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Abstract The electronics industry is one of the
world’s fastest growing manufacturing industries.
However, e-waste has become a serious pollution
problem. This study reports the recovery of e-waste for
preparing valuable MCM-48 and ordered mesoporous
carbon for the first time. Specifically, this study adopts
an alkali-extracted method to obtain sodium silicate
precursors from electronic packaging resin ash. The
influence of synthesis variables such as gelation pH,
neutral/cationic surfactant ratio, hydrothermal treat-
ment temperature, and calcination temperature on the
mesophase of MCM-48 materials is investigated.
Experimental results confirm that well-ordered cubic
MCM-48 materials were synthesized in strongly
acidic and strongly basic media. The resulting meso-
porous silica had a high surface area of 1,317 m%/g,
mean pore size of about 3.0 nm, and a high purity
of 99.87 wt%. Ordered mesoporous carbon with
high surface area (1,715 m*/g) and uniform pore size
of CMK-1 type was successfully prepared by
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impregnating MCM-48 template using the resin waste.
The carbon structure was sensitive to the sulfuric
acid concentration and carbonization temperature.
Converting e-waste into MCM-48 materials not only
eliminates the disposal problem of e-waste, but also
transforms industrial waste into a useful nanomaterial.
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Introduction

Silica-based mesoporous materials, designated M41s,
have attracted much attention because these materials
exhibit a high surface area, large pore volume, and
adjustable pore size. Mesoporous silica with pore sizes
ranging from 2 to 50 nm has found many applications,
including catalysts (Ying et al. 2011), nanocomposites
(Kim et al. 2009), storage and recovery of H, and CO,
(Prasanth et al. 2010; Jang et al. 2009), and biotech-
nological applications (Liu et al. 2010). The main
members of the M41°s family are MCM-41, MCM-48,
and MCM-50, which have hexagonal, cubic, and
unstable lamellar structures, respectively. Because
MCM-48 material has a three-dimensional pore sys-
tem that helps reduce pore blockage and provides
more efficient mass transfer kinetics, it is a better
candidate for catalytic and adsorption applications
than with MCM-41 materials (Zhao et al. 2010a). The
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channel structure of MCM-48 silica consists of an
interconnected pore system that acts as a template for
ordered mesoporous carbon (OMC) synthesis (Ryoo
et al. 2001). The ordered mesoporous carbon with
large adsorption capacity is highly favorable for the
development of advanced materials in CH, and H,
storage (Peng et al. 2008), adsorbents for removal of
organic pollutants (Hao et al. 2010), carbon composite
films for supercapacitor (Dai et al. 2011), fuel cells
(Salgado et al. 2010), and biomedical materials (Kim
et al. 2008). However, owing to its very sensitive
synthetic conditions, relatively few studies investigate
MCM-48. Electronic packaging resin waste is rich in
silica. Thus, achieving high-quality MCM-48 and
OMC materials with well-ordered mesoporous struc-
ture by a green approach and electronic waste has
important economic and environmental implications.

Over the past decades, the electronics industry has
developed rapidly around the world. Estimations of
the worldwide revenue of the semiconductor industry
exceeded US 226 billion in 2009, and this figure is
expected to grow by 13 % each year (Kim et al. 2010).
However, the disposal of electronic and electrical
waste (e-waste) has become a serious environmental
problem as a result of the huge amounts of electronic
goods being produced. The current annual production
of e-waste, including old computers, mobile phones,
television sets, stereos, and radios, is estimated to be
approximately 20-50 million tons (Chen et al. 2011).
Taiwan’s Environmental Protection Administration
(EPA) established its Scrap Home Appliances and
Computers Recycling Regulation, based on the Waste
Disposal Act (WDA), to require manufacturers and
importers to take back their products (Shih 2001).
Electronic packaging materials are widely used in
many types of electrical and electronic equipment.
This material is used to protect electronic products
such as integrated circuits (IC). Electronic packaging
material is generally a mixture of epoxy resin, phenol
resin, silica, and additives (Liou 2003). In present, the
treatment of e-waste includes reuse, remanufacturing,
and recycling, along with incineration and landfilling
(Cui and Zhang 2008). Because plastic materials are
essentially non-biodegradable, putting them in landfill
is not a viable long-term solution. The chemical
composition of packaging resin waste is approxi-
mately 80 wt% silica (Liou 2004), which is useful for
the mass production of MCM-48 mesoporous molec-
ular sieves. Therefore, using recycled industrial resin
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waste offers benefits in terms of waste treatment and
the recovery of valuable materials.

