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The fabrication of meso/macroporous monoliths by partial fusion of mesoporous silica spheres with
the use of the pulsed current processing (PCP) method was demonstrated. Mesoporous silica spheres
have been prepared by evaporation-driven surfactant templating in microdroplets. The PCP method can
simultaneously subject powder bodies to a rapid temperature increase and a compressive stress. By keeping
the fusing temperature low, it was possible to form a continuous body where the particles were connected
by necks formed at the surface of the particles, while the mesoporous structure was retained within the
particles. The structure, porosity, necking, and mechanical properties of the fused mesoporous particles
are strongly dependent on the applied pressure and temperature. This novel approach allows for flexible
and independent tailoring of the bimodal pore structure together with rapid production of mechanically
stable monoliths of arbitrary shape and is of interest in various applications, e.g., as membranes, sensors,
catalyst support, slow-release agents, chromatography, and groundwater treatment.

Introduction starch granule¥, to direct the structure during assembly,
fgelation, and polymerization of inorganic species have
resulted in bimodally porous materials. Recent work has
shown that by carefully selecting the self-assembling agents
and controlling the synthesis conditions, it is even possible
to prepare hierarchically porous silica materials on three
distinct length scale¥:'6 Other approaches involving con-
trolled phase separation in parallel with the-sgél transition

of the inorganic precursdi'® or hydrothermal transforma-
tion of arrays of silicalite-coated mesoporous partflaave

also been successful in creating hierarchically porous materi-

The synthesis and processing of porous materials are o
interest for many applications, e.g., catalysis, separation
technology, sensors, and chromatograpfiyPore engineer-
ing, i.e., how to control and tailor the pore size and
connectivity over a wide range of length scales, is the key
to obtaining materials with optimum performance. With the
relatively recent development of surfactant-templated inor-
ganic mesoporous materials with well-defined pores on the
nanometer scafe,” we now have tools to tailor pore sizes
from angstfas up to micrometers and millimeters. Hierar-

hicall ial ificall ials th : . . . .
chically porous materials, specifically, materias that possess Despite the significant progress in synthesizing hierarchi-

well-defined macropores and interconnected meso- and/or . : ) .
. : ._cally porous materials, the preparation of such materials with
micropores, have attracted much interest, as these materials

. ._.awell-defined macroscopic shape and significant mechanical
are expected to be superior to monomodal porous materials

for many applications. strength in a rapid and facile manner remains a challenge.
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Previous work has involved the use of, for example, a molded VOAG (TSI Model 3450), essentially following ref 27. The
polystyrene foam with a tailored structure that serves as aprecursor solution was prepared by mixing a prehydrolyzed solution
macroporous scaffold for the mesostructure-forming-sol ©f 10.4 g of tetraethoxysilane, TEOS (Purun®8%), in 5.4 g of
gel/amphiphilic block-copolymer composfePlastic form-  diluted hydrochloric acid (pH 2) and 12 g of ethanol (99.7%) under
ing of a gel consisting of mesostructured nanoparticles can¥ig0rous stiriing at room temperature for 20 min. The cationic

yield monoliths of various shapes with disordered bimodal s_urfactant hexadecyl mmethy"”.‘mmon'um brpm'd%TG‘B’_A'd'
rich, was used as the templating amphiphilic molecule; 3.2 g of

pore structures: Polyme.rlzatlon of a monomer ,SOIUt'On n C16TAB was dissolved in 62 g of ethanol (99.7%) before being
a concentrated suspension of mesoporous particles has beefjixeq with the prehydrolyzed TEOS solution. The operation of
used to make bimodally porous silica columns for chroma- the aerosol generator is based on the instability and break up of a
tography?® Smétt et alillustrated how hierarchically porous  cylindrical liquid jet via a vibrating orifice (2gim) into uniform
silica monoliths of simple shapes could be prepared by droplets. A pump syringe (velocity 1.3 x 10-3 cm/s) forces the
carefully controlling the phase separation and gelation mixture through the vibrating orifice, employing a frequency of
kinetics in conjunction with surfactant templating in a m#fid. ~ 70-80 kHz at a constant amplitude. By careful control of the
All these previous reports use solution-based techniques tofrequency and amplitude, the liquid jet can be tailored to give a
control the pore structure and prepare the monoliths. RemovalSteady stream of monodispersed droplets while simultaneously

