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Abstract: Diamond wire saw silicon slurry (DWSSS) is a waste resource produced during the process
of solar-grade silicon wafer preparation with diamond wire sawing. The DWSSS contains 6N grade
high-purity silicon and offers a promising resource for high-purity silicon recycling. The current
process for silicon extraction recovery from DWSSS presents the disadvantages of lower recovery and
secondary pollution. This study focuses on the original DWSSS as the target and proposes flotation
for efficiently extracting silicon. The experimental results indicate that the maximal recovery of
silicon reached 98.2% under the condition of a dodecylamine (DDA) dosage of 0.6 g·L−1 and natural
pH conditions within 24 min, and the flotation conforms to the first-order rate model. Moreover,
the mechanism of the interface behavior between DWSSS and DDA revealed that DDA is adsorbed
on the surface of silicon though adsorption, and the floatability of silicon is improved. The DFT
calculation indicates that DDA can be spontaneously adsorbed with the silicon. The present study
demonstrates that flotation is an efficient method for extracting silicon from DWSSS and provides an
available option for silicon recovery.

Keywords: diamond wire saw silicon slurry; silicon extraction; flotation kinetics; interface adsorption
behavior; DFT calculation

1. Introduction

Solar photovoltaic (PV) power generation, as a primary source of energy consumption,
is poised to play a crucial strategic role in future energy frameworks [1–3]. Photovoltaic
technology, mainly based on crystalline silicon solar cells [4,5], has developed rapidly in
recent years with the continuous decrease in the cost of PV power [6,7]. Solar crystalline
silicon cells have undoubtedly become a promising new energy material [8–10]. This has
led to an increased demand for crystalline silicon and a corresponding waste rise from
solar cell production [11,12]. The solar PV waste recovery is an emerging research topic
in the new field of energy conversion [13,14]. The production method for solar-grade
crystalline silicon wafer is diamond wire cutting, and approximately 30% of the 6N high-
purity silicon is transformed into a waste liquid known as diamond wire saw silicon slurry
(DWSSS) during the diamond wire cutting process [7,15]. Since the solid silicon contained
in DWSSS has a high-purity content, the recycling of DWSSS has become a popular area
of research [16–18]. Silicon extraction from DWSSS is vital for resource recycling and the
sustainable development of the PV silicon industry [19].

The existing industrial recovery process for silicon extraction from DWSSS involves
treating the original DWSSS generated through coagulation, sedimentation, pressure fil-
tration, and flame-retardant treatment to obtain a “silicon sludge” filter cake. Then, the
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“silicon sludge” filter cake is dried, dehydrated, crushed, and compacted to obtain diamond
wire saw silicon powder for further purification treatment, ultimately achieving silicon
recovery [13]. However, this lengthy recovery process tends to reintroduce metal impu-
rities [20,21], resulting in reduced silicon recovery [22]. As the particle size of the silicon
powder and other contaminants from the diamond wire cutting process is in the micron
range, recycling is difficult. To achieve the high-value recycling of DWSSS, this study
proposes an efficient approach for silicon extraction from DWSSS through flotation [23].

Flotation is an effective and green method for extracting valuable minerals from
different ores based on their physical and chemical surface properties [24]. The target
minerals can be separated from raw minerals with the addition of flotation reagents thus
achieving the recovery of minerals [25,26]. Based on the characteristics of DWSSS, a process
for extracting silicon with low moisture content from DWSSS with flotation by using
dodecylamine (DDA) as a collector is proposed in the present study. This process has the
advantages of high silicon recovery, easy operation, tight process connection, and easy
scalability for sustainable silicon recovery.

2. Results and Discussion
2.1. Effect of Different Collectors on Feasibility of Flotation

The capturing effect of different reagents on silicon extraction from DWSSS were
compared through silicon capture effect experimentation. The experimental phenomena
of kerosene, sodium sulfide, and DDA individually as a flotation reagent for the silicon
extraction from DWSSS are displayed in Figure 1a–c, respectively. It can be seen that a
large amount of mineral-carrying froth appeared when DDA was used as the collector,
indicating that DDA had a significant capturing effect on silicon recovery, so the silicon
can be effectively recovered from DWSSS with the addition of DDA. However, when
kerosene or Na2S was used alone as a flotation reagent, no mineralized foam was observed,
indicating that the collector of kerosene and the oxidized ore vulcanizing agent Na2S had
no significant capture effect on silicon when used alone.

Molecules 2024, 29, x FOR PEER REVIEW  2  of  17 
 

 

The existing industrial recovery process for silicon extraction from DWSSS involves 

treating the original DWSSS generated through coagulation, sedimentation, pressure fil-

tration, and flame-retardant treatment to obtain a “silicon sludge” filter cake. Then, the 

“silicon sludge” filter cake is dried, dehydrated, crushed, and compacted to obtain dia-

mond wire saw silicon powder  for  further purification  treatment, ultimately achieving 

silicon recovery [13]. However, this lengthy recovery process tends to reintroduce metal 

impurities  [20,21], resulting  in reduced silicon recovery  [22]. As  the particle size of  the 

silicon powder and other contaminants from the diamond wire cutting process is in the 

micron range, recycling  is difficult. To achieve the high-value recycling of DWSSS, this 

study proposes an efficient approach for silicon extraction from DWSSS through flotation 

[23]. 

Flotation is an effective and green method for extracting valuable minerals from dif-

ferent ores based on their physical and chemical surface properties [24]. The target min-

erals  can be  separated  from  raw minerals with  the addition of flotation  reagents  thus 

achieving the recovery of minerals [25,26]. Based on the characteristics of DWSSS, a pro-

cess for extracting silicon with low moisture content from DWSSS with flotation by using 

dodecylamine (DDA) as a collector is proposed in the present study. This process has the 

advantages of high silicon recovery, easy operation, tight process connection, and easy 

scalability for sustainable silicon recovery. 