Numerous studies indicate the synthesis and char-
acterization of mesoporous MCM-41 materials by
adding an appropriate surfactant to the silica precursor
(Bhagiyalakshmi et al. 2010a; Lelong et al. 2008).
However, the use of e-waste to prepare MCM-48
materials is generally neglected in the literature. The
phase characteristics of MCM-48 are strongly influ-
enced by its synthesis time, temperature, silica source,
and type of surfactant template (Pefia et al. 2001;
Petitto et al. 2005). Doyle et al. (2006) studied the
evolution of phases during MCM-48 synthesis and
found that increasing reaction time or temperature
alters the overall phase transformations from MCM-
41/MCM-50 to MCM-48 to MCM-50. Wei et al.
(2010) synthesized MCM-48 with mixed surfactants of
cethyltrimethylammonium bromide (CTAB) and Tri-
ton X-100 (TX-100), showing that TX-100/CTAB
ratio is crucial to the formation of a pure MCM-48
structure. Solid wastes, such as coal fly ash and rice
husk, provided the silicon sources for the synthesis of
mesoporous silica materials, SBA-15 and SBA-16
(Chandrasekar and Ahn 2008; Bhagiyalakshmi et al.
2010b). These mesoporous silica materials were
impregnated with sucrose in the presence of sulfuric
acid solution and then were pyrolyzed in inert gas to
obtain ordered mesoporous carbon.

The recovery of valuable metals from e-waste has
been well studied in the literature (Cui and Zhang 2008).
However, little attention has been paid to the recovery
and utilization of silica from e-waste. The current study
investigates MCM-48 prepared using a sodium silicate
precursor obtained from recycled electronic packaging
resin wastes. The commercial fabrication of sodium
silicate from quartz sand and sodium carbonate at
1,300 °C requires a lot of energy (Brinker and Scherer
1990). In contrast, using cheap inorganic silica sources
from e-wastes can improve the industrial scale produc-
tion of MCM-48 materials. Previous studies provide a
detailed analysis of the recovery of packaging resin ash
and its application in preparing MCM-41 materials
(Liou 2003; 2004; 2011). The aim of this study is to
synthesize highly ordered MCM-48 using cationic and
neutral surfactant mixture. The high-quality MCM-48
produced in this study is suitable as a template for the
synthesis of ordered mesoporous carbons. The synthesis
of MCM-48 and ordered mesoporous carbon by a green
approach enables the effective use of e-waste resources.
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Experimental
Materials

The electronic packaging resin waste used in this study
was obtained from an electronic packaging mill
(Siliconwave Precision Co., Taiwan). The basic con-
stituents and properties of this material were described
in a previous report (Liou 2003). Commercially
available surfactants, including cetyltrimethylammo-
nium bromide (CTAB, C;cH33(CH;3);NBr, Acros
organics) and polyethylene glycol dodecyl ether
(C12(EO),, Sigma-Aldrich), served as organic tem-
plates. Analytical grade sulfuric acid (H,SOy), hydro-
chloric acid (HCI), hydrofluoric acid (HF), and sodium
hydroxide (NaOH) were used as acid and base
treatments (Merck, Germany). Sucrose (C;,H5,0y;)
and glucose (C¢H;,04) were used as the carbon
precursors (Sigma-Aldrich). High purity air and N,
were used as the reaction gas and purge gas, respec-
tively (Sun Fu Co., 99.995 %).

Extraction of silica from electronic packaging
resin waste

Resin wastes were first ground and fine powders were
obtained by sieving to below 45 pm. The packaging
resin ash (denoted as PRA) was used as a raw material
for preparing mesoporous silica by Liou’s method
(Liou 2004). For each heat-treated sample, the pow-
dered resin of approximately 5.0 g was heated at
800 °C in air. The amount of ash produced is 4.1 g.
After the heating period, the ash was refluxed using
HCI solution to remove any metallic impurities. The
remaining solid was washed with distilled water
several times to remove acid from the filtrate, and
then dried in an oven at 105 °C for 24 h.

