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Synthesis of mesoporous silica SBA-15 using a dropwise flow reactor

Seong Chul Ryu, Jong Hwan Lee, and Hee Moon'

School of Chemical Engineering, Chonnam National University, 77 Yongbong-ro, Gwangju 61186, Korea
(Received 23 March 2019 « accepted 19 June 2019)

Abstract—Generally, mesoporous silica materials, such as SBA-15, are hydrothermally synthesized in batch reactors.
We synthesized SBA-15 in a dropwise flow reactor, which has several merits, such as short reaction times, continuous
operation, and easy scale-up. The reaction system had three parts: a mixer and two reaction channels, one operated at a
low temperature of 35 °C for the self-assembly of 2D hexagonal silica structures, and the other operated at a high tem-
perature of over 80 °C to increase the stability of the silica structure. Two different operating schemes were used to mix
the two immiscible reactant streams, one with a magnetically driven active mixer and the other with a direct supply of
premixed reactants. The dropwise flow reactor with the active mixer instead of the low-temperature reaction channel
produced fractured silica particles in the final product. However, when a premixed solution under hydrolysis condi-
tions was employed, the synthesis of mesoporous silica SBA-15 was successful within 2.5h in the dropwise flow reac-
tor, showing close physical properties to the reference SBA-15 sample obtained in a conventional batch reactor.
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INTRODUCTION

Generally, mesoporous silica materials, such as those from the
MCM and SBA families, have been synthesized by hydrothermal
reactions in batch reactors, because they are formed slowly through
self-assembly [1-3]. After the discovery of the MCM family of mes-
oporous materials by Mobil Corporation scientists in 1992 [4,5],
the synthesis of surfactant-template mesoporous materials under
various conditions has rapidly progressed [6-8]. A new family of
mesoporous silica materials with larger pore sizes and thicker pore
walls compared to MCM materials, the SBA family, was synthe-
sized at the University of California, Santa Barbara in 1998 [9]. For
the synthesis of the SBA family of materials, triblock co-polymer
surfactants were used as structure-directing agents (SDAs), and
trimethylbenzene (TMB) was used as a swelling agent [3,9-11]. Based
on the types of surfactants used and their concentrations, the mor-
phology and structure of the materials can be varied [12-14].

Hydrothermal reactions in batch reactors have drawbacks, such
as long reaction times and discontinuous operations [15,16]. In
ideal reactions, target materials are produced without any side reac-
tions; however, batch reactors often produce several side products
because of their large thermal and concentration gradients [17].
Thus, it is difficult to produce a desired product with high purity.
In addition, the amounts of products are also limited to the work-
ing capacity of the batch reactor. Continuous flow reactors have sev-
eral advantages to compensate for the drawbacks of batch reactors
[18-20]. Generally, small (including micro-scale) flow reactors offer
very short reaction times, rapid heat and mass transfer rates, high-
quality homogeneous products, and continuous operations, because
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the chemical reactions occur in a small confined channel or in drop-
lets formed in the channel [18,21-24]. The quantities of the prod-
ucts are also easily controlled by employing multiple parallel flow
reactors [25]. Small channel process devices have been of interest
not only for academic investigations but also for applications in
many chemical industries [21-25]. Microfluidic systems have also
been used to produce nanoparticles of good quality; these systems
provide several advantages, such as control of the sizes, morpholo-
gies, and size distributions of the nanoparticles [24,26].

Despite the many advantages, there have been only few reports
on the successful synthesis of mesoporous silica materials in flow
reactors [20,26-28]. This is mainly because of the adverse intrinsic
characteristics of flow reactors, such as inhomogeneous flows form-
ing in the channels and channel clogging by solid products [29].
There are two major schemes for flow reactors: continuous and
dropwise. In continuous flow reactors [19], different reactants are
continuously supplied, mixed, and reacted in series reaction chan-
nels. Such reactors have simple construction and are easy to use
for many reactions. However, capillary resistance is extremely high
because of the pressure-driven flow through the small channels.
This leads to inhomogeneity of the products or the clogging of the
reaction channels if there are solid products. In dropwise flow
reactors [18], uniform droplets in a continuous phase flow through
the reaction channels. The drop size is the same size as the diame-
ter of the reaction channel or smaller. Each drop acts as a small
batch reactor and the skin friction along the reactor wall can
enhance the mixing rate and concentration uniformity of the reac-
tants.

