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Highlights

e The fluorination of zircon using NHsHF; as reagent at 230°C was analyzed.
e The fluorination of silicaand the sublimation behavior of (NH4).SFs were investigated using TGA.

e The effect of hydrolysis temperature on the size of silica particles was comparably investigated.

e Amorphous silica particles produced at 45°C contained 99.96 wt% SiO, and the recovery ratio of
SiO; reaches ~94.57%.

e Amorphous silica particles obtained at 45°C exhibited high purity, narrow size distribution, high

specific surface, high DBP-absorption and low density.

Abstract

A method to prepare amorphous silica particles from zircon has been developed using the
fluorination method through a three-step process: the fluorination of zircon using ammonium
bifluoride at 230 °C the sublimation of (NH.).SiFs at 300 °C and the hydrolysis of (NHa4)2SiFe.
During above progress, the composition and phases of materials produced during fluorination of
zircon were analyzed; the chemical reaction of silica with ammonium bifluoride, the sublimation
behavior of (NH4).SiFs and its composition were determined; the effect of hydrolysis temperature
(30 °C 45 °Cand 60 °C) on the hydrolysis ratio of Si and the size of silica particles were investigated.
The results indicated that (NHa4)sZrF; and (NH4).SiFs formed after the fluorination of zircon at
230 °C for 5 hr. (NHa4)2SiFs started to sublimate at 175 °C, but the sublimation dominated at 280 °C
and ended at 300 ‘C. The hydrolysis results indicated that uni-modal silica particles in micrometer
size range were produced at 45 °C, while bi-modal particles in a variety of sizes ranging from
nanometer to micrometer were produced at 30 °Cand 60 °C. The amorphous silica particles obtained
at 45 °C exhibited high purity above 99.96 wt.%, narrow size distribution (average: 254+17 nm),
high specific surface (136.8 m?/g), high dibutyl phthalate (DBP)-absorption (2.7 cm?/g), low density

(0.532 g/cm?) and pH (5.7). Therefore, the amorphous silica obtained has potential application as



filler in plastic and rubber compounding. After the hydrolysis process, ammonium bifluoride can be

recycled through the evaporation of NH4F solution. Thus, this work provides a novel strategy for

processing zircon by ammonium bifluoride to produce amorphous silica particles and recycle of

ammonium bifluoride.
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1. Introduction

Zircon (ZrSiQy) is notoriously difficult to process because it is chemically inert and insoluble

in most conventional acids under normal conditions. Hafnium is always present in zircon in

concentrations of 1-3 wt. % [1]. Current processing involves digestion of zircon in large quantities of

sodium hydroxide at temperatures above 600 °C [2,3], or by conversion to zirconium tetrachloride

via a carbo-chlorination process above 800 °C [4-6]. Both of these methods require vast amounts of

energy and/or generate large liquid waste streams. A more cost effective and

environmentally-friendly process would therefore be a huge advantage. In order to develop a more

efficient, cost-effective, and environmentally-friendly process for the use of zircon reserves, different

fluorination routes are under investigation such as using fluorine gas (F2) [7-9], hydrogen fluoride

gas (HF) [8-10], aqueous hydrofluoric acid (HF) [11], ammonium fluoride (NH.F) [12-16],

ammonium bifluoride (NHsHF2) [17-25] or ammonium acid fluoride ( NHiFexHF, x>1) [26-30]. Of

these, fluorine and hydrogen fluoride are corrosive and poisonous gases and thus are difficult to

handle. Moreover, there remains a possibility of unreacted oxide remaining in the product [31].



Agueous hydrofluoric acid is again highly corrosive. NH4F is highly hygroscopic and there is a

possibility for oxygen contamination due to the pyrohydrolysis of fluoride [19, 32, 33]. To prepare a

pure fluoride product without oxide contamination, it is necessary to use a large quantity of NH4F.

Therefore, the use of NH4HF, as fluorination agent is considered as an appropriate method for

obtaining oxygen-free fluoride. The fusion temperature of ammonium bifluoride is 126.8 °C and its

decomposition temperature is 238.8 °C. At room temperature NHsHF, does not represent any

significant environmental danger, since it is a solid with a very low partial pressure, whereas, when

heated, it becomes a powerful fluorinating reagent.

Zircon can easily reacted with ammonium bifluoride (NHsHF,) in an autoclave at 300 C

under 45 atm [34]. With the help of microwave, zircon can also completely react with ammonium

acid fluoride ( NHsF.xHF, x>1) at 240 “C[26, 27]. Zircon can also be made chemically more

tractable by dissociation in a plasma flame at >1700 ‘C[35-37]. This product is called plasma

dissociated zircon (PDZ, ZrO2eSiO,). Under this case, the reaction temperature of PDZ with

ammonium acid fluoride ( NHsFexHF, x>1) was further decreased [28, 29]. Above results suggested

that zircon should be treated at high pressure/high temperature or under microwave in order to

enhance the chemical-reaction-activity. However, there is no report about the fluorination of raw

zircon without treatment with NH4HF, below its decomposition temperature.

It is assumed that the reaction between zircon and ammonium bifluoride above 200 °C

proceeds according to the fellow reaction [34]:

2ZrSiO4 + 13NHsHF, = 2(NH4)3ZrF7 + 2(NH4)2SiFe + 3NH31 + 8H201 (D



According to the equation (1), the calculated mass ration of NHsHF, to ZrSiO4 is 2.0213:1.

During fluorination, NHz and H>O formed as gas, but (NH4)3ZrF; and (NH.)2SiFe formed in solid.

NHs and H2O gas can be absorbed by water to form ammonia solution, which can be used in silica

production. (NH4)2SiFs is stable until 100 °C; at higher temperature, it loses weight (0.2% per hour)

and, then sublimate above 180 “C [38] and full sublimation can be observed at 280-330 °C [20-22,

38-43]. It causes serious environmental pollution as well as being an expensive form of waste. To

prepare amorphous silica particles using (NH4)2SiFs can not only solve the problem of

environmental pollution, but also create social wealth [20, 21, 41-43] because amorphous silica

particles have many important applications [41-45] such as catalysts support, pigments,

chromatographic adsorbent, chemo-mechanical polishing, hybridcomposite materials, humidity

sensors and thermal insulators due to their many outstanding properties, including high melting point,

rigidity thermal stability, low density, high surface area and good dispersibility.

