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Phosphorus Enrichment Capacity of Calcium
Silicates in Multiphase Dephosphorization Slag
Based on Laboratory High Temperature Experiments
and IMCT

HAN SUN, WEN-KUI YANG, RUN-HAO ZHANG, and JIAN YANG

The present work aims to study the phosphorus enrichment capacity of four kinds of calcium
silicate in multiphase dephosphorization slag under different process parameters by combining
laboratory high temperature experiment and ion–molecule coexistence theory (IMCT). The
results show that the dephosphorization ratio is enhanced by increasing the slag basicity, Fe2O3

addition amount and dephosphorization time. With increasing temperature and initial P content
of hot metal, dephosphorization ratio increases first and then decreases. The phosphorus
enrichment contribution ratios RCi of CS and C2S accounts for more than 95 pct in multiphase
dephosphorization slag. The RCS is positively related to temperature, Fe2O3 addition amount,
initial P content of hot metal and time in varying degrees, while negatively related to the slag
basicity. The change rule of RC2S is opposite to that of RCS. Within the research range of
respective process parameters, the transformation nodes of the phosphorus enrichment degree
of CS–C3P and C2S–C3P in multiphase dephosphorization slag are as follows: the slag basicity is
1.45, the Fe2O3 addition amount is 19.55 g, the initial P content of hot metal is 0.182 pct and the
reaction time is 8.46 minutes. The phosphorus enrichment degree of C2S–C3P is always higher
than that of CS–C3P in the temperature range of 1300 �C to 1450 �C. The consistency between
the phosphorus enrichment capacity of calcium silicate calculated based on IMCT and the
coefficient n of CnS–C3P estimated based on laboratory experimental measurement results is
verified.
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I. INTRODUCTION

REDUCING the generation and discharge amount
of steelmaking slag effectively is one of the methods to
achieve clean green metallurgy.[1,2] New double slag
converter steelmaking process (NDSP) is an improved
converter steelmaking process proposed in recent years,
which adds auxiliary materials through material balance
quantitative calculation and combines multi gun posi-
tion and multi-stage blowing.[3,4] The advantage of
NDSP is that the solid–liquid coexisting low basicity
multiphase slag formed in the dephosphorization stage
can effectively promote the dephosphorization of hot

metal, and the slag recycling can significantly reduce the
lime consumption and the carbon dioxide emission
during the converter steelmaking.[3,4] Therefore, the
NDSP with the characteristics of green metallurgy and
clean steel production is a process with great develop-
ment potential among various pyrometallurgical con-
verter steelmaking processes.
Due to the reduction of lime addition amount, the

phosphorus enrichment capacity of the solid–liquid
coexisting multiphase dephosphorization slag formed
in the dephosphorization stage of NDSP needs to be
further studied.[5] In order to clarify the dephosphoriza-
tion behavior of hot metal and the phosphorus enrich-
ment capacity of slag in dephosphorization stage of
NDSP under complex process conditions, some scholars
have conducted researches on dephosphorization of hot
metal at low temperature and low slag basicity through
laboratory high temperature experiments or industrial
experiments.[3,4,6–36] Table I extensively collects the
researches on dephosphorization behavior of hot metal
and phosphorus enrichment capacity of slag under low
temperature and low basicity conditions based on
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Table I. Main Works of Dephosphorization Behavior of Hot Metal and Phosphorus Enrichment Capacity of Slag Under the Low

Temperature and Low Slag Basicity Based on Laboratory High Temperature Experiments or Industrial Experiments in the Past 5

Years

Author Experiment Method Main Work Year References

Wang et al. industrial experiment statistical analysis of
data

influence of temperature,
slag basicity, oxygen
blowing pressure and
reaction time on dephos-
phorization ratio of hot
metal in dephosphoriza-
tion stage of double slag
steelmaking process

2018 [6]

Xie et al. laboratory experi-
ment

thermodynamic cal-
culation

Clarify the dissolution
behavior of solid CaO
and the phosphorus
enrichment capacity of
calcium silicate in multi-
phase slag based on the
ion–molecule coexis-
tence theory (IMCT)

2018 [7]

Uchida et al. laboratory experi-
ment

SEM–EDS; phase
diagram

effect of slag basicity on
the formation of P-rich
phase in steelmaking
slag

2018 [8]

Xie et al. laboratory experi-
ment

SEM–EDS; FT-IR effect of Al2O3 content
on the melting point,
viscosity and phospho-
rus distribution ratio of
CaO–SiO2–Fe2O3–
P2O5 slag

2018 [9]

Li et al. laboratory experi-
ment

SEM–EDS; kinetic
model

isothermal crystalliza-
tion behavior of P-rich
phase in rapidly
quenched CaO–SiO2–
FeO–Fe2O3–P2O5 steel-
making slag under dif-
ferent cooling systems

2018 [10]

Li et al. industrial experiment thermodynamic cal-
culation

establish a thermody-
namic model to predict
the phosphorus distribu-
tion ratio between
CaO–SiO2–MgO–FeO–
Fe2O3–Al2O3–P2O5 slag
and molten steel based
on IMCT

2019 [11]

Su et al. laboratory experi-
ment

SEM–EDS; statistical
analysis of data

effect of Na2O addition
amount (0 to 15 pct) on
P2O5 distribution be-
tween solid solution and
matrix phase

2019 [12]

1740—VOLUME 54B, AUGUST 2023 METALLURGICAL AND MATERIALS TRANSACTIONS B



Table I. continued

Author Experiment Method Main Work Year References

Wang et al. industrial experiment statistical analysis of
data

comparison between
double slag steelmak-
ing process and single
slag steelmaking pro-
cess on dephospho-
rization results of
hot metal under dif-
ferent slag basicity,
FetO content and
bath temperature

2019 [13]

Yao et al. laboratory experi-
ment

numerical simulation dynamic characteris-
tics of 300 t converter
based on hydraulic
model and numerical
simulation. Influence
of gas supply mode
on decarburization
and dephosphoriza-
tion reaction and the
end point car-
bon–oxygen balance
of molten steel

2020 [14]

Silva et al. laboratory experi-
ment

thermodynamic cal-
culation

effects of liquid and
solid phase fractions,
CaO and FeO activi-
ties and slag viscosity
on dephosphorization
efficiency of hot me-
tal using the FactSage
thermodynamic soft-
ware

2020 [15]

Lin et al. laboratory experi-
ment

thermodynamic cal-
culation; kinetic mod-
el

influence of slag tem-
perature on the ther-
modynamic and
kinetic behavior of
P-rich phase forma-
tion in slag, the exis-
tence form and
enrichment behavior
of phosphorus in slag

2020 [16]

Ye et al.* industrial experiment FESEM; thermody-
namic calculation

influence of slag
basicity on the
dephosphorization
behavior of hot metal
and phosphorus dis-
tribution ratio be-
tween slag and
molten steel at the
end of dephospho-
rization stage based
on the NDSP. Clarify
the effect of basicity
on P2O5 content and
the area fraction of
P-rich phase in
dephosphorization
slag

2020 [17]
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Table I. continued

Author Experiment Method Main Work Year References

Yang et al.* laboratory experi-
ment

EPMA; thermody-
namic calculation

effect of slag basicity
(1.40 to 1.83) on
dephosphorization
ratio of hot metal,
phosphorus distribu-
tion ratio between
slag and steel and
mineral phase com-
positions of dephos-
phorization slag

2020 [18]

Yan et al. Laboratory experi-
ment

SEM–EDS, thermo-
dynamic calculation

effect of CaCl2 addi-
tion amount on the
phosphorus distribu-
tion ratio between
CaO–SiO2–FeOx–
P2O5–CaCl2 slag and
carbon saturated hot
metal. Mechanism of
CaCl2 addition
amount on phospho-
rus distribution ratio
between slag and steel

2021 [19]

de Souza et al. industrial experiment thermodynamic cal-
culation; statistical
analysis of data

effect of temperature,
slag viscosity, liquid
phase amount, CaO
and FeO activity and
Si content in hot me-
tal on dephosphoriza-
tion ratio of molten
steel

2021 [20]

Maruoka et al. laboratory experi-
ment

EPMA; phase dia-
gram

propose a new pro-
cess of producing low
phosphorus steel by
enriching phosphorus
in dicalcium silicate
phase through partial
reduction method

2021 [21]

Kikuchi et al. laboratory experi-
ment

thermodynamic;
kinetics; phase dia-
gram

effect of CaO dissolu-
tion rate in slag on
dephosphorization of
hot metal at low tem-
perature and low
basicity

2021 [22]

