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a b s t r a c t
Separation and recovery of high-purity Si powder from kerf-loss Si slurry waste is a critical challenge for
the photovoltaic industry. A green surfactant poly (propylene glycol) bis (2-aminopropyl ether) (PEA) was
employed as a collector to facilitate the separation of Si and SiC from kerf-loss Si waste during flotation
process. Single flotation tests of Si and SiC were conducted using 5  106 mol/L PEA, respectively. The
separation efficiencies of Si and SiC in conjunction with PEA adsorption mechanism were investigated.
It was found that the maximum recoveries rate of SiC and Si were 90.59% (pH 9.00) and 80.93% (pH
1.96), respectively. Furthermore, the maximum Si grade was determined as 92.31% at pH 8.95 for the
sinking part of the mixture generating excellent floatability and selectivity. Zeta potential measurements,
FT-IR spectra, and XPS analyses demonstrated that PEA was present on the surface of Si and SiC through
electrostatic and hydrogen-bond interactions. The adsorption mechanism was explained based on the
results. This research provides an efficient and environmentally friendly route for the separation and
recovery of high purity silicon from kerf-loss Si waste.
Ó 2020 Elsevier Ltd. All rights reserved.

1. Introduction
Solar energy is a widely distributed, clean, renewable and abundant resource. Crystalline silicon cells are commonly used as photovoltaic cells, which accounts for more than 90% of the market
share due to high conversion efficiency, storage capacity, and stability (Bye and Ceccaroli 2014).
Silicon wafer cutting is a critical step in solar grade silicon manufacturing. Multi-wire cutting technology, which includes mortar
cutting and diamond wire cutting, is extensively employed as it
guarantees the quality and efficiency of the production. According
to theoretical calculations, 44% of crystalline silicon powder
(99.9999% purity) becomes kerf-loss slurry waste that remains in
the cutting pulp during the mortar cutting process. However, the
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practical cutting process of Si ingot, up to 50–55% loss of crystalline
Si, and accompanies the cutting fluid (poly-ethylene glycol) into
the slurry (Hachichi et al., 2017). The kerf-loss Si waste consists
of the cutting fluid, abrasive SiC particles, and metals (including
Fe, Cr, Ni, Ti, Mn et al.) from the saw wire (Boutouchent-Guerfi
et al., 2016, Lu et al., 2018). As the primary and critical material
for solar cells production, the industrial consumption of crystalline
silicon exceeded 259,000 tons in 2018 in China, which was valued
at approximately 3–4 billion dollars. However, in this case more
than 125, 000 tons of the crystalline silicon is considered as waste.
Moreover, the accumulated kerf-loss silicon waste causes soil, air
and water pollution. Therefore, recovery and recycling of photovoltaic kerf-loss Si waste promotes huge economic benefits, as well
as, reduction of environmental issues.
To separate and further recover high-purity Si powder from the
kerf-loss Si waste, intensive studies have been conducted. Sedimentation centrifugation method is mainly utilized to recover
the poly-ethylene glycol in Si waste (Lin et al., 2010). However,
the majority of abrasive particles are SiC, which accounts for about
50% of the solid slurry (Yang et al., 2015). Acid leaching processes
are effective approaches for removal of metallic impurities (Liu
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et al., 2016, Yang et al., 2019). However, separation of Si from the