A great many methods have been reported for the preparation of amorphous silica particles

including sol-gel processing [46, 47], chemical precipitation [48] and other technique requiring

specific equipment with large investment such as plasma synthesis [49], chemical vapor deposition

(CVvD) [50], combustion synthesis [51, 52] and pressurized carbonation [53]. Fumed silica is

manufactured by a high temperature vapor process in which silicon tetrachloride is hydrolyzed in a

flame of hydrogen-oxygen at 2000 °C. Thus silica particles with low density, large surface area and

smooth nonporous surface produced and can be used as fillers in the production of thermal insulation

materials [54]. Precipitated silica is manufactured by wet procedure by treating sodium silicate with

inorganic acid in the course of precipitation [55, 56]. The size and size distribution might be easily

affected by some factors due to aggregation because silica particles have more silanol groups (Si-OH)



groups on the surface. The sol-gel process is the common technique for the synthesis of silica

particles with size of 0.2-2 um because of the ease in controlling the particle size and shape by

systematically tailoring the synthesis conditions [16, 20, 21, 41-43] according to the following

reaction:

(NHa)2SiFs +4NH; -H,0 = SiO2|+6NH4 F +2H20 (2)

Previous investigation [20, 21, 41-43] further indicated that the use of (NH.)2SiFs solutions less

than 10 wt.% is not useful for obtaining amorphous silica because it is very difficult to filter SiO; gel

at such concentrations. Furthermore, the optimum hydrolysis temperature is 30-60 °C because higher

temperatures above 80 °C increases the pollution and temperatures lower than 25 °C yield a product

with poor quality. Keeping of the suspension for 0.5-2.5 hr promotes the stabilization of the final

product and a considerable improvement of its filterability.

After the hydrolysis, NH4HF, was regenerated by evaporation of aqueous solution of NH4F

according to the follow reaction [16, 20, 21, 41-43]:

2NH2F = NH4HF2+ NH3? 3)

During this progress, NHs can be recycled and used as ammonia to produce amorphous silica

(reaction (2)).

Compared with others process, this process has a higher production and ammonium bifluoride

can be recovered with no solid, liquid, or gaseous waste [20, 21, 41-43]. Therefore, it can solve the

problem of environmental pollution of (NHa)2SiFe.



The present works investigates the reaction of zircon with ammonium bifluoride at 230 °C, the
reaction of silica with ammonium bifluoride and the sublimation behavior of (NH.)2SiFs. Moreover,
the effect of hydrolysis temperature (30 °C 45 °Cand 60 °C) on the hydrolysis rate of Si and the size
of silica particles was investigated, with the aim to investigate the optimal temperature for obtaining
high purity silica. The properties of silica particles produced at optimal temperature was further

analyzed.

2. Experimental
2.1 Materials

The zircon used in this study was obtained from Australia Eucla Basin. Commercially available
analytical reagents ammonium bifluoride (Sinopharm Group, > 99.5 wt.%) was used as fluorination
reagent. Distilled water and aqueous ammonia (NHsOH, 24%) were used during the dissolution and
hydrolysis of (NH4).SiFs. The silica for thermal gravimetric analysis (TGA) was also analytical

grade (Sinopharm Group, > 99.8 wt.%).

2.2 Equipment

The fluorination and sublimation were conducted in a modified tubular furnace consisting of a
reactor for the heating of zircon and ammonium bifluoride and a two-zone condenser for trapping
and collecting the volatile products during the heating progress. The working zone of reactor and
condenser were made from nickel (NP-2 grade). The tail gas was absorbed in a Teflon vessel filled
with water. In order to collect all the volatile product and absorb all the tail gas, N2 (purity>99%) gas

was fed into the furnace during heating.



Thermalgravimetric analysis (TGA)-derivative thermogravimetry (DTG) for mixture of silica
and NHsHF, were carried out from 25 °Cto 600 °Con a Pyris 1 TGA.
The synthesis of amorphous silica was carried out in a three necked plastic flask. The

regeneration of ammonium bifluoride occurred in a laboratory-size evaporator/crystallizer system.

2.3 Experimental procedure

The experimental procedure had three major steps: the fluorination of zircon with ammonium
bifluoride, the sublimation and condensation of (NH.).SiFs and the hydrolysis of (NHa4)2SiFe.

The fluorination process conducted in the reactor. Firstly, certain zircon was carefully mixed
with ammonium bifluoride at the mass ratio of NHsHF- to zircon of 2.5 in a agate mortar. Then the
mixture was moved into a nickel crucible in the tubular furnace. Under a steady flow of Nz (high
purity: 99%), the mixtures were heated up to 230 °Cat a heating rate of 10 °Gmin, kept at 230 °C for
5 hr and then cooled down to room temperature at 10 °C'min. During the fluorination process, the
temperature of condenser was kept at 100 °C-150 °C in order to condensate the volatile product. The
mass in the crucible and sublimate collected in the condenser were weight after fluorination. In order
to investigate the interaction of silica with ammonium bifluoride, and the sublimation behavior of
(NHa)2SiFs, the thermalgravimetric analysis (TGA)-derivative thermogravimetry (DTG) for mixture
of silica and NHsHF, were carried out from 25 °C to 600 °C on a Pyris 1 TGA. The mixture of
NH4HF; with silica about 1000-1200 mg (mass ratio of NH4HF,: silica=3:1) was set in platinum
crucible under N flow rate of 150 cm3/min with a heating rate of 10 °Gmin. During TGA-DTG, the
mixture was kept at 175 °C for 30 min in order to convert all silica into (NH4)2SiFs and also analyze

its sublimation behavior at 175 °C



After fluorination at 230 °C for 5hr, the mixture was further heated up to 300 °C and kept at

300 °C for different time, and then cooled down to room temperature at 10 °Gmin under the flow of

N2. During this progress, (NH4)2SiFs sublimates from the mixture in the reactor and condensates at

the two-zone condenser with the temperature controlled at 100 °C- 150 °C.

The hydrolysis and amorphous silica production experiments were performed in a 250 ml three

necked plastic flask employed with a stirrer, pH meter and reflux condenser. Firstly, 10 wt. %

(NHa4)2SiFs solution was prepared and added into the three-necked plastic flask, and then heated to

the target reaction temperature in a thermostatical water bath. To investigate the effect of hydrolysis

temperature on the properties of amorphous silica particles, the temperature was varied from 30 °Cto

60 °C (30 °C, 45 °Cand 60 °C) . After using 24% ammonia solution to adjust the pH to 9, the mixture

was stirred at 200 rpm for 1.5 hr and aged for 1 hr. Finally, the mixture was filtered and washed with

distilled water and drying at 120 °C for 2 hr. The regeneration of ammonium bifluoride could be

circularly utilized by evaporation and crystallization of the filtrate.

2.4 Characterization

The chemical compositions of zircon raw materials and produced amorphous silica particles

were analyzed by X-ray fluoroscopy (XRF, Axios mAX Holand PANalytical Co.Ltd). Before and

after the fluorination/sublimation, the mass measurements were conducted using a balance with 0.01

mg sensitivity. The phase of samples was characterized using D/Max-2500 pc type X-ray diffraction

(XRD) with Cu Ko radiation at 40 kV and 160 mA with a scan speed of 3°/min from 10° to 90° in 26.

