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Preparation and characterization of a porous silicate material from silica fume
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Abstract—A porous silicate material derived from silica fume was successfully prepared and characterized by X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared (FT-IR) spectroscopy, Thermo-
gravimetry and Differential thermal gravity (TG-DTG), N, adsorption and desorption isotherms, and scanning elec-
tron microscopy (SEM). Raw silica fume was analyzed by XRD, FT-IR and SEM. The analysis results of silica fume
indicated that SiO, in silica fume is mainly determined as amorphous state, and that the particles of raw silica fume
exhibited characteristic spherical structure with a diameter of from 50 nm to 200 nm. The preparation of the porous
silicate material involved two steps. The first step was the extraction of the SiO;~ leachate from raw silica fume. The
maximum value of SiO;™ extraction yield was obtained under the following conditions: reaction temperature of 120 °C,
reaction time of 120 min, NaOH concentration of 15%, and alkali to SiO, molar ratio of 2. The second step was the
preparation of the porous silicate material though the reaction of SiO;™ leachate and Ca(OH), suspension liquid. The
optimum preparation conditions were as follows: preparation temperature of 90 °C, preparation time of 1.5h, Si/Ca
molar ratio of 1:1, and stirring rate of 100 r/min. The BET surface area and pore size of the porous silicate material
were 220.7 m*.g"' and 8.55 cm’/g, respectively. The porous silicate material presented an amorphous and unordered
structure. The spectroscopic results indicated that the porous silicate material was mainly composed of Si, Ca, O, C,
and Na, in the form of Ca*™, $iO?", CO;™ and Na' ions, respectively, which agreed with the XRD, TG-DSC, and FT-IR
data. The N, adsorption-desorption isotherm mode indicates that the porous silicate material belonged to a typical
mesoporous material. The porous silicate material presented efficiency for the removal of formaldehyde: it showed a
formaldehyde adsorption capacity of 8.01 mg/g for 140 min at 25 °C.
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INTRODUCTION

Silica fume, also known as microsilica or condensed silica fume,
is a byproduct formed by the rapid condensation of volatile SiO,
and Si gases in the production of ferrosilicon alloy and industrial
silicon [1,2]. Silica fume is mainly composed of SiO,, and contains
small amounts of CaO, MgO, K,O, Fe,0O, free carbon and other
impurities [3-6]. The color of silica fume varies from white to dark
gray as the content of Fe,O; and free carbon increases, and the con-
tent of SiO, dictates the quality grade of silica fume [7]. The particle
size range of silica fume is approximately 0.15-0.3 pm [2]. In recent
years, the output of silica fume has significantly increased with the
number of ferrosilicon and industrial silicon furnaces, especially in
China [8]. Silica fume processes a large number of accumulations
not only because of the development of ferrosilicon alloy and indus-
trial silicon, but also because of the generation of low quality grade
silica fume. The accumulation of silica fume occupies enormous
tracts of farmland, destroys the ecology, and causes harm to human
health because of its fine particle size. Therefore, the resource recov-
ery of silica fume has become an important research topic in the
world, especially in China. Currently, silica fume has been used in
the cement, concrete, rubber, fireproof material, coating, and met-
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allurgy, among others [3,9-14]. However, the above application fields
have strict requirements for silica fume quality grade. The cement
and concrete industry requires >85% SiO, content in silica fume,
and fireproof material, coating and rubber fields requirement higher
silica fume quality grade (SiO, wt% >90%). Currently, the silica
fume with the content of SiO, wt% less than 90% does not have
application value as the development of technology in various fields.
Hence, the resource utilization of low grade silica fume (SiO, wt%
<85%) has been an important problem in the ferrosilicon alloy
and industrial silicon filed. In general, the application of low grade
silica fume has been focused on traditional construction materi-
als, including pottery, cement and brick [1-3], which belong to low
value added application methods in China. Therefore, it is of great
importance to study efficient, high value and innovative approaches
for the resource recovery of silica fume.

