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A very short-time synthesis of morphology-controlled MCM-41 molecular sieve was formulated by us-
ing industry by-product silica fume as the silica source. In this synthesis, only by regulating the dose of
ethyl acetate, we can well-realize the silica nanoparticle morphological transformation from worm-like to
sphere, and popcorn-like shapes. The structure and morphology of the as-fabricated silica nanoparticles
were quantitatively investigated by powder X-ray diffraction, Brunauer-Emmett-Teller (BET), scanning
electron microscopy and transmission electron microscopy. Owing to the specific surface area and reg-
ular morphology, the bimodal mesoporous silica material MSF1 shows a better adsorption property for
methylene blue. It was also demonstrated that it is possible to employ silica fume as an ideal silica source
in 90 min self-assemble synthesis for large scale production.

© 2016 Published by Elsevier B.V. on behalf of Taiwan Institute of Chemical Engineers.

1. Introduction

Since their discovery in the year of 1992 [1], MCM-41 and re-
lated mesoporous molecular sieves have attracted much attention.
Narrow pore size distribution with size controllable pores over mi-
crometer length scales make the MCM-41 materials attractive to
many applications, such as the separation of proteins, selective ad-
sorption of special molecules, catalyst support, sensors and drug
delivery [2-4].

Generally, MCM-41 is synthesized under alkaline conditions by
using various tetraalkoxysilane organics as the silica source, sur-
factant as the template under high temperature [5]. The synthesis
procedure usually takes about 24-72h or even longer [6,7] . The
process suffered from the drawbacks of the expensive, toxic silica
sources as well as long reaction time, it makes the practical appli-
cation of this material severely hampered because it is quite unfa-
vorable to the large scale production [8]. It is of great emergency
to develop an economically feasible method for large scale synthe-
sis of MCM-41. And seeking for a proper silicon source alternative
with shorter synthesis time will be the most applicable approach.

Silica fume (SF), an industrial solid waste, is produced by an
electric arc furnace as a by-product of the smelting process in the
production of metallic silicon or ferrosilicon in the alloys indus-
try [9]. The content of silica (SiO,) can reach up to 85-99% and
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the submicron particles of silicon dioxide which occur as almost-
perfect spheres with diameters ranges from 20 to 500 nm [10]. It
is estimated that current global output of SF is, at most, between
1 and 1.5 million tonnes per year [11].

Due to the high specific surface area and highly reactive poz-
zolanic properties, SF is normally utilized as a substitute for fine
aggregates in cement and concrete, additives in refractory, as well
as filler in plastics and paints [12]. In consideration of the amor-
phous phase of silica in SF, it would be a viable alternative for
the synthesis of MCM-41 mesoporous material. Other silicious in-
dustrial solid waste silica precursors such as coal fly ash [7,13,14],
rice hull [15,16] and sedge [6] have been widely reported to pro-
duce mesoporous silica materials (MCM-41). Only Wenjie Zhu et al.
[10,17] reported the synthesis of mesoporous silica by using silica
fume as silica source but the reaction time is rather long. It was re-
ported that the mesoporous silica material was synthesized by one
step with the mixture of silica fume and CTAB in alkaline liquor
under 90 °C for 48 h for hydrothermal reaction. Also, the product
obtained in his paper is a gray powder with the small particle of
100-200 nm.

In this paper, the reaction process was occurred in a portable
pressure steam sterilizer which was usually used in the steriliza-
tion of medical supplies and food industry. The pressure would
reach to 0.125 MPa when the temperature rose up to 125 °C, which
accelerated the reaction process, shortening the aging time to
only 1.5h instead of 48 h. What's more, only by regulating the
dose of the catalyst ethyl acetate, we could well-realize the silica
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Table 1

Chemical composition of raw coal fly ash (wt. %).
Component Content Component Content
Sio, 96.903 K,0 0.350
Al 05 0.146 MnO 0.012
Fe,03 0.038 TiO, 0.005
MgO 0.145 P,05 0.011
Cao 0.112 LOI 2.210
Na,0 0.065 Total 99.997

2 Loss on ignition

nanoparticle morphological transformation from worm-like to
sphere, and popcorn-like structures with nanoparticle of 5 to
20 wm, which is much bigger than reported. Also, we formulated a
two-step method for the synthesis of mesoporous silica to remove
the impurities brought by silica fume, resulting in a white product.
Our method used in this study features much more advantage and
provide more variety of morphology.