The morphology and chemical composition of zircon, (NH4)2SiFs sublimate and amorphous silica

particles produced were examined using Camscan MX2600FE type-scanning electron microscopy



with energy dispersive X-ray spectroscopy (SEM/EDS) (Oxford Instruments, INCA) under the
accelerating voltage of 20 kV. The morphology of the amorphous silica particles was further
characterized using TECNAI-20 type transmission electron microscope (TEM) operated at 200 kV.
For the determination of surface area, nitrogen adsorption/desorption isotherm measurements
were exploited at 77 K with Micrometrics TriStar 11 3020 equipment. All samples were degassed at
200 °C and 108 Torr for 10 hr prior to analysis. Specific surface areas of the produced silica particles
were calculated with the Brunauer—-Emmett—Teller (BET) equation by using isotherm adsorption
data for relative pressure p/po from 0.05 to 0.3. To measure the tapping density, a container of known
volume was filled with silica powders and gently tapped until no further powders could be added.
The powders were then weighed to obtain the tapping density 781, This is a non-standard technique
but gives reproducible results. The DBP-absorption and pH value of the produced amorphous silica
particles was measured according to China National Standards HG/T3072-2008 and
HG/T3067-2008, respectively. Measurements were performed five times for each sample, and then

the average value was calculated.

3. Results and discussion
3.1 Properties of zircon

SEM image and the corresponding EDS of original zircon powders is shown in Fig. S1 (in
Supplementary Material). Clearly, the zircon particles exhibited cylinder morphology with diameter
30-35 pm and length 60-70 um. Zircon always contains ZrSiO4 and other oxides such as HfO, TiO.,
Al>Os3, etc. However, EDS results in Fig. S1c indicated that only Zr, Si and O were detected due to

low content of other oxides and detection limit. The atom ration of Zr to Si is close to 1:1. XRD



results in Fig. la indicated that only ZrSiO4 observed. Above results suggests that the content of

other oxides is very low. In order to know the content of other oxides in zircon, XRF analysis of the

chemical composition of zircon is conducted and the result is listed in Table 1. It indicated that the

ZrO,, HfO,, SiO,, Al2O3, TiO2, P20sand Y203 contents are 66.647 wt.%, 1.421 wt.%, 32.267 wt.%,

0.269 wt.%, 0.353 wt.%, 0.258 wt.% and 0.307 wt.%, respectively.

3.2 Fluorination of zircon with NH4HF2 at 230 °C

Fig. 1b shows the XRD pattern of zircon after fluorination at 230 °C for 5 hr. Clearly, the

fluorides of zircon were composed of (NH4)sZrF7, (NH4)2SiFs and minor unreacted NH4HF, agent.

No ZrSiO4 is observed suggesting that the fluorination of ZrSiO4 is complete or the content of

un-reacted ZrSiOs4 is lower than the detection limit. Fig. 2 shows the SEM image and the

corresponding EDS of zircon after fluorination at 230 °C for 5 hr. Clearly, coarser zircon particles

disappeared, and finer particles formed, as seen in Fig. 2a. EDS results in Fig. 2c indicated that the

finer particles were composed of Zr, Si and F without N due to lower atomic weight. At high

magnification, coarser particles of ~ 20 um with smooth surface occasionally observed in some areas,

as seen in Fig. 2b. EDS results in Fig. 2d indicated that these particles contained high O content and

minor Ni. The existence of O suggested that some zircon particles were not completely fluorinated.

The existence of Ni is due to the corrosion of nickel crucible. The change of particles morphologies

is caused by fluorination, it can be concluded that the finer particles were fluorides of (NH4)sZrF;

and (NH4).SiFs. Based on the chemical reaction (1), if no (NHa4)2SiFs and NHsHF, sublimate, the

mass loss after fluorination should be -15.20%; if all residue of NH4sHF, (without reaction with

zircon) sublimate but (NH4).SiFs does not sublimate, the mass loss should be -28.87%. However, the



real mass loss is -49.2% (larger than -28.87%), suggesting that the sublimation and condensation of

some fluorides occurred during fluorination at 230 °C. After fluorination at 230 °C for 5 hr, some

white materials were collected in the condenser. The XRD pattern of white materials collected in the

condenser is shown in Fig. S2. Clearly, it composes of major (NH.)2SiFs and minor NH4sHF,. The

results suggested that both (NH4).SiFs and NH4HF, sublimate during fluorination at 230 °C

especially the former. SEM and the corresponding EDS of the white materials collected in the

condenser are shown in Fig. S3. Clearly, faceted-grain particles with smaller spherical particles on

the surface observed, as seen in Fig.S3a. EDS in Fig. S3b indicated that the faceted-grain particles

composed of Si and F. However, lower Si and higher F contents were observed on the spherical

particles. Based on XRD and SEM results, it can be concluded that the faceted-grain is (NH4)2SiFs

while smaller spherical particles without any faceted is NH4HF, due to lower melting point.

3.3 TGA-DTG of the reaction of silica with NH4HF2

In order to investigate the interaction of silica with NHsHF,, and the sublimation behavior of
(NHa4)2SiFs, TGA-DTG for mixture of silica+NHsHF, were carried out from 25 °Cto 600 °C with the
mass ratio of NH4HF,: silica=3:1, as seen in Fig. 3. Clearly, there existed three mass loss peak at
126.8 °C, 175 °C and 280 °C, respectively. On TGA-DTG curves, from 25 °CG-126.8 °C, the chemical

reaction between silica and NH4HF, occurred with minor mass loss, as addressed below:

SiO; + ANHsHF, = (NH4)QSiF5 + 2H20T+NH3T (4)

At 126. 8 °C, the melting of NH4HF; occurred and the fluorination of silica has the highest rate with

significant mass loss; at 150 °C the mass loss is of -15.2%, and corresponds to the departure of water



following reaction (4), in fair agreement with the calculated value of -14.98%; from 150-175 °C the
loss of -6.9% is due to the ammonia removal (reaction (4)), in agreement with the calculated value of
-7.08% [20]. Based on above chemical equation (4), the fluorination of 1g silica consumed 2.8453g
NH4HF,. Thus, in this study, 3.87% NHsHF, without reaction with zircon stayed as residue after
fluorination of silica. During the keeping at 175 °C, a further 16.688% mass loss occurred, as seen in
Fig. 3. Clearly, the value is larger than the sublimation of NHsHF; residue (3.87%). The results
suggested that the loss of -16.688% during the keeping at 175 °Cis mainly due to the sublimation of
(NHa4)2SiFs; from 175-280 °C, the loss of -58.343% is due to the sublimation of (NH.)2SiFs. After
300 °C, the residue without sublimation is of -1.79%, suggesting that almost all the (NHa).SiFs has
been sublimated. Based on above results, several observations can be made: 1) the fluorination of
silica starts at the time of mixing of silica with NHsHF, and dominates at 126.8 °Cwith the departure
of water; 2) the removal of ammonia is between 150-175 °C; 3) (NH4).SiFs starts to sublimate at

175 °C, dominate at 280 °Cand end at 300 °C.

