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Abstract

Using long-chain alkylphosphate and alkylamine surfactants as templates, two kinds of purely mesoposausli@iDlar sieves
(Ti-TMS) were prepared by hydrolysis of titanium isopropoxide under completely different conditions. The templates can be successfully
removed by refluxing the samples in an EtORHNO; solution. Properties of the samples were characterized by means of SEM, FT-IR,
DR-UV, TEM, XRD and TG-DTA techniques. XRD patterns and TEM images confirm that the uniformity and stability of Ti-TMS1
synthesized with dodecylphosphate, hexadecylphosphate, or octadecylphosphate as templates is superior to that of Ti-TMS2 prepared with
dodecylamine. Furthermore, after the removal of the templates, the stability and the structure of the mesoporous Ti-TMS1 are better than
that of Ti-TMS2. Effects of other factors on the structure and stability of Ti-TMS are discussed. The photocatalytic activities of Ti-TMS
were also investigated by using polychlorophenol (TCP) and reactive red dye (X-3B) solutions as model pollutants. It was found that the
amount of the templates greatly affects the photoactivity of these kind of mesoporous materials. © 2002 Published by Elsevier Science B.V.
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1. Introduction have been reported recenfB;4]. These reports suggest that
pure titanium-based hexagonal mesophase molecular sieves
TiO, nanoparticles, among the most popular photocata- (Ti-TMS) may be very promising for wastewater treatment.
lysts, have long been investigated in water treatnj&ht Most attempts aimed at synthesizing hexagonal meso-
However, in most cases the photocatalytic activity is not porous materials from transition metal oxides by molecular
sufficient for commercial application. Increasing attention self-assembly of organic templating agents and inorganic
has been focused on surfactant-mediated mesoporous matesxides have led to lamellar phase in which the surfactant and
rials since Mobil’s scientistf2] succeeded in the synthesis metal oxide phases are layered and the resulting structure
of a novel mesoporous silicate called MCM-41, which ex- easily collapses upon the removal of templgtgls How-
hibited highly organized hexagonal packing of cylindrical ever, recent reports on the syntheses of mesoporous materi-
channel of 20-100 A in diameter. Since mesoporous molec-als from transition metal oxidg§—11], including TiG; by
ular sieves also have the properties of nanopores similarmolecular self-assembly of organic templating agents and
to those of nanoparticles, it is likely that the syntheses of inorganic oxides have indicated the formation of certain
these kind of materials can provide useful information for stable materials.
efficient photocatalytic degradation of pollutants. Synthe-  The successful synthesis of stable mesoporous Ti©
sis and photocatalytic properties of microporous silicates volved the application of tetradecylphosphate surfactant as a
incorporating crystalline Ti@ in its channels or with a  template and removing it by calcinatiof§§. For such sys-
Ti-doped framework, Ti-doped silicate-based hexagonal tems, no other surfactants or other methods for removal of
mesoporous molecular sieves, lamellar mesoporous TiO the templates, nor tests for the photocatalytic activity in the
degradation of pollutants have been reported so far.
- The present work concerns the investigation of differ-
* C}orre;ponding aythor. Present address: Department of Chemical ant syrfactants as templates for the synthesis of Ti-TMS.
Engineering, University of Notre Dame, Notre Dame, IN 46556, USA. We studied alkylphosphate with different chain lengths and
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moval of the templates. The effect of the template on the D/max<yA with a rotating anode using Cu Kradiation
photocatalytic activity is reported here for the first time. (L = 1.54059 A). TGA curves were recorded by Simultane-
ous SDT2960 system.