The dissolution of silica from PRA was performed
by an alkali-extracting method (Liou 2011). The 50 g
of acid-leached PRA powder was added to a flask
containing a 4.0 M 325 ml of NaOH solution and
boiled at 100 °C for 6 h with constant stirring. This
process converted the silica into a sodium silicate
solution. The solution was centrifuged to separate the
suspended particles, and then filtered through a glass
filter (Whatman plc, England) to remove any metal or
carbon residue. This filtration process was repeated
several times and finally obtained a colorless, trans-
parent solution. The concentration of alkali-extracting

solution was diluted with deionized water from 4.0 M
to 2.0 M.

Synthesis of mesoporous silica molecular sieves

By a typical synthesis procedure, 1.82 g of CTAB and
0.27 g of C;»(EO); were dissolved in 32 ml of
deionized water. The 10 ml of sodium silicate solution
was mixed with the CTAB/C;»(EO), solution with
constantly stirring. A 1.0 M H,SO, solution was
titrated slowly into the silicate solution. The mixture
pH was monitored with a S20-K pH meter (Metter
Toledo) to control pH at a constant value of 1-11. The
gel was transferred into PTFE-lined stainless steel
autoclave and allowed to hatch at a constant temper-
ature for 48 h. The precipitates were water-washed,
filtered, and dried. The dried powders were calcined in
air at a 1 °C/min heating rate and then maintained at
450-850 °C for 6 h.

Preparation of mesoporous carbon molecular sieve

The OMC synthesis method reported by Ryoo et al.
(2001) was adopted. Essentially, MCM-48 was
impregnated with sucrose and water in the presence
of H,SO,. The impregnated silica was dried in an oven
at 100 °C for 6 h, and then dried at 160 °C for 6 h. The
impregnation and drying steps were repeated once.
The obtained sample was placed in a tubular reactor
and was heated to 500-900 °C at a temperature rate of
10 °C/min in N,. After carbonization, the silica
template was removed in an aqueous HF solution.
Finally, the OMC was obtained by washing the solid
sample repeatedly with deionized water and drying it
in air at 105 °C for 24 h.

Characterization of the mesoporous silica
and mesoporous carbon samples

The amounts of metallic impurities were estimated
using an inductively coupled plasma-mass spectrom-
eter (Kontrin Plasmakon, model S-35). A Heraeus
elemental analyzer was used to determine the amount
of fundamental organic element. The adsorption—
desorption isotherms of N, at —196 °C were measured
using a Micrometric ASAP 2010 instrument.

The mesophase of samples was analyzed using a
small angle X-ray scattering (SAXS) system (Osmic,
model PSAXS-USH-WAXS-002). The crystalline
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structure of the samples was identified using powder
X-ray diffractometer (PANalytical, model X’pert pro
system). The FTIR spectra of samples were obtained
using a Shimadzu FTIR-8300 spectrometer. The
surface morphology of samples was studied using a
JEOL JSM-6700F field-emission scanning-electronic
microscope (FE-SEM). The mesoporous structure of
powders was observed by high-resolution transmis-
sion electron microscopy (JEOL, model JEM-1200CX
II). The remaining amount (W/W,) of samples
were recorded using a thermogravimetric apparatus
(Mettler, model TGA/SDTAS851e). Each sample was
heated at a 10 °C/min heating rate in air.

Results and discussion

Analysis of metallic impurities of silica molecular
sieve

The amounts of metallic ingredients present in PRA
and mesoporous silica samples were analyzed by ICP-
MS (Table 1). When silica was synthesized from
alkali-extracted PRA at pH 7 without the addition of a
surfactant, the sample possessed a higher proportion of
Na impurities. This is because Na salts are embedded
in the silica gel during precipitation and are not easily
removed from the gel (Liou 2011). No Na impurities
appeared in the mesoporous silica samples, which
were synthesized from alkali-extracted PRA by adding
a surfactant. This is due to the well-dispersed silica

particles in the surfactant solution. The Na ions can
easily diffuse out of the silica matrix and be removed
by a water-washing procedure. Comparing silica
samples synthesized at various pH values shows that
the total impurity content produced under strongly
acidic (pH 1) and strongly basic (pH 11) conditions is
relatively lower than neutral (pH 7) and weakly acidic
(pH 3 and pH 5) conditions. The silica synthesized at
pH 5 has highest impurity content. The remaining
masses for thermal decomposition of as-synthesized
silica in air are in the order of pH 5>pH 3>pH 7>pH
I1>pH 9>pH 11 (in subsequent TGA observations).
This suggests that when silica materials are synthe-
sized in the neutral and weakly acidic media, it results
in a higher degree of poly-condensation of the silicate
species. As a result, trace amounts of metal may be
cached in the silica matrix and cannot be removed by a
water-washing procedure. The purity of PRA-MCM-
48 silica synthesized at pH 11 is as high as 99.87 wt%.

