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Abstract

Extraction of cationic surfactant templates from MCM-41, MCM-48, SBA-1 and SBA-3 has been conducted us®ig-Gtddified CQ
supercritical fluid. The supercritical fluid extraction (SFE) has been integrated with thermogravimetry (TG), X-ray diffraction (XRR) and N
adsorption—desorption to evaluate extraction efficiency and structural stability of mesoporous materials. Experiments of optimization indicate
that the conditions of 90 bar, 88, CH;OH/CQO, =0.1/1.0 ml/min and 3 h are most suitable for the SFE of cationic templates. 76—95% of the
cationic templates can be extracted from the mesoporous materials. XRD, aiddiption—desorption studies illustrate that SFE possesses
some advantages over calcination in maintaining mesoporous uniformity and structural stability when used to remove templates. The impact
of curing on mesoporous structure is also dealt with.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ion pair packing by extraction with a simple polar solvent
[1,2].

Mesoporous materials are referred to as promising materi- To make mesoporous materials function as adsorbents,
als applied to adsorption, catalysis and separation, etc., owingcatalysts and membranes and so on, a large amount of or-
to an arrangement of uniform-sized mesopores (15°\9501d ganic template must be removed from the pores so as to ren-
a high surface area (>700%fg). Currently, M41S and SBA  der them accessible. It is known that the removal of organic
families represent two important types of mesoporous ma- templates usually is difficult unless they are destroyed and
terials. The synthesis of MCM-41 (hexagomp&im), MCM- that the costs of organic templates in many instances occupy
48 (cubicla3d), SBA-1 (cubicPm3n) and SBA-3 (hexag- a major proportion in the total costs of mesoporous materials
onal p6m) makes use of cationic organic surfactants as the[2]. For example, the organic template cetyltrimethylammo-
templates or structure-directing agents. In the structures ofnium bromide (CTMABT) constitutes approximately 77% of
these as-synthesized mesoporous materials, there is an elethe material cost for the manufacture of silicate MCM-41. Ap-
trostatic $1~ interaction between the aliphatic groups of the parently, template removal would better combine with their
surfactant and the siliceous oligomers and thereby the sur-recovery, by which the cost of manufacture of mesoporous
factant is strongly bonded to the silicate uffif. It is dif- materials can greatly be reduced.
ficult to recover the surfactant from the organic/inorganic A number of methods for removing organic templates

have been documented, including calcination, ozone treat-
* Corresponding author. Tel.: +65 67963831; fax: +65 63166182. ment, solvent extraction and SFH-6]. Calcination is
E-mail addresshuanglinl@yahoo.com (L. Huang). most commonly used to burn off organic templates at high
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temperatures (540-60Q). Although organic templates can mesoporous materials studied by means of TG, XRD and
completely be removed, calcination has some drawbacks. ItN» adsorption—desorption.

does not allow the recovery of expensive organic templates.

Emitted noxious gases during the calcination process lead

to environmental pollution. It is a time-consuming process, 2. Experimental

which requires at least 10h for completion excluding the

temperature build-up time. What is more, it causes the Sodium silicate solution (25.5-28.5% $i07.5-8.5%
condensation of silanol groups in the mesopores to form NaoO) and CTMABr (98-101%) were purchased from
siloxane bonds at high temperatures, thus resulting in aMerck. Tetraethyl orthosilicate (TEOS, 98%) and triethy-
lowering ofd-values or pore contractidii—9]. lamine (99%) were obtained from Aldrich. Cetyltriethylam-

Ozone treatment enables full oxidation of organic tem- monium chloride (CTMACI, 25% in aqueous solution) and
plates in the mesopores at temperatures not exceedif250 1-bromohexadecane (97%)were supplied by Acros. All other
and thus maintains the structures of final mesoporous ma-reagents were purchased commercially.
terials unchangef#,10,11]. Although complete removal of Silicate MCM-41 was synthesized as described in Ref.
organic templates can be reached, they cannot be recovered31]. After hydrothermal reaction, the solid was filtered off,
either, and toxic gases formed still pollute the atmosphere. washed with deionized water until free of Band dried under

