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The  conventional  drying  (oven  drying)  method  used  for  the  preparation  of  precipitated  mesoporous  silica
with  low  surface  area  (>300  m2/g) and  small  pore  volume  is  often  associated  with  a high  production  cost
and a time  consuming  process.  Therefore,  the  main  goal  of  this  study  was to develop  a  cost-effective
and  fast  drying  process  for the  production  of  precipitated  mesoporous  silica  using  inexpensive  industrial
grade  sodium  silicate  and  spray  drying  of  the precipitated  wet-gel  silica  slurry.  The  precipitated  wet-gel
silica  slurry  was  prepared  from  an  aqueous  sodium  silicate  solution  through  the  drop-wise  addition  of
sulfuric  acid.  Mesoporous  precipitated  silica  powder  was  prepared  by  drying  the  wet-gel  slurry  with
different  drying  techniques.  The  effects  of the  oven  drying  (OD),  microwave  drying  (MD),  and  spray  dry-
ing (SD)  techniques  on the  physical  (oil,  water  absorption,  and  tapping  density),  and  textural  properties
(specific  BET  surface  area,  pore  volume,  pore  size,  and  % porosity)  of  the  precipitated  mesoporous  sil-
ica powder  were  studied.  The  dried  precipitated  mesoporous  silica  powders  were  characterized  with
field-emission  scanning  electron  microscopy;  Brunauer,  Emmett  and  Teller  and  BJH  nitrogen  gas  adsorp-

tion/desorption  methods;  Fourier-transform  infrared  spectroscopy;  thermogravimetric  and  differential
analysis;  N2 physisorption  isotherm;  pore  size  distribution  and  particle  size  analysis.  There  was  a  sig-
nificant  effect  of  drying  technique  on  the textural  properties,  such  as specific  surface  area,  pore  size
distribution  and  cumulative  pore  volume  of  the  mesoporous  silica  powder.  Additionally,  the  effect  of
the  microwave-drying  period  on  the  physicochemical  properties  of  the  precipitated  mesoporous  silica
powder  was  investigated  and  discussed.
. Introduction

Mesoporous precipitated silicas are good fillers of plas-
omers and elastomers. Precipitated silica compositions with
olymers contribute to improvement of the tensile strength of
he polymer–silica. Moreover, mesoporous precipitated silicas with
igh surface area and large pore volume are used as dielectric mate-
ials, elastomeric materials (such as tires), in flat panel displays,
ensors, filters for exhaust gases and automobile exhaust sys-
ems, industrial pollutants, adsorbents, separations, biomedicine,
ensors, drug delivery systems, oil-spill clean-up [1–5], and het-
rogeneous catalysts in various chemical reactions [6].  Generally,
lkyl orthosilicates are used as a source of silica for the preparation
f mesoporous silica. However, they are not the best commercial

ources of silica due to their high cost, flammability, and difficulties
n handling/storage. Therefore, their replacement with a compar-
tively less expensive and robust inorganic silica source is desired

∗ Corresponding author. Tel.: +82 31 400 5493; fax: +82 31 500 3579.
E-mail address: khtaik@yahoo.com (H.T. Kim).
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[7].  Sodium silicate (water-glass) could be a good source of silica for
industrial, large-scale production of mesoporous silica powders.

We previously reported the preparation of hydrophobic meso-
porous silica powder with high surface area and large pore volume
via the surface modification of a wet-gel silica slurry [8].  Even
though the mesoporous silica obtained through this method has
excellent physical and textural properties, it is generally hydropho-
bic. These products thus have limited applications in various fields,
such as moisture adsorption (desiccants). As a result, current efforts
have been made to synthesize hydrophilic mesoporous precipi-
tated silica powder with high specific surface area and large pore
volume. For the synthesis of mesoporous silica powder, drying
techniques are as important as the preparative parameters. Sev-
eral researchers have investigated the effect of sol–gel preparative
conditions on the synthesis of mesoporous silica powder. To the
best of our knowledge, few reports have investigated the effects
of drying technique on the morphology of silica powder. Rahman