2. Results and Discussion 

2.1. Effect of Different Collectors on Feasibility of Flotation 

The  capturing  effect of different  reagents on  silicon  extraction  from DWSSS were 

compared through silicon capture effect experimentation. The experimental phenomena 

of kerosene, sodium sulfide, and DDA individually as a flotation reagent for the silicon 

extraction from DWSSS are displayed in Figure 1a−c, respectively. It can be seen that a 

large amount of mineral-carrying froth appeared when DDA was used as the collector, 

indicating that DDA had a significant capturing effect on silicon recovery, so the silicon 

can be effectively recovered from DWSSS with the addition of DDA. However, when ker-

osene or Na2S was used alone as a flotation reagent, no mineralized foam was observed, 

indicating that the collector of kerosene and the oxidized ore vulcanizing agent Na2S had 

no significant capture effect on silicon when used alone. 

When DDA is used alone as a collector for the flotation silicon from DWSSS, some 

disadvantages include excessive and sticky mineral-carrying froth, making dehydration 

challenging and the operation difficult to control. However, a DDA–kerosene mixed col-

lector can alleviate this issue without affecting the silicon recovery [27]. The experimental 

phenomenon  is  shown  in Figure 1d, where  it  can be observed  that  the  froth becomes 

smaller, denser, and thinner with the DDA−kerosene mixed collector [28]. Therefore, the 

silicon recovery from DWSSS is the highest and the operation is more efficient when DDA 

and kerosene are used as a combination collector. 

 

Figure 1. Experimental phenomena of different types of collectors: (a) kerosene; (b) sodium sulfide; 

(c) DDA; and (d) DDA and kerosene. 
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(c) DDA; and (d) DDA and kerosene.

When DDA is used alone as a collector for the flotation silicon from DWSSS, some
disadvantages include excessive and sticky mineral-carrying froth, making dehydration
challenging and the operation difficult to control. However, a DDA–kerosene mixed
collector can alleviate this issue without affecting the silicon recovery [27]. The experimental
phenomenon is shown in Figure 1d, where it can be observed that the froth becomes smaller,
denser, and thinner with the DDA–kerosene mixed collector [28]. Therefore, the silicon
recovery from DWSSS is the highest and the operation is more efficient when DDA and
kerosene are used as a combination collector.
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2.2. Flotation Results of DDA as Collector

To assess the influence of DDA dosage and pH on silicon recovery, the flotation
experiments were conducted under DDA concentrations and pH levels, respectively. The
effect of different DDA additions on the recovery of silicon was tested at natural pH. The
experimental results are shown in Figure 2a, the blue area is the range of 0-1 g·L−1 DDA
dosage. where it can be observed that the recovery of silicon concentration increased as
the DDA dosage increased within the range of 0.1 g·L−1 to 0.6 g·L−1, and when the DDA
dosage reached 0.6 g·L−1, the maximal recovery of silicon reached 98.2%. However, the
recovery of silicon began to decline when the DDA dosage reached 1.2 g·L−1. The optimal
DDA dosage was determined to be 0.6 g·L−1, at which the recovery of silicon from DWSSS
was the maximum of 98.2%.
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To verify the effect of different pH levels on recovery during the flotation experiments,
a H2SO4 or NaOH aqueous solution was used to adjust the pH of the slurry, and the
flotation experiments were conducted at different pH values with the DDA dosage of
0.6 g·L−1. The experimental results are presented in Figure 2b. The experimental results
demonstrate that the prepared slurry is conducive to flotation when the pH level is at the
range of 4–5. The original pH of DWSSS is 7–8, and after adding DDA acetate as a collector
reagent, the pH of the slurry system is 4–5; this pH is called natural pH. Therefore, the
recovery of silicon is the highest with a natural pH of 4–5.

2.3. Flotation Kinetics of DWSSS

The first-order classical flotation rate model was used to fit the flotation kinetics for
silicon recovery from DWSSS, and the fitting results are shown in Figure 3. The effects
of fitting through the first-order classical kinetics model with different DDA dosages are
presented in Figure 3(a1–a6). It can be seen that the R2 value reaches 0.98 when the DDA
dosage is 0.6 g·L−1. The fitting results at different pH values are shown in Figure 3(b1–b6),
and it can be seen that the R2 value is closest to 1 at a pH level of 5.

The recovery of silicon from DWSSS can be divided into two stages, as illustrated
in Figure 3(a1–a6,b1–b6). In the first stage, the flotation rate is fast, and the cumulative
recovery of silicon increases rapidly within approximately 8 min. This is because more
silicon particles are floating up within the first 8 min, and the added DDA is kept at a
relatively high level. The probability of collision between silicon and DDA is high, resulting
in a fast flotation rate and a higher recovery [29]. In the second stage, the cumulative
recovery of silicon shows a slow upward trend, and the flotation rate decreases significantly
after 8 min. This is because the silicon from DWSSS was selected and adsorbed together
with a large amount of DDA as the flotation process continues, and the number of silicon
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particles that can be floated in the slurry significantly decreases, resulting in the decrease
in recovery.
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At natural pH, the effects of different DDA amounts on the maximum recovery and
flotation rate constant are shown in Figure 4a. It can be seen that both the maximum
recovery and flotation rate constant initially increase and then decrease with the increase
in DDA dosage. The recovery reaches a maximum of 98.2% when the DDA dosage is
0.6 g·L−1, while the flotation ratio constant reaches a maximum of 0.459 when the DDA
dosage is 0.9 g·L−1. When the DDA dosage is 0.6g·L−1, the effects of different pH values
of the slurry system on the maximum recovery and flotation rate constant are shown in
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Figure 4b. The recovery reaches its maximum of 98.2% at a pH of 4.1; at a pH of 5, the
flotation rate constant is 0.506.
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2.4. Flotation Interface Behavior Analysis
2.4.1. Flotation Interface Behavior Between DDA and Silicon

In the study of the flotation interface behavior of DDA on silicon, the dosage of DDA
used for preparing samples for analysis was 6 g·L−1, and the overall pH range of the slurry
was 4–5. The variation in zeta potential at different pH levels before and after the interaction
of silicon with DDA is shown in Figure 5a. The zeta potential of silicon decreases with
an increasing pH, and the absolute value of the potential increases, indicating that silicon
becomes more stable with an increase in pH [30].
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after DDA addition.