In this work, we used two different arrangements for flow reac-
tions to synthesize a 2D mesoporous silica material, SBA-15: (1) a
dropwise flow reaction with active mixing and (2) a dropwise flow
reaction using a premixed reactant solution under hydrolysis con-
ditions.
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EXPERIMENTAL

1. Materials

A block copolymer, EO,y-PO,-EO,, (P123), and tetraethylortho-
silicate (TEOS) (98%, Sigma-Aldrich) were used as the structure
directing agent and silica source, respectively. Hydrochloric acid
(37%, Sigma-Aldrich) was used to prepare the acid solutions. Polytet-
rafluoroethylene (PTFE) tubes were used as reaction channels, and
Y junctions were used for the connections. For the dropwise flow
reactors, paraffin oil was used as a carrier or continuous phase.

2. Synthesis of Mesoporous Silica Materials

The mesoporous silica material, SBA-15, was synthesized by a
hydrothermal reaction in a conventional batch reactor [15] to com-
pare with the samples synthesized in the dropwise flow reactors.
First, 12.0 g of P123 was dissolved in 480 ml of a 2 M HCI aque-
ous solution and 90 ml of deionized water. Next, 255 g of tetra-
ethyl orthosilicate (TEOS) was added to the solution and stirred for
5 min at room temperature (in this case, the molar ratio of TEOS/
P123 was maintained as 60). The mixture was kept in a polypro-
pylene bottle, and the hydrothermal reaction was carried out. The
bottle was maintained at 35 °C for 20 h and then 100 °C for 1 day:.
The product was subsequently filtered and dried at 80 °C for 24 h.
The final powder was calcined at 550 °C for 3 h to remove the sur-
factant P123 and water from the samples.

Later, a dropwise flow reactor for the synthesis of SBA-15 was
arranged as shown in Fig. 1. The reactor system consisted of a mix-
ing (or connecting) part and two coiled reaction channels that
were immersed in water and ol baths, respectively. Syringe pumps
(LSP02-18, Longerpump®) were used to feed the reactant solu-
tions. The channels were constructed from polymer tubes with
inner and outer diameters as 1.7 and 2 mm, respectively. Water and
oil baths were used to maintain low and high temperatures of 35
and 70-90 °C, respectively. Y junctions were used to combine the
two reactant streams and form droplets of the reactant mixture in
the oil. The first scheme was a dropwise flow reactor that used
only a channel in the high-temperature oil bath. Immiscible inert
paraffin oil was used to form reactant drops while it was intro-

Table 1. Conditions for dropwise flow reaction with active mixing
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Fig. 1. Two types of dropwise flow reactors: (a) with active mixing
and (b) with premixed solution.

duced into the reaction channel through the Y junction. In this
scheme, an active mixer with a small magnetic bar was used for
mixing the reactant streams prior to droplet formation. This active
mixer was used instead of the low-temperature reactor channel
operated at 35 °C. The reaction (or retention) time depended on
the volume of mixer in the range of 2.5-10 ml. The rotation speed
was constantly maintained at 300 rpm. In the second reaction
scheme, the two reactant solutions were premixed externally before
the drop generator. Every 20 min, the syringe was replaced with a
new syringe containing premixed solution to avoid clogging due
to premature silica particle formation.

All the streams for the reaction were prepared using the same
recipe for the conventional hydrothermal synthesis of SBA-15 [15].
The final powder products were collected at the end of the hot reac-
tion channel and dried at 80 °C. After the complete removal of water
and any trace oil and P123, the samples were calcined at 550 °C
for 3h in air.

3. Characterization of Synthesized Materials

X-ray diffraction (XRD) analysis was conducted to identify the
crystal structures of all the samples. All XRD patterns were recorded
with a high resolution X-ray diffractometer (X'Pert PRO Multi-Pur-
pose X-Ray diffractometer) using a Cu Ke radiation source in a
26 range of 0-10° with a scan speed of 2°/min at 40kV and 20
mA. The physical properties of all the samples were characterized

Low temperature reaction High temperature

. b
Samples TEOS P123 Solution Total flow rate sector (active mixer) reaction sector
(Wt%)” (Wt%)* pH (cc/min)
Volume* (cc) T (°C) Length (m) T (°C)