et al. reported some effects of drying technique on the morphol-
ogy of nanoparticles synthesized via a sol–gel process; however,
the authors used expensive silica alkoxides, such as tetraethoxysi-
lane (TEOS) [9].  In addition, they did not report on the effects of the

dx.doi.org/10.1016/j.apsusc.2011.09.035
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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pray drying technique, which is very important for the industrial
arge-scale production of mesoporous precipitated silica powders
sing inexpensive sodium silicate solution. Considering the large-
cale industrial production of mesoporous silica powder, there is a
reat need for the detailed investigation of the effects of the spray
rying technique on the physicochemical properties of precipitated
esoporous silica powder.
In this study, oven drying (OD), microwave drying (MD),

nd spray drying (SD) techniques were used to dry a sodium
ilicate-based wet-gel silica slurry. The applied heating mechanism
ifferentiates the spray drying technique from the conventional
D and MD  methods. In the conventional OD method, the heat
nergy is transferred to the interior of the gel/slurry via conduction.
he heat conduction rate depends on the thermal conductivity of
he wet-gel silica slurry and decreases significantly as the mois-
ure content in the gel decreases, thereby prolonging the drying
rocess [10–12].  Whereas, in the MD  process, water present in
he gel/slurry absorbs the microwaves throughout the entire mass,
ausing molecular vibrations with respect to the oscillating electric
eld of the microwaves and thus uniformly heating the gel/slurry
13]. In the SD process, the size-controlled drops of the liquid or
lurry are dispersed through the nozzle into a hot air chamber. Liq-
id (water) in the wet-gel slurry absorbs the hot air, facilitating
he uniform heating of the entire mass. Ultimately, this accelerates
he drying process and reduces the total drying time as well as the
roduction cost. This drying process is a rapid one-step process
hat eliminates the need for additional processing and is there-
ore suitable for large-scale industrial production of mesoporous
ilica powders. Therefore, the macroscopic drying phenomena of
arious drying techniques have significant effects on the textu-
al properties (BET specific surface area, pore size, cumulative
ore volume, and % porosity) of mesoporous silica powder. Our
ndings should be applicable to the large-scale industrial mass-
roduction of hydrophilic, precipitated mesoporous silica powders
ith improved properties.

. Experimental

.1. Materials

An industrial-grade sodium silicate solution (water-glass molar
atio SiO2/Na2O = 3.4; density 1.280 g/cm3) as a silica precursor
as purchased from Shinwoo Materials Co. Ltd., NaCl (99.5%) from

howa Chemical Co., Ltd., and sulfuric acid (98%) from Duksan Pure
hemicals Co., Ltd. All reagents were used without further purifi-
ation.

.2. Preparation of a wet-gel silica slurry through the drop-wise
ddition of sulfuric acid into an aqueous sodium silicate solution

Silica wet-gel slurry was prepared from an aqueous sodium
ilicate solution through the addition of sulfuric acid using the pre-
ipitation method under constant stirring. Initially, 2080 g of a 24%
odium silicate solution (Na2O·SiO2) was added to 6682 g of aque-
us NaCl (4%) in a 10 L reactor tank. The temperature was adjusted
o 35 ◦C under constant stirring at a speed of 300 rpm. The 8% H2SO4
as added to the alkaline solution in two steps. In the first step,

85 g of 8% H2SO4 was added to the mixture by a chemical feed
ump at a rate of 197 g/min; the semi-gelatic point was achieved
ithin a minute. In order to prevent the formation of a strong silica

el, the solution was stirred for an additional 10 min with no further

ddition of H2SO4. The second step involved the addition of more 8%
2SO4 (1580 g) until the pH of the silica slurry reached 5. After the
nal addition of 8% H2SO4, the precipitated wet-gel silica slurry was
ged for an hour at 85 ◦C under constant stirring (150 rpm) and then
Scheme 1. Schematic diagram of the spray drying process.

cooled to room temperature. The prepared wet-gel silica slurry was
thoroughly washed to remove by-products (Na+, Cl−, SO4

2−) and
filtered using a filter press (laboratory scale to obtain a wet-cake).
The removal of Na+ from the washed cake was confirmed using a
sodium ion detector (NeoMet, ISTEK, pH/ISE meter). Furthermore,
the washed cake was dried using different drying techniques (oven
drying, microwave drying, and spray drying).

