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Abstract
Themodification of basic oxygen furnace (BOF) slag by adding silica can improve
the properties of BOF slag for applications in the cement industry. The rapid dis-
solution of silica is essential to hot slag modification. In this work, the dissolu-
tion behavior of silica in themoltenCaO–SiO2–Fe2O3–MgO–MnO systemas syn-
thetic BOF slag was investigated by using the traditional rotating cylinder tech-
nique. Effects of rotation speed, temperature, immersion time, and slag basicity
on the silica dissolution were studied. Scanning electron microscopy equipped
with energy dispersive spectrometer (SEM-EDS) and FactSage simulations were
employed to reveal the dissolution mechanism. It was found that the dissolu-
tion of the silica rod was affected by both the thermodynamic driving force and
the slag viscosity. The silica dissolution rate in molten CaO–SiO2–Fe2O3–MgO–
MnO slag increased with increasing the rotation speed and temperature, but first
increased and then decreased when decreasing the slag basicity from 2.5 to 1.5.
A linear correlation between the logarithm of the dissolution rate and the loga-
rithm of cylinder periphery velocity with a slope of 0.44 was observed, indicating
the mass transfer within the boundary layer as the dissolution rate determining
step. A direct dissolutionwaywas found during the dissolution of silica inmolten
CaO–SiO2–Fe2O3–MgO–MnO slag.
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1 INTRODUCTION

A significant amount of basic oxygen furnace (BOF) slag
is generated in the converter steelmaking process.1 The
BOF slag is a kind of multi-component solid waste, the
main mineralogical phases of which are dicalcium silicate
(Ca2SiO4), tricalcium silicate (Ca3SiO5), phosphorus-
containing solid solution (nCa2SiO4–Ca3(PO4)2), RO
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phase (R = Mg2+, Mn2+, Fe2+, Ca2+), dicalcium ferrite
(2CaO⋅Fe2O3), and merwinite (3CaO⋅MgO⋅2SiO2), etc.2,3
The massive accumulation of BOF slag causes serious
environmental pollution, such as farmland alkalization,
dust pollution, and the leaching of heavy metals.2–5 Thus,
the utilization of the BOF slag is not only beneficial to
conserve metal resources but also to protect the envi-
ronment. At present, the BOF slag is mainly proposed
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for metal recovery by magnetic separation and using as
raw material in the cement industry.1,4,5 However, the
utilization of the BOF slag in the cement industry is
still limited by the poor soundness of steel slag cements.
The poor soundness is generated by the hydration of the
free-CaO/MgO phase in the BOF slag. It is reported that
the hydration of free-CaO/MgO is accompanied by 10%
volume expansion.5–7 Chemical modification has been
confirmed to be an effective technique to improve the
utilization of the BOF slag.8–14 The basicity, viscosity,
mineralogical composition, and crystallization behavior of
the molten BOF slag can be modified by various additives
such as SiO2,8–10 Al2O3,9–11 and MgO.12 For instance, the
SiO2 addition can effectively stabilize the free-CaO/MgO
and improve the formation of belite (Ca2SiO4) phase.
Hot slag online modification technology in the industrial
tests has also achieved positive results,13,14 which would
assist to construct a “zero-waste” industrial chain of met-
allurgical slags and silicate products. Rapid dissolution of
the additives is essential to the hot slag online modifica-
tion technology. Consequently, studying the dissolution
behavior of additives in the molten BOF slag is of great
significance.
Many investigations were carried out on the dissolu-