In this work, we propose a innovative and facile approach of sil-
ica fume application; and a porous silicate material derived from
silica fume was hydrothermally synthesized and characterized by
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Fourier-transform infrared (FT-IR) spectroscopy, thermogravime-
try and differential scanning calorimetry (TG-DSC), N, adsorp-
tion and desorption isotherms, and scanning electron microscopy
(SEM). The porous silicate material has potential applications in
polymer material, papermaking industry and adsorption field. Fur-
ther work is being carried out in our research group. The study
might lead to a breakthrough in the field of silica fume resource
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Table 1. The chemical composition of raw silicate fume (wt%)

99.9 wt% purity and CaO was supplied by Sinopharm Chemical

Composition Sio, MgO K,0 CaO Fe, 0O, NaO ALO, Mass loss

Raw silicate powder 81.94 3.79 3.17 1.85 1.66 0.82 0.63 4.5

recovery and utilization for high value. -7 /6
) =
EXPERIMENTAL " 1 W
1 4

1. Material 1 3

- . . — 5

Silicate fume was obtained from Ordos Metallurgical Group Co., ] /_

Ltd. (Ordos, China). The chemical composition of the sample is 2
81.94wt% SiO, and other components (Table 1). NaOH of 97.0-

Reagent Co., Ltd. Deionized water was prepared in laboratory.
2. SiO;~ Extraction from Raw Silica Fume

Silicate fume was calcined at 200-300°C for 2-3h to remove
carbonaceous components (defined as calcined silica fume, CSP).
CSP was reacted with a 10%-35% NaOH solution at 80-160 °C.
The molar ratios of alkali to SiO, in CSP were 1.0, 1.5, 2.0, 2.5, 3.0,
and 3.5. The suspension liquid was stirred for 30-180 min, fil-
tered, and then washed to obtain the leachate. The main chemical
reaction in the method is shown in formula (1), and the side reac-
tion is shown in formula (2).

nSiO, (amorphous)+2NaOH—Na,O-1SiO,+H,0 (1)
ALO;+2NaOH—>2NaAlO,+H,0 @)

In this method, the molar concentration of the obtained leachate
was analyzed using silico-fluoride natrium volumetry method [15,
16]. The reaction conditions, including reaction temperature, T},
reaction time, t;, concentration of NaOH, w;, and the mass ratio of
CSP/alkali, R, were investigated. The SiO2™ extraction yield was
calculated using formula (2):

E (Si02)=M (Si0? )xV/M, 2)

where E (SiO3") is the SiO;™ extraction yield in %, M (SiO3") is
the SiO;” concentration in the obtained leachate in g/L, V is the
leachate volume in L, and M is the SiO, mass in the calcined sil-
icafumein g
3. Preparation of Porous Silicate Material

The above obtained SiO; leachate (1 mol/L) was mixed with
Ca(OH), suspension liquid, and the liquid mixture was reacted at
30-130 °C for 0.5-3 h under stirring. Then, the liquid mixture was
filtered and washed three times with deionized water. The obtained
filter cake was dried at 100-120°C to obtain the porous silicate
material. In this process, the reaction conditions, including reac-
tion time t,, reaction temperature T, SiO; to Ca(OH), molar ratio
(Si/Ca), and stirring rate on the Brunauer-Emmett-Teller (BET)
surface area of the porous silica material were investigated. A sche-
matic of the apparatus and the entire flow diagram of the experi-
ment are shown in Fig. 1 and Fig. 2, respectively.
4. Models

Langmuir isotherm model was used to investigate the adsorp-
tion equilibrium of porous silicate material for formaldehyde. The
linear form of Langmuir isotherm equation is represented by the
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Fig. 1. Schematic diagram of experimental apparatus [2].
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Fig. 2. The whole flow diagram of experimental.

following equation:
Ce 1 1  Ce
—_—=—X—t—
qe qmax KL qmax

where Ce is the mass concentration of formaldehyde at adsorp-
tion equilibrium, mg/L; q, is the adsorption capacity of porous sili-
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cate material at adsorption equilibrium, mg/g; K; is the Lagrange
constant; gy, is the theoretical maximum adsorption capacity. The
value of Ce/q, was in agreement with the K; according to the pre-
vious reference [17-19].
5. Characterization