2.3. Drying of washed cake with different drying techniques

2.3.1. Oven drying
The obtained wet-cake was  directly dried at 80 ◦C for 4 h in an

oven. To complete remove water, the cake was dried at 200 ◦C for
an hour. The dried cake was crushed into a powder for characteri-
zation.

2.3.2. Microwave drying
The wet-cake was  dried at an ambient pressure in a microwave

oven (operating frequency of 2.45 GHZ, 0.7 kW). The time interval
between successive microwave exposures and the total drying time
varied from 10 to 30 min.

2.3.3. Spray drying
The spray-dry instrument used in this study was a pilot plant

apparatus made by E & B Nanotech Co. Ltd., Korea. Droplets were
generated from a single-flow spray nozzle, and the nozzle pres-
sure was  varied from 0.05 to 0.30 MPa. The temperatures, which
were controlled from 100 to 180 ◦C, were digitally displayed. The
cyclone collector used to collect the spray-dried samples employed
centrifugal force created by a circular flow that accelerated the
particles toward the cyclone wall, as shown in Scheme 1. The wet-
cake was dried using a spray-drying technique. For this purpose,
the 1000 g wet-cake was mixed with 500 g water (50%), continu-
ously stirred and fed into the spray-drier with a peristaltic pump
that operated at a speed of 100 rpm. The liquid was atomized at

10 kPa in a nozzle using an airflow rate of 75 m2/min. The spray-
dryer outlet and inlet temperatures were maintained at 100 and
180 ◦C, respectively. These processing conditions were maintained
throughout the drying process. The total drying period for a 1500 g
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Table 1
Effects of drying technique on the physical and textural properties of precipitated mesoporous silica powder.

No. Drying
technique

Surface area
(m2/g)

Taping density
(g/cm3)

Pore diameter
(nm)

Pore volume
(cm3/g)

Porosity
(%)

Water absorption
(ml/g)

Oil absorption
(ml/g)

Moisture
contents (%)

BJH  method BJH method

1 Oven drying 358 0.362 7.51 0.91 80.95 2.38 2.19 5.62
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2  Microwave
drying

437 0.294 10.21 

3  Spray drying 679 0.225 17.41 

lurry was 15 min. Spray drying was a one-step rapid procedure
hat eliminated additional processing, and the present route is a
uitable alternative for large-scale industrial production.

.4. Characterization methods

The effects of different drying techniques on the textural prop-
rties of the precipitated mesoporous silica powders (packing
ensity, porosity, oil absorption, and water absorption) were mea-
ured using previously described methods [14]. For the water
bsorption test of the dried silica samples, 10 g of dried silica pow-
er was placed on polyethylene, which did not absorb water. Water
as added drop-wise to the center of the powder, and the mix-

ure was thoroughly kneaded with a spatula after each addition.
he dropping and kneading were repeated until the entire sam-
le became a solid lump of putty. The amount of water added was
ecorded, and the water absorption was expressed in terms of ml/g
volume of water absorbed/weight of the sample).

For the oil absorption test of the silica samples, dioctyl phtha-
ate (DOP) was  used. The procedure used for the oil absorption test

as similar to that used for the water absorption test. The amount
f oil absorption was expressed in terms of ml/g (volume of oil
bsorbed/weight of the sample). The moisture contents of the silica
amples dried with different drying techniques were determined
sing an infrared moisture determination balance (Model Kett 610,
C100-240 50/60 Hz, Japan). A 5 g silica sample was placed in a
eigh pan and held for 30 min. The tapping density of mesoporous

ilica powder was determined by filling a cylindrical column of
nown volume with silica powder; densities were then calculated
y comparing the mass of the silica powder to the volume ratio.
alculations were performed in triplicate for each sample, and the
verage was recorded as the tapping density of the silica powder.

