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a b s t r a c t

A surfactant-free preparation of mesoporous silica spherical particles, MSPs was developed using sodium
silicate extracted from TFT-LCD industrial waste powder via aerosol spray route in this study. Inorganic
acids including hydrochloric acids and nitric acids were employed to acidify the silicate supernatant to
form activated silica precursors and the influence of acids in the activated silica precursors was studied.
The MSPs(HNO3), which was synthesized in the presence of nitric acids exhibited high surface area
(776 m2/g), mesopore size (5.3 nm) as well as large pore volume (1.15 cm3/g) and it was further applied
as a support of adsorbent for CO2 capture. It was demonstrated that tetraethylenepentamine (TEPA)-
impregnated MSPs(HNO3) adsorbent presents advantages of convenient synthesis, low cost and high
adsorption performance (122 mg-CO2/g-adsorbent), which was superior to those of TEPA-SBA-15 and
TEPA-MCM-41 manufactured from pure silica chemicals under the same test conditions. The results sug-
gested that low-cost MSPs(HNO3) prepared using silicate solution from TFT-LCD waste powder via spray
approach can be promising CO2 adsorbents. This novel process could also be employed for further exten-
sible to other kinds of Si-related industrial wastes and benefit in large-scale production of highly valuable
silica-based sorbents for environmental protection applications.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The carbon dioxide (CO2) capture and storage (CCS) technolo-
gies have received out-breaking concerns after the Kyoto Protocol
came into force in 2005 [1]. Among capturing technologies,
amine-supported mesoporous silicas for CO2 adsorption are of par-
ticular interest because of their efficient adsorption performance,
rapid mass transfer kinetics and simplicity of cyclic regeneration
under mild conditions [2]. Several studies have shown that these
aminated mesoporous silica adsorbents are useful for practical
applications, such as those relevant in flue gas and for capture
CO2 from ambient air [3–5]. To this end, various mesoporous silicas
including MCM-41 [6], SBA-15 [7], HMS [8] and KIT [9], etc. have
been widely investigated on CO2 adsorption in terms of adsorption
capacity, regeneration ability and tolerance under water-existing
environment.

Even though each family of mesoporous silica has its advanta-
ges; most of them were manufactured through solution precipita-
tion methods using batch reactors, which require multi-step and
time-consuming procedures. For example, the MCM-41 material
ll rights reserved.
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is one of the mesoporous products made by the hydrothermal
method which commonly proceeds at 100–150 �C for tens of hours
[10]. An alternative approach to mesoporous silicas is the exploita-
tion of vapor-phase routes which is the continuous flow set-up and
this allows an easy scale-up of the synthesis [11–14]. Mesoporous
silica spherical particles (MSPs), which were synthesized over aer-
osol-assisted continuous process, are relatively novel materials for
environmental protection applications [15]. The spherical MSPs
presents advantages of higher production rate, higher packing den-
sity and lower pressure drop than those mesoporous materials
manufactured via batch processes. These advantages make MSPs
more practical for gas adsorption and separation in terms of overall
engineering considerations.

Very recently, Wang et al. [16] employed the amine-impreg-
nated MSPs as adsorbents for CO2 capture from flue gas streams.
The results clearly demonstrated that the aminated MSPs can be
considered as efficient and stable adsorbents in the prolonged cyclic
CO2 adsorption tests. However, they may pose problems in practical
field applications because of their relatively high manufacturing
costs and this would be one of the most important considerations
for industrial applications. The high costs of MSPs are mainly due
to the use of expensive surfactants as mesostructure-directing tem-
plates, which constitute almost 80% of total manufacturing costs.
Furthermore, a subsequent thermal treatment is also required to re-
move the organic surfactants from the silica/surfactant hybrids,
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Table 1
Elemental analysis of raw waste powder and silicate supernatant analyzed by the
SEM-EDS and ICP-MS.

Element Si F O N Na

Raw waste powder (wt.%)a 28.82 47.82 17.54 5.82 –
Supernatant (ppm)b 32750 – –c – 84220

a Sample analyzed by the SEM-EDS analysis.
b Sample analyzed by the ICP-MS analysis.
c Non-detected.
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which would further increase the energy penalty and costs. Thus
the industrial applications of current methods would have certain
limitations. Taking into account the potential scale involved in
the production of MSPs for CO2 capture, it is preferable to employ
low-cost and abundant resources as precursors.