The zeta potential of silicon–DDA reached zero at a pH level of approximately 2,
indicating a stable flotation system was formed when the pH level was 2. The potential
of the silicon–DDA system significantly increases when the pH is 4–8, and the potential
change indicates the DDA was adsorbed on the surface of silicon.

The contact angle is a direct indicator of the wetting properties of the mineral surface.
The change in the contact angle before and after the interaction of silicon with DDA is
presented in Figure 5b. It can be observed that the contact angle of silicon is greater than 90◦

after the adsorption of DDA. The DDA addition significantly improved the hydrophobicity
of the silicon, indicating the increased hydrophobicity of silicon enhances the floatability
of silicon in DWSSS. Therefore, the DDA makes the slurry more conducive to the silicon
extraction from the DWSSS with flotation.
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The infrared spectra of DDA, DWSSS, and DWSSS-DDA are presented in Figure 6.
The absorption peak at 3445 cm−1, 1632 cm−1, and 722 cm−1 corresponds to the stretching
vibration of N-H, the in-plane bending vibration of N-H, and the out-of-plane bending
vibration of N-H [31]. The 2851 cm−1 and 2920 cm−1 peaks correspond to the symmetric
stretching vibration of C-H bonds in the -CH3 and -CH2- groups, respectively [32]. The
peaks at 1460 cm−1 correspond to the stretching vibration of C-N bonds. After the adsorp-
tion of the DDA, the silicon exhibits an absorption band around 1100 cm−1, and the peak
corresponds to the anti-symmetric stretching vibration of Si-O-Si bonds [33]. The above
results indicate that DDA is adsorbed on the surface of silicon after the addition of DDA.
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The three-dimensional height morphology, changes in surface roughness value, two-
dimensional geometric morphology, and cross-sectional height of DWSSS before and after
DDA addition are presented in Figure 7. According to Figure 7a, it can be understood that
the Ra and Rq of DWSSS increased with Rq increasing from 123 nm to 207 nm, whereas Ra
increased from 95 nm to 164 nm after the addition of DDA. This indicates an increase in
surface roughness after silicon adsorption with DDA [34–36]. Additionally, Figure 7(b1,b2)
shows that the maximum cross-sectional height of DWSSP is about 250 nm, and a smooth
surface with a minimum value of around −300 nm appeared in the silicon. On the other
hand, Figure 7(c1,c2) shows that the surface of the silicon particle becomes rough after the
addition of DDA, where the maximum cross-sectional height of the silicon is approximately
500 nm and a minimum value is approximately −400 nm. This is because the surface of
silicon particles becomes rough after DDA adsorption thereby increasing the recovery of
silicon, which is consistent with the flotation experiment results.

The surface morphology of the DWSSS is shown in Figure 8(a1). It can be seen from
Figure 8(a2) that the silicon particles in DWSSS and DWSSS–DDA are light gray and
mainly composed of Si, O, and C, where the main elements are silicon and carbon, with
a silicon content of 52.8% and a carbon content of 33.5%. The surface morphology of the
DWSSS–DDA is shown in Figure 8(b1); the carbon content in DWSSS–DDA is 69.4%, and
the silicon content is 14.6%, as shown in Figure 8(b2). The significant increase of carbon
content indicates that DDA has adsorbed in the silicon surface of the DWSSS after the
addition of DDA.
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2.4.2. Interface Adsorption Behavior of DDA

The Adsorption Locator module is used to locate the adsorption position of DDA
molecule on the Si surface. To test the adsorption positions of DDA molecules in an aqueous
solution system with Si, an adsorption substrate was established with a Si (111) crystal plane
cut to a thickness of 6 Å, a supercell of 7 × 7, and a vacuum layer thickness of 40 Å. The
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adsorbates consisted of 5 DDA molecules and 500 H2O molecules. The calculation results
are shown in Figure 9, where Figure 9a presents the optimal adsorption configuration,
the green circle is the location of five DDA molecules. It can be seen from the optimal
adsorption configuration that DDA, as a macromolecule, has multiple adsorption sites
on Si (Top site, Bridge site). The test results indicate that DDA is more inclined to adsorb
horizontally on the Si surface. Figure 9b illustrates the most likely adsorption positions of
DDA on the Si surface, with the red positions indicating the locations where adsorption is
most likely to occur.
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In order to further test the adsorption position of DDA on the Si (111) surface, an
adsorption substrate is established, and the Si unit cell is cut to obtain the (111) crystal
plane, with a surface layer cutting thickness of 4 Å. A supercell of 5 × 5 is created, and
the vacuum layer thickness is set to 15 Å. The adsorbate is a single DDA molecule. The
calculation results are shown in Figure 10. The analysis of the adsorption positions of
Si (111) and DDA is illustrated in Figure 10a, with the most probable adsorption position
marked in red. The stereoscopic and top views of the five positions where Si (111) and DDA
are most likely to adsorb are shown in Figure 10b–e, and the DDA molecules adsorbed on
Si are macromolecules, and there are many adsorption sites (Top site and Bridge site). The
adsorption energy of five different adsorption sites is shown in Table 1. It can be seen that
the adsorption reaction between Si (111) and DDA can occur spontaneously, the energy is
low, and the adsorption model is stable.

