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Abstract

The carbon dioxide (CO;) capture and storage (CCS) technologies have received
out-breaking concerns after the Kyoto Protocol came into force in 2005. Among
capturing technologies, adsorption'is regarded as one of the feasible approaches which
can limit the CO, emission. Mesoporous silica materials with high surface area, large
pore size and large pore volume are considered as good candidates for CO, capture.
However, the requirements of tedious processing time and expensive manufacture
costs strongly limited their applications. Furthermore, the global emission quantity of
CO; is so huge that it may consume tremendous amount of resource materials to
capture the CO, greenhouse gas. On-the other hand, with the evolution of
semiconductor and optoelectronic industries, huge amounts of siliceous waste powder
are significantly increased. Such waste powders are light-density with bulky volume
and are thus difficult to be transported and disposed. Therefore, additional expenses
on waste treatment and landfill disposal are needed. So if the captured sorbent can be
obtained from product wastes, the cost-effectiveness of the CO, capture technology

and the waste treatment and disposal problem will be resolved simultaneously.

This study intends to reutilize the waste powder as an alternative resource for the
production of mesoporous silica materials via either solution precipitation method or
aerosol spray approach. The structural properties and cost-effectiveness of the

recycled materials on CO, adsorption performance was investigated as well. The
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results showed that the waste powder can be directly converted in to mesoporous
silica MCM-41(DU)-F with high surface area (788 m’g™), large pore size (4.5 nm)
and large pore volume (1.1 cm’g™") with the assistance of ionic surfactant of CTAB,
hydrofluoric acid as well as ammonium hydroxide. Through similar pathway, silica
materials with hierarchically mesocellular structures can be facilely prepared by using
single F127 surfactant. The concentrations of hydrofluoric acid and F127 were found

to strongly affect the structural properties of the recycled materials.

On the other hand, a low-temperature alkali extraction was developed to
effectively separate the silicate supernatant and the sediment of sodium fluoride (NaF)
from the waste powder. The obtained sediment containing high purity of NaF (>90%),
which provides further reuse possibility since NaF is-widely applied in chemical
industry. The supernatant is a valuable silicate source for synthesizing mesoporous
silica material. In other words, the optoelectronic waste powder can be converted into
two valuable resources, the supernatant-as the silica precursor and the sediment of
sodium fluoride. The mesoporous MCM-41 produced from the waste-derived silicate,
namely MCM-41(AF), possessed high specific surface areas (1069 m?/g), narrow pore
size distributions (3.0.nm) and large pore volumes (0.97 cm?/g), similar with those of
the MCM-41(NaSi) fabricated «using commercial silica precursors. This clearly
suggests that the silicate: supernatant from waste  powder can be potential silica

resource.

This study further extends the preparation of mesoporous materials using
waste-derived silicate supernatant as precursors. It was demonstrated that mesoporous
MSP(AS) and MSS(HNOs3) materials can be synthesized by employing inorganic salts
as templating media. The cost analysis shows that the synthesized material of
MSS(HNO:s) is about five percent of the price of SBA-15 and two percent of the

MCM-41 made from commercial silica precursors.

Furthermore, the correlation between CO, adsorption capacity and the pore
structure properties (pore size, pore volume and specific surface area) is studied.

The result of the linear regression indicates that the CO, adsorption capacity has the
Vi



strongest correlation with the total pore volume of the mesoporous materials (R*>0.9).
The amine-impregnated MSS(HNO;) can achieve 122 mg/g adsorption capacity,
which is superior to that of the original MCM-41(115 mg/g) and SBA-15(117) made
from commercial precursors under the same conditions. The MSS(HNOs3) prepared
using optoelectronic industrial waste powder as the silica source via salt-templated
aerosol spray approach exhibits several important advantages of simple and rapid
synthesis, low manufacturing costs and superior CO, adsorption performance.
Therefore, it could be considered as potential and competitive sorbents for CO,

capture from flue gas.

Keywords: resource recovery; optoelectronic industrial waste powder; mesoporous

silica materials; sodium fluoride; carbon dioxide; aerosol assisted process
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CHAPTER I INTRODUCTION

1.1 Background and Motivation

Worldwide issues including energy crisis, global warming and sustainable
development are receiving great attention. The carbon dioxide (CO,) capture and
storage (CCS) technologies have attracted out-breaking concerns after the Kyoto
Protocol came into force in 2005 [1]. In this regard, various capture technologies,
including absorption, adsorption, cryogenics, membrane separation, etc., have been
widely investigated [2—4]. Among them, the design of a full-scale adsorption process
might be feasible and the development of a promising material that would efficiently
adsorb CO, with high adsorption capacity and low energy penalty for the regeneration
process will undoubtedly enhance the competitiveness of adsorptive separation in a
flue gas application. However, the-global emission quantity of CO, is so huge that it
may consume tremendous amount of. resource materials to capture the CO,

greenhouse gas.

Ever since the'rises of flat panel industry, especially ‘thin film transistor-liquid
crystal display (TFT-LCD), demands on large scale panel display increase rapidly
during recent years [5]. However, huge amounts of waste products have been created
in the forms of waste solvents, sludge and solid waste, etc. Silicon (Si)-containing
waste powder is a common waste product of chemical vapor deposition (CVD)
process in TFT-LCD and semiconductor plants. The waste powders have problems of
treatment and disposal due to their light-density and bulky volume. Besides, the small
particle sizes of such waste powders would induce harmful effects on human beings if
not properly treated. Currently, these waste powders have been disposed of without
any profit due to the shortage of storage sites and have resulted in severe

environmental issues.

Several research studies have attempted to reuse solid wastes for manufacturing
mesoporous silica materials. This includes coal fly ash [6] and rice husk ash [7] which
are by-products of the coal-fired power plant and agricultural activities. However,
most recycling routes are energy-consumed and time-consuming, which would further

increase the manufacturing costs. Unlike the coal fly ash or rice husk ash which

1



contains lots of complicated metal oxides [8,9], the primary components of
optoelectronic waste powder might only contain Si-, N- and F- species. So far, the
identification of the waste powder from CVD processes of either semiconductor or
optoelectronic industry as well as the possibility of waste powder recovery for further

environmental applications have not been reported yet.

1.2 Objectives and Scope

The research described in this study was motivated to develop cost-effective CO,
adsorbents from waste materials through convenient synthetic procedures. This work
intends to utilize the waste powder from. TFT-LCD plants as the alternative precursor
of the mesoporous siliceous. adsorbent for CO; capture. So if the adsorbent can be
obtained from wastes product, the cost-effectiveness of the CO, capture technology

and the waste treatment and disposal-problem will be resolved simultaneously.
The objectives of this study are listed:

1. To identify the chemical composition of the waste powder from CVD processes
of optoelectronic industry as well as the possibility of waste powder recovery for

further environmental applications.

2. To fabricate cost-effective mesoporous materials by employing waste powder as
silica precursor via either solution precipitation method or aerosol spray process as

supports of adsorbents for CO; capture.

3. To investigate the effect of textural properties of the mesoporous sorbents on

the CO, adsorption performance.



CHAPTER Il LITERATUTR REVIEW

2.1 Mesoporous silica materials

Porous materials have been intensively applied to the processes of adsorption,
separation and catalysis, etc [10—14]. According to the IUPAC definition, porous
materials are divided into three classes; microporous (pore size < 2nm), mesoporous
(2-50nm), and macroporous (>50nm) materials [15]. In recent years, microporous
zeolites have attracted strong attention due to their high specific area, well-define and
crystalline pore structure for environmental protection applications [ 16—18]. However,
zeolites have mass transfer limitations when it is being applied for the adsorption of
large molecules. Thus attempts have been made to‘'work on enlargement of the pore
sizes into mesopores, which can allow large molecules to penetrate into the pore

channels.

Mesoporous materials were-first-discovered by the-Mobil Company in 1992. The
characteristics of these materials include: (1) large specific surface area (~1000 m?/g)
and pore volume (~1 cm’/g), (2) adjustable size and morphology, (3) uniformly
distributed pore size, (4) highly ordered mesostructures and (5) controllable chemical
composition and unique surface chemistry via functionalization. Typically, surfactant
micelles are the structuring-directing template for the mesoporous materials. So far,
many families of mesoporous materials have been developed, including M41S
[19,20] , SBA [21,22], HMS [23], MCF [24-26], and KIT [27,28], etc. These
materials were synthesized by using different surfactants, co-surfactants, synthesis

conditions and methods.

211 MCM-41

The first-ordered mesoporous material, namely M41S family, was firstly
synthesized by Mobile Corporation [29]. These materials were prepared from ionic
surfactants, such as quaternary ammonium ions. A liquid crystal templating
mechanism was proposed to elucidate the formation of the inorganic-organic

composites, which is based on electrostatic interactions between the positively



charged surfactants and the negatively charged silicate species in solution as shown in
Figure 2.1 [13]. MCM-41 is the most widely studied M41S material. It is often used
as a model to compare with other materials or to study fundamental aspects in
sorption, catalysis, etc [30—32]. It consists of an amorphous silicate framework with
hexagonal pores. MCM-41 has high surface areas of up to 1200 m?/ g and large pore
volumes. The pores are very uniform causing narrow pore size distributions [33,34].
The pores are unidirectional and arranged in a honeycomb structure over micrometer

length scales as shown in Figure 2.2 [35].

2.2.1 SBA-15

In 1998, a new family of highly ordered mesoporous silica materials has been
synthesized in an acid medium by the use of commercially available non-ionic
triblock copolymers “(EO,PO,,EO,) with large polyethyleneoxide (EO), and
polypropyleneoxide “(PO),, blocks-[15]." Different materials with a diversity of
periodic arrangements have been prepared and denoted as SBA materials. A wide
variety of SBA materials has been reported in the literature, such as SBA-15 (2D
hexagonal) and SBA-16 (cubic cage-structured) [36-39]. SBA-15 immediately
attracted a lot of attention because of its desirable features and is now the most

intensely studied SBA structure.

SBA-15 is a combined micro- and.mesoporous material with hexagonally ordered
tunable uniform mesopores (4-14 nm) [21,40]. The size of the micropores was found
to depend on the synthesis conditions and can vary between 0.5 and 3 nm in size
[21,41,42]. It consists of thick microporous silica pore walls (3-6 nm) responsible for
the high hydrothermal stability of SBA-15 compared to other mesoporous materials
with thin pore walls like MCM-41, MCM-48 and HMS [43-45].

2.3.1 Mesostructured cellular foam (MCF)

Among various mesoporous materials, a new family of mesostructured cellular
foam (MCF) material, which consists of uniform spherical cells interconnected by

windows with ultra-large mesocellular pores and three-dimensional porous structure



(Figure 2.4) has received increasing attentions recently. MCF material is originally
made by addition of a swelling agent such as 1,3,5-trimethylbenzene (TMB) to the
synthesis of SBA-15 [26,46,47]. The swelling agent enlarges of the micelle, resulting
in a sponge-like foam with three-dimensional structure with large uniform spherical
cells (15-50 nm), accessible via large windows (5-20 nm). Therefore, MCF is a very
open structure with large uniform pore diameters and large pore volumes. It has thick
pore walls resulting in a high hydrothermal stability. The addition of ammonium

fluoride can selectively enlarge the windows by 50-80% [48—50].
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2.2 Carbon dioxide capture and storage (CCS)

The capture of CO;, greenhouse gas from industrial and utility plants has become a
world issue since the enforcement of Kyoto Protocol [51]. For controlling the
emissions of CO,, several significant efforts have been devoted to develop efficient
and low-cost techniques, including the improvement of the efficiency of energy
utilization, increasing the use of low-carbon energy sources and CO, capture and
sequestration. Up to date, Carbon dioxide Capture and Sequestration (CCS) has been
identified as the most effective and feasible technique limiting the emissions of CO,

[51].

Numerous capture processes including adsorption, absorption and membrane
separation are proposed to separate:and recover CO, emitted to the atmosphere [52]. It
has been conducted the chemically absorptive removal of CO, using ammonia (NH3)
solvent process to replace conventional-monoethanolamine (MEA) process. It was
found that the potential ‘for removing CO, .via ammonia scrubbing may be very
promising. Although these liquid-phase systems are effective, there are still many
drawbacks existing in such systems, such as high energy consumption, limitation of

amine concentration in aqueous solutions and corrosion by sulfur oxides [53,54].

Development of .a dry-based sorbent in CO,-post-combustion capture is always
desirable when liquid sorbents used in industries are still facing many constraints,
such as corrosion, foaming, low removal rate with large-size equipments requirement,
etc. Solid sorbents are normally easier for handling and causing fewer issues during
the operation. In addition, solid sorbents are expected to be more cost-effective

materials over liquid solvents because of its low energy requirement for regeneration.

In this regard, possible dry adsorbents including silica-gel [55], activated carbons
[16], carbon nanotubes [56], and zeolite materials [57] have been widely investigated
on CO; adsorption in terms of adsorption capacity, regeneration ability and tolerance

under water-existing environment.



2.2.1 Amine-functionalized solid sorbent for CO, removal
2.2.1.1 Microporous zeolite sorbents

Zeolites are the most widely studied adsorbents for CO, capture so far [58].
Zeolites are typically employed at ambient temperature and elevated pressure (above
2 bar). Siriwardane et al. [59] reported that the CO, adsorption capacity of zeolite 13X,
zeolite 4A and activated carbon was about 160, 135 and 110 mg-CO,/g-adsorbent,
respectively, under 25°C and 1 atm CO, partial pressure. However, their adsorption
capacity has been confirmed to be significantly influenced by the increasing
temperature and the presence of moisture in the gas mixture. Moreover, since all the
gases are physically adsorbed on these adsorbents, the separation of various gases is
difficult to be achieved. For practical applications, many separation processes were
carried out under relatively higher temperatures;i.e., 50°C_to 80°C, which is a typical
temperature of the exit of flue gas. Therefore, adsorbents with high adsorption
capacity and high CO, selectivity, which can be operated at relatively higher

temperatures, are desired.

In order to enhance the sorption properties of zeolite materials for low pressure
applications such as those relevant in flue streams, there have been several reports on
development of amine-functionalized zeolite materials as alternative sorbents for CO,
capture. Chatti et al. [60] performed the MEA-modified zeolite 13X with enhanced
adsorption capacity of 23/mg-CO,/g-adsorbent, which is 1.4 times higher than the
bare 13X at 75°C. Unlike the adsorption process driven by physisorption at lower
temperature, the chemical interaction between impregnated amine and CO, gas may

play an important role in the CO, adsorption performance at higher temperatures.

Similar observations were found in the report of Su et al. [57], who prepared
tetracthylenepentamine (TEPA)-modified zeolite Y60 for CO, sorption at various
temperatures. A comparison of physisorption and chemisorption for CO; sorption
from 30°C to 70°C was investigated and shown in Figure 2.5. It was found that
physisorption mainly determines the CO, sorption capacity in raw Y60 material,
whereas chemisorption of CO, plays a predominant role instead of physisorption in
TEPA-functionalized Y60 sorbent and it increased with increasing temperatures.

Furthermore, moisture in the stream was found to be beneficial in the enhancement of



CO; sorption of TEPA-functionalized Y60 and the sorption capacity could achieve
4.27 mmol g in the presence of 15% CO, at 70°C as well as 7% water vapor in the
stream. However, the sorption capacity would decrease with further increasing water
contents due to the strongly competitive adsorption of water vapor with CO, gas. A
possible CO, reaction scheme with amine solid sorbent is represented in Figure 2.6. It
1s showed that amine could react with CO, molecules to form intermediates of
carbamate or bicarbonate under mild temperatures (40~100°C). Besides, this process
is reversible; therefore, the CO, can be easily desorbed by heating treatment and the

adsorbent can be regenerated.

The influence of support on CO, capturing performance was studied by Fisher et
al. [55], who demonstrated a comparative study on TEPA-modified silica, alumina and
zeolite beta, respectively, for CO, capture. The results showed that TEPA-zeolite beta
possessed superior sorption eapacity of 2.08 mmol g™ in'the presence of 10% CO, at
30°C than those of TEPA-SiO,-and TEPA-ALL,O; sorbents. It was suggested that
zeolite beta with relatively higher-specific surface area could lead to better dispersion
of TEPA on support, which would result in higher sorption performance. Besides, Yue
et al. [61-63] employed a series of TEPA-modified porous materials as adsorbent for
CO, removal and their morphologies are represented in Figure 2.7. Obviously, the
amine-containing quartz, KA zeolite and NaA resulted in gel-like composite. It was
due to the fact that thedack of pores of quartz and small‘pore openings of KA zeolite
(0.4 nm) and NaA zeolite (0.3 nm),.the TEPA could only be loaded on the external
surface. In contrary, the amine-supported NaY zeolite, as-synthesized MCM-41 and
calcined MCM-41 were in the form of powder instead of gels. This was ascribed to
the larger pore diameter and pore volume of the support, which allowed the amines

penetrated insides the channels freely.

