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Complete Hot-Recycling Operation of 
Dephosphorization Slag in DRP™
NEGISHI Hidemitsu*1    UCHIDA Yuichi*2    KAWABATA Ryo*3

Abstract:
  JFE Steel has improved the converter type pre-treat-
ment DRP TM (Double-slag Refining Process) to meet 
the needs of reducing CO 2 emissions and reducing phos-
phorus in steel at low cost. One process is hot recycling 
of whole amount of dephosphorization slag which is a 
high-temperature melt. By avoiding the phosphorus 
recovery from the dephosphorization slag, phosphorus 
reduction was achieved, while the effective utilization of 
reusable CaO content and heat of  dephosphorization 
slag and the reduction effect of iron loss were obtained. 
The other is killing desiliconization slag discharged and 
filled in the slag discharge pot in the intermediate slag 
discharge by water. In this killing process, industrial 
water is pressurized, and the slag in the slag discharge 
pot is sprayed from spraying nozzle during the intermedi-
ate slag discharge, and gas is discharged from the hole 
made by volatilization and expansion of  water. The 
above improvement enabled the hot recycling operation 
of the whole amount of dephosphorization slag which 
could be continued over several hundred times.

1.	‌� Introduction

  In recent years, reduction of  CO 2 emissions has 
become an important issue in the steel industry. On the 
other hand, low-phosphorus compositions are required 
for high quality steel products, but tapped phosphorus 
in this blast furnace process has increased due to the 
deterioration of iron ore quality. This means it is neces-
sary to satisfy both CO 2 reduction and low phosphorus 
in the steelmaking process. JFE Steel overcame this 
challenge by developing and commercializing the con-

verter-type pretreatment process DRP™ (Double-slag 
Refining Process) 1) as a method that simultaneously 
uses [Si] as a heat source to reduce CO 2, while avoiding 
deterioration of  dephosphorization due to (SiO 2), by 
performing dephosphorization blowing after partial 
deslagging of (SiO 2) in an intermediate deslagging step 
after desiliconization blowing. However, in anticipation 
of  even higher needs for both CO 2 reduction and low 
phosphorus, JFE Steel improved the DRP process by 
(1) complete hot recycling of  the dephosphorization 
slag and (2) water killing of  the slag in the slag pot. 
This approach achieves further improvement in the fea-
tures of  the DRP process, while maintaining the 
advantages of the existing process. Details are reported 
in the following.

2.	‌� Complete Hot Recycling of Dephosphorization 
Slag

2.1	‌� Overview

  Figure 1 shows a schematic illustration of complete 
hot recycling of  dephosphorization slag. The process 
from first scrap charging to tapping is similar to that in 
the previous report 1). However, in the improved process, 
the scrap charging process in the next treatment is per-
formed with the complete amount of  dephosphoriza-
tion slag remaining in the converter after tapping. This 
is followed by hot metal charging, desiliconization 
blowing, intermediate deslagging, and dephosphoriza-
tion blowing. After tapping, all of  dephosphorization 
slag in the converter is left in the converter for the next 
treatment. This cycle is repeated multiple times until 
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the final treatment, when the complete amount of 
dephosphorization slag is deslagged after tapping.