3.4 Sublimation of (NHa4)2SiFs at 300 °C

In order to enrich (NHa4)sZrF; for further treatment, (NH.)2SiFs should be sublimated and
removed completely. Above TGA-DTG results indicated that (NHa4).SiFs sublimated between
175 °CG-300 °C especially dominated at 280 °C. Thus in this section, the mixture of zircon after
fluorination at 230 °C for 5 hr was further heated up to 300 °Cand kept at 300 °C for different time
under the flow of N. During this progress, (NH4)2SiFs sublimates and condenses in the two-zone
condenser with the temperature controlled at 100 °C-150 °C Fig. 4 shows XRD patterns of

(NHa)2SiFs collected in the condenser during keeping at 300 °C for different time. Clearly, two type



phases of (NH4)2SiFs observed: B-(NH4)2SiFs (#44-1424) and a-(NH4)2SiFs (#07-0013). Furthermore,
the peak intensity of B-(NHa).SiFs (#44-1424) decreased with the increment of time. After 7 hr,
[B-(NH.):SiFs (#44-1424) disappeared and only a-(NHa4)2SiFs (#07-0013) observed, suggesting
[B-(NH.):SiFs (#44-1424) transformed into o-(NHa):SiFs (#07-0013) during the heating progress
[38].

Fig. 5 shows the SEM images and the corresponding EDS of (NH.)2SiFs collected in the
condenser during sublimation at 300 °C for different time. Clearly, faceted-grain particles with
needle-plate like particle on the surface observed, as seen in Fig. 5a [43]. With the increment of time,
the quantity of needle-plate like particles gradually decreased and disappeared after 7 hr, as seen in
Fig. 5¢ and Fig. 5e. EDS in Fig. 5b, Fig. 5d and Fig. 5f indicated that the materials collected only
composed of Si, F and N. Based on XRD and SEM results, it can be concluded that the faceted-grain
particle is a-(NHa)2SiFs (#07-0013) and the needle-plate like particle is B-(NHa).SiFs (#44-1424).
The chemical analysis indicated that (NH.)2SiFs collected in the condenser still contained minor
impurity of Al, Ti, Fe, Na, and K under Nz gas. The (NH4)2SiFs thus obtained was further purified by
sublimation at temperatures to 300 °C again. The (NH4)2SiFs obtained as a result of sublimation
again is of high purity. This is confirmed from the chemical analysis. The content of the metallic
impurities (Al, Ti, Fe, Na and K) does not exceed 103-10-°%. This is because during sublimation the
impurity compounds of Al, Ti, Na, and K form simple fluorides,which remain in the nonvolatile

residue at 300 °C[20, 21, 43].

3.5 Hydrolysis of (NH4)2SiFs solution

Fig. 6 is the macroscopic morphology of amorphous SiO, produced by hydrolysis of



(NHa4)2SiFs at different hydrolysis temperature. Clearly, similar white powders observed without

significant difference. Fig. 7 shows the XRD patterns of silica particles produced at different

hydrolysis temperature, which clearly indicated that no crystalline phases exist, as only a single

broad peak between 15° and 30° (260) is observed. The peak width shows that particles of prepared

silica are of nano-size dimension. The results suggest that the silica particles have an amorphous

nature. Previous studies [20, 21, 41-43] have also confirmed the amorphous nature of silica particles

derived from the hydrolysis of (NH4).SiFs.

The effect of temperature on the hydrolysis of Si-bearing filtrate is shown in Fig. 8 as the

hydrolysis pH is kept at 9.0. The results show that the hydrolysis ratio of Si increases from 94.25%

to 98.65% as the hydrolysis temperature increases from 30 °Cto 45 °C, then the hydrolysis ratio of Si

decreases with the further increase of hydrolysis temperature due to the volatilization of NH3 and

pollution [20, 21, 41-43].

Fig. 9 shows the SEM images of amorphous silica particles produced by hydrolysis of

(NHa4)2SiFs at different temperature. Clearly, the particles produced at 45 °C are spherical in nature

with a narrow size distribution, as seen in Fig. 9b, suggesting uni-modal silica particles occurred.

However, at 30 °Cand 60 °C, the presence of silica particles at two different sizes can clearly be seen

from Fig. 9a and Fig. 9c. The result suggests that bi-modal distribution of silica particles was

produced [56]. To understand the morphology of silica particles clearly, high magnification images

were conducted using TEM and the results are presented in Fig. 10. Clearly, the silica particles

produced at 30 °C and 60 °C exhibited two different sizes with spherical morphology. The average

particle sizes of two different distributions at 30 °Cand 60 °Cwere: 386126 nm (Fig. 10a), 20+2.6 nm

(Fig. 10b) and 374+34 nm (Fig. 10e), 25+2.4 nm (Fig. 10f), respectively. For comparison, TEM



images of the amorphous silica particles produced at 45 °C are shown in Fig. 10c and Fig. 10d.
Clearly, only one-modal distribution of silica particles with spherical morphology was observed. The
average diameter of silica particles produced at 45 °Cis 254+17 nm, which is consistent with SEM
image in Fig. 9b. Previous results [56] indicated that the concentration has a direct effect on the
particle size. The average particle size increased continuously with the increasing of the
concentration. Besides the concentration, the temperature also play a critical role in the morphology
and size of particles by affecting the rate of nucleation, the nucleation period, and the growth rate.
The nucleation rate and the growth rate increases with the increasing of temperature while the
nucleation period decreases. Thus, at different temperature, different morphology and size of
particles occurred. In this paper, at low ( 30°C) or high (60°C) temperature, some nucleus formed at
the latter stage could not grow into large particles due to different effects and bi-modal distribution
of silica particles occurred, which need further investigation. Based on above
results, the optimal temperature is 45 °C in order to obtain finer uniform silica particles. The
chemical composition of amorphous silica particles produced at 45 °Cis further analyzed using XRF
and the result is listed in Table 2. Clearly, the SiO content is ~99.96 wt.% with 0.024 wt.% TiO, and
PPM scale of Fe, Ni, F, Al, Na and K. The total recovery ratio of SiO, reaches ~94.57%. The
impurities contents meet the requirements of white carbon.

The BET surface was analyzed using N2 adsorption isotherms, as seen in Fig. 11. The isotherm
is essentially type-1V curve. The estimates of BET surface is high values of up to 136.8 m?/g, as
listed in Table 3. The DBP, tapping density and pH of amorphous silica particles produced at 45°C
are further analyzed and the results are also listed in Table 3. From Table 3, the amorphous silica

particles obtained at 45 °C exhibited narrow size distribution (average: 25417 nm), high specific



surface (136.8 m?/g), high DBP-absorption (2.7 cm?®/g), low density (0.532 g/cm?) and appropriate
pH (5.7). Thus, amorphous silica particles obtained under the optimal temperature has potential
application as filler in plastics and rubber compounding. The high purity amorphous silica has large
BET surface area, which might be useful as an adsorbent or catalyst support in fine chemical
synthesis.

