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Abstract: Waste silicon powder produced during the production process of organosilicon materials
is a major environmental concern that can lead to pollution and resource wastage. As a result, it
is crucial to find efficient ways of recovering and utilizing this waste material. In this study, the
morphology of waste silicon powder was systematically studied, and an optimized purification
method was proposed based on a hydrometallurgical process and phase analysis. The complex
composition of waste silicon powder presents a significant challenge during its recycling. However,
the results of this study showed that metal-assisted chemical etching (MACE), followed by mixed
acid system leaching, is the most effective method for removing impurities from the material. The
superior order of different acid systems for removing metallic impurities was HCl < HF < HF + HCI
< HF + H,O, < CuACE. It is worth noting that CuACE treatment has a remarkable ability to remove
more than 95% of Fe through hydrometallurgy.

Keywords: waste silicon powder; hydrometallurgy; impurity removal; metal-assisted chemical
etching (MACE)

1. Introduction

Organosilicon is a type of artificially synthesized polymer that consists of silicon
and oxygen atoms as the main chain in its structure [1-3]. Due to the high bonding
energy of the silicon and oxygen bonds forming the main chain, silicone polymers are
much more stable than ordinary organic polymers [4,5]. They exhibit excellent physical and
mechanical properties at high and low temperatures, along with high- and low-temperature
resistance, electrical insulation, ozone resistance, radiation resistance, flame retardance,
water repellence, corrosion resistance, non-toxicity, and physiological inertness [6]. The
extensive range of organosilicon products is used in various industries, making it an
indispensable industrial product in today’s world.

The organosilicon industry’s current focus is on new energy products, aerospace mate-
rials, electronic product materials, motor vehicle production, rail transportation, national
defense force construction, and hospital medical treatment [7-9]. In recent years, the global
organosilicon industry has maintained a development rate of 5% to 8%, with particularly
strong growth in the automotive and construction sectors. As a result, the global demand
for organosilicon in the market remains strong [10].

Silicone monomer is a vital raw material for producing silicone oil, silicone rubber,
silicone resin, and silane coupling agents. Thousands of organosilicon products can be
created from just a few basic monomers [11,12]. The main types of silicone monomers
include methyl-chlorosilane (referred to as methyl monomer), phenyl-chlorosilane (re-
ferred to as phenyl monomer), methyl-vinylchlorosilane, ethyl-trichlorosilane, propyl-
trichlorosilane, vinyl-trichlorosilane, y-chloropropyltrichlorosilane, and fluoro-silicone
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monomer [13]. Methyl-chlorosilane is the most crucial of these monomers, accounting
for over 90% of the total monomer production, followed by phenyl-chlorosilane. The key
to developing any polymer material is the advancement of organosilicon monomer tech-
nology. The organosilicon industry’s production model consists of centralized monomer
production and decentralized product processing [14], making monomer production a
critical component of the industry’s development. As a result, the monomer production
level directly reflects the organic silicon industry’s development level.

The direct method is a crucial step in the production of silicone monomer, which uses a
fluidized bed as the reaction site for the raw materials. Due to the structure of the fluidized
bed equipment itself, the reaction generally cannot proceed in an ideal state. Therefore, the
reaction raw materials are not completely reacted; there are usually residues. In this part of
the residual reaction with raw materials (including silicon powder, Cu catalyst, etc.), no
chemical reaction occurred, with a long stay in the fluidized bed resulting in some material
attached to form an extremely complex composition. After these wastes are discharged
from the reaction system, the organosilicon slag is formed [15-18]. Organosilicon slag is a
valuable resource as it contains significant amounts of silicon, copper, and carbon powder
and has a high recovery value [19]. However, the current methods for treating organosilicon
slag are inadequate, with most companies opting for landfill storage or open-air storage.
These methods not only cause environmental pollution but also result in a considerable loss
of valuable resources [20]. Acid leaching is another treatment method used to extract copper
from copper-silicon catalysts; however, the process results in environmental pollution [21].
One promising method for utilizing organosilicon slag is to use it for producing concrete,
cement, and refractory materials. However, the quality of organosilicon slags varies from
manufacturer to manufacturer, making it challenging to use them consistently.