2.2	‌� Conception and Preliminary Study

  The dephosphorization slag remaining in the con-
verter after tapping in the converter pretreatment pro-
cess is a high-temperature melt which contains a CaO 
fraction that can be reused. If  this CaO can be carried 
over to the next treatment without discharge, the CaO 
content and heat of  the slag can be effectively utilized 
for refining and scrap preheating. Since this is not a 
complete deslagging process except in the final treat-
ment, as shown in Fig. 1, iron loss can also be reduced 
by avoiding discharge of unmelted scrap from the con-
verter. The technical problem in developing this tech-
nology was rephosphorization of  the hot metal from 
the dephosphorization slag. Ogawa et al. 3) reported a 
complete recycling method for dephosphorization slag 
with a lower phosphorus concentration than the 
dephosphorization slag. However, rephosphorization 
was observed during desiliconization, in which the slag 
basicity B (= (% CaO / % SiO 2) (—) decreases due to 
the generation of (SiO 2) accompanying combustion of 
[Si] 4). For this reason, complete recycling of  dephos-
phorization slag, which has a higher phosphorus con-
centration, had been considered difficult in terms of 
balancing with low phosphorization.
  To solve this problem, the authors examined an 
approach for avoiding rephosphorization from the slag. 
Assuming that the change in the phosphorus concen-
tration in the hot metal is a first-order reaction, the 
reaction can be expressed as shown in Eq. (1), using the 
apparent reaction rate constant K p (1/s), the final phos-
phorus concentration [% P] f (mass%) and time t (s).

 ( )% % %P f
d P / d P Pt K= − −            � ����� (1)

  From the mass balance of  phosphorus, [% P] f can 
be expressed as shown in Eq. (2), using the slag liquid 
fraction R L (—), the equilibrium distribution ratio of 
phosphorus L P (—), the slag quantity (kg/t), the phos-
phorus concentration in the slag before treatment (% 
P) 0 (mass%) and the phosphorus concentration in the 
hot metal before treatment [% P] 0 (mass%).
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  Using the phosphate capacity C PO4 3- (—), the activ-
ity coefficient of  phosphorus f P (—), the oxygen partial 
pressure P 02 (atm), the temperature T (K), the activity 
of  FeO α  FeO (—) and the standard Gibbs energy 
change 5) of  the 1/2P 2 = [P] reaction, L P is expressed by 
Eq. (3) and Eq. (4) 6).
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  [% P] f calculated by L P based on Eq. (3) becomes 
([% P] f = [% P] e r), which is equal to the real equilibrium 
concentration of  phosphorus [% P] e r (mass%). There-
fore, if  rephosphorization occurs according to Eq. (1), 
[% P ]  [% P] e r. To avoid this, a detailed investigation 
of the C PO4 3- and α FeO of the slag is necessary.
  Since T is around 1 573 K immediately after desili-
conization blowing, when B shows its lowest value in 
the flow in Fig. 1, the reported values of C PO4 3- 7,8) and 
αF eO 6,7,9,10) of  the composition on the 1 573 K liquidus 
line in the ternary phase diagram of  [CaO-SiO 2-FeO] 
were investigated, and the following facts were found.
  •C PO4 3- can be approximated by Eqs. (5) to (8), 
which use the basicity of  the liquid phase B L ( = (% 
CaO) L / (% SIO 2) L) ( — ) obtained from the concentra-
tion of CaO (% CaO) L (mass%) and the concentration 
of SO 2 (% SO 2) L (mass)% on the 1 573 liquidus line, or 
the concentration of  Fe (% FeO) L (mass%) on the 
1 573 K liquidus line.
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Fig. 1  Schematic illustration of de-P slag hot recycling 2) 
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  •α FeO shows good agreement with the result calcu-
lated by a regular solution model 11) for a two-phase 
coexisting state of  a solid phase (CaO•SiO 2 <hereinaf-
ter, CS>), 3CaO•SiO 2 <hereinafter, C 3S 2>, 2CaO•SiO 2 
<hereinafter C 2S>) + a liquid phase <hereinafter, L>. 
On the other hand, the reported values for the three-
phase coexisting region of  SiO 2+CS+L (α  FeO = 
0.121 6)), CS+C 3S+L (α FeO = 0.434 10)) or C 3S 2+C 2S+L 
(α  FeO = 0.494 10)) diverge from the regular solution 
model.
  Figure 2 shows R L, α  FeO and [% P] e r when T = 
1 573 K, (mass% FeO) = 5, 10, 15, 20, and the basicity 
of the slag B is varied in the range from 0.6 to 2.0. B L, 
(% FeO) L and R L of  the liquidus composition in equi-
librium with the solid phase are read from the [CaO-
SiO 2-FeO] phase diagram, and [% P] e r is calculated 
from Eqs. (2) to (8) and the above-mentioned knowl-
edge concerning α FeO using these values. According to 
the Gibbs’ phase rule, the three-phase coexisting region 
has 1 degree of  freedom. This means α  FeO is constant 
independent of B and is higher than in the surrounding 
the two-phase existing region, and log L P is extremely 
high, being 3.85 (for CS+C 3S 2+L) and 4.18 (for 
C 3S 2+C 2S+L), while [% P] e r ( = [% P] f) is discontinu-
ous, and is quite low compared to the L P in the sur-
rounding two-phase existing region. The B region 
where the above-mentioned high L P region can be 