Amorphous silica remains amorphous up to 900 °C during thermal treatment and devitrification
occurs after this temperature [59]. The XRD patterns of amorphous silica particles produced at 45 °C
before and after calcination at 900 °Cfor 5 hr is shown in Fig. S4 shows. Clearly, the produced silica
particles still keep its amorphous structure without devitrification even after calcination at 900 °C for
5 hr. Furthermore, after calcination treatment, ~4.5 wt. % mass loss was observed due to the removal
of fluoride, ammonium, remnant ammonium oxofluosilicate, (NH4).SiFs and absorbed H,O [20, 41,
43]. SEM image and the corresponding EDS of silica particles after calcination at 900 °Cfor 5 hr are
shown in Fig. S5. Clearly, the silica particles are spherical in nature with average diameter of
261+12 nm, as seen in Fig. S5a and Fig. S5h. The value is consistent with the results (254+17 nm)
before calcination. EDS results in Fig. S5c¢ further indicated that the particles were composed of O
and Si with the atom ration of O to Si of 2, suggesting it is pure silica.

After filtration of silica, the solution was heated and some white materials formed. XRD result
in Fig. S6 indicates that it is NH4F. By evaporation of aqueous solution of NH4F in a laboratory-size

evaporator/crystallizer system, NHsHF, was regenerated and recycled [16, 20, 21, 41-43].

4. Conclusions

A method to prepare amorphous silica particles from zircon using the fluorination method



through a three-step process including fluorination, sublimation and hydrolyzing progress has been
developed and proven feasible. The following conclusions were drawn:

1) (NH4)3ZrF7 and (NH.)2SiFe formed after the fluorination at 230 °Cfor 5 hr.

2) (NHa),SiF started to sublimate at 175 °C, dominated at 280 °Cand ended at 300 °C.

3) Amorphous silica particles produced at 45 °C exhibited uni-modal in micrometer size range,
while bi-modal amorphous particles in a variety of sizes ranging from nanometer to micrometer were
produced at 30 °Cand 60 °C.

4) Amorphous silica particles obtained at 45 °C exhibited high purity, narrow size distribution,
high specific surface, high DBP-absorption and low density.

5) Ammonium bifluoride can be recycled through the evaporation of NH4F solution.

Conflict of Interest

We wish to confirm that there are no known conflicts of interests associated with this
publication and there has been no significant financial support for this work that could
have influenced its outcome.

We confirm that the manuscript has been read and approved by all named authors and
that there are no other persons who satisfied the criteria for authorship but are not listed.
We further confirm that the order of authors listed in the manuscript has been approved
by all of us.

We confirm that we have given due consideration to the protection of intellectual
property associated with this work and that there are no impediments to publication,
including the timing of publication, with respect to intellectual property. In so doing we
confirm that we have followed the regulations of our institutions concerning
intellectual property.

We understand that the Corresponding Author is the sole contact for the Editorial
process (including Editorial Manager and direct communications with the office).
He/she is responsible for communicating with the other authors about progress,
submissions of revisions and final approval of proofs. We confirm that we have
provided a current, correct email address which is accessible by the Corresponding
Author and which has been configured to accept email form (wyd04@163.com).



Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships

that could have appeared to influence the work reported in this paper.

Data availability

The raw/processed data required to reproduce these findings cannot be shared at this time as the data

also forms part of an ongoing study

Acknowledgment

Project supported by Natural Science Foundation of Heilongjiang Province (E2018054)

References:

[1] A. Kaiser, M. Lobert, R. Telle, Thermal stability of zircon (ZrSiOa), J. Eur. Ceram. Soc. 28 (2008)
2199-2211.

[2] R.K. Biswas, M.A. Habib, A.K. Karmakar, M.R. Islam, A novel method for processing of
Bangladeshi zircon: part I: baking, and fusion with NaOH, Hydrometallurgy 103 (2010) 124-129.

[3] R.K. Biswas, M.A. Habib, M.R. Islam, A novel method for processing of Bangladeshi zircon:
part 11: leaching of zircon-caustic fused mass by hydrochloric acid, Hydrometallurgy 103 (2010)
130-135.

[4] A.A. Manieh, D.R. Spink, Chlorination of Zircon Sand, Can. Metall. Quart. 12 (1973) 331-340

[5] A.C. Bidaye, C.K. Gupta, S. Venkatachalam, Studies on the chlorination of zircon: Part I. Static

bed investigations, Metall. Mater. Trans. B 30 (1999) 205-213.


https://www.sciencedirect.com/science/journal/0304386X
https://www.sciencedirect.com/science/journal/0304386X
https://www.researchgate.net/scientific-contributions/2116195735_AA_Manieh?_sg%5b0%5d=_Hz3GrEmC51dTkPm3xic52m9rkuB5UD8dIqGhGJw7Pj1gPELJf8v-XC5fiq2BCHivzghscQ._q8snmy0LTPRZbaentpKallmNNy9BofciZtGSpFLHOguKym6chgayMxjJ-QlZ7maag55izzcHzU0QE__aPsFhA&_sg%5b1%5d=Bym_wS2VhO1Pq--E2FdLkTBAKMANWzuIQzsi6Ijq3MQX6EjLdZBLzHJ4CtkSAd_O4u4xA2f-qpKk-M4H.GxNnwAwXRSU6NopI42byJ1NyExTtyC6o2scE4pWY8urkKAplcJKwKdcGhSOujdjGqb9-tJrDY53139Z2oX2BNA
https://www.researchgate.net/scientific-contributions/2060568304_D_R_Spink?_sg%5b0%5d=_Hz3GrEmC51dTkPm3xic52m9rkuB5UD8dIqGhGJw7Pj1gPELJf8v-XC5fiq2BCHivzghscQ._q8snmy0LTPRZbaentpKallmNNy9BofciZtGSpFLHOguKym6chgayMxjJ-QlZ7maag55izzcHzU0QE__aPsFhA&_sg%5b1%5d=Bym_wS2VhO1Pq--E2FdLkTBAKMANWzuIQzsi6Ijq3MQX6EjLdZBLzHJ4CtkSAd_O4u4xA2f-qpKk-M4H.GxNnwAwXRSU6NopI42byJ1NyExTtyC6o2scE4pWY8urkKAplcJKwKdcGhSOujdjGqb9-tJrDY53139Z2oX2BNA
https://link.springer.com/journal/11663

[6] M.H. Jazini, S.M. Ghoreishi, A.A. Dadkhah, Modeling of carbochlorination of zircon in fluidized

bed reactor, Metall. Mater. Trans. B 41 (2010) 248-254.

[7] O.S. Monnahela, B.M. Vilakazi, J.B. Wagener, P.A.B. Carstens, A. Roodt, W.L. Retief, A

thermogravimetric study of the fluorination of zirconium and hafnium oxides with fluorine gas, J.

Fluor. Chem. 135 (2012) 246-249

[8] J.S. Gama, J.B. Wagener, P. L. Crouse, A thermogravimetric study of the reactions of

molybdenum disilicide with anhydrous hydrogen fluoride and fluorine, J. Fluor. Chem. 145 (2013)

66-69.