Generally, acid leaching has been regarded as an alternative for silicon purification.
As a pretreatment process, acid leaching removes impurities from silicon, including Al,
Ca, Fe, Ni, and Mg. From the perspective of hydrometallurgical leaching, a smaller
particle size, such as diamond wire saw silicon powder, can generally result in a higher
dissolution efficiency of impurity [22]. During the past few years, some well-known
acid leaching processes, including HNOj3 or HCI acid washing [23], HCI leaching [24],
H,S04 leaching [25], HC1 + HF leaching [26], multivariate acids system leaching [27], and
microwave mixed acid leaching [28], have been used to recover silicon from diamond wire
saw silicon powder. However, there are few studies on acid leaching treatment of silicon
wastes generated in the production process of organosilicon materials. Therefore, there is a
need to develop a comprehensive utilization method for silicon waste slag in the synthesis
process of silicon monomer that has a reasonable process, which can improve the recycling
rate of silicon powder and realize continuous scale production.

The continuous expansion of the production scale of organosilicon has significantly in-
creased the amount of waste silicon powder, and effective recovery of silicon powder from
the slag is essential to promote the green and sustainable development of the organosilicon
industry chain. This paper explores and discusses recycling and treatment methods for
waste silicon powder, building upon the current state of development in the organosili-
con industry. By developing advanced recycling methods, organosilicon enterprises can
reduce environmental pollution, conserve valuable resources, and promote sustainable
development.

2. Experiments

In this study, waste silicon powder was used as the experimental raw material. The
powder was obtained during the production of organosilicon materials. The direct method
is a crucial step in producing organosilicon, where a fluidized bed is typically used as
the reaction site for the raw materials. However, due to the structure of the fluidized
bed equipment, the reaction partially proceeded, resulting in residues of unreacted raw
materials, including silicon powder and Cu catalyst. Although these residues did not
undergo a chemical reaction, they remained in the fluidized bed for a long time, thereby
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accumulating other materials, such as organic matter generated by the reaction, which
resulted in a complex composition. These wastes were discharged with the reaction system,
forming waste silicon powder. Analytically pure reagents, such as hydrogen peroxide,
concentrated hydrochloric acid, concentrated nitric acid, hydrofluoric acid, Cu nitrate,
and anhydrous ethanol, were used in the experiments. Several experimental instruments
were employed in the study, including a constant-temperature drying oven (DHG-9070A,
Shanghai-Heng Scientific Instruments Co., Ltd., Shanghai, China), a magnetic stirrer (85-2
digital display temperature-controlled magnetic stirrer, Jintan Dadi Automatic Instrument
Factory), a fume hood (TY150, Kunming Tianyue Experimental Equipment Co., Ltd.,
Kunming, China), a circulating water vacuum pump (SHZ-D(III), Bangxi Instrument
Technology (Shanghai) Co. Ltd., Shanghai, China), and a vacuum atmosphere tube furnace
(SK-G06123K, Tianjin Central Electric Furnace Co., Tianjin, China).

As shown in Figure 1, the experimental procedures comprised two main parts: (1) the
pretreatment and characterization of organosilicon waste residue and (2) the hydromet-
allurgical removal of impurities from the waste silicon powder. To remove the organic
residue of waste silicon powder, the waste silicon powder was initially treated under
argon gas ambiance at 600 °C for 2 h. Then, the high-temperature heat-treated materials,
including single acid leaching, mixed acid leaching, and metal-assisted chemical etching,
were selected as the acid-leaching raw materials. According to preliminary research results
on the method of acid leaching, all the experiments were conducted at room temperature
(25 °C) and normal pressure, with a leaching time of 2 h.
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Figure 1. Process flow of the experiment.