obtained expands due to the decrease in (FeO), but at 
the same time, R L decreases, and this may affect the 
reaction rate 11). Furthermore, in the C 2S+L region 
which appears when B  1, [% P] e r ( = [% P] f) decreases 
due to an increase in (FeO).

2.3	‌� Demonstration Test

  Based on the knowledge in section 2.2, a test of  
complete hot recycling of dephosphorization slag con-
taining 1.9 to 2.7 mass% of (P) to the next treatment by 
the treatment flow in Fig. 1 was conducted. In this test,
(1) �The target slag composition at the end of desilicon-

ization blowing was set at 1.0 ≤  B ≤  1.3, (FeO) = 15 
mass% for the viewpoint of  use of  high R  L 
(CS+C 3S 2+L, C 3S 2+C 2S+L and the intermediate 
C 3S 2+ L region between them, where L P is suffi-
ciently high), and

(2) �The target slag composition at the end of  dephos-
phorization blowing is B = 2.0, C 2S+L region, con-
sidering the decrease in B due to desiliconization 
blowing in the next treatment. Therefore, (FeO) was 
set at (FeO) = 20 mass% from the viewpoint of 
decreasing [% P] e r ( = [% P] f) (Heats 1–11).

  For comparison, tests were also performed at levels 
where it is assumed that rephosphorization occurs 
during desiliconization blowing. In this case, only the 
target value of the B range of the slag composition in 
(1) was changed to B  1 (Heats 12 and 13). Figure 3 
shows the slag composition at the end of desiliconiza-
tion blowing, and Fig. 4 shows the time-series changes 

Fig. 2  Effect of (FeO) on the relationship between B and [%P] e r. 2) 
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in the composition.
  As shown in Fig. 3, the slag compositions at the end 
of  desiliconization blowing of  Heats 1 to 11 could be 
control led to the respective target  values for 
CS+C 3S 2+L, (0.96 ≤  B ≤  1.13), C 3S 2 +L (1.13  B  
1.23) or the C 3S 2+C 2S+L regions (1.23 ≤  B ≤  1.33), 
and those of the comparison Heats 12 and 13 could be 
controlled to the CS+L region (B  0.96). As shown in 
Fig. 4, rephosphorization occurred in Heats 12 and 13 
during desiliconization blowing, and the phosphorus 
concentration after dephosphorization blowing was 
high. However, in Heats 1 to 11 using the high L P 
region, dephosphorization during desiliconization 
blowing proceeded at approximately 0.020 mass%/min, 
and the phosphorus concentration after the following 
dephosphorization blowing was stable at a low level.
  Based on these results, it was found that both com-
plete recycling of  the dephosphorization slag and low 
phosphorization can be satisfied by avoiding rephos-

phorization during desiliconization.

3.	‌� Water Killing of Slag in the Slag Pot

3.1	‌� Overview

  Figure 5 shows a schematic illustration of water kill-
ing of  slag in the slag pot. The desiliconization slag 
partially discharged from the converter in the interme-
diate deslagging process in Fig. 1 contains many gas 
bubbles, and thus is in a low bulk density state. For this 
reason, it is necessary to increase its bulk density by 
releasing the gas bubbles from the slag in order to 
secure an adequate deslagging amount (hereinafter, this 
process is termed “slag killing”). Slag killing is per-
formed by spraying industrial water branched from the 
cooling water system during intermediate deslagging 
from a water-jetting nozzle so that the water penetrates 
through the surface of the slag in the slag pot, forming 
hole in the slag surface, and gas is released through the 
hole by volatilization and expansion.

