Synthesis of LFP by Fe-P alloy recovered from steelmaking slag
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1. Introduction

Electric vehicles(EVs) have developed rapidly in recent years to address the CO:
issue.l2 The global stock of EVs, including battery electric vehicles (BEV) and plug-in
hybrid electric vehicles (PHEV), is expected to reach 220 million by 2030.3 The rapid
development of EVs relies on stable electrode materials. Lithium batteries are widely
used in the EV industry. Conventional lithium batteries include LiMn2Os series,
LiCoO: series, Li(NiCoMn)O: series and Li(NiCoAl)O: series.? These materials are
widely used in the electric vehicle industry due to their high battery capacity. However,
these series contain rare heavy metals, such as Mn, Co, and Ni. These metals are facing
depletion and are soon difficult to obtain, making them expensive.5® Furthermore,
lithium cobalt oxide cells have a potential safety hazard due to their overcharging.b
Therefore, there is a strong need for cathode materials made from inexpensive and
stably available materials that do not contain these rare metals.

LFP attracts attention as a cathode electrode material to replace the rare metal-based
ones, and already about 60% of cathode electrode material in China is LFP.12 LFP as
an electrode material has the advantages of low cost, high safety, non-toxic and
recyclable.”? The required iron source and phosphorus source are cheap raw materials
for synthesising LFP.

With EV production increasing rapidly, a huge amount of LFP, or phosphorus will be
required. It is predicted that the primary demand for phosphorus flow in the LFP
production will reach 3Mt by 2050.14 Although used LFP batteries can be used as raw
materials for LFP production, because of their long service life, the current market for
LFP batteries has not reached the point where used LFP batteries could meet the need
for raw material for LFP production. This undoubtedly places great pressure on the
source of raw materials for LFP production, especially on the utilisation and
distribution of phosphorus sources.

To avoid this crisis with the limited resources of phosphate ores, we need to find new
phosphorus resources. One is the recycling of spent LFP, but it will take several decades
before the used LFP is put on the market.1*-13 An alternative approach is to use domestic
secondary phosphorus resources until the spent LFP is put on the market. Waste ash,
the incinerated sewage sludge and animal manure, is currently considered a promising
secondary phosphorus resource.l*17 At the same time, steelmaking slag has also
attracted increasing attention recently.1822

The steelmaking slag contains phosphorus, which originates from the iron ores and
needs to be removed in the steel products to get rid of brittleness. The phosphorus

content in the iron ore is greatly enriched in the steelmaking slag after the



dephosphorization treatment and exists as P20s at approximately 2 to 10 mass%. The
content of phosphorus also restricts the usage of steelmaking slag. Once phosphorous is
separated from steelmaking slags, the steelmaking slag can be reused in the sinter ore
plant as well as in architectural engineering. Thus, many studies have been conducted
to separate the phosphorus from the steelmaking slag.1821.23

Previous researchers studied the acid leaching of steelmaking slag to enrich the
phosphorus in the leachate and recycle it. Du et al. used hydrochloric acid to leach
steelmaking slag with a controlled solution pH of 3. 81.6% of the phosphorus in the slag
was dissolved, and the phosphorus was recovered as P20s5.24¢ Iwama et al. used nitric
acid for the leaching of steelmaking slag and pre-treated the slag in advance, thereby
inhibiting the leaching of the impurity phase, which ultimately recycled 91% of the
phosphorus in the slag.2! As one of the recovery processes, phosphorous was captured
as FePOu from slag leaching extract. Since FePO4is known to be the precursor material
for producing LFP based on its olivine structure.2526

Thus, considering LFP production, it is more rational to simultaneously recover iron
and phosphorus from slag and use them as the LFP raw material FePO4s. From this
perspective, this research has been carried out completely different from conventional
approaches, aiming to dissolve as much phosphorus generated during the carbothermal
reduction of steelmaking slag as possible into the reduced iron that is also produced at
the same time, recover the phosphorus from the slag as an Fe-P alloy, and then dissolve
the alloy in acid and adjust the pH of the solution to produce the LFP raw material
FePO..

