humic

porous structure. acids (0.1 g adsorbent per 10 ml), and the adsorption of the
humic acids was monitored by the absorbance changes at
3.3. Humic acid adsorption properties 275nm in its UV spectrum.

Table 2summarizes the adsorption of two humic acids

Humic acids are a complex family of lignin-derived from different companies by8-CD-Silica-X% materials.
metabolites containing carboxylic groups with a range of It can be seen fronffable 2 that when the humic acid
structural features which involve different types of hydro- (50 ppm) was treated with these adsorbents, the mesoporous
gen bonding and hydrophobic characteristics. To achieve CD-silica-0% pure silica material could adsorb 49.1%
efficient adsorption with humic acids in water, the afore- Of humic acid (Fisher) (or 39.0% from Alfa Aesar). The
mentioned organosilica materigtCD-Silica-4% with mi- ~ Presence of3-CD units made a mesoporous organosilica

croporousB-CD units and mesoporous silica framework adsorben3-CD-Silica-4% that is superior in its ability to
remove humic acid from water (>99.0% for humic acids

from both Fisher and Alfa Aesar) to that of mesoporous
B-CD-Silica-0% pure silica adsorbent. However, only
33.0% of humic acid (Fisher) (or 25.2% of humic acid from
Alfa Aesar) was adsorbed when using g« D-based non-
porous 3-CD-Silica-10% material, which contains much
higher number of3-CD units than the3-CD-based meso-
porousp-CD-Silica-4% material. These results indicate that
the mesoporous structure and the microporptSD host
(b) are two key factors affecting the adsorption capability of
this type of adsorbents.
The treatment of aqueous solutions of humic acids (Alfa
Aesar) in relatively high concentrations (100 and 500 ppm,
© respectively) with mesoporoy@sCD-Silica-4% material re-
sulted in 96.7 and 60.7% adsorption, respectively. Because
T T T T T of the structural complexity of the humic acid sample, the
2.0 23 30 33 4.0 4.3 30 loading capacity of this type of adsorbents can only be ex-
2Theta (degrees) pressed in terms of mg/g. The apparent loading capacity of
Fig. 6. Powder X-ray diffraction patterns of (g-CD-Silica-0%, (b) B-CD-Silica-4% material was about 30 mg humic acid (Alfa
B-CD-Silica-4%, and (cB-CD-Silica-10%. Aesar) per g of adsorbent.

(a)

Intensity (a.u.)
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The adsorption kinetics of thg-CD-Silica-4% material
for humic acid is dramatically fast. Thg-CD-Silica-4%

material can reduce a 50 ppm humic acid aqueous solution
to less than 1.0 ppm within 1 min and to less than 0.3 ppm

within 2 h at a solution-to-solid ratio of 100 ml/g.

If the B-CD-based mesoporous organosilica materials are

used for the removal of humic acids from water in indus-
try, ideally they should be renewable. However, we found
that the humic acid-loade@-CD-Silica-4% material can

be partially regenerated chemically. The treatment of 0.2g

of humic acid-loade@-CD-Silica-4% material with 20 ml

of a concentrated NaCl solution (brine) for 6 h resulted in
only 30% removal of the loaded humic acid. Further explo-
ration of new effective regeneration methods for the humic
acid-loaded3-CD-Silica-4% material is still in progress.

4. Conclusions

Mesoporoug3-CD-containing organosilica material pos-
sessing high capability to adsorb humic acid contami-
nants from water was synthesized by co-polymerization
of tetraethoxysilane and the silylatggtCD monomer in

C. Liu et al./J. Chromatogr. A 1036 (2004) 113-118
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