From the above studies, it is clear that zeolite materials provides advantages of
high specific area and well-defined porous structures, which may be considered as
candidates of supports for loading amines for efficient removal of CO,. There have
been studies showing that TEPA-functionalized zeolites can achieve the CO, bench
mark of 2 mmol g'l; however, since TEPA is thermally unstable, these
TEPA-containing sorbent composites would suffer from continuous decay of CO,

sorption during cyclic adsorption/desorption tests.
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To develop thermally stable amine-supported sorbents, numerous reports on
various types of amines such as TEPA [64], ethylenediamine (EDA) [65],
polyethyleneimine (PEI) [66] and 3-aminopropyltriethoxysilane (APTES) [56], etc.,
have been investigated in terms of their molecular structure, adsorption capability and
thermal stability on CO, adsorption. The results showed that most amines like
EDA-supported zeolites could not contribute capacity of 2 mmol g'; despite they are
more thermally stable than those of TEPA-containing sorbents during cyclic tests.
Thus, it is necessary to prepare such amine-modified sorbents with higher loadings to
achieve the bench mark value for commercialization (2 mmol g™'). However, zeolite
supports with small pore diameters and small pore volumes may not provide sufficient
spaces to accommodate high amounts of amines as shown previously in Yue et al. [62].
Consequently, it is necessary to work on the pore expansion from micropores to larger

pores for the accommodation of higher amine loadings.
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2.2.1.2 Mesoporous silica sorbents

Recent advances in the development of efficient amine-functionalized adsorbents
revealed that amine molecules can be introduced and stabilized insides the pore
channels of the mesoporous silica materials, leading to high adsorption performance
[68]. A new concept called “molecular basket” was firstly proposed by Xu and
colleagues [69], who impregnated PEI onto mesoporous silica MCM-41 and it has
high specific surface area (1486 cm®g™"), large pore diameter (2.8 nm) and large pore
volume (lem’g™) which can serve as a good sorbent for CO, adsorption. It was
demonstrated that there is a synergetic effect of MCM-41 on the PEI for the
adsorption of CO,. The 75 wt% PEI-supported MCM-41 could achieve capacity of
3.02 mmol g in the presence of pure CO, at 75°C, which is much higher than
unmodified MCM-41(0.2 mmel g ") -and pure PEI (2:47 mmol g ') under the same
conditions. This clearly reveals that the addition of MCM-41 as support for loading
PEI can significantly enhance the sorption performance and this could be due to the
fact that high surface area and uniform mesoporous channel of MCM-41 increase the

dispersion of PEI.

The synergeticreffect between MCM-41 and the PEI was further studied by
altering the PEI loadings on MCM-41 [70] and the schematic illustrations are
presented in Figure 2.8: As the bare MCM-41 was employed alone for CO, adsorption
(Figure 2.8A), physical-adsorption driven by capillary condensation was almost
negligible (0.14 mmol g"). As the PETloading inicreases, higher sorption capacity was
obtained (Figure 2.8B), and the highest synergetic effect adsorption gain was obtained
when MCM-41 was loaded with 50wt% PEI as shown in Figure 2.8C. With PEI
loading higher than 50wt%, parts of PEI were coated on the external surface of the
MCM-41, which resulted in the blockage of pores and active adsorption sites (Figure
2.8D), and the sorption capacity tended to decreased.

Later on, various types of mesoporous silica materials including MCM-48 [71],
SBA-15 [72], SBA-16 [73], HMS [23], KIT-6 [28], etc were utilized as supports of
adsorbents in terms of CO, adsorption. Huang and Yang [74] employed the
amine-modified MCM-48 for acid gas removal from natural gas. It was demonstrated
that APTES-modified MCM-48 shows superior selective adsorption of CO; from the
CO,-H,S gas mixture. Chen et al. [75] conducted the CO, adsorption tests by using

14



novel TEPA-impregnated silica monolith materials, which exhibited 5.80 mmol g’

sorption capacity in the presence of pure CO, at 75 C . Very recently, mesocellular

silica foam (MCF) with large pore volume (1.82cm3g'1) were found to be efficient
CO, sorbents, which can achieve 3.45 mmol g™’ sorption capacity in the presence of

15% CO, at 75 °C [76]. Until now, there have been numerous works on the

development of novel amine-functionalized mesoporous silica sorbents for the capture
of CO, as summarized in Table 2.1 in terms of their starting precursors, amine types,

operational conditions as well as CO; adsorption capacities.

Besides having good CO; capture ability, cost is another important issue to be
considered in the development of any potential adsorbent. Specifically, the most
enormous barrier for CCS application is its relatively high costs for the capture and
separation of CO; from flue gas. -In terms of the costs of CCS, the capture of CO,
represents over 80% of the total costs associated with the CO, capture, transport and
storage cycle [77]. As. seen from Table 2.1, most amine-supported mesoporous
materials can exhibit’ superior —performance over. the benchmark value for
commercialization (2 mmol g'). However, the utilization of expensive precursors
including the preferred silica sources and organic additives would lead to the high
manufacturing costs of the cadsorbents. This would prevent cost-effective and
large-scale production of 'the mesoporous materials /- to replace industrially
manufactured zeolite materials [34,78]. The use of cheaper starting precursors in the
manufacturing process would be“a. great contribution to industrial applications,
especially for the capture of abundant CO, greenhouse gas where massive quantities
of adsorbents are required. However, so far, information on manufacturing cost of

adsorbents is rarely discussed.
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Table 2.1 Amine-functionalized mesoporous siliceous sorbents for CO, capture

Amine
Support Si source Temp(°C) Ce (mg/g) CO; conc.(%) Ref.
type
Colloid
MCM-41 o PEI 75 111 >99 [66]
silica+CTAB
Fumed
MCM-41 o PEI 75 133 >99 [69]
silica+CTAB
Fumed
MCM-41 . DEA 25 55 >99 [79]
silica+CTAB
Fumed
PE-MCM-41 silica+CTAB+T DEA 25 104 >99 [79]
MB
Silica
As-syn MCM-41 TEPA 75 237 >99 [62]
aerosol+-CTAB
Fumed
Al-MCM-41-100 . PEI 75 127 >99 [70]
silica+tCTAB
MCM-48 RHA+CTAB TREN 25 70 >99 [71]
Colloid silica+
MCM-48 PEI 75 119 >99 [66]
CTAB
KIT-6 TEOS+F127 TEPA 60 129 10 [27]
KIT-6 TEOS+F127 PEI 75 135 >99 [66]
SBA-15 TEOS+P123 EDA 22 86 >99 [65]
SBA-15 TEOS+P123 PEI 75 127 >99 [66]
SBA-15 RHA+P123 TREN 25 80 >99 [72]
SBA-15 TEOS+P123 PEI 75 105.2 15 [80]
As-syn SBA-15 TEOS+P123 TEPA 75 173 >99 [61]
SBA-16 TEOS+F127 PEI 75 129 >99 [66]
SBA-16 TMOS+F127 AEAPS 60 32 15 [73]
HMS TEOS+DDA PEI 75 128 >99 [23]
As-syn MSU-1 Sodium silicate TEPA 75 170 10 [81]
TEOS+P123+
MCF PIE 105 151 15 [82]
T™™B
TEOS+P123+
MCF PEI 75 152 15 [76]
T™B
Sodium
MCF . PEI 75 255 80 [83]
silicate+P123
MC400/10 TEOS+CTAB TEPA 75 347.6 10 [64]
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Figure 2.8 Schematic diagram of PEI loaded. in the mesoporous molecular sieve of
MCM-41. (A) MCM-41 support; (B) low PEI loading; (C) high PEI loading; (D)
extremely high PEI loading [70]-

Loading TEPA Fi
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warnnnng) CTAB MM TEPA B Siica

Figure 2.9 Schematic diagram illustrating the influence of the template occluded

in a channel of MCM-41 on the distribution of TEPA [62].
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2.3 Effect of pore structure on CO, adsorption performance

As described previously, mesoporous materials provides several advantages of
high specific surface area (>1000 m°g™), large pore size (2-50 nm) and large pore
volume (~1 cm’g") in the enhancement of CO, adsorption performance. Xu et al.
[69,70,84] clearly suggested the synergic effect between the impregnated amines and
mesoporous supports. In other words, the structural properties of the supports might
strongly influence the behaviors of the impregnated amines and the CO, adsorption
performance. Fisher et al. [55] conducted the CO, adsorption tests by employing three
different supports of alumina, silica and beta zeolite as adsorbents. They claimed that
when the TEPA was loaded on the materials with high surface area, more CO, affinity
sites were exposed to the adsorbate and thus the adsorption capacity increased. This is
in line with the work reported by Xu et-al.-[69], who synthesized PEI-impregnated
MCM-41 for the adsorptive removal of CO..

Zelenak et al. [85] studied the effect of «textural properties of the mesoporous
supports includingeMCM-41, SBA-12 as well as SBA-15 onCO, capture. They
claimed that the sorption capacity was in the subsequence of pore size of support and

follow the order of SBA-15> SBA-12> MCM-41. As SBA-15 with larger pore

size (7.1 nm) could promote more amines into the channel easier and avoid the

blockage of accessible adsorption sites for CO; gas, higher capacity can be obtained.

Their results are in agreement with the works of Son et al. [86], who employed a
series of PEI-functionalized ‘mesoporous-silica of MCM-41, MCM-48, SBA-15,

SBA-16, and KIT-6 with different textural properties to evaluate their CO, sorption
performance. The CO; capacities were found to be in the following order: MCM-41

(2.8 nm, 1D) < MCM-48 (3.1 nm, 3D) < SBA-15 (5.5 nm, 1D) =~ SBA-16 (4.1 nm, 3D)
<KIT-6 (6.5 nm, 3D).

Moreover, PEI-impregnated SBA-15 materials with different pore diameters and
pore volumes were developed by Yan and his groups [80]. It was reported that 50wt%
PEI-SBA-15 can perform 2.39 mmol g™ sorption capacity in the presence of 15% CO,
at 75 °C. They intended to address the effect of textural properties of the SBA-15 on
CO; sorption performance. It was demonstrated that the total pore volume of the raw
SBA-15 support plays an important role instead of pore diameter on CO; sorption. In

their subsequent study, it was also suggested that the pore size and the pore volume of
18



the PEIl-impregnated mesocellular silica foams largely influenced the adsorption
performance. Besides, similar observations were also found in a recent report by Qi et
al. [64], who prepared the PEI-impregnated mesoporous hollow spheres as CO,
adsorbents. The results revealed that larger particle size and higher interior void
volume of the mesoporous hollow spheres all improved the CO, capacity of the

sorbents.

Table 2.2 summarizes the studies on the CO, adsorbents in terms of their
adsorption capacities, test conditions and structural properties. Based on the above
observations, it could conclude that the adsorption performance could be affected by
the pore structure of the substrates; however, most research works were carried out by
using different porous supports and lack of systematical and quantitative information
on the correlations between the adsorption performance and the structural properties
of the supports. Consequently, we intend to address the relationship between the
adsorption performance and the structural properties of the supports by using the same
mesoporous substrate with different surface area, pore size as well as pore volume as
supports. Subsequently, comparison on various substrates on-CO, adsorption was also

carried out.
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Table 2.2 Studies on the effect of pore structure on CO,; capture.

aSBET(mz/ g)
) b o ) Note:
Materials dpyu (nm) Condition Capacity Reference
3 (key factors)
“Vp(em’/g)
680 High surface area:
AlO3, Si0,, . 10%,CO; N Béta zeolite with high surface area can lead (551
Beta zeolite . 30.C to better dispersion of amines, which can
enhance the performance.
High surface area and uniform pore
MCM-41 1480 structure:
>99%,CO,
(Amine: 50wt. .75 7350 133 MCM-41 with high surface area can lead to [69]
%PEI) ‘1.0 better dispersion of amines, which can
enhance the performance.
Large pore size:
KIT-6 895
) >99%,C0O2 135 KIT-6>SBA-16=SBA-15>
(Amine: 50wt. 6.0 . [66,87-89]
75 C MCM-48>MCM-41. Pore size is the main
%PEI) ‘1.22

parameter determining the performance.
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532
MCF(Amine: 15 %,CO,
°11.3 )
50wt. %PEI) 75 C
‘1.82
SBA-15 802.9
15 %,CO;
(Amine: 50wt. *8.6 .
75 C
%PEI) ‘1.14
MC400/10 4725
10 %,CO,
(Amine: 83wt. ®3.1 3
75°C
%TEPA) 0.73

Large window size:
& large pore volume:
177.8 [76]
Both Window size and pore volume resulted
in increasing CO, adsorption
Large pore volume:
105.2 Pore volume plays an predominant role [80]
instead of pore size on CO; adsorption
Mesoporous hollow particle with larger
245 particle, larger pore volume as well as
: . [64]
mg/g thinner wall thickness prefer to have

higher adsorption performance.
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2.4 Siliceous solid wastes derived adsorbents for CO, capture

Current concerns of increasing generation of various waste residues have initiated
extensive efforts toward the more efficient disposal of these waste materials. In
particular, the development of processes for converting waste by-products into high
value-added materials is highly desirable for global resource conservation and
sustainable environment. Previously, intensive efforts have been made to promote the
recycling of waste materials such as municipal sewage sludge [90], coal fly ash [91]
and blast-furnace slag [92] into heterogeneous catalyst, adsorbent and catalyst support,
and these all target a recycling-beneficial use of the residues to set-off part of the
resources depletion problem. This would be expected to be economically beneficial in
industrial manufacture of huge amount of adsorbents, especially for the environmental

protection applications which require. massive quantity -of adsorbents or catalysts.

There have been numerous reports on the reutilization of siliceous wastes for the
production of mesoporous silica-materials as supports of adserbents for CO, removal
as listed in Table 2.3:Siliceous solid wastes including coal fly ash, rice husk ash and
bottom ash, which.are rich of silica and alumina, are confirmed to be potential
resources for the. production of silica-based sorbents' [9,71,78]. However, the
procedures in such recycling routes-usually require complex preparation steps
including high energy-consumed fusion -or - hydrothermal = treatment for the
pre-extraction of silica. Besides, the need of expensive organic additives such as
CTAB and TMB would also. significantly lead to"the high manufacturing costs.
Considering the mass production of ‘adsorbents for potential commercialization, the
synthesis of mesoporous adsorbents by avoiding costly surfactants seems highly

desirable.

On the other hand, the development of flat panel display, especially thin film
transistor-liquid crystal display (TFT-LCD), has been continuously increased and it is
second only to the semiconductor industry over past decade [5]. According to statistics
from Industrial Economics & Knowledge Center (IEK) of Taiwan' s Industrial
Technology Research Institute (ITRI), , the production value of the global display
panel industry reached $104.90 billion in 2007; the production value of large-area
TFT-LCD constituted the majority of global LCD industry production value, making

up almost 70% of total LCD production value. The production value of Taiwanese
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large-area TFT-LCD was $32.73 billion, making Taiwan the world leader in TFT-LCD
production and representing the first time that a single industry in Taiwan had

exceeded 1 trillion in production value [93].

However, large quantity of sub-micrometer waste powders produced during the
chemical vapor deposition (CVD) process has increased annually due to the growing
markets. In a typical CVD process, gaseous reagents of silane (SiHs) and ammonia
(NHj3) are introduced and silicon derived compounds such as silica and/or silicon
nitride (SiNx) thin films are formed on the substrates. The cleaning agent of nitrogen
trifluoride (NF3) is subsequently introduced to clean up the accumulative particles
formed on the wall of the reaction chamber. The waste powders are then collected by
baghouses located in the exhaust of the CVD process. Such waste powders are
light-density with bulky volume-and are thus difficult.to be transported and disposed
of. Therefore, additional expenses on waste treatment and dandfill disposal are needed.
To date, these waste powders have been disposed of without any profit due to the
shortage of storage sites and could result'in environmental concerned issues, such as
leaching of toxic compounds into the groundwater and harmful effects on human
beings through direet inhalation. It is, therefore, essential to develop new technologies
exploiting the nature of these waste powders so that they can be. reutilized instead of

being wasted.

If the adsorbent can be produced from the TFT-LCD waste powder, it could be
expected that the cost-effectiveness of the CO,.capture technology and the waste
treatment and disposal problem will be resolved simultaneously. Therefore, we aim to
develop convenient synthetic procedures for recycling of TFT-LCD waste powder into
valuable mesoporous silica materials as supports of adsorbents for the capture of CO,

from flue gas stream.
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Table 2.3 Waste-based CO, adsorbent for low temperatures.