In this work, motivated by the aforementioned situation, the
aerosol synthesis of low-cost MSPs was developed by employing
sodium silicate solution as the silica source without adding extra
surfactants. The sodium silicate solution, which is extracted from
industrial waste powder of thin film transistor-liquid crystal dis-
play (TFT-LCD) industry, has been proven to be a feasible resource
for preparing silica-based materials in our prior study [17]. The
structural properties, morphology and formation mechanism of
the prepared MSPs are presented and discussed. In addition, the
cost-effectiveness of the obtained MSPs in terms of CO2 adsorption
is evaluated and compared to those of MCM-41 and SBA-15 sam-
ples prepared from TFT-LCD waste powder as well.
2. Experimental section

2.1. Aerosol fabrication of MSPs from waste-derived sodium silicate

Fig. 1 depicts the experimental setup of the reactor for continu-
ously synthesizing the MSPs via ultrasonic spray process. The so-
dium silicate solution was prepared by mixing TFT-LCD waste
powder with 6 M NaOH solution at room temperature for 3 h. Ta-
ble 1 shows the elemental analysis of the raw waste powder and
the silicate solution after extraction with NaOH solution. The so-
dium silicate solution was then acidified by adding hydrochloric
acid or nitric acid, and the molar composition of the precursor mix-
ture was 1SiO2:359H2O:8HCl and 1SiO2:359H2O:3.7HNO3, respec-
tively. The solution was then nebulized by an ultrasonic atomizer
(1.8 MHz) with a dry and clean air stream of 2 slpm flow rate
and the droplets were passed through a heating zone in which
the temperature was controlled at 400 �C. The total reaction time
of this continuous flow process was approximately 4 s. After the
heating process, the as-synthesized MSPs samples were collected
downstream of the reactor by a high-efficiency filter. Finally, they
were recovered by washing and filtration with DI water followed
by drying in an oven at 110 �C. The aerosol processing of MSPs
samples from the waste-derived silicate in the presence of hydro-
chloric acid was denoted as MSPs(HCl), while the MSPs sample
from the waste-derived silicate with the aid of nitric acid was
named as MSPs(HNO3).

2.2. Hydrothermal synthesis of MCM-41 and SBA-15 from waste-
derived silicate

The synthesis of recycled MCM-41 was performed using waste-
derived silicate solution and cetyltrimethylammonium bromide
(CTAB) as the silica source and template, respectively. The molar
composition of the gel mixture was 1SiO2:0.2CTAB:120H2O:0.89H2-
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Fig. 1. Experimental setup for the fabrication
SO4. In a typical procedure, 89 ml of waste silicate solution was
firstly acidified by adding approximately 40 ml of 4 N H2SO4 to
bring down the pH to 10.5 with constant stirring to form a gel. After
stirring, 7.28 g of CTAB (dissolved in 25 ml of DI water) was added
drop by drop into the above mixture and the combined mixture was
stirred for three additional hours. The resulting gel mixture was
transferred into a Teflon coated autoclave and kept in an oven at
145 �C for 36 h. After cooling to room temperature, the resultant so-
lid was recovered by filtration, washed with DI water and dried in
an oven at 110 �C for 8 h. Finally, the organic template was removed
by using a muffle furnace in air at 550 �C for 6 h.

Recycled SBA-15 was synthesized using a tri-block copolymer,
EO20-PO70-EO20 (Pluronic P123, BASF) as the template and waste
silicate solution as the silica source. The molar composition of
the gel mixture was 1SiO2:0.02 P123:286H2O:4.2H2SO4. For a typ-
ical synthesis, 2.01 g of P123 was dissolved in 20 g of DI water;
meanwhile, 82 ml of waste silicate solution was added to 70 ml
of 1 M H2SO4 to achieve the pH value of 2. Subsequently, calculated
amounts of 6 M NaOH were added to the above silicate mixture to
bring up the pH to 5 to accelerate the hydrolytic condensation
reaction. After stirring, the surfactant solution was added slowly
into the above mixture and the combined mixture was stirred for
15 min. The resulting gel mixture was transferred into a Teflon
coated autoclave and kept in an oven at 100 �C for 24 h. After cool-
ing to room temperature, the resultant solid was recovered by fil-
tration, washed with DI water and dried in an oven at 60 �C for
24 h. Finally, the organic template was removed by using a muffle
furnace in air at 500 �C for 6 h. The recycled MCM-41 and SBA-15
materials using waste-derived-silicate solution as silica source
was denoted as R-MCM-41 and R-SBA-15, respectively.