[9] J.S. Gama, J.B. Wagener, P.L. Crouse, A thermogravimetric study of the reactions of tungsten

disilicide with anhydrous hydrogen fluoride and fluorine, J. Fluor. Chem. 139 (2013) 12-15.

[10] B.M. Vilakazi, O.S. Monnahela, J.B. Wagener, P.A.B. Carstens, T. Ntsoane, A

thermogravimetric study of the fluorination of zirconium and hafnium oxides with anhydrous

hydrogen fluoride gas, J. Fluor. Chem. 141 (2012) 64-68.

[11] M.H. Rodriguez, G.D. Rosales, E.G. Pinna, D.S. Suarez, Extraction of niobium and tantalum

from ferrocolumbite by hydrofluoric acid pressure leaching, Hydrometallurgy 156 (2015) 17-20.

[12] Z.C. Hu, W. Zhang, Y.S. Liu, H.H. Chen, R.M. Gaschnig, K.Q. Zong, M. Li, S. Gao,S.H. Hu,

Rapid bulk rock decomposition by ammonium fluoride (NH4F) in open vessels at an elevated

digestion temperature, Chem. Geol. 355 (2013) 144-152.

[13] S. Adachi, T. Tatsukil, T. Sugano, A.T. Yamamoto, K. Tanabe, Low temperature fluorination of

(Sr,Ba).CuO3 using NH4F, Physica C 334 (2000) 87-94.

[14] A.N. D’yachenko and R.I. Kraidenko, Fluorination of germanium concentrates with ammonium

fluorides, Russ. J. Appl. Chem. 81 (2008) 952-955.


https://link.springer.com/journal/11663
https://www.sciencedirect.com/science/article/abs/pii/S0304386X15300141#!
https://www.sciencedirect.com/science/article/abs/pii/S0304386X15300141#!
https://www.sciencedirect.com/science/article/abs/pii/S0304386X15300141#!
https://www.sciencedirect.com/science/article/abs/pii/S0304386X15300141#!
https://www.sciencedirect.com/science/journal/0304386X
https://www.sciencedirect.com/science/article/abs/pii/S0009254113002817#!
https://www.sciencedirect.com/science/article/abs/pii/S0009254113002817#!
https://www.sciencedirect.com/science/article/abs/pii/S0009254113002817#!
https://www.sciencedirect.com/science/article/abs/pii/S0009254113002817#!
https://www.sciencedirect.com/science/article/abs/pii/S0009254113002817#!
https://www.sciencedirect.com/science/article/abs/pii/S0009254113002817#!
https://www.sciencedirect.com/science/article/abs/pii/S0009254113002817#!
https://www.sciencedirect.com/science/article/abs/pii/S0009254113002817#!
https://www.sciencedirect.com/science/article/abs/pii/S0009254113002817#!
https://www.sciencedirect.com/science/journal/00092541
https://www.sciencedirect.com/science/journal/00092541
https://www.sciencedirect.com/science/article/abs/pii/S092145349900725X#!
https://www.sciencedirect.com/science/article/abs/pii/S092145349900725X#!
https://www.sciencedirect.com/science/article/abs/pii/S092145349900725X#!
https://www.sciencedirect.com/science/article/abs/pii/S092145349900725X#!
https://www.sciencedirect.com/science/article/abs/pii/S092145349900725X#!
https://www.sciencedirect.com/science/journal/09214534

[15] A.A. Andreev, A.N. D’yachenko and R.l. Kraidenko, Fluorination of beryllium concentrates

with ammonium fluorides, Russ. J. Appl. Chem. 81 (2008) 178-182.

[16] C.L. Liu, S.L. Zheng, S.H. Ma, Y. Luo, J. Ding, X.H. Wang, Y. Zhang, A novel process to enrich

alumina and prepare silica nanoparticles from high-alumina fly ash, Fuel Process. Technol. 173

(2018) 40-47.

[17] B.N. Wani, S.J. Patwe, U.R.K. Rao, R.M. Kadam, M.D. Sastry, Fluorination of Sr.CuOs by

NH4HF,, Applied Superconductivity 3 (1995) 321-325.

[18] D.P. Nesterov, D.V. Makarov and V.T. Kalinnikov, Reaction of magnesium oxide and

magnesium silicates with ammonium hydrodifluoride, Russ. J. Inorg. Chem. 51 (2006) 712-716.

[19] A. Mukherjee, A. Awasthi, S. Mishra, N. Krishnamurthy, Studies on fluorination of Y03 by

NH4HF,, Thermochim. Acta 520 (2011) 145-152.

[20] L.P. Demyanova, V.S. Rimkevich, A.S. Buynovskiy, Elaboration of nanometric amorphous

silica from quartz-based minerals using the fluorination method, J. Fluor. Chem. 132 (2011)

1067-1071.

[21] V.S. Rimkevich, A.A. Pushkin, Yu.N. Malovitskii and 1.V. Girenko, Study of fluoride treatment

of silica-containing raw material, Russ. J. Appl. Chem. 84 (2011) 345-350.

[22] L.P. Demyanova and A.S. Zaeva, Ratio of starting raw material and fluorinating agent in the

process of purifying silica-containing raw material, Theor. Found. Chem. Eng. 46 (2012) 368-372.

[23] D.D. Thotat, B.M. Tripathi, D. Sathiyamoorthy, Extraction of beryllium from India beryl by

ammonium hydrofluoride, Hydrometallurgy 109 (2011) 18-22.

[24] B. Claux, O. Benes, E. Capelli, P. Souc¢ek, R. Meier, On the fluorination of plutonium dioxide

by ammonium hydrogen fluoride, J. Fluor. Chem. 183 (2016) 10-13.


https://www.sciencedirect.com/science/article/pii/0964180795000828#!
https://www.sciencedirect.com/science/article/pii/0964180795000828#!
https://www.sciencedirect.com/science/article/pii/0964180795000828#!
https://www.sciencedirect.com/science/article/pii/0964180795000828#!
https://www.sciencedirect.com/science/article/pii/0964180795000828#!
https://www.sciencedirect.com/science/journal/09641807
https://www.sciencedirect.com/science/article/abs/pii/S0040603111002139#!
https://www.sciencedirect.com/science/article/abs/pii/S0040603111002139#!
https://www.sciencedirect.com/science/article/abs/pii/S0040603111002139#!
https://www.sciencedirect.com/science/article/abs/pii/S0040603111002139#!
https://www.sciencedirect.com/science/journal/00406031
https://www.sciencedirect.com/science/journal/00406031/520/1
https://www.sciencedirect.com/science/journal/0304386X
https://www.sciencedirect.com/science/article/pii/S0022113915300233#!
https://www.sciencedirect.com/science/article/pii/S0022113915300233#!
https://www.sciencedirect.com/science/article/pii/S0022113915300233#!
https://www.sciencedirect.com/science/article/pii/S0022113915300233#!
https://www.sciencedirect.com/science/article/pii/S0022113915300233#!

