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Abstract—A highly stable silicate material from high-alumina coal fly ash was prepared and characterized using X-ray
diffraction, scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, thermal analysis, X-
ray photoelectron spectroscopy, and elemental analysis. The spectral results show that the silicate material was mainly
composed of six elements, C, Ca, O, Si, Mg, and Al, in the form of Ca’*, Mg™*, AI*", SiO;", and CO;™ ions. Some ad-
sorbed water and/or water of crystallization was also observed. The silicate material showed exceptionally high capabil-
ity to adsorb volatile organic compounds (VOCs). The results of dynamic adsorption behavior show that the silicate
material presents similar properties with commercial activated carbon and stronger absorption properties than com-
mercial diatomite for the adsorption of VOCs. The FTIR spectral results show weak hydrogen bonding interactions of

the silicate material with three VOCs.
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INTRODUCTION

The emission of volatile organic compounds (VOCs) causes air
pollution in both indoor and outdoor air [1]. VOCs are noxious
and/or carcinogenic [2,3], creating many severe environmental
problems including adverse effects on human health at very low
concentrations [4,5]. Technologies are being developed to reduce
VOC emission [6] to comply with the latest environmental regula-
tions. Various alternatives are available such as thermal oxidation,
catalytic oxidation [7], photocatalytic oxidation [8,9], biofiltration,
adsorption, absorption, condensation, and membrane separation.
Among them, adsorption technology [10,11] without chemical
degradation is a preferred strategy, particularly when the captured
organic pollutants have alternative uses [12]. The primary require-
ments for adsorbents used in industrial process include sufficient
adsorptive capacity, high adsorption rate, and low cost [13,14].

With the aim of increasing the efficiency of VOC removal, adsorp-
tion mechanism of the interactions between materials and VOCs
has been studied. Several adsorbents such as activated carbon [15],
hydrophobic zeolite [16,17], and mesoporous silica [18,19] have
attracted much interest to control VOC emission. Activated car-
bon [20] is widely used because of its high micropore volume and
low operating cost. However, activated carbon has several disad-
vantages such as fire risk, pore blocking, hygroscopicity, and a lack
of regenerative ability. Hydrophobic zeolites are effective in VOC
removal; however, high diffusion restrictions forced by the microp-
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ores inhibit the adsorption of large VOC molecules. Ordered meso-
porous silicas such as SBA-15 [21], MCM-41 [22,23], MCM-48
[24], Si-MCM-41 [25] and KIT-6 [26] have attracted considerable
attention to control VOCs because of their high surface area, high
porosity, controllability, narrowly distributed pore sizes and good
mechanical stability. However, ordered mesoporous silicas are not
widely adopted in the industry process due to their high operat-
ing cost. Therefore, the use of cheaper silica material would be a
great contribution to industrial applications. Several research stud-
ies have attempted to recover the silica materials from the waste
products [27-32].

Coal fly ash (CFA) generated during the combustion of coal in
coal-fired power stations is an industrial by-product, and it is a recog-
nized environmental pollutant if not put to beneficial use. The princi-
pal components of bituminous coal fly ash are silica, alumina, iron
oxide, and calcium, with varying amounts of carbon [33]. High-
alumina coal fly ash (HACFA) in parts of Inner Mongolia, China,
contains 40-50% of alumina total mass in the ash, and an estimated
12 million tons of HACFA is produced in Inner Mongolia every
year, with approximately 100 million tons of HACFA accumulated
over the years [34]. Hence, recycling HACFA can be a good alter-
native to disposal with significant economic and environmental
benefits [35]. Recently, much effort has been made to recycle CFA
[36]. For example, ~20% CFA is used in concrete production. Other
uses include soil amelioration [37,38], ceramic industry [39-41],
catalyst and catalyst support [42-44], adsorbents for pollutant removal
[4546], depth separation [47], zeolite synthesis [48-50], valuable
metal recovery [51,52] and alumina extraction from HACFA [34,
53]. However, the preparation of silicate materials from HACFA
has not been reported.
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The objective of this study was to investigate the surface charac-
teristics and adsorption performance of HACFA-based silicate mate-
rial for VOCs such as formaldehyde, toluene, and benzene. The
dynamic and static adsorption behavior of VOCs on the surface of
silicate material was investigated by continuous flow adsorption
and weight measurements. Furthermore, the adsorption behav-
iors of the three VOCs on the silicate material were analyzed by
scanning electron microscopy (SEM) and Fourier transform infra-
red (FTIR) spectroscopy.