tion mechanism of Al2O3
15–23 andMgO23–28 by using a tra-

ditional rotating cylinder/disc technique or a new high-
temperature confocal scanning laser microscopy (HT-
CSLM) technique. Fewerworkswere conducted on the dis-
solution kineticsmechanism of SiO2.29–34 Cooper et al.29,30
studied the dissolution of fused silica in 20 wt.% Al2O3–
40 wt.% CaO–40 wt.% SiO2 slag and revealed that the dis-
solution rate was controlled by the transport in the molten
silicate. Feichtinger et al.31 in situ observed the dissolu-
tion of amorphous SiO2 particles in the CaO–Al2O3–SiO2
slag. A modified kinetic model instead of the well-known
shrinking coremodel (SCM)was proposed,which revealed
that the dissolution of SiO2 particle was strongly affected
by the slag viscosity. By using the rotating cylindermethod,
Yu et al.32 investigated the dissolution kinetics of SiO2 into
theCaO–Fe2O3–SiO2 slag. They concluded that the driving
force of SiO2 dissolution during the sintering process was
the concentration difference between the boundary layer
and the slag. As for molten blast furnace slag (CaO–SiO2–
MgO–Al2O3 system), Tian et al.33 considered that the dis-
solution rate of SiO2 was controlled by diffusion. Recently,
the dissolution kinetics of SiO2 in the photovoltaic cutting
waste slag systemwas studied by Zhang et al.,34 who found
that the SiO2 dissolution was also controlled by diffusion.
To the best knowledge of the present authors, despite the
importance of silica dissolution in BOF slag, no relevant
report is found in the literature.
In this work, the dissolution behavior of silica in the

molten synthetic BOF slag (CaO–SiO2–20 wt.% Fe2O3–
8 wt.% MgO–5 wt.% MnO system) was investigated. The

traditional rotating cylinder technique with advantages of
well-defined boundary conditions was employed, consid-
ering the HT-CSLM technique might be not suitable for
the observation of the FetO-containing slag because of the
opaque character.35,36 The effects of rotation speed, rota-
tion time, temperature, and slag basicity on the silica dis-
solution rate were studied. Combining with the FactSage
simulations,37 the dissolution mechanism and the rate-
determining step of silica in themolten CaO–SiO2–Fe2O3–
MgO–MnO slag were elucidated.

2 EXPERIMENTAL PROCEDURES

2.1 Rawmaterials

The pre-dried analytical chemical agents of CaCO3, SiO2,
MgO, MnO, and Fe2O3 were employed as raw materials
for the preparation of synthetic BOF slags. CaCO3 was cal-
cined in a muffle furnace for 6 h at 1273 K to provide high-
purity CaO. Three different BOF slag compositions with
basicity of 2.5, 2.0, and 1.5 were prepared by mixing the
reagents in a mortar. The chemical compositions of syn-
thetic BOF slag samples are listed in Table 1. High purity
(99.9%) fused silica rods in the cylinder shape (diameter:
8×10−3 m, length: 0.9 m) were used in dissolution experi-
ments.

2.2 Dissolution experiments

The silica dissolution in CaO–SiO2–Fe2O3–MgO–MnO
slagswas carried out by using the traditional rotating cylin-
der technique. The schematic diagram of the experimen-
tal equipment is shown in Figure 1, which is composed of
a molybdenum silicide resistance furnace and a rotating
device. The equipment needs to be calibrated before each
experiment to ensure that the rotating device was in a hori-
zontal position and the silica rod was aligned with the cen-
ter of the crucible. One hundred forty gram slagwas loaded
into an MgO crucible (inner diameter: 40×10−3 m, height:
100×10−3 m), and heated to the desired temperature under
high-purity (> 99.9%) argon atmosphere. After melted for
30 min to homogenize the composition, silica rods were
immersed into the molten CaO–SiO2–Fe2O3–MgO–MnO
slag with an approximated depth of (20±5)×10−3 m, and
the rotating device was switched on immediately. Effect of
different rotation speeds (0, 50, 100, and 150 rpm) on the
silica dissolution in the Slag 1 (R = 2.5) was first studied at
1873 K. The influence of temperature (1873, 1823, and 1773
K) on the silica dissolution was carried out on Slag 1 with a
rotation speed of 100 rpm. The dissolution of silica in three
different basicity slag samples (R = 2.5, 2.0, and 1.5) was
also compared at 1873 K with a rotation speed of 100 rpm.
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TABLE 1 The chemical composition of slag samples before and after dissolution (wt.%)

Slag sample CaO SiO2 Fe2O3 MgO MnO
Binary
basicity

Liquidus
temperature (K)

