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An efficient method combining thermal annealing and acid leaching
for impurities removal from silica intended for photovoltaic application
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Abstract. This work investigates the photothermal treatment of silica sand to reduce impurities to a low level
suitable for the production of acceptable solar grade silicon for photovoltaic application. It describes experiment
carried out by using a tungsten lamp furnace to purify silica under controlled atmosphere. This process enables to
attract impurities to the surface of silica grains where they can be easily extracted by partial dissolution in an acid
mixture. Thus obtained silica was investigated by inductively coupled plasma atomic emission spectrometry (ICP-
AES) method. Major impurities present in silica sand were Al, K, Fe, Na, Ca, Mg and B. Among the new products,
almost major impurities were removed effectively. Indeed purity degree, given by characterization of ICP-AES,

passes from 99-76 to 99-96% and the average impurity removal efficiency is 83-33%.
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1. Introduction

Silica is used in various industries. The most important appli-
cation is its use for silicon production with their different
grades: metallurgical grade (MG-Si), solar grade (SG-Si)
and electronic grade (EG-Si). All these silicon grades are
obtained by thermal reduction of silica in an electric arc fur-
nace followed by several treatments and expensive purifica-
tion processes depending on the required purity of the final
product. Most of SG-Si used for PV applications stems from
rejects of EG-Si used in the electronic industry. However, its
annual supply is surpassed by its demand, urging the need
of novel technological solutions for the production of a rela-
tively low SG-Si. The most interesting route for direct pro-
duction of low cost SG-Si is the use of silica with high purity.
To achieve this goal, an efficient purification process for sili-
ca is needed. Many studies were carried out in this field for
various purposes and using various techniques. Among these
techniques one can cite mainly: the application of power
ultrasound to the surface cleaning of silica (Farmer et al
2000), acid leaching (Santos et al 1990; Barret et al 2001;
Pires et al 2003; Kheloufi 2009; Lee et al 2009) and reverse
flotation technique (Mowla et al 2008).

In this work, we present a new, efficient and low cost pro-
cedure for the purification of natural silica. In this technique,
silica is subjected to thermal annealing in an infrared fur-
nace followed by acid leaching. Thus obtained silica was
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investigated by inductively coupled plasma atomic emission
spectrometry (ICP—AES) method.

2. Experimental

The silica used in this work is a natural one from the region
of Siliana in Tunisia. Prior to thermal annealing, silica was
dipped in an acid mixture solution, HCI:HNO3 (AS1) with
a volume proportion of 2:1 to remove metallic impurities
located at the surface of silica grains. Then it was abundantly
rinsed with deionized water and dried under vacuum in an
oven at a temperature of about 120 °C (step 0). After this
cleaning step, with an aim of removing the undesirable impu-
rities, the silica was thermally annealed in an infrared furnace
at a temperature of 1000 °C under O, atmosphere. Following
rapid thermal processing (RTP), silica is subjected to an acid
leaching using an acid mixture solution (AS2) composed of
HF (5%):HCl (4%) with a volume fraction of 1:7. During this
acid leaching, which was carried out under power ultrasound,
an excess of the obtained silica was abundantly dissolved in
10 ml of (AS2) solution for 4 h. Then silica was filtered and
dried as described above. To further improve the purity, silica
undergoes second and third stages of purification processes
following the scheme indicated for the first run until reaching
the desired purity (figure 1). ICP-AES was used in analysis
of the following impurities: P, B, Fe, Ca, K, Na, Mg, Al, Zn,
Ni, Cu and Cd. The silica samples chosen for investigation
were the natural silica after chemical treatment with c-aqua
regia used as starting material (SM), SM after three succe-
ssive acid leaching in diluted HF/HCI solution and the same
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material after different purification stages composed of ther-
mal annealing followed by acid leaching in the same HF/HCl
solution.