The specific surface area, average pore size, cumulative pore
olume, N2 gas adsorption/desorption isotherms, and pore size
istributions (PSDs) of dried silica powders were characterized
y a BET N2 gas adsorption/desorption (77 K) apparatus (ASAP
00, Micromeritics, USA). The samples were degassed at 200 ◦C for

 h under vacuum (10−3 mmHg). The BJH method and desorption
sotherm data were used to calculate the total pore volume and pore
ize distributions, respectively [15]. A Perkin-Elmer 2000 FTIR spec-
rometer was  employed to observe the drying technique effects on
he intensities of the silica surface hydroxyl groups (–OH). For this

urpose, silica powders were mixed with KBr and pressed to form

 sample pellet for FTIR measurements. Samples were examined
y TG-DTA to study the drying technique effects on the meso-
orous silica. Ten milligrams of the mesoporous silica powder was

able 2
ffects of microwave-drying period on the physicochemical (physical and textural) prope

No. Microwave-drying
period (min.)

Surface area
(m2/g)

Taping density
(g/cm3)

Pore diameter
(nm)

P
(c

BET  method B

1 10 426 0.281 10.06 1
2 20  432 0.287 10.13 1
3  30 437 0.294 10.21 1
7 84.52 2.86 2.34 4.46

6 88.16 3.79 3.51 2.17

heat-treated in air from room temperature (25 ◦C) to 1000 ◦C at
a controlled heating rate of 1.5 ◦C min−1 using a microprocessor-
based Parr temperature controller (Model 4846) connected to a
muffle furnace (A.H. JEON Industrial Co., Ltd., Korea).

Microstructural studies of the mesoporous silica powders were
performed using a field-emission scanning electron microscope
(FE-SEM, Hitachi, S-4800) and X-ray energy dispersive spec-
troscopy (EDS). EDS was  also employed to examine the purity of the
final product. A transmission electron microscope (TEM, JEOL JSM
6700 F) was  used to analyze the morphologies of the mesoporous
silica powders at an accelerating voltage of 80 kV. The dried samples
(oven drying, microwave drying, and spray drying) were dispersed
in water and placed on copper grids covered with a carbon coating
for TEM observation.

The errors in the % porosity, packing density, water absorption
and oil absorption measurements were calculated as a root mean
square (RMS) using the formula [

∑
{x − x−}2/4]1/2, where x and

x− represent the actual and mean values, respectively. The results
reported in this study were based on the average of three sets of
experiments.

3. Results and discussion

3.1. Effects of drying technique on the physical properties of the
precipitated mesoporous silica powder

The amounts of water and oil absorbed by the precipitated
mesoporous silica powder were measured to evaluate the effects
of the drying techniques on the physical properties of the meso-
porous silica powder. The amounts of water and oil absorption
for dried mesoporous silica powders prepared using the different
drying techniques are compared in Table 1. Whereas, the effects
of the microwave-drying period on the physicochemical proper-
ties of the precipitated mesoporous silica powder are compared in
Table 2. The silica samples dried by the SD technique (3.79 ml/g)
absorbed more water than the samples dried by the OD technique
(2.38 ml/g). Additionally, SD mesoporous silica samples had very
high oil absorption capacities compared to the samples dried by the
OD method. The MD samples absorbed more oil than the samples
dried by OD and less than the SD samples. The tapping densities of
precipitated mesoporous silica samples dried by oven, microwave,
and spray drying techniques are summarized in Table 1. The tap-

ping density value obtained for mesoporous silica powder dried
by the SD process was less than the tapping density obtained for
the samples dried by the OD technique. However, the tapping den-
sity obtained for the samples dried by the MD  technique was less

rties of precipitated mesoporous silica powder.

ore volume
m3/g)