Synthesis conditions of silica molecular sieve
Effects of gelation pH value

Figure la shows that a maximum surface area of
1,153 m*/g at pH 11. According to SAXS analysis
(Fig. lc, d), the three diffraction peaks at (211), (220),
and (332) appeared when the solution pH was adjusted
to pH 1 or pH 11. The two SAXS patterns correspond
to the characteristics of the MCM-48 material (Han
et al. 2004; Doyle and Hodnett 2003). This result can

Table 1 Metallic ingredients analysis of PRA and mesoporous silica samples synthesized at various pH values

Metallic ingredients as oxides, ppm

Na Sb K P Au Fe Mg Al Cr Ag Total
PRA® 87 6,100 8 75 8 92 101 501 9 8 6,989
pH 7° 7,181 812 ND 9 ND 48 4 888 2 ND 8,944
pH I°¢ ND 1,277 ND 5 ND ND ND 394 3 ND 1,679
pH 3¢ ND 1,495 ND 3 ND ND ND 363 ND ND 1,861
pH 5° ND 1,457 ND 12 ND 25 ND 447 ND ND 1,941
pH 7° ND 1,213 ND 8 ND 138 ND 416 20 ND 1,795
pH 9¢ ND 1,090 ND 9 ND 133 ND 413 ND ND 1,645
pH 11° ND 759 ND 2 ND 124 ND 430 3 ND 1,318

? Raw resin was burnt in air at 5 °C/min heating rate

°  Silica sample was prepared from alkali-extracted PRA without the addition of surfactant

Silica sample was prepared from alkali-extracted PRA by adding the neutral/cationic surfactants

ND means not detected
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Fig. 1 Effect of gelation pH values on a surface area, b silica yield,

be explained by the electrostatic attraction between
charged silica species and surfactant micelles (Zhao
et al. 2010b). At a high pH (pH 11), the negatively
charged silica interacted with positively charged
CTA™ micelles, leading to the formation of a cubic
framework. Therefore, the silica possessed a high
surface area. At a low pH (pH 1), an ordered
mesophase was constructed through reversal arrange-
ment of cationic silica and neutral micelles (Liou
2011). This situation also increases the surface area of
the products. At pH 3-7, the SAXS patterns show
mainly one diffraction peak at 1.26°. This indicates
that the surfactant micelle may be destroyed, convert-
ing the pore structure into a less ordered structure.
Consequently, the surface area steeply decreases. The
SAXS pattern for pH 9 sample shows an intense
diffraction (100) peak and three higher order (110),

Silica yield (wt %)
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and ¢, d phase characteristic of mesoporous silica samples

(200), and (210) reflections at 2® values below 10°,
indicating the hexagonal arrangement of a MCM-41
mesoporous structure (Samadi-Maybodi et al. 2011).
Figure 1b shows that the silica yield has the opposite
tendency as surface area analysis. The silica yield
from PRA was defined as (weight of mesoporous
silica produced after calcination)/(weight of PRA
sample) x 100. For further comparison, Table 2
shows the relationship between gelation pH and the
amount of organic element in the as-synthesized
samples. The silica phase at pH 5 is approximately
82 wt%, and at pH 1 and pH 11 has wt% only around
64 and 40, respectively. These observations indicate
that the higher proportion of silicate species in the
surfactant solution under neutral and weakly acidic
conditions increases the silica yield for pH 7 and pH 5
samples.
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Table 2 Elemental content of as-synthesized silica samples
prepared at various pH values

Composition (wt%)

C H o? N Ash
pH 1 24.39 4.85 5.77 0.96 64.03
pH 5 12.34 3.33 2.54 0.23 81.56
pH 7 21.97 591 4.14 0.75 67.23
pH 11 38.84 7.23 12.66 1.47 39.80

Silica samples were un-calcined

? By difference

Effects of neutral/cationic surfactant ratio

Figure 2a shows the surface area of mesoporous silica
obtained by changing the neutral-to-cationic surfac-
tant ratio, where a fraction of the neutral surfactant,
fn» varied from O to 1. The highest surface area of
1,317 m*/g appeared at a fraction of 0.04. Based on

1380

SAXS observations (does not show here), typical
hexagonal phase MCM-41 products appeared without
the addition of neutral surfactant (f;, = 0) (Ryoo et al.
1999). A pure mesophase MCM-48 was obtained as f;
increased to 0.04 and 0.13. When the f;, was 0.26, the
product was lamellar. Further increasing f;, beyond
0.40, the mesophase transformed to a poor structural
order. Therefore, the surface area steeply reduced.
This observation indicates that excessive neutral
surfactant can dilute the CTA™ concentration, causing
the micelles to gradually disappear and transforming
the lamellar phase to the disordered phase.