[25] Che Nor Aniza Che Zainul Bahri, Aznan Fazli Ismail, Amran Ab. Majid, Synthesis of thorium

tetrafluoride (ThFs) by ammonium hydrogen difluoride (NHsHF.), Nucl. Eng. Technol. 51 (2019)

792-799.

[26] T.N. Nhlabathi, J.T. Nel, G.J. Puts, P.L. Crouse, Microwave digestion of zircon with ammonium

acid fluoride: Derivation of kinetic parameters from non-isothermal reaction data, Int. J. Miner.

Process. 114-117 (2012) 35-39.

[27] J.T. Nel, W.du Plessis, T.N. Nhlabathi, C.J. Pretorius, A.A. Jansen, P.L. Crouse, Reaction

kinetics of the microwave enhanced digestion of zircon with ammonium acid fluoride, J. Fluor.

Chem. 132 (2011) 258-262.

[28] C.J. Pretorius, W. du Plessis, J.T. Nel and P.L. Crouse, Kinetics and thermodynamic parameters

for the manufacturing of anhydrous zirconium tetrafluoride with ammonium acid fluoride as

fluorinating agent, J. S. Afr. I. Min. Metall. 7A (2012) 601-604.

[29] W.du Plessis, A.D. Pienaar, C.J. Pretorius and P.L. Crouse, Effect of the value of X in

NH.FexHF on the digestion of plasma-dissociated zircon, Int. J. Miner. Process. 147 (2016) 43-47.

[30] F.Q. Zheng, Y.F. Guo, G.Z. Qiu, F. Chen, S. Wang, Y.L. Sui, T. Jiang, L.Z. Yang, A novel

process for preparation of titanium dioxide from Ti-bearing electric furnace slag: NHsHF>-HF

leaching and hydrolyzing process, J. Hazard. Mater. 344 (2018) 490-498.

[31] F.H. Spedding and A.H. Daane, The Rare Earths, Wiley, New York, 1961.

[32] AW. Mann, D.J.M. Bevan, Intermediate fluorite-related phases in the Y:03-YF3

system-examples of one-dimensional ordered intergrowth, J. Solid State Chem. 5 (1972) 410-418.

[33] J.C. Warf, W.D. Cline, R.D. Tevebaugh, Pyrohydrolysis in the determination of fluoride and

other halides, Anal. Chem. 26 (1954) 342-346.


https://www.sciencedirect.com/science/journal/17385733
https://www.sciencedirect.com/science/article/abs/pii/S0301751612001111#!
https://www.sciencedirect.com/science/article/abs/pii/S0301751612001111#!
https://www.sciencedirect.com/science/article/abs/pii/S0301751612001111#!
https://www.sciencedirect.com/science/article/abs/pii/S0301751612001111#!
https://www.sciencedirect.com/science/journal/03017516
https://www.sciencedirect.com/science/journal/03017516
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/article/abs/pii/S0022113911000261#!
https://www.sciencedirect.com/science/journal/03017516
https://www.baidu.com/link?url=U6VMZzK5BwAZ-4DQKoasFbQtdNF6umGF0bu7_ZZnU_0anylAxcAkQ9LpEOuWVwKX4s1Z1nhvWF_aKsNNk4A-i6sVPURdj1Keqcbt61Ez8ei&wd=&eqid=ab666d32000b59d9000000025d6f59b4
https://www.baidu.com/link?url=KDnwUBHqOTge4EI5y0m9cGQOPpsvk0QLcely1Tp9tU_LxvxYuCyNlfzO7jlC20HW&wd=&eqid=c02aaf91000c5150000000025d6f5982

[34] V.V. Guzeev, A.N. D’yachenko, Autoclave Breakdown of Zircon with Ammonium Fluorides,

Russ. J. Appl. Chem. 79 (2006) 1757-1760.

[35] P.V. Ananthapadmanabhan, K.P. Sreekumar, N. Venkatramani, K. Veeramanilyer, Influence of

some process variables on plasma dissociation of zircon, Mater. Chem. Phys. 38 (1994) 15-20.

[36] L.D. Kock, M.D.S. Lekgoathi, E. Snyders, J.B. Wagener, J.T. Nel and J.L. Havenga, The

determination of percentage dissociation of zircon (ZrSiO4) to plasma-dissociated zircon by Raman

spectroscopy, J. Raman Spectrosc. 43 (2012) 769-773.

[37] S. Yugeswaran, P.V. Ananthapadmanabhan, T.K. Thiyagarajan, K. Ramachandran, Plasma

dissociation of zircon with concurrent in-flight removal of silica, Ceram. Int. 41 (2015) 9585-9592.

[38] E.I. Mel’nichenko, G.F. Krysenko, D.G. Epov and E.Yu. Marusova, Thermal properties of

(NHa4)2SiFs, Russ. J. Inorg. Chem. 49 (2004) 1943-1947.

[39] E.I. Mel’nichenko, G.F. Krysenko and D.G. Epov, Chemical properties of (NH4).SiFs, Russ. J.

Inorg. Chem. 50 (2005) 153-157.

[40] E.I. Mel’nichenko, GF. Krysenko and M.N. Mel’nichenko, (NH.).SiFs evaporation in the

presence of SiO2, Russ. J. Inorg. Chem. 51 (2006) 27-31.

[41] GF. Krysenko, E.I. Mel’nichenko and D.G. Epov, Effect of synthesis parameters on the

composition and properties of the product silica, Russ. J. Inorg. Chem. 53 (2008) 1013-1017.

[42] L.P. Demyanova, A. Tressaud, J.Y. Buzare, C. Martineau, C. Legein, Yu.N. Malovitski and V.S.

Rimkevich, Properties of amorphous silica generated by the fluoride method, Inorg. Mater. 45 (2009)

151-156.

[43] V.S. Rimkevich, A.A. Pushkin and I.V. Girenko, Synthesis and properties of amorphous SiO;

nanoparticles, Inorg. Mater. 48 (2012) 355-360.


https://www.sciencedirect.com/science/article/abs/pii/0254058494901406#!
https://www.sciencedirect.com/science/article/abs/pii/0254058494901406#!
https://www.sciencedirect.com/science/article/abs/pii/0254058494901406#!
https://www.sciencedirect.com/science/article/abs/pii/0254058494901406#!
https://www.sciencedirect.com/science/journal/02540584
https://www.sciencedirect.com/science/article/pii/S0272884215007658#!
https://www.sciencedirect.com/science/article/pii/S0272884215007658#!
https://www.sciencedirect.com/science/article/pii/S0272884215007658#!
https://www.sciencedirect.com/science/article/pii/S0272884215007658#!
https://www.sciencedirect.com/science/journal/02728842

[44] W.X. Wang, J.C. Martin, X.T. Fan, A. Han, Z.P. Luo, L.Y. Sun, Silica nanoparticles and

frameworks from rice husk biomass, ACS Appl. Mater. Inter. 4 (2012) 977-981.

[45] D. Borisova, H. Mohwald, D.G. Shchukin, Mesoporous silica nanoparticles for active corrosion

protection, ACS Nano 5 (2012) 1939-1946.