Porosity
(%)

Water absorption
(ml/g)

Oil absorption
(ml/g)

Moisture
contents (%)

JH method

.21 84.41 2.73 2.23 4.95

.23 84.46 2.79 2.29 4.58

.27 84.52 2.86 2.34 4.41
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Fig. 1. EDS spectra of the sodium silicate

han those of the SD technique, which indicates that SD could
reserve the porous structure and hence the porosity. In the OD
echnique, high shrinkage could be obtained for the wet-gel silica
lurry, hence an increase in the drying shrinkage density increased
or the mesoporous silica sample dried by the OD technique. Alter-
atively, relatively less drying shrinkage occurred due to uniform
eating of the wet-gel silica slurry droplet in the hot chamber.
ence, due to the decrease in drying shrinkage, the tapping den-

ity of the mesoporous silica powder decreased for the spray dried
ilica sample.

Fig. 1 demonstrates the purity of the obtained mesoporous silica
owder dried with the SD technique. Fig. 1 shows that only the
xpected EDS peaks for Si, O, and C were observed, emphasizing
he purity of the obtained mesoporous precipitated silica product.

.2. Effects of drying technique on the textural properties of the
recipitated mesoporous silica powder

The textural properties (specific surface area, cumulative pore
olume, pore size, and % porosity) of mesoporous silica powders
repared with various drying techniques are compared in Table 1.
he largest BET specific surface area was obtained for the SD tech-
ique, and a lower value was obtained for the OD technique. A
elatively lower BET surface area was obtained for the MD tech-
ique. Additionally, the cumulative pore volume and average pore
iameters obtained for the spray-dried sample were much greater
han the samples dried by OD and MD  techniques. This can be
ttributed to less drying shrinkage during the SD technique due
o uniform heating of the wet-gel silica slurry drops in the hot
hamber [14]. In contrast, the drying shrinkage occurring in the

D and MD  techniques could be relatively high. Hence, the dry-

ng shrinkage can reduce the total pore volume and pore size (pore
iameter). Therefore, decreases in the total pore volume (reduction

n microporous area) and BET specific surface area are reduced in
 precipitated mesoporous silica powder.

the case of oven-dried samples. The spray-dried sample had a com-
paratively low tapping density compared to those of the oven- and
microwave-dried samples, hence the % porosity calculated for the
spray-dried sample was  very high. The moisture content observed
for the spray-dried sample was  relatively less than those of the sam-
ple dried by the OD and MD  techniques. The water contents of the
samples produced from MD and OD techniques was 4.46 and 5.62%,
respectively, indicating that the SD technique effectively removed
water molecules in less time and at a lower temperature than could
be achieved in the OD or MD  techniques.

3.3. Nitrogen physisorption studies

N2 adsorption and desorption isotherms and the pore size
distribution of the mesoporous silica powders were studied to
determine the effect of drying technique on the nature of the pores
in the mesoporous silica network. Fig. 2 shows the N2 adsorp-
tion/desorption isotherms of OD, MD and SD silica samples. All
samples showed similar isotherms and were comparable to meso-
porous materials (H1 type) [16,17],  although differences in surface
area, pore volume, and pore size were observed. H1-type hys-
teresis loops indicated cylindrical pores [18], and large hysteresis
loops indicated more pores in the silica network. The physisorp-
tion isotherms obtained for all silica samples exhibited similar
hysteresis loops, which correspond to characteristic features of
mesoporous materials (type IV isotherms) [19,20].