AM1 4.20 1.98 <1 0.141 2.5(60)" 35 1.5(25) 90
AM?2 4.20 1.98 <1 0.141 5.0(120)d 35 15 90
AM3 4.20 1.98 <1 0.141 10.0(240)d 35 15 90
AM4 4.20 1.98 <1 0.141 5.0 35 15 70
AM5 4.20 1.98 <1 0.141 5.0 35 1.5 80
AM6 4.20 1.98 <1 0.141 5.0 35 0.75(12.5)d 90
AM7 4.20 1.98 <1 0.141 5.0 35 3.0(50)d 90

“wt% of TEOS and P123 in mixed droplets of two reactant solutions (A+B) (TEOS/P123 molar ratio=60)

"Ratio of volume flow rates of oil and mixed solution (A+B), ( AO_:_IB)=2

“Volume of active mixer (low temperature reaction)
d . . . .
Residence time in min
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by nitrogen adsorption/desorption data measured at 77 K using a
BELsorp mini IT (SOLETECK). The specific surface areas and mean
pore sizes of the samples were evaluated based on Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) meth-
ods, respectively. The surface morphologies were observed using a
JEM-2100F (JEOL) field emission transmission electron micro-
scope (FE-TEM) at 200 kV.

RESULTS AND DISCUSSION

1. Dropwise Flow Reaction with Active Mixing

To overcome the severe clogging encountered in continuous
flow reactor systems, a dropwise flow reactor with an active mixer
was employed. As shown in Fig. 1(a), the low-temperature reac-
tion channel was replaced with an active mixing chamber with a
specified volume, which corresponded to a desired retention (reac-
tion) time. All the operating conditions are listed in Table 1. Based
on the recipe used in the conventional batch reaction [15], the
concentrations of the two reactants, TEOS and P123, were 4.20 and
1.98 wt%, respectively, corresponding to a TEOS:P123 molar ratio
of 60. The total flow rate was 0.141 ml/min, and the volumetric
flow rate of paraffin oil was 2 times of that of the mixed reactant
solution.

Fig. 2 shows the XRD patterns of the AM series samples syn-
thesized in the dropwise flow reactor with an active mixer. We used
three combinations to examine the effects of high reaction tem-
peratures and two reaction times at low and high temperatures
after the low reaction temperature was fixed as 35°C. First, the
XRD patterns for samples AM1-AM3 show the results as a func-
tion of the reaction time at the low temperature. When the low-
temperature reaction time was only 60 min, the three peaks were
not clear, which indicates that a low-temperature reaction time of
60 min (the volume of the mixer was 2.5 ml) was not sufficient for
the organization into 2D hexagonal structures. When more than
120 min was used, all the XRD peaks were distinct, as shown in
Fig. 2. Secondly, the peaks for samples AM2, AM4, and AM5
showed the results in terms of high reaction temperature after the
low-temperature reaction for 120 min at 35 °C. When the high reac-
tion temperatures were 70 and 80 °C (AM4 and AM5), one broad
peak appeared corresponding to the (100) plane, and the two other
peaks corresponding to the (110) and (200) planes were very weak.
However, when the high-temperature reaction proceeded at 90 °C,
all three peaks (AM2) appeared distinctly. Finally, the three peaks

Table 2. Physicochemical properties of AM series samples

\
1'|I AM7
N
.‘:> = 'l\.__ ——— AM6
2 | 'ﬁ.l T T T
Efl e M5
\
1%\.5_ _________ AM4
N AV
"2___\‘*___*_\&_ AM2
................... AMl
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Fig. 2. X-ray diffraction patterns of AM series samples.

of AM2, AM6 and AM7 show the XRD results in terms of high
temperature reaction time at 90 °C. The first peak corresponding
to the (100) plane was not strong when the reaction time was as
short as 12.5 min, while XRD spectra for reaction times of more
than 25 min showed all three peaks clearly. This indicates that the
required high-temperature reaction time is at least 25 min. To pre-
pare a highly ordered mesoporous silica material, namely SBA-15,
the reaction time and temperature are important factors. Accord-
ing to the XRD results, 120 min at 35 °C and 25 min with a high
temperature over 80 °C are necessary. As listed in Table 2, the d-
spacing value for the (100) plane, d,y, of the AM series samples
was in the range of 9.52-10.16 nm, and the wall thickness was as
small as 3.54-5.42 nm. The unit cell parameter, a, was calculated
from the d-spacing for the (100) peak, d,q, using the formula a=
2d,0/+/3 and the wall thickness, d, is a— dgp. The XRD character-
istics of the AM series samples were comparable with those of
SBA-15 reported previously [9,11].