2. Synthesis of LFP by Fe-P alloy reduced from steelmaking slag
Due to the strong affinity between P and Fe, it was shown that P in steel slag can be
directly enriched and recovered in the form of Fe-P alloys by carbothermal reduction.
To optimise P from steelmaking slag, in this study, the steelmaking slag is mixed with
extra FeO. The Fe-P alloy will be used as a raw material to prepare LFP product via

FePO4 intermediate.

3. Experimental Methods
3.1 Preparation of samples

This study investigates the formation behavior of Fe-P alloy during the carbothermic
reduction of steelmaking slag under different FeO ratios. Therefore, steelmaking slag
was mixed with 10% and 20% FeO as experimental raw material. Specifically,

additional FeO was 10% and 20% of the mass amount of steelmaking slag. The initial



slag, the samples with 10% and 20% FeO are labeled as Sample A, Sample B and
Sample C. The specific compositions of the samples are shown in Table 1. Before mixing
the steelmaking slag with FeO, the slag was ball-milled in order to destroy the mineral
phase structure of the slag and become a glassy state with uniform element distribution,
thus facilitating the reaction. The steelmaking slag was ball-milled at 300 revolutions
per minute (rpm) for 4 hours. The milled steelmaking slag was then mixed with FeO to
prepare samples B and C.

Samples A, B and C were mixed with carbon powder. The carbon powder was used as
a reducing agent to reduce the iron oxides and phosphorus oxides in the samples at high
temperatures. In order to make sure that all the iron oxides and phosphorus oxides were
sufficiently reduced, an excess amount of carbon powder was used for the mixing. Due
to the competitive relationship between the solubility of carbon and phosphorus in iron,
the amount of carbon powder could not be too high, and finally, twice the carbon
equivalent was selected for the experiment. The mixed samples were pressed into blocks

of 1 cm diameter at a pressure of 200 mPa.

Table 1 The components of Sample A, B and C (mass %)

Additional
No. CaO Si0s T-Fe FeO Fe203 M-Fe
FeO
Sample A 31.3 19.0 22.1 19.2 7.3 2.1
Sample B 285 17.3 27.9 17.5 6.6 1.9 9.1
Sample C  26.1 15.8 34.0 16.0 6.1 1.8 16.7
No. Al:Os MnO  MgO P05  f-CaO MgO
Sample A 3.4 5.4 6.3 3.2 2.1 0.004
Sample B 3.1 4.9 5.7 2.9 1.9 0.004
Sample C 2.8 4.5 5.3 2.7 1.8 0.003

3.2 Carbothermal reduction experiment

The samples were placed in an alumina crucible and placed in a vertical resistance



furnace, and Ar gas was introduced to conduct high-temperature experiments.
According to previous studies, liquid iron and slag phase coexist at 1300°C, providing
conditions for the carbothermic reduction reaction, so 1300°C was used for the
experiment.?2 The overall experimental flow and the heating program are shown in
Figure 1 (d). The samples were placed in an Ar atmosphere, heated up to 1300°C, and
held at the temperature for 5 hours. At the end of the holding period, the temperature

was reduced at a rate of 3°C/min.
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Figure 1 The experimental flow of synthesis on LFP using steelmaking slag through
(a) the carbothermal reduction treatment of the slag, (b) the high voltage pulse
crushing treatment of the slag, (c) pH adjustment for precipitation of FePOsx,

(d) heating treatment of amorphous FePO4

3.3 High voltage pulse selective crushing experiments

The samples after the carbothermal reduction reaction were crushed using a high
voltage pulse selective crushing equipment for separating the produced Fe-P alloy from
the slag phase. The separated Fe-P alloy will be easier for subsequent leaching
experiments. The high voltage pulse selective crushing equipment is shown
schematically in Figure 1 (b), which operates a high voltage pulse on the material,

utilizing the difference in electrical conductivity between the different phases in the



material to crush and separate the sample.2’” The voltage value of 150kV, pulse
frequency of 5hz, number of pulses of 300 times, and the distance between the electrode

and the sample surface of 10mm were selected.

