
Enhanced acid leaching of metallurgical grade silicon in hydrofluoric acid
containing hydrogen peroxide as oxidizing agent

Huixian Lai a, Liuqing Huang a, Chuanhai Gan a, Pengfei Xing b, Jintang Li a, Xuetao Luo a,⁎
a Fujian Key Laboratory of Advanced Materials, College of Materials, Xiamen University, Xiamen 361005, PR China
b School of Materials and Metallurgy, Northeastern University, Shenyang 110004, PR China

a b s t r a c ta r t i c l e i n f o

Article history:
Received 30 December 2015
Received in revised form 1 June 2016
Accepted 7 June 2016
Available online 11 June 2016

The effect of hydrogen peroxide as a novel oxidizing agent on purifying metallurgical grade silicon (MG-Si) by
leaching with hydrofluoric acid was investigated as a function of temperature, leaching duration, stirring and
hydrofluoric acid concentration. It was found that adding oxidizing agent resulted in enhancing the extraction
of impurities from MG-Si as compared to that without oxidizing agent, especially for some non-dissolving ele-
ments in the acid like copper. After 2 h of leaching MG-Si with an acid mixture composed of 1 mol L−1

hydrofluoric acid and 2 mol L−1 hydrogen peroxide, the purity of MG-Si increased from 99.74 to 99.99%,
which was higher than 99.97% obtained without hydrogen peroxide addition. Based on cracking shrinking
model, the leaching MG-Si with the mixture was under chemical reaction control. Furthermore, to investigate
the reaction mechanism on leaching MG-Si, the micro-structural evolutions of MG-Si before and after exposure
to each etchants were revealed.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Solar cells, the direct conversion of sunlight into electricity, are rap-
idly growing up to be an important source of electric power under the
situation of energy crisis and environmental pollution. At present,
most solar cells are still made by using crystalline silicon purified by
modified Seimens process or fluidized bed method (Masson et al.,
2013). However, the shortcomings of thosemethods are complex, ener-
gy-intensive and dangerous. Owning to these problems, the necessity of
finding an alternative to produce solar grade silicon (SOG-Si, purity
99.9999%) in a highly economical manner is evident. In this context,
the metallurgical purification technology was proposed and has
attracted increasing interest for the advantages of its low cost and
level of energy consumption. This technology is generally comprised
of slag treatment (Cai et al., 2011; Fang et al., 2014a), acid leaching
(Lai et al., 2015; Zhang et al., 2013), directional solidification (Gan et
al., 2015; Ma et al., 2013), vacuum refining (Zheng et al., 2010, 2011),
etc.

Acid leaching is regarded as an essential method in purification of
metallurgical grade silicon (MG-Si, 98%–99% purity). The principle of
this method is that owing tomost of themetallic elements preferential-
ly segregating in the liquid phase as the silicon cools, those impurities
precipitate asminor phases at the grain boundaries between small crys-
tals when MG-Si is cast into blocks (Trumbore, 1960). The purity of
upgraded silicon therefore depends on removing the impurity

precipitates. Upon grinding MG-Si into a fine powder, cracks occur
mainly along the grain boundaries, exposing the precipitates on the sur-
face of the particles. By soaking the powder in a suitable acid leaching
solution, therefore, most of the impurities can be eliminated. Further-
more, one of the main advantages of this method for purifying MG-Si
is that, based on a low temperature process, it not only has a lower en-
ergy and equipment requirements, but also is simple to operate.