EXPERIMENTAL

1. Adsorbent

HACEFA, whose price is ~0.32 US dollars per 1kg used in this
study, was obtained from pulverized coal-fired boilers of thermal
power plants located in Inner Mongolia, China. The alumina and
silica content are 46.7% and 42.5%, respectively. The silicate mate-
rial was synthesized from HACFA according to the published meth-
ods [54,55]. The detailed procedure had four major steps as shown
in Fig. 1. First, 15% sodium hydroxide solution was prepared. Then
the HACFA was added into sodium hydroxide solution, and the
mass ratio of sodium hydroxide to HACFA was 0.5. The mixture
was stirred at 120 °C for 120 min to complete the desilication pro-
cess. When the desilication process completed, the mixture was
subjected to filtration to get the sodium silicate extracts. After that,
moderate lime milk was added into the sodium silicate extracts,
and the mass ratio of calcium oxide to silica was about 0.5. The
mixture was stirred at 90 °C for 60 min. Then, the mixture was sub-
jected to filtration and washing with water, and the white precipi-
tate was collected. The final calcium silicate particles product was
obtained after drying at 350 °C for 60 min. The possible chemical

l High-alumina coal fly ash | l Sodium hydroxide solution

Desilication

Desilicated coal fly

Lime milk |

| Sodium silicate extracts |

| Filtration and Washing

!

Fig. 1. Preparation process of silicate material.

reactions are as follows:

Si0,+20H =Si0% +H,0
SiO? +Ca**=CaSiO; ¥

Commercially available activated carbon (~4.19 US dollars per
1 kg), and diatomite (~2.42 US dollars per 1 kg) were used.
2. Adsorbent Characterizations

Powder X-ray diffraction (XRD) patterns were recorded within
the 26 range 20-80° with a constant 28 step of 0.02° using a Bruker
D8 Advance diffractometer with Cu Ke radiation and LynxFEye
detector. X-ray photoelectron spectroscopy (XPS) data were obtained
with a KRATOS Axis ultra X-ray photoelectron spectrometer with
a monochromatized AlKa X-ray (hv=1486.6 €V) operated at 150 W.
Adsorption and desorption isotherms of nitrogen were measured
with a 3H-2000PS2 gas sorption analyzer at liquid nitrogen tem-
perature (—196 °C). Before the measurements, all the samples were
degassed under vacuum at 150 °C for 4 h. The Brunauer-Emmett-
Teller (BET) method was used to calculate the specific surface area
using the adsorption data acquired at a relative pressure (P/P;) range
0-1.0. The total pore volume was estimated from the amount ad-
sorbed at a relative pressure of ~0.99. The FTIR spectra (KBr pel-
lets) were recorded using a Nexus 670 FTIR spectrometer with a
resolution of 1 cm™" accumulating 32 scans, and a base line correc-
tion was made for the spectra, which were recorded in air. Ther-
mal analysis that includes thermogravimetry (TG) and differential
thermal analysis (DTA) of the original silicate material were per-
formed using a TG/DTA analyzer (STA PT1600, Germany), and
the heating rate was 10 °C/min. SEM images were recorded using
a S3400N to study the microstructure, textural properties, particle
morphologies, and energy spectrum. All the solid reagents were
weighed using a Sartorius BS224S electric balance.
3. Column Breakthrough Curves