Solvent extraction is an alternative approach to template vacuum at room temperature.
removal[1,2]. Quantitative extraction of nonionic templates Silicate MCM-48 was synthesized using a molar compo-
from mesoporous materials can utilize a pure organic solventsition of gel of 1.0TEOS:0.65CTMABr:0.50NaOH:628.
[1,22,13]. Using a liquid mixture comprising of at least one 1.09g of NaOH and 56 ml of deionized water were added
polar solvent and at least one cation donor, cationic templatesto 12.00 g of CTMAB:. After the solution had been stirred
can efficiently be extracted from mesoporous materials at for 10 min, 11.2ml of TEOS was poured to form a gel.
temperatures between 50 and 1@0[2,7,14-18]. The The gel mixture was stirred for 1.5h, transferred into a
extracted cationic templates can quantitatively be recoveredpolypropylene bottle and heated in an oven at Ddor 4
without loss of quality. But a huge amount of liquid solvent days under autogenerated pressure. After hydrothermal treat-
is necessary, which results in a dilute extract and makesment, the powder was filtered off, washed with deionized
eventual solvent disposal a rather challenging step. Thewater until free of Br and dried under vacuum at room
extraction processes require several hours or even days tdemperature.
perform. After extraction, it has been reported that the crys-  Silicate SBA-1 was synthesized according to the
tallinity of final mesoporous materials are reduced in some method reported by Kim and Ryd82]. Cetyltriethylam-
caseq414,16,18]. monium bromide (CTEABr) was obtained by action of

Supercritical fluids possess unique physicochemical prop- 1-bromohexadecane with equimolar triethylamine followed
erties that make them attractive as extraction solvents. Theby recrystallizatior{32]. 1.5 g of CTEABTr, 85.75 ml of HCI
combined gas-like mass transfer and liquid-like solvating (37%) and 168.50 ml of deionized water were combined to
characteristics have led to considerable excitement for theirgive a homogeneous surfactant solution, which was then
use as mobile phases to extract analjf@s20]. Supercritical cooled using an ice bath. 4.15ml of TEOS was precooled
CO;, has been the most widely used extraction fluid becauseand added to the above cooled solution under vigorous
of low critical point at 31.£C and 72.8bar, low cost, and stirring. The resulting gel had a molar composition of
low toxicity and reactivity[19,20]. Since the low polarity =~ 1.0CTEABr:5.0TEOS:280HCI:350Q40. Stirring was con-
of CO, limits its use to the extraction of relatively apolar tinued for 4 h until the precipitation of the silica—surfactant
or moderately polar analysts, a small amount of a polar or- assemblies was completed. Then the reaction mixture was
ganic modifier has been added to supercriticabG® the heated to 100C rapidly and treated at 10@ for 1 h. The
extraction of polar analysts. The modified supercriticabCO resulting precipitate was filtered off and dried in an oven at
has widely been used to solvate organic compounds and ex-100°C overnight.
tract analysts from the matrix by interrupting analyst—matrix ~ Silicate SBA-3 was synthesized referring to the method
interactiong6,13,20—-30]. This method is expected to yield reported by Huo et al[33]. 6.0g of CTMABT, 104.80 ml
rapidly quantitative recovery of target analysts. SFE has ob- of HCI (37%) and 242.75ml of deionized water were
vious advantages over solvent extraction: it is fast and gener-combined to obtain a homogeneous surfactant solution.
ally is complete in 10—60 min; the separation steps of extracts 30.50 ml of TEOS was added to the solution under vigorous
are greatly simplified with supercritical GOQthe amount of stirring. The resulting gel had a molar composition of
solvent used is considerably reduced with SFE. 1.0CTMABI:3.8TEOS:77HCI:10954D. Stirring was con-

In this paper, we shall report a detail study of §3H- tinued for 4 h until the precipitation of the silica—surfactant
modified CQ SFE of CTMABr from MCM-48. We also  assemblies was completed. The resulting precipitate was
shall describe the results of extended studies on MCM-41, filtered off and dried in an oven at 10Q overnight.