2. Experimental 2.4. Photocatalytic experiments

2.1. Materials Photocatalytic activity of various catalysts was evaluated
by measuring the loss of TCP. Prior to commencing illu-

TCP (99%) was purchased from Aldrich. Dodgcyl—, mination, a suspension containing 40 mg Ti-TMS1 catalyst
hexadecyl-, and octadecylphosphate were synthesized acz,q 50ml of 1.33mM TCP was stirred for 1h. The reac-

cording to the modified procedures described by the typical {i5ng were carried out with continuous stirring in a glass
way. _The|r structures were confirmed by glemental analysis gaqk. Samples were irradiated with UV light from a 300 W
and infrared spectroscopy. Other chemicals were reage”thigh-mercury lamp enclosed a quartz glass cooled by wa-

grade and used as received. ter circulation to 25C during the experiments. In compari-
son runs, total irradiation time was 80 min for each sample.
Samples of 2 ml were withdrawn by syringe from the irra-
] ] ] _diated suspension every 10 or 20 min, and filtered through a
The first approach to the synthesis of Ti-TMS1 with jjlipore filter membrane (0.45.m in pore size). GC-MS
alkylphosphate as templates: in a typical preparation, do-ang HPLC were used for analysis. Comparative studies were
decylphosphate (14.6g, 0.005mol) was dissolved in 73ml ¢capried out using Ti@ (P2s). In order to further examine
KOH (1.49, 0.025mol) solution and the pH was adjusted the effects of the mesostructure of Ti-TMS1 and the amount
to 5.0 with 12.5M HCI. In a separate beaker, fitanium iso- of jts template on the photocatalytic degradation of organic
propoxide (14.6g, 0.05 mol) was treated with acetylacetone pollutants, another substrate dye X-3B was also selected as
(5.7 ml, 0.05 mol). The solution was cooled and added to the 3 model wastewater. During the reaction, the concentration
surfactant solution with vigorous stirring. The thick yellow ¢ x_38 and Ti-TMS1 was the same as that of TCP and
meringue was then aged at ambient temperature for 2h andri_-T\s1. The results were recorded by Shimadzu UV 2201

then at 80C for 5 days. The resulting fawn powder was = gpectrophotometer. Other conditions are also similar to that
then collected by filtration, washed with waterx3.00 ml) described above.

and subsequently dried overnight. The as-synthesized sam-
ple was then refluxed in EtOHA® to give a mesoporous
sample of Ti-TMS1. The experimental procedures for the 3 Regqyits and discussion
synthesis of Ti-TMS1 with hexadecyl- and octadecylphos-
phate as templates were similar to that described above.
The second approadi?] to the synthesis of Ti-TMS2
with alkylamine as a template: in a typical procedure, do-
decylamine (4.4g, 0.024mol) was dissolved in titanium
isopropoxide (13.5g, 0.046 mol). To get a homogeneous
solution, ethanol (15 ml) and water (45 ml) were then added
under stirring, which caused the immediate precipitation of
a white solid. This mixture was then left overnight at am-
bient temperature and further aged af80(1 day), 100C
(1 day) and 180C (7 day), separately. The product was
collected by suction filtration and washed with three 50 ml
portions each of water, ethanol, and ether. After drying in
a vacuum oven at 10@, the surfactant was removed by
refluxing with 70% nitric acid at pH= 2 in ethanol for 24 h.

2.2. Experimental methods

3.1. General physical-chemical properties of samples

The morphology of the as-synthesized Ti-TMS was ob-
served by SEM, which shows the typical shapes of the small
crystallites, as seen iRig. 1 (12kV, x1.000K, 30um). A

2.3. Characterization

The SEM was recorded on a Hitachi S-450 instrument.
The framework vibration IR spectra of the samples were
investigated on a Nicolet 5DX FT-IR instrument with KBr
wafer technique. The DR-UV spectra were recorded with
Shimadzu 240 UV spectrophotometer. TEM images were
obtained on a JEOL 100CX transmission electron micro- rig. 1. SEM of as-synthesized sample of Ti-TMS1 templated by hexade-
scope operated at 160 kV. XRD were recorded on a Rigaku cylphosphate.
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Fig. 2. FT-IR spectrum of Ti-TMS1 templated by hexadecylphosphate.
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IR spectra. The Ti-TMS sample was examined by using a
DR-UV photospectrometer, which is equipped with a Pray-
ing Mantis (light collector). This technique has been used
extensively for the characterization of the nature and coor-
dination of T ions in molecular sieveld 5]. In Fig. 3, the
strong broad band observed from 220 to 380 nm, indicates
the existence of Ti-skeleton in the structure of the sample.