Effects of hydrothermal treatment temperature

Figure 2b shows that the surface area increases with
increasing hydrothermal treatment temperature from
25 to 75 °C is due to the progressive formation of
ordered mesophase silica. However, the surface area
decreases with increasing temperature from 75 to

920
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Fig. 2 Effect of a neutral/cationic surfactant ratio, b hydrothermal treatment temperature, and ¢ calcination temperature on the surface

area of mesoporous silica samples synthesized at pH 11
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150 °C due to silica pore shrinkage. This suggests that
increasing the hydrothermal treatment temperature
can accelerate the silicate condensation on the silica
wall, which subsequently thickens the silica frame-
work (Wang et al. 2000). Mesoporous silica obtained
at a low temperature (25-75 °C) has the characteris-
tics of a hexagonal MCM-41 structure. At high
temperature (100—125 °C), the silica shows the char-
acteristics of a cubic MCM-48 structure. When the
hydrothermal temperature is 150 °C, the material
structure transforms to the disordered phase accom-
panied by a significant decrease in surface area.

Effects of calcination temperature

The purpose of calcination is to remove the organic
template from silica/surfactant composite, leaving the
porous surface of product. Figure 2c shows that the
maximum of the BET surface area appears at 550 °C.
The surface areas increase as the calcination temper-
ature increases from 450 to 550 °C due to the release
of organic volatiles. However, the surface areas

decrease when the calcination temperature exceeds
550 °C is probably caused by the collapse of the gel
structure due to the rapid release of water from the
pores.

Analysis of silica product characteristics

Pore structure analysis of mesoporous silica
molecular sieve

Figure 3 shows the N, adsorption—desorption iso-
therms of silica samples. The isotherms for samples
synthesized at pH 1-5 (Fig. 3a) show a type IV
isotherm, typical characteristics of mesoporous solids.
The sample at pH 5 shows a hysteresis loop similar to
H3 (Sing et al. 1985). The isotherm for the pH 3
sample is similar to that of the pH 5 sample. The
sample synthesized at pH 1 shows a type H2 hysteresis
loop and an obvious increase in adsorbed volume.
Figure 3b shows the pore size distribution of silica
samples produced in acidic conditions. The silica
produced at pH 1 shows a narrow pore distribution

Fig. 3 Nitrogen 4.0
adsorption—desorption 600 _(a)
isotherm and differential G
pore size distribution of E
mesoporous silica samples ~ 8
synthesized at various pH § 400 x*
values: a, b pH 1-5; 5 g 59
c,dpH 7-11 2 S
© 2
2 200 3
=
o
>
0 0.0
0.0 5 10 15 20 25
Dp (nm)
800
20.0 - (d)
g
E 60 o |
5 2
o) x
£ a 1]
g 400 Q 100
E <
° S | pH=7
= © Il pH=9
200 -
% IlpH=11
>
0 0.0
0.0 2 3 4 5
Dp (nm)
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with average size of 3.7 nm. The samples synthesized
at pH 3 and pH 5 have a wide pore size distribution and
larger pore diameter, showing that the pore structure is
not uniform.

The isotherms of samples obtained at pH 7-11 are
type IV (Fig. 3c). These pores may come from the
primary pores of silica framework and the voids
between particles (Han et al. 2004). The isotherm of
the sample synthesized at pH 7 shows a hysteresis loop
similar to H3. The pH 9 and pH 11 samples show a
sharp increase in adsorbed volume at P/P, = 0.2-0.4
due to the capillary condensation of nitrogen, implying
a uniform size of the pore channels (Liu et al. 2009).
One H2 hysteresis loop appears at 0.4 < P/P, < 1.0
due to the formation of a mesoporous structure. The
pore size distribution of silica samples synthesized at
pH 7-11 is shown in Fig. 3d. The maximum pore
distribution ranges from 2.5 to 3.1 nm increases
with pH.