For comparison purpose, the preparation of MCM-41 and SBA-
15 from commercial silicate precursors was presented as well.
The synthesis of MCM-41 was carried out using pure chemicals
of sodium metasilicate nanohydrate (Na2SiO3�9H2O) following
similar procedures described previously in the synthesis of R-
MCM-41. The molar composition of the gel mixture was 1SiO2:0.2-
CTAB:120H2O:0.89H2SO4. Mesoporous SBA-15 was synthesized
using a tri-block copolymer, EO20-PO70-EO20 (Pluronic P123, BASF)
as the template and sodium silicate solution (�14% NaOH, �27%
SiO2, Aldrich) as the silica source, with similar procedures de-
scribed in the synthesis of R-SBA-15. The molar composition of
the gel mixture was 1SiO2:0.01P123:286H2O:0.7H2SO4.
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Fig. 2. XRD pattern of as-prepared MSPs(HCl), as-prepared MSPs(HNO3) and
washed MSPs(HNO3) samples.
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2.3. Characterization

The elemental analysis of the raw waste powder was deter-
mined by energy-dispersive X-ray spectroscopy in a scanning elec-
tron microscope (SEM-EDS, HITACHI-S4700). And the silicate
supernatant was also analyzed by ICP-MS (SCIEX ELAN
5000- Inductively Coupled Plasma-Mass Spectrometer). Powder
low angle X-ray diffraction patterns of prepared samples were
recorded by using Rigaku X-ray diffractometer equipped with nick-
el-filtered CuKa (k = 1.5405 Å) radiation. The diffractograms of the
mesoporous samples were recorded in the 2h range 5–80� in steps
of 0.6� with a count time of 60 s at each point. The specific surface
area, specific pore volume and average pore diameter (BJH
method) of the samples were measured by N2 adsorption–desorp-
tion isotherms at 77 K using a surface area analyzer (Micromeritics,
ASAP 2000). All the samples were degassed for 6 h at 350 �C under
vacuum (10�6 mbar) prior to the adsorption experiments. The
morphology of the materials was observed via the SEM (HIT-
ACHI-S4700) images. TEM images of the samples were observed
with a JEOL JEM 1210 TEM instrument operated at 120 keV and
the samples (5–10 mg) were ultrasonicated in ethanol and dis-
persed on carbon film supported on copper grids (200 mesh).

2.4. CO2 adsorption measurement

Mesoporous supports including MSPs(HCl), MSPs(HNO3), R-
MCM-41, R-SBA-15, MCM-41 and SBA-15 were functionalized with
tetraethylenepentamine (TEPA) at a weight ratio of 1:1 by the wet
impregnation method reported by Lin et al. [17]. The CO2 adsorp-
tion tests were conducted by a thermo-gravimetric analyzer
(TGA, Netzsch TG209 F1, Germany). Typically, approximately
10 mg of adsorbents were loaded on the TGA sample holder and
purged with nitrogen gas at the temperature of 110 �C with a flow
rate of 120 cm3/min for 30 min until the weight is not changed,
which implies that the evaporation of water on the adsorbents
was complete. The mass change of the adsorbents during CO2

adsorption was then recorded under isothermal condition of
60 �C. The inlet CO2 concentration was 15% (v/v in N2) which was
obtained from a certified gas cylinder and introduced at a flow rate
of 40 cm3/min (25 �C, 1 atm) for 60 min of adsorption time until
the weight was not changed to ensure that the adsorbents were
completely saturated. The moisture in the CO2 gas cylinder was
measured to be 5% relative humidity, which corresponded to an
absolute moisture content of only 0.16% (v/v). This was much low-
er than the CO2 concentration and thus the moisture impact on the
CO2 adsorption is negligible.
3. Results and discussion