The chemical composition of silicate fume was obtained using
an X-ray fluorescence analyzer spectrometer. The XRD patterns of the
prepared samples were performed using a Rigaku D/max 2500PC
powder X-ray diffractometer operated at 40kV and 150 mA. Cu
Ko radiation with 15.40596 nm was used. The scanning step size
was 0.02° and the slit width: DS=SS=1°, RS=0.3 mm. Measure-
ments were performed in the range 2.6-60° in 26 with the scan-
ning rate of 2°/min. FT-IR spectroscopy was conducted using a
Fourier transform infrared spectrometer (Magna-IR 750 Nicolet)
at a resolution of 4cm ™' in the 4,000-400 cm™ region. A total of
32 scans were accumulated. The samples were prepared on potas-
sium bromide (KBr) pellets (ca. 2% by mass in KBr). The mor-
phology of the prepared samples was characterized via electron
microscopy (SEM) with a S4800 low-temperature-field emission
electron microscope (Rigaku Co.). X-ray photoelectron spectros-
copy (XPS) data of the porous silicate material were obtained with
an ESCLAB-250Xi photoelectron spectrometer (Thermo-Fisher
Co., America).

RESULTS AND DISCUSSION

1. Characterization of Raw Silica Powder

As shown in Fig. 3, the XRD pattern of raw silica fume shows
two dispersing and wide diffraction peaks at 26=18"-22° and 26=
28°-34°. The result indicates that SiO, is generally in amorphous
state, which is attributed to the rapid condensation of volatile SiO,
and Si gases and to the surface tension in the phase-transition [2].
However, the sharp diffraction peak with the value of 0.34 nm at
approximately 20=26" is attributed to quartz, which indicates that
raw silica fume contains a small amount of crystalline silica.

FI-IR spectroscopy reveals information about the molecular struc-
ture of materials.

Fig. 4 shows the FT-IR spectroscopy of raw silica fume. Silica
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Fig. 3. The XRD pattern of raw silicate powder.
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Fig. 4. The FI-IR spectroscopy of raw silicate fume.

fume is mainly composed of amorphous silica. Two evident bands
can be observed in the 500-1,500 cm™" region. The intense band at

Fig. 5. The SEM images of raw silicate fume.
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approximately 1,087 cm™" is assigned to the stretching vibration
mode of Si-O. The band at approximately 798 cm™" is attributed to
the bending vibration mode of Si-O [20].

SEM images of raw silica fume are shown in Fig. 5. The parti-
cles of raw silica fume exhibited characteristic spherical structure
with the diameter of from 50 nm to 200 nm. Secondary particle
aggregates were observed obviously, which is due to the surface
tension between primary particles. The average distances between
secondary particle aggregates ranged from dozens of nanometers
to hundreds of nanometers.

2. Influence of Reaction Condition on SiQ;™ Extraction Yield
2-1. Influence of Reaction Temperature on SiO;” Extraction Yield

The influence of reaction temperature on SiO;” extraction yield
was investigated under the following conditions: t,=120 min, w=
15%, and R=2. The results are shown in Fig. 6(a). The SiO ex-
traction yield gradually increased with increasing reaction tempera-
ture and reached the maximum SiO3 extraction yield of 90.69% at
120 °C. This result is reasonable because high temperatures strengthen
the liquid-solid mass transfer and accelerate the reaction rate [21].
However, the SiO; ™ extraction yield decreased when the reaction
temperature exceeded 120 °C. The results may be attributed to the
volatilization of NaOH solution and the unstable temperature of
the mixture, which weakened the solid-liquid reaction [22].
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2-2. Influence of Reaction Time on SiO;~ Extraction Yield

The influence of reaction time on SiO;~ extraction yield was
investigated under the following conditions: T;=120°C, w=15%,
and R=2. and the results are shown in Fig. 6(b). As shown in Fig.
6(b), the SiO; extraction yield gradually increased and reached
the maximum value of 90.69% when the reaction time was ex-
tended to 120 min. The SiO;™ extraction yield slightly decreased
when the reaction time was further extended from 120 min to
180 min, possibly because of a side reaction in the suspension lig-
uid. The results indicated that the reaction of amorphous SiO,
with NaOH in suspension liquid was completed at 120 min.
2-3. Influence of NaOH Concentration on SiQ2” Extraction Yield