Table 3 lists the specific surface area, pore volume,
and average pore diameter of PRA and mesoporous
silica samples. In acidic media (pH 1-5), the surface
area and pore volume decreased with the increase of
the pH values. In neutral and basic media (pH 7-11),
the surface area increased and pore volume decreased
with the increase of the pH value. The maximum pore
volume was 0.985 cm®/g at pH 7 and the minimum
pore volume was 0.444 cm>/g at pH 5.

Table 3 Specific surface area, pore volume, and average pore
diameter of PRA and mesoporous silica samples synthesized at
various pH values

SBET Vt Vmic Vmeso Vmeso/ Dp
m%*g)  (em* (ecm¥ (em®  V, (nm)
g) 2 2 (%)
PRA? 272 0.006 0.000 0.001 16.67 51.10

pH 1° 730 0916 0.022 0.894 97.60  3.67
pH 3° 308 0.762 0.003  0.759 99.61  3.65
pH 5° 176 0.444 0.003 0.441 99.32 3.74
pH 7° 641 0.985 0.022 0.963 9777 246
pH 9° 936 0.907 0.021  0.886 97.68 297
pH 11° 1,153 0.851 0.000 0.851 100.00  3.05

Sper BET surface area, V, total pore volume, V,,;. micropore
volume, V,,.s, mesopore volume. D, average pore diameter

? Raw resin was burnt in air at 5 °C/min heating rate

® Silica samples were prepared from alkali-extracted PRA by
adding the neutral/cationic surfactants
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Analysis of thermal characteristic, chemical
constitution, and crystalline structure

Figure 4a shows the TG and DTG curves of as-
synthesized samples obtained in acidic media. The
mass loss occurs in two temperature zones, revealing
an initial mass loss for temperatures up to ~400 °C
due to the decomposition and thermodesorption of the
cationic surfactant. The first peak temperature at
approximately 228 °C is related to the Hoffmann
elimination (giving alkene and trimethylamine) and
subsequent trimethylamine desorption (Zhao et al.
2005). The second and third peaks at approximately
275 and 330 °C can be associated with further thermal
decomposition of surfactant intermediates. The mass
loss increased as the pH decreased. This is because the
content of organic substance in the as-synthesized
samples increased with decreasing the pH values
(Table 2). The mass loss in the range of 400-800 °C
may be attributed to the release of water via conden-
sation of silanol group (Kruk et al. 2000). Figure 4b
shows the TG and DTG curves of as-synthesized
samples produced in neutral and basic media. This
figure reveals two major mass loss regions: ~330 °C,
330-800 °C. The DTG curves reveal two peak tem-
peratures at 179-249 and 305 °C for pH 7-9. This
mass loss is due to the decomposition and desorption
of the organic templates and the water loss due to the
condensation of silanols in the silica framework. The
mass loss of sample increased as the pH increased
because the content of organic substance in the as-
synthesized sample increased.

Figure 5a shows the FTIR spectra of the MCM-48
silica obtained from PRA at various calcination
temperatures. The bands appearing between 450 and
1,300 cm ™" are due to the presence of silica (Liou and
Wu 2010). The bands at approximately 475 cm™'
correspond to the Si—O-Si vibrations. The peak at
970 cm™ " is related to the Si—~OH bond, while the peak
at 1,115 cm™ ! is related to Si—O stretching vibrations.
Surface silanols and adsorbed water molecules create
the broad band appearing in the region between
3,200-3,700 cm ™. The peak position does not change
when the temperature exceeds 550 °C, indicating that
the combustion reaction is complete. Figure 5b shows
the XRD pattern of MCM-48 with a wide range scan,
revealing only a broad peak in the region 2@ greater
than 10°, which suggests the presence of disordered
cristabolite (Liou and Yang 2011).
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Synthesis of ordered mesoporous carbon
molecular sieve

Experimental results indicate that the optimal proce-
dure for synthesizing MCM-48 is to employ a neutral-
to-cationic surfactant ratio of 0.04-0.13 at pH 11 with
a hydrothermal temperature of 100 °C and a calcina-
tion temperature of 550 °C. Therefore, this study
conducts the remaining experiments for preparing a
MCM-48 template by these reaction conditions.