’S ’/
Raw eet (M7/g) Amine  CO; capacity
) Sample Manufacture process ®dgin (nm) Conditions Reference
material type (mg/g)
V) (em'/g)
Alkali fusion extraction & hydrothermal 610
10%,CO,
MCM-41 treatment (100 °C, 48h) °6.29 2 PEI 112 [94]
Coal fly Additives: CTAB 1.03
ash Alkali fusion extraction(550°C, 1-h) & 407
>99%,C0,
SBA-15 hydrothermal treatment (100 °C, 72h) ®7.2 75 PEI 110 [95]
Additives; CTAB 0.7
Alkali fusion extraction (600°C, 1 h) & 847
>99%,C0O,
MS hydrothermal treatment (100 °C, 72h) °10.7 shee PEI 118 [96]
Additives: P123 1.08
Alkali fusion extraction (600°C, I:h) & 785
Bottom . >99%,CO,
MS-b hydrothermal treatment (100 °C, 72h) 244 . PEI 153 [96]
fly ash 75 C
Additives: 1-butanol ‘1.33
Alkali fusion extraction (600°C, 1 h) & 986
>99%,CO,
MS-m hydrothermal treatment (100 °C, 72h) ®37.4 75 ¢ PEI 178 [96]
Additives: TMB 2.40
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Alkali fusion extraction (550°C, 1 h) & 645

>99%,CO»
SBA-15 hydrothermal treatment (100 °C, 72h) ®10.1 75 °C PEI 169 [97]
Additives: P123 1.47
Alkali extraction (70°C, 24 h) & ‘1101
>99%,CO»
MCM-41 hydrothermal treatment (100 °C, 72h) °0:96 25 °C TEPA 40 [98]
Additives: CTAB 3.54
Alkali extraction (70°C, 24 h) & 1099 15%.CO,
MCM-41 hydrothermal treatment. (100 °C, 72h) °0.96 75 °C 3-CPA 57 [71]
Additives: CTAB 3.51
Rice Alkali extraction (70°C, 24 h) & 1124 9% 0O,
0 b
husk ash MCM-48 hydrothermal treatment (100 °C, 48h) 3.89 25 € TEPA 30 [98]
Additives: CTAB 0.98
Alkali extraction (77°C) & 1024 19.CO,
MCM-48 hydrothermal treatment (100 °C;48h) ®2.58 25 ¢ APTS 28 [78]
Additives: CTAB, PLE 4:02
Alkali extraction (70°C, 24 h) & 712 >99%.CO,
SBA-15 hydrothermal treatment (40 °C, 24h) °5.82 25 ¢ TEPA 30 [98]
Additives: P123 0.68

Note: PLE: lauryl ether; 3-CPA: 3-chloropropyl amine hydrochloride; APTS: 3-aminopropyltriethoxysilane
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CHAPTER |11 SILICA MATERIALS RECOVERED FROM
OPTOELECTRONIC INDUSTRIAL WASTE POWDER: ITS
EXTRACTION, MODIFICATION, CHARACTERIZATION AND
APPLICATION

3.1 Motivation

Unlike the coal fly ash or rice husk ash which contains lots of complicated metal
oxides [8,9], the primary components of optoelectronic waste powder might only
contain Si-, N- and F- species. Thus it would be more facile to be utilized as the silica
source since high purity of silica.could be obtained. In the present investigation,
attempts have been made to'evaluate the chemical composition of the optoelectronic
waste powder as well as to recover the supernatant and the sediment into valuable

resources. The supernatant is used as the silica source for the synthesis of MCM-41.

3.2 Experimental
3.2.1 Alkali extraction of silicate supernatant from optoelectronic waste powder

The extraction of'silica was carried out through alkali fusion treatment [99]. In a
typical process, the waste powder and NaOH powder were thoroughly mixed at a
weight ratio of 1:1.2 and fused at 550 °C for 1 h. The received fused product was then
mixed with DI water at a weight ratio of 1:5 with continuous stirring for 24 h. The
resulting mixture was then centrifuged to separate the sediment for further
characterization of its components. And the supernatant was also analyzed by ICP-MS
(SCIEX ELAN 5000- Inductively Coupled Plasma-Mass Spectrometer) and utilized
for the synthesis of MCM-41.

3.2.2  Hydrothermal synthesis of MCM-41(PWP) using waste silicate supernatant

Mesoporous silica materials of MCM-41 were synthesized by hydrothermal
treatment method using either waste derived silica or pure silica source as the

precursor solutions. Cetyltrimethylammonium bromide (CTAB) was employed as the
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structure-directing template in the synthesis. For the optoelectronic waste derived
MCM-41, the molar composition of the gel mixture was 1 SiO; : 0.2 CTAB : 0.89
H,SOy4 : 120 H,O, where the SiO; precursor source was obtained from the supernatant
of optoelectronic waste powder extraction process. In a typical synthesis procedure,
50 ml of supernatant was firstly stirred vigorously for 30 min. Then, the pH of the
solution was brought down to 10.5 using 4N H,SO, followed by further stirring to
form a gel. After that 4.6 g of CTAB (dissolved in 16 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 solid was recovered by filtration, washed with DI water and dried in an
oven at 110°C for 6 h. Finally, the erganic template was removed via a muffle furnace
in air at 550°C for 6 h. The MCM-41 material synthesized from optoelectronic waste
powder (PWP) was named as MCM-41(PWP).

3.2.3 Analysis and characterization

Powder X-ray.diffraction patterns of calcined mesoporous adsorbents were
recorded by X-ray_diffractometer (Bruker D8 SSS) equipped. with nickel-filtered
CuKa (A = 1.5405 A)radiation. The diffractograms of the‘mesoporous samples were
recorded in the 20 rangeof 1-50° with a scanning speed of I degree per minute. The
specific surface area, pore volume. and average pore diameter (BJH method) of the
samples were measured by N, adsorption-desorption isotherms at -196 °C using a
surface area analyzer (Micromeritics, ASAP 2000). All the samples were degassed for
6 hours at 350 °C under vacuum (10 mbar) prior to the adsorption experiments. The
*Si MAS-NMR spectra of the as-synthesized mesoporous silica were recorded at
room temperature using a BRUKER DSX 400 WB NMR spectrometer. The elemental
analysis and morphologies of the materials was observed by energy-dispersive X-ray
spectroscopy in a scanning electron microscope (SEM/EDS, HITACHI-S4700). And
transmission electron microscopy (TEM) images of the samples were observed with a
JEOL JEM 1210 TEM instrument operated at 120 keV, with the samples (5-10 mg)
ultrasonicated in ethanol and then dispersed on carbon film supported by copper grids

(200 mesh).
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3.3 Results and discussion
3.3.1 Characterization of optoelectronic waste powder

The results of EDS and FTIR analyses for the optoelectronic waste powder are
shown in Figure 3.1, and the weight percentages of each element in the optoelectronic
waste powder are listed in Table 3.1. As can be seen from Figure 3.1(a), the four
observed elements of Si, O, N and F in the optoelectronic waste powder were
expected since the solid waste was derived from the CVD process in which the three
gaseous reactants were SiHs, NF; and NH;. Furthermore, the FTIR spectrum of
optoelectronic waste powder shown in Figure 3.1(b) exhibited significant absorption
bands at 3336, 3139, 1400, 1080, 960, 742 and 482 cm'. The bands at 3336 and 3139
ecm™ are related to N-H stretching, while 742 and 482 cm' can be assigned to
SiF¢*[100]. Besides, the bands-at-1400,.1080 and 960.cm can be assigned to the
NH, " [100], Si-O-Si and Si=OH stretching vibrations; respectively [101]. Considering
the above results, the primary components in-optoelectronic waste powder could be

the admixture of (NH4),SiF¢ and SiOs.

The XRD analysis was then carried out-to “further identify the crystalline
components in the optoelectronic waste powder with the result depicted in Figure 3.2.
Strong (NHy),SiF¢ diffraction peaks were identified [102]. In contrast, the diffraction
peak of silica was not observed from the XRD pattern, suggesting that SiO, was only
present in little amount and it might be trapped in the (NH4),SiFg lattice. However
the precise weight percentages of (NH4),SiFs and SiO, could not be obtained from
Table 3.1 since the EDS data only provided a rough estimate of the elemental content,

while the ICP-MS could only detect the Si content in the optoelectronic waste powder.
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Figure 3.2 XRD pattern of the optoelectronic waste powder.
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The weight percentages of (NH4),SiFs and SiO, presented in the optoelectronic
waste powder were determined using TGA weight loss and differential
thermo-gravimetric (DTG) analyses. It can be seen from Figure 3.3(a) that the
optoelectronic waste powder sample showed an initial weight loss at <150 °C, which
could be ascribed to the evaporation of the physically adsorbed water on the surface
of the materials. As the temperature exceeded 150 °C, there was a significant weight
loss for the optoelectronic waste powder at around 237 °C as clearly observed from
Figure 3.3(b). Mel'nichenko et al. [103] investigated the mechanism of the solid-phase
reaction between (NHy),SiF¢ and SiO,, and proposed that (NH4),SiFs could be
thermally decomposed between 220-300 °C in the presence of SiO,. Generally, the
following chemical reactions are expected to take place when (NH4),SiF¢ was heated

up to 900 °C [102]:

(NH4)2SIF6 LDC) SiFy (g) +2NH4F ) (1)
NH4F() —0C 5 NHAF ) (2)

Considering the above reactions, (NH4),SiFs would be completely decomposed
during the thermal treatment up to 900 °C. However, it is noted that there was still
15 wt. % of residues remained after heating up the optoelectronic waste powder to
900 °C. This is probably due to the presence of SiQ; since it is thermally stable up to
900 °C. The total Si weight fraction (from (NH4),SiFsand SiOQ,) of 20.4% calculated
by the TGA/DTG result was veryclose to the Si.mass fraction of 22.4% detected by
the ICP-MS result shown in Table 3.1. Therefore, the primary components in
optoelectronic waste powder were determined to be around 85% of (NH4),SiF¢ and

15% of SiO; from the results of TGA, FTIR and SEM-EDS analysis.
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3.3.2 Characterization of sediment and supernatant liquid after extraction

Figure 3.4 shows the EDS spectrum of the sediment and its corresponding XRD
pattern. It can be found from Figure 3.4(a) that Na and F were the primary elements in
the sediment, with negligible Si and O species, which was also confirmed by the
result of EDS analysis shown in Table 3.1. The residual SiO, could be due to
insufficient NaOH amounts applied in the extraction process. The major component of
NaF presented in the sediment was also demonstrated by Figure 3.4(b). The five sharp
diffraction peaks located at 34, 39, 56, 67 and 70.5° were in agreement with the NaF
standard XRD peaks [104,105]. Besides, there was a broad peak centering at 22° as
observed from Figure 3.4(b), which can be ascribed to the amorphous SiO, [106]. This
result is consistent with the EDS spectrum which showed that Si and O species were

also presented in minor amounts.

The thermal behavior of the sediment was subsequently investigated using TGA
and DTG analyses. It:can be seen-from Figure 3.5(a) that there was only around 5%
weight loss for the: sediment during the ithermal treatment up te 900 °C. The DTG
curve showed three distinguished peaks from room temperature to 900 °C (Figure
3.5(b)). The first step (<150 °C) is due to_the loss of physically adsorbed water on the
surface of the sediment and the second step (150-600°C) is attributed to the loss of
chemically adsorbed water bonded to Si-OH through hydrogen bond [107] since the
sediment contained only a little amount of SiO,. From 600 to 900 °C, the weight loss
is expected to be associated with the further condensation of the Si-OH groups from

the amorphous SiO, [106].

As a result, one can conclude that F was effectively captured by NaOH and the
sodium fluoride (NaF) sediments were formed after the extraction process. The NaF
purity was quite high (>90%) in the sediment as observed from the TGA/DTG data,
which provides further possibility for reuse. Sodium fluoride is one of the well-known
chemical compounds which are widely utilized in industries as the source of fluoride
ion in diverse applications. In other words, the optoelectronic waste powder can be
converted into two valuable resources, the supernatant as the silica precursor and the

sediment of sodium fluoride.

32



1400

Ka 600
1300
1260 ® NaF
500 4 ° O Amorphous silica
1100
10004 D 400 4
[
900 3
(&)
¢ 800 > 300 - o
o E =
: 700 2
t 3
s 600 £ 200+
500
100 -
400
300 1 ,,.MO N ® L ° ZI
0 - L) v L) v L]
200 10 20 30 40 50 60 70 80
$1
we] 9 2 theta (degree)
G-liu i io

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Energy {keV)

Figure 3.4 (a) EDS “spectrum-and (b) XRD pattern of the sediment after silica

extraction.

100
=
| E 0031 (b)
S

9r o 0.06
— i
§ [ S -0.09 |
= g
T B} ie
x O 012
s 3 DTG
GEJ Z sl
o 97F 0 100 200 300 400 500 600 700 800 900
]
e 0
= s Temperature (“C)
D
< 96t

95

A ] A ] A ] A ] A ] A ] A ] A ] A
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 3.5 (a) TGA analysis and (b) DTG profile of the sediment.

33



The composition of the supernatant was also analyzed by ICP-MS in order to
investigate the concentrations of Si and Na ions. Table 3.1 shows that the
concentrations of Si and Na ions were 13080 and 33180 ppm, respectively. The
concentration ratio between Na and Si is 2.54 in this study. It is lower than the Na/Si
ratio of silica supernatant recovered from fly ash [99] in which the Si and Na
concentrations were 572 and 12000 ppm, respectively. Chang et al. [108] stated that
the high concentration ratio of Na/Si in the precursor tended to hinder the
mesostructure and thus the MCM-41 obtained from fly ash supernatant could not
exceed 1000 m*/g. In comparison, the silica supernatant obtained from the
optoelectronic waste powder could be a better source for producing high quality

waste-derived MCM-41.
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Table 3.1 Elemental analysis of optoelectronic waste powder and sediment analyzed

by the SEM-EDS and ICP-MS analyses

Element Si F O N Na

* Optoelectronic waste powder (wt%) 28.82 47.82 17.54 582 -
“Sediment (wt%) 522 3334 299 -© 58.45
® Optoelectronic waste powder (wt%) 2235 - - - -
®Supernatant (ppm) 13080 - - - 33180

a: sample analyzed by the SEM-EDS analysis
b: sample analyzed by the ICP-MS analysis
c: not detected.
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3.3.3 Characterization of MCM-41(PWP)

Figure 3.6(a) shows the EDS spectrum of the MCM-41 sample synthesized from
the optoelectronic waste powder. It can be seen that only Si and O elements were
present in MCM-41(PWP) indicating that alkali fusion treatment is a viable process to
effectively separate silicate species from the PWP derived silica. Figure 3.6(b)
illustrates the powder XRD patterns of the MCM-41(PWP) and MCM-41(NaSi)
samples. One can see that MCM-41(NaSi) sample exhibited a well-defined (100)
diffraction peak located at 20 of 2.3-2.6° and three reflections of (110), (200) and (210)
at 4.2, 4.7 and 6.2°, respectively, which could be indexed on a hexagonal lattice of
mesoporous silica materials [109—111]. Similar observation was also seen for the
MCM-41(PWP) sample, thus indicating that highly ordered mesostructure was
obtained using the supernatant extracted from optoelectronic waste powder as the

silica source.

The N, adsorption-desorption--isotherms of optoelectronic waste powder,
MCM-41(NaSi) and. MCM-41(PWP) are shown in_Figure 3.7. It is clear that
optoelectronic waste powder exhibited a typical type II isotherm of non-porous
materials according to the TUPAC classification. On the other hand, both
MCM-41(NaSi) and MCM-41(PWP) possessed type IV isotherms which are the
characteristic of mesoporous. materials, featuring a narrow step due to capillary
condensation of N, within the primary mesopores [112,113]. The isotherms of the
MCM-41(NaSi) and MCM-41(PWP) also showed the type H1 hysteresis loop
associated with well-arranged cylindrical channels with uniform shape and pore size
[114]. However, the less steep condensation step for MCM-41(PWP) sample indicates
a lesser degree of uniform mesostructure as compared to that of MCM-41(NaSi)
sample. This was expected since the silica precursor of MCM-41(PWP) could not be
in such a high purity as the pure chemical of Na,Si0O; for producing MCM-41(NaSi).

Figure 3.8 displays the BJH pore size distributions of MCM-41(NaSi) and
MCM-41(PWP) samples. It is clear that MCM-41(NaSi) sample showed a narrow
pore size distribution with the peak pore size at 2.7 nm, suggesting the uniform
porosity of the obtained materials. The MCM-41(PWP) also showed a narrow pore
size distribution with the peak size at around 3.0 nm. But a small peak located at
around 4 nm was also observed. The bimodal mesoporosity would result in less

uniformity of mesostructure of MCM-41(PWP).
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The physicochemical properties of BET specific surface area, specific pore
volume and average pore diameter derived from the N, adsorption-desorption
measurements are summarized in Table 3.2. To check the stability of using the
optoelectronic waste powder for preparing the MCM-41(PWP), duplicate experiments
were performed and the BET characterization of the two MCM-41(PWP) samples
prepared from two different batches of waste powder showed that there was negligible
effect on the sample pore structure. This could be attributed to the fact that the solid
waste powder was obtained from the same TFT-LCD plant, which controls their
process precisely and stably. It can be observed that MCM-41(PWP) possessed high
specific surface area (1082 m?/g), narrow pore size distribution (2.95 nm) and large
pore volume (0.99 cm’/g) which are fairly closed to the properties of MCM-41(NaSi).
The slight shrinkage in the pore volume of MCM-41(PWP) could be due to the higher
amounts of Na ions in the ‘supernatant [99]. However, the effect of the higher Na
concentration was very.minor which could be attributed to precise pH-controls during

the synthesis of the MCM-41(PWP).

The textural mesostructure of the MCM-41(NaSi) and MCM-41(PWP) samples
were further revealed by TEM images shown in Figure 3.9(a)-and Figure 3.9(b),
respectively. The TEM image of MCM-41(PWP) material (Figure 3.9(b)) clearly
shows a well ordered long range hexagonal array of mesopores similar to that of the
MCM-41(NaSi) material. (Figure 3.9(a)), and these long range crystallographic
features are consistent with the results of XRD and BET analyses. The pore diameter
observed in Figure 3.9(b) was ca. 3.2 nm which was fairly close to the narrow pore
size distribution (BJH) determined by N, adsorption-desorption measurements,

indicating that the pore structure of MCM-41(PWP) is highly ordered.
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Figure 3.9 TEM images of MCM-41(NaSi) and MCM-41(PWP) samples.