3.1. Characterization of MSPs

Fig. 2 shows the powder XRD patterns of the as-prepared and
washed MSPs samples, which were synthesized using sodium sili-
cate supernatant from TFT-LCD waste powder through ultrasonic
spray process. It can be seen that the as-prepared MSPs(HNO3)
sample shows significant diffraction peaks at 2h of 23�, 29�, 32�,
35�, 39�, 42�, 48� and 56�, which are indexed on NaNO3 crystallites
[18]. On the other hand, strong diffraction peaks located at 2h of
27�, 32�, 45�, 56�, 66� and 75� of crystalline NaCl [19] were identi-
fied in as-prepared MSPs(HCl) sample. To elucidate the above find-
ings, the general theory of acidification of sodium silicate must be
addressed. In the preparation of activated silica precursors, sodium
silicate was acidified and the silica condensation reactions would
take place simultaneously to form a siloxane linkage between sur-
face silanol groups, which can be represented as [20]:
SiðOHÞ4 þHO—SiðOHÞ3 ! ðOHÞ3Si—O—SiðOHÞ3 þH2O ð1Þ

And the reaction of sodium silicate solution acidified with
hydrochloric acid and nitric acid, respectively, during acidification
process can be expressed as:

Na2O � xSiO2 þ 2HNO3 ! xSiO2 # þ2NaNO3 þH2O ð2Þ
Na2O � xSiO2 þ 2HCl! xSiO2 # þ2NaClþH2O ð3Þ

As the sodium silicate supernatant is acidified by nitric acid or
hydrochloric acid, fine crystalline components of NaNO3 or NaCl
are formed. They were further solidified and embedded in silica
spheres during spray and heating processes. Since NaNO3 and NaCl
exhibit stronger crystallinity than that of amorphous silica, the so-
dium salt crystallites are expected to show higher diffraction inten-
sity as depicted in Fig. 2. Besides, these sodium salts are highly
soluble so that they can be easily removed by water washing, lead-
ing to form pure siliceous MSPs materials. This is confirmed by XRD
results in which a broad diffraction peak at 2h of 22� of amorphous
silica [21] is observed in the washed MSPs(HNO3) sample.

The thermal behavior of the MSPs samples was subsequently
investigated using TGA and DTG analyses as shown in Fig. 3(a)
and (b), respectively. One can see from Fig. 3(a) that both as-pre-
pared MSPs(HCl) and MSPs(HNO3) samples show initial weight
losses from 100 to 400 �C, which can be ascribed to the evaporation
of the physically and chemically adsorbed water on the surface of
the material. Furthermore, it is noticeable that there is a drastic
weight losses from 600 to 800 �C of as-prepared MSPs(HNO3) as
depicted in Fig. 3(b), and this is probably due to the thermal
decomposition of crystalline NaNO3 [19]. In the present study,
the aerosol processing of MSPs(HCl) or MSPs(HNO3) samples was
carried out at 400 �C in which the occluded NaCl or NaNO3 salt
can retain thermally stable. After aqueous washing, the washed
MSPs(HNO3) presented high thermal stability up to 900 �C, and this
clearly reveals that aqueous washing is an effective process to re-
move the sodium salts from the as-prepared MSPs materials. This
is in agreement with the XRD result which confirms the presence
of pure siliceous material of the washed MSPs.

Fig. 4(a) shows the N2 physisorption isotherms of raw waste
powder and washed MSPs materials. It is clear that raw waste
powder exhibits a typical type II isotherm of non-porous materials
according to the IUPAC classification. On the other hand, all
washed MSPs samples show type IV isotherms with a well-defined
capillary step, which are indicative of mesoporous materials [22].
The MSPs(HCl) sample shows the H3-type hysteresis loop, which
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Table 2
Physical properties of mesoporous silica-based adsorbents.

Sample name SBET
a (m2/g) dBJH

b (nm) Vp
c (cm3/g)

Raw waste powder 30 – 0.07
As-prepared MSPs(HCl) 16 – 0.05
As-prepared MSPs(HNO3) 19 – 0.08
Washed MSPs(HCl) 434 3.6 0.72
Washed MSPs(HNO3) 776 5.3 1.15
MCM-41 1101 3.1 1.00
SBA-15 745 6.5 1.02
R-MCM-41 1083 3.0 0.99
R-SBA-15 661 9.1 1.50
TEPA-MSPs(HCl) 2.5 – 0.001
TEPA-MSPs(HNO3) 51 5.0 0.13
TEPA-MCM-41 53 – 0.15
TEPA-SBA-15 40 5.0 0.11
TEPA-R-MCM-41 55 – 0.14
TEPA-R-SBA-15 30 8.7 0.48