Yang et al.* laboratory experi-
ment

SEM–EDS; thermo-
dynamic calculation

clarify the dephos-
phorization behavior
of hot metal at
1300 �C to 1450 �C
and slag basicity of
1.8. Quantitatively
analyzed the content
of different phospho-
rus containing solid
solutions in P-rich
phase of dephospho-
rization slag

2021 [23]
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Table I. continued

Author Experiment Method Main Work Year References

Yang et al.* laboratory experi-
ment

Raman spectrum;
FT-IR; SEM–EDS

study the structure
and viscosity of low
basicity dephospho-
rization slag at
1300 �C to 1450 �C

2021 [24]

Sun et al.* industrial experiment SEM–EDS; thermo-
dynamic calculation

effect of dephospho-
rization endpoint
temperature on
dephosphorization of
hot metal at low tem-
perature and low
basicity in NDSP.
Clarify the path of
phosphorus in hot
metal entering the
P-rich phase of
dephosphorization
slag. Predict the opti-
mum deslagging tem-
perature at the end of
dephosphorization
stage in NDSP

2021 [3]

Sun et al.* industrial experiment SEM–EDS; thermo-
dynamic calculation

influence of slag
basicity on the
dephosphorization of
hot metal and the
phosphorus enrich-
ment capacity of
dephosphorization
slag based on the
IMCT and the
NDSP. Morphologies
of P-rich phase in
dephosphorization
slag at different basic-
ities

2021 [4]

Yang et al.* laboratory experi-
ment

SEM–EDS; thermo-
dynamic calculation

effect of Fe2O3 addi-
tion amount on
dephosphorization of
hot metal at 1350 �C.
Study the existing
form of phosphorus
in P-rich phase of
dephosphorization
slag

2021 [25]

Zhang et al.* industrial experiment kinetic model develop a kinetic
model for dephos-
phorization stage of
NDSP based on the
coupled reaction
model and heat bal-
ance temperature
model

2021 [26]
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Table I. continued

Author Experiment Method Main Work Year References

Zhang et al.* industrial experiment kinetic model influence of dephospho-
rization slag basicity on
hot metal dephospho-
rization was discussed
based on the developed
dephosphorization ki-
netic model, and element
contents of hot metal
after dephosphorization
predicted by the kinetic
model were in good
agreement with the
industrial experiment re-
sults

2021 [27]

Yang et al.* Laboratory experi-
ment

Raman spectrum;
SEM–EDS; thermo-
dynamic calculation

effect of initial P content
(0.057 to 0.292 pct) of
hot metal on dephospho-
rization ability and
microstructure of low
basicity dephosphoriza-
tion slag

2021 [28]

Yang et al.* Laboratory experi-
ment

Raman spectrum;
SEM–EDS; thermo-
dynamic calculation

effect of slag basicity
(0.98 to 2.13) on dephos-
phorization behavior of
hot metal, microstruc-
ture and mineral phase
of dephosphorization
slag

2021 [29]

Yang et al.* Laboratory experi-
ment

SEM–EDS; statistical
analysis of data

change in dephospho-
rization behavior of hot
metal with time by con-
trolling different reac-
tion times in each
dephosphorization
experiment and taking
samples at different reac-
tion times in the same
experiment

2021 [30]

Xue et al. Laboratory experi-
ment

thermodynamic cal-
culation; SEM–EDS

design a kind of CaO–
SiO2–Al2O3–Fe2O3 slag
without fluoride addi-
tion. The effects of basic-
ity, Fe2O3 content and
Al content on dephos-
phorization ratio of hot
metal were discussed
with FactSage thermo-
dynamic calculation

2021 [31]

Wang et al. laboratory experi-
ment

SEM–EDS; thermo-
dynamic calculation

effects of heat treatment
conditions and slag
basicity on P2O5 content
and P-rich phase size in
dephosphorization slag

2022 [32]
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Table I. continued

Author Experiment Method Main Work Year References

Sun et al. laboratory experi-
ment

kinetic model establish a new
dephosphorization
kinetic model by
introducing the con-
cept of ‘‘dynamic rel-
ative area’’, and the
accuracy of the new
model in predicting
the relationship be-
tween phosphorus
content and time is
higher than that of
the traditional model

2022 [33]

Zhang et al.* industrial experiment;
laboratory experi-
ment

kinetic model 220 t industrial experi-
ments and 0.5 kg lab-
oratory experiments
were carried out at
different tempera-
tures, and the P and
Si contents of hot
metal predicted by
the kinetic model were
consistent with the
industrial and experi-
mental results

2022 [34]

Sun et al. laboratory experi-
ment

thermodynamic cal-
culation; structural
analysis

the mechanism of
Ce2O3 addition
amount on the
dephosphorization of
CaO–Al2O3–SiO2–M-
nO-based slag was
studied with thermo-
dynamic calculation,
structural analysis,
melting temperature
and viscosity experi-
ment

2022 [35]

Sun et al.* industrial experiment thermodynamic cal-
culation; SEM–EDS

influence of dephos-
phorization endpoint
temperature on the
dephosphorization
behavior of hot metal
and the phosphorus
enrichment ability of
the slag were studied
based on the IMCT
and the NDSP. Clar-
ify the shape evolu-
tion of the P-rich
phase in the dephos-
phorization slag un-
der the conditions of
1345 �C to 1450 �C
and slag basicity of
about 1.50

2022 [36]

The works with symbol ‘‘*’’ were the previous works of our research team.
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laboratory high temperature experiments or industrial
experiments in the past 5 years during 2018 to 2022, and
briefly describes the main works of these researches.

According to Table I, thermodynamic calculation and
SEM–EDS are usually used to clarify dephosphoriza-
tion behavior and phosphorus migration mechanism of
hot metal under different process parame-
ters.[3,4,7–12,15–19,22–25,28–32,35,36] Kikuchi et al.[22] studied
the influence of CaO dissolution rate in slag on
dephosphorization of hot metal under low temperature
and low basicity. Yang et al.[24,28,29] clarified the changes
of microstructure and properties of dephosphorization
slag under different process parameters through Raman
spectroscopy and Fourier Transform Infrared (FT-IR)
spectrometer. Zhang et al.[26] and Sun and Xiang[33]

established kinetic models of hot metal dephosphoriza-
tion suitable for different process conditions, and these
models can successfully predict the changes in hot metal
compositions with time. However, the quantitative
research on the phosphorus enrichment capacity of
calcium silicate in low basicity multiphase dephospho-
rization slag at low temperature is very limited. It is
important to clarify the phosphorus enrichment capacity
of calcium silicate in multiphase dephosphorization slag
under different process parameters for improving the
overall dephosphorization ability of converter. Based on
the composition data of hot metal and dephosphoriza-
tion slag under multiple parameters obtained in our
previous experiments,[3,4,17,18,23–30,34,36] the phosphorus
enrichment ability of calcium silicate in multiphase
dephosphorization slag under different process param-
eters can be systematically evaluated.

According to the classical dephosphorization reaction
of hot metal, as shown in Eq. [1]. P at the hot metal side
of the slag–hot metal interface will be oxidized by the
highly oxidizing slag to form P2O5, and react with CaO
in the slag to form phosphate, such as 3CaOÆP2O5

(C3P).
[37] CaO in slag can react with SiO2 to form

different kinds of calcium silicate, such as 2CaOÆSiO2

(C2S), etc.
[38] P in phosphate can replace the position of

Si in some calcium silicate tetrahedrons to form a variety
of P2O5 containing solid solutions, such as 2CaOÆ-
SiO2–3CaOÆP2O5 (C2S–C3P), which can stably exist in
the dephosphorization slag.[39] Figure 1 shows the stan-
dard CaO–SiO2 phase diagram from FactSage8.1 soft-
ware. In the temperature range of dephosphorization
stage of NDSP (1300 �C to 1450 �C), there are four
kinds of calcium silicate exist in multiphase dephospho-
rization slag, which are CaOÆSiO2 (CS), C2S, 3CaOÆSiO2

(C3S) and 3CaOÆ2SiO2 (C3S2), respectively. The different
process parameters have influences on the phosphorus
enrichment capacity of four kinds of calcium silicate and
the solid solutions they form in multiphase dephospho-
rization slag in different degrees. Zhong et al. focused on
the equilibrium between molten iron and the mixture of
C2S–C3P solid solution and CaO at 1550 �C and
1600 �C, and measured the activity of P2O5 and C3P
in C2S–C3P solid solution in multiphase slag by applying
the chemical equilibration method.[40,41] Further, they
studied the thermodynamic properties of P2O5 in the
C2S–C3P solid solution saturated with MgO.[42] They
found that with increasing C3P content in the solid
solution, the activities of P2O5 and 3MgOÆP2O5 increase.
In addition, the activity of P2O5 in the C2S–C3P solid
solution saturated with MgO is larger than that satu-
rated with CaO.