40



Table 3.2 Physical properties of optoelectronic waste powder and mesoporous

adsorbents
aSBET bDP CVP
Sample name 5
(m’/g) (nm) (cm’/g)
Optoelectronic waste powder 30 - 0.07
MCM-41(NaSi) 1102 3.0 1.13
MCM-41(PWP) 1082+13 2.95+0.05 0.99+0.02
NOTE:

“BET surface area.
®Pore diameter calculated by BJH theory.
‘Pore volume calculated by BJH theory.
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CHAPTER IV DIRECT CONVERSION OF WASTE POWDER INTO
MESOPOROUS SILICA MATERIALS

4.1 Direct synthesis of MCM-41-like materials from optoelectronic waste powder
4.1.1 Motivation

Our prior study demonstrated the possibility of extracting silicate supernatant
from optoelectronic waste powder which was obtained from the exhaust of CVD
process in TFT-LCD plants. The alkaline fusion method was employed in our prior
study and the obtained supernatant was further utilized for manufacturing silica
materials. However, the disadvantages of alkaline fusion method for extracting the
silicon from solid wastes are the long processing period (~24 h) and the low silicon
recovery yield (20-33 %) [6,114].. Thus the industrial application of this fusion
process would have certain limitations. An efficient and low energy method for the
total recycling of optoelectronic waste powder into.valuable mesoporous silica must
be developed. In this part, a fast and low energy-consumed approach on the direct use
of optoelectronic waste powder for complete recycling into silica resources is
proposed. Detailed characterization and formation mechanism of silica materials via

the direct usage of waste powder were investigated and discussed.

4.1.2 Synthesis

Mesoporous silica was synthesized via the direct utilization of waste powder as
the silica source and cetyltrimethylammonium bromide (CTAB) was employed as the
structure-directing template. The molar composition of the gel mixture was 1 SiO; :
0.2 CTAB : xHF: 12 NH4OH : 120 H,O (x varies with molar ratio of HF/Si). In a
typical procedure, 9.35 g of waste powder was firstly dissolved in 137 ml of DI water.
Subsequently, a given amount of hydrofluoric acid was added into the above solution.
Meanwhile, 7.28 g of CTAB was dissolved in 25 ml of DI water and then it was added
dropwise into the above solution. Then, 32.06 g of ammonium hydroxide solution was
slowly added to promote the hydrolytic condensation of silica-surfactant mixture. All

the above procedures were performed under continuous stirring. The resulting gel
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mixture was aged at room temperature for 8 h; the resultant solid was recovered by
filtration, washed with DI water and dried in an oven at 110°C for 6 h. Finally, the
organic template was removed by using a muffle furnace in air at 550°C for 6 h. The
mesoporous MCM-41 synthesized by direct usage of waste powder as the silica
source in the absence of hydrofluoric acid was denoted as MCM-41(DU), while the
MCM-41 sample synthesized by direct usage of waste powder in the presence of
hydrofluoric acid was denoted as MCM-41(DU)-F.

4.1.3 CO; adsorption measurement

Tetracthylenepentamine (TEPA) was selected as the amine agent to enhance the
adsorption performance of the .mesoporous. materials on capturing CO, gas.
Mesoporous adsorbents were mixed with TEPA-at a.weight ratio of 1:1 in ethanol by
the wet impregnation method. The mesoporous adsorbents were preheated at 120 °C
for 1 h. And then TEPA was mixed with ethanol and the resulting solution was stirred
for 30 min. After pretreatment, the-mesoporous adsorbents were dispersed into the
flask containing TEPA solution and the mixture was then refluxed at 80 °C for 2 h.

After cooling to room temperature, the obtained materials were dried at 60 °C.

To obtain the adsorption capacity and breakthrough curve of the adsorbents, CO,
adsorption experiment was carried out in a packed column with an internal diameter
of 0.75 cm. The adsorption column was packed with 1.0. g of adsorbents (packing
height = ~ 5 cm) and placed in a temperature-controlled oven. In a typical process,
adsorbents were pretreated under a N, flow of 0.1 L/min at 110 °C for 1 h, and then
cooled to 60 °C. Subsequently, the gas flow was switched to 10% (v/v) CO; gas
stream (balanced with N,) under a flow rate of 0.1 L /min. The concentration of CO,
was continuously measured by a CO, analyzer (Molecular Analytics AGM 4000 Gas
Analyzer). The CO; adsorption capacity (q, mg/g) at a certain time (t, time) was

estimated as
1 ¢t

9= J,Q*(Cin —Cefe )it (1)
m

where m is the weight of adsorbent (g), Q is the gas flow rate (L/min), and C;, and Ceg
are the influent and effluent CO, concentrations (mg/L), respectively, which are

expressed in terms of percent in volume (%). The adsorption capacity of zero gas (N,
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only) was deducted from the adsorption capacities of adsorbents.
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Figure 4. 1 CO, adsorption via pack column system
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4.1.4 Results and discussion

Figure 4.2(a) and Figure 4.2(b) respectively depicts the alkaline fusion process
and the direct utilization process for the recovery of silica materials from the
optoelectronic waste powder. For alkaline fusion process, the formation mechanism of
silica materials from optoelectronic waste powder can be explained by considering the
chemical reactions presented in Equations (1)-(3). In brief, optoelectronic waste
powder consisting of (NH4),SiF¢ and SiO, was decomposed into gaseous silicon
tetrafluoride (SiFs) and ammonium fluoride (NH4F) solid residue when the

temperature was above 220 °C [115]:

550°C
(NH4)2SiF6(S) — SiF4(g)T + 2NH4F(S) (1)

Subsequently, the remaining NHsF which ‘is thermally stable up to 850 °C would
react with sodium hydroxide to produce gaseous-ammonia and sodium fluoride solid

residue:

550°C
NaOHgs) + NH4Fs) > NaFs) + NH3g) T+ HyOg) 1 (2)

Meanwhile, the Si0; presented in optoelectronic waste powder would also react

with sodium hydroxide to produce.sodium silicate:

550°C
2NaOH) + SiOzs) — > Na;SiOs) + HiOg)1 )

The obtained sodium silicate was then utilized as the silica source to synthesize
mesoporous MCM-41 in the presence of cationic surfactant of CTAB via
hydrothermal treatment at 145 °C for 36 h as shown in Figure 4.2(a). Therefore, the
gaseous pollutants of SiF4; and NHj3 tend to be formed during the alkaline fusion

process for waste recovery.

The optoelectronic waste powder is mainly composed of 85% of (NH4),SiF¢ and
15% of SiO, and the total Si mass fraction (from (NH4),SiF¢ and SiO;) detected by
ICP-MS analysis is 22.4% as obtained from our prior study. Silicon recovery yield
was determined by the weight ratios of silicon contents in the raw waste powder and

the silicon contents in the obtained mesoporous silica materials. It is noted from
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Figure 4.2(a) that there is only 28% of silicon recovery yield for the MCM-41(AF)
obtained via the alkaline fusion process. This is similar with the report by Chang and
colleagues, who employed the alkaline fusion method for extracting silicon from coal
fly ash and the silicon recovery yield was ca. 32% [108]. They stated that sufficient
amount of sodium hydroxide and activation time are required for effective converting
silica in the form of quartz and mullite phases into more soluble form of sodium

silicate during the fusion process.

In the present study, the decomposition of (NH4),SiFe at 550 °C results in losing
silicon species from the release of gaseous silicon tetrafluoride. It is reasonable that
the silicon recovery yield would be significantly affected by the loss of silicon species
from gaseous silicon tetrafluoride since the optoelectronic waste powder is mainly
composed of 85% of (NH.4),SiFs and 15% of SiO,. Therefore, even though the
MCM-41(AF) with very high specific surface area ean be manufactured, the alkaline
fusion process might not be considered as an economic and energy effective approach
due to its low silicon recovery yield,” long processing time, gaseous pollution

formation and high'operational temperature.

Figure 4.2(b) reveals the direct utilization process proposed in this study. In a
typical process, the optoelectronic waste powder was first treated with hydrofluoric
acid. It is expected that the SiO, ‘presented in optoelectronic waste powder would
react with hydrofluoric acid to produce hexafluorosilicic acid (H,SiFs) and the

chemical reaction is presented as follows:

SiOz(s) + 6HF(aq) — 2H+(aq)+ SiF62_(aq) + 2H20(1) (4)
Subsequently, the hydrolysis of (NH4),SiFs and SiFs® can be accelerated by the
addition of ammonium hydroxide:

(NH4)2SiF6(aq) + 4NH4OH(aq) — Si(OH)4(aq) + 6NH4F(aq) ®)]

2H (aq+ SiF6> (ag + NH4OH (o9 — Si(OH)4(aq) + 6NH,F o) +2H,0q (6)

Therefore, the overall reactions for the recovery of silica materials from
optoelectronic waste powder in the presence of hydrofluoric acid and ammonium

hydroxide can be summarized as follows:
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(NH,),SiF; + SiO, + 6HF + 10NH,OH — 2Si(OH), + 12NH,F +4H,0  (7)

Also it is well-known that the ionization of the Si(OH); produces anion silicate
such as SiO(OH)s™ and the condensation rate can be greatly enhanced using basic

catalyst:

Si(OH)4(aq) + OH (aq) > SiO(OH);3 (ag) + H2O(aq) (8)

The ionization of the Si(OH)s makes silanol more electrophilic and thus more
susceptible to react with the cationic surfactants of CTAB by electrostatic force.
Finally, the cooperative assembly between the anionic silicate hydrolyzed from SiFs>
and free charged micelles undergo extensive condensation and polymerization, thus
the mesoporous silica material can be rapidly regenerated at room temperature. The
novel MCM-41(DU)-F material can be obtammed  from direct use and complete
recycling of optoelectronic-waste powder as the silica soutce. The process is simple,
fast and low energy-consumed, which is more cost-effective when compared to the

alkaline fusion process shown in Figure 4.2(a).
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(a) Alkaline fusion process SiF4) & NHj g

550 °C, 1h

Photonic waste powder + NaOH(, Cslii— Fused mass of
[(NH,4),SiF¢ & SiO;] sodium silicate

and NaF

Room temperature, 24hi H,0

o]0 + CTAB NaF)

@JO) (145 °C, 36h)

~28 % of silicon Sodium silicate
recovery yield solution,q)

MCM-41(AF)

(b) Direct utilization process

MCM-41(DU)-F
[/ ___/
Photonic waste powder
. . T e —
[(NH,),SiF, & Si0,) O0O
(Room temperature, 8 h) O O

100 % of silicon
recovery yield

4+ HF & NH,OH & CTAB 0o

Figure 4.2 Schematic procedures for (a) conventional alkaline fusion process and (b)
direct utilization process for the recovery of mesoporous silica from the

optoelectronic waste powder.
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Low angle powder X-ray diffraction patterns of MCM-41(DU), MCM-41(DU)-F
and MCM-41(AF) are shown in Figure 4.3(a). The results reveal the presence of the
hexagonal lattice of the MCM-41(AF) material prepared via alkaline fusion process,
where two well-defined diffraction peaks of (100) and (110) located at 26 of 2.5° and
4.1° were observed [19]. Similarly, MCM-41(DU) and MCM-41(DU)-F materials also
exhibit two diffraction peaks of (100) and (110) located at 20 of 1.7° and 3.5°,
indicating that the silica materials with hexagonal mesostructure can be obtained by
direct usage of optoelectronic waste powder as the silica source. It can be observed
that MCM-41(DU)-F shows higher intensity of (100) reflection than that of
MCM-41(DU), which suggests better pore arrangement of the MCM-41(DU)-F. On
the other hand, there is a broad peak centering at 22° observed in Figure 4.3(b) for the
MCM-41(DU) and MCM-41(DU)-F; respectively, which could be ascribed to the
presence of amorphous SiO3 as extra-framework particles. Moreover, it is noticeable
that the (100) and (110) reflection peaks of the MCM-41(DU) and MCM-41(DU)-F
materials shifted to.lower degrees as compared to those of MCM-41(AF). This
implies that MCM-41(DU) and MCM-41(DU)-F materials exhibit larger d-spacing
values than that of MCM-41(AF).
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Figure 4.3 (a) Low angle XRD patterns of MCM-41(DU), MCM-41(DU)-F as well as
MCM-41(AF) and.(b) wide angle XRD_ patterns of MCM-41(DU) and
MCM-41(DU)-F samples.
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The N, adsorption-desorption isotherms of the waste powder, MCM-41(AF),
MCM-41(DU) and MCM-41(DU)-F samples are plotted in Figure 4.4. Apparently, the
optoelectronic waste powder revealed a typical type II isotherm of non-porous
materials according to the IUPAC classification. On the other hand, MCM-41(AF),
MCM-41(DU) and MCM-41(DU)-F samples clearly show capillary condensation
steps with H1 hysteresis loops at a relative pressure of p/py =0.25~0.45, which is
attributed to the textural mesoporosity and corresponded to capillary condensation of
N> molecules within the interparticle pores [34]. The less steep condensation for
MCM-41(DU) sample indicates a less degree of uniform mesostructure as compared

to that of MCM-41(AF) and MCM-41(DU)-F samples.

Furthermore, the capillary condensation steps of MCM-41(DU) and
MCM-41(DU)-F samples tend to shift toward higher values of relative pressure,
indicating that MCM-41(DU) and MCM-41(DU)-F samples possess larger pore
diameter. This result is further confirmed by the BJH pore size distribution shown in
Figure 4.5. It is clear to see that-all samplés show narrow pore size distribution,
suggesting the uniform porosity of the obtained materials, while the sequence of pore
diameter is in the order of MCM-41(DU)-F> MCM-41(DU)> MCM-41(AF). This is
probably attributed to the formation of soluble NH4F in the process, which could be
easily dissociated and. the released fluorine ions are beneficial for the enlargement of

the surfactant micelles.

The physical properties such as. BET specific-surface area, specific pore volume
and average pore diameter derived from N, adsorption-desorption measurements are
summarized in Table 4.1. One can see that the specific surface area and the total pore
volume of MCM-41(DU)-F are higher than those of MCM-41(DU), revealing that
MCM-41(DU)-F possesses superior quality of the mesostructure and this result is in
agreement with the XRD results shown in Figure 4.3. It is noticed that MCM-41(DU)
and MCM-41(DU)-F exhibit similar wall thickness and they are thicker than that of
MCM-41(AF), suggesting that MCM-41(DU) and MCM-41(DU)-F possess higher
hydrothermal stability.
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The chemical composition of the obtained MCM-41(DU)-F sample was
investigated by EDS analysis and the result is presented in Figure 4.6(a). As seen from
the spectrum that the obtained silica materials contain silicon and oxygen elements
and there are no impurities observed at all, suggesting that highly purified siliceous
materials can be obtained by the proposed method in this study. The textural structure
was obtained from transmission electron microscopy (TEM) analysis as shown in
Figure 4.6(b) and Figure 4.6(c). It can be observed that MCM-41(DU) material shows
poor organized mesostructure whereas MCM-41(DU)-F exhibits well-organized
hexagonal pore arrangement, implying that the addition of hydrofluoric acid is
beneficial for the formation of well-organized mesoporous silica from waste powder.
This is consistent with the results of XRD and BET analyses. In addition, the uniform
porosity of the obtained MCM-41(DU)-F revealed by TEM analysis is in agreement
with the narrow pore size distribution (BJH) determined by N, adsorption-desorption
measurement. As a result, one can conclude that pure silica-materials with ordered
mesostructure can be directly recovered from the optoelectronic waste powder at
room temperature with the assistance of CTAB, hydrofluoric acid and ammonium

hydroxide.
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Figure 4.6 (a) EDS spectrum of MCM-41(DU)-F; (b) TEM image of MCM-41(DU);
(c¢) TEM image of MCM-41(DU)-F.
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It could be speculated from the previous results of XRD, BET and TEM that silica
materials with well-organized mesostructure can only be formed when all silicon
species were firstly pre-activated by hydrofluoric acid. It was proposed by the reaction
Equations (4)-(8) that the addition of hydrofluoric acid in the system can firstly induce
the reactive fluorine ions with the non-reactive SiO, in the waste powder and form
more SiF¢” species, which can be rapidly hydrolyzed to more reactive Si(OH)4 and/or
SiO(OH);” anions by adding ammonium hydroxide. Then, well-ordered
MCM-41(DU)-F can be obtained via the strong electrostatic force between silicate
species and CTAB molecules. On the other hand, if hydrofluoric acid was not added
then the bulk SiO, particles could not be dissolved and further hydrolyzed into
reactive Si(OH)s and/or SiO(OH);™ anions. Thus, fewer amounts of reactive silicate
anions present in the mixture would result in lower specific surface area and pore
volume of MCM-41(DU). Besides, the presence of undissolved SiO, particles as
extra-framework particles would also .disrupt.the uniformity of the mesostructure.
This is confirmed by the XRD analysis shown in Figure 4.3, where MCM-41(DU)
shows stronger amorphous SiO, crystallinity than that of MCM-41(DU)-F.

