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Supply of yellow phosphorus, an industrially important resource, relies entirely on imports, and its domestic
production is desired for stable supply in Japan. However, there are two challenges: (1) phosphate rock, the raw
material, cannot be mined domestically in Japan, and (2) recovering phosphorus from various phosphorus resources,
including phosphate rock, requires enormous electrical consumption with conventional methods. To address these
challenges, a method for producing yellow phosphorus at lower temperatures was investigated. This method uses
steelmaking slag, the domestically largest unused phosphorus resource, as the raw material, and silicon (Si) as the
reducing agent. By using Si instead of the conventional coke (C) as the reducing agent, phosphorus could be
effectively recovered from the slag at a lower temperature condition of 1,273 K. Surface analysis (SEM-EDS,
elemental analysis) was also conducted to study the mechanism that phosphate (P,Os) in the slag is reduced by the

diffusion of Si in this lower-temperature process.

1. Introduction

Yellow phosphorus is an industrially important resource, but
it is a non-renewable resource entirely dependent on imports
for its supply in Japan. As such, there are concerns about the
stability of its supply, and domestic production is desirable
to ensure a stable supply. Ohtake(! investigated the material
flow of phosphorus in Japan. Part of the findings from this
investigation is shown in Fig. 1. According to the figure,
industrial waste derived from sewage sludge and steelmaking

slag contains approximately 42,000 t and 111,000 t of
phosphorus (P), respectively, as a net content annually. Both
quantities exceed the total volume of phosphorus imported
as phosphate ore, which is approximately 34,000 t. Phosphorus
obtained from sludge via wet-process phosphate production
has a low purity of 25 to 30% and is mostly used for fertilizer
and related applications”. While there are reports, such
as by Yu et al.®), exploring high-purity yellow phosphorus
production via phosphate derived from sludge, challenges
such as electricity prices and transportation costs are
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Fig.1 Phosphorus flow in Japan (reproduced from Reference (1) by courtesy of Hisao Ohtake)
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considered barriers to practical implementation in Japan.
Therefore, this study focuses on phosphorus production
from steelmaking slag, which is the largest untapped domestic
phosphorus resource. In steelmaking slag, phosphorus exists
in the form of oxides, and it is expected that reduction
processes will be able to generate high-value-added yellow
phosphorus.

The challenges of conventional technology and the advantages
of the method proposed in this study are summarized in
Table 1. In conventional technologies that use coke (C) as a
reducing agent, the reaction temperature exceeds 1,473 K4 ©®),
and the process requires an enormous amount of electric
power, 14,000 kW-h/t of phosphorus produced®. This poses
a major challenge to the practical implementation of the
technology. To address this issue, this study investigated the
use of silicon (Si), a stronger reducing agent than C, to
enable phosphorus production at lower temperatures. This
stronger reducing power is attributed to Si’s larger atomic
radius, lower electronegativity, and its stronger tendency to
release electrons. Furthermore, Si can be easily obtained as
silicon sludge, an underutilized domestic resource in Japan.
Fujimura et al.©® used powdered Si reagent as a reducing
agent for the slag simulant material and found that yellow
phosphorus was produced at 1,273 K. They also reported
that the grinding (milling) of the slag simulant material and
Si improved the reactivity.

In this study, with industrialization in mind, we examined the
feasibility of producing phosphorus from low-concentration
sources by changing the raw material from calcium
phosphate, a slag simulant containing 20 wt% phosphorus,
to a slag-like composition containing approximately 3 wt%
phosphorus (hereinafter referred to as slag). Additionally, to
simplify the process, we explored a method that omits the
pretreatment involving milling of the raw material with a Si

reagent, which had been found effective in the study by
Fujimura et al. Phosphorus production experiments were
conducted at a reaction temperature of 1,273 K, which is
lower than that used in conventional methods, and the
reaction mechanism was examined.

2. Experimental Method

Three types of samples were prepared by mixing slag with a
Sireagent (99.9%). The slag used in this experiment contains
2.89 wt% phosphorus in the form of P,Os. The experimental
apparatus used is shown in Fig. 2. Each sample was placed
in an alumina combustion boat, positioned at the center of an
alumina tube, and heated in an electric furnace. After
reaching the target reaction temperature, the sample was
held at that temperature for a specified duration. The detailed
experimental conditions are presented in Table 2. A silicone
stopper was attached to the alumina tube, and argon (Ar)
gas (99%) was passed through the system at a flow rate of
4 L/min during heating. The reduced and gasified yellow
phosphorus was carried with the Ar gas into a subsequent
water (H,O) trap, where it solidified and was recovered. The
processed samples were weighed, and their chemical
composition was analyzed using an X-ray fluorescence
(XRF) analyzer.

To investigate the mechanism of phosphorus reduction
reactions in the slag-Si system, SEM-EDS (scanning electron
microscopy with energy-dispersive X-ray spectroscopy)
analysis was conducted on samples treated under the
condition where the ratio of the weight of Si to that of slag
(hereinafter referred to as “Si/slag weight ratio”) was set to
0.25. After reaching the target temperature of 1,273 K, the
temperature was maintained constant while varying the
holding time.