of large amounts of solvent from large object with a high suppressing the evolution of satellite droplets. The droplets were
porosity and small pore sizes is very time-consuming, with injected axially from the vibrating orifice with a turbulent dispersion

ina ti I th d f ld Th air jet (~15 cn®/min) to suppress any coalescence of particles
processing imes usually on the order of several aays. 1€y, q e by a greater volume of a lamellar flow of dilution air

capillary-induced drying stresses often lead to significant (~40 L/min) into a vertical drying chamber (10 cm diameter), where
shrinkage and can result in cracking and warpage. evaporation of solvents takes place. The silica skeleton was
In the present work, we introduce a rapid and facile condensed by passing the particles through a stainless steel tube (4

approach that adopts the convenience and flexibility of cm diameter) inside of a three-zone furnace at 25(calibrated
powder-based processes used in, for example, the cerami®vith thermocouples) before the particles were collected at a filter
field® to produce mechanically stable meso/macroporous (Pall. A/D Glass fiber filter, with diameter 4.7 mm). The CTAB-
monoliths of complex shape. Mesoporous spherical particlest€mplated monodisperse particles were calcined at’85fr 4 h
produced by an aerosol-assisted technique have been agdh ar o remove the surfactant template. . .
sembled in a die and rapidly consolidated into a monolith. Hierarchically meso/macroporous monoliths have been fabricated

It is sh how th f hanical st th dby partial fusion of the mesoporous powder in a vacuum in a pulsed
IS shown how the surface area, mechanical strengtn, andg . processing apparatus (Dr. Sinter 2050, Sumitomo Coal

macroscopic shape of th? bimodally porous monolith can pjining Co. LTD, Japan). The calcined mesoporous powders were
be tailored. The mechanism of the formation of strong |oaded in cylindrical, dome- and prism-shaped graphite dies and
interparticle bonds is discussed, and the independent tailoringfused with an uniaxial pressure of 20 MPa at a heating rate of 100
of the mesopore and macropore sizes is demonstrated.  °C/min. The temperature was regulated by a thermocouple that was
inserted into the pressing graphite die.
Experimental Section Shaping of the hierarchically porous monoliths was performed
by simple machining using a thin cutting wheel and driller mounted
Two types of surfactant-templated mesoporous spheres producetbn a pneumatic cutter.
by aerosol assisted techniques displayed a narrow pore size Characterization of the mesoporous particles and the hierarchi-
distribution, controlled by the templating amphiphilic molecule, but  cally porous monoliths was carried out using different methods.
varied in the particle size distribution. The majority of the work Scanning electron microscopy (SEM) micrographs were obtained
was performed using polydisperse spheres with a pore size of 96via a JEOL 820 microscope operating at 10 keV. Samples were
A, produced by a modified spraying technigfiey the Institute thinly spread onto a carbon film supported on a brass stud. HRTEM
for Surface Chemistry (YKI). The triblock copolymer of Pluronics  micrographs were taken using a JEOL JEM-200 FX-Il microscope
series (BASF) P123, EgPO,EOy, was used as the templating  operating at 200 keV and equipped with a CCD camera. Samples
amphiphilic molecules and the droplet formation of the copolymer/ \ere ground before being dispersed in ethanol and then deposited
sol-gel solution was performed in a two-fluid spray nozzle onto a carbon film supported on a Cu grid.
(Pneumatic atomizer). The as-prepared P123-templated polydisperse porosity measurements were obtained volumetrically using a
spherical silica particles were rendered porous after calcination atmicromeritics ASAP 2020 analyzer. Samples were degassed and
550°C for 4 h in air toremove remaining organics. data collection started at typically 77 K, following a program
Mesoporous monodisperse spheres with a smaller pore size ofconsisting of both an adsorption and desorption branch. The specific
21 A have been prepared in monodisperse droplets of surfactantsurface areas were calculated using the BET model withit=
and prehydrolyzed silica solution generated by an aerosol generatoi0.08-0.3 relative pressure region. The mesopore size distributions
were obtained from the analysis of the adsorption branch via the
(21) Maekawa, H.; Esquena, J.; Bishop, S.; Solans, C.; Chmelka, B. F. nonlocal density functional theory (NLDFFjwith the assumption
Adv. Mater. 2003 15, 591. ' of cylindrical pore geometry.
(22) 5{;HBa§t<r(;l;f,hAJ.; ;;té?]f’alf)ef; Bésodélfc:{”]:né.;Cﬁola?l}igzgs-’do.bgzéld;?‘ ~The macropore volume and the pore size distribution of
Martinez-Manez, R.: Marcos, M. D.. Amoros, Ehem. Commun. hierarchically porous monoliths were determined using mercury
2002 4, 330. intrusion porosimetry (Micromeritics AutoPore Il 9410). The