The absorption volumes of each silica sample differed based on
the drying technique. The maximum amount of N2 gas adsorbed
by a porous solid obviously depends on the volume of the pores
present in the porous material [21]. Spray-dried mesoporous sil-

ica powders absorbed more than did the OD and MD  mesoporous
silica samples. In the SD process, size-controlled drops of wet-gel
silica slurry were dispersed by a nozzle into the hot air chamber.
The liquid (water) present throughout the wet-gel silica slurry uni-
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ig. 2. N2 adsorption/desorption isotherms of the precipitated mesoporous silica
owders prepared using different drying techniques (N2 adsorption/desorption data
ere calculated by BJH method).

ormly absorbed the hot air, facilitating uniform heating of the mass
ispersed through the nozzle, which may  have reduced the dry-

ng shrinkage of the mesoporous silica. Ultimately, this increased
he total pore volume and the porosity [14]. In the case of the OD
rocess, the water molecules were constantly eliminated from the
ores, causing an increase in the capillary force, thereby increas-

ng the drying shrinkage. Hence, the increase in drying shrinkage
ue to meso/micropores in the silica network was  reduced, which
aused decreases in the pore diameter, total pore volume, and %
orosity.

Fig. 3 shows the pore size distribution (PSDs) curves of meso-
orous silica powders obtained by OD, MD  and SD techniques. The
D mesoporous silica sample had a narrow pore size distribution
ith an average pore diameter of 7.51 nm.  The MD  mesoporous

ilica powder had a broad pore size distribution with an average
eak pore diameter of 10.21 nm,  while SD mesoporous silica pow-
er had a broader pore size distribution with an average diameter
f 17.41 nm.  As shown in Fig. 3(c), the peak pore diameter for the SD
ilica sample shifted toward a higher value. All of the drying tech-

iques reported in this study showed a pronounced peak in the
esopore region (2–50 nm)  [22], indicating that the silica samples
aintained mesoporosity even after drying.

ig. 3. Cumulative pore size distributions of the mesoporous silica powders pre-
ared by oven, microwave, and spray drying techniques (pore size distribution data
ere calculated by BJH method).
Fig. 4. TG/DTA curves of hydrophilic mesoporous silica powders prepared using
different drying techniques.

3.4. TG-DTA and FTIR studies of the precipitated mesoporous
silica powder

The effects of drying technique on the thermal stability of
the sodium silicate-based precipitated mesoporous silica powders
were studied using TG-DTA analysis. Fig. 4(a–c) shows the TG-
DTA analysis results of the precipitated mesoporous silica powders
dried by sprayed, MD and SD techniques. The initial weight loss
observed for all samples up to 160 ◦C was due to the evapora-
tion of the residual water molecules (remaining moisture) from
the precipitated mesoporous silica powder. As observed from the
TG curve, the initial weight loss observed for the SD silica sample
was comparatively less than those of the OD and MD  silica samples,
which indicates that the SD technique can more effectively remove
moisture from the wet-gel silica slurry. Furthermore, OD  and MD
techniques show more weight loss with an increase in temperature
to greater than 430 ◦C. As observed from the DTA curve, there was
not much difference between the silica samples. The DTA curves
obtained for precipitated mesoporous silica samples dried by the
OD, MD and SD techniques were quite similar.

The effects of drying technique on chemical bonding in the

sodium silicate-based mesoporous silica powders were studied
using FTIR spectroscopy. FTIR spectra of the silica samples dried
by OD, MD and SD techniques are shown in Fig. 5. The peaks cen-
tered at 1070 and 495 cm−1 correspond to the Si–O–Si bonds and

Fig. 5. FTIR spectra of the precipitated mesoporous silica powders prepared by oven,
microwave, and spray drying techniques.
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Fig. 6. FE-SEM micrograph of the mesoporous silica powders prepared using di

ere the most informative of the silica network structure [23,24].
he broad absorption peak centered at 3390 cm−1 was  attributed
o the O–H stretching band of hydrogen-bonded water molecules
H–O–H· · ·H2O). The strong absorption peaks at 3390 cm−1 and
640 cm−1 correspond to the terminal–OH groups. The strong
bsorption peaks observed at 3390 cm−1 and 1640 cm−1 were com-
aratively less intense (stretched) for the samples dried by the
D technique [7].  This indicates that the SD technique was  more
ffective in removing the water molecules from the sodium silicate-
ased precipitated wet-gel silica slurry. The FTIR results are also
upported by the results of TGA and moisture absorption tests

Table 1), as previously discussed. In contrast, for the OD silica
owder, a strong–OH peak (less stretched) at 3390 cm−1, indicated
hat a significant fraction of the Si atoms existed on the surface of
he silica network structure as hydroxylated species [9].  This con-

Fig. 7. TEM micrograph of the mesoporous silica powders prepared using different 
t drying techniques (a) oven drying (b) microwave drying, and (c) spray drying.

firmed the efficiency of the SD technique in removing water from
the precipitated wet-gel silica slurry.