3. Results and discussion

After the cleaning step, silica was analysed by ICP-AES in
order to determine the amounts of metallic impurities present
in our starting material. The metal contents of the untreated
silica are shown in table 1. The majority of impurities present
in the starting silica are P (3-49% of the total majority metal
contents), B (24-81%), Fe (12-61%), Ca (4-2%), K (19-72%),
Na (6-14%), Mg (2-43%) and Al (26-57%). The degree of
purity at this stage is 99-96%. Table 1 also presents the
impurities concentrations after different purification stages.
Results show that after the first thermal annealing followed
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Figure 1. Scheme followed for silica purification by acid leach-
ing and thermochemical methods.
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by chemical etching of the surface of silica (sample TC1),
the amount of majority impurities are largely reduced. The
removal of impurities is more efficient in this stage for K,
which was almost completely eliminated from the material
and for Al which is reduced from 632 to 80 ppmw. After
the second purification step (sample TC2), we observe a sup-
plementary decrease in the undesirable impurities especially
for boron, for which the concentration decreases from 410 to
164 ppmw. After the last purification step (sample TC3), the
boron concentration is reduced to about half compared to the
precedent sample and relatively slight reduction for other ele-
ments are observed. The effect of successive thermal anneal-
ing and acid cleaning on the total amount of impurities com-
pared to the untreated silica are presented in figure 2. It is
clearly shown from this figure that our purification process is
very efficient in the removal of undesirable impurities from
silica. This process leads to a reduction of about six orders
of magnitude of the total amount of impurities present in sili-
ca, which results in an improvement of the material purity
from 99-76 to 99-96%. Best results of the thermo-chemical
purification method are presented in figure 3, that gives a
comparison between impurities concentrations in the starting
silica (SM) and after three thermochemical purification
stages (TC3).

To show the importance of the thermal annealing in the
impurities removal, a sample that was subjected to three
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Figure 2. Evolution of total impurities contents in starting silica
(SM), after different thermochemical purification stages (TC1, TC2
and TC3) and after three successive acids leaching (C3).

Table 1. Concentrations (ppmw) of impurities present in untreated silica and after different purification stages.

Impurity concentration (ppmw)
Sample P B Fe Ca K Na Mg Al Zn Ni Cu Cd Total Si02 (%)
SM 83 590 300 100 469 146 579 632 <01 <01 <01 <01 23779 99-76
TC1 24 410 39 88 <0-1 121 407 80 <01 <01 <01 <01 8027 99919
TC2 26 164 28 107 <0-1 126 64 84 <01 <01 <01 <01 599 99-94
TC3 22 81 23 61 <0-1 110 29 73 <01 <01 <01 <01 399 99-96
n (%) 73-5 86 92 39 99-97 25 499 885 - - - - 83.22 -
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successive acid leaching processes (C3) is compared to
the sample TC3 which was obtained after three purifica-
tion stages. Each one is composed of thermal annealing fo-
llowed by acid leaching. The obtained results are presented in
table 2. Results show that with thermal annealing the purifi-
cation process is more efficient. A more important reduction
in the impurities concentration is obtained when the purifica-
tion is carried out with thermal annealing and acid leaching.
This difference between the two processes is due to the impu-
rities diffusion from the volume of silica grains to their sur-
face, during thermal annealing, where they will be localized
and removed during acid leaching. The impurities diffusion
can be attributed to two phenomena. The first phenomenon is
the impurities diffusion due to the gradient of concentration
caused by chemical cleaning. The second is due to the porous
surface of silica obtained after chemical cleaning as shown
in figure 4. This behaviour was also observed in silicon when
it is thermally annealed, under controlled atmosphere, after
the formation of a porous layer on both sides of the substrate
(Khedher et al 2002; Hajji et al 2007).