Figure 6 displays the SAXS patterns for carbons
prepared by impregnation of the MCM-48 template
with sucrose. As shown in Fig. 6a, the carbon sample
obtained without the addition of sulfuric acid
(H,SO, =0 g) did not have an ordered porous
structure. However, adding varying amounts of sulfu-
ric acid obtained CMK-1 carbons predominantly
containing two sharp low-angle reflections typical of
cubic structure (Hussain and Thm 2009). This was
caused by sucrose’s hydrophilic nature; it does not
easily enter pores surrounded by a hydrophobic silica
framework (Joo et al. 2001). However, adding a
sulfuric acid catalyst transformed the sucrose into a
less hydrophilic substance. As a result, the sucrose
successfully penetrated the silica pore. When the
amount of sulfuric acid was higher than 0.28 g (for
each gram of sucrose), sulfuric acid occupying
proportions of the silica pore volume may have caused
the decreased SAXS intensity. Some carbons also
formed outside the silica pores. Figure 6b shows the
carbon sample obtained at 500 °C demonstrated weak
diffraction intensities, indicating a poorly ordered
mesoporous structure. When carbonization tempera-
tures were in the range of 600 to 1,000 °C, these
samples revealed characteristics of ordered mesopor-
ous carbon with CMK-1 structure. The relative
intensities of the diffraction peaks increased with
increasing carbonization temperatures. Higher car-
bonization temperature facilitates the formation of
carbons with enhanced framework and structural
ordering. However, at a carbonization temperature of
1,000 °C, contraction or collapse of pores may have
caused the resulting decrease in SAXS intensity (Liou
and Wu 2009).

Following carbonization of the sucrose/MCM-48
composites, removal of the MCM-48 templates by
leaching using HF solution obtained pure mesoporous
carbon products. The TG curves in Fig. 7 shows the
effects of HF concentration on the amounts of silica
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Fig. 6 SAXS pattern for
carbons synthesized by: 15 - (a) 15 |— (b)
a various amounts of H,SO,
for each grain of sucrose;
and b various carbonization 500°C
temperatures 0g
0 0
20 |- 15 |—
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0 0
> 20 2 15—
= =
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template remaining after burning samples in air. The
remaining silica decreased as the HF concentration
) increased. HF concentration of 5 wt% was sufficient
1.0 0.0 for complete removal of the MCM-48 template. As
- - revealed in the DTG curves in Fig. 7, the peak height
08k increased with increasing HF concentrations, indicat-
I - 0.01 ing that leaching of silica templates with high HF
v I concentrations had the effect of increasing oxidation.
o 06 v 0 = Figure 8a, b show the N, adsorption—desorption
= | 0.00 § isotherm and pore size distribution for carbon obtained
= o4k I HF=0< | © without the addition of sulfuric acid. The isotherm
HHFE=1% ] displayed the carbon sample including both micropo-
i Il HF=5% - .0.01 rous and mesoporous structures (Liou 2010). A narrow
02 IVHF=10% 0 peak in pore size distribution occurred at 3.9 nm. The
|V HF=20% IV 1 carbon sample exhibited a low BET surface area of
ool L 1 1 4 | Vl | 0.02 approximately 877 m*/g and a total pore volume of
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Fig. 7 Effect of HF concentration on the remaining amount of
ash for carbon sample burnt in air. The carbon samples were
obtained from pyrolysis of sucrose/MCM-48 composite in N, at
900 °C
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0.680 cm’/g. Figure 8c shows the N, adsorption—
desorption isotherm of CMK-1 carbon with carbon-
ization temperature of 900 °C. The isotherm exhibits
two capillary condensation steps at P/P, = 0.2-0.3
and 0.4-1.0. These well-pronounced capillary con-
densation steps indicate a high uniformity in pore size.
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The pore size distribution displayed in Fig. 8d reveals
a bimodal mesoporous structure. Two narrow peaks
appear at a pore diameter of approximately 2.3 and
3.9 nm. The CMK-1 sample exhibits a high BET
surface area of 1,715 mz/g and total pore volume of
1.02 cm’/g.