1 Before 47.86 19.14 20 8 5 2.5 2113.96
After 48.7 27.3 13.6 6.32 3.41 1.78 2035.11

2 Before 44.67 22.33 20 8 5 2.0 1963.80
After 43.3 27.0 16.6 8.25 3.99 1.60 1890.51

3 Before 40.20 26.80 20 8 5 1.5 1775.52
After 37.4 30.3 16.3 11.2 3.97 1.23 1722.17

F IGURE 1 The schematic diagram of experimental equipment

The rotation time of the silica rods in each experiment was
60, 120, 300, and 450 s.
After dissolution, the silica rods were withdrawn from

the furnace and cooled in air. The diameter of silica rods
was measured by a vernier caliper (accuracy: ±0.02 mm)
after removing the slag layer. It should be mentioned that
a tip of silica rod can be found after dissolution in some
cases, due to the different dissolution boundary conditions
of bottom. The fine tip of silica rodsmight be brokenduring
the air-cooling condition with a high cooling rate. Figure 2
shows a typical picture of silica rods dissolved in a molten
slag (R = 2.5) at 1873 K with a rotation speed of 50 rpm.
Thus, the size measurement was not carried out on the tip

(about 5mm length) of SiO2 rods. The diameter of the silica
rod was measured by every 2 mm, and the standard devi-
ation of the measured data was calculated to be less than
0.40mm. The final slag samples were alsowithdrawn from
the furnace and quenched in water. Silica rods with a thin
slag layer were embedded into resin to observe the inter-
face. After sanding, polishing, and gold-plating, the inter-
faces between slag and rods were observed on an FEIMLA
250 scanning electron microscopy (SEM) equipped with a
Bruker energy dispersive spectrometer (EDS). The chem-
ical compositions of final slag samples were analyzed by
X-ray fluorescence (XRF, model: Rigaku TTR III, Japan)
and listed in Table 1. XRF results indicate that the chemical
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F IGURE 2 The picture of silica rods dissolved in a molten slag
(R = 2.5) at 1873 K and 50 rpm

compositions of slag samples weremodified after the silica
dissolution, especially the slag sample with high basicity.
It was also found that the MgO crucible was corroded by
molten low-basicity slag during dissolution. TheMgO con-
tent in Slag 3 (R = 1.5) was increased by 3.2%. The valency
of Fe in quenched slag samples were detected by chemi-
cal analysis according to the National Standard of People’s
Republic of China, GB/T 6730.5-2007 and GB/T 6730.8-
2016.3

2.3 FactSage simulations

The CaO–SiO2–Fe2O3–MgO–MnO slag with high basicity
could be in a heterogeneous state with the coexistence of
liquid and solid particles. Besides, the composition of the
molten slagwould be slightlymodified during the SiO2 dis-
solution process, which further affects the phase composi-
tion and viscosity of slag. Therefore, it is essential to under-
stand the phase composition of slags during dissolution. In
addition, the viscosity of slags can have a large influence
on the dissolution behavior if the dissolution is controlled
by the mass transfer. The FactSage thermodynamic calcu-
lation software (version 7.2, Thermfact, Montreal, Canada
and GTT-Technologies, Aachen, Germany) was employed
to simulate the phase equilibrium, the viscosity, and the
liquidus temperature of slag.37
First, the mass of dissolved SiO2 (mSiO2) into slag was

calculated by the following equation based on the mea-
surement results of diameter:

𝑚SiO2
= 𝜌SiO2 ⋅ Δ𝑉 =

𝜋

4
⋅ 𝜌SiO2 ⋅ ℎ ⋅ (𝑑0

2
− 𝑑𝑡

2
), (1)

where ρSiO2 (g⋅cm−3) is the silica density,
ρSiO2 = 2.65 g⋅cm−3,38 h is the immersion depth of
silica rod, h = 20×10−3 m, d0 and dt are the initial
diameter of the silica rod and the diameter at time t,

F IGURE 3 The ratio of Fe3+ to (Fe2++Fe3+) for slags with
different basicity

respectively, d0 = 8×10−3 m, dt is the measurement
results of diameter. The chemical compositions of the
modified slag can be determined. The Equilib module
was then employed to simulate the phase equilibrium
of the modified slag by using the FToxide database. The
volume fraction of the solid phase, liquid composition of
slag, and the activity of SiO2 in the liquid phase can be
determined from the calculation results. The liquid-phase
viscosity was further calculated by the viscosity module
according to the liquid-phase compositions. Finally, these
calculated liquid-viscosity values and volume fractions of
solid phases were used to estimate the apparent viscosity
(η) of heterogeneous slag through the Einstein–Roscoe
equation39 as follows:

𝜂 = 𝜂0 ⋅ (1 − 𝑎𝑓)
−𝑛, (2)

where η0 is the viscosity of the liquid phase; f is the vol-
ume fraction of solid particles in the melt; a and n are
constants. Here, a and n were determined to be 1.35 and
2.5 respectively by assuming that the solid particles are
spherical particles of uniform size.39 The activity of SiO2 in
the liquid phase was used to calculate the chemical poten-
tial of SiO2 dissolution. The liquidus temperature of initial
and final slags were calculated by FactSage and listed in
Table 1. The phase relations between slags and SiO2 were
also determined by the Equilib module.

3 RESULTS

3.1 Valency analysis of Fe

The ratio of Fe3+ to (Fe2++Fe3+) for slags with differ-
ent basicity is presented in Figure 3. It is found that
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F IGURE 4 Effect of rotation speed on the dissolution rate of
silica rod

trivalent iron mainly existed in the samples. The valency
of Fe in slag is dependent on the slag composition and
oxygen pressure.40 In this work, Fe2O3 was used as
raw material and melted in a high-purity argon atmo-
sphere to prepare the samples. However, the gas-tight
condition cannot be maintained during the dissolution
process. Although the high-purity argon was continu-
ously supplied, the divalent iron can be oxidized to triva-
lent iron when the oxygen pressure increased. There-
fore, trivalent iron mainly existed in the samples. Fe2O3
was used as a component for the subsequent FactSage
simulation.

3.2 Effect of rotation speed

Figure 4 shows the radius decrease of the silica rod as
a function of time at different rotation speeds. For com-
parison, the dissolution behavior of the silica rod in the
molten slag was also studied under stagnant conditions.
As can be seen, the radius of the silica rod decreases con-
tinuously with increasing immersion time. Under the con-
dition of the mechanical rotation, the dissolution of sil-
ica rod was significantly enhanced and the dissolution rate
increasedwith the increase of the rotation speed.When the
rotation speed reached 150 rpm, the silica rod was almost
completely dissolved in the molten slag at 450 s. Con-
sidering the possible formation of the Taylor vortices,41,42
the data under rotating conditions were linearly fitted by
lines with intercepts. The correlation factors (r2) of the fit-
ting lines are in the range of 0.9839–0.9980. It also can
be seen that the intercepts for lines of dissolution data
are nearly constant, indicating the situations for Taylor
vortices are similar for all rotation speeds. The present

F IGURE 5 Effect of temperature on the dissolution rate of
silica rod

results indicate that forced convection can promote the
dissolution of silica compared with natural convection
conditions.

3.3 Effect of temperature

Figure 5 presents the radius decrease of the silica rod at
different temperatures. As can be seen, the dissolution
becomes slower with decreasing temperature. The disso-
lution rate of the silica rod at 1773 K was far below that of
1823 and 1873 K. It can be inferred that temperature is a
critical factor affecting the dissolution rate of the silica rod.
The dissolution rate of the silica rod would be suppressed
at low temperatures.

3.4 Effect of slag basicity

The effect of slag basicity on the dissolution rate of sil-
ica rod is presented in Figure 6. It should be mentioned
that the data of slag basicity of 2.0 at 450 s are unavail-
able in the figure, since two repeated experiments showed
that the silica rods were dissolved completely. As seen in
Figure 6, the dissolution rate of silica rod first slightly
increased and then decreased with decreasing slag basicity
from 2.5 to 1.5.

3.5 The interface between silica rod and
molten slag

The backscattered electron images of the interface between
SiO2 rod and molten slag, and line composition scanning
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F IGURE 6 Effect of slag basicity on the dissolution rate of
silica rod

results by the EDS are presented in Figure 7. The dark
gray area is confirmed to be silica rod, and the light gray is
molten slag. A distinct interface can be found between the
silica rod and the molten slag. The line composition analy-
ses across the interface display that no intermediate phases
were detected at the interface. It indicates that the silica rod
directly dissolved in the molten CaO–SiO2–Fe2O3–MgO–
MnO slag without any intermediate phases on the bound-
ary layer.