The adsorption experiments for low concentration VOCs, includ-
ing formaldehyde, toluene, or benzene, were carried out using a
continuous experimental apparatus. The setup consisted of a glass
column equipped with a thermostatic jacket, an evaporation cham-
ber, a volumetric gas meter, and a cold thermostat bath. All the ex-
perimental runs were performed with dry air supplied by a gas cylin-
der at a constant flow rate. The system used to measure the ad-
sorption of the mixture consisted of a fixed bed reactor with an
internal diameter of 6 mm coupled to a mass spectrometer. Pellets
of the silicate material were packed in a fixed bed. The N,/VOC
mixture obtained using a bubbler was diluted with dry air and in-
jected at the bottom of the column. The samples were collected at
the inlet and outlet of the column. The temperature used for the
adsorption experiments was 298 K. The bed contained ~0.2 g of
the silicate material, and the flow rate of the gas during the experi-
ments was 502 mL/min. The concentrations at outlet and inlet of
the apparatus were similar, indicating that equilibrium was reached.
In the experiments, the relative pressures of both the pollutants
were different, because the gas concentrations were the same and
the saturation pressures of each VOC were different.
4. Dynamic Adsorption Measurements

The adsorption experiments were in a fixed bed continuous flow
reactor at various temperatures (see Fig. 2). Before the adsorption
measurements, each sample was degassed overnight at 150 °C. The
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Fig. 2. Adsorption apparatus for dynamic test.
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Fig. 3. SEM images of silicate material.

dynamic adsorption behavior was investigated to further study the
effects of surface chemistry on the adsorption properties of the sil-
icate material, and the adsorption properties of the silicate mate-
rial for the three VOCs were compared with commercial activated
carbon and diatomite at 298.15 K. The dynamic adsorption behav-
ior was studied by keeping the three VOCs (formaldehyde, tolu-
ene, and benzene) in the adsorption apparatus. The amounts of
VOCs adsorbed were calculated by the cutting and weighing method
after the adsorption of VOCs on the adsorbent in the fixed bed. The
speed of carrying gas was controlled at 30 mL/min. The tempera-
ture in the saturator was maintained using a constant temperature
vessel.

RESULTS AND DISCUSSION

1. Characterizations of Silicate Material
1-1. SEM Analysis
Particle morphology is useful for understanding the physical
properties of material, and the microstructure of material affects
the binding and sorption properties. A distinct surface morphol-
ogy of the silicate material was observed by the SEM images (Fig. 3).
The SEM images show that the silicate material is faveolate and
consists of particles with irregular shape and size. A significant
fraction of the particles have a rough surface, and others formed
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B (x40.0 k)

unevenly shaped aggregates. The particles of the silicate material
have a diameter of 20-30 pm (Fig. 2(a)), and the silicate material
has a lamina structure with a thickness of ~30 nm and faveolate
structure with a diameter of 1-2 um (Fig. 2(b)). The silicate mate-
rial provided a rough surface for VOC adsorption, as suggested by
the BET results.

The elements of the silicate material were analyzed using the en-
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Fig. 4. Energy spectrum of silicate material.
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Table 1. Element content for surface of silicate materials

Element Weight% Atomic%
C 6.24 10.38
(0] 51.81 64.76
Mg 0.22 0.18
Al 0.34 0.25
Si 17.69 12.60
Ca 23.70 11.82
300
250 |-
20.32

inlensily

20 (degree)

Fig. 5. XRD spectrum of silicate material.

ergy spectrum configured on the SEM. The energy spectral results
of the material are shown in Fig. 4, and the element analysis results
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Fig. 6. FTIR spectrum for silicate material.

are listed in Table 1.

Table 1 shows that the silicate material is mainly composed of
six elements, Ca, Si, Al, O, C, and Mg, The element content for sur-
face of silicate materials is 64.76% O, the 10.38% C, and 12.60% Si.
Based on the results from the energy spectrum and the following
FTIR spectrum, SiO; and CO;  may be present in the silicate
material.

1-2. XRD Analysis

The XRD patterns of the original silicate material were recorded
as shown in Fig. 5.

From Fig. 5, a diffraction peak at 29.32° was observed, which is
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Fig. 7. TGA-DTA spectrum of silicate materials.
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characteristic of calcite [56,57]. The results implied that the obtained
silicate material was amorphous and some calcite presents in the
silicate material. Moreover, the XRD results show that some impu-
rities may exist in the silicate material.

1-3. FTIR Spectral Analysis

Fig. 6 shows the FTIR spectrum of the silicate material.

