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Abstract

In present work, the role of the oxygen potential (Pq,) and oxygen ion (O*) concentration for removing phosphorus (P) during
CaO-SiO,—Al,03-Fe,O slag refining was studied by on-line measurement of oxygen activity in molten silicon (Si), FactSage
calculation, Raman spectroscopy and nuclear magnetic resonance (NMR) spectroscopy. The results show that the addition of
FeO from 0 to 9.25 wt% in slag can increase the activity of dissolved oxygen (ajo)) in Si and the mole fraction of O” in slag.
Moreover, the increase of O~ concentration leads to the increase of non-bridge oxygen (NBO). The value of Lp (the partition
ratio of phosphorous between slag and Si shows a first increase and then decrease trend and reaches a maximum value of 1.95 at
5+0.1 wt% FeO. It is believed that the increase of ajo; and NBO can promote the removal of P as FeO content is less than 5 +
0.1 wt%. the chain structure unit (Q°) of silicate network as the main intermediate structure to capture PO,>~ from the charge
compensation of P,Os by O* to form the sheet structure unit Q°(Si and P). When FeO content is increased to more than 5+
0.1 wt%, Lp value gradually decreases although the values of NBO and ao are increasing. NBO plays a leading role in this
process, it can be speculated that more NBO can depolymerize the O° (Si and P) to destroy the stability of P in silicate network.
As aresult, amount of PO, is present at the interface to prevent the oxidation of phosphorous, which leads to the decrease of Lp
value.
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1 Introduction is lost in various forms of Si containing waste during the PV

production chain, where more than 40% of the high-purity Si is

Si is the majority of PV (photovoltaic) cells [1], and the current
Si feedstock costs contribute up to 25% to the direct module
costs, already as a result of the starting feedstock shortage sce-
nario [2]. However, the total quantity of 68% of Si feedstock that
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wasted by slicing of wafers using a wire sawing process [3]. The
recycling of the Si kerf loss can be considered as a cost-effective,
circular economical solution for an advanced low-cost Si-based
PV, which has received lots of attention [4]. Although the kerf
loss Si particles remain in high purity, it is noteworthy that the P
content in Si particles increases significantly (about dozens to
hundreds of parts per million (ppm)) because of the contamina-
tion of electroplating solution containing pyrophosphate on dia-
mond wire saw [5—8], which limits the use of recycled Si powder
as Si feedstock. Many studies have been carried out on the yield
of Si powder, the removal of SiC Particles, Al,O3, Fe,O5 et al
[9-11]. In addition, vacuum refining such as vacuum electron
beam and plasma can effectively remove P [12, 13], but it will
increase the cost of Si powder recovery. Slag refining will be an
effective way to remove P from regenerated Si due to the low
cost and mature foundation of industrialization.

However, the low P distribution coefficient between slag
and Si is a key problem in slag refining, the distribution coef-
ficient of P, for example, is a fraction to a few tenths of boron.
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According to reactions (1) and (2), the removal of phospho-
rous from Si is charged by two steps. Firstly, phosphorous is
oxidized to P,Os at the interface between molten slag and Si,
and then P,Os combines with O*~ and go into slag in the form
of PO437. Therefore, it is necessary to understand the effects of
the oxygen potential, the concentration of O*~ and the stability
of oxidation products with the aim of high degree of
dephosphorization.

5 1
[P) + 302 = 2205 (1)
1 3, :

Many researchers have investigated how to increase the
oxygen potential, for example, Monokama et al [14] and
Tanahashi et al [15] have introduced the methods of con-
trolling oxygen atmosphere and injecting oxygen gas into
the molten Si. Besides, adjusting slag composition like
increasing the SiO, activity or adding oxides such as
Al,O3, TiO, to the slag can also promote the oxygen
potential [16, 17]. However, only increasing the oxygen
potential does not always increase the efficiency of
dephosphorization, even blowing oxygen can easily cause
a large loss of Si. Therefore, it is necessary to compre-
hensively consider the impact of other factors. As men-
tioned above that the concentration of O>~ also determines
the removal efficiency of P. Adding basic oxides such as
Ca0O, ZnO, Na,O, MgO to the slag is a good way to
increase the concentration of O®~ [18-20]. For the con-
ventional slag design, the increase of oxygen potential
and 0% concentration has been achieved by adding the
oxides with a single action, which could aggravate the
complexity of the system. It is well known that FeO can
improve the oxidation of slag as well as provide O
Hence, FeO can be considered to be a good choice for
adjusting slag composition. There have been a number of
studies on the effect of FeO for dephosphorization during
the steel-making process [21-23]. It is demonstrated that
the partition ratio of phosphorous between slag and mol-
ten steel has a greater dependence on the FeO content.
However, much less refining slags containing FeO is
available in Si refining. This paper will conduct relevant
researches on Si refining using slags with FeO.