a ET surface area.
b Pore diameter calculated by BJH theory.
c Total pore volume.
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is assigned to the mesoporous system with slit-like shapes [23]. In
contrast, the washed MSPs(HNO3) shows significantly higher
adsorption capacity. It is noticeable that the sorption isotherm of
washed MSPs(HNO3) sample has H2-like hysteresis loop, which
is remarkably different from the washed MSPs(HCl). The H2-like
hysteresis loop is typically attributed to the presence of ink-bot-
tle-like mesopores. Besides, the hysteresis loop of MSPs(HNO3)
tends to shift toward higher values of relative pressure as com-
pared to MSPs(HCl), which implies that MSPs(HNO3) exhibits lar-
ger pore diameter. This result is further confirmed by the BJH
pore size distribution shown in Fig. 4(b), where MSPs(HNO3) pos-
sesses narrow pore size distribution with a peak centered at
5.3 nm, larger than that of MSPs(HCl) with pore diameter located
at 3.6 nm.

The template effect from the inorganic salts on the physical
properties including BET specific surface area, total pore volume
and BJH pore diameter derived from N2 physisorption measure-
ment are summarized in Table 2. It is seen that the as-prepared
MSPs materials show low specific surface area and no porosities;
however, the surface area and porosities of the washed MSPs mate-
rials are significantly enhanced after the removal of salt templates
by aqueous washing process. This clearly implies that both sodium
salts of NaCl and NaNO3, which are formed during the sodium sil-
icate acidification process, can be employed as effective templates
to support the mesostructure. Moreover, washed MSPs(HNO3)
shows higher specific surface area and larger pores as compared
to MSPs(HCl) sample. These results are quite conclusive in demon-
strating that the difference in the features of the pore geometry
seems to be correlated to different occluded salt templates.

SEM image of the washed MSPs(HNO3) samples, as depicted in
Fig. 5(a), shows that there are spherical particles with porous sur-
face. On the contrary, the MSPs(HCl) sample mainly consists of
crushed and fractured particles (Fig. 5(b)). TEM image in Fig. 5(c)
further proves that the washed MSPs(HNO3) particles are porous,
appears to consist of interconnected network, whereas the washed
MSPs(HCl) shows hollow and crushed structures (Fig. 5(d)). More-
over, the chemical composition of the washed MSPs(HNO3) was
analyzed by EDX analysis (Fig. 5(e)), where there are only Si and
O elements observed (Cu peak from the TEM grid). This is in line
with the XRD result, which confirms the presence of amorphous
silica. Consequently, it can conclude from the results of XRD, N2

physisorption measurement and EDX spectrum that silica spheri-
cal particles with open mesoporous structure can be prepared
using sodium silicate solution extracted from TFT-LCD industrial
waste powder as the silica precursor via surfactant-free aerosol
route.

The schematic representation for the formation mechanism of
MSPs(HCl) and MSPs(HNO3) samples through aerosol process is
shown in Fig. 6. In this work, activated silica sols were firstly pre-
pared by acidifying the sodium silicate supernatant extracted from
TFT-LCD industrial waste powder with the aid of hydrochloric acid
or nitric acid. Meanwhile, the sodium salt of NaCl or NaNO3 crystal-
lite is formed during acidification process. When the precursor
solution is aerosolized and heated at 400 �C, the rapid evaporation
of water drastically enhanced the silica polymerization and re-
sulted in an increased concentration of salts simultaneously. As this
process continues, these salts would precipitate out of the droplet
at the air interface, forming a crust where the concentration is the
highest. As water evaporation occurs at 400 �C, the occluded NaNO3

salt with melting point of 308 �C in as-prepared MSPs(HNO3) would
become molten and serves as a solvent, diffusing back into the core
in response to the concentration gradient. Finally, the MSPs(HNO3)
with interconnected mesoporous framework are produced after the
removal of salts by water washing. In contrast, fractured particles
were observed in washed MSPs(HCl). During the process, the solid
shell of NaCl is formed in the beginning where the concentration
is the highest. When the water evaporation occurs at 400 �C, the



Fig. 5. SEM images of washed (a) MSPs(HNO3) and (b) MSPs(HCl); TEM images of washed (c) MSPs(HNO3) and (d) MSPs(HCl); (e) EDS spectrum of the washed MSPs(HNO3).
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NaCl crystallites would be still in solid phase as solid shell because
of its high melting point of 800 �C. Subsequently, the internal pres-
sure would increase rapidly because the moisture cannot be re-
leased immediately, resulting in formation of crushed and hollow
MSPs(HCl) particles.