It is well-known that fluorine ions are beneficial for enhancing the silanol
condensation of the silica materials. Therefore, it is expected that MCM-41(DU)-F
should exhibit higher degree of silanol groups condensation. This hypothesis is further
supported by the result-of 2’Si: NMR analysis shown in Figure 4.7. The sharp peak
centering at -112 ppm_ was..observed for both -as-synthesized materials of
MCM-41(DU) and MCM-41(DU)-E, which can be assigned to the highly polymerized
Q" Si sites [Si(OSi)s] [116]. On the other hand, two distinguished peaks locating at
-102 and -90 ppm, respectively, were observed as well. The former peak represents Q°
Si sites [Si(OS1);OH] while the latter one represents Q7 Si sites [Si(OSi),0H,] species
[117]. It is noticeable that MCM-41(DU)-F showed higher Q" Q’ ratio, implying that
MCM-41(DU)-F possessed higher degree of condensation of the silanol groups. This
is probably due to the fact that the presence of fluorine ions which greatly enhanced
the condensation reaction of the silanol groups. Generally, it is recognized that higher
Q*/Q’ ratio of the silica materials represents higher hydrothermal stability [118].
Consequently, it can conclude that hydrofluoric acid in the system is not only
favorable to the production of more reactive silicate species, but also beneficial for the

enlargement of the pore diameter and it promotes higher degree of silanol
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condensation.

The scanning electron microscopy (SEM) images of MCM-41(AF) and
MCM-41(DU)-F samples are depicted in Figure 4.8. It can be clearly observed that
the MCM-41(AF) prepared via alkaline fusion method was in tubular shape with
length of ca. 1-2 pm and diameter of ~200 nm. On the contrary, MCM-41(DU)-F was
in spherical shape with sizes of around 100-150 nm, which size was much smaller
than that of MCM-41(AF). In direct utilization process, the pH value of synthetic
medium is 6.9-7.0 and the silica condensation rate is a maximum at around pH value
of 6-7 [119]. Therefore, the fast hydrolytic condensation of silica-surfactant mixture

results in the formation of small-sized mesostructured particles.
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Figure 4.8 SEM images of (a) MCM-41(AF) and (b) MCM-41(DU)-F samples.
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The uniform mesostructure with large pore diameter and large pore volume of
waste-derived mesoporous silica materials may imply them as potential adsorbents for
CO; capture. Figure 4.9 displays the breakthrough curves of 10% CO, adsorption on
three TEPA-functionalized waste-derived mesoporous silica adsorbents at 60 °C via
packed column reactor, including MCM-41(AF), MCM-41(DU) and MCM-41(DU)-F
samples. Furthermore, MCM-41(NaSi) sample synthesized using pure chemical
reagent of sodium silicate was also tested as support of adsorbent for its adsorption
capacity. It is seen that initially the CO, gas can be efficiently adsorbed on all
adsorbents with capture efficiencies greater than 98%. The CO, adsorption capacities
of all adsorbents shown in Table 4.1 were in a range of 100-121 mg/g-adsorbent and
follow the order of TEPA-MCM-41(DU) < TEPA-MCM-41(AF) =
TEPA-MCM-41(NaSi) < TEPA-MCM-41(DU)-FE. This. may be due to the fact that the
textural properties of the supports play important roles in CO, adsorption

performance.

In a related work, Son et-al. [66] employed a "scries of amine-functionalized
mesoporous silica materials as support of adsorbent for CO, adsorption. They found
that the adsorption capacity was a function of the pore diameter of the support and
followed the order of MCM-41 (2.8 amy;1D) < MCM-48 (3.1 nm, 3D) < SBA-15 (5.5
nm, 1D) = SBA-16"(4.1 nm, 3D) < KIT-6 (6.5 nin, 3D). However, in this study
MCM-41(DU) with relatively larger pore diameter (4.4 nm) appears to have lower
CO; uptakes compared to those of MCM-41(AF)«(3.0 nm), MCM-41(NaSi) (3.1 nm)
and MCM-41(DU)-F (4.5 nm) (Figure 4.10(a)). On the other hand, it is noted from
Figure 4.10(b) that a linear relationship with correlation coefficient R* = 0.95 was
observed between the total pore volume of the parent silica substrates and the CO,
adsorption capacity. This may suggest that the total pore volume of the parent support

plays a predominant role instead of the pore diameter in CO, capture.

The density of TEPA is 0.99 cm’ /g and the total pore volume of MCM-41(NaSi),
MCM-41(AF), MCM-41(DU) and MCM-41(DU)-F is 1.00 cm’ /g, 0.99 cm® /g, 0.52
cm3 /g as well as 1.10 cm’ /g, respectively. Thus the maximum TEPA amount
theoretically loaded inside the pore channels was calculated to be 50%, 50%, 34% and
53%, for the MCM-41(NaSi), MCM-41(AF), MCM-41(DU) and MCM-41(DU)-F,
respectively. It can be seen from Table 4.1 that TEPA-MCM-41(DU) exhibits tiny

pore volume which reveals that the pores of MCM-41(DU) were nearly filled by
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TEPA. It is reported that more efficient contact between the CO, gas and the
impregnated amines could be achieved when a small space is still left insides the
pores of the mesoporous silica after amine reagents loading [80]. As a result, the
MCM-41(DU) had lower CO, adsorption capacity due to the fact that it had smaller
pore volumes, which may result in more constricted or blocked pores in the

adsorbents.

In addition, the adsorption capacity appears to increase with an increase in pore
diameter and follow the order of TEPA-MCM-41(AF) (3.0 nm)
TEPA-MCM-41(NaSi) (3.1 nm) < TEPA-MCM-41(DU)-F (4.5 nm). This might be

Q

because larger pore diameter of the support could facilitate more TEPA into the pore
channels more easily, leading to higher CO, adsorption performance. As shown in
Table 4.1, the pore volume of MCM-41(DU)-F ‘and TEPA-MCM-41(DU)-F is 1.10
cm’ /g and 0.16 cm’ /g, respectively. Therefore, the-amount of TEPA loaded into the
pores of MCM-41(DU)-F was calculated to be 49%, while there was only 46% TEPA
loaded into the pore ‘channels of the MCM-41(NaSi1) and MCM-41(AF), respectively.
In addition, the BJH pore size distribution shown in Figure 4.11 shows that the pore
sizes of MCM-41(AF) and MCM-41(NaS1) are diminished to less than 2 nm after
TEPA loading. In_comparison, parts of pores still remain larger than 2 nm in
TEPA-MCM-41(DU)-E. This could make the gas flow into TEPA-MCM-41(DU)-F to
be easier, which is beneficial for CO, adsorption. Consequently, it could be concluded
that the large pore diameter and pore volume of MCM-41(DU)-F resulted in the
highest CO; capacity among all adsorbents.
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Table 4.1 Structural properties of MCM-41(NaSi) silica, waste powder and waste-derived mesoporous siliceous materials

*SBET Pdp Vo 4400 “ao Tw £Silicon Capacity
Sample name
(m?/g) (nm) (cm’/g) (nm) (nm) (nm) recovery (mg-CO,/g-adsorbent)
Waste powder 30 - 0.07 - - - - -
MCM-41(AF) 1082 3.0 0.99 3.47 4.01 1.01 28 7
MCM-41(DU) 396 4.4 0.5 5.1 5.89 1.49 100 5
MCM-41(DU)-F 788 4.5 1.10 5.07 5.86 1.44 100 6
MCM-41(NaSi) 1102 3.1 1.00 - - - - 7
TEPA-MCM-41(AF) 55 - 0.14 - - - - 114
TEPA-MCM-41(DU) 9 3.1 0.02 - - - - 103
TEPA-MCM-41(DU)-F 36 4.0 0.16 - - - - 121
TEPA-MCM-41(NaSi) 53 - 0.15 - - - - 115

e L S N R I T T T N S R R I R N 3 . D L N NN 2T R
NOTE: “BET surface area; "Pore diameter calculated by BJH theory; "Pore volume calculated by BJH theory; “d-spacing between (100) planes.
*Hexagonal unit cell (a, = 2 djoo/ V3); Pore wall thickness (Tw= a,- dgyy); ESilicon recovery yield=weight ratios of silicon contents in raw waste

powder to silicon contents in mesoporous silica.
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4.2 Direct synthesis of silica materials with hierarchically mesocellular structures

from waste powder

4.2.1 Motivation

It is found from our previous results that amine-impregnated mesoporous
substrates with larger pore volume are favorable for achieving superior CO,
adsorption performance. Among various kinds of mesoporous silica materials,
mesostructured cellular foam (MCF) material, has received increasing attention due to
their fast mass transfer, good accessibility for large molecules and their large pore
volume that are beneficial in various process. They are believed to be more resistant
to pore blockage and provide more efficient mass transfer kinetics than mesoporous
materials having hexagonal structure with uni-dimensional array of pores. The MCF
material is general synthesized using microemulsion approach with the aid of NH4F
and 1, 3, 5-trimethylbenzene (TMB) as swelling agents. However, their industrial
development is mainly restricted-to-the high producing costs by preferred silica
sources and swelling agents. Thus;-takinginto account the potential scale involved in
the production of MCEF, the use of renewable sources for fabricating these materials

would seem highly desirable.

4.2.2 Direct synthesis of mesoporous siliceous materials from waste powder

Directly synthesized ~mesoporous material was< processed by employing
optoelectronic industrial waste powder as the-silica: source, along with triblock
copolymer Pluronic F127 (EO;psPO70EO106, MW=12600) as the structure-directing
template. The molar composition of the gel mixture was 1 SiO,: x HF: y F127: 12
NH4OH: 120 H,O (x and y varies with the molar ratio of npp/nsi and ngi27/ns;,
respectively). In a typical procedure, 9.4 g of waste powder was firstly dissolved in
100 ml of DI water, followed by the addition of the desired amounts of HF solution
with stirring for 30 minutes. Subsequently, given amounts of F127 (dissolved in 61 ml
of DI water) was added dropwise followed by the addition of 35 ml of NH,OH
solution. The resulting gel mixture was then stirred for 1 h at ambient temperature and
aged at 100 °C for 0.5 h. The resultant solid was recovered by filtration, washed with
DI water and dried in an oven at 100 °C for 6 h. Finally, the organic template was

removed by using a muffle furnace in air at 550 °C for 6 h.
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4.2.3 Results and discussion

The structure of the recycled MS(0.0023) sample is presented in Figure 4.12,
which is composed of large cells and connecting windows, similar with the structure
of mesocellular silica foam materials. Typically, oil-in-water microemulsions were
used as structuring-directing agent to prepare MCF materials. Ordered mesoporous
silica with hexagonal arrangement is synthesized using block copolymer of P123
(EO20-PO79-EOy) as the template. The addition of 1, 3, 5-trimethylbenzene (TMB) to
the P123 solution as a swelling agent converts hexagonally ordered structures to
mesocellular structures, which exhibit spherical pores. In this study, the recycled
MS(0.0023) sample with mesocellular structure was synthesized using only one F127
template. A representative TEM image (Figure 4.13) shows that three-dimensional

MS(0.0023) can be clearly seen.

As described, single structure-directing agent of F127 was employed for structure
assembly; therefore, it is e€xpected-that the concentration of F127 surfactant would
strongly influence the textural properties of the recycles materials. Figure 4.14 shows
the N, physisorption isotherms of the recycled MS samples synthesized with various
F127 concentrations. The sample obtained with ngj27/ns; ratio of 0.001 exhibits typical
type IV isotherm with a capillary condensation step at relative pressure of 0.35-0.7
and H2-type hysteresis loop. These characteristics are indicative of cage-like
mesopores with an entrance much narrower than the diameter of the cage itself, which
is similar with conventional SBA-16 reported in the literatures [120]. In contrast, the
samples synthesized with increasing F127 concentrations (0.0023-0.01) show H1-type
hysteresis loop, which implies that the entrance sizes of MS samples have been
enlarged, compared with MS(0.001). Interestingly, when the ng,7/ns; ratio is increased
from 0.001 to 0.0023, the hysteresis loop in the isotherm is obviously shifted to the
high relative pressure. However, the hysteresis loops tend to shift to lower relative

pressure with further increasing F127 concentrations from 0.0023 to 0.01.

Pore size distribution of various samples (Figure 4.15), estimated from the BJH
model, confirms these trends. It can be seen that a significant peak located at ca. 4 nm
was observed for all performed MS sample; in contrast, corresponding pore size
distribution curves of MS samples with ngj»7/ng; ratio from 0.0023 to 0.01 showed
another emerging peak. It is worth noting that the pore size distribution for

MS(0.0023) is relatively broad, compared with MS(0.001). This is possibly related to
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the gradual pore expansion, which decrease the mesostructure ordering. With higher
amounts of F127, the pore diameters of MS(0.003) and MS(0.01) decrease
subsequently. Generally, mesostructured materials were obtained by the kinetically
controlled competitive assembly of organic and inorganic species into nanostructured
domains [87]. It is likely that the formation of mesophases can therefore be governed

more kinetically as the F127concentration increases.

In addition, the effect of hydrofluoric acid in the precursors on structural
properties of the recycled the MS materials was investigated as well. It can be
observed from Figure 4.16 that the MS(OF) materials clearly shows type IV isotherm
with a capillary condensation step at relative pressure of 0.5-0.8 and H2-type
hysteresis loop, which are indicative of mesoporous materials with cage-like shapes.
As the hydrofluoric acid was applied in the synthesis, the hysteresis loops at relative
pressure of 0.85-1.0 significantly increased, whereas the capillary condensation step at
relative pressure of 0.5-0.8 was still retained. This clearly indicates that parts of pores
were enlarged. With inereasing amounts of hydrofluoric acid, the hysteresis loops tend
to shift to lower relative pressure. This is similar with the trends observed on the
physical properties.of the resulting materials with various amounts of F127. As seen
from Figure 4.17, pore enlargement was clearly observed in the recycled MS
materials synthesized with the aid of hydrofluoric acid, as compared with the MS(OF)
sample produced without hydrofluoric acid. It has been reported that fluorine ions are
beneficial for the formation and growth of micelles,leading to the formation of high
quality mesoporous materials [122]. It is-seen from Table 4.2 that the MS(10F)
possesses much higher specific surface area (938 m’/g) than that of MS(OF) (239 m*/g)
fabricated without adding hydrofluoric acid. Furthermore, it is also noted that the
HF-assisted recycled MS materials exhibit higher peak intensities than that of MS(0F),
which implies that the msostructures of the MS materials can be significantly
enhanced with the addition of hydrofluoric acid. Thus, the introduction of
hydrofluoric acid in the synthesis can not only enlarge the pore diameter of the
recycled MS materials, but also enhance the capability of F127 micellization, leading

to formation high quality mesoporous materials.

Table 4.2 and Table 4.3 summarize the structural properties of the recycled MS
materials prepared at different ngj27/nsi and nyp/ns; ratios. Interestingly, the porosity of
these recycled materials can be easily designed by simply modifying the amounts of

65



F127 and hydrofluoric acid. In the present conditions, HF-induced recycling of
mesostructured silica materials with hierarchically meso-structural properties can be
facilely controlled using extremely low ngj27/ng; ratio. This would be expected to be a
great contribution to potential mass production of materials because of their low
manufacturing costs by reducing surfactant amount. Moreover, it is worth mentioning
that, if the pore characteristics of these recycled materials are properly designed, they

could be potentially applicable in wide applications as sorbents and/or supports.

A possible mechanism for recycling of mesoporous silica materials from
optoelectronic industrial waste powder is illustrated in Figure 4.18. In the present
synthesis, the optoelectronic waste powder was first treated with hydrofluoric acid. It
is expected that the SiO, presented in optoelectronic waste powder would react with
hydrofluoric acid to produce hexafluorosilicic acid (H,SiFs) and the chemical reaction

is presented as follows:

Subsequently, the hydrolysis of (NH),SiFg and SiFs can be accelerated by the

addition of ammonium hydroxide:
(NH4)2SiF6(aq) + 4NH4OH(aq) — Si(OH)4(aq) + 6NH4F(aq) ®)]

2H (aq+ SiF6> (ag + ONH4OH (3 — Si(OH)4(aq) +6NH,F o) +2H,0q (6)

Therefore, the overall reactions for.the tecovery of silica materials from
optoelectronic waste powder in the presence of hydrofluoric acid and ammonium

hydroxide can be summarized as follows:

(NH,),SiF; + SiO, + 6HF + 10NH,OH — 2Si(OH), + 12NH,F +4H,0  (7)

The pH value of synthetic medium is 6.9-7.0 and the silica condensation rate is a
maximum at around pH value of 6-7 [119]. The interaction between F127 surfactant
and the silica source is mainly based on hydrogen bonding under neutral conditions.
The fast hydrolytic condensation of silica-surfactant mixture results in the formation
of small-sized mesostructured particles. Thus, small-sized MS(0.001) materials with
mesopores templated by F127 can be formed. TEM analysis in Figure 4.19(a) clearly

shows that the MS(0.001) consists of mesopores of ca. 3.8 nm, which is similar with
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the result of pore size distribution shown in Figure 4.15.

