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In this article we report recovery of mesoporous silica from the waste material (hexafluorosilicic acid) of
phosphate fertilizer industry. The process involves the reaction of hexafluorosilicic acid (50 ml, 24 wt%
H,SiFg) and 100 ml, 0.297 M Na,COs; to generate the alkaline aqueous slurry. Silica was separated from
the slurry by filtration and the sodium fluoride was extracted from the aqueous solution by evaporation
method. The obtained mesoporous silica was characterized by N, absorption/desorption (BET), thermo-
gravimetric analysis (TGA), X-ray diffraction (XRD), scanning electron microscope (SEM), and EDS. The
results confirm that the separation of silica and NaF was successful and the final products have high
purity. The silica product was found to have an average pore diameter of 4.14 nm and a high surface area
(up to 800 m?/g). The process reported in this study may significantly reduce the release of hazardous
materials into the environment and it might confer economic benefits to the responsible industries.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

A huge amount of hexafluorosilicic acid is generated annually
as a by-product from phosphate fertilizer industries [1]. The col-
lection of H,SiFg is normally carried out via the absorption process
of gaseous silicon tetrafluoride (SiF4) in the water scrubber. Gen-
erally, being one of the wastes released from industrial production
of phosphate fertilizer, hexafluorosilicic acid is a major environ-
mental (hazardous) and economical (end-of-pipe waste treatment)
challenge. This by-product of phosphate fertilizer industry could
be converted to non-hazardous materials such as silica and sodium
fluoride, both of which are useful for various applications [2-5].
Sodium fluoride can be recovered from the aqueous solution (by
evaporation or extraction) and used per se or reacted with sulfuric
acid to produce hydrogen fluoride.

Although various modes of silica recovery and general uti-
lization of hexafluorosilicic acid have been reported [3,6-13], a
mesoporous silica with high surface area (recovered from Fertil-
izer Industries wastes) is not yet reported. Moreover, the recovery
processes suggested were tedious and non-economical for large
scale production. For instance, Dragicevic and Hraste [7] described
a process whereby fluosilicic acid is neutralized with ammonia to
generate ammonium fluoride and silica. Afterward, silica was sepa-
rated by filtration and the NH4F was concentrated to a molten state
and subsequently treated with sulfuric acid to produce hydrogen
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fluoride. The Ammonia remains in the sulfuric acid and is sent to a
phosphate acidulation unit. The chief drawbacks of the process are
the necessity of recycling the ammonia and the failure to remove
P,05 impurity from the final product.

In this study, we are reporting a versatile method of recover-
ing high surface area mesoporous silica from hexafluorosilicic acid
wastes. The latter was reacted with sodium carbonate while the
pH of the slurry in the precipitator was controlled within a desired
range. The silica recovery processes were done at various concen-
tration ratios of the initial reactants (H,SiFg and Na,COs3) and at a
predetermined pH in order to investigate the influence of the reac-
tion pH on the BET surface area of the final product (mesoporous
silica). The process of removing sodium fluoride (and its utilization
in production of hydrofluoric acid) from the silica slurry is described
in detail. In fact, the removal of the sodium fluoride from the silica
slurry is tedious due to its high solubility in silica solution. Thus,
through several attempts, a versatile method of recovering high
surface area pure silica was inverted by optimizing the concentra-
tion ratios of the initial compounds. The physical (surface and pore
structure) and textural properties of the obtained mesoporous silica
and sodium fluoride are reported.

2. Experimental procedures
2.1. Experimental steps of recovery of mesoporous silica
In this study, sodium carbonate (purchased from DUKSON

Chem. Co. Ltd.) and hexafluorosilicic acid (by-product of Namhae
Chemicals Fertilizer Plant of Yoechun Industrial Complex located
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Fig.1. Aphotograph of the reflux glass vessel for the production of high purity meso-
porous silica from hexaflurosilicic acid as a waste material of phosphate fertilizer
industry.

in Yosu city, South Korea) were used to produce high surface area
mesoporous silica and sodium fluoride. The concentration of hex-
afluorosilicic acid solution collected from the Fertilizer Plant wastes
was determined and found to be 27.5 wt%. For the present experi-
ment, 50 ml of 24 wt% hexafluorosilicic acid and 100 ml of 0.297 M
sodium carbonate were used to prepare mesoporous silica. Dou-
ble distilled water was used to prepare the desired concentrations
of hexafluorosilicic acid and sodium carbonate. The reaction was
carried out in reflux glass vessel (Fig. 1) and the simplified experi-
mental steps are summarized in Fig. 2.