Fig. 3 shows the four typical TEM images from the AM series
samples prepared in the dropwise flow reactor. All samples exhib-
ited well-developed hexagonal and mesoporous structure. How-
ever, there were many fractured particles. The major reason that
fine fractures formed appeared to be the destruction of early-stage
embryos of 2D hexagonal silica by the intense mixing in the active

Samples Sger Total pore volume BJH mean pore d-spacing Unit cell width Wall thickness
(m’/g) (cm’/g) size (d) (nm) (d10) (nm) (a) (nm) (w) (nm)
AM1 854 1.31 8.19 10.16 11.72 3.53
AM2 927 1.29 6.30 10.14 11.72 542
AM3 856 0.84 7.18 9.65 11.14 3.96
AM4 688 0.82 7.18 9.52 10.99 3.81
AM5 829 0.78 7.18 9.64 11.13 3.95
AM6 785 1.10 7.18 9.92 11.45 427
AM7 639 0.70 7.18 9.87 11.40 422

September, 2019
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Fig. 3. TEM results of AM series samples synthesized under different conditions.
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Fig. 4. Nitrogen isotherms and BJH pore size distributions in terms
of reaction time at 35 °C.

mixer.

Fig. 4 shows the nitrogen adsorption/desorption data meas-
ured at 77 K and the BJH pore size distributions of the samples as
a function of the reaction time at 35 °C. The nitrogen isotherms were
type IV based on the Brunauer-Deming-Deming-Teller (BDDT)
classification [12,16]. All the samples showed steep initial increases
at Jow relative pressures, indicating that many small pores had devel-
oped. Some research groups previously found that mesoporous sil-
ica materials, such as SBA-15, formed micropores due to the
penetration of P123 into the walls of 2D hexagonal silica cylinders
during their synthesis [30]. The nitrogen isotherms in Fig. 4 show
H3 and H4 hysteresis loops with wide ranges at relatively high rel-
ative pressures between 0.6-0.9 based on the ITUPAC guidelines [31].
They are quite different from HI loops, which are typically re-
ported for the SBA series [15,32,33]. Typically, the H3 and H4 hys-
teresis loops represent slit-type mesopores [31], but these were not
observed in the TEM images shown in Fig. 3. These unusual hys-
teresis loops may have arisen from the considerable number of
fractured particles and small cavities between them. This result is
explained more clearly from the BJH pore size distributions (PSDs)
shown in the same figure. None of the samples shown in Fig. 4
possessed uniform PSDs, indicating that a wide distribution of
large pores formed in or between the agglomerates of the fractured
particles, as mentioned above. When the reaction time was 60 min
at 35°C, the BJH pore size distribution was very broad, but the
peak of PSD became sharper as the low-temperature reaction time
increased. This indicates that a sufficient reaction time at a low tem-
perature is quite important for the synthesis of SBA-15 in drop-
wise flow reactor systems.

In the high-temperature reaction channel, the reaction tempera-
ture and time are also important factors. Figs. 5 and 6 show the

Korean J. Chem. Eng.(Vol. 36, No. 9)
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Fig. 5. Nitrogen isotherms and BJH pore size distributions in terms
of reaction time at 90 °C.

nitrogen adsorption isotherms and BJH pore size distributions of
the other AM series samples, obtained under different conditions.
Fig. 5 shows the effect of the reaction time at a high reaction tem-
perature of 90 °C. For reaction times of 12.5, 25, and 50 min, there
were no changes in the BET surface area, total pore volume, and
mean BJH pore size of the samples; however, the pore size distri-
bution became more uniform with increasing reaction time. The
effect of the high reaction temperature is shown in Fig. 6. As the
reaction temperature was increased from 70 to 90 °C, the hystere-
sis became steeper, approaching an H1-type loop, and the PSDs
become uniform (in particular, the PSD of the sample AM5 obtained
at 80 °C looks better). This indicates that after forming a 2D hex-
agonal structure at low temperature, the structure can become stron-
ger or more durable due to the regular stacking that occurs during
the high-temperature reaction. For all the AM series samples, as
shown in Table 2, the BET surface area, total pore volume, and BJH
mean pore size were in the ranges of 639-927 m’/g, 0.70-1.39 cc/g,
and 6.30-8.10 nm, respectively, which are comparable to the corre-
sponding values of SBA-15 reported in many previous works [9,
11,15].
2. Dropwise Flow Reaction Using Premixed Reactant Solution
To prevent the formation of fractured products, a second syn-
thesis method for SBA-15 was used in which the two reactants
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Fig. 6. Nitrogen isotherms and BJH pore size distributions in terms
of high reaction temperature.