SBA-1 and SBA-3. The work presented here includes In order to improve cross-linking of the silicate frame-
relevant analysis and structural characterization of the work, part of each as-synthesized mesoporous material was
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cured at 160C under vacuum for 14 h. Although€TABr
is known to start to decompose at around 160and be
completely removed from mesostructured silica at around
400°C in air[7,14,34,35], the template weights were not lost
after as-synthesized mesoporous materials had been cured
under vacuum for 14 h. Identical TG curves were observed
for as-synthesized and cured samples of each material.
Experiments of SFE of templates were conducted on a
Jasco SFE apparatus. This apparatus consists of a cylinder
of highly pure CQ, a HPLC pump for CQ, a syringe pump
for modifier, a chiller, a 10-ml extraction vessel, an oven and
a pressure restrictor. A sample of 0.5g was placed in the
extraction vessel. The chiller temperature was set to approx-
imately—5°C to ensure that C&could be chilled to a liquid Fig. 1. Extraction efficiency of CTMABTr from cured MCM-48 as a function
phase, thus preventing cavitation of the O@imp. The de- of pressure at 85C with CH;OH/CQ; (0.1/1.0 mi/min) for 3 h.
sired temperature and pressure were set on the oven and the
pressure restrictor, respectively. The flow rate ob@@s set from cured MCM-48 over wide ranges of temperatures (85
at 1.0 ml/min. and 120°C) and pressures (90 and 350 bar). This confirms
Once the desired pressure reached, the modifier pump washatthe polarity of CQistoo low to be able to extract the ionic
turned on and dynamic extraction with continuous injection compound bonded chemically to the maf1,20]. Hence,
of the modifier was performed under the desired conditions. supercritical CQ must be combined with a polar modifier to
The extracted template together with the modifier was col- increase the solvating power toward CTMdéccluded within
lected in a vial at the outlet of backpressure regular. After MCM-48.
extraction, the sample in the extraction vessel was dried at CH3OH is an excellent choice as an effective modi-
80°C before analysis and characterization. fier based on available data in the literaty2®]. Since
Experiments of CHOH extraction were performed by re- CO,/CH3OH binary mixtures are in a supercritical state at
fluxing 0.5 g of as-synthesized sample with 100 ml of{CHH pressures above 165bar and at temperatures belowCL00
under atmospheric pressure for 3 h. After extraction, the sam-[33], the effect of CHOH concentration on the SFE effi-
ple was filtered off, washed with 50 ml of GBH and dried ciency was examined at 8& and 350 bar. As a result, the
at 80°C before analysis. SFE efficiency of CTMABTr increased significantly with in-
Experiments of sample calcination to burn off templates creasing CHOH flow rate up to 76% at 0.1 ml/min. From
were carried out using a furnace by programmed heating atabove 0.1 ml/min, the efficiency did increase quite slowly.
0.2°C/min from 23 to 540C followed by 24 h of isothermic ~ This indicates that adding G&@H does greatly enhance
heating at 540C. the extraction efficiency of CTMABTr and that the optimal
The amounts of templates in the samples were determinedCH3OH flow rate is 0.1 ml/min for a C® flow rate of
by TG on a Shimadzu DTG-50 thermogravimetric analyzer. 1.0 ml/min.
The samples were heated to 6@at 10°C/min in air. The Fig. 1 shows the extraction efficiency of CTMABTr as a
extraction efficiency was estimated by comparing the amount function of pressure between 70 and 350 bar &t@%vith
of template remaining on the sample after SFE osOH CH30OH/C(O, (0.1/1.0 ml/min). Between 70 and 150 bar, the
extraction with the amount of template on the as-synthesizedextraction efficiency decreased with pressure, while between
sample. 150 and 350 bar, it increased with pressure. The increase
XRD of the samples was performed on a Shimadzu XRD- in extraction efficiency above 150 bar can be understood in
6000 spectrometer with Cu Kmonochromatic radiation. N terms of the increase in the supercritical fluid density with in-
adsorption—desorption of the samples after template removalcreasing pressuf20], because a CSICH3OH mixture exists
was measured on a Quantachrome Autosorb-1 analyzer.  inasupercritical liquid phase at 86 and above 141 b§36].
The increase in supercritical fluid density leads to an increase
in solvating ability. However, the decrease in extraction ef-