Single acid system leaching experiments were separately performed using hydrochlo-
ric and hydrofluoric acids under optimal concentrations, which serve as the basis for
subsequent studies on mixed acid leaching. Mixed acid system leaching experiments were
conducted to investigate the effect of acid solutions on the leaching of impurities from
waste silicon powders. A mixed acid solution of 1 M HCI + 4 M HF was prepared for the
leaching experiments using the optimal concentration of a single acid leaching system.
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For the metal-assisted chemical etching experiments, the samples were initially dipped
into the Cu(NOj3), /HF mixture [Cu(NO3),; = 4 mM, (HF) = 4 M] solution for deposition
of Cu nanoparticles (CuNPs) for 60 s. Then, 0.5 M H,O, was added to the Cu(NOs),/HF
leaching solution and allowed to stand for 2 h. After the experiments, the samples before
and after acid leaching were dried and digested in the mixture of HNO3 and HF (HF
was dropwise added into HNOj3) for impurities concentration chemical analysis using
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (Optima 8000; Perkin
Elmer, Waltham, MA, USA) [29]. To analyze the surface morphology and composition of
impurities in the samples, scanning electron microscopy (SEM; QUANTA200, FEI, Hills-
boro, OR, USA) equipped with energy-dispersive X-ray spectroscopy (EDS; INCA, Thermo,
Waltham, MA, USA) was utilized. The SEM was operated under an accelerating voltage of
20 kV and a beam current of 2 x 1077 A.

3. Results and Discussion
3.1. Morphologies of Waste Silicon Powders

The complex and diverse distribution of impurity phases in waste silicon powders
presents a significant challenge to their direct and effective purification. Therefore, it is
crucial to conduct a comprehensive study and analysis of the composition, existing forms,
and microscopic morphology of the impurities in the residue. Table 1 shows the main
impurity contents of waste silicon powders, among which Fe has the highest content,
followed by Cu and Al. Generally, Al and Fe are metal impurities present in industrial
silicon used in the production of organosilicon, and they are mixed in the waste silicon
powder [30,31]. During the reaction process between Si and CH3Cl, some of the Cu catalysts
used did not react and remained in the fluidized bed, which was discharged with other
waste materials to form the waste silicon powder. Thus, the presence of Cu in the waste
residue is a result of incomplete reaction and catalyst recovery.

Table 1. Content of metal impurities in raw materials of waste silicon powders (%).

Impurities Fe Cu Al Cl Ti Ca
Content 3.703 3.039 1.28 0.714 0.501 0.462

Apart from analyzing the chemical composition of the raw material, SEM equipped
with EDS was used to further analyze the impurity phases in the waste silicon powders.
The results revealed that the surface of Si particles contained a large amount of needle-like
silicon, mostly exceeding 5 pm in length (Figure 2b). The needle-like silicon was the main
organosilicon attached to the surface of the waste silicon powder and mixed with the waste
silicon powder. As shown in Figure 2, Si and O were the most abundant elements, and Cu
and Al were the main impurities in the raw material. The SEM and ICP analysis results are
highly consistent. The high O content was due to the presence of SiO; and Si-O bonds in
the organosilicon, as well as the oxidation of the sample surface during storage. The high C
content was a result of the direct thermal decomposition of silane to generate carbon, with
some of the carbon attached to the surface of the waste silicon powder and mixed into the
waste silicon powders. The location of C was scattered in other corners of the phase area,
and the conductive gel used in the scanning instrument contained carbon. Al and Cu, as
low-content impurities, were almost spread throughout the impurity-phase region. Due
to the impurity of Fe in the main industrial silicon (raw material), Fe was not uniformly
distributed in the industrial silicon [31,32]. Consequently, the scanning electron microscope
did not detect the presence of Fe in the waste silicon powders.
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Figure 2. Micrograph (a) silicon particle, (b) surface SEM images and element mapping analysis of
organosilicon waste residue.

Waste silicon powders often contain organosilicon on their surfaces, making it chal-
lenging to systematically analyze their morphology and composition. However, this issue
can be overcome through high-temperature heat treatment of the raw material. After such
treatment, the resulting samples can be analyzed using field-emission scanning electron
microscopy (SEM) and EDS mapping analysis. Figure S1 displays the obtained results,
which indicate a significant reduction in the needle-like silicon on the surface of the waste
silicon powder after high-temperature annealing. This reduction allows the surface of the
powder to open up, making it more conducive to the process of removing impurities.