2½P� þ 5ðFeOÞ þ 3ðCaOÞ ¼ 5½Fe� þ ð3CaO � P2O5Þ: ½1�
In order to quantitatively evaluate the phosphorus

enrichment capacity of four kinds of calcium silicate and
the phosphorus enrichment degree of different P2O5

containing solid solutions in multiphase dephosphoriza-
tion slag, the reaction ability of complex molecules
formed in slag should be measured or calculated
reasonably. How to select an appropriate thermody-
namic activity model to further calculate the reaction

Fig. 1—Standard CaO–SiO2 phase diagram from FactSage8.1 software.
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ability of slag components needs to be discussed.
Table II lists nine activity prediction models of slag
components, which have been proposed and summa-
rized elsewhere. The present work comprehensively
judges the applicability of these prediction models to
calculate the activity of simple oxide, silicate and P2O5

containing solid solution in slag, as shown in Table II.
Compared with the other eight activity prediction

models, the IMCT-Ni thermodynamic model based on
the ion–molecule coexistence theory (IMCT) has the
ability to simultaneously calculate the reaction abilities
of simple and complex components in slag, and further
calculate the phosphorus enrichment possibility of P2O5

containing solid solution. The essence of IMCT is the
slag structure theory with all possible compounds
including simple ions, simple molecules and complex
molecules in the phase diagram as the structural units,
and the mass action concentrations of structural units or
ion couples in slag are quantitatively calculated using
the mass action law to characterize the reaction capacity
of the corresponding components.[48] Especially IMCT
can directly calculate the reaction ability of calcium
silicate and calcium phosphate in slag, which are the
most relevant to the slag dephosphorization capacity. In
addition, the empirical coefficient is more or less applied
to the other eight activity prediction models. IMCT
calculates the activity of slag components based on the
mass conservation law and Gibbs free energy of
reaction, and it does not need to introduce new
coefficients. Based on the above reasons, IMCT is the
thermodynamic model more suitable for evaluating the
phosphorus enrichment capacity of slag.

Zhang[48] conducted systematic thermodynamic stud-
ies on the reaction ability of components in metallurgi-
cal slag based on IMCT. The mass action
concentrations of the slag components can be in good
agreement with the activities measured in the experiment
under the studied slag compositions and temperature
range. Yang et al.[60,61] studied the dephosphorization
and desulfurization capacity of steelmaking slag based
on IMCT, and they established thermodynamic models
to predict the distribution ratio of phosphorus and
sulfur between slag and molten steel. Li et al.[62]

calculated the phosphorus enrichment degree of differ-
ent P2O5 containing solid solutions in steelmaking slag
based on IMCT, and discussed the phosphorus enrich-
ment behavior of CaO–FeO–Fe2O3–SiO2–MgO slag at
1450 �C to 1600 �C. Xie et al.[7] defined the phosphorus
enrichment contribution ratio of calcium silicate in the
slag based on IMCT, and studied the influence of
basicity, m(FeO)/m(Fe2O3), FeO and P2O5 content on
the phosphorus enrichment contribution ratio of four
kinds of calcium silicate in multiphase slag at 1350 �C.
In our previous work, the IMCT was used to quanti-
tatively calculated the phosphorus enrichment contribu-
tion ratio of different calcium silicates in
dephosphorization slag at different temperatures and
basicities for the NDSP industrial experiments.[4,36]

Further, we established prediction models of phospho-
rus distribution ratio and phosphate capacity in decar-
burization stage of NDSP,[63] and compared the average
relative error and standard deviation of empirical

models and IMCT model to evaluate the accuracy of
IMCT model.[64] These results all show that IMCT is a
reliable thermodynamic calculation method.
In the present work, the phosphorus enrichment

capacity of four kinds of calcium silicate in multiphase
dephosphorization slag under different process param-
eters was quantitatively calculated based on the labora-
tory high temperature experiments and IMCT. The
innovation of this paper is summarized as the following
three points: (I) Based on IMCT-Ni thermodynamic
model, the influence of process parameters on the
reaction ability of simple and complex components in
CaO–SiO2–FeO–MgO–MnO–P2O5–Al2O3 multiphase
dephosphorization slag was calculated. The oxidation
ability of dephosphorization slag under different process
parameters was discussed, and the mathematical rela-
tionship between them was regressed. (II) The phos-
phorus enrichment contribution ratio of four kinds of
calcium silicate and the phosphorus enrichment degree
of P2O5 containing solid solution in multiphase dephos-
phorization slag under different process parameters were
quantitatively clarified, and the correlation degree
between phosphorus enrichment contribution ratio of
calcium silicate and different process parameters is
discussed. (III) The coefficient n of CnS–C3P in multi-
phase dephosphorization slag is estimated under differ-
ent process parameters based on the experimental
measurement results. The changing trends of phospho-
rus enrichment capacity of CS and C2S in multiphase
dephosphorization slag at different process parameters
are mutually verified by IMCT and laboratory
experiments.

II. LABORATORY HIGH TEMPERATURE
EXPERIMENTS

In order to clarify the dephosphorization behavior of
hot metal in dephosphorization stage of NDSP under
complex conditions, a series of laboratory high temper-
ature experiments under multi parameter conditions
were carried out by simulating the experimental condi-
tions of low temperature and low basicity in dephos-
phorization stage of NDSP. These research results can
be found in our published literatures.[23,25,28–30] In the
present work, the studied process parameters variables
include slag basicity, temperature, Fe2O3 addition
amount, initial P content of hot metal and reaction time.
The laboratory high temperature experiments are

carried out with vacuum induction furnace and tube
electric resistance furnace, as shown in Figs. 2(a) and
(b). Figure 2(c) shows the schematic diagrams of hot
metal sample and slag sample. The vacuum induction
furnace is used to smelt the initial hot metal, and the
tube electric resistance furnace is used for slag–hot metal
dephosphorization reaction. The detailed process of
sample preparation and experiment can be found in our
previous papers.[23,25,28] The hot metal sample after
dephosphorization is taken by a quartz tube with a
length of 60 cm, a outer diameter of 14 mm and a wall
thickness of 2 mm, as shown in Figure 2(c). The sample
of dephosphorization slag will be adhered onto the wall
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of quartz tube, and we also used an iron bar with a
length of 100 cm to stick the sample of dephosphoriza-
tion slag. These samples are cooled in air and collected
at room temperature.

The components of dephosphorization slag selected in
the present work are CaO–SiO2–FeO–MgO–MnO–
P2O5–Al2O3, and the sum of the mass fractions of the
seven components in the dephosphorization slag is
supplemented to 100 according to the original propor-
tion to ensure that these slag compositions are suit-
able for subsequent thermodynamic calculation.
Table III lists the P contents of initial and finial hot
metal, compositions and basicities of dephosphorization
slag in laboratory experiment under different process
conditions. The slag basicity, B, is calculated with
Eq. [2].

B ¼ ðpct CaOÞ
ðpct SiO2Þ

: ½2�

Dephosphorization ratio gP of hot metal and phos-
phorus distribution ratio LP between slag and steel are
the most intuitive indexes to express dephosphorization
result of hot metal, and they can be calculated with
Eqs. [3] and [4], respectively. [pct P]I and [pct P]E
represent the initial and endpoint phosphorus contents
of hot metal, respectively. Figures 3(a) through (e) show
the effect of slag basicity, temperature, Fe2O3 addition
amount, initial P content and time on dephosphoriza-
tion ratio of hot metal and phosphorus distribution
ratio between slag and hot metal.

gP ¼ ½pct P�I � ½pct P�E
½pct P�I

� 100 pct; ½3�

log LP ¼ log
ðpct P2O5Þ
½pct P�E

� �
: ½4�

According to Figures 3(a) through (e), with increasing
slag basicity from 0.98 to 2.13, the gP increases from
50.6 to 77.7 pct, and the LP increases from 1.53 to 1.86.
When the temperature is increased from 1300 �C to
1375 �C, the gP increases from 17.9 to 73.2 pct, and the
LP increases from 1.10 to 1.79. However, with the
temperature further increased to 1450 �C, the gP
decreases to 23.5 pct, and the LP decreases to 1.23.
With increasing Fe2O3 addition amount from 5 to 30 g
gradually, the gP and the LP increase from � 3.34 to
81.3 pct and from 1.03 to 2.34, respectively. Taking the
initial P content of hot metal as the research variable,
the gP and LP both increase first and then decrease with
increasing initial P content of hot metal. When the initial
phosphorus content is 0.173 pct, the gP and LP have the
highest values, which are 83.2 pct and 2.21, respectively.
With the extension of dephosphorization reaction time
from 3 to 15 minutes, the gP increases from 15.7 to 83.2
pct, and the LP increases from 1.33 to 2.21. When the
reaction time further extends to 18 minutes, the gP and
the LP are slightly decreased to 80.2 pct and 1.96, which
are caused by the rephosphorization of hot metal.
Among the five process parameters that affect the
dephosphorization of hot metal, the Fe2O3 addition
amount has the largest change range of 84.6 pct on
dephosphorization ratio of hot metal, while the initial P
content of hot metal has the smallest change range of
16.6 pct on the dephosphorization ratio of hot metal.
The horizontal section containing C2S–C3P at