The FTIR spectrum shows a broad band at ~3,500 cm ™', which
can be attributed to the O-H groups in Si-O-H and H,O, and a
peak at 1,640 cm ™' [58,59], which can be attributed to the H-O-H
bending vibration in H,O. The spectrum shows the presence of
adsorbed water and/or water of crystallization in the material. The
peaks at ~1,490 cm " and 1,410 cm ™" can be attributed to the stretch-
ing vibration bands of CO,”". The peak at 972 cm ™" can be attributed
to the Si-O stretching vibration [1], and the peak at 459 cm™ can
be attributed to the Si-O bending vibration [59]. The FTIR spec-
tral results clearly confirm that the silicate material contains Si-OH,
SiO;, and CO; .

1-4. TGA-DTA Analysis

The thermal stability of the silicate material was observed by TGA-
DTA analysis, as shown in Fig, 7.

The silicate material showed a total mass loss of 1.3276 mg (16.83%)
between 296 and 1,173 K. The initial weight loss of 6.5% until 463
K can be attributed to the moisture content in the sample [60] (the
loss of molecular water from the exchange layer “interlayer water”).
The amount of water uptake by the silicate material sample depends
on the relative humidity of the exposed environment.

The second weight loss occurs at 773K due to the removal of
water composition from the silicate mineral [61]. The third weight
loss occurring in the sample corresponds to the dehydroxylation
of the silicate material. This is shown as a peak centered at 1,143 K
in the DTA curve. The weight loss during the dehydroxylation of
the studied silicate material sample was ~5.49% between 773 and
1,143 K and corresponds to the decomposition of CaCO; [60].

1-5. Isotherms

Fig. 8 shows the nitrogen adsorption-desorption isotherms of

the silicate material.

—O— Adsorption isotherm
—O— Desorption isotherm

Amount of N, Adsorbed (ml/g)

Relative pressure (p/p,)

Fig. 8. Nitrogen adsorption-desorption isotherms of silicate mate-
rial.

March, 2015

Table 2. Physical properties characterized by BET analysis
Material Sper’ (m’/g) V" (ml/g)
Silicate material 98.47 0.77 31.42

dB]Hc (nm)

“BET specific surface area
"Pore volume
‘Pore diameter calculated by BJH method

The sample exhibited type III isotherm based on the ITUPAC clas-
sification.

The quantity of nitrogen adsorption sharply increased at a rela-
tive pressure (P/P,) of 0.8, confirming the capillary condensation
of nitrogen within the primary mesopores. The physical proper-
ties, such as the BET specific surface area, specific pore volume,
and average pore diameter, of the silicate material are summarized
in Table 2.

The silicate material has a specific surface area of 98.47 m’/g.
The pore size distribution of the silicate material was calculated
from the nitrogen desorption isotherm using the Barrett-Joyner-
Halenda (BJH) model. The results show a narrow distribution cen-
tered at 31.42 nm. The adsorption studies indicate the presence of
poorly defined mesopores and thick, dense wall structure. On the
other hand, the average pore diameter and specific pore volume of
the silicate material indicate the possible adsorption sites for vari-
ous gases.

1-6. XPS Analysis

Fig. 9 shows the XPS spectrum of the silicate material sample.

The spectrum shows two bands with peak positions at 287 and
283 eV for C 1s corresponding to a C** species, a band with a peak
position at 41 eV for Mg 2p corresponding to a Mg* species, a band
with a peak position at 100 eV for Si 2p corresponding to a Si**
species, a band with a peak position at 529V for O 1s correspond-
ing to an O”" species, and two bands with peak positions at 345
and 348 eV for Ca 2p corresponding to a Ca™* species.

The above results and analyses show that the silicate material is
composed of C, Ca, O, Si, Mg, and Al in the form of Ca™, Mg™,
AP, SiOF, and CO? ions. Some adsorbed water and/or water of
crystallization was observed in the silicate material.

2. VOCs Removal Analysis
2-1. Column Breakthrough Curves

The removal of typical VOCs such as formaldehyde, toluene,
and benzene by the silicate material was investigated by studying
the adsorption column breakthrough curves. The investigation
was first carried out for a single component adsorbate with a low
concentration under dry conditions to evaluate the performance
of VOC removal (Fig. 10).