As mentioned above, the increase of oxygen potential can-
not achieve the continuous removal of phosphorous, indicat-
ing that the stability of phosphorous in slag must play an
important role in P removal. The structure and existence of
P in slag is an important way to investigate its stability. In
existing studies, the activities of xCaO-P,05, xMgO-P,05
and xBaO-P,05 etc. [24-26], based on molecular theoretical
model are generally used to describe the stability of P oxida-
tion products in the slag. However, much less structural
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information associate with the refining behavior is available.
Therefore, the relationship between the structural information
and refining process are critical for the design of refining slag.

Si0; is the basic component of refining slag for Si, and it as
an acid oxide can form a network structure. Thus, the silicate
network is the basis of the coordination environment in slag.
P,0s5 as a network formation can be combined with silicate
network and be fixed in slag. Therefore, an important prereq-
uisite for the combination of phosphate and silicate is that
SiO, and P,0O5 are charge compensation by oxygen ions.
However, enough oxygen ions can depolymerize the network,
which can worsen the binding of phosphate and silicate net-
works [27, 28]. Therefore, oxygen ion has a great influence on
the existence form of phosphate silicate network. With the
assistance of Raman, NMR and FTIS spectroscopy, the net-
work of silicate could be determined. Recently, Qian et al [27]
and Morita et al [28] have revealed the role of slag structures
on the removal of boron and sulfur, respectively. The behavior
of boron can be investigated according to the Raman shifts of
different Si—O units, namely, Q" (Si, n=0~4) [29-32].
Likewise, the P could incorporate with silicate structures
through P-O-Si bonds [33] or only in the form of orthophos-
phate [34], which was independent in the silicate network.
Previous studies mainly studied how the varying P,O5 content
influenced the structures or physicochemical properties of
phosphosilicate glass. However, detailed studies on the phos-
phorous removal according to the complex behavior of phos-
phorous in silicate network, especially for the influence of
Fe,O, were not yet fully understood.

In the present work, an attempt was made to understand the
role of FeO on phosphorous removal based on comparison
between experimental results of slag treatment and structural
analysis of the slag. FeO was selected to change the oxygen
potential and the concentration of O>". The behavior of phos-
phorous in the silicate network and the state of phosphorous in
the slag were investigated using Raman and *'P NMR spec-
troscopy to evaluate the stability of P in slag. Slag treatment
was carried out under condition of different FeO content. The
results can provide more information for the optimization of
slag system.

2 Experimental
2.1 Slag Preparation

The sample required for the experiment was selected from
analytical reagent grade CaO (99.0 wt% purity metal basis),
Si0, (99.5wt%t purity metal basis), FeC,04:2H,0
(99.30 wt% purity metal basis). CaO-SiO, system was as base
slags, and FeC,042H,0 was used to make FeO by Heating to
1273 K and keeping warm for 30 min in a tube furnace at
1273 K under argon atmosphere. To prove that FeO can be
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obtained by the thermal decomposition FeC,0,4-2H,0, the
samples of heated FeC,042H,0 was analyzed using an X-
ray (XRD, SmartLab, Rigaku, Tokyo) diffractometer, as
shown in Fig. 1, FeO does exist.

Five slags were set with same binary basicity (CaO/SiO, =
C/S) 1 and different FeC,0,4-2H,0 contents (0, 12.5, 18.7, 25
and 31.3 wt%). Just very little phosphorous come into slag
after refining, which lead to a difficulty for chemical analysis
of phosphorous. The study of Wang et al [33] showed that the
glass network structure became more and more polymerized
when the P,Os content increased from 0~10 wt% in the slags,
but had no effect on the type of the structure. Therefore, 5 wt%
P,05 was added into the CaO—SiO,—Fe,O slags to study the
behavior and structure of P from Si. P oxide was selected from
analytical reagent grade P,O5 (99.0 wt% purity metal basis),
and the treatment of the slags containing P,Os was the same
with above.