1350 �C and the liquidus projection of CaO–SiO2–
FeO–(5 mass pct MgO–5 mass pct MnO–4 mass pct
P2O5) at 1300 �C to 1450 �C were calculated using the
Phase diagram of FactSage 8.1 thermodynamic soft-
ware. Figure 4(a) shows the dephosphorization slag
compositions of different process parameters in CaO–
SiO2–FeO–(5 mass pct MgO–5 mass pct MnO–4 mass
pct P2O5) pseudo ternary phase diagram at 1300 �C to
1450 �C. Figures 4(b) through (d) show the change path
of dephosphorization slag compositions in

Fig. 2—Schematic diagrams of (a) vacuum induction furnace and (b) tube electric resistance furnace used in laboratory high temperature
experiment, and (c) schematic diagrams of hot metal sample and slag sample.
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CaO–SiO2–FeO–(5 mass pct MgO–5 mass pct MnO–4
mass pct P2O5) pseudo ternary phase diagram under
different basicities, temperatures, Fe2O3 addition
amounts, initial P contents and times, respectively,
whose change directions are described with the dotted
arrow.

Combined with Figures 4(a) through (d), it can be
seen that, within the temperature range of dephospho-
rization stage of NDSP, dephosphorization slags exist in
the two phase state of solid–liquid coexistence, being
almost all located in the area containing C2S–C3P solid
solution. It is worth noting that the composition point
of dephosphorization slag with basicity lower than 1.17
is not located in the area containing C2S–C3P. Accord-
ing to our previous mineral phase analysis of dephos-
phorization slag,[4] this is due to the fact that massive

P-rich phase cannot be effectively formed in the dephos-
phorization slag under low basicity conditions. Mul-
tiphase dephosphorization slag usually forms P2O5

containing solid solution in the dephosphorization stage
of NDSP, and it contains part of the liquid phase to
promote mass transfer, which makes the multiphase
dephosphorization slag have better phosphorus enrich-
ment capacity. The increase of slag basicity will promote
the slag composition point to move to the CaO angle,
and the increase of Fe2O3 addition amount will promote
the slag composition point to move to the FeO angle.
The increases of temperature, initial P content of hot
metal and time will promote the slag composition point
to move towards the lower part of the CaO–SiO2–FeO
pseudo ternary phase diagram, which is caused by the
decrease of FeO content in multiphase dephosphoriza-
tion slag.

Table III. P Contents in Initial and Final Hot Metal, Compositions and Basicities of Dephosphorization Slag in Laboratory
Experiment Under Different Process Parameters

Process Parameters Collection of Experimental Results

References

Variables No
Variable
Value

P Content in
Hot Metal

(Pct) Compositions of Dephosphorization Slag (Pct)

T
(�C)[P]I [P]E CaO SiO2 FeO MgO MnO P2O5 Al2O3

B
(—)

Slag Basicity (—) 1-1 0.98 0.253 0.125 21.04 21.54 33.33 4.04 5.22 4.24 10.59 0.98 1350 [29]
1-2 1.17 0.282 0.104 23.04 19.60 34.46 3.31 4.53 4.11 10.95 1.17 1350
1-3 1.31 0.286 0.092 26.07 19.95 29.38 3.29 4.46 4.71 12.15 1.31 1350
1-4 1.55 0.311 0.095 31.38 20.22 26.55 3.20 3.88 4.36 10.41 1.55 1350
1-5 1.86 0.304 0.080 34.07 18.29 27.24 3.28 3.46 4.82 8.84 1.86 1350
1-6 2.13 0.273 0.061 33.57 15.78 29.55 3.00 3.30 4.41 10.39 2.13 1350

Temperature (�C) 2-1 1300 0.201 0.165 28.37 12.78 46.36 5.41 3.49 2.09 1.49 2.22 1300 [23]
2-2 1325 0.209 0.079 30.50 15.41 37.43 5.74 3.66 3.22 4.04 1.97 1325
2-3 1350 0.242 0.069 29.45 15.47 35.67 5.36 4.10 4.01 5.94 1.91 1350
2-4 1375 0.246 0.066 33.23 16.46 29.76 6.20 3.85 4.10 6.39 2.03 1375
2-5 1400 0.216 0.091 32.37 17.35 24.76 5.92 4.28 4.31 11.00 1.86 1400
2-6 1425 0.238 0.124 29.01 15.41 27.88 5.17 3.09 2.65 16.79 1.88 1425
2-7 1450 0.204 0.156 28.41 15.42 23.62 4.83 3.45 2.63 21.65 1.85 1450

Fe2O3 Addition
Amount (g)

3-1 5 0.265 0.274 37.64 22.31 20.71 6.94 4.69 2.91 4.80 1.69 1350 [25]

3-2 10 0.261 0.251 32.26 20.33 28.02 5.73 4.50 2.91 6.24 1.59 1350
30-3 12.5 0.271 0.163 31.62 20.77 21.79 5.29 5.96 5.01 9.57 1.52 1350
3-4 15 0.271 0.112 30.11 19.97 26.03 5.38 5.57 5.52 7.41 1.51 1350
3-5 20 0.263 0.080 29.64 20.57 23.19 4.97 5.61 5.80 10.22 1.44 1350
3-6 25 0.269 0.050 24.98 17.41 34.30 4.71 5.08 5.76 7.76 1.44 1350
3-7 30 0.27 0.045 26.13 18.17 29.91 5.05 5.42 6.26 9.06 1.44 1350

Initial P Content
(Pct)

4-1 0.057 0.057 0.019 22.18 14.78 43.47 3.68 4.66 2.39 8.85 1.50 1350 [28]

4-2 0.098 0.098 0.029 21.44 14.33 43.68 3.84 4.77 3.03 8.93 1.50 1350
4-3 0.173 0.173 0.029 24.48 16.59 36.12 4.47 5.39 4.69 8.25 1.48 1350
4-4 0.249 0.249 0.044 24.17 16.15 36.26 4.32 5.42 5.44 8.23 1.49 1350
4-5 0.292 0.292 0.063 23.54 16.77 35.87 4.08 5.39 5.85 8.49 1.40 1350

Time (Min) 5-1 3 0.159 0.134 23.39 14.43 48.99 3.67 4.27 2.85 2.40 1.62 1350 [30]
5-2 6 0.251 0.086 22.57 15.01 47.87 3.52 4.63 3.40 3.00 1.50 1350
5-3 9 0.195 0.058 23.79 16.89 41.21 3.62 5.18 4.21 5.10 1.41 1350
5-4 12 0.209 0.042 25.05 18.74 35.15 4.11 4.80 4.81 7.36 1.34 1350
5-5 15 0.173 0.029 24.33 16.49 36.50 4.44 5.36 4.67 8.21 1.48 1350
5-6 18 0.248 0.049 24.00 18.17 35.94 3.98 4.71 4.52 8.68 1.32 1350
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III. RESULTS AND DISCUSSION

A. Effect of Process Parameters on Mass Action
Concentrations Ni of Structural Units
in CaO–SiO2–FeO–MgO–MnO–P2O5–Al2O3

Multiphase Dephosphorization Slag

According to the established IMCT-Ni thermody-
namic model,[4] the mass action concentrations of
structural units in CaO–SiO2–FeO–MgO–MnO–
P2O5–Al2O3 multiphase dephosphorization slag under
different process parameters are calculated

quantitatively. The calculation formulas of mass action
concentration of structural unit i and ion couples
(Me2+ + O2�) in slag are expressed as Eqs. [5] and
[6].[4,58,63] Ni is defined as the ratio of equilibrium mole
number of structural unit i or ion couples to the total
equilibrium mole numbers

P
Ni of all structural units in

slag with a fixed amount. Figure 5 shows the effect of
process parameters on mass action concentrations of
simple components of CaO, SiO2, FeO and P2O5 in
multiphase dephosphorization slag.