3.6 FactSage simulation

Table 1 shows that the initial slags have high liquidus tem-
peratures, but decrease with the modification of dissolved
SiO2. Table 2 summarizes the FactSage simulation results
of phase compositions at equilibrium, liquid viscosity η0,
and apparent viscosity η. It can be found that the slag sam-
ple with basicity of 2.5 is a heterogeneous melt at 1873 K,
containing about 11 wt.% CaSiO4 and 4 wt. % MgO crys-
tals. As the immersion time increasing, the liquid mass
percentage of slag increases while the solid phase percent-
age decreases, leading to the apparent viscosity of the slag
decreases slightly. The mass percentage of the Ca2SiO4
phase is significantly enhanced at 1823 and 1773 K. The
apparent viscosity of the slag calculated by the equation
increases sharply from 0.04 to 0.79 Pa⋅s as temperature
decreases from 1873 to 1773 K. The mass percentages of
solid phases in slag are reduced by decreasing slag basic-
ity, and the slag transforms from a heterogeneous melt to
a homogeneous melt. The slag sample with basicity of 2.0
has the lowest apparent viscosity among the three basici-
ties.

4 DISCUSSION

The traditional rotating cylinder technique was employed
to study the silica rod dissolution in this work. It is
reported that the Taylor vortices probably exist in the cylin-
drical outer vessel filled with liquid stirred by a rotat-
ing cylinder.41,42 The formation of Taylor vortices can be
described by the Taylor number (Ta). A Taylor number
less than 41.3 indicates a laminar Couette flow, while
41.3 < Ta < 400 corresponds to laminar flow with Taylor
vortices. Further increase of Ta leads to turbulent flow.42
The Taylor number can be calculated by the following
equation:

Ta =
𝑈𝑙

𝑣
⋅

√
𝑙

𝑟
, (3)

whereU is the peripheral velocity of the inner cylinder that
can be calculated by

𝑈 =
𝜋𝑚𝑑

60
. (4)

l represents the gap width between the outer and the inner
cylinder; ν is the kinematic viscosity of liquid defined as
the ratio of the viscosity (η) to the density (ρ) of fluid,
ν= η/ρ; r denotes the radius of the inner cylinder.m refers
to the revolution numbers of the cylinder per minute,
and d (cm) represents the mean diameter of the cylinder.
Due to the CaO–SiO2–Fe2O3–MgO–MnO slag was a solid-
containing melt at 1873 K, the Einstein–Roscoe equation
was employed to calculate the apparent viscosity (η).39 The
density of fluid was estimated to be 3.23 g⋅cm−3 according
to the work of Mills and Keene.43 The calculated Taylor
number is in the range of 44.9–65.5 as the rotation speed is
50 rpm, which demonstrates the possible existence of Tay-
lor vortices during the dissolution process.
The dissolution rate,V (−dr/dt, cm⋅s−1) of silica rods can

be correlated to the periphery velocityU (cm⋅s−1),15,16,20 as
follows:

𝑉 = 𝑏 ⋅ 𝑈𝑠. (5)

where b is a constant in the equation. The exponent s is
typically in the range of 0.5–0.8 as for a dissolution behav-
ior controlled bymass transfer.15,16,18,20 The linear relation-
ship between logV and logU is shown in Figure 8, where
the slope of the fitting line stands for the value of s. In this
work, s was found to be 0.4456 that is close to the reported
values between 0.5 and 0.8. Consequently, the dissolution
of the silica rodwas considered to be controlled by themass
transfer within the boundary layer.
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F IGURE 7 SEM images and line composition analyses of the interface between silica rod and molten slag (A) R = 2.5, T = 1773 K, t = 60
s, 100 rpm; (B) R = 2.5, T = 1773 K, t = 120 s, 100 rpm; (C) R = 2.5, T = 1773 K, t = 300 s, 100 rpm; (D) R = 2.5, T = 1773 K, t = 450 s, 100 rpm; (E)
R = 1.5, T = 1873 K, t = 300 s, 100 rpm; (F) R = 2.0, T = 1873 K, t = 300 s, 100 rpm

During the dissolution process, themass transfer of SiO2
at the interface obeys the following equation:

𝐽SiO2=𝑘 ⋅ (𝐶𝑠 𝑆𝑖𝑂2
− 𝐶𝑛 𝑆𝑖𝑂2

), (6)

where JSiO2 (kg⋅m−2⋅s−1) refers to the mass transfer flux of
SiO2 in the slag, k (cm⋅s−1) is the mass transfer coefficient,
Cs SiO2−CnSiO2 is the thermodynamic driving force for sil-
ica dissolution. Cs SiO2 and Cn SiO2 are the concentrations
of SiO2 in g⋅cm−3 at the solid–liquid interface and in the
bulk slag, respectively. The mass balance of SiO2 can be

F IGURE 8 The linear fitting relationship between logV and
logU

expressed by the following equation:

𝜌SiO2 ⋅ 𝐴 ⋅ (−𝑑𝑟∕𝑑𝑡) = 𝐴 ⋅ 𝐽SiO2 , (7)

where ρSiO2 (g⋅cm−3) is the density of the silica rod,
A (cm2) refers to the surface area between solid and
liquid. Thus, the dissolution rate equation of SiO2 can
be obtained by combining Equations ( (6) and (7), as
follows:

𝑉 = −𝑑𝑟∕𝑑𝑡 = 𝑘 ⋅

(
𝜌slag

100 ⋅ 𝜌SiO2

)
⋅ Δ(%𝑆𝑖𝑂2), (8)

where Δ(%SiO2) = (%SiO2)s−(%SiO2)n also represents the
thermodynamic driving force of silica dissolution. The
(%SiO2)s and (%SiO2)n represent the mass percentage of
SiO2 at the solid–liquid interface and in the slag, respec-
tively. The former one can be determined as the saturated
concentration of SiO2 in the slag. The FactSage calcula-
tion results indicate the saturated concentration of SiO2 is
66.965% in 1873 K, 64.815% in 1823 K, and 62.952% in 1773
K, respectively. Therefore, the mass transfer coefficient k
can be calculated by the following equation which is trans-
formed from Equation ( (8):

𝑘 =
𝑉(

𝜌slag

100⋅𝜌SiO2

)
⋅ Δ(%𝑆𝑖𝑂2)

. (9)

The calculation results are summarized in Table 3.
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TABLE 2 The calculation results based on the FactSage simulations

Phase compositions at equilibrium (mass%)Experimental
conditions Time (s) Liquid Ca2SiO4 MgO η0(Pa⋅s) η(Pa⋅s)
R = 2.5, T = 1873
K,0 rpm

0 84.61 11.14 4.26 0.0295 0.0529
60 85.39 10.46 4.15 0.0299 0.0519
120 86.13 9.82 4.05 0.0303 0.0509
300 88.21 8.01 3.78 0.0313 0.0483
450 89.73 6.68 3.59 0.0320 0.0464

R = 2.5, T = 1873
K,50 rpm

60 86.98 9.08 3.94 0.0307 0.0498
120 88.33 7.91 3.77 0.0313 0.0481
300 90.60 5.92 3.47 0.0324 0.0454
450 92.19 4.54 3.27 0.0330 0.0436

R = 2.5, T = 1873
K,100 rpm

60 87.02 9.04 3.93 0.0307 0.0497
120 88.31 7.92 3.77 0.0313 0.0481
300 91.16 5.44 3.40 0.0326 0.0448
450 93.11 3.73 3.15 0.0334 0.0428

R = 2.5, T = 1873
K,150 rpm

60 87.99 8.20 3.81 0.0312 0.0485
120 88.44 7.81 3.75 0.0314 0.0480
300 92.65 4.14 3.21 0.0332 0.0431
450 93.55 3.35 3.10 0.0336 0.0422

R = 2.5, T = 1823
K,100 rpm

60 50.67 43.67 5.65 0.0214 0.3314
120 52.15 42.31 5.54 0.0224 0.2998
300 62.76 32.38 4.86 0.0288 0.1649
450 66.33 29.06 4.61 0.0308 0.1401

R = 2.5, T = 1773
K,100 rpm

60 42.87 50.77 6.45 0.0195 0.7800
120 42.80 50.89 6.31 0.0196 0.7914
300 42.87 50.96 6.17 0.0200 0.7996
450 43.10 50.81 6.09 0.0204 0.7882

R = 2.0, T = 1873
K,100 rpm

60 99.04 – 0.96 0.0370 0.0382
120 99.14 – 0.86 0.0371 0.0382
300 99.78 – 0.22 0.0380 0.0382