slurry, remains difficult due to the similar densities and the close
proximity of SiC and Si sizer (Mesaritis et al., 2019). Therefore, separation of high purity silicon and SiC is a major challenge for the
recycling of wastes. In order to extract high-purity Si particles
and SiC from slurry waste, various physical and chemical methods
have been explored, such as centrifugation (Lin et al., 2010), filtration method (Ciftja et al., 2006), magnetic separation (Jiang et al.,
2017, Yang et al., 2017), electric field separation (Wu and Chen,
2009), hydrocyclone method (Sergiienko et al., 2014) and phasetransfer separation method (Lin and Tai 2010). Although most of
these methods can achieve Si purity up to 50%, issues this arise
for Si and SiC separation due to similar particle size distribution:
SiC (~10 mm) and Si (~3 mm) (Wang et al., 2008). Metallurgical
methods, including directional solidification (He et al., 2018), vacuum refining (Lu et al., 2018), slag refining (Huang et al., 2019) and
solvent refining (Wang et al., 2012) etc., have been utilized for Si
powder recovery from the Si slurry waste. However, this method
requires high temperature and energy consumption, which
restricts its industrial application.
The flotation method can effectively separate Si powder by
selecting a specific collector to adsorb the target particles, especially for ultrafine powders. Huang. M.L et al., (Huang et al., 2010)
used fatty acids to make silicon carbide float into the froth area,
with Si powders with 95.9% purity settling at the bottom in acid
solution (pH 4.5). Li. Hsun-Chi et al., (Li and Chen 2017) used HF
solution as the modifier to extract SiC from the slurry waste, with
SiC recovery and grade being 52% and 98.1%, respectively. Wei. X
et al., (Wei et al., 2015) showed that SiC particles 0.5–30 lm in size
could enter into kerosene, leaving the remainder of the phase as
clear water. Based on similarity compatibility principle, the organic
agents can be removed by other organic solutions (such as ethyl
alcohol). However, the strong acidic solution, such as HF, also contributes to environment pollution, which hinders its application.
Poly (propylene glycol) bis (2-aminopropyl ether) (PEA) is nontoxic, non-teratogenic and environmentally-friendly (Wei et al.,
2019). In this study, PAE was explored as a green novel collector
to separate and recovery of Si and SiC from kerf-loss Si slurry waste
by flotation method. The selectivity of PEA in relation to flotation
behavior of Si and SiC was compared with the variation of pH values. Zeta-potential, Fourier transform infrared (FT-IR), XRD, and Xray photoelectron spectroscopy (XPS) analysis were conducted to
reveal the flotation mechanism of PEA on Si and SiC. The present
work demonstrates a cleaner and effective approach for Si extraction from kerf-loss silicon waste.
2. Experimental procedures
2.1. Materials
The as-received Si powder (99.9%) and SiC powder (99.9%) were
purchased from Nanjing, Jiangsu Province and Shangrao, Jiangxi
Province, respectively. For quantitative studies, artificial Si-SiC
powder mixtures were prepared from Si and SiC powders, each
possessing similar particle size to that of Si or SiC in the slurry
waste. The average particle size of Si powder and SiC were
2.68 lm and 7.92 lm, respectively. PEA (molecular weight of
2000) was purchased from Shanghai Aladdin biochemical technology Co., Ltd. Fig. S1 shows the chemical structures of Si, SiC and
PEA. The concentration of PEA collector was 0.1 mol/L.
2.2. Experimental procedures
A mechanically agitated flotation machine (XFDIII-1.5L Shicheng Guobang Mining Machinery Co. Ltd, China) was utilized