2. Materials and methods
2.1. Materials

Cetyltrimethylammonium bromide (CTAB), sodium hydroxide
(NaOH), ethyl acetate (CH3COOC,Hs), and acetic acid (CH3COOH)
were supplied by Tianjin Fuyu Fine Chemical Co., Ltd., PRC. Methy-
lene blue (MB) was chosen in this study because of its well-known
adsorption characteristics. Methylene blue has a molecular weight
of 373.9 g/mol, which corresponds to methylene blue hydrochloride
with three molecules of water. All reagents were analytical reagent
grade and were used without further purification.

Silica fumes (SF) used in this research was obtained from
Shanghai Archi Silica Fume Material Co., Ltd, and it was used as
silica source. The chemical compositions of the as received silica
fume are shown in Table 1, and the content of silica reaches up
to 96.903%. To further know the mineral phases, powder X-ray
diffraction was done. Only a broadened peak at around 260 =22°
can be observed in Fig. 1a, indicating an amorphous phase, which
makes it a suitable silicon source for mesoporous silica synthe-
sis. The morphology of silica fume was also studied with SEM and
TEM, illustrated in Fig. 1b and c. From the images it is clear to see
that the silica fume is consisted with spherical particles with the
size ranging from 20 to 400 nm.

2.2. Preparation of mesoporous silica materials
In a typical synthesis procedure, the mesoporous silica mate-

rials were synthesized by using cetyltrimethylammonium bromide
(CTAB) as the template, silica fume (SF) as the silica source while
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ethyl acetate as a catalyst. Exactly, 9.8 g of CTAB, 2.59 g of SF and
8 g NaOH were dissolved in 100 mL deionized water in a 250 mL
erlenmeyer flask and were vigorously stirred for 5min. Then the
erlenmeyer flask was transferred in a portable pressure steam ster-
ilizer and kept at 125°C for 1h for silica extraction and the solu-
tion was separated from the mixture by a filtration process. After-
wards, different amount of ethyl acetate (V =38, 15 and 35 mL) was
quickly added to the solution and stirred for 30 s. Subsequently, the
reaction mixture was aged at 125 °C for 1.5 h in the steam sterilizer
after a standing process at room temperature for 1 h. The solid was
then filtered, washed twice with deionized water, dried at 90 °C for
12 h, and finally the template was removed by calcination at 550 °C
for 5h with a heating rate of 1°C/min in air atmosphere. The ma-
terials obtained accordingly were hereafter denoted as MSF1, MSF2
and MSF3, respectively.

2.3. Characterization

The chemical composition was analyzed by the Lij3B404
method using the X-ray fluorescence spectrometer (XRF) technique
(PANalytical B.V. AXIOS™AX), The powder X-ray diffraction (XRD)
measurements were recorded on a Germany Bruker D8 Advance
powder X-ray diffractometer, using CuKe radiation (A =0.154 nm)
with a step width of 10°/min. The surface area, pore size and
pore volume of mesoporous samples were analyzed by N, ad-
sorption/desorption method using automatic surface area analyzer
(ASAP2020, Micromeritics, US). The sample morphology was exam-
ined using a Hitachi SU8010 field emission scanning electron mi-
croscopy (FE-SEM) system and a JEOL JEM-2100F high resolution
transmission electron microcopy (TEM) system. The initial and fi-
nal concentrations of the dye were analyzed by using a Mapada,
UV-1800 PC UV-vis spectrophotometer.

2.4. Sorption and desorption experiments

To evaluate the adsorption properties of the synthesized meso-
porous samples, the cationic dye methylene blue (MB) was chosen
as an adsorbate to conduct the adsorption experiments. Typically,
10 mg of dry mesoporous silica materials were placed in a series of
50 mL flasks containing 20 mL of MB stock solution with concen-
tration of 125 mg/L, and then the mixture was shaken with speed
of 200 shakes per min in a shaker at 298 K for 12 h. After that,
the MB-adsorbed solid adsorbent was separated from the solution
by centrifugation. The residual concentration of the dye was deter-
mined spectrophotometrically at 664 nm as Amax of MB. The ad-
sorption capability (ge, mg/g) of MB in mesoporous silica material
was calculated by the following equation:

%4
(e = (CO—Ce)E (1)

Fig. 1. High-angle XRD pattern (a), SEM image (b), and TEM image (c) of silica fume.
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