The fully blended samples were placed in corundum cru-
cibles to heat to 1823 K at 10 K/min in Ar gas using muffle
furnace, and then hold for two hours to make the slags be
homogeneous. Subsequently, the corundum crucibles contain-
ing the molten slags were quickly quenched in liquid nitrogen
to maintain the high temperature structure of slag. The
quenched solid slags were broken and crushed to a powder
in agate mortar. The powder was sieved to 74 um using 200
mesh sieve and sent for X-ray fluorescence (XRF; Axios,
PANalytical, Netherlands) verification of composition, as
shown in Table 1. It is noteworthy that about 6~8 wt%
Al,O5 was found in the slag due to the high temperature ero-
sion of corundum crucibles.

In addition, a part of powder slags (No: 1, 3, 5, 1#, 3#, 5#)
was also analyzed using X-ray diffractometry (XRD;
SmartLab, Rigaku, Japan) to confirm the glassy nature of all
samples. Figure 2 clearly shows no crystals in the slags, indi-
cating it can be used to make an investigation of structure.
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Fig. 1 XRD Patterns of FeC,042H,0 after Heating at 1273 K

Table 1  Pre-melting slag components, as determined from X-ray
fluorescence analysis, wt%

Slag No. CaO SiO, ALO; Fe, O P,Os
Without P,Os5 1 4727  46.04  6.69 0 0
2 4520 4444 750 2.86 0
3 4147 4077 898 8.78 0
4 39.82  38.87  8.67 1264 0
5 3887  38.06 8.56 14.51 0
With P,Os5 1# 4417  43.02  7.89 0 4.92
3# 4256 41.85  8.01 8.73 4.85
S# 3693  36.17 823 13.5 5.17

The presence of small amounts of oxygen at high temper-
atures is unavoidable even with the protection of argon, thus
some FeO could be oxidized to Fe,O5 [21-23]. To determine
the ratio of FeO and Fe,O3 more precisely, the valence of Fe in
slag was performed by means of X-ray Photoelectron
Spectrum (ESCALAB, 250Xi). The results are presented in
the following sections.

2.2 Slag Refining and Determination of Oxygen
Potential

The P content of the refined silicon would be reduced sharply
to very low levels, moreover, the low concentration of P in
metallurgical grade-Si (MG-Si) used for refining was difficult
for ICP-MS analysis. Therefore, the P content in silicon was
increased by adding 1000 ppm P to the MG-Si raw material.
100 g of MG-Si was used to melt at an electromagnetic induc-
tion furnace and 0.1 g P was added in the corundum crucibles
at 1823 K protected by argon atmosphere. P was evenly dis-
tributed in Si by electromagnetic stirring. After holding at
1823 K for one hour, the furnace was cooled down to room
temperature at 10 K/min. The content of P in the doped Si
before slag refining tested by ICP-MS was quantified to be
282 ppm (the average value from three different part of Si).
Five pre-melting slags containing different FeO content
with the same CaO/SiO, ratio of 1 were subjected to the slag
refining process. 5 g of doped Si and 15 g slag were charged
into corundum crucibles for each experiment, and the cruci-
bles were heated at 1823 K and held for two hours to stabilize
the temperature in an electric resistance furnace under Ar at-
mosphere. Before heating, the furnace was vacuumed to
0.1 MPa and repeated three times, and then argon was charged
at atmospheric pressure. Subsequently, the crucibles contain-
ing molten Si and slag were cooled down to room temperature
at a rate of 10 K/min. The refined Si was separated with slag
use physical method and ground to powder for ICP-MS anal-
ysis to quantify the P content. The partition ratio of P between
Si and slag was calculated by the ratio of P content in slag to P
content in Si. The refining results are shown in Table 2. To
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Fig. 2 XRD Curves of the
Quenched Samples. a without
P,0s b 5 wt% P,0s
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determine the role of Fe’* and Fe** in P removal, another two
slags with addition of 2.5% and 5% Fe,O; were selected for
refining. The experimental conditions during refining are con-
sistent with the above. The results are plotted in Fig. 3.

The activity of dissolved oxygen in molten Si (ajo)) was
measured to denote the oxygen potential. To definite the value
of ag) at the equilibrium state during refining, three groups of
refining experiment (slags containing 0, 5.36 wt%, 9.25 wt%
FeO, respectively) were measured using electro motive force
(EMF) method [49], recording equipment, an oxygen probe
and sampling tubes, where zirconia is used as a matrix and
magnesium oxide as a solid electrolyte. When system had
reached equilibrium state at 1823 K, an oxygen probe was
inserted into the molten Si inside the crucible and then the
recording equipment was used to record the electro motive
force. The EMF value was obtained within five seconds after
immersion. Then, the stable EMF value and temperature were
recorded.