On the other hand, when the amount of F127 was increased, the mesoporous silica
materials with mesocellualr structure were obtained (Figure 4.19(b)). Due to the fast
SiF¢*/F127 hydrolytic condensation process, the small-sized mesostructured silica
building blocks with large amounts of hydroxyl groups were initially formed. The
residual F127 would be expected to be adsorbed on to the hydrophilic surface and
self-assemble into large spherical micelles, resulting in the formation of mesocellular
pores. Similar pathway was recently proposed by Hsu and colleagues [123], who
prepared MCF materials without using swelling agents. Those synthetic procedures,
however, are generally conducted wusing pure silica chemicals of either

tetraethylorthosilicate or sodium silicate under strong acid conditions.

Very recently, An et al. ([124] reported the synthesis of MCF materials by
employing industrial waste of steel slag as the silica:source with the aid of organic
swelling agent of TMB. However;-the use of expensive TMB significantly increases
the production costs.of MCF material and this would be an impertant issue for field
applications. In the present study, silica materials with controllable mesocellular
structures can be directly recovered from optoelectronic waste powder using single
surfactant with extfemely low amount. To our knowledge, there have been reports on
the synthesis of thisitype of materials using solid wastes with single surfactant. The
process 1s simple, fast, cost-effective and environmental-friendly because the
synthetic procedures were conducted using industrial solid wastes as alternative
resource under neutral conditions. Therefore, this process will offer novel solutions
not only to waste management problems but also significantly reduce the

manufacturing costs for the production of MCF-like materials.
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Figure 4.12 Schematic cartoon of the structure of the recycled MS (0.0023).

Figure 4.13 Representative TEM image of the recycled MS (0.0023).
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Figure 4.14 N, adsorption-desorption isotherms of mesoporous silica materials

synthesized with various ngj»7/ng; ratios.
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Figure 4.15 Pore size distribution of mesoporous silica materials synthesized with

various ngjz7/ng; ratios.
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Table 4.2 Physical parameters of the optoelectronic waste powder and the recycled

mesoporous silica samples prepared at different ng;,7/ng; ratio.

a b C
SBET DP Vp
Sarnple name n]:127/n51 nHF/nSi 5 5
(m’/g) (nm) (cm’/g)
Waste powder - - 30 - 0.07
MS(0.001) 0.001 6 596 3.87 0.62
MS(0.0023) 0.0023 6 716 14.2 1.75
MS (0.003) 0.003 6 773 7.7 1.28
MS (0.01) 0.01 6 757 5.9 1.07

a B . —C
NOTE: “BET surface area; "Pore-diameter calculated by BJH. theory; "Pore volume

was estimated at a relative pressure-P/P, of 0.995

Table 4.3 Physical parameters of the recycled mesoporous silica samples prepared at

different nyp/ng; ratio.

b
aSBET DP CVp
Sample name ng27/Mgj nyp/Ng; .
(m’g)  (qm)  (cm/g)
MS(OF) 0.0023 0 239 3.87 0.33
MS(4F) 0.0023 4 596 13.5 1.14
MS (6F) 0.0023 6 716 14.2 1.75
MS (8F) 0.0023 8 865 8.3 1.50
MS (10F) 0.0023 10 938 5.0 1.13

NOTE: “BET surface area; "Pore diameter calculated by BJH theory; ‘Pore volume

was estimated at a relative pressure P/P, of 0.995
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CHAPTER V AEROSOL-ASSISTED SYNTHESIS OF
MESOPOROUS SILICA PARTICLES VIATHE USE OF SODIUM
METASILICATE PRECURSOR

5.1 Motivation

Up to date, most researches on the manufacture of mesoporous materials were
focused on solution precipitation method which belongs to aqueous route [125,126].
Typically, these materials are synthesized via either conventional sol-gel or
hydrothermal treatment. The aqueous methods are wusually tedious and
time-consuming. For example, the MCM-41 material is one of the mesoporous
products made by the hydrothermal method which commonly proceeds at 100~150°C
for several days [126]. On the other hand, the aerosol processing of materials, which
belongs to the gas phase production-method, has become one of the facile processes
because of its rapid synthesis-and simplicity for scaling up as compared to the

traditional aqueous routes.

In the aerosol-assisted process, TEOS is commonly utilized to synthesize
silica-based materials = because ~of -its characteristic of 'easy preparation of
homogeneous sol solution and controllable condensation rate.in precursor solution.
However, the need of an-expensive organic silica precursor would limit its industrial
applications, especially for the environmental-protection applications which require
massive quantity of adsorbents or'catalysts. Considering the prices of organic silica
precursors, the use of inexpensive inorganic silica sources such as colloidal silica or
sodium silicate solution seem to be good candidates as the starting precursors. If the
materials could be fabricated from inexpensive sources, the costs would be
significantly reduced and the application fields of the materials would be widened.
For example, one of the applications is the capture of CO, greenhouse gas using

amine-modified mesoporous silica as the adsorbent [127].

Sodium metasilicate nanohydrate (Na,;SiO3; - 9H,0) which is widely used in the

synthesis of silica-based materials in conventional aqueous route is much less
expensive as compared to TEOS [111]. It has been verified that sodium silicate can

act as both a silica source and inorganic salt in the formation of mesoporous silica via
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the aqueous approaches [128,129]. However, to our knowledge there is still no report
on the synthesis of MSPs via aerosol-assisted EISA approach using Na,Si0; precursor.
In this study, Na,SiO; is driven to replace TEOS as the silicon precursor for

synthesizing MSPs by the aerosol-assisted EISA route for the first time.

5.2 Preparation of the mesoporous silica spherical particles (MSP)

Figure 5.1 depicts the experimental setup of the reactor for continuously
synthesizing the MSP via aerosol-assisted EISA method. For the precursor solution,

sodium metasilicate nanohydrate (Na,Si10s3 - 9H,0) was employed as the silica source

and cetyltrimethylammonium bromide (CTAB) was used as the structure-directing
surfactant template in the synthesis. The molar composition of the gel mixture was
1Si0;: x CTAB: 20 C,HsOH: 667 H,0: 6.47 HCI (x varies from 0.1 to 0.36). The
precursor mixture was mixed and nebulized by an ultrasonic atomizer and carried by a
high pressure, clean.and dry air flow. The reagent flow was then passed through a
high-temperature tubular reactor which consists -of two heating zones with the
temperatures of 150 °C and 550 °C, respectively. The total flow rate in this study was
fixed at 2000 cm’min (25 °C, latm) which corresponded to a ftesidence time of 4
seconds. After the heating process, the synthesized MSPs were collected downstream
of the reactor by a high-efficiency filter. It was then recovered by washing and
filtration with DI water followed by drying in an oven.at 110 °C. Finally, the complete
removal of all bromine and carbon residues was removed by using a muffle furnace at

550 °C in air for 4 hours.

For comparison purpose, the MSP sample was also obtained from TEOS precursor
following a procedure reported by Hung and Bai [110,130]. The molar composition of
the gel mixture was 1Si0;: 0.18 CTAB: 10 C,HsOH: 40 H,O: 0.008 HCI, which has
been proved to be the optimal precursor molar ratio in our prior studies. The collected
solid products were further calcined in air at 550 °C for 4 hours to remove the organic

template residues.

The MSP samples synthesized from Na,SiO; are denoted as MSP(NaSi)-X, where
X indicated the precursor molar ratio of CTAB surfactant to Na,SiO; (Surf/Si). For
example, MSP(NaSi)-18 indicated that the MSP sample was prepared from Na,SiO3
under Surf/Si molar ratio of 0.18. The MSP sample derived from TEOS was given the
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name of MSP(TEOS).
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Figure 5.1 Experimental setup for the generation of mesoporous silica spherical
particles (MSPs) through aerosol-assisted evaporation induced self-assembly (EISA)

process.
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5.3 Results and discussion

Powder XRD patterns of the calcined MSP samples prepared form Na,Si0O; and
TEOS through aerosol-assisted EISA procedure are shown in Figure 5.2. Upon
calcination, the MSP(TEOS) sample exhibits a well-resolved diffraction peak located
at 20 of 2.3-2.8° which is indexed to the (100) reflection and corresponds to a
hexagonal lattice of mesoporous silica materials [111,131]. Similar observation was
also seen for the MSP(NaSi) samples at Surf/Si molar ratios of 0.10-0.22, indicating
that the hexagonal mesostructure was also obtained using Na;SiOs as the silica

precursor through aerosol-assisted EISA procedure.

In addition, it can also be found from Figure 5.2 that the (100) diffraction peaks
are shifted to higher angles with increasing the Surf/Si molar ratios, this leads to
decreases in their d-spacing values. It was verified that a shorter inter-micellar
distance is caused by a larger surfactant volume fraction via increasing the Surf/Si
ratio [112]. The intensity of (100) peak is diminished and becomes broader for the
MSP(NaSi) samples with Surf/Si-molar ratio“of higher than 0.22. This suggests the
collapse of long range crystallographic order due to an excessive amount of surfactant

[112].

Generally, mesoporous material of MCM-41 synthesized via conventional
aqueous route shows unidirectional pore orientation; therefore high-degree diffraction
intensity of (110) as well as (210) peaks, which are typical diffraction peaks of
hexagonal lattice with pomm space. group, are observed. In contrary, the materials of
either MSP(TEOS) or MSP(NaSi) synthesized from aerosol-assisted process have
multiple pore orientations within individual particles which would lead to less degree

of (110) and (210) peaks in XRD pattern.
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Figure 5.2 XRD patterns of calcined MSPs prepared from Na,SiO; (denoted as
MSP(NaSi)) and TEOS (denoted as MSP(TEOS)), respectively.
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The N, adsorption-desorption isotherms of all calcined samples are shown in
Figure 5.3. The nitrogen adsorption-desorption isotherms for MSP(TEOS) and
MSP(NaSi) samples with Surf/Si molar ratios from 0.10 to 0.22 exhibit a type IV
isotherm of typical mesoporous materials according to the IUPAC classification,
which feature a narrow step due to capillary condensation of N, within the primary
mesopores [132]. As compared to that of the MSP(TEOS) sample, the MSP(NaSi)
samples with Surf/Si ratios from 0.10 to 0.22 shows no hysteresis loop at p/po = 0.2 to
0.4. The less steep condensation step for MSP(NaSi) samples indicates a less degree
of uniform mesostructure as compared to that of MSP(TEOS) sample. By increasing
the Surf/Si molar ratios to above 0.26, the MSP(NaSi)-26 and MSP(NaSi)-36 samples
show different adsorption-desorption isotherms which belong to the type I with H4
hysteresis loop, it can be indexed to the microporous materials based on the [IUPAC

classification [132].

Figure 5.4 displays the BJH-pore-size distribution of MSP(TEOS) and MSP(NaSi)
samples with Surf/Si molar ratios-from 0.10.to 0.22: It is obvious that all samples
show narrow pore size distribution, suggesting the uniform porosity of the obtained
materials. MSP(TEOS) exhibits the highest intensity of the pore size distribution,
which indicates that the uniformity of mesostructure of MSP(TEOS) is superior to
those samples prepared from < Na,SiOs. = This:-is consistent with the N,
adsorption-desorption dsotherms that MSP(TEOS) displays a sharper condensation
step and hysteresis loop. This mayprobably due to-the presence of sodium salts on the
framework causing deterioration in the order arrangement of the mesostructure. The
MSP(NaSi)-18 presents the highest intensity of the pore size distribution as compared
to other samples prepared from Na,SiOs3, this implies that MSP(NaSi)-18 has the most
uniform mesostructure. On the other hand, the BJH pore size distributions of
MSP(NaSi)-26 and MSP(NaSi)-36 shifted to microporous region (< 2 nm) and thus it
could not be detected in this study. The result is in agreement with the N,

adsorption-desorption isotherms shown in Figure 5.3.

The textural properties of BET specific surface area, specific pore volume and
average pore diameter derived from nitrogen adsorption-desorption measurements are
summarized in Table 5.1. One can see that the specific surface areas of the MSP(NaSi)
samples with mesoporous structure (Surf/Si ratios from 0.10 to 0.22) are in the range

of 823 to 1058 m*/g. The pore diameters of MSP(NaSi), 2.4-2.8 nm, are higher than
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that of MSP(TEOS), 2.3 nm. It is believed that sodium silicate can act as both a silica
source and inorganic salt in the formation of mesoporous silica. Addition of
inorganic salts can increase the aggregate number of the micelles, which can further
enhance the pore diameter of the micelles. A similar observation was seen for the
synthesis of mesoporous silica using sodium silicate as the precursor over

conventional aqueous route [129].
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Figure 5.3 Nitrogen adsorption-desorption isotherms of calcined MSP(NaSi) and
MSP(TEOS), respectively.
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Figure 5.5 presents the SEM images of MSP(TEOS) and MSP(NaSi)-18 samples.
It can be clearly observed that MSP(TEOS) was in spherical shape. On the contrary,
some hollow and fractured particles were formed in addition to the near spherical
particles for the MSP(NaSi)-18. Similar observations have been reported by Bruinsma
et al. [133] who synthesized mesoporous silica with hollow morphology using TEOS
as the silica source. They claimed that the operating conditions and solution/slurry
characteristics had great influence on the particle morphology so that it could be from

spherical particles to hollow and fractured particles.

Since the operating conditions for the fabrication of MSP(TEOS) and MSP(NaSi)
samples were the same, therefore the solution/slurry characteristics should play a
crucial role in determining the particle morphology. It was proposed that hollow
structure was formed at low slurry concentration ‘because the time required to
homogenize the droplet. is longer than the solvent. evaporation time during the
quick-drying process. of the droplets- [134]. In this study, MSP(NaSi) samples were
synthesized at relatively lower—slurry- concentration as compared to that of
MSP(TEOS). The MSP(TEOS) with much higher solution concentration could be
homogenized prior to the completion of drying the droplets. Consequently, spherical
particles were much more easily formed with well-defined morphology. On the other
hand, MSP(NaSi)-18 with relatively lower solution concentration might result in
higher possibility for the formation of hollow and fractured particles, the solid shell
formed in the beginning where the.concentration.is the highest, the internal pressure

increases because the moisture cannot be released immediately.

The particle size distributions of the MSP(NaSi) and MSP(TEOS) were also
compared. They were determined based on averaging over 80 particles from the SEM
images. Values of the geometric mean diameter (Dpg) and geometric standard
deviation (og) are listed in Table 5.1. One can see that the particle sizes of MSP(NaSi)
samples gradually decreased with the increasing of Surf/Si molar ratio. This may be
due to that many smaller clusters were formed at lower CTAB concentrations and they
had weaker dispersion potential and lower chemical activity toward self-assembly
[135]. Consequently, theses small clusters or primary particles were able to aggregate
due to their significant numbers and led to larger particle sizes before evaporation
process began in the heating ovens. On the other hand, larger cluster sizes were

formed at higher concentrations of CTAB and led to lower cluster or primary particle
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numbers, thus the low flocculation tendency at lower cluster (primary particle)

number concentrations resulted in smaller final particle sizes.

It is also interesting to note that the MSP(NaSi) samples resulted in smaller
particle sizes (Dpg=0.79~2.82 um) as compared to that of MSP(TEOS) (Dpg=3.86
um). It is well known that sodium silicate exhibited rapid hydrolysis and
condensation rates which would lead to larger cluster size. The less agglomeration of
larger clusters resulted in smaller particle sizes when using sodium silicate as the
silica source. In addition, the MSP(NaSi) samples presented small degree of particle
size distribution (cg=1.8~4.0) as compared to that of MSP(TEOS) (cg =5.0). Similar
observations were found using sodium silicate and TEOS, respectively, as the silica

precursor via liquid route [129].

The textural mesostructure of the MSP(TEOS) and MSP(NaSi) samples with
various Surf/Si molar ratios-was characterized by TEM 1mages and the results are
shown in Figure 5.6. The TEM-image-of MSP(TEOS) material(Figure 5.6(a)) clearly
shows a well ordered long range hexagonal array of mesopores.and these long range
crystallographic features are consistent with the results of XRD and BET analyses.
The hexagonal structure can also be observed in MSP(NaSi) samples. The uniform
porosities of obtained materials revealed by TEM analysis are also consistent with the
narrow pore size distribution (BJH) determined- by N; adsorption-desorption
measurements for all the caleined materials. The mesostrucure is composed of tubular
pores either perpendicularor parallel to the particlesurface, which is the characteristic
of spherical MSPs fabricated through EISA route, while MCM-41 synthesized via
conventional aqueous route exhibits unidirectional pore orientation within rod- or

flake-shaped particles [110].
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Figure 5.5 SEM images of calcined MSPs. (al) MSP(TEOS) with scale bar of 10 um,
(a2) MSP(TEOS) with scale bar of 1 um (bl) MSP(NaSi)-18 with scale
bar of 10 um, and (b2) MSP(NaSi)-18 with scale bar of 500 nm.
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Figure 5.6 TEM images of calcined MSPs. (a) MSP(TEOS), (b) MSP(NaSi)-10, (c)
MSP(NaSi)-18 and (d) MSP(NaSi)-22. (The scale bar is 20 nm)
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Table 5.1 Physical properties of the mesoporous adsorbents

“SgET "dpui Vo Yd100 "8 Tw g
Dp,
Sample nCTAB/ ns;

(m*/g) (nm) (cm¥g)  (nm) (nm) (m)  (um)/cg
MSP (TEOS) 0.18 1153 2.3 0.75 34 39 1.6 3.86/5.0
MSP(NaSi)-10 0.10 823 2.8 0.69 3.7 4.3 1.5 2.82/1.8
MSP(NaSi)-12 0.12 866 2.7 0.71 3.6 4.2 1.5 2.03/2.0
MSP(NaSi)-15 0.15 881 2.5 0.70 33 3.8 1.2 1.40/2.4
MSP(NaSi)-18 0.18 908 2.6 0.75 33 3.8 1.2 1.04/2.5
MSP(NaSi)-22 0.22 1058 24 0.88 34 39 1.6 1.00/2.8
MSP(NaSi)-26 0.26 710 - 0.60 - - - 0.91/3.0
MSP(NaSi)-36 0.36 696 - 0.61 - - - 0.79/4.0

NOTE: *BET surface area. "Pore diameter calculated by BJH. theory. Pore volume.