R = 1.5, T = 1873
K,100 rpm

60 100 – – 0.0436 0.0436
120 100 – – 0.0438 0.0438
300 100 – – 0.0447 0.0447
450 100 – – 0.0455 0.0455

TABLE 3 The calculated mass transfer coefficient and chemical potential differences of SiO2

Experimental
conditions

V
(cm⋅s−1)

ρ(slag)
(g⋅cm−3)

ρ(SiO2)
(g⋅cm−3) Δ(%SiO2) a(SiO2)

Δμ(SiO2)
(J⋅mol−1)

k
(cm⋅s−1)

R = 2.5, 100 rpm,
T = 1873 K

0.000605 3.23 2.65 47.825% 8.78×10−5 145441.9 0.1038

R = 2.5, 100 rpm,
T = 1823 K

0.000519 3.23 2.65 45.675% 1.01×10−4 139403.0 0.0932

R = 2.5, 100 rpm,
T = 1773 K

0.000263 3.23 2.65 43.812% 8.42×10−5 138298.8 0.0493

R = 2.0, 100 rpm,
T = 1873 K

0.000629 3.23 2.65 44.513% 5.02×10−4 118295.1 0.1159

R = 1.5, 100 rpm,
T = 1873 K

0.000516 3.23 2.65 39.845% 7.72×10−3 75736.2 0.1063
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If the dissolution is controlled by the mass transfer,
the well-known Levich equation reveals the relationship
between the mass transfer coefficient k and the diffusion
coefficient D, the kinematic viscosity of slag ν, and the
angular velocity of silica rod ω:44

𝑘 = 0.62 ⋅ 𝐷2∕3 ⋅ 𝜈−1∕6 ⋅ 𝜔1∕2, (10)

ω is related to the periphery velocityU by ω= 2U/d, where
d represents the cylinder diameter. Since k and ω are pro-
portional to V and U, respectively, the exponent s in Equa-
tion ( (5) should be equal to 1/2 according to the Levich
equation. The calculated s value of 0.4456 in this work is
close to 0.5, indicating the mass transfer in the boundary
layer as the rate-controlling step.
Figure 5 displays that the dissolution rate of silica rod

decreased with the decreasing temperature. According
to Equation ( (8), the dissolution of the silica rod is not only
related to the mass transfer but also the thermodynamic
driving force (Δ(%SiO2)). The calculation results in Table 3
display that the thermodynamic driving force of silica dis-
solution decreases slightly from47.825% to 43.812%, and the
mass transfer coefficient of SiO2 decreases from 0.1038 to
0.0493 cm⋅s−1 as decreasing temperature. The mass trans-
fer coefficient of SiO2 is proportional to −1/6 power of the
apparent viscosity of slag according to the Levich equation.
The calculated apparent viscosity of slag shown in Table 2
increases sharply with decreasing the temperature from
1873 to 1773 K. Thus, it can be inferred that the mass trans-
fer coefficient of SiO2 would be decreased, which is consis-
tent with the present experimental data. Accordingly, the
dissolution of silica will be suppressed by decreasing the
temperature.
As shown in Figure 6, the dissolution rate of the sil-

ica rod first increases then decreases with decreasing slag
basicity from 2.5 to 1.5. The SiO2 concentration differences
listed in Table 3 decrease monotonously from 47.825% to
39.845%,while the activity of SiO2 increases from8.78×10−5
to 7.72×10−3 when decreasing the slag basicity. The chem-
ical potential difference of SiO2 between interface and the
bulk slag can also be employed to represent the thermody-
namic driving force and further calculated by the following
equation:45