Through DFT calculations, the interfacial adsorption behavior between DDA and
silicon in the DWSSS is further revealed from a microscopic perspective. The adsorption
site of DDA on Si is the bridge site. A Si-DDA model was established with a Si (111)
surface layer thickness of 3 Å, a supercell of 3 × 3, and a vacuum layer thickness of 10 Å
to explore the adsorption pathway of Si and DDA. The established adsorption model is
shown in Figure 11a. The model underwent geometric structure optimization, and the
optimized model is shown in Figure 11b. It can be seen that the positions of the atoms in
the adsorption model changed after geometric optimization, and the optimized model was
used for DFT calculations involving Si atoms and DDA molecules.

After the adsorption process of the Si-DDA system, the differential charge density
map was taken from the plane that intersects the maximum number of atoms, as shown in
Figure 12a. The differential charge density maps are illustrated in Figure 12b,c. It can be
qualitatively analyzed that after DDA is adsorbed on Si, the charge of the H atoms on DDA
increases, while the C atoms, N atoms, and the Si atoms lose charge.
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Table 1. Energy results of Si (111) and DDA at different adsorption sites calculated by Adsorption
Locator module.

Model Site 1 Site 2 Site 3 Site 4 Site 5

Total Energy (kcal/mol) −59.32 −59.12 −58.91 −58.65 −58.45
Adsorption Energy (kcal/mol) −44.09 −43.89 −43.69 −43.43 −43.22

Adsorption Energy (eV) −1.90 −1.89 −1.88 −1.87 −1.86
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geometric optimization.

The DFT calculation shows the average Mulliken population distribution of each atom
in Si-DDA after adsorption, which is listed in Table 2. It can be observed that C gains
electrons from the Si (111) surface, while H, N, and Si lose electrons, indicating a transfer of
electrons from H, N, and Si atoms to C atoms after adsorption.
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Table 2. Average Mulliken population of atoms in Si (111) surface after DDA molecule adsorption.

Type of Atom
Atom Orbit

Total Charge/e
S P

H 0.37 0.00 10.09 6.81
C 0.64 1.60 26.86 −5.72
N 0.82 2.10 2.90 −0.82
Si 0.70 1.30 108.13 −0.27

The Mulliken population distribution of various chemical bonds after Si and DDA
adsorption is shown in Figure 13. It can be observed that the population of Si-Si bonds,
C-C bonds, H-C bonds, C-N bonds, and N-Si bonds are all greater than 0. However, the
population of H-H bonds, H-Si bonds and C-Si bonds are all less than 0, indicating that
H-H bonds, H-Si bonds, and C-Si bonds cannot be formed. By comparing the bond lengths,
it can be concluded that the H-N bond with a bond length of 1.96 Å is the shortest among
the chemical bonds formed, indicating the strongest covalent bond strength for the H-N
bond in DDA.
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The band structure and density of states of the DDA and Si (111) surface before and
after DDA adsorption were analyzed to reveal the distribution of the electronic states of
Si and DDA during the adsorption process. The density of state distribution is shown in
Figure 14. The density of states is divided into three valence bands with the upper valence
band located at 0.4~17 eV, the middle valence band located at 0.4~−7.5 eV, and the lower
valence band located at −7.5~−23 eV before and after DDA adsorption on the Si (111)
surface. The upper valence band at 0.4~17 eV and the middle valence band at 0.4~−7.5 eV
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are mainly contributed by the P orbitals of the silicon atoms. In contrast, the S orbitals of
the DDA atoms mainly contribute to the lower valence band at −7.5~−23 eV.
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According to the DFT calculation results, the adsorption energy of Si before the
addition of DDA is −8172.65 eV, and the adsorption energy of DDA is −2604.36 eV. The
energy of the Si-DDA system after adsorption is −10,780.29 eV. According to Equation (3),
the energy difference ∆E is −3.28 eV, and the obtained ∆E indicated that the adsorption
process can spontaneously occur. Furthermore, the calculation results demonstrate that,
from a microscopic perspective, DDA can be adsorbed with the silicon of the DWSSS
thereby allowing the extraction of silicon from the DWSSS by flotation.

According to the research of the flotation interface behavior between DDA and silicon
and the interface adsorption behavior of DDA, DDA can spontaneously adsorb onto silicon
in the DWSSS. The roughness and hydrophobicity of the silicon surface were changed after
DDA was adsorbed to the silicon surface by flotation, making the silicon floatable thereby
enabling the separation of silicon in the DWSSS.

3. Materials and Methods
3.1. Materials and Reagents

The DWSSS used in this study was generated during the diamond wire saw cut-
ting process of a solar-grade crystalline silicon wafer. The image of DWSSS is shown in
Figure 15a, where the DWSSS is a gray-black suspension with a solid silicon content of
2.11%. The particle size distribution of the DWSSS is presented in Figure 15b, and the
silicon particle in DWSSS has an average particle size of 0.52 µm. The XRD analysis of
DWSSS for phase composition is demonstrated in Figure 15c, where it is revealed that
the phase component is silicon. Since the metal impurity content in DWSSS is usually
less than 1000 ppmw [37], this study does not account for the influence of impurities.
The non-polar hydrocarbon kerosene with a dosage of 0.2 mL per 400 mL of DWSSS was
used as a common collector. The flotation reagent sodium sulfide (Na2S) with 0.5 g per
400 mL of DWSSS and cationic collector DDA (CH3(CH2)11NH2) with a dosage of 0.4 g per
400 mL of DWSSS were used in the flotation experiment, respectively. The DDA acetate
was prepared by DDA and glacial acetic acid in a mass ratio of 1:3. A ratio of 2:3 of DDA to
kerosene was mixed and shaken, then heated in a water bath at 50 ◦C for 10min to prepare
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a homogeneous solution. The DDA, glacial acetic acid, and sodium sulfide reagents were
of analytical grade, while the kerosene was of chemical grade. The amount of flotation
reagent used in the preparation of the sample for analysis and detection is 10 times that in
the flotation experiment.
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Figure 15. (a) Image of original DWSSS; (b) particle size distribution of DWSSS; (c) XRD phase
analysis result of DWSSS.