3. Results and discussion ficiency between 70 and 150 bar cannot be explained by the
variation of solubility of the single liquid phase with pressure,
3.1. Optimization of SFE conditions because the C£ICH30H mixture exists in both liquid and

vapor phases in the conditions. Such extraction proceeds ac-
The experimental conditions for performing @SFE of tually in a subcritical state. The G&@H may be entrained as
cationic templates were optimized with cured MCM-48 with  liquid droplets in the gaseous G@hen passing through the
regard to modifier concentration, extraction time, extraction sample matrix. The C@plays the role of a carrier gas. At a
temperature and extraction pressure. First of all, the SFE re-lower pressure, a smaller G@ensity produced can help the
sult with CQ, alone showed that no CTMABY is extracted CH3OH enter the pores of MCM-48 to dissolve CTMABT,



946 L. Huang et al. / Talanta 66 (2005) 943-951

90, the decrease in extraction efficiency may be related to the
— 801 decreased solubility of CTMABr in C&CH3OH with
§-;:70- temperature. The solubility of CTMABr in CCH30H
§ 601 seems to be the limiting factor that increases the extraction
£ 50 efficiency at higher temperatures. The results are consistent
2 40 with those reported previously for SFE of target analysts
-,g 304 from the matrix that have the same trg6gR2].

g 20 From the above observations on the influences of
LT extraction temperature and extraction pressure on the
0 . , i ‘ i , i ‘ , extraction efficiency of CTMABr from MCM-48 with

20 4x B0 B0 700 B0 190 4000 10 1200 190 CO,/CH30H, 85°C and 90 bar were recommended to be
Extraction temperature (°C) the most appropriate extraction temperature and pressure in
Fig. 2. Extraction efficiency of CTMABr from cured MCM-48 as a function the title work. An 0ptl.ma| eXtraCtlon.tlme of 3h was found
of temperature at 90 bar with GBH/CO, (0.1/1.0 mi/min) for 3h. out o];'rtc')m the extraction results using these experimental
conditions.

a lower CQ viscosity obtained can favor the diffusion of

the CHOH in and out of the pores of MCM-48. Therefore, 3.2. Studies on SFE of cationic templates from various
higher extraction of CTMABY is obtained at a lower pres- Mesoporous materials

sure in this subcritical region. It was noted that extraction at

70-100 bar which yielded 80-84% of CTMABrisevenmore ~ In the light of the optimal experimental conditions
efficient than SFE at 350 bar. established with cured MCM-48, we extended the SFE

Fig. 2 shows the extraction efficiency of CTMABr as investigation of cationic templates to MCM-41, SBA-1
a function of temperature at 90bar with @BH/CO, and SBA-3. SFE efficiencies on as-synthesized and cured
(0.1/1.0 mI/min). The extraction efficiency grew as the tem- Samples were compared. SFE data were combined with XRD
perature increased up to a maximum of 82% and then fell spectra and Nadsorption—desorption results of the samples
rapidly. Since CTMABT is an ionic solute, it is strongly at- t0 reveal the structural evolution of mesoporous materials
tached to the channel walls of MCM-48 via electrostatic inter- during the SFE and to demonstrate the effects of curing on the

action. Its removal from the matrix must overcome an energy Structural stability of mesoporous materials.Tiable lare
barrier of chemical desorption. presented the template extraction efficiencies, physical prop-

According|y, increasing the temperature up to°85 erties and structural Stabl'lty of MCM-41, MCM-48, SBA-1
can accelerate the chemical desorption of CTMABr and and SBA-3. InTable 2are shown the XRD information of
thereby enhance the extraction efficiency. From abov&gs  these materials before and after template removal.