3.3. Formation mechanism of Ti-TMS by liquid crystal
templating of surfactant micelles

MCM-41 is synthesized using a micelle-based liquid
crystal templating method at varying of pH values from a
source of silica and a cationic trimethylammonium bromide
surfactant at concentrations under which micelle forma-
tion of the organic phase is favoralfl&6]. This approach
relies on the coulombic attraction between the inorganic
phase, consisting of polysilicate anions and the organic tem-

series of other experiments were conducted to determineplate[17]. Early attempts to prepare transition metal oxide

the molar ratio of surfactant, molar ratio of acetylacetone,
and optimal pH in the synthesis of Ti-TMS. The parame-

analogs of MCM-41 employed this approach to successfully
synthesize mesostructured tungsten, lead, antimony, and

ters that seemed most critical were the acetylacetone con-ron oxides[18] as well as a vanadyl phosphate structure

centration and the surfactant-to-Ti ratio. The effect of the
pH was not dramatic in the precursor composition. Details

[19]. Recognizing that this micelle template route relied on
the existence of soluble inorganic anions, which would have

about the original synthesis and characterization of this kind electrostatic interaction with the cationic template, we an-
of mesostructured materials were discussed before in theticipated that this would not be generally applicable to the

previous papefl3].
3.2. Ti-skeleton of Ti-TMS framework

After removal of the template, FT-IR spectra of Ti-TMS1
(Fig. 2) are similar to that of Ti-MCM-4114]. The IR band
at about 960 cm! is usually taken as evidence at the rele-
vant concentration of Ti-skeletdi0]. This band was also
observed £970 cnT1) in the framework IR spectra. The in-
tensity of this band increases with the increase in Ti con-
tent of Ti-TMS, which indicates that all the Ti of Ti-TMS1
may be incorporated into the channel wall. The DR-UV
spectra of the samplefif). 3) also support the result from

Absorbtance
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Fig. 3. DR-UV spectrum of Ti-TMS1 templated by hexadecylphosphate.

synthesis of early transition metal oxides. This is due to the
large ionic radius of the early transition metal oxides, which
favors the formation of insoluble oxide oligomers, and is
therefore unable to interact sufficiently with the template to
form the desired mesostructures. Under this assumption two
different routes were attempted in order to make mesostruc-
tured TiG. The hexagonal pore structures were confirmed
by TEM studies.Fig. 4 shows that the first approach was
successful in the synthesis of Ti-TMS1 templated by hex-
adecylphosphateFig. 5(a) shows the TEM of Ti-TMS2
synthesized from alkylamine and (b) shows the TEM of
Ti-TMS2 synthesized under the same conditions but with
a different aging time. Comparingig. 5(a) and (k) it is
obvious that the sample prepared under the latter condi-
tions appears to be either mixed phases or a single phase

Fig. 4. TEM image of Ti-TMS1 templated by hexadecylphosphate.
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(@) (b)

Fig. 5. TEM image of Ti-TMS2 templated by dodecylamine: (a) sample aged for 7 days; (b) sample aged for 1 day.

which is less well crystallized than that obtained under the obtained with dodecylamine shows only one peak which has
former conditions. This strongly suggests that the processbroader humps around2= 3° in the XRD pattern, which
of formation of the mesopore structures may involve the was attributed to the lower hexagonal order of the chan-
transformation from layer phase to hexagonal phase. nels. It also indicates that the uniformity and stability of
Ti-TMS2 templated by alkylamine as template is obviously
inferior to those of Ti-TMS1 templated by alkylphosphate as
templates. Similar results are also concluded from compari-
In order to determine the ideal surfactant as template for son of the two TEM Images |ﬁ|gs. 4 and 5(a)|n_ addmon,.

a product obtained with cetyltrimethylammonium bromide

the synthesis of Ti-TMS, a cationic surfactant had also been ;
. o . and that without surfactant showed no peak at all, as seen
tried as the template at the beginning of our experiments in Fig. 6(c) and (d)

besides the anionic and neutral surfactants that describe

above. As shown irFig. 6(a) an as-synthesized Ti-TMS1

templated by hexadecylphosphate exhibits a series of XRD 3.5. Effect of the different chain lengths of the template
peaks in good order a spacing of 100 (4.2nm), 110,