Furthermore, in order to investigate the influence of the reaction
pH on the BET surface area of the final product (mesoporous silica),
the silica recovery processes were done at various concentration
ratios of the initial reactants (H,SiFg and Na,CO3) at a predeter-
mined pH. In each of these processes, 900 ml of water was added in
order to obtained slurry; and the reaction temperature was raised
to 100°C while the pH was controlled at a predetermined value
(ranging from pH 1 to pH 10). After 3 h, the solution was cooled
to room temperature. The resultant slurry was then filtered and
aged for 8 h in 400 ml of water at 80 °C. Eventually, the precipitated
amorphous silica was filtered, washed with distilled water and
dried at 150°C for 2 hin an oven. On the other hand, the filtrate (the
remaining aqueous solution containing sodium fluoride) was evap-
orated and thoroughly washed with water to remove admixtures;
and finally it was spry dried to obtain solid sodium fluoride.

As it was pointed out in the introduction part, the obtained
sodium fluoride can be used per se or reacted with sulfuric acid
to produce hydrogen fluoride. In the present study, a simple pro-
cedure of preparing the hydrogen fluoride is proposed. In this case,
40 g of the obtained solid sodium fluoride were heated to a desired
temperature (160°C) in a reactor (Fig. 3) under a constant supply
of nitrogen gas. The latter was passed from storage tank through
a flowmeter into the reactor to remove oxygen (to avoid corro-
sion). The reactor was embedded in a heating mantle to maintain
the desired reaction temperature. After flushing the reactor with
nitrogen gas, the sulphuric acid (contained in a burette connected
to the reactor) was quickly introduced. The product gas was passed
through a condenser and collected by a Teflon-made beaker. After
the reaction, the nitrogen gas was flushed again through the reac-
tor; this assisted in carrying HF gas from the reactor.

H2SiFs (24%) 3Na;CO;
I

[ Mixing at room temp (~25 °C) |

Addition of DI water (900 ml) &
reflux at 100 °C for 3 hr

Amorphous silica

[ Characterization ]

NaF solution

|
[ Spray drying ]

NaF powder
H2S04(80%)

[ Reaction temp. (160 °C) shr |

[ HF vapours Cooling ]

Fig. 2. A flow chart of the experimental procedures for the production of high
purity mesoporous silica from hexaflurosilicic acid as a waste material of phosphate
fertilizer industry.

2.2. Characterization methods

The products obtained were characterized using XRD, BET, TGA,
SEM, and EDS. X-ray diffraction data were collected with a XRD-
6000 Shimadzu Diffractometer employing CuKa radiation. The
specific surface area and pore size distributions (PSDs) of the final
product were analyzed using Brunauer Emmet and Teller (BET)
and BJH nitrogen gas adsorption and desorption method (ASAP
2000, Micromeritics, USA). BET analysis from the amount of N, gas
adsorbed at various partial pressures (five points 0.05<p/pg<0.3,
nitrogen molecular cross-sectional area=0.162nm?2) was used
to determine the surface area, and a single condensation point