Fig. 3—Effect of (a) slag basicity, (b) temperature, (c) Fe2O3 addition amount, (d) initial P content and (e) time on dephosphorization ratio of
hot metal and phosphorus distribution ratio between slag and hot metal.
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Fig. 4—Dephosphorization slag compositions of different process parameters in CaO–SiO2–FeO–(5 mass pct MgO–5 mass pct MnO–4 mass pct
P2O5) pseudo ternary phase diagram at 1300 �C to 1450 �C; change path of dephosphorization slag compositions in CaO–SiO2–FeO–(5 mass pct
MgO–5 mass pct MnO–4 mass pct P2O5) pseudo ternary phase diagram under different (b) basicities, (c) temperatures, (d) Fe2O3 addition
amounts, (e) initial P contents and (f) times.
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Ni ¼
niP
ni

ð�Þ; ½5�

NMeO ¼ NMe2þ; MeO þNO2�; MeO ¼
nMe2þ; MeO þ nO2�; MeOP

ni

¼ 2nMeOP
ni

:

½6�

It can be seen from Figure 5 that with increasing slag
basicity from 0.98 to 2.13, NCaO increases exponentially,
NSiO2

and NP2O5
decreases exponentially, and NFeO does

not change significantly. The increase of the slag basicity
means that the increase of CaO/SiO2 ratio in the slag,
which leads to the enhancement of CaO reaction ability
and the reduction of SiO2 reaction ability. The increase
of slag basicity has no obvious effect on FeO reaction
ability. The increase of temperature leads to linear
decrease of NCaO and NFeO, respectively, while NSiO2

and
NP2O5

increase slightly. With increasing temperature, the
slag will melt continuously, and the contents of CaO and

Fig. 5—Effect of process parameters on mass action concentrations of simple components of CaO, SiO2, FeO and P2O5 in multiphase
dephosphorization slag.
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FeO that can be consumed in dephosphorization reac-
tion increases gradually, leading to the reduction of
NCaO and NFeO. With increasing Fe2O3 addition amount
from 5 to 30 g, NFeO, NP2O5

and NSiO2
show an overall

increase trend, while NCaO decreases exponentially.
These results can be explained that the increase of iron
oxide content in slag reduces the content of CaO, which
decreases NCaO. The increase of FeO content in the slag
can effectively improve the phosphorus enrichment
capacity of the dephosphorization slag, which increases
NP2O5

.
When the initial P content of hot metal increases from

0.057 to 0.292 pct, NP2O5
and NSiO2

increase exponen-
tially, respectively, NCaO decreases linearly and NFeO

gradually decreases to a stable value. The increase of
initial P content of hot metal enhances the possibility
that free phosphorus in hot metal is enriched by slag,
which increases NP2O5

. FeO is gradually consumed
largely with the increase of initial P content of hot
metal, which can be indicated by the change trend of
NFeO. With the extension of reaction time, NCaO

decreases exponentially, NFeO decreases rapidly in the
first ten minutes of experiment, and then stabilized at a
constant level. NSiO2

and NP2O5
show an overall increase

trend. The dephosphorization reaction of hot metal
gradually reached equilibrium with the extension of
time, and NFeO continuously decreases until it stabilized
to a constant value. The continuous dephosphorization
reaction leads to the decrease of slag basicity, which
decreases NCaO and increases NSiO2

. The reaction time is
long enough to enable the phosphorus to be fully
enriched by slag and stably removed from hot metal,
and the details can refer to our previous work,[30] so
NP2O5

increases.
The change of reaction ability of complex components

in multiphase dephosphorization slag under different
process parameters is further studied. Figures 6(a)
through (e) is the effect of process parameters, including
basicity, temperature, Fe2O3 addition amount, initial P
content and time on mass action concentrations of
calcium silicates and calcium phosphates in multiphase
dephosphorization slag. Table IV summarizes the
change trend of mass action concentrations of calcium
silicates and calcium phosphates in multiphase dephos-
phorization slag under different process parameters.
Combined Figure 6 with Table IV, NCS and NC2S are 1
to 2 orders of magnitude higher than NC3S and NC3S2 ,
NC3P are 2 to 3 orders of magnitude higher than NC2P

and NC4P. Therefore, the reaction ability of CS, C2S,
C3P and the P2O5 containing solid solution need to be
focused on.

With increasing slag basicity from 0.98 to 2.13, the
mass fraction of C2S generated in multiphase dephos-
phorization slag gradually increases, which causes NC2S

increase and NCS decrease accordingly. The increase of
slag basicity enhances the amount of free (Ca2+ + O2�)
in the slag, which is conducive to the formation of
calcium phosphate with high proportion of CaO, so

both NC3P and NC4P increase. With increasing temper-
ature in the range of 1300 �C to 1400 �C, NCS, NC2S,
NC2P, NC3P and NC4P all increase, which is caused by the
gradual melting of dephosphorization slag. When the
temperature exceeds 1400 �C, the dephosphorization
ratio of hot metal and the basicity of slag are decreased
with increasing temperature, and the NC2S, NC3P and
NC4P with high CaO content are decreased reasonably.
With increasing Fe2O3 addition amount from 5 to 30 g,
NCS first increases and then decreases, and NC2S grad-
ually decreases. The reaction ability of calcium silicate in
the slag tends to weaken as a whole, which is caused by
the increase of iron oxide content in the slag. The
addition of iron oxide improves the dephosphorization
capacity of slag, so NC2P and NC3P both can be
increased. However, the C4P with high CaO content is
difficult to form because the content of CaO in the slag
continuously decreases, so NC4P decreases.
With increasing initial P content ranging from 0.057

to 0.292 pct in hot metal, the reaction ability of calcium
phosphate in the slag has an overall increasing trend,
and NC2P, NC3P and NC4P all increase in varying degrees.
NCS increases slightly and NC2S decreases slightly. It can
be seen that the initial P content of hot metal has no
obvious effect on calcium silicate reaction ability in
multiphase dephosphorization slag. With the extension
of dephosphorization reaction time from 3 to 18 min-
utes, the slag basicity gradually decreases, leading to an
increase in NCS and a decrease in NC2S. The reaction
ability of calcium phosphate in the slag increases as a
whole with the extension of time. When the reaction
time exceeds 12 minutes, NC3P slightly decreases. The
reason is reasonably considered that the content of P2O5

in the slag is decreased due to the rephosphorization of
hot metal, which leads to the reduction of calcium
phosphate reaction ability.

B. Analysis of Oxidation Capacity of Multiphase
Dephosphorization Slag Under Different Process
Parameters Based on IMCT

The reaction ability of iron oxide in slag is a key index
to characterize the oxidizability of slag. Figure 7 illus-
trates the effect of mass fraction of FeO on NFeO under
different process parameters.
With increasing FeO content in multiphase dephos-

phorization slag, NFeO increases exponentially, and the
relationship between them is not affected by process
parameters. The mathematical relationship between the
mass fraction of FeO and its mass action concentration
NFeO is further discussed through juxtaposition fitting
data, as shown in Eq. [7]. The fitting coefficient, r2, of
Eq. [7] is as high as 0.96, which indicates that the
reaction ability of FeO is mainly related to the mass
fraction of FeO in multiphase dephosphorization slag.

NFeO ¼ �0:901� exp �ðmass pct FeOÞ
37:959

� �
þ 0:953;

r2 ¼ 0:96:

½7�
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Fig. 6—Effect of process parameters of (a) basicity, (b) temperature, (c) Fe2O3 addition amount, (d) initial P content and (e) time on mass action
concentrations of calcium silicates and calcium phosphates in multiphase dephosphorization slag.
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Based on the classic hypothesis of IMCT, the basic
oxides CaO (Ca2+ + O2�), MnO (Mn2+ + O2�), FeO
(Fe2+ + O2�) and MgO (Mg2+ + O2�) exist in mul-
tiphase dephosphorization slag in the form of ion
couples, and they can all produce free O2�. While acidic
oxides P2O5 and SiO2 exist in the multiphase dephos-
phorization slag in molecular form and cannot produce
free O2�. Al2O3 is considered as amphoteric oxide in the
present slag components, which is not considered in the
process of calculating slag oxidizability. According to
the above analysis, the ratio of mass action concentra-
tion of basic oxide to acid oxide can reasonably
represent the reaction capacity of free O2� in slag, and
further characterize the oxidation capacity of multi-
phase dephosphorization slag, as shown in Eq. [8].