The effects of different NaOH concentrations (10%, 15%, 20%,
25%, and 30%) on SiO;" extraction yield were studied under the
following conditions: T,=120 °C, t=120 min, and R=2. The results
are shown in Fig. 6(c). The SiO; extraction yield gradually in-
creased when the NaOH concentration was increased from 10%
to 15% and then sharply decreased when the NaOH concentration
was further increased from 15% to 35%. The maximum extraction
yield was 90.69% at 15% NaOH concentration.
2-4. Influence of Alkali-to-SiO, Molar Ratio on SiQ3~ Extraction
Yield

The influence of alkali-to-SiO, molar (R) ratio on SiQ3" extrac-
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Fig. 6. (a) The effect of temperature on SiO; extraction yield rate, (b) the effect of time on SiO; extraction yield rate, (c) the effect of NaOH
concentration on SiO; extraction yield rate, (d) the effect of silicate powder to alkali mass ratio on SiO; extraction yield rate.
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tion yield was investigated under the following conditions: T,=
120 °C, t=120 min, and w=15%. The selected alkali-to-SiO, molar
ratios (R) were 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5. As shown in Fig. 6(d),
the SiO;™ extraction yield significantly increased with increasing R
and reached the maximum of 90.69% when the R was 2.5. Then,
the SiO; extraction yield gradually decreased when the R ex-
ceeded 2.5. Moderate content of NaOH could make the reaction
molecules contract fully and sufficiently complete the reaction
[23]. However, excessive NaOH molecules may react with impuri-
ties (Fe,0; and ALO;), and the reaction product would further
react with NaO-#SiO,.
3. Influence of Preparation Conditions on the Porous Silicate
Materials
3-1. Influence of Preparation Temperature and Time on the Porous
Silicate Materials

The influence of preparation temperature on the BET surface
area and pore volume of the silicate material is shown in Fig. 7(a).
The BET surface area of the silicate material evidently increased
with increasing preparation temperature until 90 °C. The maxi-
mum BET surface area and pore volume were 167.05m’g ' and
6.74 cm’/g, respectively. Previous studies reported that low tem-
peratures are conducive to the formation of Na,O-nSiO, leachate
to liquid silicon sol, but adverse to the reaction between leachate
and Ca(OH), suspension liquid. Fig. 7(b) shows the influence of
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preparation time on the BET surface area and pore size of the sili-
cate material. The maximum specific surface area and pore size
were obtained at 1.5 h.
3-2. Influence of Si/Ca Molar Ratio and Stirring Rate on the Porous
Silicate Material

The influence of Si/Ca molar ratio on the BET surface area and
pore volume of the silicate material is shown in Fig. 7(c). The BET
surface area considerably fluctuated with different Si/Ca molar
ratios from 0.6 to 1.8. The BET surface area significantly increased
when the Si/Ca molar ratio was increased from 0.6 to 0.8, and
then slowly increased when the ratio reached 1.0. The maximum
BET surface area and pore volume were 220.7 m*g ' and 8.55
cm’/g, respectively. The trend was similar to that of the pore vol-
ume. The BET surface area and pore volume of the silicate mate-
rial sharply decreased when the Si/Ca molar ratio was increased
from 1 to 1.8. Thus, the optimal Si/Ca molar ratio was confirmed
at 1: 1. Fig. 7(d) shows the influence of stirring rate on the BET
surface area and pore volume under the following conditions: prepa-
ration temperature of 90 °C, preparation time of 1.5h, and Si/Ca
molar ratio of 1: 1. As presented in Fig. 7(d), the BET surface area
and pore volume of the porous silicate material exhibited an irreg-
ular change trend with increasing stirring rate. The results indi-
cate that a suitable stirring rate favors the complete reaction be-
tween the leachate and the Ca(OH), suspension liquid.
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Fig. 7. (a) The influence of preparation temperature on the porous silicate materials; (b) the influence of preparation of preparation time on
the porous silicate materials; (c) the influence of Si/Ca molar ratio on the porous silicate materials; (d) the influence of stirring rate on

the porous silicate materials.
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results indicate that the porous silicate material has an amorphous
and unordered structure.
4-2. XPS Analysis