1-N; gas

2 - Flowmeter

3 - Heating Mantle

4 - Reactor

§ - Burette

6 « HF gas flow line
7 - Cooling water out
8- Condenser

9« Cooling water in
10-Collector

Fig. 3. A photograph of equipment used for preparation of hydrofluoric acid from
sodium fluoride.
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(p/po=0.99) was used to determine the pore volume. Before N,
adsorption, the sample was degassed at 200°C. Pore size distri-
butions were calculated from the desorption isotherms [14,15]. In
order to study the thermal stability of the mesoporous silica, the
samples were examined by the thermo gravimetric and differential
thermal analysis (TG-DTA). 6 mg of the hydrophobic mesoporous
silica were heat-treated in air, from room temperature (25°C) up
to 1000°C with controlled heating rate of 1.5°Cmin~! using a
microprocessor-based Parr temperature controller (Model 4846)
connected to a muffle furnace (A.H.JEON Industrial Co. Ltd., Korea).
Microstructure studies of the final product were carried out by
scanning electron microscope (FE-SEM, JSM 6700 F microscope,
JEOL). The atomic percentage of residual impurities in the obtained
silica was investigated by energy dispersive X-ray spectroscopy
(EDS).

3. Results and discussion
3.1. XRD and EDS results

The main challenge encountered in this study was to recover
sodium fluoride (due to its solubility in silica) from the developed
slurry. Thus, when solution which contains sodium fluoride is evap-
orated, some silica may be admixed and this would be extremely
difficult, if not impossible, to separate; as disclosed by Sikdar and
Moore [4]. However, in the present study, mesoporous silica was
successfully recovered by the gradual dropping of a diluted sodium
carbonate solution into a diluted hexafluorosilicic acid solution.
The mechanism of formation of mesoporous silica via the proposed
procedure (reaction of H,SiFg and Na; CO3 ) can be explained by con-
sidering the chemical reactions presented in Eqgs. (1)-(6). Generally,
hexaflurosilicic acid reacts with sodium carbonate to form unstable
monomeric silicic acid. Then the latter undergo condensation and
polymerization to develop siloxane links. Also it is know that the
condensation rate can be enhanced using acidic catalyst [16]. The
protonation of the silanol makes the silicon more electrophilic and
consequently more susceptible to the nucleophilic attack. The most
basic silanol species (silanol contained in monomers or weakly
branched oligomers) are most likely to be protonated. As a result,
silica clusters aggregate to form a three-dimensional porous sil-
ica network. The following chemical reactions are expected to take
place when H;SiFg reacts with Na;COs:

H,SiFg +Na;CO3 — Na,SiFg +C0,1 +Hy0 (1)
Na,SiFg(aq) < 2Na*(aq) + SiFg®~(aq) (2)

SiFg2~(aq) + 2H™(aq) + 4H,0(1) — Si(OH)4(aq)

+6H*(aq) + 6F(aq) (3)
Na'(aq) + F(aq) — NaF(s) (4)
=Si(OH) + (HO)Si= — =Si-0-Si= | (s) + H,0(l) (5)

The silicic acid monomers obtained in Eq. (3) polymerize to form
small silica particles chains: Monomer — Oligomer — Polymer (Eq.
(5)); and consequently a silica network (mesoporous silica) is
developed. Therefore, the complete/overall reaction equation for
the synthesis of silica and sodium fluoride from hexafluorosilicic
acid and sodium carbonate can be summarized as follows:

H,SiFg +3Na;CO3 — 6NaF + SiOy| +3C021 +H,0 (6)

In the present work we realized that, at a concentration ratio
of 1:3 (H,SiFg:Na,C03) there was no fluoride contamination in the
recovered silica samples. But when the molar ratios of the initial
compounds were varied (above or below 1:3) the final product had
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Fig. 4. X-ray diffraction patterns and EDS spectra of mesoporous silica.

admixtures. Thus, the result presented in this work is for the final
product obtained at ratio 1:3. The broad X-ray diffraction pattern
in Fig. 4 indicates the formation of amorphous silica. No trace of
NaF was observed. Fig. 5 shows the X-ray diffraction pattern for
recovered sodium fluoride from hexafluorosilicic acid. The three
prominent sharp peaks located at 20, 39, and 56° matches with the
expected NaF standard XRD peaks [17]. No other crystalline phases
detectable by XRD were found indicating the purity of NaF, as also
substantiated through EDS study (Figs. 4 and 5). The EDS result in
Fig.4 (inset) confirms the presence of the expected elements in pure
silica, namely, Si, O; while in Fig. 5 Na and F were the only existing
elements. Thus, the purity of the final products (silica and sodium
fluoride) obtained in the present study was empirically confirmed.