(23) Liang, C. D.; Dai, S.; Guiochon, @hem. Commur2002 22, 2680. determination is performed within the pore diameter interval 120
(24) Smatt, J. H.; Schunk, S.; Linden, l@hem. Mater2003 15, 2354.
(25) Ring, T. A. InFundamentals of Ceramic Powder Processing and
SynthesisAcademic Press: San Diego, 1996; Chapter 17. (27) Rao, G. V. R,; Lopez, G. P.; Bravo, J.; Pham, H.; Datye, A. K.; Xu,
(26) Andersson, N.; Alberius, P. C. A.; Pedersen, J. S.; Bergstrom, L. H. F.; Ward, T. L.Adv. Mater. 2002 14, 1301.
Microporous Mesoporous Mate2004 72, 175. (28) Ravikovitch, P. I.; Neimark, A. VJ. Phys. Chem. B001 105, 6817.
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Figure 1. Schematic illustration of the process used to prepare bimodal
porous monoliths from mesoporous particles.

um > @ > 100 A. The surface tension and the contact angle of
mercury are set to 485 mN/m and E30espectively.
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mesopores with a well-defined long-range order and inter-
connected, disordered macropores that are a result of the
interstices between the partially fused particles (Figure 2b,c).
The size of the intergranular macropores is mainly deter-
mined by the size and packing of the mesoporous particles
prior to and during the heating sequence, whereas the
structure of the intragranular mesopores essentially remains
unaffected by the partial fusion process and is thus controlled
by the conditions set in the particle synthesis step, i.e., the
molecular structure and concentration of the amphiphilic
template. This novel approach provides the advantages of
flexible tailoring of the bimodal pore structure together with
very rapid production of strong monoliths with complex
geometry.

The use of rapid heating in conjunction with an applied
compressive stress is essential for the production of strong
hierarchically porous monoliths with a minimal distortion
and collapse of the internal mesostructure of the mesoporous
powders. Conventional techniques to form a monolith from
a powder assembly by, for example, pressureless sintering
requires a mass transport to the contact points to form the
solid necks that provide the strength of the mateéfidihe
mass transport is thermodynamically driven by the minimi-
zation of surface free energy; hence, when mesoporous
powder body is subjected to heat, there is a competition
between the reduction of the internal and external surface
areas. Heating an assembly of a mesoporous powder with a

The diametral compression test, also known as the Brazilian testhigh internal surface area for an extended time, as reported

or splitting tensile test, of the cylindrical monoliths was performed

by applying a compressive load on the perimeter of the circular
disk until a crack forms, causing failure of the specimen. Diametral
compression tests were carried out at ambient conditions using a

for example, by Liang et & may result in a weakly bonded
monolith, but it will be difficult to create a strong monolith

nwithout substantially compromising the internal pore struc-

electromechanical testing machine (Zwick Z050, Germany) at a ture. In contrast, the pulsed current processing (PCP)
constant cross-head displacement rate of 0.5 mm/min. The testmethod?® where the rapid temperature increase is created

specimen were subjected to diametral compression using two by the electrical current that is passed through the graphite

parallel plates. Tensile strength is calculatedas 277/(dtp), where
P = load at failure (N),d = specimen diameter (mm) arid=
specimen thickness (mm).

Results and Discussion

The integrated process for producing mechanically stable

meso/macroporous monoliths of complex shape is schemati-

cally illustrated in Figure 1. The process involves three steps,
namely (i) synthesizing mesoporous particles; (i) assembling
the particles in a die with a designed shape; and (iii)
subjecting the powder assembly to a compressive stress an
simultaneously rapidly heating the powder body to a tem-
perature where amorphous silica can be viscoelastically
deformed. This treatment induces a partial fusion of the
mesoporous particles at the contact point.