3.4 Synthesis of FePO4 from Fe-P alloys

To synthesise FePO4 from Fe-P alloy, it is necessary to first explore the experimental
conditions suitable for precipitating FePOs from Fe-P alloy. The suitable pH and
experimental parameters for FePO4 precipitation were first explored using FesP reagent.
0.1g FesP reagent was leached in 60mL 1M HNOs, and the leachate was treated for pH
adjustment. The leachate was titrated using 1M NaOH solution, and the titration
endpoints pH = 2 and 3 were chosen. As the NaOH titration proceeded, the solution was
filtered when the pH of the solution reached the specified endpoint. To ensure the
generation of LFP while avoiding the co-precipitation of Fe(OH)s, HsPOs was added to
the solution to adjust the Fe/P ratio to 1:1. The precipitation was calcined in air at 700°C
for 10 hours and the heat-treated samples were subjected to XRD.

After determining the suitable precipitation conditions, the samples after high
voltage pulse crushing were operated in the same way to obtain FePO4. After FePO4

was precipitated from the solution, it was placed in a muffle furnace for crystallisation
(Figure 1 (d)).

3.5 Analysis

An X-ray diffraction measurement with a scan speed of 2°/min over a 20 A range
from 10 to 70° was used to check the crystallisation of the samples after the
carbothermal reduction reaction. A scanning electron microscope (SEM) was used to
observe the morphology of the samples before and after the high voltage pulse selective
crushing experiment. An inductively coupled plasma atomic emission spectroscopy
(ICP-AES) was used to analyse the concentration of each element in the samples. The
standards with different concentration gradients of Fe, Ca, Si, Mg, Al, Mn and P were
prepared, and the samples’ content was obtained by comparing the test results with the
standards. For preparing the solution used for ICP-AES analysis, the powder samples

were dissolved in aqua regia.



4. Results and Discussion
4.1 Preparation of Fe-P alloys
The results of XRD of Samples A, B and C after carbothermal reduction at high

temperature are shown in Figure 2.
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Figure 2 XRD results of the slag with 0~20% extra FeO after C reduction

The results show that the reduction products show FesP as well as Fe peaks in
addition to Ca2S104 and CazFe20s. Compared with the standard card for Fe, the peaks
for pure iron are 2theta=44.76°. However, the peaks in the XRD of Samples A, B and C
are 2theta=44.65° 44.68°, and 44.66°, respectively. This indicates that there is a
penetration of P into the reduced iron, which leads to a shift in Fe peak in the XRD
results.

From the Fe-P phase diagram shown in Figure 3,22 it can be seen that a liquid phase
region exists in the Fe-P alloy as the P content changes at 1300°C. As the liquid phase
Fe-P alloy cools down from 1300°C, the Fe-P alloy will precipitate Fe:P and FesP
products. Combined with the Fe2P phase generated in the XRD results, it can be seen
that the P content in the Fe-P alloy at this time is between 16% and 22%. It is shown
that Fe can capture the P in the slag and form the Fe-P alloy directly through the

reduction reaction.
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In order to further clarify the amount of P dissolved in the reduced Fe during the
carbothermic reduction process, the samples were dissolved in aqua regia and then
subjected to ICP analysis. The results of the Fe and P concentration change have been
analysed and shown in the bar figures (Figure 4). The results show that the
concentration content of the absorbed P element increases from Sample A to B, but
remains constant from Sample B to C (Figure 4 (a)). The addition of FeO to the

steelmaking slag captures more phosphorus, forming Fe-P alloys.
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Figure 4 Concentration of Fe and P in Samples A, B and C after ICP analysis



The concentration of Fe and P of the reduced product was compared with the initial
steelmaking slag to calculate the concentration flow of P from the slag to the Fe-P alloy,
and the results showed that 61% of P in the steelmaking slag dissolved in the Fe-P alloy
in Sample A, and this rate increases to 84% in Sample B and slightly changes to 87% in
Sample C. That 1s, 10% and 20% additional FeO increase the P recovery ratio from
initial slag by 37% and 43% through the carbothermic reduction method, respectively.