3.2. Microflotation Experiment

The flotation experiment was carried out with an XFDIV flotation machine, and the
experimental process is shown in Figure 16a,b. The flotation experimental procedure is as
follows: (1) 400 mL of DWSSS is placed into a 500 mL flotation cell, then water is added
to the flotation cell to maintain the total volume of the slurry at 500 mL; (2) the impeller
speed is set at 1920 r·min−1 in the flotation process; (3) the DWSSS is stirred in the flotation
cell for 2 min to obtain a homogeneous flotation slurry, then the collector is added to
the slurry and stirred for 3 min; (4) air is pumped into the flotation cell at 200–300 L/h;
(5) once the air is turned on, twelve two-minute concentrates are collected by scraping
the froth every five second, a total flotation time of 24 min; and (6) the recovered silicon
concentration and tailings are filtered and then dried at 80 ◦C until a constant weight is
maintained. The recovery of the silicon was calculated by weighing, and the samples were
then characterized and analyzed.
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The recovery of silicon can be calculated through Equation (1) [38].

εsilicon =
Qk

Qk + Qn
× 100% (1)
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where Qk (g) is the weight of the silicon concentrate; Qn (g) is the weight of the tailings;
and εsilicon (%) is the recovery of the silicon in the DWSSS.

3.3. Flotation Kinetics Analysis

The experimental results are fitted by using the first-order classical flotation rate
model [39], and the equation can be described through Equation (2).

ε = ε∞[1 − exp(−kt)] (2)

where ε (%) is the recovery of the silicon concentrate; ε∞ (%) is the maximum flotation
recovery, which is expected to be achieved according to the experimental results, and ε∞ is
taken as 98%; k is the flotation rate constant; and t (min) is the flotation time.

3.4. Characterization Methods

The potential was measured by using a zeta potential analyzer (Zeta, Malvern ZEN-
3700, United Kingdom). The contact angle was tested by using a surface tension meter (CA,
Krüss K100, Germany), through the dynamic capillary penetration method. The chemical
bonds on the surface were analyzed by using a Fourier transform infrared spectrometer
(FTIR, Bruker ALPHA, Germany). The change in morphology was determined by using an
atomic force microscope (AFM, Bruker Dimension Icon, United States). The changes in the
surface morphology were observed by using a scanning electron microscope (SEM-EDS,
ZEISS Gemini 300, Germany).

3.5. DFT Calculation

The adsorption location of DDA on Si was preliminarily calculated by using the
Adsorption Locator module of Materials Studio (2023) software. The force field type in the
calculation process is COMPASS II, and the fixed energy window is 100 kcal/mol. Density
functional calculations were performed on the adsorption of DDA on Si using the CASTEP
module. CASTEP simulates the properties of material interfaces and surfaces based on first-
principles density functional theory. Utilizing plane wave pseudopotential theory based
on total energy, it predicts properties such as lattice parameters and charge density using
the number and type of atoms [40]. This study employs the Broyden–Fletcher–Goldfarb–
Shanno (BFGS) optimization algorithm and utilizes the generalized gradient approximation
(GGA) for exchange-correlation energy, providing a more comprehensive description of
charge systems [41]. The Perdew–Burke–Ernzerhof (PBE) functional is applied to describe
the exchange-correlation energy [42]. The Tkatchenko–Scheffler method, based on density
functional theory (DFT), enhances the accuracy of electronic structure calculations by
considering long-range interactions. To optimize traditional van der Waals corrections
and improve computational accuracy while maintaining efficiency, the DFT-D3 dispersion
correction uses the Tkatchenko–Scheffler method for calculations [43,44].

The crystal structure of Si has the parameters of a = b = c = 5.4307 Å and α = β = γ = 90◦.
The adsorption energy of DDA on the Si surface could be calculated through Equation (3).

∆E = ESi−DDA − ESi − EDDA (3)

where ∆E (eV) denotes the adsorption energy; ESi (eV) and ESi-DDA (eV) are the total energy
of the Si (111) surface before and after the adsorption, respectively; and EDDA is the energy
of the DDA collector.

4. Conclusions

Based on the present study, the following three conclusions can be drawn:

(1) The flotation experiments show that silicon could be efficiently extracted from the
DWSSS with flotation, and the maximal recovery of silicon can reach 98.2% with a
DDA dosage of 0.6 g·L−1 and natural pH within 24 min.
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(2) The flotation process follows a first-order kinetics model. When the slurry pH is
between 4 and 5, the recovery of silicon is highest when the DDA dosage is 0.6 g·L−1,
and the flotation rate constant is highest when the DDA dosage is 0.9 g·L−1.

(3) The interface and adsorption behavior between the DDA and DWSSS indicate that
DDA adsorbs on the silicon surface during the flotation process, modifying the silicon
surface and improving hydrophobicity and floatability.

This study proposes an efficient process for silicon extraction from the DWSSS, which
has the advantages of high silicon recovery, a short processing cycle, easy operation,
and a low possibility of introducing metal impurity to achieve sustainable silicon waste
resource recovery.