The partial fusion technique of mesoporous patrticles yields
monoliths that exactly replicate the shape of the fabrication
die, e.g., cylindrical, dome-shaped, and square-shaped (Figur
2a). Problems with shrinkage and cracking that often plague
solution-based methods are insignificant, and it is possible

to manufacture large objects in a short time. The total process

time from loading the die with the powder and removing
the monoliths is less than 30 min, and the size of the object
is basically limited by the size of the die. The obtained
monoliths have bimodal pore structures, which consist of

die and the powder assembly, can create a relatively large
area of contact between the mesoporous particles with a
minimal mass transport. The high stress at the contact points
at temperatures above 65 results in a viscoelastic
deformation of the amorphous silica framework. It is well-
known that this type of amorphous, glasslike material (on
the atomic length-scale) exhibit a time-dependent deforma-
tion behavior, also below the glass transition péiritFigure

2b suggests that heating to 700 results in the formation

of a contact zone that is relatively large without distorting

(5he initial mesostructure inside the particles. Increasing the

temperature to 80€C results in a larger deformation of the

particles that also appears to distort the mesostructure, at

least in the region close to the deformation zone, Figure 2c.
Evaporation-assisted self-assembly of an amphiphilic

template, e.g., a nonionic surfactant of the Pluronic family,

or a cationic surfactant like cetyltrimethylammonium bromide

éCTAB) and hydrolyzed TEOS in an aerosol can create

Spherical powders with a range of particle sizes and internal
structureg52732-35 We have used two types of mesoporous

(29) Shen, Z.; Nygren, MChem. Rec2005 5, 173.

(30) Scherer, G. WRelaxation in Glass and Composité#/iley: New
York, 1986.

(31) Sakai, M.; Shimizu, S.; Ito, Sl. Am. Ceram. So002 85, 1210.

(32) Lu, Y. F,; Fan, H.Y,; Stump, A,; Ward, T. L.; Rieker, T.; Brinker, C.
J. Nature1999 398 223.
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100 nm

Figure 2. (a) Meso/macroporous silica monoliths of different shapes prepared by rapid heating of an assembly of mesoporous particles in dies of different
shapes (700C, 20 MPa); (b and c) TEM images of the deformed contact zone of the of the P123-templated, polydisperse mesoporous silica particles,
subjected to 20 MPa applied pressure and rapid heating to 700 antC8@8spectively.

as-prepared Table 1 Porosity and Tensile_ Strength of Meso/Macroporous
s —e—650°C Monoliths Produced by Partial Fusion of P123-Templated,
5E~ 240 --u--750 :C Polydisperse Particles at Different Temperatures
£ - 4- 850 nC specific surfacetotal mesoporetotal macroporemesopore tensile
§ —e=950°C Timax area BET volume® volume diametet strengtld
é 160 (°C) (m?lg) (cm®g) (cm¥g) R (MPa)
3 1050 2.28 0.0015 <0.01
2 1000 2.56 0.003 23.8
2l et 950 38 0.035 0.18
S 900 147 0.191 75 7.4
¢ 850 159 0.219 0.19 75
800 191 0.296 75 1.6
0 : , , 750 202 0.307 0.26 82
0.0 0.2 0.4 0.6 0.8 1.0 700 239 0.368 96 0.8
Relative Pressure (p/p®) 650 261 0.411 0.32 96
as-made 275 0.429 96

Figure 3. Nz adsorption-desorption isotherms of as-prepared and partially

fused P123-templated, polydisperse mesoporous silica particles at temper- - BET surface area calculated withpip® = 0.08-0.3. ® Single-point
atures between 650 and 950. adsorption total pore volume at relative presqup8 = 0.96 for pores<508

A. ©Macropore volume for all pores with a diamete®.1m. 9 Mesopore
diameters were determined by the NLDFTTensile strength was obtained

powders in this study. The major part of the work is from diametral compression of cylindrical monoliths.

completed on the basis of polydisperse P123-templated

mesoporous silica spheres produced by a recently reportedderosol generator that can produce precursor droplets with a
spraying technique that can produce relatively large quantitiesvery narrow size distributiof.

of mesostructured particles with a well-defined internal ~ The N adsorption-desorption isotherms (Figure 3) are
structure?® These particles have a two-dimensional hexagonal typical for mesoporous solids with cylindrical pore geometry.
Symmetry with a uniform Mesoporous structure and are There is a wide hyStereSiS for the untreated partiCleS (ShOWn
polydisperse, with a typical size distribution between 0.5 and Py an oval in Figure 3), which gradually disappears with