3.2. CO2 capture by TEPA-impregnated mesoporous silica-based
adsorbents

Fig. 7 shows the time dependence of CO2 uptake in the presence
of 15% CO2 at 60 �C for TEPA-impregnated MSPs(HNO3) and
MSPs(HCl) adsorbents. In comparison, MCM-41, SBA-15, R-MCM-
41 and R-SBA-15 materials synthesized from either pure silica
chemical reagents or silicate supernatant extracted from TFT-LCD
waste powder were also performed as supports of adsorbents for
their adsorption performance and their physical characterization
including XRD, N2 physisorption measurement as well as TEM
images were presented in Fig. S1, Fig. S2 and Fig. S3.It is seen that
the CO2 uptake increased rapidly to more than 90% of the maxi-
mum uptake within the first five minutes of adsorption before
reaching a constant equilibrium value for all adsorbents. The CO2

adsorption capacities of all adsorbents were in a range of 107–
126 mg/g-adsorbent and follow the order of TEPA-MSPs(HCl) < TEPA-
MCM-41� TEPA-R-MCM-41 < TEPA-SBA-15 < TEPA-MSPs(HNO3) <
TEPA-R-SBA-15. This is probably due to that the textural proper-
ties of the mesoporous supports significantly influence the CO2

adsorption performance.
In order to elucidate the effect of support structure on sorbent

capacity, their textural properties were analyzed by N2 physisorp-
tion technique with results shown in Fig. 8 and Table 2. It can be



Fig. 6. Schematic representation showing the formation mechanism of MSPs(HCl) and MSPs(HNO3) samples through ultrasonic spray process.
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seen from Fig. 8(a) that the adsorbents including MSPs(HCl) and R-
MCM-41 exhibited type II isotherms of non-porous materials after
TEPA impregnation, and this may suggest that their pores were
nearly blocked. On the contrary, TEPA-SBA-15, TEPA-MSPs(HNO3)
and TEPA-R-SBA-15 with larger pore volumes tended to maintain
better meso-structures. BJH pore size distribution shown in
Fig. 8(b) further reveals that parts of mesopores in SBA-15,
MSPs(HNO3) and R-SBA-15 were still maintained after 50 wt.%
TEPA impregnation, whereas the pores of MSPs(HCl) and R-MCM-
41 were significantly diminished to be less than 2 nm after TEPA
impregnation.

Since the density of TEPA is about 0.99 cm3/g and the total pore
volumes of parent MSPs(HCl), MSPs(HNO3), R-MCM-41, SBA-15
and R-SBA-15 are 0.72 cm3/g, 1.15 cm3/g, 0.99 cm3/g, 1.02 cm3/g
and 1.50 cm3/g, the maximum TEPA loading expected to load in-
side the channels of MSPs(HCl), MSPs(HNO3), R-MCM-41, SBA-15
and R-SBA-15 is 42%, 54%, 50%, 50.7% and 60%, respectively. There-
fore, the pores of MSPs(HCl) and R-MCM-41were fully filled with
50 wt.% TEPA, and this may easily result in the blockage of effective
adsorption sites and constricted pores, leading to decrease in
adsorption capacity. On the other hand, it is noted that TEPA-R-
SBA-15 exhibits superior adsorption capacity than that of TEPA-
MSPs(HNO3) and TEPA-SBA-15. Because the pores of MSPs(HNO3),
SBA-15 and R-SBA-15 were not completely filled by TEPA, there are
enough accessible spaces in TEPA-MSPs(HNO3), TEPA-SBA-15 and
TEPA-R-SBA-15 samples. Therefore, it could be speculated that
the pore volume was not a main parameter which affected the sor-
bent capacity when the pores were not completely occupied. As
seen from Fig. 8(b), compared with TEPA-SBA-15 and TEPA-
MSPs(HNO3), TEPA-R-SBA-15 presents larger pore diameter and
this could make the gas flow into TEPA-R-SBA-15 to be easier,
which is beneficial for CO2 adsorption. As a result, one may con-
clude that large pore diameter and large pore volume of the sup-
ports would combine together and result in high CO2 capacity.
3.3. Comparison of mesoporous silica adsorbents for their CO2 capture
performance

TEPA-related mesoporous silica-based adsorbents for CO2 cap-
ture from the literature and this work in terms of their starting pre-
cursors, manufacture process, structural properties, CO2 adsorption
performance as well as manufacturing cost are summarized in
Table 3. It is observed that mesoporous R-MCM-41 and R-SBA-15
materials produced using TFT-LCD industrial waste silicates exhi-
bit superior CO2 adsorption performance and lower costs than
those of MCM-41 and SBA-15 from pure silica chemicals; however,
their industrial applications would be restricted due to the need of
complex preparation procedures and long batch process times of
several days.