2.3 Measurements of Raman Spectroscopy and >'P
MAS-NMR Spectroscopy

To clarify the structural characteristics of phosphosilicate
melts, the Raman spectroscopy were employed to investigate
the structural role of P,Os5 in slag melts (two groups: with and
without addition of 5 wt% P,Os). A laser Raman spectrometer
(LabRAM HR800, Raman) was performed with an excitation

Table2 Proportion of Fe?* and Fe** and the content of FeO and Fe,05
pre-melting in CaO-SiO,-Al,03-Fe,O slags, %

No. Fe,Owt% Fe’* Fe** Lp
Fe**, % FeO, wt% Fe**, % Fe 05, wt%

1 0 - 0 - 0 1.06

2 2.86 66.65 1.91 33.35 0.95 1.58

3 8.78 61.11 5.36 38.89 342 1.95

4 12.64 62.32 7.87 37.68 477 1.65

5 14.51 63.72 9.25 36.28 5.26 0.95

@ Springer
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wavelength of 532 nm and a | mW semiconductor laser as the
light source for Raman test. The spectra of the samples were
recorded in the frequency range from 400 to 2000 cm™ ' and
the precision of wave number is 1 cm™" at room temperature.
To further identify the specific structural units in the glasses,
solid-state >'P MAS-NMR measure was performed using a
500-M solid NMR spectrometer (Bruker Advance III HD
500 MHz) with a MAS probe of a 4 mm ZrO, rotor and
two pairs of Dupont Vespel caps.

3 Result and Discussion

3.1 Determination of Fe?* and Fe** in Slag and its
Effect on P Removal

Figure 3 shows the effect of FeO and Fe,O; on the removal of P,
it can be seen that the remained P in Si decreases with increasing
FeO, however, the addition of Fe,O5 leads to the increase of
phosphorous. It is apparent known that the FeO is beneficial for
phosphorous removal rather than Fe,Os that is harmful to P
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Fig. 3 The phosphorous content in Si after refining using CaO-SiO,-
Al O3-FexO slag
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removal. Therefore, it is deemed appropriate to attempt to quan-
tify and account for the proportion of FeO in slags.

Figure 4 shows the XPS spectra of CaO-SiO,—Al,O3—
Fe,O slag with initial addition Fe, O of content of each slag.
It can be seen that both Fe** and Fe’* of Fe,O exist in slag due
to insufficient atmosphere protection. The least squares meth-
od was used to fit the spectra to the spectrum. According to the
references XPS spectra of FeO and Fe,O; [34-38], 2ps,» of
line designation with about 710 eV binding energy correspond
to iron (II) oxide (FeO), and the peaks near 725 eV correspond
to Fe,, 1> of Diiron trioxide (Fe,O3), as shown in Table 3.
Using Gaussian fitting formula to integrate the peak areas of
Fe”* and Fe’*, the proportion of Fe** and Fe** in each slag can
be determined by area ratio and the results are shown in
Table 2. It can be seen that the proportion of Fe** basically
changed around 60%, the content of FeO varied from 0 to
9.25 wt%. Based on the determination of FeO in slags, further
studies of the effect of FeO on the partition ratio of phospho-
rous will be carried out in the following section.

3.2 Effect of FeO on the Partition Ratio
of Phosphorous

The experimental results for the equilibrium of pre-melting Si
with CaO-Si0,—Al,05—FeO slag are summarized in Table 2,
and the values of Lp are plotted in Fig. 5. The works of
dephosphorization from molten steel using refining slag con-
taining FeO, obtained by Nagabayashi et al [21], Fengshan Li

et al [22] and Danaei et al [23] were selected to compare with
the present study due to the lack of information about refining
of Si using FeO-related slag systems. As observed in Fig. 5, it
is clearly to see that the partition ratios of phosphorous all
show a tendency of increase first and then decrease as adding
FeO. In present CaO-SiO,—Al,03-FeO quaternary system
with a basicity of 1, a lower FeO content (0~10.63 wt%) can
result in obvious change of Lp and its value reaches the max-
imum of 1.95 at the FeO content of 5 = 0.1 wt%. A higher FeO
content (5~30 wt%) is required for the FeO—CaO-SiO, terna-
ry system when basicity is more than 2 in the work of
Nagabayashi et al [21]. However, the change of Lp value
becomes insignificant in Ca0O—Si0,—Al,03;—Na,O-TiO,—
FeO complex slag system [22, 23], although the FeO content
increases from 20 to 50 wt%. The above results present the
complex influence of FeO on Lp