for the flotation process. A sketch map of the experimental apparatus is shown in Fig. S2. In experiment, the total mass of powder
was 5 g, either single Si/SiC powder or 50 wt.%Si-50wt.%SiC powder. The parameters of this experiment are listed in Table S1. The
powder sample was mixed with PEA solution and deionized water
and stirred for 2 min. 75 lL of PEA (0.1 mol/L) was added into the
flotation cell. The total volume of the solution was 1500 mL. Then,
the pH value of the mixtures was adjusted using HCl solution
(0.1 mol/L) or NaOH solution (0.1 mol/L), and measured using pH
meter (FB28, Mettler Toledo instruments Co. Ltd). During the flotation process, the air rate and flotation time were 0.4 m3/h and
30 min, respectively. The rotation speed of the rotor was set
between 1500 and 2500 rpm. The buoyancy powders were separated using an automatic froth scraper device and the residual
powders sink in the flotation cell. Then, the buoyancy powders
and sink powders were filtrated and dried, respectively. The recovery rates were calculated using the dried weight of the separated
products. For a single flotation sample, the recovery rate of Si or
SiC was calculated according to the principle of mass balance. For
Si–SiC mixed sample flotation, the recovery rate of SiC was calculated by dissolving Si in HF (12 mol/L) and HNO3 (16 mol/L) mixed
solution producing the mass of SiC in the mixture. Three types of
flotation experiment were examined. The samples with PEA treatment were analyzed by XRD, X-ray Photoelectron Spectrometer
(XPS), FT-IR, Zeta potential.
2.3. Zeta potential measurement
Three different types of samples after addition of PEA were
measured using a NanoPlus (Japan) zeta analyzer. 0.5 g sample
and 7.5 lL PEA solution (0.1 mol/L) were added into a breaker,
and the solution was diluted to 150 mL. The pH value was adjusted
using HCl solution (0.1 mol/L) or NaOH solution (0.1 mol/L). The
supernatant dilute powder suspension was used for zeta potential
measurements.
2.4. FT-IR measurements
FT-IR spectra were measured using an iS50R FT-IR spectrometer
(Thermo Scientific Corporation, USA). The measurements were
conducted using the pressed pellet (KBr) method.
2.5. XPS analysis
Thermo Escalab 250Xi X-ray Photoelectron Spectrometer (XPS)
(Thermo Scientific Corporation, USA) equipped with a monochromatic Al Ka (hm = 1486.6 eV) was applied to analyze the prepared
samples. X-ray source at 150 W was used to examine the surface of
the samples.
3. Results and discussion
3.1. Characterization of Si and SiC powders
Fig. 1 shows XRD patterns and particle size distributions of Si
and SiC powder. Fig. 1(a) shows that the main phase is Si, with
the typical characteristic peaks of (1 1 1), (2 2 0), (3 1 1), (4 0 0),
(3 3 1) and (4 2 2). Furthermore, three small peaks are observed at
18.3, 20.5 and 26.2, which represent SiO2 phase. SiO2 is detected
on the surfaces of fine silicon matrix particles, which may be generated via the chemical reaction between water and sub-micron or
micrometer Si particles (Li et al., 2018). Fig. 1(b) shows the existence of SiC powder, with typical peaks of (0 1 5), (1 0 10), (1 0 1),
(1 0 22), (1 0 28), (0 1 44), (1 0 7), (0 2 10), and (0 2 16). As expected,
both Si and SiC are observed after a thorough mixing (Fig. 1(c)).
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Fig. 1. XRD patterns and size distributions of Si and SiC powder. XRD spectra of (a) Si powder; (b) SiC powder; and (c) Si-SiC mixture; (d) Size distribution of Si and SiC.