Table 1

Template removal results, physical properties and structural stability of various mesoporous materials

Material SFE efficiency CH3OH extraction Mean pore Total pore volume BET surface Structure after
(%) efficiency (%) diameter é) (cm3/g) area (n?/g) template removal

As-synth. MCM-4% 78 29.2 0.81 1332 Stable

As-synth MCM-4P 28

As-synth. MCM-4% 30.5 1.29 1651 Stable

Cured MCM-4% 76 27.9 0.78 1250 Stable

As-synth. MCM-48 93 - - - Destroyed

As-synth MCM-48 20

As-synth. MCM-48 26.3 0.81 1225 Stable

Cured MCM-48 82 23.6 0.82 1411 Stable

Cured MCM-48 235 0.86 1412 Stable

As-synth. SBA-1 88 23.4 1.34 2447 Stable

As-synth SBA-P 22

As-synth. SBA-£ 21.8 1.06 2057 Stable

Cured SBA-# 87 225 1.09 2086 Stable

Cured SBA-% 22.0 0.69 1298 Stable

As-synth. SBA-3 95 - - - Destroyed

As-synth SBA-8 26

As-synth. SBA-3 18.5 0.89 1686 Stable

Cured SBA-3 85 225 1.09 2152 Stable

Cured SBA-3 19.1 0.58 1052 Stable

@ Template removal by SFE under the conditions of 8590 bar, CHOH/CO, =0.1/1.0 ml/min, 3h and 0.5 g of sample.
b Template removal by C¥DH extraction under reflux at atmospheric pressure with 0.5 g of sample and 100 m&HCH
¢ Template removal by calcination at 520.
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Table 2
XRD peak positions in the 1.5-1@6 range of various mesoporous materials
MCM-41 MCM-48 SBA-1 SBA-3
As-synthesized
Before template removal 2.02, 3.60, 4.08 2.20,2.54,4.26 2.06, 2.32,2.48, 3.78 2.32,4.10,4.76
After SFE 2.08, 3.64, 4.20 None 2.08, 2.30, 2.52, 3.88 None
After calcination 2.10,3.74,4.34 2.48, 2.88, 4.66 2.16, 2.40, 2.64, 3.82 2.80, 4.96, 5.96
Cured
Before template removal 2.12,3.72,4.34 2.54,2.90, 4.86 2.06, 2.28, 2.50, 3.84 2.42,4.24
After SFE 2.16, 3.76, 4.36 2.48,2.88, 4.68 2.16,2.32,2.54, 3.86 2.48, 4.28, 4.96
After calcination 2.18, 3.78,4.38 2.56,2.94,4.94 2.24,2.50,2.74,4.08 2.88,4.94,5.92
BOO (c)
700 A (b)
= 600 - @
E
E 500
2
400 A
300 4
200 T T T T T T T T T )l
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

P/Po

Fig. 5. Np adsorption—desorption isotherms of (a) cured MCM-48 after 6 h
Fig. 3. XRD patterns of (a) as-synthesized MCM-48; (b) as-synthesized of template SFE; (b) cured MCM-48 after calcination; (c) as-synthesized
MCM-48 after 3h of template SFE; (c) as-synthesized MCM-48 after cal- MCM-48 after calcination.
cination.