3.2	‌� Conception and Preliminary Study

  The amount of  slag in the converter at the end of 
desiliconization blowing increases along with complete 
recycling of dephosphorization slag. To reduce the slag 
remaining in the converter after intermediate deslag-
ging to the same amount as before, sufficient killing of 
the slag in the slag pot is necessary. Since the method 
used until now had involved manual charging of a sol-
id-molded killing agent containing a volatile compo-
nent, which was a byproduct of another industrial pro-
cess,  th is  was  expected  to  be  an  obstac le  to 
improvement of the operating rate from the viewpoints 
of the required time and material supply amount.
  Therefore, the authors attempted slag killing with 

Fig. 5  Schematic illustration of killing slag with water

Fig. 4 � Changes in [P], [C] and [Si] during (a) de-Si and (b) 
de-P blowing 2) 

Fig. 3 � Slag composition after de-Si and isothermal section of 
phase 2) diagram projected on [CaO-SiO2-FeO] ternary 
system 8)  at 1 573K
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“water”, which is readily available and has a 100% vol-
atile content. Figure 6 shows the change over time in 
the slag surface level (height) when the slag pot was 
completely filled with foamed desiliconization slag, and 
water was sprayed from a three-nozzle sprayer at a 
total flow rate of  420 L/min. After spraying for only 
15 s, the slag surface height had decreased to the 1/5 
position. Since this means that deslagging can be car-
ried out while continuously killing the slag at the 
above-mentioned rate by performing water killing 
simultaneously with intermediate deslagging, this is 
expected to improve the deslagging rate per unit time.

3.3	‌� Optimization of Water Amount

  To find the optimum conditions for slag killing, 
tests were carried out using different numbers of  noz-
zles, nozzle diameters and water supply rates. Since the 
distance from the nozzle to the slag surface will differ 
depending on the facility where the system is installed, 
the experimental results were arranged by momentum 
F (kg•m/s 2) per nozzle hole, preconditioned on the 
Momentum Conservation Law. Here, F is obtained 
from Eq. (9) using the volumetric flow rate Q V (m 3/s), 
the fluid density ρ (kg/m 3) and the nozzle hole radius r 
(m).

 
2

2
vQF

r
ρ
π

=  � �������������� (9)

  Figure 7 shows the relationship of  F and the inter-
mediate deslagging time (Index). When F was approxi-
mately 20 kg•m/s 2, the water vaporized at the slag sur-
face, and a time-shortening effect could not be 
obtained, and when F ≥  50 kg•m/s 2, the time-shorten-
ing effect was unchanged at about 30%, and depen-
dence on the water flow rate was not observed.
  Based on these results, it was found that increasing 
the flow velocity so that F ≥  50 kg•m/s 2 is a favorable 
condition for slag killing, even with a small flow rate. 
On the other hand, increasing the flow rate increases F, 
but this does not necessarily increase the killing effect.

4.	‌� Application to DRP™ and Continuous 
Operation

4.1	‌� Operational Stability

  Based on the demonstration results in Chapters 2 
and 3, continuous operation was carried out over sev-
eral 100 cycles of  the treatment cycle from complete 
hot recycling of  pretreatment dephosphorization slag 
by the flow in Fig. 1 to scrap charging and hot metal 
charging, intermediate deslagging, dephosphorization 
blowing and tapping, and the stability and effects of  
this operation were evaluated. As an example, Fig. 8 
shows the operational results of  continuous operation 
for 183 cycles. In this operation, in which the target slag 
composition at the end of desiliconization blowing was 
1.0 ≤  B ≤  1.3, (FeO) = 15 mass%, and the target com-
position at the end of dephosphorization blowing was 
B = 2.0, (FeO) = 20 mass%, the average [P] before 
treatment was 0.144 mass% and the average [P] after 
dephosphorization blowing was 0.026 mass%. (P) in 
the slag after desiliconization blowing trended in the 
range from 1.7 to 2.1 mass%, but showed no correlation 
with the number of  cycles of  continuous operation. 
Similarly, no dephosphorization problems were 
observed in continuous operation with 533 cycles, 
which was the largest number of  continuous cycles in 
these tests. It may be noted that continuous operation 
is interrupted at the timing of  converter relining work 
or taphole exchanges, when it is necessary to discharge 
the slag from the converter. For example, the operation 
shown in Fig. 8 was interrupted for a taphole exchange.