Nbasic oxide

Nacidic oxide
¼ ðNCaO þNFeO þNMnO þNMgOÞ

ðNSiO2
þNP2O5

Þ ; ð�Þ:

½8�
Figures 8(a) through (e) show the effect of process

parameters, including basicity, temperature, Fe2O3

addition amount, initial P content and time on the ratio
of mass action concentration of basic oxide to acidic
oxide, and Figure 8(f) shows the relationship between
the ratio of mass percentage of basic oxide to acidic
oxide and its the ratio of mass action concentration. It
can be seen from Figures 8(a) through (e) that the
increase of slag basicity makes the reaction capacity of
free O2� in slag significantly enhanced, which is due to
the increase of (Ca2+ + O2�) content in the slag. The
increase of process parameters, such as temperature,
Fe2O3 addition amount, initial P content and time, will
reduce the reaction capacity of free O2� in slag varying
degrees. The reason can be reasonably explained as that
under the influence of these process parameters, the
basicity of multiphase dephosphorization slag and the
total content of basic oxides are reduced in varying
degrees, which will reduce the O2� produced by dynamic
equilibrium in the slag. It is worth noting that in
Figure 8(c), even if the Fe2O3 addition amount
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Fig. 7—Effect of mass fraction of FeO on NFeO under different
process parameters.
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gradually increases, the ratio of the mass action con-
centration of basic oxides to acid oxides still decreases
exponentially, because the CaO content in the slag
decreases significantly with the increase of FeO content,
which makes the reaction capacity of free O2� in slag
decrease as a whole.

Nbasic oxide

Nacidic oxide
¼ 0:038 exp

Basicity

0:216

� �
þ 17:857; r2 ¼ 0:99;

½9� 1�

Fig. 8—Effect of process parameters of (a) basicity, (b) temperature, (c) Fe2O3 addition amount, (d) initial P content and (e) time on the ratio of
mass action concentration of basic oxide to acidic oxide, and (f) relationship between the ratio of mass percentage of basic oxide to acidic oxide
and its the ratio of mass action concentration.
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Nbasic oxide

Nacidic oxide
¼ 2:001 exp

Temperature

�22:808

� �
þ 354:039;

r2 ¼ 0:95;

½9� 2�

Nbasic oxide

Nacidic oxide
¼ 934:84 exp

Fe2O3 addition amount

�4:797

� �

þ 46:336; r2 ¼ 0:95;

½9� 3�

Nbasic oxide

Nacidic oxide
¼ �450:604ðInitial P contentÞ þ 187:055;

r2 ¼ 0:95;

½9� 4�

Nbasic oxide

Nacidic oxide
¼ 509:661 exp

Time

�3:326

� �
þ 59:437;

r2 ¼ 0:96:

½9� 5�

There is the obvious mathematical relationships
between the different process parameters and the reac-
tion capacity of free O2� in the slag, as shown in
Eqs. (9-1) through [9-5], and the regression coefficients
between them are greater than 0.94. Figure 8(f) shows
that the ratio of the mass percentage of basic oxides to
acidic oxides is positively related to its mass action
concentration ratio. Therefore, the oxidation capacity of
multiphase dephosphorization slag can be improved by
increasing the overall content of basic oxides.

C. Change of Phosphorus Enrichment Contribution Ratio
of Four Kinds of Calcium Silicate in Multiphase
Dephosphorization Slag Under Different Process
Parameters

The slag basicity can obviously affect the type of
calcium silicate generated in the multiphase dephospho-
rization slag, and further effect the phosphorus enrich-
ment capacity of the multiphase dephosphorization slag.
Figure 9 demonstrates the effect of the ratio of CaO/
SiO2 on its the ratio of mass action concentration under
different process parameters.

With increasing slag basicity, logðNCaO=NSiO2
Þ

increases exponentially. Equation [10] regresses the
mathematical relationship between slag basicity and
logðNCaO=NSiO2

Þ, and the fitting coefficient, r2, between
them is 0.93, which indicates that changes in process
parameters will not significantly influence their relation-
ship. Among the five process parameters currently
studied, the effect of temperature on logðNCaO=NSiO2

Þ
is the most obvious, as shown in blue square in Figure 9.

logðNCaO=NSiO2
Þ ¼ 6:208� exp

B

3:554

� �
� 9:138: ½10�

The phosphorus enrichment capacities of four kinds
of calcium silicate CS, C2S, C3S, C3S2 in multiphase
dephosphorization slag are further quantitatively calcu-
lated based on the phosphorus enrichment contribution
ratio RCi of calcium silicate defined by IMCT. Taking
C2S as an example, RC2S can be calculated by Eq. [11],
and the detailed derivation process can be found in our
previous paper,[4] in which NCi�Pj is the phosphorus
enrichment possibility of P2O5 containing solid solution,
RCi�Pj is the phosphorus enrichment degree of P2O5

containing solid solution, and Mi is the relative molec-
ular mass of component i.

RC2S ¼ RC2S�C2P þ RC2S�C3P þ � � � þ RC2S�Mg2P

þ RC2S�Mg3P

¼¼

P
i¼2

j¼1�8

NC2S�Pj

MP2O5
MC2S�Pj

� �

P
i¼1�3
j¼1�8

NCi�Pj

MP2O5
MCi�Pj

� � :

½11�

Figures 10(a) through (e) shows the variation of
phosphorus enrichment contribution ratio of four kinds
of calcium silicate in multiphase dephosphorization slag
under different basicities, temperatures, Fe2O3 addition
amounts, initial P contents and times. The three-dimen-
sional bar chart diagram on the left side of Figure 10
presents the comprehensive influence of process param-
eters and dephosphorization ratio of hot metal on the
phosphorus enrichment contribution ratio of calcium
silicate, and the two-dimensional line diagram on the
right side of Figure 10 illustrates the mathematical
relationship between different process parameters and
the phosphorus enrichment contribution ratio of four
kinds of calcium silicate.

Fig. 9—Effect of the ratio of CaO/SiO2 on its the ratio of mass
action concentration under different process parameters.
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It can be seen from Figures 10(a) through (e) that the
sum of the phosphorus enrichment contribution ratios
of CS and C2S accounts for more than 95 pct of the total
phosphorus enrichment contribution ratios of four
kinds of calcium silicate, which indicates that the CS
and C2S are the calcium silicate that play the main role
of enriching phosphorus in multiphase dephosphoriza-
tion slag. Further, the change rule of RCS and RC2S in
multiphase dephosphorization slag are discussed
emphatically. Figure 10(a) shows that with the slag
basicity increasing from 0.98 to 2.13, RCS decreases
linearly from 0.71 to 0.18, while RC2S increases linearly
from 0.28 to 0.79. The increase of slag basicity signif-
icantly enhances the generation content of C2S in
multiphase dephosphorization slag, the phosphorus

enrichment capacity of C2S is improved and the
dephosphorization ratio of hot metal increases to 77.7
pct when the slag basicity is 2.13. According to
Figure 10(b), with increasing temperature from
1300 �C to 1450 �C, RCS increases exponentially from
0.11 to 0.32, while RC2S decreases exponentially from
0.86 to 0.66. These results can be reasonably explained
that CaO in multiphase dephosphorization slag gradu-
ally melt with increasing temperature, which makes the
proportion of CS generation in slag gradually increase
and the proportion of C2S generation gradually
decrease. Therefore, the phosphorus enrichment capac-
ity of CS in multiphase dephosphorization gradually
increases, while C2S is the opposite. Combined with
Figure 10(b) and Table III, the slag basicity is always

Fig. 10—Variation of phosphorus enrichment contribution ratio of four kinds of calcium silicate in multiphase dephosphorization slag under
different (a) basicities, (b) temperatures, (c) Fe2O3 addition amounts, (d) initial P contents and (e) times.
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above 1.85 in the experiment with temperature as the
variable, so the phosphorus enrichment capacity of C2S
in multiphase dephosphorization slag is always stronger
than that of CS. When the Fe2O3 addition amount
increases from 5 to 30 g, RCS increases exponentially
from 0.21 to 0.54, and RC2S decreases exponentially
from 0.75 to 0.44, as shown in Figure 10(c). The CaO
content in the slag decreases with the increase of Fe2O3

addition amount in the slag, leading to the equilibrium
mass fraction of C2S gradually is decreased and its
phosphorus enrichment capacity is weakened. The
increase of Fe2O3 addition amount improves the
dephosphorization ability of the multiphase dephospho-
rization slag from the perspective of increasing the
oxygen potential of the slag–hot metal interface.

Figure 10(d) shows that with the initial P content of
hot metal increasing from 0.057 to 0.292 pct, RCS

increases linearly from 0.42 to 0.57, and RC2S decreases
linearly from 0.56 to 0.41. The phosphorus potential of
the slag–hot metal interface increases with the increase
of the initial P content of hot metal, which can drive the
dephosphorization reaction forward. CaO and FeO in
slag are continuously consumed with the increase of
initial P content in hot metal by dephosphorization
reaction, which is proved by the decrease of slag basicity
and FeO content. As a result, the phosphorus enrich-
ment capacity of CS increases, while that of C2S
decreases. The effect of reaction time on the phosphorus
enrichment contribution ratio of calcium silicate in
multiphase dephosphorization slag is similar to that of
temperature. With increasing time, the dephosphoriza-
tion slag gradually melts from the hard shell shape to the
molten state, the SiO2 content in the slag gradually
increases and the slag basicity decreases from 1.62 to
1.32. Multiphase dephosphorization slag tends to form
CS with increasing time, which leads to the increase and
decrease of the phosphorus enrichment contribution
ratio of CS and C2S, respectively. It can be seen from
Figure 10(e) that with the initial P content of hot metal
increasing from 0.057 to 0.292 pct, RCS increases
exponentially from 0.36 to 0.56, while RC2S decreases
exponentially from 0.62 to 0.43. Table V lists the change
trend of phosphorus enrichment contribution ratio of
four kinds of calcium silicate in multiphase dephospho-
rization slag under different process parameters.