Duo to the promising advantages, acid leaching method has been
widely investigated for upgrading MG-Si to SOG-Si. Early in 1927,
Tucker (1927) first proposed the method of acid leaching for preparing
high purity silicon. After that, considerable effort has beenmade to look
for effective acid leaching conditions. Santos et al. (1990) made a de-
tailed study in purification of MG-Si by acid leaching at the conditions
of particle size, leaching duration, temperature and concentration of
leaching agents (HNO3, H2SO4, HCl and HF), and reported that only
Fe-Si and Si-Fe-Ti phases were not removed in HCl acid, but all of
themwere completely dissolved by the attackwithHF acid. Similar phe-
nomenon was also demonstrated by other researchers (Fang et al.,
2014b; He et al., 2012; Lai et al., 2015;Margarido et al., 1997). However,
some precipitates like Si-Fe-Ca and Si-Fe-Al have a relatively lower sen-
sitivity to the attack of HF acid as compared to other precipitates (Fang
et al., 2014b). Hence, successive acid leaching (Hunt et al., 1976;
Norman et al., 1985; Santos et al., 1990) or using mixed acids (Fang et
al., 2014b; Lai et al., 2015; Zhang et al., 2013) was adopted for removing
the precipitation phases efficiently. Although the aqua regia did not
have power to remove Si-Fe, Si-Fe-Ti and Si-V-Ti (Lai et al., 2015;
Zhang et al., 2013), the best result of 99.9% pure upgraded silicon was
obtained by leaching in two successive steps with HCl and HF (Santos

Hydrometallurgy 164 (2016) 103–110

⁎ Corresponding author.
E-mail address: xuetao@xmu.edu.cn (X. Luo).

http://dx.doi.org/10.1016/j.hydromet.2016.06.003
0304-386X/© 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Hydrometallurgy

j ourna l homepage: www.e lsev ie r .com/ locate /hydromet

http://crossmark.crossref.org/dialog/?doi=10.1016/j.hydromet.2016.06.003&domain=pdf
http://dx.doi.org/10.1016/j.hydromet.2016.06.003
mailto:xuetao@xmu.edu.cn
http://dx.doi.org/10.1016/j.hydromet.2016.06.003
http://www.sciencedirect.com/science/journal/0304386X
www.elsevier.com/locate/hydromet


et al., 1990), and the satisfactory results were also achieved by using the
HCl and HF mixture by Lai et al. (2015) and Fang et al. (2014b) Never-
theless, the leaching procedure of successive leaching or using mixed
acids is complex and a route of high production costs. The above litera-
ture survey reveals that the effectiveness of the hydrometallurgical pu-
rification of MG-Si mainly depends on the types of acid used.

Recently, some oxidizing agents were added into acid leaching solu-
tion to enhance removing precipitates, consequently improving impuri-
ty leaching yield. Sahu and Asselin (2012) studied the effects of two
different oxidizing agents (FeCl3 and (NH4)2S2O8) on the impurity ex-
traction from MG-Si by leaching with HCl, and found that the addition
of oxidizing agent could facilitate the impurity removal from MG-Si. A
maximumof 66% Ca, 92% Cr, 27% Fe, 98% Cu, 98% Ni and 89% Znwere re-
moved fromMG-Si at the condition of 10MHCl with 0.1 M FeCl3. How-
ever, the Si-Fe and Si-Fe-Ti phaseswere not eliminated inHCl acid in the
presence of the oxidizing agents. In spite of numerous investigations on
upgrading MG-Si by acid leaching, the impurity removal efficiency by
acid leaching was not satisfied. A more effective and low-cost acid
leaching agent should be found to purify MG-Si.

The corrosive nature of ferric chloride and the slow reaction kinetics
of ammoniumpersulfate leaching have provided incentive to seek other
oxidizing agents for MG-Si purification. Hydrogen peroxide, as a strong
oxidant (EO= 1.76 V) (Chartier et al., 2008) characterizes some satisfy-
ing characters, e.g. lower cost. Most of all, H2O2 does not introduce im-
purity to the upgraded silicon and shows no harm to the environment,
since apart from water no other reaction products are produced during
the acid leaching process. Liu et al. (2012) have verified the high effi-
ciency in removing boron and metallic impurities by acid leaching
using the HF and H2O2 mixture, but mainly focused on seeking acid
leaching conditions. For better understanding acid leaching, it is essen-
tial to investigate the reactivemechanismof leachingprocess and its dy-
namic control process.

Hence, in thepresent paper, the aimof thiswork is to explore the po-
tential of acid leachingwith H2O2 andHFmixture in purifyingMG-Si for
solar cell application. The effects of stirring, temperature, H2O2 and HF
concentration and duration of acid leaching on the impurity extraction
from MG-Si are investigated. Meanwhile, reaction mechanism on
leaching MG-Si and its dynamic control process were also discussed.