Author Contributions: Conceptualization, D.W. and S.Y.; Data Curation, L.Z.; Funding Acquisition,
K.X. and K.W.; Methodology, L.Z.; Project Administration, K.X.; Resources, W.M.; Writing—Original
Draft, L.Z.; Writing—Review and Editing, S.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was financially supported by the Key Science and Technology Specific Projects of Yun-
nan Province (No. 202202AG050012), the Yunnan Fundamental Research Projects (No. 202101BE070001-
010), and the Yunnan Major Scientific and Technological Projects (No. 202202AB080008).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Dataset available on request from the authors.

Conflicts of Interest: 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.

References
1. Kwak, J.I.; Nam, S.-H.; Kim, L.; An, Y.-J. Potential environmental risk of solar cells: Current knowledge and future challenges. J.

Hazard. Mater. 2020, 392, 122297. [CrossRef] [PubMed]
2. White, C.M.; Ege, P.; Ydstie, B.E. Size distribution modeling for fluidized bed solar-grade silicon production. Powder Technol. 2006,

163, 51–58. [CrossRef]
3. Ding, Z.; Li, Y.; Jiang, H.; Zhou, Y.; Wan, H.; Qiu, J.; Jiang, F.; Tan, J.; Du, W.; Chen, Y.; et al. The integral role of high-entropy

alloys in advancing solid-state hydrogen storage. Interdiscip. Mater. 2024, 1–34. [CrossRef]
4. Zhang, J.B.; Zhou, X.Y.; Hu, D.L.; Yuan, S.; Cai, E. Phase transformation pre-treatment of diamond wire-sawn multi-crystalline

silicon wafers for metal-assisted chemical etching of solar cells. Surf. Interfaces 2023, 36, 102574. [CrossRef]
5. Yang, F.; Yu, W.; Rao, Z.; Wei, P.; Jiang, W.; Chen, H. A new strategy for de-oxidation of diamond-wire sawing silicon waste

via the synergistic effect of magnesium thermal reduction and hydrochloric acid leaching. J. Environ. Manag. 2022, 317, 115424.
[CrossRef]

6. Li, X.F.; Lv, G.Q.; Ma, W.H.; Li, T.; Zhang, R.F.; Zhang, J.H.; Li, S.Y.; Lei, Y. Review of resource and recycling of silicon powder
from diamond-wire sawing silicon waste. J. Hazard. Mater. 2022, 424, 127389. [CrossRef] [PubMed]

7. Wei, K.; Yang, S.; Wan, X.; Ma, W.; Wu, J.; Lei, Y. Review of Silicon Recovery and Purification from Saw Silicon Powder. JOM 2020,
72, 2633–2647. [CrossRef]

8. Battaglia, C.; Cuevas, A.; De Wolf, S. High-efficiency crystalline silicon solar cells: Status and perspectives. Energy Environ. Sci.
2016, 9, 1552–1576. [CrossRef]

9. Ding, Z.; Ma, W.; Wei, K.; Wu, J.; Zhou, Y.; Xie, K. Boron removal from metallurgical-grade silicon using lithium containing slag. J.
Non-Cryst. Solids 2012, 358, 2708–2712. [CrossRef]

10. Yang, S.; Wan, X.; Wei, K.; Ma, W.; Wang, Z. Occurrence State and Dissolution Mechanism of Metallic Impurities in Diamond Wire
Saw Silicon Powder. ACS Sustain. Chem. Eng. 2020, 8, 12577–12587. [CrossRef]

11. Nain, P.; Kumar, A. Metal dissolution from end-of-life solar photovoltaics in real landfill leachate versus synthetic solutions:
One-year study. Waste Manag. 2020, 114, 351–361. [CrossRef]

12. Vazquez-Pufleau, M.; Chadha, T.S.; Yablonsky, G.; Biswas, P. Carbon elimination from silicon kerf: Thermogravimetric analysis
and mechanistic considerations. Sci. Rep. 2017, 7, 40535. [CrossRef]

13. Ding, Z.; Li, Y.T.; Yang, H.; Lu, Y.F.; Tan, J.; Li, J.B.; Li, Q.; Chen, Y.A.; Shaw, L.L.; Pan, F.S. Tailoring MgH2 for hydrogen storage
through nanoengineering and catalysis. J. Magnes. Alloys 2022, 10, 2946–2967. [CrossRef]

14. Basu, P.K.; Sreejith, K.P.; Yadav, T.S.; Kottanthariyil, A.; Sharma, A.K. Novel low-cost alkaline texturing process for diamond-wire-
sawn industrial monocrystalline silicon wafers. Sol. Energy Mater. Sol. Cells 2018, 185, 406–414. [CrossRef]

https://doi.org/10.1016/j.jhazmat.2020.122297
https://www.ncbi.nlm.nih.gov/pubmed/32092648
https://doi.org/10.1016/j.powtec.2006.01.005
https://doi.org/10.1002/idm2.12216
https://doi.org/10.1016/j.surfin.2022.102574
https://doi.org/10.1016/j.jenvman.2022.115424
https://doi.org/10.1016/j.jhazmat.2021.127389
https://www.ncbi.nlm.nih.gov/pubmed/34879579
https://doi.org/10.1007/s11837-020-04183-8
https://doi.org/10.1039/C5EE03380B
https://doi.org/10.1016/j.jnoncrysol.2012.06.031
https://doi.org/10.1021/acssuschemeng.0c03912
https://doi.org/10.1016/j.wasman.2020.07.004
https://doi.org/10.1038/srep40535
https://doi.org/10.1016/j.jma.2022.09.028
https://doi.org/10.1016/j.solmat.2018.05.047