200, 210, which is characteristic of the MCM-41 related  Fig. 7 shows the XRD patterns of Ti-TMS templated by
hexagonal mesophase templated by the surfag2@t No three alkylphosphates of different chain length (dodecyl-,
peak was observed ab2> 10°, excluding any ordinary  hexadecyl- and octadecylphosphates). From this figure, we
crystalline phase of the surfactant or titanium species. Nev- noted that the length of the hydrocarbon tail of the alkylphos-
ertheless, as shown Fig. 6(b) an as-synthesized Ti-TMS2  phate could be used to vary the pore size of hexagonally

3.4. Effect of variation of templates

Intensity (a. u.)
F
Intensity (a. u.)

c
d
2 4 6 8
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Fig. 6. XRD patterns of the samples templated by: (a) hexadecylphosphate;Fig. 7. XRD patterns of Ti-TMS1 templated by: (a) octadecylphosphate;
(b) dodecylamine; (c) no surfactant; (d) cetyltrimethylammonium bromide. (b) hexadecylphosphate; (c) dodecylphosphate.
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Fig. 8. XRD patterns of: (a) the as-synthesized sample templated by 0
hexadecylphosphate; (b) the sample with solution method to remove the Temperature (°C)

Lomblate, (4) the sample with caléination method (o remave the tempiate, 19 9 TGA Of samples 1-4 after washing with the EtODHNOS:
plate; P PAt€. ) 7 days; (b) 5 days; (c) 1 day; (d) O day.

packed mesostructure. This is indicated by the fact that the o :
intensity of the diffraction peaks increased with the increase M°Ved templates in Ti-TMS1 also increased. We used a sol-

of the chain length. The power HRTEM pictures (not shown vent/cation system which consisted of ethanol and nitric acid

here) clearly displayed the hexagonal array of Ti-TMS1 with &t PH 2 for the removal of the hexadecylphosphate in the
different pore sizes 27, 38 and 44 A, and almost no amor- aS-Synthesized samplésg. 9(d)also indicates the template
phous or layered phases were observed in these material?SSociated with titanium groups can be removed by heating
From these images, it can be concluded that increasing the!'€ Sample in air up to 35@. The observed continuous

length of the alkylphosphate will lead to the increase of the weight loss of this sample below 300 may be due to a
pore size of Ti-TMS. constant loss of water with increasing temperature.

3.8. Effect of the residual template in Ti-TMS on

3.6. Removal of the template
degradation of TCP

As shown inFig. 8(a) and (b)there is a considerable in- _ _
crease in the intensity and sharpness of the XRD patterns The photocatalytic results of Ti-TMS1 templated by hex-

for the samples after the removal of the template by sol- adecylphosphate over TCP are giveifrig. 10 It shows that
vent extraction. Comparing the reported XRD patterns of the photocatalytic degradation of TCP over the Ti-TMS1
Ti-TMS (seeFig. 8(c) with that of the sample we made, it 0ccurs at a higher rate than that of BiOThe more the
indicates a degradation of structure and reduction in crys-
talline domain size upon calcination more than upon reflux

with solution. Thus the solution extraction was screened as 1607 —a—3p
the main method for the removal of the template. However, —e—b
in order to compare the two methods for the removal of the 1.28 —o—c
template, we also conducted the calcination method to re- = —o—d
move the template, but this strategy often led to structural E 0.96 \-
collapse, seen ifrig. 8(d) ?'“5 \ \.
£, 0.644 \ \
3.7. Refluxing time on the removal of the template \D
0.32 \D\
Intensive washing of these materials with an extraction \
solvent system containing at least one cation donor and one  0.00 T r
0 20 40 60 80

polar solvent was applied to remove the templdiig. 9
shows the thermogravimetric analysis curves of Ti-TMS1, Irradiation Time / min

which indicates the stronger interactions of the aSSOCIatedFlg 10. Dependence of TCP photocatalytic degradation rate on various
template with titanium groups. The trend indicates that as catalysts: (a) Ti@ (Pss); Ti-TMS1 with the template removal of: (b)
the washing times were increased, the amount of the re-13%; (c) 30%; (d) 100%.
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2.0 higher than that of the as-synthesized sample, in which all the
templates were remained. The photocatalytic degradation of
X-3B over Ti-TMS1 occurs at a little slower rate than that

of the as-synthesized samples in the beginning of the reac-
tion. A possible explanation is that the opening of Ti-TMS1

allows the internal surface area of this material accessible to
molecules and therefore enhances the photocatalytic activity.