As shown in Fig. 1(d), the median particle diameter of Si and SiC
powder is 2.68 lm and 7.92 lm, respectively, which is comparable
with the actual kerf-loss silicon waste observed by Wei et al., (Wei
et al., 2015).
3.2. pH vs. Si and SiC separation
The effects of pH on Si and SiC flotation separation were investigated via single powder flotation process. As shown in Fig. 2, the
recovery rates of Si and SiC display different flotation activities in
the presence of PEA. Si powder exhibits moderate flotation
response in acidic solution, with Si recovery rate increasing from
pH 0.68 to 1.96, and maximum Si recovery rate of 80.93% at pH
1.96. However, Si powder recovery shows a dramatic reduction
when pH exceeds 10.07. At pH 12.02, Si recovery rate is 13.63%,

Fig. 2. Effect of pH on the flotation behavior of Si and SiC at 5  106 mol/L.

which is six times smaller than that at pH 1.96. Therefore, acidic
condition is more beneficial than alkaline condition for Si recovery
rate during Si flotation process. Furthermore, under alkaline conditions, Si loss occurs due to the reaction of Si with OH–, and filtration loss, where Si remains in the filter membrane. Therefore, in
order to evaluate the mass loss of Si during the flotation process,
the loss ratio of three different samples were compared. For single
SiC powder, the loss ratio of SiC is 4.6% at pH 9.00. SiC did not react
with OH–, hence, the mass loss is only due to the filtration process.
In the case of single Si powder, the loss ratio of Si is 8.1% at pH 9.00
due to Si reaction with OH– and filtration loss. Si–SiC mixture
shows 8.2% loss ratio of powder at pH 9, which means that 3.6%
of the mass loss arises from OH– reaction. Additionally, SiC displays
a stronger affinity toward PEA, with the maximum SiC recovery
rate of 90.59% at pH 9 (Fig. 2). The recovery rate of SiC increases
from pH 1 to 9, then to decrease beyond this value. At pH11, SiC
and Si show a significant distinct e recovery rate, where SiC is
57.8% greater than that of Si, thus providing a potential opportunity to separate Si powder from Si–SiC mixture. At higher pH values, reduced PEA adsorption results from a dramatic decrease in
flotation for Si and SiC. In the presence of a strong alkaline solution,
Si flotation is suppressed due to weak PEA adsorption on Si surface.
It is known that when PEA is employed as a cationic collector, pH
can change the polarity, therefore, pH must be carefully controlled.
In order to evaluate the effect of PEA on the recovery rate of samples, Si, SiC and Si–SiC mixture were treated with and without PEA
(5  106 mol/L) during the flotation process. The effects of PEA
addition on the recovery rates of different samples are shown in
Fig. S3. Compared with the sample without PEA addition, the
recovery rate of Si within PEA increases to 53.49% from 17.76%,
and the recovery rate of SiC within PEA increases to 90.59% from
66.03%. Due to agitation of the solution under rotating rotor, the
powder is suspended throughout the entire solution system, which
results in some powders being moved upward into the buoyancy
part without PEA addition. These results demonstrate that PEA
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addition could obviously improve the recovery rates of the
samples.

rotation speed exceeds 2000 rpm, the recovery rate reaches its
maximum (77.09%). Therefore, 2000 rpm is the optimum value
for the flotation process.

3.3. Flotation separation of Si from Si and SiC mixture
3.4. Characterization of Si and SiC with PEA
Flotation tests of Si and SiC mixture were conducted at various
pH values to obtain the optimal conditions shown in Table 1. The
liquid/solid ratio was fixed at 300 mL/g. Below pH 8.95, the maximum separation ratio of the buoyancy part (77.09%) of the mixture
is larger than that the sinking part (22.91%). In contrary, at pH
10.97, the separation ratio of buoyancy part is 39.07%, with
49.32% decrease compared with that at pH 8.95. At pH 8.95, the
largest Si grade is 92.31% for the sinking part of the mixture, which
exhibits excellent reverse flotation behavior. However, in the case
of SiC, the largest grade is 69.99% at pH 10.97 for the buoyancy part
of the mixture. Therefore, separation of Si and SiC is very sensitive
to pH values in the mixture. Moreover, the relationship between
rotation speed and recovery rate is shown in Fig. S4, using Si–SiC
mixture at pH 9 under PEA flotation process. The recovery rate of
the mixture increased with increasing rotation speed. When the

Fig. 3 shows the FT-IR spectra of Si and SiC with and without
PEA addition, at fixed pH of 9.00. Two typical peaks appear around
3470 cm1 and 1100 cm1, which correspond to the bending and
stretching vibration of –OH group of Si–OH, and asymmetric vibration of Si–O–Si group respectively, in defect sites (Fig. 3(a)) (San
Andrés et al., 2000, Li et al., 2006, Zhou et al., 2008). Si–Si bond
in infrared is inactive (Tomono et al., 2013), hence, no characteristic peaks related to purity Si are observed. This shows that the oxidation of Si and Si–OH hydrogen bonds are generated on the
particles surface.
After PEA flotation process, two peaks appear at 2970 cm1 and
1763 cm1 (Fig. 3(c) and (f)), corresponding to the asymmetric
stretching vibration of –CH3 and –NH2 groups in PEA molecules,
respectively. This observation shows that PEA is adsorbed on the

Table 1
Effect of pH on recovery and grade of Si and SiC from the mixture.
No.