Molecules 2024, 29, 5916 15 of 16

15. Lu, T.; Tan, Y.; Li, J.; Shi, S. Remanufacturing of silicon powder waste cut by a diamond-wire saw through high temperature
non-transfer arc assisted vacuum smelting. J. Hazard. Mater. 2019, 379, 120796. [CrossRef]

16. Zhang, Z.; Guo, X.; Wang, Y.; Wei, D.; Wang, H.; Li, H.; Zhuang, Y.; Xing, P. Leaching kinetic mechanism of iron from the diamond
wire saw silicon powder by HCl. Waste Manag. 2023, 169, 82–90. [CrossRef] [PubMed]

17. Huang, L.; Chen, J.; Fang, M.; Thomas, S.; Danaei, A.; Luo, X.; Barati, M. Clean enhancing elimination of boron from silicon kerf
using Na2O-SiO2 slag treatment. J. Clean. Prod. 2018, 186, 718–725. [CrossRef]

18. Wei, Y.; Lu, F.; Ai, X.; Lei, J.; Bai, Y.; Wei, Z.; Chen, Z. Towards High-Performance Inverted Mesoporous Perovskite Solar Cell by
Using Bathocuproine (BCP). Molecules 2024, 29, 4009. [CrossRef] [PubMed]

19. Li, X.; Wu, J.; Xu, M.; Ma, W. Separation and purification of silicon from cutting kerf-loss slurry waste by electromagnetic and
slag treatment technology. J. Clean. Prod. 2019, 211, 695–703. [CrossRef]

20. Wang, C.D.; Niu, X.X.; Wang, D.H.; Zhang, W.Y.; Shi, H.F.; Yu, L.; Wang, C.; Xiong, Z.H.; Ji, Z.; Yan, X.Q.; et al. Simple preparation
of Si/CNTs/C composite derived from photovoltaic waste silicon powder as high-performance anode material for Li-ion batteries.
Powder Technol. 2022, 408, 117744. [CrossRef]

21. Kumar, A.; Kaminski, S.; Melkote, S.N.; Arcona, C. Effect of wear of diamond wire on surface morphology, roughness and
subsurface damage of silicon wafers. Wear 2016, 364, 163–168. [CrossRef]

22. Yang, S.C.; Wan, X.H.; Wei, K.X.; Ma, W.H.; Wang, Z. Silicon recycling and iron, nickel removal from diamond wire saw silicon
powder waste: Synergistic chlorination with CaO smelting treatment. Miner. Eng. 2021, 169, 106966. [CrossRef]

23. Wei, D.; Kong, J.; Gao, S.; Zhou, S.; Zhuang, Y.; Xing, P. Preparation of Al-Si alloys with silicon cutting waste from diamond wire
sawing process. J. Environ. Manag. 2021, 290, 112548. [CrossRef]

24. Zhu, X.D.; He, C.F.; Gu, Z.T. How do local policies and trade barriers reshape the export of Chinese photovoltaic products? J.
Clean. Prod. 2021, 278, 123995. [CrossRef]

25. Cao, J.; Yang, J.; Wu, D.; Wang, Z.; Chen, H. Surface modification of hemimorphite by using ammonium carbamate and its
response to flotation. Appl. Surf. Sci. 2022, 605, 154775. [CrossRef]

26. Mesa, D.; Brito-Parada, P.R. Scale-up in froth flotation: A state-of-the-art review. Sep. Purif. Technol. 2019, 210, 950–962. [CrossRef]
27. Liu, A.; Fan, M.-q.; Fan, P.-p. Interaction mechanism of miscible DDA-Kerosene and fine quartz and its effect on the reverse

flotation of magnetic separation concentrate. Miner. Eng. 2014, 65, 41–50. [CrossRef]
28. Liu, A.; Fan, M.Q.; Li, Z.H. Synergistic effect of a mixture of dodecylamine and kerosene on separation of magnetite ore.

Physicochem. Probl. Miner. Process. 2016, 52, 647–661.
29. Hu, X.N.; Tong, Z.; Sha, J.; Bilal, M.; Sun, Y.J.; Gu, R.; Ni, C.; Li, C.Q.; Deng, Y.M. Effects of Flotation Reagents on Flotation Kinetics

of Aphanitic (Microcrystalline) Graphite. Separations 2022, 9, 416. [CrossRef]
30. Jada, A.; Akbour, R.A.; Douch, J. Surface charge and adsorption from water onto quartz sand of humic acid. Chemosphere 2006, 64,

1287–1295. [CrossRef] [PubMed]
31. Nosenko, Y.; Menges, F.; Riehn, C.; Niedner-Schatteburg, G. Investigation by two-color IR dissociation spectroscopy of Hoogsteen-

type binding in a metalated nucleobase pair mimic. Phys. Chem. Chem. Phys. 2013, 15, 8171–8178. [CrossRef] [PubMed]
32. Xia, W.C.; Zhou, C.L.; Peng, Y.L. Enhancing flotation cleaning of intruded coal dry-ground with heavy oil. J. Clean. Prod. 2017,

161, 591–597. [CrossRef]
33. Ma, C.; Li, X.; Lyu, J.; He, M.; Wang, Z.; Li, L.; You, X. Study on characteristics of coal gasification fine slag-coal water slurry

slurrying, combustion, and ash fusion. Fuel 2023, 332, 126039. [CrossRef]
34. Bai, L.M.; Liu, J.; Han, Y.X.; Jiang, K.; Zhao, W.Q. Effects of Xanthate on Flotation Kinetics of Chalcopyrite and Talc. Minerals 2018,