Table 1 Issues of conventional method and advantages of proposed method

Item Conventional method (C reduction)

Proposed method (Si reduction)

Raw material Phosphate rock

Steelmaking slag

Reducing agent C

Si

Summary of issues and advantages

- The reaction temperature is high, over 1,473 K

- The power consumption reaches 14,000 kW-h/t (as
phosphorus equivalent), which is extremely high and
presents a major challenge for practical implementation

- Reaction occurs at low temperatures (1,273 to 1,473 K)
- Power consumption can be reduced
- No CO, is generated by the reaction

Alumina tube ~ Combustion boat ~ Sample

Electric furnace

H,0

Fig.2 Conceptual diagram of test equipment

Table 2 Experimental conditions

Item Unit Value
Si/slag weight ratio — 0.25,0.5,1
Reaction temperature K 1,273
Holding time min 1/60, 5, 30, 120
Sample charge amount into boat g 10
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3. Results

Figure 3 shows the phosphorus yield obtained when a mixed
sample of slag and Si was held for four hours after reaching
a temperature of 1,273 K. Here, the phosphorus yield ¥ was
defined by Equation (1) using the sample weights before and
after heating, W, and W,, respectively, and the weight
fractions of P,Os in the samples before and after heating, x,
and x,, as determined by XRF analysis.

_ W xXa= Wy xp
W x

a a

Y x100  (Wt%)

As shown in Fig. 3, within the range of the collected data,
the phosphorus yield was highest when the Si/slag weight
ratio was 0.25, and no further increase in phosphorus yield
was observed even when the amount of Si added was
increased.

The results of the SEM-EDS analysis are shown in Figs. 4
to 6. For comparison, SEM observations were also conducted
on a sample that was not subjected to heating. As shown in
Fig. 4, the phosphorus yield increased with longer holding
times. A particularly significant increase was observed when
the holding time was between 5 and 30 min. Furthermore,
based on the SEM observation results in Fig. S, in the case
without heat treatment, the particles were dispersed, whereas
in the case with a holding time of 120 min, the particles
appeared to be agglomerated due to sintering. Figure 6
presents the results of the elemental weight fraction analysis
conducted on the surface of a single sintered particle in
Fig. 5-(a) and -(b). It was confirmed that as the holding time
increased, the weight fraction of Si in the slag increased,
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Fig. 3 Effect of silicon/slag ratio on phosphorus yield
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Fig. 6 Element weight fraction on the surface of sintering
particles

while the weight fraction of calcium (Ca) decreased.

A cross section of a sample with a Si/slag weight ratio of
0.25, a temperature of 1,273 K, and a holding time of 120 min
was subjected to SEM-EDS analysis. The results are shown
in Fig. 7. As seen in Fig. 7, the area near the particle surface
had a lower Ca concentration and a higher Si concentration
compared to the center. This suggests that the diffusion of Si,
which serves as the reducing agent, into the slag increased
the Si concentration and consequently decreased the Ca
concentration. This tendency was particularly pronounced
within 3.5 um from the particle surface, which is considered
to support the mechanism described later.
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Fig.7 Composition analysis results in the cross-section of
particles (Line analysis)

4. Discussion

The reaction mechanism of the slag-Si system was examined
based on the results shown in Fig. 6. In the SEM image in
Fig. 5-(b), there was no indication that the entire sample had
melted. Therefore, it is presumed that the reduction reaction
proceeded from the contact interface where phosphorus in
the slag and the reducing agent Si came into contact through
partial melting or sintering of the solid phase (in particular,
solid-state bulk diffusion). The melting point of the
phosphorus-concentrated phase in the slag (a solid solution
of Ca0-P,0;-Si0,) is approximately 2,273 K?. Accordingly,
it is considered that partial melting of Si, which has a melting
point of 1,687 K, or its diffusion from the interface caused Si
to migrate into the slag phase, initiating the reduction
reaction.

From the above, the results in Fig. 6 can be interpreted as
indicating that, over the course of the holding time, Si
partially melted or diffused, migrated into the slag, and
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(P,05-Ca0-8i0,) Iron oxide phase
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(a) Mass transfer of Si into slag phase

Si and P come into contact and react

(b) Reduction reaction of P,0O5 through

diluted the Ca within the slag particles. The reaction
mechanism inferred from the above discussion is illustrated
in Fig. 8. Mass transfer occurs as Si partially melts or
diffuses into the phosphorus-concentrated phase in the slag
(P,05-Ca0-Si0,)". The reaction temperature of 1,273 K
used in this study is approximately 0.75 times the melting
point of Si, which is 1,687 K. Under these conditions, if the
mass transfer of Si is diffusion-controlled, grain boundary
diffusion or bulk (lattice) diffusion is presumed to be the
dominant diffusion mode®. It is thought that a reduction
reaction occurred in the slag as the reactant P,0O5 came into
contact with diffused Si, resulting in the recovery of
phosphorus from the slag in the form of yellow phosphorus,
P,(g). The results shown in Fig. 7 are considered to indicate
a mechanism in which Si particles diffuse to the surface of
the slag particles and along the grain boundaries.

5. Conclusion

The following findings were obtained from this experiment:
(1) By using silicon (Si), which has a stronger reducing
power than coke (C), phosphorus was successfully
generated from slag at a lower temperature of 1,273 K
compared to conventional coke reduction. The new
process developed in this study has the potential to
reduce power consumption compared to conventional
methods.

(2) The fact that phosphorus could be generated under
certain treatment conditions even without milling, as
shown in this study, suggests the possibility of
simplifying the process, which could in turn help
reduce capital investment costs.

(3) At 1,273 K, partial melting of Si or diffusion from
the particle interface occurred between the slag and Si
particles. Analysis results confirmed the mechanism by
which Si diffuses into the slag.

(4) Progress in this study is expected to enhance the
resource value of raw materials such as slag and silicon
sludge. In addition, it is anticipated to contribute to the
realization of a circular economy for phosphorus
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Fig. 8 The estimated reaction mechanism in slag-Si system
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resources, for which Japan currently relies on imports,
not only within Japan, but also on a global scale.
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