pH

Part

Separation ratio/%

Si grade /%

SiC grade /%

M1

2.01

M2

6.98

M3

8.95

M4

10.97

Buoyancy
Sinking
Buoyancy
Sinking
Buoyancy
Sinking
Buoyancy
Sinking

69.41
30.59
73.21
26.79
77.09
22.91
39.07
60.93

48.73
59.94
41.32
90.74
41.55
92.31
30.01
66.69

51.27
40.06
58.68
9.26
58.45
7.69
69.99
33.31

Fig. 3. FTIR spectra of different samples with PEA collector (a) Si powder; (b)PEA; (c) Si with PEA 5  106 mol/L; (d) SiC powder; (e) PEA; (f) SiC with PEA 5  106 mol/L.
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surface of Si and SiC. As shown in Fig. 3(b), a peak approximately
1115 cm1 appears, assigned to the ethereal oxygen (C–O–C)
(Hosseini and Forssberg 2007). –CH– group is found in the range
of 3000–2800 cm1 (Li et al., 2008).
As for SiC, a strong peak exists near 830 cm1, which is due to
the stretching Si–C bond with some adsorption shifts (Kaneko
et al., 2005) shown in Fig. 3 (d) and (f). This may be due to the electrostatic forces between –NH2 group and Si–C group in SiC (Karray
and Kassiba, 2012). These results demonstrate that PEA is adsorbed
on the surfaces of Si and SiC.
The surface charge of Si and SiC can change with the adsorption
of PEA on the surface. Fig. 4 shows the correlations of zeta potential
with pH of Si, SiC and Si–SiC mixture. The potential properties of Si,
SiC and Si–SiC mixture display similar changes. A positive potential
is observed for both Si and SiC when treated with strong acid. However, the zeta potential of both Si and SiC becomes negative as pH
value increases. Without the addition of PEA, the isoelectric point
(IPE) of SiC is approximately 3.00 (Iskra, 1997). However, the addition of PEA increases IEP to 4.6, which suggests that PEA is
adsorbed on the surface of SiC. PEA contains some amine groups
(–NH2) and ether bonds (–C–O–C–), and has a large solubility in
water. The hydrolysis reaction is shown in the Eq. (1) (Wei et al.,
2019).

RNH2ðaqÞ þ H2 O () RNHþ3 þ OH

ð1Þ

RNH2ðaqÞ þ Hþ () RNHþ3

ð2Þ

When the pH of the solution is less than 3 (strong acidic condition), the reaction (2) is accelerated by high concentration of H+,
generating a large amount of –NH+3. Therefore, the zeta potentials
of Si and SiC a more positive shown in Fig. 4. When the pH is larger
than 4, the zeta potential of Si is negative. Under strong acidic conditions, Si recovery is more effective recovery compared to alkaline
conditions as shown in Fig. 2. The –NH2 group reacts with H+ (Eq.
(2)), and becomes a cationic collector (Liu et al., 2011). Due to electrostatic force, the PEA collector should be attracted to Si surface,
where the permanent negative position exists. According to both
Si and SiC flotation results, PEA captures in the form of –NH+3 on
both surfaces in acidic solution.
In the alkaline conditions, SiC is clearly negative and promotes
water-repellency on the surface. Under this condition, competitive
adsorption of OH– between Si and SiC surfaces occurs (Liu et al.,
2017). Moreover, at high concentrations of OH– the hydrolysis of
PEA is suppressed, which allows PEA to be adsorbed in conjunction
with –NH2 group by hydrogen bonding on Si/SiC surface. However,

