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ABSTRACT

This study explored the possibility of recovering waste powder from photonic industry into two useful
resources, sodium fluoride (NaF) and the silica precursor solution. An alkali fusion process was utilized
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 supernatant is a valuable silicate source for synthesizing mesoporous silica material such as MCM-
41. The MCM-41 produced from the photonic waste powder (PWP), namely MCM-41(PWP), possessed
high specific surface areas (1082 m?/g), narrow pore size distributions (2.95 nm) and large pore volumes
(0.99 cm?/g). The amine-modified MCM-41(PWP) was further applied as an adsorbent for the capture of
CO, greenhouse gas. Breakthrough experiments demonstrated that the tetraethylenepentamine (TEPA)
functionalized MCM-41(PWP) exhibited an adsorption capacity (82 mg CO,/g adsorbent) of only slightly
less than that of the TEPA/MCM-41 manufactured from pure chemical (97 mg CO,/g adsorbent), and its
capacity is higher than that of TEPA/ZSM-5 zeolite (43 mg CO,/g adsorbent). The results revealed both
the high potential of resource recovery from the photonic solid waste and the cost-effective application

of waste-derived mesoporous adsorbent for environmental protection.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since the evolution of computer science and information tech-
nology, demands on large scale silicon integrated circuit processes
increase rapidly during recent years. 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 thin film transistor-liquid crystal display (TFT-LCD) and
semiconductor plants. In a typical CVD process, gaseous reagents of
silane (SiH4) and ammonia (NH3 ) 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 trifluo-
ride (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 landfill
disposal are needed.

Waste recovery is an effective strategy to avoid the fast drain of
natural resources. This has been especially important on using the
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natural resources for the capture of abundant CO, greenhouse gas.
For example, silica materials have been tested [1] for their potential
as adsorbents on capturing CO,. However, such silica adsorbents
were mainly made from pure chemical sources, which have been
in shortage due to large demands of silicon in semiconductor, pho-
tonic and solar cell industries, etc.

The periodic mesoporous silica materials received tremendous
attention since the first discovery by Mobil oil researchers [2]. These
mesoporous silica materials with high surface area (>1000 m?2/g),
narrow pore distribution and well-defined pore structures are
useful in the application fields of catalysis and adsorption [3,4].
Generally, such materials can be synthesized using various sources
of silica, including expensive organic precursors such as silicon
alkoxides [5] and cost-effective reagents like colloidal silica and
sodium silicate [6]. The use of cheaper silica source instead of
expensive silica precursor in the synthesis process would be a great
contribution to industrial applications, especially for the environ-
mental protection applications which require massive quantity of
adsorbents or catalysts.

Recently, several research studies have attempted to reuse
solid wastes for manufacturing mesoporous silica materials. This
includes coal fly ash [7] and rice husk ash [8] which are by-
products of the coal-fired power plant and agricultural activities,
respectively. Chang et al. [9] firstly synthesized mesoporous alu-
minosiliicate using fly ash as the precursor. The results confirmed
the presence of hexagonal pore arrangement with a high surface
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area of 735m?/g. Besides, Hui and Chao [7] reported the effects
of synthesis parameters on the mesostructure of Si-MCM-41 with
the supernatant of the coal fly ash as the precursor solution. They
demonstrated the effect of initial pH value on the incorporation
amounts of Ti, Al and Fe species during the synthesis.

Unlike the coal fly ash or rice husk ash which contains lots
of complicated metal oxides [10,11], the primary components of
photonic 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. To the authors’ knowl-
edge, the identification of the waste powder from CVD processes of
either semiconductor or photonic industry as well as the possibility
of waste powder recovery for further environmental applications
have not been reported yet.

In the present investigation, attempts have been made to eval-
uate the chemical composition of the photonic waste powder as
well as to recover the supernatant and the sediment into valu-
able resources. The supernatant is used as the silica source for the
synthesis of MCM-41. The chemical composition, pore structure,
morphology as well as CO, adsorption performance of the obtained
MCM-41 from the photonic waste powder are presented and com-
pared with those of the MCM-41 obtained from pure chemical. In
order to understand the industrial applicability, the performance of
these two mesoporous materials are also compared to that of the
commercial ZSM-5 zeolite adsorbent for adsorbing CO, greenhouse
gas.