5 um. Monodispersed mesoporous particles with a diameterincreasing temperature in the PCP process. We speculate that

of 12‘um have also been produced using a Vibrating orifice the wide hyStereSiS Ol’iginates from a fraction of lamellar
pores near the surface of the as-made parti€l8sibjecting

the powder assembly to a high temperature and pressure

(33) Bore, M. T.; Rathod, S. B.; Ward, T. L.; Datye, A. Kangmuir2003

19, 256. creates a deformation of the particles at the contact points
(34) SrostsoMDt.; Ilggbg.;lgrggaldi, E. L.; Charleux, B.; SanchezA@i. (Figure 2b,c), which could reduce the fraction of lamellar
unct. ater. 3 . . . . .
(35) Bruinsma, P. J.; Kim, A. Y.; Liu, J.; Baskaran,Ghem. Mater1997 pores and thus explain why the wide hysteresis disappears

9, 2507. with increasing process temperature. The pore size of the
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Figure 4. (a) Scanning electron microscopy image of monodisperse CTAB-templated mesoporous particles after partial fusiGe att Zs0applied

pressure of 20 MPa. Mercury intrusion porosimetry data of monoliths prepared from rapidly heated assemblies of (b) P123-templated, polyb{sperse an
CTAB-templated, monodisperse mesoporous silica particles, respectively, at an applied pressure of 20 MPa; note that the mesoporosity of the CTAB-
templated particles in ¢ is too small (21 A) for mercury to penetrate.

calcined P123-templated particles of 96 A is retained in the hierarchically porous monolith where the pore size of the
monoliths fused up to 700C (Table 1). There is a slight macropores also increased about 10 times. It is possible to
reduction in the pore size to 82 and 75 A for the monoliths tailor the macroporosity size distribution further by exerting
fused at 750 and 80TC, respectively, but the size distribu- a higher degree of control of the packing of the mesoporous
tion is still narrow. In contrast, both the specific surface area particles. Future work will involve attempts to use colloidal
and the volume of the mesopores decrease with an increas@rocessing and assembly approaéfigéto obtain particle
in the fusion temperature (Table 1). The decrease appearsarrays with a long-range order.
to be essentially linear up to 98C, where the mesostructure  The CTAB-templated mesoporous particles also retain the
eventually collapses. This suggests that the viscoelastic defororiginal pore size (21 A) after pulsed current processing.
mation at the contact points of the spheres results in only aHence, even this type of mesoporous materials that are
local elimination of the pores. Hence, keeping the fusion known to display a poorer thermal stability compared to the
temperature to 70€C or less, it is possible to prepare meso/ P123-templated materials can be used to produce monoliths
macroporous monoliths with a specific surface area of 240 with a well-defined bimodal porosit§. 4!
m#g or more with a mesopore volume of around 0.4/gm We have evaluated the mechanical stability of the meso/
Mercury intrusion porosimetry data shows that the pore macroporous monoliths, produced from the P123-templated
size distribution for the monoliths prepared from P123- polydisperse particles using the diametral compression test
templated polydisperse particles is bimodal with a macroporous also know as Brazilian disk test or splitting tensile test) on
region at 0.+-0.4um and a mesoporous region around 10 cylindrical monoliths prepared at different temperatures. This
nm (Figure 4b). We find that the total volume of macropores simple test, which is frequently used to characterize powder
(d > 0.1 um) decreases continuously with increasing podies and composité3, subjects a circular disk to a
preparation temperature (Table 1), which probably can be compressive stress between two diametrically opposed plates
related to the temperature-dependent deformation of the

mesoporous particles (Figure 2b,c). (36) Gates, B. Y. XAdv. Mater. 200Q 12, 1329.
The size of the macropores can be tailored by the size (37) Stein, A.; Schroden, R. @urr. Opin. Solid State Mater. Sc2001,

; - 5, 553.
and pas:kmg of the initial mesoporous pOWdGI’. An assembly (38) Bergstm, L. In Handbook of Applied Surface and Colloid Chemistry
of relatively large CTAB-templated monodisperse mesopo- Holmberg, K., Ed.; Wiley & Sons: New York, 2001; pp 26218.
rous particles form a mechanically stable meso/macroporous(39) ZQSO' D.Y. Tian, B. Z.; Liu, X. YStud. Surf. Sci. CataP004 148
monolith at 750°C (Figure 4a) that displays a well-defined 40y zhao, D. Y.; Huo, Q. S.: Feng, J. L.: Chmelka, B. F.; Stucky, G. D.