[46] Y.G. Lee, J.H. Park, C. Oh, S.G. Oh, Y.C. Kim, Preparation of highly monodispersed hybrid

silica spheres using a one-step sol-gel reaction in aqueous solution, Langmuir 23 (2007)

10875-10878.

[47] J.R. Martinez, S.Palomares-Sanchez, G.Ortega-Zarzosa, F. Ruiz, Y. Chumakov, Rietveld

refinement of amorphous SiO; prepared via sol-gel method, Mater. Lett. 60 (2006) 3526-3529.

[48] P.K. Jal, M. Sudarshan, A. Saha, S. Patel, B.K. Mishra, Synthesis and characterization of

nanosilica prepared by precipitation method, Colloids and Surf A: Physicochem. Eng. 240 (2004)

173-178.

[49] R.Y. Hong, J.M. Ding, H.Z. Li, Thermodynamic analysis and experimental verification for

synthesizing silicon nitride nanoparticles using RF plasma CVD, China Particuology 1 (2003)

162-167.

[50] N. Awaji, S. Ohkubo, T. Nakanishi, T. Aoyama, Y. Sugita, K. Takasaki, S. Komiya, Thermal

oxide growth at chemical vapor deposited SiO/Si interface during annealing evaluated by difference

X-ray reflectivity, Appl. Phys. Lett. 71 (1997) 1954-1956.

[51] H.D. Jang, Experimental study of synthesis of silica nanoparticles by a bench scale diffusion

flame reactor, Powder Technol. 119 (2001) 102-108.

[52] R.Y. Hong, B. Feng, Z.Q. Ren, B. Xu, H.Z. Li, Y. Zheng, J. Ding, D.G. Wei, Thermodynamic

hydrodynamic, particle dynamic, and experimental analyses of silica nanoparticles synthesis in


https://www.baidu.com/link?url=5uKv55xgnUpESmCw9KAwLzzimCrQJbYyaFHcGdxlPIl106Ps64sagdob8DaH-6Mn&wd=&eqid=acea0dce00079e9e000000025d6f56f3

diffusion flame, Can. J. Chem. Eng. 87 (2009) 143-156.

[53] X. Cai, RY. Hong, L.S. Wang, H.Z. Li, Y. Zheng, D.G. Wei, Synthesis of silica nanoparticles by

pressured carbonation, Chem. Eng. J. 151 (2009) 380-386.

[54] S.H. Kim, S.H. Ahn, T. Hirai, Crystallization kinetics and nucleation activity of silica

nanoparticles-filled poly (ethylene 2, 6-naphthalate), Polymer 44 (2003) 5625-5634.

[55] C.L. Wu, M.Q. Zhang, M.Z. Rong, K. Friedrich, Silica nanoparticles filled polypropylene:

effects of particles surface treatment, matrix ductility and particle species on mechanical

performance of the composites, Compos. Sci. Technol. 65 (2005) 635-645.

[56] U. Zulfifigar, T. Subhani, S.W. Husain, Towards tunable size of silica particles from rice husk,

J. Non-Cryst. Solids 429 (2015) 61-69.

[57] J.R. Heley, D. Jackson, P.F. James, Fine low density silica powders prepared by supercritical

drying of gels derived from silicon tetrachloride, J. Non-Cryst. Solids 186 (1995) 30-36.

[58] Z. Luo, X. Cai, R.Y. Hong, L.S. Wang, W.G. Feng, Preparation of silica nanoparticles using

silicon tetrachloride for reinforcement of PU, Chem. Eng. J. 187 (2012) 357-366.

[59] R.A. Bakar, R.Y. Yahya, S.N. Gan, Production of high purity amorphous silica from rice husk,

Procedia Chem. 19 (2016) 189-195.


https://www.baidu.com/link?url=jf-XG4e0PUQJIqW3gJsKgRT5-2-5aGYv_Hylovl2fc0WA0gIVKVqkyr0Ro4f30ZYNzOnGFckSvppBS-1luSqIa&wd=&eqid=84f87fb0000ab6ec000000025d6f55d0

Figure Captions

Fig.1 XRD patterns of zircon (a) before and (b) after fluorination at 230 °Cfor 5 hr

Fig.2 (a) (b) SEM images and (c) the corresponding EDS of zircon after fluorination at 230 °C for 5
hr

Fig.3 TGA-DTG results of NHsHF, with SiO,: (3 ABF to 1 SiOy)

Fig.4 XRD patterns of (NH4)2SiFs condensates at 100-150 °C for different time during 300 °C
sublimation: (a) 3 hr; (b) 5 hr; (c) 7 hr

Fig.5 (a) (c) (e) SEM images and (b) (d) (f) the corresponding EDS of (NH.)2SiFs collected in the
condenser at 100-150 °C for different time during sublimation at 300 °C. (a) (b) 3 hr; (c) (d) 5 hr and
€ @ 7hr

Fig.6 Macroscopic morphology of SiO; particles produced by hydrolysis of (NH4),SiFs at different
temperature + drying at 120 °Cfor 2 hr: (a) 30 °C; (b) 45 °Cand (c) 60 °C

Fig.7 XRD patterns of amorphous SiO; particles produced by hydrolysis of (NH4).SiFs at different
temperature + drying at 120 °Cfor 2 hr: (a) 30 °C, (b) 45 °Cand (c) 60 °C

Fig.8 Effect of hydrolysis temperature on the hydrolysis rate of Si in Si-bearing solution

Fig.9 SEM images of amorphous SiO- particles produced by hydrolysis of (NH4).SiFs at different
temperature + drying at 120 °Cfor 2 hr: (a) 30 °C; (b) 45 °Cand (c) 60 °C

Fig.10 TEM images of amorphous SiO; particles produced by hydrolysis of (NH4).SiFs at different
temperature + drying at 120 °Cfor 2 hr: (a) (b) 30 °C; (c) (d) 45 °Cand (e) (f) 60 °C

Fig.11 Nitrogen adsorption isotherms for amorphous SiO; particles produced by hydrolysis of
(NHa).SiFs at 45 °C+ drying at 120 °Cfor 2 hr
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Table 1 XRF results of chemical composition of zircon (wt. %)

Zr0; HfO, SiO; AlbO3; FeO3 TiO, CaO NaO KO Cro03 P,0Os Y203

64.647 1.421 32267 0.269 0.096 0.353 0.088 0.006 0.014 0.014 0.258 0.307

Table 2 XRF results of chemical composition of amorphous SiO, particles (wt. %) produced at
45°C

SiO, TiO,  Ni/ppm F/ppm Allppm  Na/ppm K/ppm

99.96 0.024 35 25 45 28 27

Table 3 Average particle size, BET surface area, DBP, tapping density and pH of amorphous
silica particles prepared at 45°C

BET Surface area Tapping density DBP

(m?/g) (g/lcm?) (ml/g)
254417 nm 136.8 0.532 2.7 5.7

Average particle size