Id-spacing between (100) planes. “Hexagonal unit cell (a,'= 2 dioo/ \3). Pore wall

thickness (Tw= a,- dgyn). *Dpg  is.the geometric mean‘diameter and o, is the geometric

standard deviation.
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CHAPTER VI AEROCESSING OF MESOPOROUS SILICA
PARTICLES USING WASTE-DERIVED SILICATE

6.1 Salt-assisted synthesis of mesoporous silica particles using waste-derived silicate
6.1.1 Motivation

Our prior study investigated the feasibility of extracting silicate supernatant from
the optoelectronic industrial waste powder, which is one of the major by-products in
semiconductor and optoelectronic industries. It was demonstrated that the
optoelectronic waste powder could be an alternative resource for producing

silica-based materials.

Up to date, most researches on the synthesis of mesoporous silica materials from
siliceous wastes has been processed through solution precipitation methods using
batch reactors, which require complex preparation steps and long contact times. To
overcome the disadvantages of traditional batch processes, vapor-phase synthesis of
the mesoporous silica materials has been recently developed and become one of the
facile processes for particles engineering purposes due to its rapid and continuous
synthesis as well as simplicity of scaling up [136-142]. However, to our knowledge,
there is no report yet concerning the synthesis of mesoporous silica materials via

aerosol approach using industrial:solid wastes as the starting material.

6.1.2 Synthesis of MSP (AS)

The sodium silicate solution was prepared by mixing optoelectronic waste powder
with 6 M NaOH solution at room temperature for 12 h. Table 6.1 shows the elemental
analysis of the raw waste powder and the silicate supernatant after extraction with
NaOH solution. The molar composition of the precursor mixture was 1SiO,: 3
(NH4)2SO4: 359 H,0: 7.32 HCI. The precursor mixture was mixed and nebulized by
an ultrasonic atomizer and carried by a high pressure, clean and dry air flow. The
reagent flow was then passed through a high-temperature tubular reactor with the
temperature of 400 °C. The total flow rate in this study was fixed at 2000 cm®/min (25
°C, latm), which corresponded to a residence time of 4 seconds. After the heating
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process, the as-synthesized MSP 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 mesoporous
silica sample from the waste powder in the presence of (NH4)>SO4 template was
denoted as MSP (AS), while the mesoporous silica sample from the waste powder in

the absence of (NH,4),SO4 template was named as MSP.

To investigate the effect of the support on the adsorption capacity of the adsorbent,
mesoporous silica materials including MCM-41 and SBA-15 were synthesized as well.
The synthesis of MCM-41 was performed using pure chemicals of sodium
metasilicate nanohydrate (Na,Si03-9H,0) and cetyltrimethylammonium bromide
(CTAB) as the silica source and template, respectively. The molar composition of the
gel mixture was 1Si0;: 0.2 CTAB: 120 H20: 0.89 H,SO4. 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 solid was recovered by filtration,
washed with DI water-and dried-in-an oven at 100 °C. Finally, the organic template

was removed by using a muffle furnace in air at-550 °C for 6 h.

Mesoporous SBA-15 was synthesized wusing 'a tri-block copolymer,
EO,0-PO7p-EOy (Pluronic P123, BASF) as the template and sodium silicate solution
(~14% NaOH, ~27% S10;, Aldrich) as the silica source. The molar composition of the
gel mixture was 1S10,:0.01 P123: 286 H,0: 0.7 H,SO4 For a typical synthesis, 2.01
g of P123 (dissolved in 20 g of DL water) was added to 100 g of 6 M H,SO4. After
stirring for 1 h, 8 g of sodium silicate solution (dissolved in 50 g of DI water) was
added to the above solution with continuous stirring for 15 min. The resultant mixture
was aged at 100 °C for 24 h. The obtained solid product was filtered and washed with
DI water, followed by drying in an oven at 60 °C. Finally, the complete removal of

residual surfactants was carried out by using a muffle furnace at 500 °C in air for 6 h.

6.1.3 CO, adsorption measurement

The CO; adsorption 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 cm’/min for 30 min until the weight is not changed,
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suggesting that the evaporation of water on the adsorbents was complete. The mass
change of the adsorbents during CO, adsorption was then measured under isothermal
condition of 60 °C. The inlet CO, concentration was 10% (v/v in N;) which was
obtained from a certified gas cylinder and introduced at a flow rate of 40 cm*/min (25
°C, latm) for 60 min of adsorption time until the weight was not changed to ensure
that the adsorbents were completely saturated. The moisture in the CO, 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 lower than the CO, concentration and

thus the moisture impact on the CO, adsorption is negligible.
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Figure 6.1 Experimental setup for the generation of mesoporous silica spherical
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6.1.4 Results and discussion

Powder XRD patterns of the as-synthesized and washed MSP samples prepared
using sodium silicate precursor from optoelectronic waste powder through aerosol
spray process are shown in Figure 6.3. As can be seen from the results, the
as-synthesized MSP sample prepared without (NH4),SO4 salt shows significant
diffraction peaks at 20 of 22 °, 27° 32° 45° 56°, 66° and 75°. The reflection peak
centered at 22 ° can be assigned to the silica in amorphous phase and the other peaks
are indexed on the NaCl crystallite [143]. Since NaCl exhibits stronger crystallinity
than that of amorphous silica, the NaCl crystallites are expected to show higher
diffraction intensity as depicted in Figure 6.3(a). To elucidate the above findings, the
general theory of silica polymerization must be addressed. In the preparation of silica
precursors, two reactions took place simultaneously, .i.e., condensation and sodium
silicate acidification. The<silica condensation process, which is the formation of a

siloxane linkage between surface silanol groups, can be represented as [144]:

Si(OH), + HO-Si(OH); | — (OH);Si-0=Si(OH)s +H,0 (1)

And the reactionof sodium silicate solution with hydrochloric acid during

acidification process:can be written as:

Na,O * xSi0, + 2HCI' —=> xSi0; | + 2NaCl = H;0 2)

When the sodium silicate precursor is added to~hydrochloric acid solution, fine
crystallites of NaCl are formed‘and embedded in the silica particles during aerosol
spray process. Consequently, the co-existence of amorphous silica and NaCl is

observed in the as-synthesized MSP sample.

On the other hand, as the (NH4),SO4 salt is used in the starting precursors, the
as-synthesized-MSP (AS) sample contains a large amount of crystalline (NH4),SO4as
the main component [145]. Meanwhile, the intensities of reflection peaks assigned to
crystalline NaCl are decreased and become insignificant in the as-synthesized MSP
(AS). This suggests that (NH4),SO4 is present with relatively higher loadings as
compared to that of NaCl in the as-synthesized-MSP (AS) sample. After aqueous
washing procedure, there is only one broad diffraction peak observed in the washed
MSP (AS) material, which is indicative of amorphous silica [105]. This implies that

pure siliceous material can be obtained after the removal of salt template by aqueous
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washing process.

To understand the thermal stability of the washed MSP (AS) material, the TGA
and DTG analyses were carried out and shown in Figure 6.4(a) and Figure 6.4(b),
respectively. One can see from Figure 6.4(a) that the washed MSP (AS) shows an
initial weight loss at <100 °C, which can be ascribed to the evaporation of the
physically adsorbed water on the surface of the material. Besides, it is found from
Figure 6.4(b) that the DTG curve showed two weak peaks from 200 to 900 °C. The
first step (200-600°C) is due to the loss of chemically adsorbed water bonded to
Si-OH through hydrogen bond. From 600 to 900 °C, the weight loss is expected to be
associated with the further condensation of the Si-OH groups from the amorphous
Si0, [107]. It is noticeable that there are no peaks assigned to the decomposition of
(NH4)2SOs, which is typically thermally decomposed around 235-280 °C. This clearly
reveals the absence of (NH4)»SOs salt in the washed MSP (AS) material. This is
consistent with the XRD result which confirms the presence of pure siliceous material

of the washed MSP (AS).
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Figure 6.3 XRD patterns of as-synthesized MSP, as-synthesized MSP (AS) and
washed MSP (AS) samples.
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The N, adsorption-desorption isotherms of the washed MSP and MSP (AS) are
presented in Figure 6.5(a). Both the washed samples show type IV isotherms of
mesoporous material according to the IUPAC classification, featuring a narrow step
due to capillary condensation of N, within the primary mesopores [146]. Furthermore,
the isotherm of the washed MSP (AS) also shows the type H1 hysteresis loop, which
is associated with the uniform pore channels [147]. Figure 6.5(b) displays the BJH
pore size distribution of the washed MSP and MSP (AS) samples, where a significant

pore enlargement is observed for washed MSP (AS) sample.

The effect of the salt templating medium on the physical properties such as BET
specific surface area, total pore volume and BJH pore diameter derived from N,
adsorption-desorption measurements are summarized in Table 6.1. Apparently, the
as-synthesized MSP (AS) exhibits low surface-area and tiny pore voids due to the
occluded salt template. After the removal of salt matrix by aqueous washing, the
specific surface area.and the-tetal.pore volume of the washed MSP (AS) are
drastically enhanced. In addition,-the washed MSP (AS) shows higher surface area
and larger pores as compared to those of the washed MSP, which was prepared
without the addition of (NH4),SO4. These results are quite conclusive in
demonstrating that (NH,4),SO4 salt-can be employed as an effective template to

support the mesostructure.

95



Table 6.1 Elemental analysis of optoelectronic waste powder and silicate supernatant

analyzed by the SEM-EDS and ICP-MS analysis

Element Si F O N Na
* Optoelectronic waste powder (wt%) 28.82 47.82 17.54 5382 -
®Supernatant (ppm) 31420 - - - 69670

NOTE: a: sample analyzed by the SEM-EDS analysis
b: sample analyzed by the ICP-MS analysis

¢: non-detected.

Table 6.2 Structural parameters of the materials

Sample name 3Sger (M) ®dgyn (NM) °V, (cm®/g)
As-synthesized MSP (AS) 26 16.8 0.08
Washed MSP (AS) 585 9.1 1.24
Washed MSP 480 5 0.7
MCM-41 1101 3.0 0.99
SBA-15 745 6.5 1.10
Zeolite NaY 712 - 0.35
TEPA-MSP (AS) 54 8.7 0.22
TEPA-MCM-41 36 - 0.07
TEPA-SBA-15 40 6.0 0.11
TEPA-NaY 2.5 - 0.001

NOTE: “BET surface area; "Pore diameter calculated by BJH theory; “Pore volume
calculated by BJH theory
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The possible pathway of formation of MSP and MSP (AS) materials via aerosol
spray process is illustrated in Figure 6.6. In the present study, sodium silicate solution
extracted from optoelectronic industrial waste powder is firstly acidified with the aid
of hydrochloric acid to form polymeric silica sol. The NaCl crystallites are formed
during sodium silicate acidification and embedded into MSP particles on aerosol
process. As the precursor solution is aerosolized, the rapid evaporation of water
drastically enhanced the silica polymerization and solidification of the salt to act as a
template matrix to support the formation of porous structure. Finally, mesoporous
silica particles with three-dimensional network can be obtained by subsequent

aqueous washing process to completely remove the salt templates.

It is noteworthy that the mesoporous MSP (AS) is fabricated by employing
dual templating mediums of NaCl and (NH4)>,SO4 simultaneously. Since (NH4),SOy4 is
more water soluble than NaCl, higher solubility favors nucleation and formation of
bigger (NH4),SO,4 nucleus in the droplets. Therefore, MSP (AS) material synthesized
using dual salt templates shows larger pore diameter and pore volume than those of

the MSP sample, which is synthesized in the presence of single template of NaCl.
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The morphology of the washed MSP (AS) was revealed by SEM analysis depicted
in Figure 6.7(a). It is observed that the washed MSP (AS) material is in spherical
shape with particle size of ca. 1-1.5 um. SEM image with higher magnification
(Figure 6.7(b)) further reveals that the washed MSP (AS) shows rough surface, which
are assembled from primary nanoparticles with average size of ca. 25 nm. TEM image
in Figure 6.7(c) proves that the washed MSP (AS) particles are porous, appears to
consist of interconnected network. Furthermore, the chemical composition of the
washed MSP (AS) was analyzed by EDX analysis (Figure 6.7(d)), where there are
only Si and O elements observed (Cu peak from the TEM grid). This is in agreement
with the XRD result, which confirms the presence of amorphous silica. Consequently,
it can conclude that silica spherical particles with open mesoporous structure can be
prepared using sodium silicate solution extracted from optoelectronic industrial waste

powder as the silica precursor via salt-templated acrosol route.
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Figure 6.7 SEM images (a) low-magnification, (b) high-magnification of the washed
MSP (AS). (c) TEM image and (d) EDS spectrum of the washed MSP
(AS).
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Figure 6.8 shows the time dependence of CO; uptake in the presence of 10% CO,
at 60 °C for TEPA-functionalized MCM-41, SBA-15, MSP (AS) as well as zeolite
NaY adsorbents. It can be found that the CO, uptake increased rapidly to more than
90% of the maximum uptake within the first five minutes of adsorption before
reaching a constant equilibrium value for all adsorbents. The TEPA-MSP (AS)
exhibits the highest CO, adsorption capacity, which could achieve 127
mg-CO,/g-adsorbent, followed by the TEPA-SBA-15 (117 mg-CO,/g-adsorbent),
TEPA-MCM-41 (112 mg-CO,/g-adsorbent) and TEPA-NaY (96 mg-CO,/g-adsorbent).
It is noteworthy that the adsorption capacity sequence coincides with the order of pore

diameter and total pore volume of the parent silica supports.

The difference in the CO, uptake between TEPA-MSP (AS), TEPA-SBA-15,
TEPA-MCM-41 and TEPA-NaY can be elucidated by their N, adsorption-desorption
isotherms as shown in Figure 6.9(a) and Figure 6.9(b).as well as their pore structure
data listed in Table 6.2. As shown in Figure 6.9(a), the parent MCM-41, SBA-15 and
MSP (AS) all show:type IV isotherms of mesoporous materials, while type I isotherm
of microporous material is observed for raw NaY. After functionalized with TEPA, it
was found from Figure 6.9(b) that both TEPA-MCM-41 and TEPA-NaY adsorbents
exhibit type II isotherm, which is-a typical indication of non-porous material. This
implies that both MCM-41 and NaY supports-were fully filled with 50 wt% of TEPA
reagents. On the other hand, both TEPA-MSP (AS) and TEPA-SBA-15 samples show
sharp capillary condensation steps with well-resolved hysteresis loops, suggesting that
the intrinsic mesostructures of the MSP (AS) and SBA-15 were still partially retained
after TEPA loading.

Because the density of TEPA is about 0.99 cm’/g and the total pore volumes of
parent MSP (AS), SBA-15, MCM-41 and NaY are 1.24 cm’/ g, 1.10 cm’ /g, 0.99 cm’
/g and 0.35 cm’ /g, the maximum TEPA loading expected to load inside the channels
of MSP (AS), SBA-15, MCM-41 and NaY is 56%, 53%, 50% and 26%, respectively.
It is reported that more efficient contact between the CO, gas and the impregnated
TEPA could be achieved when a small space is still left insides the pores of the
mesoporous silica after TEPA loading [23]. As a result, the MCM-41 and NaY had
lower CO, adsorption capacities due to the fact that they had smaller pore volumes,

which may result in more constricted or blocked pores in the adsorbents.
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Furthermore, since both the pores of MSP (AS) and SBA-15 were not completely
filled by TEPA, there are enough accessible spaces in TEPA-MSP (AS) and
TEPA-SBA-15 samples. Therefore, it could be speculated that the pore volume was
not a main parameter which affected the CO, capturing performance. Very recently,
Yan et al. [76] demonstrated that the CO, uptake increased with the increasing pore
size of mesoporous substrates. Thus, the MSP (AS) with larger pore diameter could
facilitate more TEPA into the pore channels more easily, which would lead to higher
CO; adsorption performance than that of SBA-15 with smaller pore diameter.
Therefore, it could be concluded that the large pore diameter and pore volume of MSP

(AS) resulted in the highest CO, adsorption capacity among all adsorbents.