Observation of surface morphology of silica
and carbon products

Figure 9a—g shows the surface morphologies of mes-
oporous silica obtained at pH 1-11. The silica sample
synthesized at pH 1 consists of very fine grains with a
mean size smaller than 5 nm, while the silica synthe-
sized at pH 3 has a like-sponge porous tissue. The
silica synthesized at pH 5 shows semi-sphere grains,
while that formed at pH 7 shows an aggregate of fine
grains. The MCM-41 sample synthesized at pH 9
shows irregularly shaped particles. The surface mor-
phology of MCM-48 synthesized at pH 11 shows
mainly rectangular particle shapes (Sayari 2000).
Figure 9¢ shows the lamellar structure of silica

1.0

Dp (nm)

synthesized at a neutral/cationic ratio of 0.26. The
micrometer-sized spherical particles consist chiefly of
thin platelets measuring 20-nm thick and 0.5-um wide.
Figure 9h-1 shows the surface morphologies of meso-
porous carbon samples. Figure Sh illustrates the direct
synthesis of mesoporous carbon from as-synthesized
MCM-48 silica nanocomposite. The proposed method
uses CTAB/C,(EO), surfactants as a carbon precursor
to substitute sucrose. SEM analysis shows that this
carbon material is a hollow and spherical solid. SAXS
confirms that this carbon material did not have an
ordered porous structure (data not shown here). This
observation indicates that the surfactant mixtures were
unable to completely penetrate the silica pores. The
surface area of direct synthesis of carbon material is only
750 m*g. The surface morphology of carbon material in
Fig. 9i obtained from the MCM-41 template resembles
nanotubes without an ordered arrangement. The same
result was also confirmed by SAXS analysis (data not
shown). This observation indicates that MCM-41 silica
was unsuitable as a template for OMC synthesis (Ryoo
et al. 2001). Figure 9j-1 shows the carbon samples
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Fig. 9 FE-SEM images of samples: a—f mesoporous silica of as-synthesized MCM-48 composite; i carbon sample obtained
samples synthesized at various gelation pH values of 1, 3, 5,7, 9, using a MCM-41 as template; j carbon sample obtained without
and 11, respectively; g mesoporous silica with lamellar the addition of sulfuric acid; and k-1 carbon samples obtained
structure; h carbon sample obtained from direct carbonization using sucrose and glucose as carbon precursors, respectively
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(e) (f)

Fig. 10 High-resolution TEM images of samples: a PRA, b particle morphology of MCM-48, ¢, d MCM-48 synthesized at pH 11,
e, f CMK-1 carbon

@ Springer
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obtained using a MCM-48 as template. The carbon
formed without the addition of sulfuric acid reveals a
corrugated tissue (Fig. 9j). The carbon deposition on the
sample surface indicated that sucrose does not easily
penetrate the silica pores. Figure 9k, 1 shows the CMK-1
carbons obtained using sucrose and glucose as carbon
precursors by adding a sulfuric acid catalyst. The
appearance of the two carbon materials is similar to
MCM-48 silica (Kaneda et al. 2002). As expected from
the results of SAXS analysis in Fig. 6, H,SO, pre-
treatment successfully converted sucrose and glucose to
ordered mesoporous carbons.

Figure 10a shows the typical PRA powder after
burning the packaging resin waste in air. The size
of the particles was approximately 60-nm long and
10-nm wide. Figure 10b is a low-resolution TEM
image of MCM-48 particles, showing a well-defined
edge and a rectangular particle shape. Figure 10c, d
shows the high-resolution TEM images of MCM-48
particles. The sample shows a regular array of
mesopores along the (111) direction (Fig. 10c), and
a uniform pore structure along the (100) direction
(Fig. 10d). These images indicate that the cubic
mesostructure of MCM-48 is well developed, which
is in agreement with the results of SAXS (Fig. 1d).
Wang et al. (Wang et al. 2005) observed similar
morphologies. Typical HR-TEM images of OMC
samples are shown in Fig. 10e, f. Figure 10e shows a
pattern of parallel stripes with black and white in sharp
contrast. The carbon materials consisted of highly
ordered mesopores. Figure 10f shows rectangular
edges of the carbon particles with a uniform pore
distribution. No carbon deposition is apparent on the
external surface of OMC, indicating that the amount of
sucrose was just sufficient to fill the internal cellular
pores of MCM-48.

Conclusion

MCM-48 mesoporous molecular sieves free of Na
impurities were synthesized using cheap, recycled
silica from electronic packaging resin ash. The
structure of silica samples achieved using different
pH media, hydrothermal temperatures, and ratios of
surfactant changed continuously from hexagonal to
cubic to lamellar. Results confirm that ordered CMK-1
carbon can be successfully synthesized from the
MCM-48 template using sucrose as a carbon

@ Springer

precursor. The conversion of packaging resin ash into
MCM-48 offers a better alternative for recycling and
utilization of e-waste. Both MCM-48 and CMK-1
materials reveal a high surface area and uniform pore
size, rendering them suitable for the development of
advanced materials in energy and green application.
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