The correlation degree between the process parame-
ters and the phosphorus enrichment ability of calcium
silicate is further studied. The correlation coefficients d
between the phosphorus enrichment contribution ratio

of four kinds of calcium silicate and different process
parameters are calculated with Pearson Pro-
duct–Moment Correlation Coefficient (PPMCC). In
the field of natural science, the PPMCC is widely used
to measure the correlation between two variables.[65]

The closer is the calculated d value to ± 1, the higher is
the correlation between the phosphorus enrichment
contribution ratio of a certain kind of calcium silicate
and the process parameter. The equation of sample
PPMCC is shown in Eq. [12],[66] where xi and yi are
sample values of two variable arrays, and n is the
number of samples.

dxy ¼
n
P

xiyi �
P

xi
P

yiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
P

x2i � ð
P

xiÞ
2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
P

y2i � ð
P

yiÞ
2

q : ½12�

Figure 11(a) shows the correlation coefficient between
the phosphorus enrichment contribution ratio of four
kinds of calcium silicate inmultiphase dephosphorization
slag and the process parameters, and Figure 11(b) shows
the rankings of absolute values of correlation coefficients
between the phosphorus enrichment contribution ratio of
different calcium silicates in multiphase dephosphoriza-
tion slag and the process parameters. Combined with
Figures 11(a) and (b), it can be seen that the slag basicity
and RCS and RC2S have the highest absolute values of
correlation coefficient dj j, which can reach more than
0.99. The dj j between the five process parameters and the
RCS, RC2S and RC3S can reach more than 0.8, which
indicates that they have strong correlation, and the
change of process parameters can significantly affect the
phosphorus enrichment contribution ratio ofCS,C2S and
C3S. The dj j between RC3S2 and process parameters are
concentrated at the end of the ranking range. The dj j
between temperature, Fe2O3 addition amount, initial P
content of hot metal and time and RC3S2 are between 0.3
and 0.8, showing weak correlation. The dj j between the
slag basicity and RC3S2 is the lowest, only 0.04, which
indicates that there is no correlation between them.

D. Clarify the Phosphorus Enrichment Degree of P2O5

Containing Solid Solution in Multiphase
Dephosphorization Slag Under Different Process
Parameters

Based on the discussion in Sects. 3.1 and 3.3, it is
necessary to clarify the phosphorus enrichment degree
of P2O5 containing solid solution in multiphase dephos-
phorization slag for determining the influence of process

Table V. Change Trend of Phosphorus Enrichment Contribution Ratio of Four Kinds of Calcium Silicate in Multiphase

Dephosphorization Slag Under Different Process Parameters

Ri Slag Basicity (—)
Temperature

(�C)
Fe2O3 Addition
Amount (g) Initial P Content (Pct)

Time
(Min)

CS fl › › › ›
C2S › fl fl fl fl
C3S › fl fl fl fl
C3S2 (0.98 to 1.55)›, (1.55 to 2.13)fl › (5 to 15)›, (15 to 30)fl (0.057 to 0.173)›, (0.173 to 0.292)fl ›
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parameters on the phosphorus enrichment ability of
multiphase dephosphorization slag. According to Fig-
ures 6 and 10, CS and C2S are two kinds of calcium
silicate with strong reaction ability and high phosphorus
enrichment ability in multiphase dephosphorization
slag, and the mass action concentration of calcium
phosphate (CiP) in multiphase dephosphorization slag is
several orders of magnitude higher than those of other
phosphates. Therefore, the present work mainly dis-
cusses the phosphorus enrichment degree of P2O5

containing solid solution formed by CS, C2S and
calcium phosphate. They can form six P2O5 containing
solid solutions in the temperature range of 1300 �C to
1450 �C, namely CS–C2P, CS–C3P, CS–C4P, C2S–C2P,
C2S–C3P and C2S–C4P.

[4,62] The RCi�Pj defined by
IMCT can quantitatively calculate the phosphorus
enrichment degree of P2O5 containing solid solution in
multiphase dephosphorization slag. Taking C2S–C3P as
an example, RC2S�C3P can be calculated by Eq. [13], and
the detailed derivation process can be found in our
previous paper.[4]

RC2S�C3P ¼
NC2S�C3P

MP2O5

MC2S�C3P

� �
P

i¼1�4
j¼1�7

NCi�Pj
MP2O5

MCi�Pj

� � : ½13�

Table VI enumerates the quantitative calculation
results of phosphorus enrichment degree range of P2O5

containing solid solution in multiphase dephosphoriza-
tion slag under different process parameters. Among the
six P2O5 containing solid solutions studied, the sum of
the RCS�C3P and RC2S�C3P is greater than 0.95, which is
the two P2O5 containing solid solutions with the
strongest phosphorus enrichment ability in multiphase
dephosphorization slag. The effect of process parame-
ters on the phosphorus enrichment degree of CS–C3P
and C2S–C3P in multiphase dephosphorization slag is
further studied, and the transformation node of the
phosphorus enrichment degree of P2O5 containing solid
solution in multiphase dephosphorization slag is clari-
fied under different process parameters. Figures 12(a)

Fig. 11—(a) Correlation coefficient between the phosphorus enrichment contribution ratio of four kinds of calcium silicate in multiphase
dephosphorization slag and the process parameters, and (b) rankings of absolute values of correlation coefficients dj j between the phosphorus
enrichment contribution ratio of different calcium silicates in multiphase dephosphorization slag and the process parameters.
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through (e) shows the change in phosphorus enrichment
degree of CS–C3P and C2S–C3P in multiphase dephos-
phorization slag with basicity, temperature, Fe2O3

addition amount, initial P content of hot metal and
time, respectively. Figure 12(f) shows the effect of slag
basicity of selected all data from multiple process
parameters on phosphorus enrichment degree of
C2S–C3P.
It can be seen from Figure 12(a) that with increasing

slag basicity, RCS�C3P decreases linearly and RC2S�C3P

increases linearly. When the slag basicity exceeds 1.45,
C2S–C3P replaces CS–C3P as the P2O5 containing solid
solution with the strongest phosphorus enrichment
capacity in the multiphase dephosphorization slag.
Figure 12(b) shows that the RCS�C3P increases linearly
with increasing temperature, while that of RC2S�C3P

decreases linearly. In the temperature range of 1300 �C
to 1450 �C, the RC2S�C3P is always higher than that of
RCS�C3P, which is caused by the higher slag basicity.
With increasing Fe2O3 addition amount, RCS�C3P

increases exponentially, while RC2S�C3P decreases expo-
nentially, as shown in Figure 12(c). When the Fe2O3

addition amount reaches 19.55 g, the phosphorus
enrichment degree of CS–C3P increases to the same
level as that of C2S–C3P. With further increasing Fe2O3

addition amount to 30 g, CS–C3P begins to become the
P2O5 containing solid solution with the strongest phos-
phorus enrichment capacity in the multiphase dephos-
phorization slag.
In Figure 12(d), with increasing initial P content in

hot metal, RCS�C3P increases linearly, while RC2S�C3P

decreases linearly. When the main P2O5 containing solid
solution in multiphase dephosphorization slag changes
from C2S–C3P to CS–C3P, the initial P content of hot
metal is 0.183 pct. Figure 12(e) shows that RCS�C3P

increases exponentially and RC2S�C3P decreases expo-
nentially with increasing time. After 8.46 minutes of
dephosphorization reaction, the phosphorus enrichment
degree of CS–C3P exceeds that of C2S–C3P, and CS–C3P
occupies the dominant position of phosphorus enrich-
ment capacity in multiphase dephosphorization slag. It
can be seen from Figure 12(f) that with the slag basicity
increasing from 1 to 2.2, the phosphorus enrichment
degree of C2S–C3P increases linearly. The mathematical
relationship between slag basicity and phosphorus
enrichment degree of C2S–C3P is shown in Eq. [14],
and the fitting coefficient is 0.92, which shows that the
slag basicity under different process parameters has a
significant linear relationship with the phosphorus
enrichment degree of C2S–C3P, and their relationship
is not affected with changing process parameters. The
slag basicity can determine the type of calcium silicate
formed in the multiphase dephosphorization slag, and
further affect the change of phosphorus enrichment
degree of P2O5 containing solid solution in the multi-
phase dephosphorized slag.