3.3 Dependence of the Partition Ratio of Phosphorous
on Oxygen Potential

The calculation results of FeO activity with FactSage 6.3 as a
function of the partition ratio of phosphorous were plotted in
Fig. 6. It can be seen that higher FeO addition in slag does
result in the increase of the activity of FeO, and a FeO activity
value of 1.28 is obtained when FeO content reaches about
10 wt%. It’s worth noting that the increase of FeO activity is
unable to lead to that the value of Lp is increasing, Lp value
presents a decrease trend when FeO activity is more than

Fig. 4 XPS Spectra of CaO- a
Si0*ALO3-FeO Slag with Initial

Addition FexO of Content of in Fe, ,»(710.6eV)
Each Sample. a 2.86 wt%, b
8.78 wt%, ¢ 12.64 wt%, d
14.51 wt%

Intensity (a.u.)

—-—- Fitting results

Fe, (724.5¢V)

2pl/2

Original data b

Original data
—-—- Fitting results

Fe__ (710.5eV)

2932

Fe, (724.7eV)

2172

Intensity (a.u.)

700 710 720 730 740 700 710 720 730 740
Binding energy (eV) Binding energy (eV)
C Original data d Original data
Fe.  (710.4eV) —- Fitting results Fe. . (710.7eV) —- Fitting results

232
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Fe, ,,(725¢V)

2p3/2

Fe, ,,(725.2¢V)

Intensity (a.u.)

Binding energy (eV)

730 740 700 710 720 730 740
Binding energy (eV)
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Table 3 Matches from Fe element and available photoelectron line(s)

Formula  XPS formula Line Binding References
designation  energy(eV)

FeO Iron(IT) oxide 2psp 709.4 [34]

FeO Iron(IT) oxide 2psn 709.9 [35]

FeO Iron(IT) oxide 2psp 710.7 [36]

Fe,04 Diiron trioxide ~ 2p;; 7242 [37]

Fe,04 Diiron trioxide ~ 2p;. 725.0 [38]

about 5 +0.1%. According to the original design, the addition
FeO was used to improve the oxidation capacity of the slag.
Therefore, the relationship between the oxygen activity of
molten Si and FeO activity of slag was further studied.

The Mo + MoO, oxygen probes were used for the oxygen
activity measurements in the present study. The equation as
follows:

AGY  nF

tnaio) = "~ gy ®)

where, E is the EMF measured with calibration, volt; R is the
gas constant, 8.314 J/K/mol; F is the Faraday constant 96,500 J/
V/mol; T is the molten Si temperature, K. gj¢jis the activity of
dissolved oxygen that can be obtained as follows equation:

7725-10.08E

lga[o] = 3.885— T

(4)

The calculated ap) value and activity of FeO are plotted in
Fig. 7. As can be seen, the ajo) value and activity of FeO
present a linear increase, indicating higher FeO activity can
promote the increase of the oxygen potential. It is generally
believed that the increase of oxygen potential is beneficial to
the removal of P. The issue is that the removal efficiency of
phosphorous decreases when FeO content exceeds 5+
0.1 wt%, although under a condition of higher oxygen poten-
tial. It could be speculated that oxygen potential is not the only
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Fig. 5 LP values as a function of FeO content for different slag
composition
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factor to affect P removal. Besides, the oxygen ion introduced
by FeO in slag might play an important role in the removal of
phosphorous. In addition, oxygen ions are directly related to
the structure of slag, such as the behavior and state of P and Si
in slag. Therefore, in the following sections, the behavior and
state of P and Si in slag due to increase of oxygen ions and its
correlation with P removal will be further studied based on the
investigation of slag structure using Raman spectroscopy and
3P MAS NMR spectroscopy.