2. Experimental
2.1. Waste powder characterization and extraction

The photonic waste powder was obtained from a TFT-LCD plant
and characterized without any pretreatment. The elemental anal-
ysis of the waste powder was determined by energy-dispersive
X-ray spectroscopy in a scanning electron microscope (SEM-
EDS, HITACHI-S4700). The functional groups of the waste powder
were characterized by the FTIR instrument (Bruker Vector 22 IR).
Powder low angle X-ray diffraction pattern of the waste pow-
der was recorded by Rigaku X-ray diffractometer equipped with
nickel-filtered CuKo (A=1.5405A) radiation. The diffractogram
was recorded in the 26 range of 5-80° with a scanning speed of
2¢ per minute. The specific surface area, pore volume and average
pore diameter (BJH method) of the sample were measured by N,
adsorption-desorption isotherms at —196 °C using a BET surface
area analyzer (Micromeritics, ASAP 2000). The thermal behavior
of the waste powder was determined in the temperature range
of 25-900°C using a thermo-gravimetric analyzer (TGA, Netzsch
TG209 F1, Germany).

The extraction of silica was carried out through an alkali fusion
treatment [9]. In a typical process, the waste powder and NaOH
powder were thoroughly mixed at a weight ratio of 1:1.2 and fused
at550°Cfor 1 h. Thereceived 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 Cou-
pled Plasma-Mass Spectrometer) and utilized for the synthesis of
MCM-41.

2.2. Synthesis and characterization of the mesoporous silica
MCM-41

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. Cetyltrimethyl-

ammonium bromide (CTAB) was employed as the structure-
directing template in the synthesis. For the photonic waste derived
MCM-41, the molar composition of the gel mixture was 1 Si0,:0.2
CTAB:0.89 H,S04:120 H,O0, where the SiO, precursor source
was obtained from the supernatant of photonic waste powder
extraction process described in Section 2.1. In a typical synthesis
procedure, 50 ml of supernatant was firstly stirred vigorously for
30 min. Then, the pH of the solution was adjusted to 10.5 using 2 M
H, S04 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 organic template was removed via a muffle fur-
nace in air at 550 °C for 6 h. The MCM-41 material synthesized from
photonic waste powder (PWP) was named as MCM-41(PWP).

For comparison purpose, the synthesis of MCM-41 using pure
sodium metasilicate nanohydrate (Na;SiO3-9H,0) was also per-
formed following similar procedure described previously for the
synthesis of MCM-41(PWP). The detailed procedure was described
in Karthik et al. [12]. The molar composition of the gel mixture
was 1 Si0,:0.2 CTAB:120 H,0:0.89 H,SO4. The MCM-41 material
derived from pure chemical of Na,Si03-9H, 0 was denoted as MCM-
41(NaSi).

The calcined MCM-41 materials were characterized by BET
surface area analyzer, XRD analysis and the EDS instrument as
described previously for the characterization of photonic waste
powders. In addition, TEM images of the calcined MCM-41 materi-
als were obtained with a TEM instrument (JEOLJEM 1210) operated
at 120keV and the samples (5-10mg) were ultrasonicated in
ethanol and dispersed on carbon film supported on copper grids
(200 mesh).

2.3. TEPA-impregnated MCM-41 for CO, capture

In order to enhance the adsorption performance for the capture
of CO,, all adsorbents (MCM-41(PWP), MCM-41(NaSi) and ZSM5
zeolite) were modified with the amine agent of tetraethylenepen-
tamine (TEPA) at a weight ratio of 1:1 by the wet impregnation
method described in Lu et al. [13]. To obtain the adsorption
capacity and breakthrough curve of the adsorbents, CO, adsorp-
tion experiment was carried out in a packed column with an
internal diameter of 0.75 cm. The adsorption column was packed
with 1.0g of adsorbents (packing height=~5cm) and placed in
a temperature-controlled oven. In a typical process, adsorbents
were pretreated under a N, flow of 0.2 L/min at 110°C for 1 h, and
then cooled to 25 °C. Subsequently, the gas flow was switched to
20% (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 (g, mg/g) at a certain time (t, time) was
estimated as

1 t
Q=E/0 Q x (Cip — Cegr)dt (1)

where mis the weight of adsorbent (g), Qis the gas flow rate (L/min),
and G, and Cgr are the influent and effluent CO, concentrations
(mg/L), respectively, which are expressed in terms of percent in vol-
ume (%). The adsorption capacity of zero gas (N, only) was deducted
from the adsorption capacities of adsorbents.
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Fig. 1. (a) EDS spectrum and (b) FTIR spectrum of the photonic waste powder.