3.2. Impurities Removal from Waste Silicon Powder through Traditional Leaching Process

To comprehensively study the effectiveness of different hydrometallurgical leaching
systems in removing the main metal impurities (Fe, Al, and Cu) from waste silicon pow-
ders, both ordinary acid leaching and metal-assisted chemical etching leaching methods
were separately investigated. The removal of impurities from waste silicon powder with
hydrometallurgy can be concluded as following chemical reaction (1): H* will corrode the
impurity phase to achieve impurity removal. According to the characteristics of different
acid leaching systems for silicon materials [30], concentration condition experiments were
carried out for hydrochloric acid and hydrofluoric acid leaching separately to determine
the optimal concentration for each single acid system, which would serve as the basis for
subsequent studies on mixed acid leaching.

Si(xFe, yAl, zCu) () + (2x + 3y +2z) H* (aq)—

Si(s) + xFe?* (aq) + yAI** (aq) + zCu?* (aq) + (3x + 3y +2z)/2H, 1 M
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3.2.1. Hydrochloric Acid Leaching Experiments

The effect of hydrochloric concentration on impurities removal was examined in this
study. Four concentration gradients (0.5 M, 1.0 M, 2.0 M, and 4.0 M) were selected for the
experiments, and the results are summarized in Table 2.

Table 2. Main impurities content after HCl leaching (%).

HCI Conc.,, M Al Cu Fe
0.5 0.930 1.770 1.660
1.0 0.900 1.380 1.481
2.0 0.860 1.338 1.463
4.0 0.775 1.310 1.410

Based on the experimental results, the effect of hydrochloric acid concentration on the
removal rate of metal impurities was analyzed, as shown in Figure 3. The results indicated
that the removal rate of each impurity increased with an increase in hydrochloric acid
concentration. When the HCI concentration is lower than 1 M, the removal rate of each
major impurity sharply increases with increasing HCl concentration, and then the removal
rate of Fe and Cu gently increases with further increases in concentration. The removal
rate of Fe and Cu was generally higher than that of Al, with the removal efficiency of Al
not exceeding 40%. The low removal efficiency of Al can be attributed to the leaching
temperature, making the removal of Al difficult. The leaching yields of Al slightly improved
as the temperature increased [22]. From the experimental results, it can be concluded that
the removal effect of hydrochloric acid on the three metal impurities was poor, with the
highest removal rate of the three impurity elements not exceeding 65%. Therefore, the
HCl leaching concentration of 1 M is more appropriate based on the residual content of
impurities and the trend of the removal rate.
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Figure 3. Effect of HCI concentration on the removal efficiency of metal impurities.

3.2.2. Hydrofluoric Acid Leaching

To investigate the effect of HF concentration on the removal of the main metal im-
purities from waste silicon powder, the material was leached in HF solution at different
concentrations. Four different concentration gradients of HF (0.5 M, 1.0 M, 2.0 M, and
4.0 M) were selected for the experiments, and the results are presented in Table 3.
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Table 3. Main impurities content after HF leaching (%).

HF Conc.,, M Al Cu Fe
0.5 1.050 2.620 0.784
1.0 0.850 1.680 0.758
2.0 0.758 1.420 0.630
4.0 0.640 1.131 0.548

From the experimental results, it can be observed that the removal rates of Fe, Al,
and Cu increased with increasing HF concentration. In particular, the removal rates of Al
and Cu increased significantly, while the removal rate of Fe increased more slowly and
gradually slowed down with a further increase in HF concentration. Figure 4 shows an
increasing trend of impurity removal as the concentration of HF increases. Based on the
residual impurities in waste silicon powder and the trend of removal rate, it was found
that the best removal effect was achieved at an HF concentration of 4.0 M.
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Figure 4. Effect of HF leaching concentration on the removal efficiency of metal impurities.

The single acid leaching experiments revealed that the separate use of hydrochloric
acid and hydrofluoric acid was insufficient to remove the main metal impurities from
waste silicon powders. The effectiveness of the two leaching methods was compared, and
it was found that HF leaching was more effective in removing impurities, particularly
Fe, Cu, and Al Fe impurities were removed at rates approaching or exceeding 80%, Cu
impurities gradually exceeded 65% with increasing HF concentration, and Al impurities
approached 50% with increasing HF concentration. The best results were achieved with
4.0 M HF leaching.