Fig. 6  Changes in slag height during killing slag with water

Fig. 7 � Relationship between F and intermediate deslagging 
time
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4.2	‌� Effects

  Since the CaO content in the dephosphorization 
slag which is the object of  hot recycling can be utilized 
effectively, CaO/O 12) can be increased without adding 
new CaO. Qualitatively, high CaO/O operation is a 
type of high basicity, low oxygen potential dephospho-
rization process, represented by CaO and oxygen injec-
tion-type dephosphorization in the torpedo car. In this 
process, dephosphorization is performed to the 
low-phosphorus region while suppressing oxidation of 
[C] in order to keep [C] as a heat source. Therefore, 
when the aim is to achieve low phosphorization with a 
low hot metal mixing ratio, high CaO/O operation is 
desirable. However, attempting to achieve this with a 
new CaO source will increase costs. With the proposed 
method, high CaO/O operation is possible without 
incurring this cost increase because the pretreatment 
dephosphorization slag is hot-recycled and used as the 
CaO source.
  In addition, since the hot-recycled pretreatment 
dephosphorization slag is solidified by the scrap 
charged in the same process, the heat of the high-tem-
perature slag can be used to preheat the slag in this 
process. Therefore, an increase in scrap use, in other 
words, a decrease in hot metal consumption, can be 
expected. Although the estimated reduction in the hot 
metal mixing ratio is about 2%, the hot metal mixing 
ratio of  the DRP process is 82% 13). Since it would be 
necessary to overcome various obstacles, such as 
increasing the capacity of the scrap chute, etc., in order 
to achieve a further increase in scrap use, this potential 
scrap increase effect of  preheating is converted to a 
heating material reduction effect.
  Iron loss was substantially reduced due to a drastic 
decrease in the frequency of  discharge of  residual hot 
metal from the converter in comparison with complete 
deslagging. Assuming the total iron loss in complete 

deslagging of  the dephosphorization slag is 100, the 
iron loss in this operation is 43.4. Thus, an iron loss 
reduction effect of  approximately 60% was confirmed.

5.	‌� Conclusion

  As a method that can respond to CO 2 reduction 
and low phosphorization in a high tapping phosphorus 
environment, complete hot recycling of dephosphoriza-
tion slag in the DRP™ converter-type hot metal pre-
treatment process and slag killing with water during 
intermediate deslagging were performed. As a result, 
the following knowledge was obtained.
• �In [CaO-SiO 2-FeO] slag compositions in which 

CS+C 3S 2+L or C 3S 2+C 2S+L appears, high L P can be 
obtained together with low basicity.

• �Assuming (% FeO) = 15%, the above-mentioned 
three-phase coexisting regions appear in a basicity 
range where the deviation between the target value 
and actual results in operation is tolerable, and the 
liquid fraction is high.

• �Use of  the proposed method enables complete hot 
recycling of  dephosphorization slag without causing 
rephosphorization.

• �Rapid slag killing is possible by spraying water with a 
momentum of  50 kg•m/s 2 or more in the desilicon-
ization slag discharged into the slag pot in intermedi-
ate deslagging.

  JFE Steel has completed the deployment of  this 
technology at all JFE Steel districts except Sendai 
Works, which uses the electric arc furnace process. 
(Note: The upstream process at the Keihin District, 
including the converters, was shut down in 2023.)
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