3. Results and discussion
3.1. Characterization of the photonic waste powder (PWP)

The results of EDS and FTIR analyses for the photonic waste
powder are shown in Fig. 1, and the weight percentages of each
element in the photonic waste powder are listed in Table 1. As
can be seen from Fig. 1a, the four observed elements of Si, O,
N and F in the photonic waste powder were expected since the
solid waste was derived from the CVD process in which the three
gaseous reactants were SiHg, NF3 and NHs. Furthermore, the FTIR
spectrum of photonic waste powder shown in Fig. 1b exhibited sig-
nificant absorption bands at 3336, 3139, 1400, 1080, 960, 742 and
482 cm~!. The bands at 3336 and 3139cm™! are related to N-H
stretching, while 742 and 482 cm~! can be assigned to SiFg2~ [14].
Besides, the bands at 1400, 1080 and 960cm~! can be assigned
to the NH4* [14], Si-0-Si and Si-OH stretching vibrations, respec-
tively [15]. Considering the above results, the primary components
in photonic waste powder could be the admixture of (NH4),SiFg
and SiO,.

The XRD analysis was then carried out to further identify the
crystalline components in the photonic waste powder with the
result depicted in Fig. 2. Strong (NHy4 ), SiFg diffraction peaks were
identified [16]. 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 (NHg),SiFg
lattice. However the precise weight percentages of (NH,4),SiFg and
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Fig. 2. XRD pattern of the photonic waste powder.
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Fig. 3. (a) TGA analysis and (b) DTG profile of the photonic waste powder.

SiO; could not be obtained from Table 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 photonic waste
powder.

The weight percentages of (NH4),SiFg and SiO, presented in
the photonic waste powder were determined using TGA weight
loss and differential thermo-gravimetric (DTG) analyses. It can
be seen from Fig. 3a that the photonic 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 sur-
face of the materials. As the temperature exceeded 150°C, there
was a significant weight loss for the photonic waste powder at
around 237°C as clearly observed from Fig. 3b. Mel'nichenko
et al. [17] investigated the mechanism of the solid-phase reac-
tion between (NHy4);SiFg and SiO,, and proposed that (NHy4),SiFg
could be thermally decomposed between 220 and 300°C in the
presence of SiO,. Generally, the following chemical reactions are
expected to take place when (NHy4),SiFg was heated up to 900°C
[16]:

(NHy),SiFs 25 SiFy() + 2NH,Fg 2)
850°C
NH4F5 25 NH,Fg) 3)

Considering the above reactions, (NHg4),SiFs would be com-
pletely decomposed during the thermal treatment up to 900°C.
However, it is noted that there was still 15wt.% of residues
remained after heating up the photonic waste powder to 900°C.
This is probably due to the presence of SiO, since it is thermally
stable up to 900°C. The total Si weight fraction (from (NHg),SiFg
and SiO,) of 20.4% calculated by the TGA/DTG result was very close
to the Si mass fraction of 22.4% detected by the ICP-MS result shown
in Table 1. Therefore, the primary components in photonic waste
powder were determined to be around 85% of (NH4),SiFg and 15%
of SiO, from the results of TGA, FTIR and SEM-EDS analysis.