MCM-48 by calcination, as shown irigs. 3 and 4. This ac-

In the case of MCM-48, 93% and 82% represent sig- counts for that template removal on cured MCM-48 via SFE
nificant SFE efficiencies of CTMABr from as-synthesized produces a similar mesoporous structural ordering to that via
MCM-48 and from cured MCM-48, respectively. Although calcination. Moreover, a type IV Nadsorption—desorption
the template extraction is more complete on as-synthesizedisotherm with a narrow pore size distribution was maintained
MCM-48 than on cured MCM-48, the mesoporous structure after 6 h of SFE on cured MCM-48, which was identical
of as-synthesized MCM-48 is fully destroyed and that of with that after calcination on cured MCM-48, as seen in
cured MCM-48isretained during the SFE. As amatter of fact, Figs. 5 and 6.
the diffraction peaks for MCM-48 disappeared thoroughly It was surprisingly noticed that curing treatment of as-
after 3 h of SFE on as-synthesized MCM-48, taking a look at synthesized MCM-48 at 16@ already led to marked shift
a set of relevant XRD spectra showrHig. 3. In contrast,the  of peaks to higher 2@ngles in addition to decreased peak
diffraction peak intensities after 6 h of SFE on cured MCM- intensity in XRD, as seen iRig. 4(a) and (b). The intensity
48 were comparable to those after template removal ondecrease of diffraction peaks suggests the lowering of

Fig. 4. XRD patterns of (a) as-synthesized MCM-48; (b) cured MCM-48; Fig. 6. Pore size distributions of (a) cured MCM-48 after 6 h of template
(c) cured MCM-48 after 6 h of template SFE; (d) cured MCM-48 after cal- SFE; (b) cured MCM-48 after calcination; (c) as-synthesized MCM-48 after
cination. calcination.
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mesopore uniformity. The upward shift of diffraction peaks, @
namely the lowering ofl-values implies the occurrence of e
mesopore contraction. The shift value was slightly higher  %°1
than that after calcination on as-synthesized MCM-48.  so |
The N, adsorption—desorption isotherms of cured MCM-48 8 ,,, |

showed capillary condensation steps at low relative pressures, £ ol Sicamihl
compared to the case of as-synthesized MCM-48 by calcina-~
tion. The corresponding mean pore diameters (Apwere .
smaller than that of as-synthesized MCM-48 after calcina- 100
tion (~26,&). These indicate more severe pore contraction o i ‘ , , ‘ , , ‘
for cured MCM-48 than for as-synthesized MCM-48, in o bAn: 020 Da0 °-“°WPO°5° Ps0. D40 hen 050
accordance with XRD data. In spite of the bigger structural

shrinkage and decreased structural ordering, cured MCM-48ig 7. N, adsorption—desorption isotherms of (a) as-synthesized MCM-41
can remain structurally stable under SFE conditions. There after 6 h of template SFE; (b) cured MCM-41 after 6 h of template SFE; (c)
were no significant changes in XRD peak position and4in N as-synthesized MCM-41 after calcination.

adsorption—desorption after template removal by SFE and . . ]

by calcination. In total pore volume and in BET surface area, apillary condensation step heights and mean pore diameters
removing the template via SFE led to almost no Changesweresmall.These mgype due toirregular pore filling with the
and curing as-synthesized MCM-48 only resulted in slight fémaining template in important amounts (22-24%). After
changes, as indicated Table 1. Itis evident that the fragility ~ SFE. cured MCM-41 displayed a slightly smaller mean pore

of as-synthesized MCM-48 structure can be improved diameter than a;—synthesized MCM-41 in agreement with
by reinforcing cross-linking of the silicate framework XRD study. Consistently, SFE-treated MCM-41 had smaller

via curing. total pore volumes and BET surface areas than calcined

In the case of MCM-41, close SFE efficiencies of MCM-41, and curing as-synthesized MCM-41 only led to
CTMABr of 78% and 76% were achieved from as- Weakdecreases intotal pore volume andin BET surface area

synthesized MCM-41 and from cured MCM-41. The (Tablel). _ , ,
diffraction peaks after 6h of SFE on as-synthesized These results illustrate that SFE is effective for the tem-