3.2.3. Mixed Acid System Leaching Experiments

Mixed acid leaching experiments were conducted to investigate the effect of acid
solutions on impurity removal from waste silicon powders. Based on the optimal concen-
tration of single acid system leaching, a mixed acid solution of 1 M HCI + 4 M HF was
prepared for the leaching experiments of waste silicon powder after high-temperature
heat treatment. Additionally, 0.5 M H,O; [33,34] was added to 4 M HF as the mixed acid
solution to investigate the removal rates of Fe, Al, and Cu during the waste silicon powder
leaching process. The results are presented in Table 4.
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Table 4. Main impurity content after mixed acid system leaching (%).

Sample Fe Al Cu
HF + HClI 0.591 0.542 1.262
HF + H,O, 0.122 0.651 0.261

Based on the analysis of the contents of major impurities after leaching using the two
kinds of mixed acid leaching treatments, the effect of mixed acid leaching on impurity
removal was generally better than that of single acid leaching. The HF + H,O, mixed
acid solution showed a more significant effect on impurity removal except for impurity
Al This is because HyO, can promote the oxidation of silicon waste and accelerate the
corrosion of the oxide layer using HF [35], which enhances the efficiency of the leaching
process. However, the removal rate of Al impurity slightly decreased. This phenomenon is
mainly attributed to the formation of insoluble salts hexafluorosilicate (Aly(SiF4)3) through
reaction with HF acid at the higher HF concentration [34,35].

3.3. Enhancing Removal Rate of Impurity from Waste Silicon Powder Using CuACE

The conventional hydrometallurgical acid leaching treatments are ineffective in re-
moving impurities from waste silicon powders. To enhance the removal rate of residual
impurities from waste silicon powders, a metal-assisted chemical etching method was
used in this study, which created porous structures on the waste silicon powder, exposing
the impurities encapsulated inside the residue. Obtaining porous silicon through CuACE
treatment is almost the cheapest among the MACE methods. As a result, Cu-assisted
chemical etching (CuACE) was used to enhance impurity removal from waste silicon
powders. The samples were dipped into the Cu(NO3), /HF mixture [Cu(NOs); =4 mM,
HF = 4 M] solution for deposition of Cu nanoparticles (CuNPs) for 60 s, and then 0.5 M
H,0O; was added to the Cu(NOs), /HF solution, with a leaching time of 2 h. The ICP results
are presented in Table 5. As shown in Table 5, CuACE was highly effective in removing Fe
impurities and significantly improved the removal efficiency of Al impurities, which were
difficult to remove using conventional acid leaching methods.

Table 5. The content of the main impurity after MACE (%).

Sample Fe Al Cu
CuACE 0.095 0.460 1.489

In order to analyze the changes in the morphology of the organosilicon waste after the
CuACE treatment, SEM characterization was performed. As shown in Figure 5, the surface
of silicon particles with needle-like silicon was reduced, and holes with a diameter size of
approximately 1.5 um appeared on the surface (Figure 5b). The formation of these holes
is attributed to the Cu-assisted chemical etching process, which effectively creates pores
on the surface of silicon particles [33,34]. This process exposes the impurities and etchants
to be in contact with each other, thereby strengthening the removal of impurities from the
waste silicon powder.

Figure 6 illustrates the proposed mechanism for the Cu-assisted chemical etching
process. The process starts with the nucleation of Cu?* into Cu nanoparticles, which are
deposited on the surface of the waste silicon powder. This process leads to the formation
of a primary cell between the Cu nanoparticles and the silicon substrate, with the Cu
nanoparticles acting as the cathode and the silicon substrate as the anode. In the presence
of Cu nanoparticles, HyO; in the etching solution creates holes (h+) in the valence band
of silicon, catalyzed by the Cu nanoparticles [36,37]. This results in the oxidation of the
silicon in contact with the bottom of the Cu nanoparticles and the electrons produced by
the silicon oxidation further promote the reduction of oxide species. This electrochemical
reaction occurs spontaneously on the surface of the silicon. The redox reaction above leads
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to continuous oxidation of the silicon substrate in contact with the Cu nanoparticles [38].
The oxidized silicon then dissolves under the action of HF, causing the Cu nanoparticles
to sink. This process forms numerous nanostructures and pore channels on the silicon
substrate, effectively exposing the impurities inside the silicon particles and enhancing the
removal of impurities from the silicon.