were premixed prior to the low-temperature reaction channel, as
shown in Fig. 1(b). In this scheme, various amounts of TEOS and
P123 (the same as for the AM series samples) were mixed for about
5min in a 2 M hydrochloric solution and directly fed into the low-
temperature reaction channel maintained at 35 °C through a drop
generator. According to the results in the previous section (for AM5),
the reaction times used at the low temperature (35°C) and high
temperature (80 °C) were fixed at 120 and 25 min, respectively.

Fig. 7 shows the XRD and TEM results of sample SBA-15E which
was synthesized using the premixed reactant solution in the drop-
wise flow reactor, as well as those of the reference sample SBA-15B,
which was synthesized in a conventional batch reactor with the
same recipe. Based on the XRD results, the two samples produced
three typical peaks corresponding to the (100), (110), and (200)
planes, representing 2D hexagonal structures. As listed in Table 3,
the d-spacing values, d,y, were (9.16, 9.27) and the unit cell param-
eters were (10.58, 10.70) for SBA-15B and SBA-15FE, respectively.
The TEM results also showed clear 2D hexagonal structures of mes-
oporous silica; the grain size of SBA-15B was larger than that of
SBA-15E SBA-15F still contained fractured particles, indicating that
the wall shear stress could break the solid products when they were
flowing through the reaction channel.

Fig. 8 shows the nitrogen adsorption/desorption isotherms and
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——— SBA-15F

Intensity

Fig. 7. XRD patterns and TEM images of SBA-15B (above) and SBA-
15F (below).

BJH PSDs of the two samples. Although they had similar unit cell
parameters, the mesopore fractions and PSDs were considerably
different. The BJH mean pore sizes of SBA-15B and SBA-15E as
shown in Table 3, were 8.19 and 7.18 nm, respectively. Accordingly,
the wall thickness was 2.39 and 3.52 nm, respectively, indicating
that SBA-15F had thicker pore walls than SBA-15B, but agreed well
with previously reported results [15]. In addition, Fig. 8 shows that
the two samples had similar PSDs with different mean pore sizes.
The BET surface area and total pore volume of SBA-15F were 818
m’/g and 0.82 cc/g, respectively, which are comparable with those
for SBA-15B.

CONCLUSIONS
The samples produced using a dropwise flow reactor with an

Table 3. Comparison of SBA-15B and SBA-15F
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Fig. 8. Nitrogen isotherms and BJH pore size distributions of SBA-
15B and SBA-15E.

active mixer (as a low-temperature reaction sector) exhibited good
XRD patterns for (100), (110), and (200) planes. However, their
nitrogen isotherms showed unexpected hysteresis loops (H3 or H4
types) and wide pore size distributions. These results were due to
the widely distributed small pores that developed in and between
the agglomerates of fractured particles. However, when samples
were synthesized with a premixed solution, most of the characteri-
zation results matched well with the corresponding values of the
reference SBA-15, which was synthesized with the same recipe in
a conventional batch reactor.

Based on the formation of fractured particles in the product,
mixing and wall effects are important in flow reactors, even in the
dropwise flow reactor system. Once reliable techniques to prevent

Samples Ser Total pore volume BJH mean pore d-spacing Unit cell width Wall thickness
(m’/g) (cm’/g) size (d) (nm) (d10) (nm) (a) (nm) (w) (nm)

SBA-15B* 700 0.86 8.19 9.16 10.58 2.39

SBA-15F 818 0.82 7.18 9.27 10.70 3.52

“Synthesized by conventional batch reaction
*Synthesized in the dropwise flow reactor using premixed solution

Korean J. Chem. Eng.(Vol. 36, No. 9)
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the clogging of reaction channels and the formation of fractures
are devised, this dropwise flow reactor system should be a plausi-
ble process to prepare highly ordered and homogeneous 2D hex-
agonal mesoporous silica materials quickly and continuously. Ul-
timately, the manufactured SBA-15 could be widely used for many
applications such as sensors, adsorption, catalysis, ion exchange
and drug delivery systems [34].
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