MCM-41 were similar to those after template removal on plate removal from MCM-41 without the structural degrada-
as-synthesized MCM-41 by calcination. This implies that fion of MCM-41 and that curing causes a negligible depletion
as-synthesized MCM-41 is stable under SFE conditions IN the structure and physical properties of MCM-41.
and quite ordered after template SFE in structure. Curing N the case of SBA-1, as-synthesized SBA-1 and cured
as-synthesized MCM-41 led to a slight upward shift in SBA—l_gave close SFE efficiencies of CTEABTr of 88% gnd
diffraction peak position and a marked increase in diffraction 87%-Figs. 8 and Show the XRD patterns collected during
peak intensity. The upward shift is comparable to that causedth® SFE of CTEABr on SBA-1. For as-synthesized SBA-1,
by calcination on as-synthesized MCM-41. The intensity the d_lffractlor_1 spectral intensity grew notably with extrac-
increase suggests the improvement of mesopore uniformity.t'on time. Th|§ demonstrates that the mesoporous structure
The subsequent template removal by SFE and by calcination®f @s-synthesized SBA-1 becomes more and more ordered as
further little the upward shift. But the diffraction peak inten- the template is extracted. From after 3h, the intensity was
sities after 6 h of SFE on cured MCM-41 were significantly found to exceed that of calcined SBA-1. Comparatively, the
higher than those after template removal on cured MCM-41 intensity did not change after template extraction for cured
by calcination. This indicates that template removal via
SFE brings about a higher structural ordering than template
removal via calcination on cured MCM-41. It was also
noted that after template SFE the diffraction peak intensities
were comparable on cured MCM-41 and on as-synthesized
MCM-41, accounting for their consistency in structural
property.

N, adsorption—desorption indicated that after 6 h of SFE
as-synthesized MCM-41 and cured MCM-41 had similar
type IV adsorption—desorption isotherms (Fig. 7) which
were accompanied by similar pore size distributions. Their
capillary condensation steps appeared at lower relative
pressures than those at which the capillary condensation
step of as-synthesized MCM-41 after template removal by
calcination arose. Compared to the case of as-synthesizegig. g. xrD patterns of as-synthesized SBA-1 after template SFE for (a)
MCM-41 after template removal by calcination, their 0h;(b)0.5h;(c)1h;(d)3h;(e)6h.

)
(@)

e (cc/g)
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) Fig.11. N> adsorption—desorption isotherms of (a) cured SBA-3 after 12 h of
Fig. 9. XRD patterns of cured SBA-1 after template SFE for (2) 0h; (b) 1h;  tempiate SFE; (b) cured SBA-3 after calcination; (c) as-synthesized SBA-3

(c)3h;(d)6h. after calcination.

SBA-1 (Fig. 9). Moreover curing as-synthesized SBA-1 al- smaller mean pore diameter than a related as-synthesized
tered the diffraction spectrum of as-synthesized SBA-1 in sample because of weak pore contraction. At the same
both position and intensity only to a small extent. These time, the total pore volumes and BET surface areas of the
suggest that curing and subsequent SFE affect little the mesoextracted samples were consistently markedly greater than
porous structural ordering of as-synthesized SBA-1. For both those of the calcined samples, and curing as-synthesized
as-synthesized SBA-1 and cured SBA-1, SFE of template SBA-1 consistently led to significant systematic decreases
did not cause any diffraction peak shift, differing from cal- in total pore volume and in BET surface area (Table 1).
cination of template which resulted in apparent upward shift  According to these data, it is reasonably assumed that SFE
of diffraction peak positions due to pore contraction. Cured of template not only hardly reduces the pore size of SBA-1
SBA-1 after calcination showed bigger upward shift than as- but also improves the structural ordering of as-synthesized
synthesized SBA-1 after calcination, proposing the positive SBA-1, and that curing as-synthesized SBA-1 decreases the
effect of curing on the pore contraction of SBA-1. total pore volume and BET surface area of SBA-1.