3.4 Behavior and Stability of P in Slag by Raman
and 3P NMR Spectroscopy

The basis of the coordination environment is the silicate net-
work, and it can be characterized by the bridging oxygen (BO)
and non-bridging oxygen (NBO) in each SiO,4 polyhedron
[21-23]. Basic oxide can destroy the silicate network to pro-
duce Q" units (O refers to Si with n BOs and 4-n NBOs) [25,
26]. A BO connects two adjacent polyhedra, such as Si-O-Si
and Si—O-P, determining the connectivity of silicate and phos-
phate network. The oxygen in the bridge oxygen can be
thought of as O° because both bonds are compensated by Si
and P anions. For a NBO, it can connect a polyhedra and cation
by the form of Si-O—Ca and P-O—Ca, denoting a fragmented
phosphosilicate networks. The oxygen in the non-bridge oxy-
gen can be thought of as O™ because only one bond is compen-
sated by Si or P anion. Free oxygen ions (0?"), bridged oxygen
and non-bridged oxygen have this relationship as shown in Eq.
(5). Therefore, the introduction of free oxygen ions can lead to
the change of relative quantity of BO and NBO.

0¥ =0 +20° (5)

In general, the Q" distributions can often be obtained direct-
ly through Raman spectra and the Raman spectroscopy of the
Ca0-Si0,-Al,05-Fe,O slags were investigated. The Raman
spectra of quaternary system CaO-SiO,—Al,03;—Fe, O glasses

0.20 2.5
- & Activity of FeO
[ —9o—L,
0.15 L —42.0
S b
= oot
N &
> ~
Z
E 4 1.0
S 005
<
=405
0.00
1 1 1 1 1 1 0'0
0 2 4 6 8 10
FeO (wt %)

Fig. 6 Effect of FeO content on the partition ratio of phosphorous and
FeO Activity
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Fig. 7 Activity of dissolved oxygen (ajo)) as a function of the activity of
FeO in slag

were deconvolved using Gauss-deconvolution method with
the minimum correlation coefficient as 7° > 0.995, as shown
in Fig. 8. A number of works report that the major peaks near
870 cm !, 960 cm™', 990 ¢cm !, and 1050 cm ™' could be
assigned to the monomer structure (QO), the dimer structure
(0", 07, and O’ [29-32], which were employed to deconvolute
the Raman curves and the deconvolution results of O species
based on the Raman spectra are presented in Fig. 8. It can be
seen that in the group of Fig. 8a, b, c, there are three kinds of
species under the condition of FeO content less than or equal to

5+0.1 wt% in (a), (b), namely, QO, Qz, and Q3, of which Q2 are
the main species. The peak intensity of O° weakens with the
increase of FeO content. After the addition of P,O5 (Fig. 8e,
f, g), we can see there are also three kinds of species namely, Q°,
7, and @, where 07 and O are the main species and the peak
intensity of O° gets enhanced compared with slags without
P,0Os. When FeO content is about 5+ 0.1 wt%, there is a new
peak of Q' around 890 cm ™' chemical shift and it becomes
greater with the further increase of FeO content (Fig. 8f, g).

The relative abundance of 0" (n =0 to 3) species can be
obtained by calculating the area ratio of an individual spe-
cies, the fitting results as shown in Fig. 9. For CaO-SiO,—
Al,O5-Fe,O slag, it is noted that relative abundance of Qo
and O increase at the expense of O° population as the FeO
content increasing to about 10 wt%, indicating FeO can
depolymerize silicate network in the role of basic oxides.

When 5 wt% P,0s was added, Q° and O proportion de-
crease obviously while the relative abundance of Q' and O°
increase. P,Os can involve in removing the ferrous ion and
calcium ions from the silicate network to achieve the charge
balance of the orthophosphate groups, since Na* and Ca**
ions prefer to charge balance orthophosphate rather than the
silica [48]. moreover, the greater stability of P-O—M than of
Si—O—M bonds [41], the former bonds would be favored, thus
resulting in polymerization of silicate portion of the melt. As
did Mysen et al [42], it is suggested that the following reaction
takes place:
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Fig. 8 Room-temperature Raman Spectra of CaO-SiOz-A1203-FexO Slag of (a) 0 FeO, b 5.36 wt% FeO, ¢ 9.25 wt% FeO, e 0 FeO and 5wt%P,0s, f

5.36 wt% FeO and Swt%P,0s, g 9.25 wt% FeO and 5wt%P,05
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In this process, a nonbridging oxygen (O ) in the silicate
network is lost and a new bridging oxygen (O°) is formed by
the formation of the metal (M) phosphate complex. The pro-
portions of sheets (Q°) increase relative to that of chain (Q°)
and monomer (Qo).