8, 369. [CrossRef]
35. Xing, Y.W.; Xu, M.D.; Gui, X.H.; Cao, Y.J.; Babel, B.; Rudolph, M.; Weber, S.; Kappl, M.; Butt, H.J. The application of atomic force

microscopy in mineral flotation. Adv. Colloid Interface Sci. 2018, 256, 373–392. [CrossRef]
36. Li, L.; Zhang, C.; Yuan, Z.; Xu, X.; Song, Z. AFM and DFT study of depression of hematite in oleate-starch-hematite flotation

system. Appl. Surf. Sci. 2019, 480, 749–758. [CrossRef]
37. Yang, H.L.; Liu, I.T.; Liu, C.E.; Hsu, H.P.; Lan, C.W. Recycling and reuse of kerf-loss silicon from diamond wire sawing for

photovoltaic industry. Waste Manag. 2019, 84, 204–210. [CrossRef] [PubMed]
38. Gong, X.L.; Jiang, W.M.; Hu, S.L.; Yang, Z.Y.; Liu, X.W.; Fan, Z.T. Comprehensive utilization of foundry dust: Coal powder and

clay minerals separation by ultrasonic-assisted flotation. J. Hazard. Mater. 2021, 402, 124124. [CrossRef] [PubMed]
39. Cao, S.; Yin, W.; Yang, B.; Zhu, Z.; Sun, H.; Sheng, Q.; Chen, K. Insights into the influence of temperature on the adsorption

behavior of sodium oleate and its response to flotation of quartz. Int. J. Min. Sci. Technol. 2022, 32, 399–409. [CrossRef]
40. Perdew, J.P.; Ruzsinszky, A.; Csonka, G.I.; Vydrov, O.A.; Scuseria, G.E.; Constantin, L.A.; Zhou, X.; Burke, K. Restoring the

density-gradient expansion for exchange in solids and surfaces. Phys. Rev. Lett. 2008, 100, 136406. [CrossRef] [PubMed]
41. Zuo, Q.; Wu, D.D.; Cao, J.; Wang, Z.; Wen, S.M.; Huang, L.Y.; Chen, H.Q. Surface modification of hemimorphite via double-

complexation by ammonium fluoride and copper ion to promote sulfidation. Appl. Surf. Sci. 2023, 612, 155797. [CrossRef]
42. Ciucivara, A.; Sahu, B.R.; Joshi, S.; Banerjee, S.K.; Kleinman, L. Density functional study of Si(001)/Si(110) and Si(100)/Si(110)

interfaces. Phys. Rev. B 2007, 75, 113309. [CrossRef]

https://doi.org/10.1016/j.jhazmat.2019.120796
https://doi.org/10.1016/j.wasman.2023.06.028
https://www.ncbi.nlm.nih.gov/pubmed/37418787
https://doi.org/10.1016/j.jclepro.2018.03.152
https://doi.org/10.3390/molecules29174009
https://www.ncbi.nlm.nih.gov/pubmed/39274857
https://doi.org/10.1016/j.jclepro.2018.11.195
https://doi.org/10.1016/j.powtec.2022.117744
https://doi.org/10.1016/j.wear.2016.07.009
https://doi.org/10.1016/j.mineng.2021.106966
https://doi.org/10.1016/j.jenvman.2021.112548
https://doi.org/10.1016/j.jclepro.2020.123995
https://doi.org/10.1016/j.apsusc.2022.154775
https://doi.org/10.1016/j.seppur.2018.08.076
https://doi.org/10.1016/j.mineng.2014.05.008
https://doi.org/10.3390/separations9120416
https://doi.org/10.1016/j.chemosphere.2005.12.063
https://www.ncbi.nlm.nih.gov/pubmed/16481022
https://doi.org/10.1039/c3cp44283g
https://www.ncbi.nlm.nih.gov/pubmed/23612714
https://doi.org/10.1016/j.jclepro.2017.05.193
https://doi.org/10.1016/j.fuel.2022.126039
https://doi.org/10.3390/min8090369
https://doi.org/10.1016/j.cis.2018.01.004
https://doi.org/10.1016/j.apsusc.2019.02.224
https://doi.org/10.1016/j.wasman.2018.11.045
https://www.ncbi.nlm.nih.gov/pubmed/30691894
https://doi.org/10.1016/j.jhazmat.2020.124124
https://www.ncbi.nlm.nih.gov/pubmed/33077269
https://doi.org/10.1016/j.ijmst.2021.12.006
https://doi.org/10.1103/PhysRevLett.100.136406
https://www.ncbi.nlm.nih.gov/pubmed/18517979
https://doi.org/10.1016/j.apsusc.2022.155797
https://doi.org/10.1103/PhysRevB.75.113309


Molecules 2024, 29, 5916 16 of 16

43. Ni, C.Q.; Xie, Y.; Liu, C.; Han, Z.W.; Shen, H.R.; Ran, W.; Xie, W.Q.; Liang, Y.T. Exploring the separation mechanism of Gemini
surfactant in scheelite froth flotation at low temperatures: Surface characterization, DFT calculations and kinetic simulations. Sep.
Purif. Technol. 2023, 305, 122358. [CrossRef]

44. Li, Y.; Galli, G. Vibrational properties of alkyl monolayers on Si(111) surfaces: Predictions from ab-nitio- calculations. Appl. Phys.
Lett. 2012, 100, 071605. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.seppur.2022.122358
https://doi.org/10.1063/1.3685489

	Introduction 
	Results and Discussion 
	Effect of Different Collectors on Feasibility of Flotation 
	Flotation Results of DDA as Collector 
	Flotation Kinetics of DWSSS 
	Flotation Interface Behavior Analysis 
	Flotation Interface Behavior Between DDA and Silicon 
	Interface Adsorption Behavior of DDA 


	Materials and Methods 
	Materials and Reagents 
	Microflotation Experiment 
	Flotation Kinetics Analysis 
	Characterization Methods 
	DFT Calculation 

	Conclusions 
	References