RC2S�C3P ¼ 0:500B� 0:228; r2 ¼ 0:92: ½14�
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E. Consistency of the Phosphorus Enrichment
Contribution Ratio of Calcium Silicate Calculated Based
on IMCT and the Coefficient n of CnS–C3P Measured
Based on Laboratory Experiments

According to IMCT calculation results, the phospho-
rus enrichment degree of CS–C3P and C2S–C3P is
several orders of magnitude higher than the P2O5

containing solid solution formed by other phosphates
and calcium silicate. Therefore, the present work
assumes that phosphate in multiphase

dephosphorization slag mainly exists in the form of
C3P, and further estimates the coefficient n of CnS–C3P
in multiphase dephosphorization slag. Based on the
above premise, the sum of the mass fractions of CaO,
SiO2 and P2O5 in the multiphase dephosphorization slag
represents the total mass fraction of CnS–C3P formed in
the multiphase dephosphorization slag. The mass frac-
tion of CaO required to combine with P2O5 to form C3P
is calculated with Eq. [15-1], and the coefficient n of
CnS–C3P in the multiphase dephosphorization slag is

Fig. 12—Changes in phosphorus enrichment degree of CS–C3P and C2S–C3P in multiphase dephosphorization slag with (a) basicity, (b)
temperature, (c) Fe2O3 addition amount, (d) initial P content and (e) time, and (f) effect of slag basicity of selected all data from multiple process
parameters on phosphorus enrichment degree of C2S–C3P.
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roughly calculated with Eq. [15-2]. Figure 13 arranges
the estimation results of coefficient n of CnS–C3P in
multiphase dephosphorization slag under multiple pro-
cess parameters.

mC3P
CaO ¼ 3�

mSlag
P2O5

MP2O5

�MCaO; ½15� 1�

n ¼ mCaO �mC3P
CaO

MCaO
=
mSiO2

MSiO2

: ½15� 2�

It can be seen from Figure 13 that with increasing slag
basicity, the coefficient n of CnS–C3P in multiphase
dephosphorization slag increases reasonably. The
increases of Fe2O3 addition amount, the initial P content
of hot metal and time will reduce the coefficient n of
CnS–C3P in multiphase dephosphorization slag. In the
temperature range of 1300 �C to 1450 �C, the coefficient
n of CnS–C3P in multiphase dephosphorization slag

fluctuates between 1.68 and 2.17. The coefficient n of
CnS–C3P in multiphase dephosphorization slag is con-
centrated in the range of 0.8 to 2.2 under different
process parameters, which indicates that the P2O5

containing solid solutions formed in multiphase dephos-
phorization slag are mainly CS–C3P and C2S–C3P. This
result is consistent with the result calculated with IMCT
that the main P2O5 containing solid solutions in
multiphase dephosphorization slag. The slag basicity
has the most obvious influence on coefficient n of
CnS–C3P in multiphase dephosphorization slag, because
the change of slag basicity will directly affect CaO/SiO2

value in slag.
RCS and RC2S calculated with IMCT under the

different parameters are juxtaposition fitted with coef-
ficient n of CnS–C3P in multiphase dephosphorization
slag measured with experiment under the different
parameters, so as to verify the consistency of phospho-
rus enrichment capacity of calcium silicate in multiphase
dephosphorization slag. Figures 14(a) and (b) shows the

Fig. 14—Relationship between the phosphorus enrichment contribution ratios of (a) CS and (b) C2S calculated with IMCT and the coefficient n
of CnS–C3P in multiphase dephosphorization slag measured with experiment.

Fig. 13—Estimation results of coefficient n of CnS–C3P in multiphase dephosphorization slag under multiple process parameters.
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relationship between the phosphorus enrichment con-
tribution ratios of CS and C2S calculated with IMCT
and the coefficient n of CnS–C3P in multiphase dephos-
phorization slag measured with experiment. Combined
with Figures 14(a) and (b), with the coefficient n
increasing from 0.80 to 2.17, the RCS decreases linearly
from 0.71 to 0.11, while RC2S increases linearly from 0.28
to 0.86. Equations [16-1] and [16-2] regress the mathe-
matical relationship between RCS, RC2S and coefficient n
of CnS–C3P in multiphase dephosphorization slag,
respectively. The fitting coefficients of Eqs. [16-1] and
[16-2] are both as high as 0.96, which shows that they
have a good linear relationship without being affected
by process parameters.

RCS ¼ �0:4588nþ 1:0505; r2 ¼ 0:96; ½16� 1�

RC2S
¼ 0:4468n� 0:0568; r2 ¼ 0:96: ½16� 2�

The above results show that when the main P2O5

containing solid solution in the multiphase dephospho-
rization slag gradually changes from CS–C3P to
C2S–C3P, the phosphorus enrichment contribution ratio
of C2S calculated based on IMCT increases significantly,
and the phosphorus enrichment contribution ratio of CS
can be reasonably reduced. The phosphorus enrichment
capacity of calcium silicate in multiphase dephospho-
rization slag calculated by IMCT is consistent with the
variation rule of coefficient n of CnS–C3P in multiphase
dephosphorization slag measured in the experiment,
which indicates that IMCT can correctly predict the
phosphorus enrichment capacity of calcium silicate in
multiphase dephosphorization slag under different pro-
cess parameters. IMCT provides a reliable and accurate
thermodynamic method for studying the phosphorus
enrichment capacity of calcium silicate in low temper-
ature and low basicity multiphase dephosphorization
slag.

IV. CONCLUSIONS

In the present work, the phosphorus enrichment
capacity of four kinds of calcium silicate in multiphase
dephosphorization slag under different process param-
eters is studied by combining laboratory high temper-
ature experiments and IMCT. The phosphorus
enrichment contribution ratio of calcium silicate and
phosphorus enrichment degree of P2O5 containing solid
solution in multiphase dephosphorization slag under
different slag basicities, temperatures, Fe2O3 addition
amounts, initial P contents of hot metal and reaction
times are clarified. The consistency of the phosphorus
enrichment capacity of calcium silicate in multiphase
dephosphorization slag based on laboratory measure-
ment and IMCT thermodynamic calculation is verified.
The following conclusions are obtained:

(1) Dephosphorization ratio is enhanced by increasing
the slag basicity, Fe2O3 addition amount and
dephosphorization time. With increasing tempera-

ture and initial P content of hot metal, dephospho-
rization ratio increases first and then decreases.
Among the five process parameters that affect the
dephosphorization of hot metal, the Fe2O3 addition
amount has the most obvious effect on the dephos-
phorization ratio of hot metal, while the initial P
content of hot metal has the smallest effect on the
dephosphorization ratio of hot metal.

(2) The mass action concentration of simple compo-
nents in multiphase dephosphorization slag, such as
CaO and SiO2, and complex components, such as
C2S and C3P, can change regularly with the change
of process parameters. The mass action concentra-
tion of FeO in multiphase dephosphorization slag is
exponential positive correlation with its mass frac-
tion, and the relationship between them is not af-
fected by process parameters. Increasing the content
of basic oxides can improve the reaction capacity of
O2� in multiphase dephosphorization slag under
different process parameters.

(3) The phosphorus enrichment contribution ratio of
CS and C2S in multiphase dephosphorization slag
exceeds 95 pct. The phosphorus enrichment contri-
bution ratio of C2S is negatively related to temper-
ature, Fe2O3 addition amount, initial P content of
hot metal and time in varying degrees, and positively
related to the slag basicity. The change rule of
phosphorus enrichment contribution ratio of CS is
opposite to that of C2S. The change of process
parameters can significantly affect the phosphorus
enrichment contribution ratio of CS, C2S and C3S
by comparing the correlation coefficient d.

(4) Within the research range of respective process
parameters, the transformation nodes of the phos-
phorus enrichment degree of CS–C3P and C2S–C3P
in multiphase dephosphorization slag are as follows:
the slag basicity is 1.45, the Fe2O3 addition amount
is 19.55 g, the initial P content of hot metal is 0.182
pct and the reaction time is 8.46 minutes. In the
temperature range of 1300 �C to 1450 �C, the
phosphorus enrichment degree of C2S–C3P is always
higher than that of CS–C3P, which is caused by the
higher slag basicity.

(5) The phosphorus enrichment capacity of calcium
silicate in multiphase dephosphorization slag calcu-
lated by IMCT is consistent with the variation rule
of coefficient n of CnS–C3P in multiphase dephos-
phorization slag measured in the experiment, which
indicates that IMCT can correctly predict the
phosphorus enrichment capacity of calcium silicate
in multiphase dephosphorization slag under differ-
ent process parameters.
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