3.2. Characterization of sediment and supernatant liquid after
extraction

Fig. 4 shows the EDS spectrum of the sediment and its corre-
sponding XRD pattern. It can be found from Fig. 4a 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 1. The residual SiO, could be due to insufficient
NaOH amounts applied in the extraction process. The major com-
ponent of NaF presented in the sediment was also demonstrated by
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Table 1
Elemental analysis of photonic waste powder and sediment analyzed by the SEM-EDS and ICP-MS analyses.
Element Si F 0] N Na
Photonic waste powder (wt.%)? 28.82 47.82 17.54 5.82 -
Sediment (wt.%)2 5.22 3334 2.99 < 58.45
Photonic waste powder (wt.%)P 22.35 - - - -
Supernatant (ppm)® 13,080 - - - 33,180
2 Sample analyzed by the SEM-EDS analysis.
b Sample analyzed by the ICP-MS analysis.
¢ Not detected.
14001 W () - only a little amount of SiO,. From 600 to 900 °C, the weight loss
1300 o) is expected to be associated with the further condensation of the
1200 o0 ® NaF Si—OH groups from the amorphous SiO, [20].
& . morphous silica :
1100 CAmorpk As a result, one can conclude that F was effectively captured by
1000 T 100 NaOH and the sodium fluoride (NaF) sediments were formed after
= . . . . .
900 E the extraction process. The NaF purity was quite high (>90%) in
o 800 PR . the sediment as observed from the TGA/DTG data, which provides
= F = s . . .
§7°0 g further possibility for reuse. Sodium fluoride is one of the well-
©600 E w0 known chemical compounds which are widely utilized in industries
500 as the source of fluoride ion in diverse applications. In other words,
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Fig.4. (a) EDS spectrum and (b) XRD pattern of the sediment after silica extraction.

Fig. 4b. The five sharp diffraction peaks located at 34, 39, 56, 67 and
70.5° were in agreement with the NaF standard XRD peaks [18,19].
Besides, there was a broad peak centering at 22° as observed from
Fig. 4b, which can be ascribed to the amorphous SiO, [20]. 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 inves-
tigated using TGA and DTG analyses. It can be seen from Fig. 5a that
there was only around 5% weight loss for the sediment during the
thermal treatment up to 900 °C. The DTG curve showed three dis-
tinguished peaks from room temperature to 900°C (Fig. 5b). 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 [21] since the sediment contained
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Fig. 5. (a) TGA analysis and (b) DTG profile of the sediment.

Table 1 shows that the concentrations of Si and Na ions were 13,080
and 33,180 ppm, respectively. The concentration ratio between Na
and Si is 2.54 in this study. It is lower than the Na/Si ratio of sil-
ica supernatant recovered from fly ash [9] in which the Si and
Na concentrations were 572 and 12,000 ppm, respectively. Chang
et al. [9] 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 m2/g.
In comparison, the silica supernatant obtained from the photonic
waste powder could be a better source for producing high quality
waste-derived MCM-41.

3.3. Characterization of MCM-41(PWP)

Fig. 6a shows the EDS spectrum of the MCM-41 sample syn-
thesized from the photonic 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. Fig. 6b illustrates the
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Fig.6. (a) EDS spectrum of MCM-41(PWP) sample and (b) XRD patterns of the MCM-
41(PWP) and MCM-41(NaSi) samples.
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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 26 of 2.3-2.6° and three
reflections of (110), (200) and (210) at 4.2, 4.7 and 6.2°, respec-
tively, which could be indexed on a hexagonal lattice of mesoporous
silica materials [6,12,22]. Similar observation was also seen for
the MCM-41(PWP) sample, thus indicating that highly ordered
mesostructure was obtained using the supernatant extracted from
photonic waste powder as the silica source.

The N, adsorption-desorption isotherms of photonic waste
powder, MCM-41(NaSi) and MCM-41(PWP) are shown in Fig. 7.
It is clear that photonic waste powder exhibited a typical type
Il isotherm of non-porous materials according to the IUPAC
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 capil-
lary condensation of N, within the primary mesopores [5,23]. The
isotherms of the MCM-41(NaSi) and MCM-41(PWP) also showed
the type H1 hysteresis loop associated with well-arranged cylin-
drical channels with uniform shape and pore size [24]. However,
the less steep condensation step for MCM-41(PWP) sample indi-
cates a lesser degree of uniform mesostructure as compared to that
of MCM-41(NaSi) sample. This was expected since the silica pre-
cursor of MCM-41(PWP) could not be in such a high purity as the
pure chemical of Na,SiO3 for producing MCM-41(NaSi).

Fig. 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).