The XPS spectra of the porous material are shown in Fig. 9.
There are two main bands observed at approximately 284.75 eV
and 289.16 eV, which are the characteristic peaks position of C 1s

4. Characterization of the Porous Silicate Material
4-1. XRD Analysis

The XRD pattern of the porous silicate material is presented in
Fig. 8. The XRD pattern generally presented a dispersed and unor-
dered state. Only one evident and strong diffraction peak was ob-
served at 29.24°, which may be attributed to calcite [24,25]. The
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Fig. 8. The XRD pattern of the porous silicate material.
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Fig. 9. The XPS spectra of porous silicate material.
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Fig. 10. The FT-IR spectroscopy of porous silicate material.

and assigned to a C*" species. The band at 101.69 €V for Si 2p is
attributed to Si** species, and the band at 538.48 €V for O 1s pres-
ents the existence of O” species [26]. These two bands at 346.68
and 350.28 €V correspond to the characteristic peaks of Ca 2p™”
and Ca 2p"” for Ca™* species [21]. The weak band at 1073.08 eV
for Na 1s presents the existence of Na* species. The results indi-
cate that the main chemical elements of porous silicate material
are Ca, O, Si, C, and Na in the form Ca®', SiO:, CO?, and Na*
ions, respectively.
4-3. FT-IR Analysis

The FT-IR spectrum of the porous silicate material is shown in
Fig. 10. In the high wavenumber region (3,000-4,000 cm™"), only
one wide band with a moderate intensity can be observed at 3,516
cm™’, which corresponds to the O-H stretching vibration mode.
In the 1,500-2,000 cm " region, the band at 1,642 cm™ is attributed
to the O-H bending mode [27], and this band corresponds to the
band at 3,516 cm . The two bands at 1,468 cm ™' and 1,443 cm™
are attributed to the anti-symmetric stretching vibration of CO3;
jon [25,28,29]. In the low wavenumber region (400-1,000 cm™"),
the band at 974 cm™" is assigned to the anti-symmetric stretching
vibration of Si-OH, and the band at 680 cm™" presents the exis-
tence of SiO; . The band at 450 cm™" is attributed to the bending
vibration of Si-O-Si [30,31]. The results are in good agreement
with the XRD data. The prepared silicate material presents porous
and loose microstructure and higher special surface area relative to
that of other hydrated silicates obtained in the literature [2,26,32-
34], which led to that the prepared material presenting applica-
tion advantages in adsorption and other fields.
4-4. TG-DTG Analysis

Thermal analysis reveals information about the thermal stabil-
ity of materials. The TG-DTG curves of the porous silicate mate-
rial are shown in Fig. 11. In the TG-DTG curves, the endothermic
peak at 136 °C with a mass loss of 12.37% can be attributed to the
desorption of the adsorption water of the porous silicate material.
Meanwhile, the endothermic peak at 753 °C with a mass loss of
7.84% may be assigned to the decomposition of a small amount of
calcium carbonate in the prepared material [35]. The TG-DSC
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Fig. 11. The TG-DTG cures of porous silicate material.
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Fig. 12. The N, adsorption and desorption isotherm of porous sili-
cate material.

results agree with the XRD, XPS, and FT-IR data.
4-5.N, Adsorption and Desorption Isotherm Analysis

The N, adsorption and desorption isotherms of the porous sili-
cate material are shown in Fig. 12. There is a large hysteresis loop
in the isotherm at high relative pressure region (P/Py=0.4-1.0). This
result indicates that the porous silicate material has abundant mes-
opores and narrow pore size. A similar hysteresis loop can be ob-
served at the low relative pressure region (P/P;<0.1), which may
be attributed to volume expansion or weak chemical adsorption
[36]. The results indicate that the isotherm mode of the prepared
material may be attributed to a combination of types III and IV
and that the porous silicate material is a typical mesoporous material.
4-6. The Microstructure of Porous Silicate Material

SEM images of the porous silicate material are presented in Fig.
13. The microtopography of the porous silicate material presents
lamellar and cellular structures, and a large number of pores with
approximately 300 nm are distributed on the particle surface. The
particles 5um to 10 um in size present irregular shapes with a
coarse surface. The overall microstructure of the particles exhibits
a disorderly and amorphous structure, which agrees with the XRD
data.