Among the most undesirable impurities present in silica
intended for the production of silicon are boron (B), phos-
phorus (P) and iron (Fe). These impurities largely affect
electrical properties of the produced silicon. Figure 5 dis-
plays evolution of the concentration of these three impuri-
ties before and after different purification treatments. Results
show that for the chemical purification (sample C3), the
impurities concentrations are reduced to about half after
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Figure 3. Impurity concentration of starting silica (SM) and after
three thermochemical purification stages (TC3).
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three-acid leaching. On the other hand, if the purification is
carried out with thermal annealing, an important reduction in
the concentrations of Fe and P is observed until the first stage
and further stages slightly affect these concentrations. This
is not the case for boron in which the concentration is conti-
nuously reduced during different thermochemical purifica-
tion stages.

(b)

Figure 4. TEM images before purification (a) and after third
thermochemical purification stage (b).

Table 2. Comparison between silica metal contents after three acids leaching and
after three thermochemical purification stages.

Impurities concentrations (ppmw)

Sample P B Fe Ca K Na Mg Al Total SiOz (%)
C3 50 300 153 184 <O0-1 170 80 77 1014 99-898
TC3 22 81 23 61 <O0-1 110 29 73 399 99-96
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The purification process is evaluated by the impurity
removal efficiency, n, defined as follows:

n=(Ci—Cp/Ci,

where C; and Cy are the initial and final concentrations of
impurities.
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Figure 5. Evolution of iron, phosphorus and boron concentra-
tions in starting silica and after different purification conditions.
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Figure 6. Removal efficiency for different impurities present in
silica after three stages of thermochemical purification.
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Figure 6 shows removal efficiency for the majority of
impurities after third purification stage (sample TC3). As
indicated in this figure, the impurities removal efficiency is
higher than 70% for major part of impurities. Table 3 gives a
comparison between removal efficiencies obtained after three
stages of thermochemical treatment and available data from
previous works using different acids leaching methods. It is
clear that values of the removal efficiency for thermoschemi-
cal purification technique are higher in major part than those
obtained by acid leaching techniques. For example, using a
percolation leaching, Kheloufi (2009) reduced the iron con-
tents of silica from 850 to 96 ppm with a removal efficiency
of 88-7%. Barrett et al (2001), in their study, dealt on the
effects of acid treatment on trace metal content of chromato-
graphic silica, by treating silica in HF solution for 30 min.
They reduced the iron contents of silica from 227 to 122 ppm
with a removal efficiency of 46-25%. Lee et al (2009) by a treat-
ment in HCI/HF mixture (HCF) reduced the iron contents
from 604 to 262 ppm which corresponds to a removal effi-
ciency of 56-6%. It is clear from this comparison that ther-
mochemical purification method is very efficient in the iron
removal (92%) and other metallic impurities present in sili-
ca sand. Those results make this method very interesting for
production of silica intended for photovoltaic application.

4. Conclusions

Purification of silica has been investigated using acid leach-
ing and a combination of thermal and chemical purifica-
tions. Impurities contents in untreated silica and purified one
were determined by ICP—AES methods. The same leach-
ing solution composed of HF (5%):HCl (4%) with vol-
ume fraction of (1:7) was used for chemically treated sili-
ca and thermochemically treated one. The major impurities
extracted from the starting silica were P, B, Fe, Ca, K, Na,
Mg and Al Obtained results show that the thermochemi-
cal purification technique is very efficient in the removal
of the major part of impurities present in silica. Higher
removal efficiencies are obtained, especially for iron (92%),
boron (86%), phosphorus (73:5%), potassium (>99-97%)
and aluminum (88:5%). These results make this method very
interesting for production of silica intended for photovoltaic
application.

Table 3. Comparison between impurities removal efficiencies of thermochemical purification
to those of other methods based on acid leaching.

Removal efficiency (%)

Methods P B Fe Ca K Na Mg Al

Thermochemical 73-5 86 9233 39 99.97 25 49.9 88-5
treatment (TC3)

Lee et al (2009) - - 56-6 25 88-3 64-32 55-6 88-8

Kheloufi (2009) - - 887 - - - - 64-9

Barrett et al (2001) - - 4625  63-63 465 60 64-86 21
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