3.5. Effects of drying technique on the nanostructure of
precipitated mesoporous silica powder

The effects of different drying techniques on the mesoporous
structure of silica powders were observed using FE-SEM. Fig. 6
shows the pore characteristics and structural morphology of pre-
cipitated mesoporous silica based on FE-SEM micrographs of (a) OD
(b) MD  and (c) SD mesoporous silica powders. Generally, the OD sil-

ica powder was  characterized by dense aggregates of larger spheres
(consisting of closely packed particles) with a smaller pore size
(Fig. 6(a)) [9].  This can be attributed to the OD process in which the
water molecules were constantly eliminated, causing an increase

drying techniques (a) oven drying (b) microwave drying, and (c) spray drying.
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n silica sol concentration and creating fluid drag, which forced the
articles closer to each other. At a critical point of drying, these
articles touch and form an aggregate to achieve greater stabil-

ty. Hydrogen bonding (through silanol groups), van der Waals and
apillary forces were dominant attraction forces acting on these
anoparticles [25,26].

The MD  silica powder had a more porous structure with smaller
article size and larger pore size (Fig. 6(b)). The precipitated meso-
orous silica prepared by the SD technique appeared to have
articles that were small and uniform in size. The pore size for
he spray-dried silica sample was more broadly distributed than
hose of the OD and MD  silica samples. Fig. 7 shows representative
EM micrographs of (a) OD (b) MD  and (c) SD precipitated meso-
orous silica powders. Oven- and microwave-dried precipitated
ilica powders showed less porous silica network microstructures
ith irregular pore sizes. Alternatively, the sample prepared with

he SD technique exhibited a highly porous, sponge-like silica
icrostructure with a uniform pore size distribution in the range

f 12–18 nm.  The wet-gel silica slurry experienced less shrink-
ge during spray drying as it uniformly absorbed the hot air,
acilitating uniform heating of the entire mass dispersed through
he nozzle, leading to the formation of highly porous, dried sil-
ca powder microstructures. The surface morphology of the SD

esoporous silica structure observed by TEM was  more uniform
nd had a relatively smaller particle size than did the OD silica
ample.

. Conclusions

In the present study, we studied the effects of different drying
echniques (oven, microwave, and spray) on the physical (taping
ensity, oil absorption, and water absorption), textural properties
specific BET surface area, pore volume, pore size, and % poros-
ty), and morphology of precipitated mesoporous silica synthesized
y sol–gel polymerization of a sodium silicate solution. The drying
echnique had strong effects on the properties of the final product
ue to its great impact on the precipitated wet-gel silica slurry, pri-
arily on the tapping density, oil/water absorption, surface area,

ore volume, pore diameter, % porosity, and morphology. The pre-
ipitated silica obtained by the SD technique exhibited a highly

orous, sponge-like mesoporous nanostructure with uniform par-
icle and pore size distribution. The SD precipitated mesoporous
ilica had superior properties of high surface area (679 cm2/g), low
apping density (0.225 g/cm3), large pore diameter (17.41 nm)  and

[

[
[

 Science 258 (2011) 955– 961 961

large cumulative pore volume (1.96 cm3/g). The SD technique effec-
tively removed the water from the wet-gel silica slurry synthesized
via sol–gel polymerization of sodium silicate (water-glass). Spray
drying is proposed as the best drying technique for the large-scale
industrial mass production of highly porous (high BET surface area,
large pore volume and pore diameter) silica powders.
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