Q°~Q? can reveal the bridge oxygen and non-bridge oxy-
gen in different Si—O structures, the average bridge oxygen
content and non-bridge oxygen content could be represented
by Eq. (7) [28] and Eq. (8) [43], respective. The concentration
of O provided by the addition of FeO can be represented by
the mole fraction of O*". Bridge oxygen (BO) value and non-
bridge oxygen (NBO) value as a function of the mole fraction
of O*~ of FeO is shown in Fig. 10.

BO=0xQ"+1x0'"+2x0*+3x (7)
NBO=4x Q0" +3x0'+2x 0 +1xQ° (8)
Figure 10 shows the effect of the mole fraction of O?

~ from FeO addition on the values of NBO and BO. As
expected, the addition of P,Os in slag leads to the

@ Springer

FeO (Wt%)

reduction of NBO and the increase of BO because that
P,Os is a network body. For the effect of O, it can be
seen that increasing the mole fraction of O®” can lead to
the increase of NBO value of CaO-SiO,—Al,O3—Fe, O
slag and CaO-SiO,—Al,03-Fe,O-P,05 slag, oppositely,
BO value shows the decrease trend. Especially when O?
" mole fraction is higher than 0.04, NBO value in-
creases rapidly. According to Eq. (5), the raise of 0%
concentration promotes the reaction to the right. O™ has
a higher stoichiometric ratio of 2 relative to 0°, thus
more amount of O tends to be produced. Therefore,
it can be known that the Raman structure result in

3.0

——NBO(0P0,)
——BO(0P,0)
2.6 L - ®-NBO (5wt% P,0,)

- - ®-BO (5wt% P,0,)
24+

2.8

NBO and BO value

0.00 0.02 0.04 0.06 0.08
Mole fraction of O of FeO

Fig. 10 NBO and BO value as a function of mole fraction of O of FeO
in Ca0O-Si02-A1203-FexO slag and CaO-Si02-A1203-FexO-P205 slag



Silicon (2020) 12:1145-1156

1153

Fig. 10 agree with the reaction of Eq. (5), indicating
FeO mainly play a role in depolymerization of the
network.

In order to illuminate the effect of NBO on the sta-
bility of P in silicate networks, the relative abundance
of Q2 and Q3 of CaO-Si0,—Al,05;-Fe,O-P,05 slag as a
function of NBO value was studied, as shown in
Fig. 11. It can be seen that as NBO value increases
from 1.70 to 1.75, the relative abundance of Q° species
presents an increase, indicating some nonbridging oxy-
gen (O) could promote the polymerization of phos-
phates and silicate, this phenomenon is consistent with
the results of Mysen et al [42]. The introduce of a part
of nonbridging along with oxygen some metal cation
helps to compensate for the charge of P,Os, which pro-
vides the possibility of combining phosphate with sili-
cate network bodies. It is believed that O° in silicate
network can transforms into Q*(Si and P) by capturing
PO,*" that from the charge compensation of P,Os by
0?". Moreover, the relative abundance of Q° species
shows rapid decrease when NBO value increases to
move than 1.92, indicating the stability of P in silicate
networks is destroyed. Therefore, the specific structural
unit of P and the combination between P and silicate
network was further described in the following.

The chemical environments of the P atoms were ex-
amined using *'P MAS NMR on a home-built 500—
MHz spectrometer, the results as shown in Fig. 12.
The resonances with the chemical shift in the range
1.0-10 ppm in Fig. 5 are most probably the character-
istic of orthophosphate, and it has the greater the rela-
tive proportions of peaks [40, 46]. A number of works
reported that PO, groups are predominantly isolated as
orthophosphates for the glasses containing less than
10% P,0s5 amounts [39, 40], which is satisfied for

60
—o— Q2 species
55+ - Q3 species

Relative abundance of Qzand Qj species (%)

30 1 . I . I . 1 . 1 .
1.70 1.75 1.80 1.85 1.90 1.95

NBO

Fig. 11 Relative abundance of Q° and O as a function of NBO value in
Ca0-Si02-A1203-FexO-P205 slag

16E4
12E4
8E4
4E4

MAS NMR Intensity

s

50 25 0 25 -50 -75 -100 -125 -150
Chemical shift (ppm)

Fig. 12 3'P MAS-NMR Spectra of CaO-Si02-A1203-FexO-P205 slag

100 75

corresponds to the conjecture in Eq. (6) and the
Raman results in Fig. 9.