The physicochemical properties of BET specific surface area, spe-
cific pore volume and average pore diameter derived from the N,
adsorption-desorption measurements are summarized in Table 2.
To check the stability of using the photonic waste powder for
preparing the MCM-41(PWP), duplicate experiments were per-
formed 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 struc-
ture. 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 m2/g), narrow pore size
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Fig. 8. BJH pore diameter distributions of calcined MCM-41(NaSi) and MCM-
41(PWP) samples.

distribution (2.95nm) and large pore volume (0.99 cm3/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 [9]. 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 was further revealed by TEM images shown in
Fig. 9a and b, respectively. The TEM image of MCM-41(PWP) mate-
rial (Fig. 9b) clearly shows a well ordered long range hexagonal
array of mesopores similar to that of the MCM-41(NaSi) mate-
rial (Fig. 9a), and these long range crystallographic features are
consistent with the results of XRD and BET analyses. The pore
diameter observed in Fig. 9b was ca. 3.2nm 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.

3.4. Application as adsorbents for CO, capture

Results of the CO, adsorption capacities for both raw adsor-
bents and those modified with TEPA are listed in Table 2. For raw
adsorbents, the pore size of ZSM-5 zeolite, 0.44 nm, is very simi-
lar to the molecular diameter of CO,, 0.35 nm. Thus it can serve as
a molecular sieve and has a much higher CO, adsorption capacity
of 40 mg/g than the mesoporous adsorbents of MCM-41. However,
when coated with TEPA, the small pore opening of ZSM-5 zeolite
limited the access of TEPA molecules. Thus the excessive amount
of TEPA reagents coated on the external surface would result in
the blockage of the pore opening and the CO, capture could not
be enhanced. Besides, TEPA-modified ZSM-5 zeolite had a gel-like
morphology [25] and its surface area could not be measured. On the
contrary, the TEPA-modified mesoporous silica materials, MCM-
41(NaSi) and MCM-41(PWP), have larger pore sizes which would
allow the loading of more TEPA molecules into the pore chan-
nels resulting in higher CO, capture capacities of 97 and 82 mg/g,
respectively.

Fig. 10 displays the breakthrough curves of CO, over TEPA-
modified adsorbents at 25°C via the packed column reactor.
Initially all adsorbents could have adsorption efficiencies of
near 100%, but the breakthrough time of the TEPA/ZSM-5
zeolite adsorbent was the shortest, followed by the TEPA/MCM-
41(PWP) and then the TEPA/MCM-41(NaSi). The slight difference
in the CO, adsorption capacities between the TEPA/MCM-
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Table 2

Physical properties and CO, adsorption capacities of photonic waste powder and mesoporous adsorbents.
Sample name Sper? (m2/g) Dp" (nm) Vp (cm3/g) Adsorption capacity

(mg CO, /g adsorbent)

Photonic waste powder 30 - 0.07 -
MCM-41(NaSi) 1102 3.0 1.13 4
MCM-41(PWP) 1082 +13 2.95+0.05 0.99+0.02 2
ZSM-5 361 0.444 0.12¢ 40
TEPA/MCM-41(NaSi) 153 4.1 0.17 97
TEPA/MCM-41(PWP) 18 -f 0.12 82
TEPA/ZSM-5 - - - 43

3 BET surface area.

b Pore diameter calculated by BJH theory.

¢ Pore volume calculated by BJH theory.

d Mean pore width calculated by Horvath-Kawazoe model.
¢ Pore volume calculated by t-plot method.

f Not detected.

41(NaSi) and TEPA/MCM-41(PWP) can be described by their N, 1.0
adsorption-desorption isotherms as shown in Fig. 11 and their
pore structure data listed in Table 2. Apparently, TEPA/MCM-
41(NaSi) exhibited a better resolved capillary condensation step 0.8
than that of TEPA/MCM-41(PWP). Thus the TEPA/MCM-41(NaSi)
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C./C,

—8— TEPA/MCM-41(NaSi)
—A— TEPA/MCM-41(PWP)
—m— TEPA/ZSM-5
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Fig. 10. CO, breakthrough curves for TEPA loaded adsorbents of MCM-41(NaSi),
MCM-41(PWP) and ZSM-5 zeolite.

still maintained better a meso-structure as compared to that of
TEPA/MCM-41(PWP). The density of TEPA is about 0.99 cm3/g
and the pore volumes of MCM-41(NaSi) and MCM-41(PWP) are
1.13 cm3/g and 0.99 cm3/g, respectively. Thus the maximum TEPA
loading inside the pore channels was calculated to be 53% and 50%,