2. Experiments

2.1. Materials and reagents

The MG-Si feedstock and analytical grade chemicals (hydrofluoric
acid, hydrogen peroxide and ethylene glycol) were purchased from
Run Xiang Co., Ltd., China and Sinopharm Chemical Reagent Co., Ltd.,
China, respectively. The concentrations of main impurities in the as-re-
ceived MG-Si were given in our previous work (Lai et al., 2015). The
block-shaped MG-Si was crushed, pulverized and sieved to a certain
size distribution (74–154 μm). Distilled water and analytical grade
chemicals were utilized to prepare all the leaching solutions. Hydrogen
peroxide (H2O2) functioned as an oxidizing agent and hydrofluoric acid
(HF) as a leaching agent.

2.2. Apparatus and experimental procedure

Leaching experiments were performed in a self-assembly experi-
mental installation. The schematic diagram of experimental apparatus
is presented in Fig. 1, which primarily comprises of a Teflon three-
neck flask (250 mL), a Teflon coated mechanical stirrer, a tail-gas treat-
ment unit, and a thermostatic water bath equipped with a thermome-
ter. The temperature of water bath was kept constant with the
temperature fluctuation maintained within ±2 K.

A volume of 150 mL leaching solution was added to the flask and
then heated. When the temperature rose to the required level, a charge
of 15 g of MG-Si was added and stirring started. All experiments were

carried out with the same initial solid to liquid ratio (1:10 g/mL). At se-
lected time intervals, aliquots were collected for determining impurity
contents, and an identical volume of leaching solution was replaced in
the system. The leaching residue obtained was washed thoroughly
with distilled water and then dried before impurity analysis.

For testing the sensitivity of precipitation phases to various leaching
solutions, the acid etchings were conducted with hydrofluoric acid
alone, hydrofluoric acid plus hydrogen peroxide and the mixture of
hydrofluoric acid, hydrogen peroxide and ethylene glycol. Then some
comparisons were done through revealing the microstructural evolu-
tion of MG-Si before and after acid etching. The operated details of
acid etching were described in my previous study (Lai et al., 2015).

2.3. Characterization

The concentrations of impurities in MG-Si before and after acid
leachingwere determined by Inductively Coupled Plasma Atomic Spec-
trometry (ICP-AES, Optima 2000DV, Perkin Elmer, US) and Inductively
Coupled Plasma Mass Spectrometry (ICP-MS, DRC II, Perkin Elmer, US)
respectively. The surface morphologies and composition of the precipi-
tates in MG-Si before and after acid leaching were revealed by electron
probe microanalyzer (EPMA, JXA-8100, Jeol Ltd., Japan) equipped with
energy dispersive X-ray spectroscopy (EDS, INCAE250, Oxford, En-
gland) by using an electron beam with an accelerating voltage of
2 × 104 V and a beam current of 3 × 10−8 A.

3. Results and discussion

3.1. Effect of temperature

To investigate the effect of temperature on the purification of MG-Si,
the experiments were carried out in 1.0 mol L−1 HF and 2.0 mol L−1

H2O2 mixture solution for 2 h with the temperature varying from 25 °C
to 90 °C. The relationships between removal efficiency of representative
impurities and temperature are shown in Fig. 2. The removal efficiency of
some impurities, like Fe, Al, Ti andNi is not changedwith increasing tem-
perature, indicating the effect of temperature on their removal efficiency
is negligible. It should be noted that these impurities aremainly present-
ed in the form of precipitates (Si-Fe, Si-Ti-Fe, Si-Fe-Al and Si-Al-Fe-Ni) in
solid source silicon as stated in our previous report (Lai et al., 2015). And
these precipitates are greatly sensitive to the HF solution alone. Hence,
the precipitates will be rapidly dissolved in the case of contacting with
HF acid. According to previous research, Al is difficult to leach out using
the conventional acids (HF, HNO3 and HCl) or their mixture (Gribov
and Zinov'ev, 2003; Kim et al., 2015; Yu et al., 2007), while the maximal
extraction of Al obtained in this case is higher than 80%. On the other
hand, the extractions of Ca and Cu increase slightly to maxima as the

Fig. 1. Experimental installation used in MG-Si leaching experiments.
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