Under dry conditions, the silicate material exhibited a break-
through time of 15h for formaldehyde (Fig. 10(a)) at 298 K when
the inlet concentration of formaldehyde was 0.93 mg/m”, and the
silicate material showed the adsorption capability of 0.57 mg/g form-
aldehyde.

The silicate material exhibited a breakthrough time of 200 h for
toluene (Fig. 10(b)) at 298 K when the inlet concentration of tolu-
ene was 3.75 mg/m’, and the silicate material showed the adsorp-
tion capability of 54.05 mg/g toluene.
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Fig. 9. XPS spectrum for the silicate material.

In addition, the silicate material exhibited a breakthrough time
of 80 h for benzene (Fig. 10(c)) at 298 K when the inlet concentra-
tion of benzene was 4.85 mg/m’, and the silicate material showed
the adsorption capability of 13.42 mg/g benzene.

Thus, the silicate material exhibits a higher adsorption capacity
for toluene and a lower adsorption capacity for formaldehyde.

2-2. Dynamic Adsorption Behavior

The dynamic adsorption behavior was investigated to further
study the effects of surface chemistry on the adsorption properties
of the silicate material, commercial diatomite, and commercial acti-
vated carbon at 298.15K for high concentration. The dynamic ad-

Mg

sorption behavior was studied by keeping the three adsorbed materi-
als (formaldehyde, toluene, and benzene) in the adsorption appa-
ratus (Fig. 2). N, gas was passed through the apparatus. After certain
adsorption time, the silicate materials were weighed, and the adsorp-
tion data were recorded. The adsorption isotherms of the three VOCs
on the three materials are shown in Fig. 11.

Fig. 11(a) shows that 1 g commercial activated carbon can adsorb
0.50 g formaldehyde when the dynamic adsorption equilibrium is
reached. Under the same conditions, 1 g silicate material can adsorb

0.33 g formaldehyde, and 1 g commercial diatomite can adsorb 0.23 g
formaldehyde.

Korean J. Chem. Eng.(Vol. 32, No. 3)
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Fig. 11(b) shows that 1 g commercial activated carbon can adsorb
0.35 g toluene when the dynamic adsorption equilibrium is reached.
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Under the same conditions, 1 g silicate material can adsorb 0.30 g
toluene, and 1 g commercial diatomite can adsorb 0.03 g toluene.
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Fig. 12. SEM images of silicate materials before (a) and after adsorbing formaldehyde (b), toluene (c), and benzene (d).

Fig. 11(c) shows that 1 g commercial activated carbon can adsorb
0.23 g benzene when the dynamic adsorption equilibrium is reached.
Under the same conditions, 1 g silicate material can adsorb 0.23 g
benzene, and commercial diatomite almost does not adsorb ben-
zene.

The dynamic adsorption experimental results show that com-
mercial activated carbon has strong adsorption capability for the
three VOCs. The silicate material exhibits similar adsorption capa-
bility as commercial activated carbon, and commercial diatomite
exhibits low adsorption capability for the three VOCs.

2-3. SEM Images and FTIR Spectra

A variation in the surface morphology was observed by the SEM
images (Fig. 12).

As shown by the SEM analyses, the silicate material has a faveo-
late structure and consists of particles with irregular shape and size.
A significant fraction of the particles have a rough surface, and oth-
ers formed unevenly shaped aggregates. The silicate material could
adsorb the three VOCs by filling them in its micropores.

After the adsorption of the three VOCs on the silicate material,
the FTIR spectrum was recorded as shown in Fig. 13.