macropore size distribution between 1 andnd with a total @) %hAm- DChYeml-: Sodggﬁ lE'Q 6054-8 Melosh. N.: Fredrickson. G. H
H H H ao, D. Y.;Feng, J. L.; Auo, Q. 5.; Melosn, N.; Frearickson, G. H.;
macropore volume of 0.3 cifg, Figure 4c. Hence, increasing Chmelka, B. F.; Stucky. G. D5ciencel998 279, 548

the average particle size about 10 times resulted in a(42) walker, W. J.; Reed, J. €eram. Eng. Sci. Procl993 14, 43.
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Figure 5. (a) Tensile strength and specific surface area of cylindrical monoliths produced from P123-templated polydisperse particles by pulsed current
processing at different temperatures; (b) outline of the tensile strength measurement by diametral compression.

(Figure 5b). The strength of the material can be related to
the tensile stress that develops perpendicularly to the loading
direction and is proportional to the applied compressive
force®? Figure 5a shows that the tensile strength of the meso/
macroporous silica monoliths depends strongly on the fusion
temperature (or porosity). Increasing the maximum fusion
temperature to 800C increases the strength to 1.6 MPa,
with only a slight decrease in the specific surface area.
Increasing the maximum temperature to 9@ increases

the strength substantially, reaching 7.4 MPa. It should be
noted that although there is a substantial collapse of the meso-
and macrostructure at this temperature, the specific surface
areais close to 150 fiy an.d more than 50% of the priginal Figure 6. Example of a shape that can be fabricated by machining of a
macro p_ore VOIume_ remains. There a_lre few StUdle_S on themeso/ma.croporous monolith. The original dome-shaped monolith is depicted
mechanical properties for materials with a hierarchical pore in the middle of Figure 2a.

structure**4> Takahashi and co-worképsfound that the
bending strength of bimodal silica gel monoliths, prepare
from a water-glass solution that is phase separated, varie
from 1 to 5 MPa depending on the calcination temperature
and the preparation condition. The strength of our monoliths
are similar in magnitudé which suggests that the partial
fusion of mesoporous particles creates an interparticle bon
that is comparable to a gelled and condensed silica network.
The partially fused monoliths have a sufficient strength to
allow well- established, so-called green machining tech-
niques, e.g., mechanical polishing, ultrasound milling, and
probably also laser cutting, to be us@drigure 6 gives an
example of a simple shape that has been machined from th
dome-shaped monolith prepared at a fusing temperature o
800 °C.

d temperature to 750C results in monoliths with a bimodal
d porosity where the mesopores are virtually unaffected by the
heating process.

We have demonstrated how the size of the macropores
can be controlled by using mesoporous particles of different
dsizes. It was also demonstrated how monoliths of different
shapes could be manufactured by either using dies of various
geometries or machining the fabricated monoliths. The
combination of an aerosol-assisted continuous scalable
production method of mesoporous particles with a rapid
technique to produce meso/macroporous monoliths of an
earbitrary shape opens up many large-scale applications for
].advanced materials, e.g., bioseparation and chromatography.

In summary, mechanically stable hierarchically porous Scfgﬁggvg%i%@i?n(t\'/;; ISV\\,/Vgrtvvgﬁﬁjsﬁﬁgo{;eig|¥;2\$v|§év§§ISF?

silica monoliths, with tunable open macropores and surfac- Alberius and N. Anderson at The Institute for Surface Chemistry

tant-templated ordered mesopores, were fabricated by a novel | for providing the P123-templated, polydisperse mesoporous

and facile approach. Rapid heating of powder assembllesparticles. We thank Y. Sakamoto, K. Jansson, P. Jansson, D.

subjected to a compressive stress results in viscoelasticSalomon, and B. S. Ng for technical assistance and fruitful

deformation and partial fusion of the mesoporous silica discussion.

particles at the contact points. Restricting the maximum
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templated mesoporous polydisperse particles generated in a two-
] ¢ ) ] ) fluid spray nozzle. SEM image of CTAB-templated monodisperse
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