Absorbance

0.4- 4. Prospects
oot TN The effects of the templates of pure Ti@nesoporous
300 350 400 450 500 550 600 650 molecular sieves on the mesostructure and stability were

Wavelength (nm) studied as well as the effect of the template on the photo-
catalytic activity of Ti-TMS. TCP and X-3B were used as
Fig. 11. Adsorption spectra of 1.33mM X-3B with 64 mg Ti-TMS1 with  the model systems for wastewater degradation. The results
template removal of 13% as phqtocatalyst recorded_ at: (a) Oh; (b) 1h; ghow pronounced improvement compared to the relevant
(c) 25h: (d) 3h: () 4.5h, following the UV-photolysis. reported resultfs,22], however, it is still difficult to remove
the organo-phosphates completely by calcination or other
methods, including the method introduced in this work
template in Ti-TMS1 was removed, the faster the degrada- pecause of strong binding to the molecular sieve. This ef-
tion rate. The degradation rate was highest when the tem-fect may prevent commercial application for photocatalytic
plate in Ti-TMS1 was almost removed. This effect is easily detoxification. Note that the relatively low photocatalytic
understood since the increase in Ti-TMS1 surface area andactivity of Ti-TMS may be attributed to the poisoning of the
internal active sites will increase with the removal of the tem- Cata|ytic surface sites by the residual phosphorus in calcina-
plate, therefore, the photocatalytic activity increases. 11 tion [22]. More work is being carried out in our laboratory
shows the absorbance of dye X-3B almost completely dis- in order to improve the photocatalytic activity by appro-
appeared following the photocatalysis, indicating complete priate choice of templates for pure mesoporous,TiDis
degradation of X-3B although the template of Ti-TMS1 was known that the non-ionic polyoxyethylene alkyl ether sur-
only removed 13%. The observation of increased absorbancetactants are relatively inexpensive and biodegradable. Com-
in the 200-460 nm region at short illumination time is at- p|ete removal of the temp|ates can be achieved by Simp|e
tributed to the formation of reaction intermediates. These ob- extraction. The Synthesis of mesoporous silica has recenﬂy
servations are similar to the absorption peaks correspondingattained particular attention due to their interesting physico-
to TCP[21]. As shown inFig. 12, the photocatalytic activity  chemical properties. We are studying how to introduce such
of the Ti-TMS1 with template removal of 13% is obviously kind of templates into the synthesis of mesoporous,TiO
Our preliminary work on a polyoxyethylene tridecylether
(C13EOs) as the template suggests its use in a simple effec-
1.60 4 tive route for synthesizing high surface area and thermally
—a—2 stable mesoporous TOTests using XRD, TEM, TG-DTG
—o—b and nitrogen adsorption—desorption analysis show that the
surfactant/titanium molar ratio has a strong effect on the
surface areas, pore diameters and thermal stabilities. Under
the current conditionf23], the Ny-adsorption isotherm re-
veals the existence of mesoporosity in this titanium dioxide
with a type IV typical mesoporous material and a BET
surface area 413%y 1, pore distribution is a quite narrow
and centered at 4.4nm, as well as the materials are ther-
mally stable up to 630C. Optimization of the synthesis
of mesoporous Ti@ templated by @EOgs and research
, — of its synthesis mechanism and other poly(oxyethylene)
0 1 2 3 4 5 alkyl ethers as templating agents for the synthesis of better
Irradiation Time / h structure, larger pore mesoporous Fi@aterials as well
Fig. 12. Dependence of X-3B photocatalytic degradation rate on different as their photocatalylic activities are in progress. It is sup-

kinds of catalysts: (a) as-synthesized Ti-TMS1; (b) Ti-TMS1 with template posed that SU(_:h kind of r_lew_mesoporous ZTIﬁHy_ make a
removal of 13%. breakthrough in the application of photocatalysis.
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