120

1004 —&— Adsorption
—O— Desorption

80 1

60 1

40

20

Amount of N, adsorbed (¢cm?3 / g, STP)

00 01 02 03 04 05 06 07 08 09 1.0 1.1
Relative pressure (p/p,)

O rluk

Fig. 9. TEM images of (a) MCM-41(NaSi) and (b) MCM-41(PWP). The scale bar in Fig. 11. N, adsorption-desorption isotherms of the TEPA/MCM-41(NaSi) and
the TEM images is 50 nm. TEPA/MCM-41(PWP).
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Fig. 12. FTIR spectra of (a) calcined MCM-41(PWP), (b) fresh TEPA/MCM-41(PWP),
and (c) TEPA/MCM-41(PWP) after CO, adsorption.

respectively, for the MCM-41(NaSi) and MCM-41(PWP). As a result,
the MCM-41(NaSi) had a higher CO, adsorption capacity due to
the fact that it had a higher pore volume to accommodate TEPA
molecules inside the pores. And as seen in Table 2, after loaded with
TEPA, the BET surface area of the TEPA/MCM-41(NaSi)is higher than
that of the TEPA/MCM-41(PWP).

The CO, adsorption mechanism could be described by the func-
tional groups on the adsorbent surfaces as observed in the FTIR
spectra shown in Fig. 12 for the MCM-41(PWP) (Fig. 12a) and fresh
TEPA/MCM-41(PWP) (Fig. 12b). One can see that MCM-41(PWP)
showed significant bands at 1637 and 1080cm~! correspond-
ing to H-O-H band and Si-O-Si asymmetric stretching vibration,
respectively. On the other hand, the FTIR spectrum of fresh
TEPA/MCM-41(PWP) exhibited significant bands at 2933, 2814,
1630, 1563,1470and 1080 cm~" The bands at 2933 and 2814 cm™!
are related to C-H, stretching from CH,CH,CH;-NH; (RNH;),
while 1563 and 1470 cm~! can be assigned to N-H, vibration in the
primary amine group (RNH; ) [6]. And the band at 1630 cm~! can be
assigned to the NH3* deformation of the protonated primary amine
group or secondary amine group (-NH3*0-Si/-NH,*0-Si). The
presence of the C-H, N-H, and -NH3*0-Si/-NH,*0-Si confirms
that TEPA was successfully grafted on the surface of MCM-
41(PWP). Additionally, the spectrum of TEPA/MCM-41(PWP) after
CO, adsorption test was also measured (Fig. 12c¢). It was observed
that one distinguished band appeared at 1415 cm~! which can be
corresponded to the NCOO skeletal vibration, indicating the for-
mation of alkylammonium carbamate through the CO, adsorption
process. Generally, the following chemical reactions are expected
to take place when CO, molecules react with TEPA [26]:

CO, + 2RNH, > RNHCOO~ + RNH;* (4)

CO5 +2R{R;NH — R{NHCOO~ + RyNH,*(0rR,NCOO~ +R;NH;*)
(5)

CO, + RyNH + RNH, — R,NCOO~ + RNH;3*+(orRNHCOO~
4+ RyNH,™) (6)

4. Conclusions

This study successfully demonstrated the feasibility of recycling
the photonic waste powder to avoid the fast drain of the natural

resources. It can be employed for the Si-related industries such as
semiconductor, opto-electronic and solar cell industries as a waste
reduction strategy. It was confirmed that alkali fusion at the tem-
perature of 550 °C is a viable process which can effectively separate
the silicate species from the waste powder. The extracted sodium
silicate was capable of replacing commercial silica precursor for
the production of mesoporous MCM-41 material with high surface
area (1082 cm?/g) and large pore volume (0.99 cm3/g). Meanwhile,
near purified sodium fluoride (>90%) was also obtained as the sed-
iment during the extraction process, which can also be a valuable
resource of fluoride. As a result, two valuable products were pro-
duced during the waste recovery process. Adsorption breakthrough
experiments confirmed that amine-modified MCM-41(PWP), with
a high adsorption capacity of 82 mg CO, /g adsorbent, can be used
as an effective adsorbent to reduce CO, greenhouse gas emission.
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