Fig. 4. Zeta potential-pH profile of Si, SiC and Si-SiC mixture in the presence of PEA
5  106 mol/L.
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–NH2 group has a weaker affinity than –NH+3 group, resulting in
inefficient adsorption on the surface. Therefore, the recovery rates
of Si and SiC decrease significantly to approximately 13.63% (Si)
and 53.92% (SiC) (Fig. 2). Compared with Si, SiC has a lower surface
activity (Iskra 1997). Due to carbon atom coexisting with Si in SiC
crystal, a certain amount of residual colloidal carbon is likely to
exist on the SiC surface as inclusion. (Iskra 1997). Therefore, the
effect of PEA on the flotation of SiC contains of the adsorption with
the negatively charged surface. SiC has a negatively charged surface that Si, making more efficient in adsorbing PEA, and facilitating flotation separation. At the same time, Si can reach with OH– to
form Na2SiO3, which suppresses the adsorption behavior of Si
powder.
The XPS spectra of Si without and with PEA are shown in Fig. 5.
At binding energy of 284.7 eV, C(1s) peak appears, possibly due to
contamination of Si surface when exposed to the atmosphere
(Parker et al., 2015). Additionally, oxygen and carbon were
detected on Si and SiC surfaces, which originate from external pollutions and atmosphere. The observations of the specific binding
energy 523.81 eV and 102.68 eV validate the occurrence of O and
Si, respectively. A small N(1s) peak occurs when the binding energy
is approximately 500 eV, which represents the amino group of PEA,
and confirms that PEA is adsorbed on the Si surface.
The C(1s) peak of Si spectra (Fig. 6(a)) was fitted to three components at different positions 284.60, 285.40 and 286.76 eV,
respectively. The two new peaks at 286.76 eV and 285.4 eV correspond to –CH3 and –C–O–C groups, which is an agreement with the
literature data (Liu et al., 2017, Luo et al., 2018). Similarly, Fig. 6(b)
shows that O(1 s) of Si spectra was fitted to three components,
namely, Si–O (531.27 eV), C–O–C (532.12 eV), and Si–O–Si
(532.73 eV) (Li et al., 2008), respectively. These findings strongly
suggest PEA adsorption on Si surface.
3.5. Mechanism of Si waste flotation on PEA
Based on the above experimental results, the flotation mechanism of PEA between Si and SiC is proposed (Fig. 7). Interfacial
properties of minerals display dominant adsorption and flotation
behaviors. The long pair of electrons from the polar hydrophilic –
NH2 group of PEA are easily attracted by the negative (Si–O) or
neutral Si–OH groups of Si or SiC surface and are attached by
hydrogen bonding (Liu et al., 2019). When the PEA collector settles
into the flotation cell, the –NH2 group undergoes partial hydrolyzation, producing –NH+3 ions. The ionized PEA promotes hydrogen or

Fig. 5. XPS spectra of Si with and without PEA 5  106 mol/L.
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Fig. 6. XPS (a) C (1 s) and (b) O (1 s) spectra of Si treated with PEA 5  106 mol/L.

Fig. 7. The adsorption mechanism of Si-SiC mixture in PEA flotation process.

ionic bonding allowing easier connection with the surface –OH
groups of SiC or Si. The positive –NH+3 group is attracted by the negative Si–O group on Si and SiC surface; this attraction is related to
the electrostatic attractive force and hydrogen bond. The formation
of ion-molecular complex at certain pH range produces different
flotation behaviors. Furthermore, the presence of two –NH2 groups
in PEA increases its adsorption capacity. The adsorption behavior of
PEA on SiC surface is greater than that on Si surface. Therefore,
multi-interaction hydrogen bonding in PEA improves the adsorption ability of the collector during the flotation process, and also
generates a densely hydrophobic layer on SiC surface, which
enhances SiC hydrophobicity.
4. Conclusions
In this work, a green surfactant PEA was applied as an efficient
cationic collector for separating Si from kerf-loss Si slurry waste
mixture. PEA exhibited excellent floatability and selectivity for Si
separation from Si-SiC mixture. SiC and Si floated well in the presence of PEA, and the maximum recovery of SiC and Si was 90.59%
and 80.93% at pH 9.00 and 1.96, respectively. The maximum value
of Si grade was 92.31% at pH 8.95 for the sinking part of the mixture in the presence of 5  106 mol/L PEA collector. The largest
value of SiC grade was 69.99% at pH 10.97 for the buoyancy part
of the mixture. The FT-IR and Zeta potentials analysis validated
the presence of –NH2, –CH3, and –CH2 groups in PEA. XPS and zeta

potential analysis showed the adsorption of PEA on Si and SiC surface via multi-interaction hydrogen bonds and electrostatic attractive force, which not only improved PEA adsorption ability during
the flotation process, but also established a densely hydrophobic
layer on SiC surface. The flotation mechanism of Si and SiC was
explained during the PEA flotation process. This research provides
an efficient and environmentally friendly approach for the separation and recovery of Si from kerf-loss Si slurry waste.
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