3.2. SEM result

The SEM image for mesoporous silica (Fig. 6(a)) illustrates pre-
cipitated particles (less than 50 nm) of irregular shape which tend
to form larger accumulations (the so-called aggregates and agglom-
erates). No larger primary particles attributed to the presence of
other compounds (contaminants, such as NaF) can be seen. On the
other hand, the SEM image for sodium fluoride (Fig. 6(b)) illus-
trates the conspicuous primary particles with an average diameter
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Fig. 5. X-ray diffraction patterns and EDS spectra of sodium fluoride.
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Fig. 6. FE-SEM images of the (a) mesoporous silica and (b) sodium fluoride.

of 400 nm. No small particles that could be attributed to the pres-
ence of silica are evident, indicating the purity of NaF.

3.3. TGA/DTA curves

Fig. 7 depicts the TG-DTA curves of the obtained mesoporous
silica in the temperature range of 25-800°C. Significant weight
losses were observed at 150°C and at the range of 400-800°C.
The former weight loss is attributed to the loss of water from the
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Fig. 7. Thermogravimetric and differential thermal analysis (TG-DTA) curve for the
mesoporous silica.
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Fig. 8. Variation of mesoporous silica surface area with change in reaction pH.

sample (as it is also demonstrated by the endothermic peak in the
DTA curve) while the latter is attributed to the dehydration of the
silanol groups. The sample weight remained constant at the range
of 800-1000°C. Thus, it is clearly evident from Fig. 7 that a sig-
nificant silica weight loss occurs at elevated heat-treatment (up
to 800°C). This implies that the product obtained via the present
method has a high thermal stability.

3.4. Effect of the reaction pH on surface area of silica

Fig. 8 shows the effects of the pH on the specific surface area of
the recovered mesoporous silica. It is generally recognized that sil-
ica surface area is inversely proportional to the size of the primary
particles formed on gelation. Thus, at pH 1 the primary particles
of polymeric silicic acid were relatively small and correspondingly
large at pH 10. Now, in the present study, as it can clearly be seen in
Fig. 8, the surface area of the obtained mesoporous silica decreases
with the increase in pH. For instance, at pH 1 the surface area of sil-
ica was found to be 800 m? /g while the minimum value is observed
at pH 10.

3.5. Nitrogen physisorption studies
Physisorption of the obtained mesoporous silica powders were

explored by obtaining the N, adsorption/desorption isotherms and
pore size distributions. Fig. 9 depicts N, adsorption and desorp-
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Fig. 9. N, adsorption/desorption isotherms and pore size distribution (PSD) of the
mesoporous silica.
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tion isotherms. The physisorption isotherms exhibited hysteresis
loop with type IV isotherms which are generally observed for the
mesoporous materials due to capillary condensation in the meso-
pores [18-20]. Fig. 9 (inset) depicts the pore size distributions of
the recovered silica. The peak pore diameter resides at the range of
2.5-5nm; this confirms that the obtained silica is mesoporous.

4. Conclusions

The recovery of mesoporous silica and sodium fluoride from
hexafluorosilicic acid (waste material of phosphate fertilizer indus-
try) using sodium carbonate is reported in this study. The final
products have high purity as confirmed by various characteriza-
tion techniques, particularly through EDS. The separation of silica
and NaF was successful. Mesoporosity of silica was substantiated
via nitrogen physisorption studies in which the material was found
to have an average pore diameter of 4.14 nm. The silica obtained has
a high surface area (up to 800 m?/g). Nevertheless, the surface area
decreases with the increase in reaction pH. Therefore, in this study,
we have demonstrated that high surface area mesoporous silica
and sodium fluoride can be obtained from hexafluorosilicic acid
wastes of the fertilizer industry by using a simple and econom-
ical procedure. This process may significantly reduce the release
of hazardous materials into the environment and it might confer
economic benefits to the responsible industries.
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