Figure 6.10 depicts the effect of CO, concentration on the adsorption performance
of TEPA-MSP (AS). It is observed that TEPA-MSP (AS) exhibits a high adsorption
capacity at low CO, concentration, and the value achieved using 10% CO, (127
mg-CO,/g-adsorbent) “is- only slightly less <than that for pure CO, (138
mg-CO,/g-adsorbent). This clearly suggests that the TEPA-MSP (AS) adsorbent has a
high selectivity towards CO,. The high adsorption capacity, especially at low CO;
concentration implies that the TEPA-MSP (AS) adsorbent may be useful for practical

applications.
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6.2 Acid-directed synthesis of mesoporous silica spheres from waste-derived silicate
6.2.1 Motivation

In the prior section, it is demonstrated that silica particles with mesoporous
framework can be easily prepared by neutralizing the basic silicate supernatant from
waste powder with hydrochloric acid through aerosol spray process. Herein, three
kinds of inorganic acids including hydrochloric acid, sulfuric acid as well as nitric
acid were employed. The pore structures of the obtained spray-dried silica particles

using different acids were studied.

6.2.2 Synthesis of MSS

The sodium silicate solution was prepared by mixing optoelectronic waste powder
with 6 M NaOH solution at room temperature ‘for 12 h. The obtained silicate
supernatant of 240g was then acidified by adding 11g of hydrochloric acid, 5.5g of
sulfuric acid as well as 8.7g of nitric acid, respectively, with moderate stirring. The
precursor mixture was mixed and nebulized by anultrasonic atomizer and carried by a
high pressure, clean.and dry air flow. The reagent flow was then passed through a
high-temperature tubular reactor with the temperature of 400 °C. The total flow rate in
this study was fixed at 2000 em’/min (25 °C; latm), which corresponded to a
residence time of 4 seconds. After the heating process, the as-synthesized MSP
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 spray-dried samples from the waste silicate supernatant with the
aid of sulfuric acid was denoted as MSS (H,SO,), while the sample from the waste

silicate supernatant with the aid of nitric acid was named as MSS (HNO3).

6.2.3 Results and discussion

Powder XRD patterns of the as-synthesized MSS samples prepared using sodium
silicate precursor from optoelectronic waste powder with different acids through
aerosol spray process are shown in Figure 6.11. It was confirmed that the
as-synthesized MSS(H,SOs) sample contains NaHSO4 as the main component
whereas NaNOs crystallites exists predominately in the as-synthesized MSS(HNOs3)
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sample. Furthermore, spray-dried MSS(HCI) sample also includes crystalline
materials, mainly sodium chlorides [143]. To elucidate the above findings, the general
theory of silica polymerization must be addressed. In the preparation of silica
precursors, two reactions took place simultaneously, i.e., condensation and sodium
silicate acidification. The silica condensation process, which is the formation of a

siloxane linkage between surface silanol groups, can be represented as [ 144]:

Si(OH); + HO-Si(OH); — (OH);Si-O-Si(OH); +H,0 (1)

And the reaction of sodium silicate solution with hydrochloric acid during

acidification process can be written as [148]:

Na,O * xSi0, + 2H,SO;s — xSi0, | # 2NaHSO, + H,0 (2)
Na,O * xSi0; + 2HNO; <=7 xSi0O, | + 2NaNO; +H>0 3)
Na,O « xSi0, + 2HCl — xSiO, | +2NaCl + H,O 4)

When the sodiumsilicate precursor is added to different acid solutions, fine
crystalline materials-of NaHSO,, NaNOs and NaCl are formed and embedded in the
silica particles during aerosol spray process. Consequently, the co-existence of
amorphous silica and sodium salt crystallites are-observed in the as-synthesized MSS
samples. After aqueous washing procedure, there is only one broad diffraction peak
observed for all washed MSS materials, which is‘indicative of amorphous silica [105].
This implies that pure siliceous material can be obtained after the removal of salt

template by aqueous washing process.

Figure 6.12 shows the N, adsorption-desorption isotherms for the washed MSS
samples. All samples exhibit typical type IV isotherms with a well-defined capillary
step, which are indicative of mesoporous materials. The MSS(HCI) sample shows the
H3-type hysteresis loop attributed the interconnected mesoporous system with slit-like
shapes [146]. In contract, the MSS(HNO3) and MSS(H,SO4) show significant higher
adsorption capacity. It is interesting to see that the sorption isotherms for the
MSS(HNO;) and MSS(H,SO4) samples have Hl-like hysteresis loop, which are
remarkable different from the MSS(HCI) sample. Besides, the hysteresis loop of

MSS(H2S0O4) tends to shift toward higher values of relative pressure as compared to
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other samples, which implies that MSS(H,SO,) exhibits larger pore diameter. This
result is further confirmed by the BJH pore size distribution shown in Figure 6.13. It
is clear to see that the sequence of pore diameter is in the order of MSS(H,SO4)>
MSS (HNO;)> MSS (HCI). The physical properties such as BET specific surface area,
total pore volume and BJH pore diameter of the spray-dried samples derived from N,
adsorption-desorption measurements are summarized in Table 6.4. Apparently, the
washed MSS(HNO3) shows the highest surface area whereas the washed MSS(H,SO4)
sample exhibits the largest mesopores. These results are quite conclusive in
demonstrating that the difference in the features of the pore geometry seems to be

correlated to different occluded salt templates.

SEM images of the spray-dried MSS samples, as depicted in Figure 6.14, show
that there are spherical particles observed for the: MSS(H,SO4) and MSS(HNOs)
samples. It is noted that the MSS(HCI) mainly consists of single crystal with hollow
and fractured structures. TEM image in Figure 6.14 proves that the washed
MSS(H,SO4) and ‘MSS(HNOs)-—particles ‘are porous, appears to consist of
interconnected network. In contrast, the internal void insides MSS(HCI) seems to be

strongly associated.-with NaCl crystals.

When the precursor solution is nebulized and heated, water would evaporate and
result in an increased concentration of salt. “As"this process continues, salt would
precipitate out of the droplet at the air interface, forming a crust. Therefore, it is
expected that the nature of the embedded salts would strongly affect the structural
properties of the spray-dried ‘materials. In the present investigation, the main
crystallites embedded in MSS(HCI) sample are NaCl, which has a high melting point
of 800°C. The melting point of the NaNO; and NaHSO, is 308°C and 315°C,
respectively. Since the melting points of NaNO; and NaHSO4 were lower than the
furnace temperature (400°C). When water evaporation occurs at temperatures near the
melting point of the salts, the salt mixture becomes molten and serves as a solvent,
diffusing back into the core in response to the concentration gradient. Thus, larger

porous SiO; particles are produced as the product.

In contrary, the MSS(HCI) shows the crystal-like pore networks. This is probably
due to that the preformed NaCl crystallites embedded in the MSS(HCI) samples.
Since NaCl crystallites with melting point of 800°C are thermally stable in the

spray-drying process, they could be easily solidified as the occluded templates. When
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the salt templates were subsequently washed by aqueous process, the obtained
MSS(HCI) shows the crystal-like pore networks. In addition, the formation of
fractured particles with hollow structures in MSS(HCI) sample might be ascribed to
the relatively lower slurry concentration of the starting precursors. Generally, hollow
structure was formed at low slurry concentration because the time required to
homogenize the droplet is longer than the solvent evaporation time during the
quick-drying process of the droplets [134]. As the water evaporates rapidly, the solid
shell formed in the beginning where the concentration is the highest and the internal
pressure increases because the moisture cannot be released immediately, which would

lead to the formation of fractured and hollow particles.

Figure 6.15 shows the time dependence of CO, uptake in the presence of 10%
CO; at 60 °C for TEPA-functionalized MCM-41, SBA-15, MSS(H,SO.), MSS(HNO3)
as well as MSS(HCI1) adsorbents. It can be found. that the CO, uptake increased
rapidly to more than 90% of the maximum uptake within the first five minutes of
adsorption before reaching a constant ‘equilibrium  value for all adsorbents. The
TEPA-MSS(H,SO4)exhibits the highest CO, adsorption capacity, which could
achieve 125 mg-CO,/g-adsorbent, followed by the TEPA-MSS(HNO;) (122
mg-CO,/g-adsorbent), TEPA-SBA-15 (117 mg-CO,/g-adsorbent), TEPA-MCM-41
(113 mg-CO,/g-adsorbent) and TEPA-MSS(HCI) (107 mg-CO,/g-adsorbent). The
sequence of the adsorption capacities of these sorbents is.in agreement with the order
of the pore volume and pore diameter of the supports: This observation is in line with
the previous discussion in which pore velume of the support was found to play a vital

role determining the adsorption performance.
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Figure 6.11 XRD patterns of the as-synthesized MSS samples.
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Figure 6.12 N, adsorption-desorption isotherms of the washed MSS samples.
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(H2S04), (e) MSS (HNOs) and (f) MSS (HCI) samples
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Table 6.3 Structural parameters of mesoporous and microporous adsorbents

Sample name aSSET pr v
(m’/g) (nm) (cm’/g)

Optoelectronic waste powder 30 - 0.07
MSS(H2S04) 419 10.2 1.21

MSS(HNO3) 776 4.9 1.17
MSS(HCI) 435 5.8 0.8

MCM-41 1101 3.0 0.99

SBA-15 745 6.5 1.10

NOTE: “BET surface area; "Pore-diameter calculated by BJH theory; “Pore volume

calculated by BJH theory
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CHAPTER VII COMPARISON OF WASTE-BASED ADSORBENTS
FOR THEIR CO, CAPTURE PERFORMANCE

Figure 7.1 to Figure 7.3 display the correlation coefficients (R”) between the CO,
adsorption capacities and the structural properties of the waste-derived mesoporous
silica materials. It can be clear to observe that pore volume of the supports plays a
vital role in the performance of CO, adsorption with the strongest linear correlation
(R*>0.9). The tests were performed for all materials of MCM-41(NaSi),
MCM-41(AF), MCM-41(DU), MCM-41(DU)-F, SBA-15, MSP(AS), MSS(HNO3),
MSS(H,S04) as well as MSS(HCI). It is possible that more efficient contact between
the CO; gas and the impregnated TEPA could be achieved when a small space is still
left insides the pores of the mesoporous silica after TEPA loading, leading to higher
adsorption performance.. The present study clearly demonstrates the relationships
between the CO, adserption performances and the mesoporous materials of either the
same mesoporous substrate with-different surface area, pore size as well as pore
volume as supports or various substrates with different textural properties. This could
be expected to provide better understandings insides the relationship between the CO,

adsorption performances and the textural properties of supported substrates.

Table 7.1 lists the summary on the comparison of TEPA-related materials used for
CO; adsorption in terms of their starting precursors, manufacture process as well as
CO, adsorption performance:. It. is~observed that under the same conditions,
TEPA-MSS(HNOs) adsorbent has an excellent adsorption performance at low CO,
concentration with the lowest manufacturing costs as compared to other adsorbents.
To date, research works on the preparation of mesoporous silica materials including
MCM-41, SBA-15, KIT-6, HMS and silica monolith, etc are generally manufactured
via conventional hydrothermal process, which require long and tedious batch process
time of several days. A subsequent thermal process is also required to remove the
organic surfactants from the silica/surfactant hybrids, which would further increase
the manufacturing costs and energy penalty. Furthermore, it has been reported that
conventional MCM-41 and SBA-15 materials with rod- or flake-shaped particles tend
to have low bulk density, which would lead to higher pressure drop for obtaining the
same mass adsorption capacity of adsorbent [110]. The use of spherical silica spheres

either MSP(AS) or MSS materials with higher volume-based adsorption capacity as
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supports of adsorbents can significantly reduce the adsorber volume of CO,, and this

has been another important issue that needs to be considered for field application.

Taking into account the potential scale involved in the production of porous silica
for CO, capture, the manufacture of these materials using waste materials through an
easy method would seem highly desirable. In this work, the recycled MSS(HNOs)
material shows several important advantages as compared to other materials in terms
of cost, availability, low energy-consumed synthetic process and superior CO,
adsorption capacity (122 mg/g-adsorbent). It can not only reduce the CO, greenhouse
gas emission but also produce less waste after CO, adsorption since the adsorbent
itself was made from the waste material. Therefore, this process will offer novel
solutions not only to waste management problems but also to environmental problems
since the recycled materials canibe employed as useful adsorbent for environmental
protection applications. It could also be employed for further extensible to other kinds

of Si-related industrial wastes such as rice husk ash as a waste reduction strategy.
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Table 7.1 TEPA-related adsorbents for CO; capture in this work.

*Sper (M/g)
Synthesis ' b Capacity dManufacturing
Support Precursor Process time dpyu (nm) ‘
Process (mg/g) cost index
“V, (cm’/g)
Sodium silicate + 36.h process + 1102
MCM-41(NaSi) Batch process ®3.1 115 1.00
CTAB 6'h calcination 10
24hextraction + 36 h a
Waste powder + 1082
MCM-41(AF) Batch process process + 6 h °3.0 114 0.97
CTAB calcination °0.99
778
MCM-41(DU)-F Batch process ” 4.5 121 0.72
CTAB calcination 1
Sodium silicate + 24 h process + "745
SBA-15 Batch process 5.5 117 0.41
P123 6 h calcination ‘110
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aSBET (mz/ g)

Synthesis ' b Capacity Manufacturing
Support Precursor Process time dyi (nm) '
Process (mg/g) cost index
“V, (cm’/g)
‘716
Waste powder + 1.5 h-process*+ 6 h .
MS(0.0023) Batch process N\ 14.2 - 0.28
F127 calcination .
1.75
585
Waste powder + Continuous 12 hrextraction +4 s .
MSP(AS) ‘ 9.1 127 0.3
(NH4),SOy4 process process + washing 1 24
\ y 776
Continuous 12 h extraction +4's b
MSS(HNO3) Waste powder ‘ 5.0 122 0.02
process process + washing 121

NOTE: “BET surface area; "Pore diameter calculated by BJH theory; "Pore volume calculated by BJH theory; "Manufacturing cost index: 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. The treatment and disposal costs of the optoelectronic waste powder were not included, which should further

reduce the manufacture costs of the mesoporous materials when using the waste powder as the precursor.
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CHAPTER VIII CONCLUSIONS AND RECOMMENDATION

8.1 Conclusions

This study successfully explored the feasibility of utilization of optoelectronic
industrial waste powder as the sustainable resource for the production of silica-based
sorbents as supports of adsorbents for the removal of CO,. Recycling of solid wastes
from optoelectronic industry, which can improve cost effectiveness for the mass
production of valuable mesoporous silica materials from cheap and abundant
resources through convenient processes, is truly beneficial from the viewpoint of

economical use of optoelectronic industrial waste powder.
The conclusions of this study are given below:

1. Optoelectronic industrial waste powder is mainly composed of 85% of (NH4),SiFe
and 15% of SiO; from the results of TGA, FTIR and SEM-EDS analyses and the
total Si mass fraction (from (NHz),SiFs and Si05) detected by ICP-MS analysis is
22.4%. Alkali extraction process was confirmed to effectively separate silicate
supernatant and the sediment. The obtained sediment contains purified NaF (>90%),
which provides further reuse possibility since"NaF is widely applied in chemical
industry. The waste supernatant is a wvaluable silicate source for synthesizing

silica-based materials.

2. Optoelectronic industrial waste powder can be directly converted into mesoporous
MCM-41 (DU)-F materials with hexagonal pore arrangement in the presence of
hydrofluoric acid, CTAB and ammonium hydroxide at ambient temperature.
Through similar pathway, silica materials with either cage-like or cellular foam-like
mesophase can be prepared from the waste powder with the aid of triblock
copolymer F127. Moreover, the structural properties of the recycled silica materials
can be facilely controlled by altering the ngj27/nsi and ngp/ng; ratios of the starting

precursors.

3. Fast synthesis of ordered spherical mesoporous silica materials with hexagonal pore
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arrangement using the inorganic silica source of sodium metasilicate (Na,SiO; -

9H,0) via aerosol spray of evaporation induced self assembly method is
demonstrated in the present study. Furthermore, it has been conducted the
spray-dried mesoporous silica particles can be rapidly fabricated by using
TFT-LCD waste powder derived silicate supernatant as the precursor. The addition
of inorganic salts of (NH4),SO4 could further enlarge the mesopores of the

materials.

. The waste derived mesoporous silica materials including MCM-41(NaSi),

MCM-41(AF), MCM-41(DU), MCM-41(DU)-F, SBA-15, MSP(AS), MSS(HNO3),
MSS(H,S04) as well as MSS(HCI) were functionalized with amines and evaluated
as CO; sorbents. It was demonstrated. that pore volume of the supports plays a vital
role in the performance of ‘CO, adsorption with the strongest linear correlation

(R>>0.90).

. Considering the.potential of mass production of mesoporous:silica supports for

field application, the MSS material fabricated from waste products shows several
important advantages in terms of low-cost synthetic process, fast production rate
and high CO, adsorption capacity. It could be considered as a potential and

competitive adsorbent for the €O, capture from flue gas.

8.2 Recommendation for future work

1.

In the present study, although the fast synthesis of spherical mesoporous silica
materials using the waste silicate supernatant via salt-templated aerosol spray
method has been suggested, further works might be still necessary since the salt
templates occluded insides the spray-dried particles significantly determine the
pore geometry of the obtained materials. Therefore, the effects of the pH value of
the starting precursors and the drying temperatures on the obtained mesoporous

silica materials need to be addressed.
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2. It would be interesting to utilize the recycled mesoporous silica materials such as
MS and MSS materials which possess high specific surface area, large pore
diameter and large pore volume, along with three-dimensional interconnected pore
structure as the catalyst support. They might offer more accessible internal volume

for better mass transfer for large molecules.
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