Korean J. Chem. Eng.(Vol. 34, No. 12)
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Fig. 13. The SEM images of porous silicate material.

5. Adsorption Thermal Dynamic Analysis of Porous Silicate
Material for Formaldehyde
The adsorption property of porous silicate material for formal-
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Fig. 14. The adsorption curves of porous silicate material for form-
aldehyde.
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dehyde was investigated by analyzing the experimental data based
on the Langmuir isotherm equations. The adsorption curve of
porous silicate material for formaldehyde is presented in Fig. 14.
As seen, the concentration of formaldehyde in the equipment sig-
nificantly decreased with increasing adsorption time before 30 min.
Then, the adsorption rate of porous silicate material for formalde-
hyde gradually decreased, and reached saturated state when ad-
sorption time was 140 min approximately. The Langmuir adsorp-
tion isotherm for monolayer adsorption on a homogeneous sur-
face was successfully fitted to this adsorption process [26,37], and
the saturated adsorption capacity reached 8.01 mg-g . The Lang-
muir constant K; was 21.31L-g ", and the adsorption Gibbs free
energy change was —7.58 k]-mol ' based on the van't Hoff equa-
tion. The absolute value of adsorption Gibbs free energy change
was lower than 20 kJ-mol ', which indicated that the adsorption
was assigned to physical adsorption. The comparison results on
the formaldehyde sorption capacity of other adsorption materials
are shown in Table 2. The saturated adsorption capacity and rate
of adsorption for prepared silicate material is 8.01 mg-g"' and
0.280 mg-g "-min”" respectively, which presents an advantage than
that of other silicate material and commercial adsorbent. From the
above result, the prepared silicate material presents a strong re-
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Table 2. The comparison results on the formaldehyde sorption capac-
ity of other adsorption materials

Saturated Rate of
Adsorbent adsorption adsorption
capacity (mg-g’)  (mg-g -min”")
Diatomite 0.408 0.024
Sodium bentonite 2.176 0.017
Calcium bentonite 2.079 0.027
Commercially Adsorbent 5.607 0.089
Porous silicate material 8.01 0.280

moval capability to formaldehyde. Based on above data, the pre-
pared porous silicate material could be used as for adsorbing vola-
tile organic compound and decontaminating indoor air environ-
ment, including formaldehyde, benzene, methylbenzene, and other
pollutants.

CONCLUSIONS

A novel porous silicate material from silica fume was success-
fully prepared and characterized by a series measurement meth-
ods. The following main conclusions can be drawn.

(1) The maximum SiO;  extraction yield of 90.69% was ob-
tained under the following conditions: reaction temperature of
120 °C, reaction time of 120 min, NaOH concentration of 15%, and
alkali to SiO, molar ratio of 2. The porous silicate material was
readily prepared from the leaching SiO;™ under the following con-
ditions: preparation temperature of 90°C, preparation time of
1.5h, Si/Ca molar ratio of 1: 1, and the stirring rate of 100 r/min.

(2) The BET surface area and pore size of the porous silicate
material were 220.7 m’*-g "' and 8.55 cm’/g, respectively. The porous
silicate material was mainly composed of Si, Ca, O, C, and Na, in
the form of Ca™, SiO;", CO; and Na' ions, respectively, which
agrees with the XRD, TG-DSC, and FI-IR data. The N, adsorp-
tion-desorption isotherm mode indicates that the porous silicate
material is a typical mesoporous material. The porous silicate mate-
rial exhibited a large number of developed pores and fibrous and
flake network structure with an excellent thermal stability.

(3) The porous silicate material presented efficiency for the re-
moval of formaldehyde: it showed a formaldehyde adsorption capac-
ity of 8.01 mg/g for 140 min at 25 °C.
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