In addition, the *'P spectra shows an peak at about
=50 ppm consistent with the P environment in SiP,0,
where all P-O bonds are bridging, which is satisfied for
the study in ref. 47. Whilst there is a feature to be seen
in the range of —110 — —120 ppm chemical shifts, indi-
cating that P—O-Si bond now occurs [39, 47]. These
evidences confirm the link between phosphates and sil-
icates and this connection has also been found in num-
ber of silicates, for example, E. Tillmanns et al [44] and
D. M. Poojary et al [45] reported the P-O—Si bonds are
found in crystalline SiP,0O; and SisO(POy)s,
Respectively. Therefore, it can be speculated that a frac-
tion of P can be incorporated into the silicate network,
which will limit the mobility by forming P—O-Si bonds.
However, for the slag with about 10 wt% FeO, the peak
of P-O-Si bonds get very small relative to the other
two peaks, which is consistent with the result that larger
NBO value (more than 1.92) can destroy the stability of
P in silicate network in Fig.11.

3.5 Role of FeO on the Removal of Phosphorous
during Slag Refining Process of Si

According to the purpose of adding FeO into slag, it
can provide both the oxygen potential and the oxygen
ion potential to strengthen the removal of P from Si.
Above results show that the increase of FeO can raise
the dissolved oxygen content in molten Si and the mole
fraction of O®  in slag, where O also promotes the
formation of non-bridged oxygen. In order to clearly
compare the effects of oxygen potential and oxygen
ion potential on P removal, the values of a;g;, NBO
and Lp as a function of FeO content are plotted in
Fig. 13. Moreover, a schematic diagram of mechanism
was drawn to visualize the role of these factors in re-
moving P during slag refining process, as shown in
Fig. 14. It can be seen from Fig. 13 that the values of
ajo) and NBO both increase as increasing FeO content,
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Fig. 13 Values of a[O], NBO and LP as a function of FeO content for in
Ca0-Si02-A1203-FexO slag and CaO-Si02-A1203-FexO-P205 slag

but Lp value presents first increase and then decrease
trend. It is well known that free oxygen activity is ben-
eficial to the removal of P. Previous study [27] has
shown that NBO is necessary for the combination of
boron and silicate network, but it can break both bond-
ing when it exceeds a certain amount.

When FeO content is added to less than 5+0.1 wt%
corresponding to the left of Fig. 14, it can be known
that the P in the molten Si is oxidized by the dissolved
oxygen to form P,Os, and then P,Os evolves into phos-
phate (PO,>") through the charge compensation of free
oxygen (0O?7) at the interface of slag and Si.
Subsequently, PO, is captured by 0’ and Q° to
achieve the incorporation P into silicate network by
the form of Q’and Q°. Based on results of Fig. 8, O’
(Si and P) is the main form of structure. Therefore, it
can be believed that the increase of NBO and ajo; can
promote the removal of P as FeO content is less than 5
+0.1 wt%, so the Lp value shows an increase trend
with the increase of FeO content in Fig. 13.

Figure 14 Mechanism of P

FeO <5%0.1 wt%

For the condition of FeO content is more than 5+
0.1 wt%, Lp value gradually decreases although the
values of NBO and ajo; are increasing in Fig. 13. It
can be seen from the right of Fig. 14 that more NBO
can depolymerize the O’ (Si and P) to destroy the sta-
bility of P in silicate network. As a result, a mount of
PO, is present at the interface to prevent the oxidation
of phosphorous, although the activity of dissolved oxy-
gen is increasing.

4 Conclusions

(1) With increasing FeO content from 0 to 9.26 wt%,
the removal ratio of phosphorous from Si first in-
creases and then decreases. The maximum value is
obtained when the FeO content is 5+0.1 wt%.

(2) The addition of FeO into slag can promote the
increase of oxygen potential in molten Si. The ac-
tivity value of dissolved oxygen increases from
about 4.5x 107> to more than 6 x 107 in the pro-
cess of FeO content increase to about 10 wt%. The
increasing activity of FeO in slag is the key to
improve the oxygen potential.

(3) 0° 0', and O? of the Si network play a role in capturing
phosphorous in slag. Phosphorous mainly combines
with the non-bridge oxygen of O to form Q°(Si
and P) if the FeO content is less than 5+ 0.1 wt%.
In this case, the Q3(Si and P) is the final sable
structure for fixing phosphorous. However, when
the FeO content exceeds 5+0.1 wt%, Q3(Si and
P) is depolymerized by excessive NBO converted
from O®  and the phosphorous fixed in the silicate
network becomes unstable, which leading to the
decrease of phosphorous removal ratio.
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