The peaks at ~1,480 cm ™' can be attributed to the C=O stretch-
ing vibration after formaldehyde gas was adsorbed on the silicate

(d)

T%

164
1490 1410
97
T r T v T v T r ] v T v T
3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Fig. 13. FTIR spectra for the silicate material before (a) and after
adsorbing formaldehyde (b), toluene (c), and benzene (d).

material. The peak at 872 cm™" can be attributed to the C=O bend-
ing vibration. The peak at ~1,460 cm ™" can be attributed to the asym-

Korean J. Chem. Eng.(Vol. 32, No. 3)
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metric stretching vibration bands of CH; after toluene was adsorbed
on the silicate material. The peak at 1,380 cm™' can be attributed
to the stretching vibration bands of CH;. The peaks at 2,930 and
2,850 cm™" can be attributed to the stretching vibration bands of
CH in toluene. The peak at 717 cm™ can be attributed to the stretch-
ing vibration bands of CHj. The broad peaks at ~1,410 cm™" and
1,490cm™" can be attributed to the C-H and C=C bonds in the ben-
zene molecules after benzene was adsorbed on the silicate mate-
rial. The peak at 2,980 cm™" can be attributed to the stretching vi-
bration band of CH in benzene.

In general, besides adsorbates, the adsorption capacity of the sil-
icate material depends on the specific surface area, pore size distri-
bution, and surface chemical properties [62]. Therefore, the estima-
tion of relative contribution of VOC sorption mechanisms from
the perspective of sorbate-sorbent molecular interactions would be
practically useful. Small molecules (low van der Waals forces) are
not easy to adsorb at low concentrations [63]. However, when form-
aldehyde molecules are adsorbed on the surface of the silicate mate-
rial, the oxygen atom of the C=O bond in the formaldehyde molecules
may interact with the hydroxyl hydrogen atom in the silicate mate-
rial by hydrogen bonding, thus adsorbing the formaldehyde mole-
cules on the silicate material. Formaldehyde acts as a hydrogen-
bond donor (HBD) when it interacts with the Si-OH bond in the
silicate material. Toluene and benzene exhibit similar sorption mech-
anisms. When toluene and benzene molecules were adsorbed on
the silicate material, the adsorption processes were reversible pro-
cesses occurring through van der Waals forces. The adsorbed tolu-
ene and benzene molecules can be easily generated for further ad-
sorption cycles. This is because the adsorption mechanism proceeds
through monolayer to multilayer adsorption as the VOC partial
pressures of the gas phase in the adsorption system approaches the
saturation pressure of the solvent at that temperature, and the smaller
silicate material pores become filled with VOC molecules.

In short, the silicate material was synthesized from HACFA and
characterized using XRD, SEM, FTIR spectroscopy; thermal anal-
ysis, XPS, and elemental analysis, and the pore size distributions
were calculated from the nitrogen sorption studies. The spectral
results and analyses show that the silicate material is composed of
C, Ca, O, Si, Mg, and Al in the form of Ca®, Mg**, AI*, SiO;,
and CO; ions. Some adsorbed water and/or water of crystalliza-
tion was observed in the silicate material. The price of the silicate
material is ~0.32 US dollars per 1kg; therefore, the mesoporous
material can also be applied as an adsorbent for three VOCs, includ-
ing formaldehyde, toluene, and benzene, as catalyst supports, adsor-
bents, and separation materials.

CONCLUSION

Silicate material was synthesized from HACFA and character-
ized using XRD, SEM, FTIR spectroscopy, thermal analysis, XPS,
and elemental analysis, and the pore size distributions were calcu-
lated from the nitrogen sorption studies. The spectral results and
analyses show that the silicate material is composed of C, Ca, O,
Si, Mg, and Al in the form of Ca™*, Mg™, AI*", SiO;", and CO;"
ions. Some adsorbed water and/or water of crystallization was ob-
served in the silicate material. Under dry conditions, the silicate
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material exhibited a breakthrough time of 15h for formaldehyde
at 298 K when the inlet concentration of formaldehyde was 0.93
mg/m’, and the material showed the adsorption capability of 0.57
mg/g formaldehyde; the material exhibited a breakthrough time of
200 h for toluene when the inlet concentration of toluene was 3.75
mg/m’, and the material showed the adsorption capability of 54.05
mg/g toluene. In addition, the material exhibited a breakthrough
time of 80 h for benzene when the inlet concentration of benzene
was 4.85 mg/m’, and the material showed the adsorption capability
of 13.42 mg/g benzene. And the silicate material exhibits a higher
adsorption capacity for toluene and a lower adsorption capacity
for formaldehyde.
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