The MSPs(TEOS) and MSPs(NaSi) produced by continuous aero-
sol method tend to have simple and faster production rates than
mesoporous materials produced using batch reactors. Moreover,
the use of spherical MSPs particles with higher packing density
and higher volume-based adsorption capacity as supports of adsor-
bents can significantly reduce the adsorber volume of CO2, and this
has been another important issue that needs to be considered for
field application [15,16]. But the prices for making MSPs(TEOS)
and MSPs(NaSi) are still relatively high due to the use of expensive
organic surfactants.

Avoiding the use of costly surfactants for the synthesis of mes-
oporous materials seems to be highly desirable and would be ben-
eficial in terms of cost, environmental impact and scale-up
potential. As seen from Table 3, unlike the mesoporous materials
prepared via surfactant-templated routes, the surfactant-free syn-
thesis of MSPs(HNO3) using silicate solution from TFT-LCD waste
powder through continuous aerosol approach presents important
advantages of fast synthesis, low manufacturing costs as well as
superior CO2 adsorption capacity. This will undoubtedly enhance
the competitiveness for CO2 capture in flue gas applications. Fur-
thermore, this novel process could also be employed for further
extensible to other kinds of Si-related industrial waste materials
such as rice husk ash and coal flay ash, and it could be expected
that the cost-effectiveness of the CO2 capture technology and the
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SBA-15 samples.

Table 3
Comparisons of TEPA-impregnated mesoporous silica-based adsorbents for CO2 capture.

Support Precursor Synthesis process SBET

(m2 g�1)
dBJH

(nm)
Vp

(cm3 g�1)
Capacity
(mg/g)

Relative price of
chemicals

Reference

MSPs(TEOS) TEOS + CTAB Continuous process + calcination (4 h)
calcination (4 h)

1012 2.4 0.81 87 – [16]

MSPs(NaSi) Sodium
silicate + CTAB

Continuous process (4 s) + calcination (4 h) 908 2.6 0.75 71 0.94 [24]

MCM-41 Sodium
silicate + CTAB

Batch process (36 h) + calcination (4 h) 1101 3.1 1.00 114 1.00a This
study

SBA-15 Sodium
silicate + P123

Batch process (24 h) + tcalcination (6 h) 745 6.5 1.02 117 0.41 This
study

R-MCM-41 Waste
powder + CTAB

Batch process (36 h) + calcination (4 h) 1083 3.0 0.99 113 0.95 This
study

R-SBA-15 Waste
powder + P123

Batch process (24 h) + calcination (6 h) 661 9.1 1.50 126 0.24 This
study

MSPs(HNO3) Waste powder Continuous process (4 s) + washing 776 5.3 1.15 122 0.02 This
study

a The relative prices of chemicals were calculated based on the ratio of the purchase price of chemicals used for manufacturing the adsorbents to that for manufacturing the
MCM-41.
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waste treatment and disposal problem will be resolved
simultaneously.
4. Conclusions

The present study presents a simple, cheap and well-suited for
mass production approach to prepare mesoporous MSPs materials
using silicate solution extracted from TFT-LCD industrial waste
powder. The structural properties of the prepared MSPs materials
can be easily controlled by altering the nature of the embedded salt
templates. The XRD and N2 physisorption analyses suggested that
the obtained MSPs(HNO3) were pure siliceous materials with high
specific surface area and large mesopores. Moreover, MSPs(HNO3)
is considered as a better support of adsorbent in terms of CO2

adsorption, which performs several advantages of simple and
cost-effective synthesis as well as superior adsorption performance
(122 mg-CO2/g-adsorbent) than those of MCM-41 (112 mg-CO2/g-
adsorbent) and SBA-15 (117 mg-CO2/g-adsorbent) materials. This
novel route could be expected to be an alternative to the current
methods for preparing potential and cost-effective materials for a
wide range of applications.
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