Figure 5. Micro-structure of the waste silicon powder after CuACE treatment: (a) Silicon particle and
(b) Surface SEM images.

H,SiF
Cu2+ HZO : ¢
~a HO,® & sih, @
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Figure 6. Schematic diagram of the Cu-assisted chemical etching process.

3.4. Comparison of Removing Impurities from Silicon with Various Methods

In the study, we performed a comparative analysis of the optimal experimental condi-
tions for single acid leaching with HCl and HEF, as well as the results of mixed acid leaching
and metal-assisted chemical etching for removing metal impurities from organosilicon
waste. Figure 7 compares the impurity removal efficiencies of different etchants from silicon
powder, and the analysis revealed the following:

(1) Removal of Fe impurities: The most effective method for removing metal impurities
from organosilicon waste is a combination of metal-assisted chemical etching and mixed
acid leaching using 0.5 M H,O, and 4 M HEF. These methods achieved removal rates
exceeding 95%, indicating a highly efficient removal of metal impurities. According to the
analysis, the order of Fe removal rates was as follows: HCI < HF + HCl < HF < HF + H,O,
< CuACE.

(2) Removal of Cu impurities: The mixed acid solution leaching and metal-assisted
chemical etching methods showed promising impurity removal results, with the 0.5 M
H,0O; + 4 M HF mixed acid system removing more than 90% of Cu impurities. The HCI
acid removal efficiency was found to be the worst, with a removal rate of less than 50%,
while the CuACE removal rate was over 50% due to impurity. Based on the results, the
order of Cu element removal was CuACE < HCl < HF + HCI < HF < HF + H,0Os.
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Figure 7. Comparison of metal impurity removal rates after leaching with different reagents.

(3) Removal of Al impurities: The study found that metal-assisted chemical etching
was the most effective method for removing metal impurities from waste silicon powder,
followed by mixed acid solution leaching and single acid solution leaching. The removal
rates were ranked in the following order: HCl < HF + H,O, < HF < HF + HCI < CuACE.
However, it is important to note that none of the five acid systems were highly effective in
removing Al impurities due to the fact that Al is spread throughout the impurity-phase
region in solid solution form and tends to form Al fluorides with higher concentrations
of HF acid, making its removal more difficult. Overall, the order of superiority for metal
impurity removal can be concluded as HCl < HF < HF + HCI < HF + H,O, < CuACE.

4. Conclusions

Aiming at providing an efficient and low-cost method for the purification of waste
silicon powder, five different hydrometallurgical methods, namely single acid leaching,
mixed acid leaching, and metal-assisted chemical etching, were investigated for removing
impurities from waste silicon powder. It was found that HF leaching was more effective in
removing impurities than HCI leaching, and the best removal effect was achieved at an
HF concentration of 4.0 M. In mixed acid leaching methods, the HF + H,O; acid solution
showed a more significant effect than HF + HCI on impurity removal. To enhance the
removal of residual impurities from waste silicon powders, a copper-assisted chemical
etching method (CuACE) was further employed based on the mixed acid leaching, which
created porous structures to expose the impurities encapsulated in the waste silicon powder.
It is worth noting that CuACE treatment has a remarkable ability to remove more than
95% of Fe. Furthermore, CuACE treatment was the most effective method for removing Al
impurities whose removal rate can maximally reach 64%. Combining the results, the order
of total impurities removal efficiencies from waste silicon powder with hydrometallurgy
were as follows: HCI < HF < HF + HCl < HF + H,O, < CuACE. These results open up a
broad perspective as a low-cost and efficient recycling method of waste silicon powder for
the organic silicon industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/met13050950/s1, Figure S1: Micrograph and element mapping
analysis of the annealed samples.
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