4.2 Synthesis of FePO4 from Fe-P alloys

Based on the thermodynamic evaluation, FePO4 begins to precipitate when the pH =
1.5. A small amount Fe(OH)s precipitation also occurs when pH=3, so acid leaching of
Fe-P alloys was attempted at pH=2 and 3 to obtainFePOu..

The XRD results obtained at pH=2 and 3 are shown in Figure 5.
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Figure 5 XRD results of the precipitation using FesP reagents solution
by pH controlled at 2 and 3

The suitable conditions for the process of precipitating FePOs were first explored
using FesP reagent. After dissolving FesP in nitric acid (1M), the pH was adjusted to 2
and 3, respectively. The XRD results indicated that the final product obtained was
FesPO7 when the pH of the solution was adjusted = 3.

When the pH of the solution was controlled to be 2, the XRD results showed that the
precipitates were mainly Fe2Os, which also contained a small amount of iron phosphate

(Fe2P207). This shows that pH=2 is not a suitable pH for FePOu precipitation. At pH=2,



Fe(OH)s is preferentially precipitated. These results were obtained using FesP.

To evaluate the effect of Fe/P, HsPO4 was added to the solution to ensure that Fe/P =
0.6 ~ 1.0.

Experiments were carried out using Sample C, which was first dissolved in nitric acid,
and HsPO4 was added to the dissolved solution, first controlling the Fe/P ratio to be 1.0,
and the precipitate was examined by XRD. The results show that when Fe/P=1.0, the
precipitation still contained Fe:Os, with a complex iron phosphate (Fes(PO4)20),
indicating that, unlike the previous Fe?* titration into the solution, the addition of
H3POs still preferentially precipitates Fe(OH)s over FePO4, and therefore requires an
iron to phosphorus ratio of <1.

The additional HsPO4 was added to increase the Fe/P ratio in the solution to 0.6, and
the XRD result (Figure 6) showed that the precipitate was FePOus. Therefore, it is
confirmed to produce FePO4 from Fe-P alloys, the pH of the solution must be controlled
at 3, and the Fe/P ratio should be controlled at 0.6.
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Figure 6 XRD results of precipitates when the pH of the extraction solution was 3,
and the Fe/P ratio was 1.0 and 0.6

Initially, we had planned to consider carbothermal reduction using pellets with a two-
phase structure in order to prevent the reduced phosphorus from escaping as a gas
outside the pellets. However, we found that approximately 90% of the phosphorus was
able to dissolve in the iron even without a two-phase structure, so we decided not to

carry out carbothermal reduction using pellets with a two-phase structure.



5. Conclusions

To directly utilise the phosphorus and Fe in steelmaking slag to a greater extent, the
carbothermal reduction experiment was carried out by dosing FeO in steelmaking slag,
and the resulting Fe-P alloy was used as raw material to prepare the LFP product. The
obtained results are summarised as follows:
(1) The phosphorus in the steelmaking slag can dissolve into the iron during the
carbothermal reduction reaction and form Fe-P alloys. At the end of the reaction, 61%
of the phosphorus in the steelmaking slag is captured by the Fe-P alloys.
(2) Carbothermicl reduction of steelmaking slag with additional FeO can increase the
capture rate of phosphorus. The addition of 10% and 20% FeO increased the alloyed
amount of P in the slag to 84% and 87%, respectively.
(3) For the production of FePO4 from Fe-P alloys, after dissolving the Fe-P alloys in
nitric acid solution, it is necessary to adjust the pH and Fe/P ratio of the solution to
produce FePO4 precipitation. pH should be controlled at 3, and the Fe/P ratio should be
controlled at 0.6.
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