Fig. 10 shows the N adsorption—desorption isotherms In the case of SBA-3, the extraction efficiencies of
of related SBA-1 samples. Consistent with the XRD obser- CTMABr amounted to 95% on as-synthesized SBA-3 and
vations, the extracted samples gave capillary condensationo 85% on cured SBA-3, which made a significant differ-
steps at slightly higher relative pressures than those atence. Nevertheless, the structure of as-synthesized SBA-3
which the calcined samples did, and greater mean porecollapsed completely and the structure of cured SBA-3 fairly
diameters than the calcined samples. The results confirmremained during the SFE, as evidenced by related XRD spec-
that template removal by SFE can keep SBA-1 from pore tra. Furthermore, curing as-synthesized SBA-3 only led to
contraction. For the calcined cured sample, there is a loss ofslight upward shift in diffraction peak position and slight
capillary condensation step concomitant with a broadening decrease in diffraction peak intensity. The subsequent SFE
of pore size distribution. This is indicative of the depletion enhanced considerably the intensity although it merely in-
of mesopore uniformity of cured SBA-1 by calcination. In  creased slightly the upward position shift. The resulting in-
agreement with XRD study, a cured sample had a slightly tensity after SFE was superior to those observed after calcina-

tion on SBA-3. This shows that cured SBA-3 after template
removal via SFE is more ordered in structure than SBA-3
after template removal via calcination. In contrast, a great
upward position shift occurred when template removal was
carried out by calcination on either as-synthesized SBA-3 or
cured SBA-3. This is ascribed to heavy pore contraction of
SBA-3 upon calcination.
On the N adsorption—desorption isotherms, only cured
SBA-3 after SFE maintained a type IV shape and SBA-3
after calcination lost apparently the capillary condensation
step, as presented ifig. 11. On the pore size distributions,
only cured SBA-3 after SFE displayed a narrow peak and
SBA-3 after calcination gave broad peaks. The mean pore
Fig. 10. Ny adsorption—desorption isotherms of (a) as-synthesized SBA-1 diameter of cured SBA-3_afte_r SFE was much greater than
after 6 h of template SFE; (b) cured SBA-1 after 6 h of template SFE; (c) those of SBA-3 after calcination. In the meantime, the total
cured SBA-1 after calcination; (d) as-synthesized SBA-1 after calcination. pore volume and BET surface area of the former were much
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greater than those of the latter, and curing as-synthesizedcalcination could produce uniform mesopores for MCM-41

SBA-3 caused marked decreases in total pore volume andand MCM-48 and could hardly for SBA-1 and SBA-3. Since

in BET surface area (Table 1). These agree with the resultsthe materials studied possess distinct mesoporous structures

by XRD, demonstrating the good mesopore uniformity of and physical properties that are embodied in the different be-

cured SBA-3 after SFE and the ill mesopore uniformity and haviors during the template removal, it is difficult to draw a

serious pore contraction of SBA-3 after calcination. general trend relating to the synthetic conditions or porous
Accordingly, the template elimination of SBA-3 behaves structure based on the present work.

a little like that of MCM-48. The structure of as-synthesized

SBA-3 is too fragile to withstand the SFE conditions of tem-

plate. Curing enables stabilization of the SBA-3 structure and acknowledgments

prevention of its collapse during the SFE. Besides, the SFE

of template on cured SBA-3 can ensure the achievement of - Thjs research project was financially supported by ABB
uniform SBA-3 mesoporous structures, which the calcination | ymmus Global, Inc. The authors thank Prof. Frits M.

method cannot. Dautzenberg for helpful discussion and information.
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