Δ𝜇=𝑅𝑇 ln 𝑎(SiO2 interface) − 𝑅𝑇 ln 𝑎(SiO2 slag), (11)

where R is the gas constant, 8.314 J⋅K−1⋅mol−1; T is the
dissolution temperature in Kelvin; a (SiO2 interface) and
a (SiO2 slag) are the activity of SiO2 at the interface and
in the slag, respectively, the former one is considered to be
1 due to the saturated concentration of SiO2. The calcula-
tion results in Table 3 indicate that the chemical potential
differences of SiO2 are decreased continually with decreas-

ing the basicity. Accordingly, the trend of the dissolution
rate is inconsistent with that of thermodynamic driving
force. According to Equation ( (8), another factor affect-
ing the dissolution rate is the mass transfer coefficient that
is further related to the apparent viscosity of slag in the
Levich equation. As shown in Table 2, the apparent vis-
cosity of slag at 1873 K first decreases and then increases
with decreasing basicity. According to the Levich equa-
tion, the mass transfer should be first enhanced and then
suppressed as basicity decreases. The experimental results
show that the dissolution rate of silica rod in Slag 2 with
basicity of 2.0 was higher than that of slag with basicity
of 1.5 and 2.5, indicating that the apparent viscosity of the
slag is dominant compared with thermodynamic driving
force. Feichtinger et al.31 also concluded that the viscos-
ity of the slag is the major factor affecting both dissolution
rate and mechanism of SiO2. Summering the above anal-
ysis, we can conclude that the dissolution of the silica rod
is predominantly affected by the apparent viscosity of the
slag.
Figure 7 shows that the silica rod directly dissolved in

themoltenCaO–SiO2–Fe2O3–MgO–MnO slagwithout any
intermediate phases at the boundary layer. The dissolution
of silica in various slag has been mostly in the direct solu-
tion manner, for example, the CaO–Al2O3–SiO2,31 CaO–
Fe2O3–SiO2 ternary slag system,32 CaO–SiO2–MgO–Al2O3
quaternary slag system,33 and FeO–SiO2–V2O3–CaO–
MnO–Cr2O3–TiO2 multiple slag system.34 The present
result is consistent with the previous work.31–34 This can
be attributed to the missing of intermediate compounds
on the join of the SiO2–slag at the temperature interval
between 1773 and 1873 K.46 Furthermore, the phase rela-
tions between slag and SiO2 were determined by FactSage
simulation, as shown in Figure 9. The starting point is the
phase composition of initial slags at the equilibrium state
and the ending point is pure silica. It shows that no new
phase is formed as the SiO2 content increases. Therefore,
no intermediate phases are formed during the silica rod
dissolution process.
Table 4 summarizes the dissolution rate of some oxides

in different slag systems. The dissolution rate of fused silica
in the molten BOF slag in the present work is in the range
of 2.63–7.81×10−4 cm⋅s−1, which is close to the previous
works.31,33,34 By comparison, the dissolution rate of Al2O3
andMgO is varied from 3.22×10−6∼1.025×10−4 cm⋅s−1 and
5.8×10−6∼1.2×10−5 cm⋅s−1, respectively.15,20,21,27,28 It can be
seen that the dissolution rate of SiO2 is higher than that of
Al2O3 and MgO.
The rapid dissolution of silica is essential to the hot slag

onlinemodification technology. As listed in Table 1, the liq-
uidus temperature of slag decreases with the increase of
the SiO2 content, resulting in increasing the liquid phase
content. The formation of the liquid phase is beneficial to
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F IGURE 9 The phase relations between slags and SiO2 (A) Sample 1 (R = 2.5); (B) Sample 2 (R = 2.0); (C) Sample 3 (R = 1.5)

TABLE 4 The dissolution rate of additives in different slag systems

Additives Dissolution conditions Method
Dissolution rate
(cm⋅s−1) Reference

Al2O3 CaO–Al2O3–SiO2 slag, 1773∼1853 K,
100∼600 rpm

Rotating cylinder 3.22∼30.4×10−6 15

Al2O3 CaO–Al2O3–SiO2–CaF2 slag, 1823 K,
200 rpm

Rotating cylinder 1.97∼5.07×10−5 15

Al2O3 CaO–SiO2–MgO–Al2O3–Na2O slag,
1823 K, 100∼200 rpm

Rotating cylinder 7.98∼10.25×10−5 20

Al2O3 CaO–Al2O3–CaF2 slag, 1823 K,
50∼200 rpm

Rotating cylinder 2.58∼5.85×10−5 21

MgO CaO–SiO2–FeOx–MgO slag,
1773∼1803 K, 800 rpm

Rotating cylinder 1.1∼1.2×10−5 27

MgO CaO–SiO2–FeOx–MgO–Al2O3 slag,
1773∼1803 K, 800 rpm

Rotating cylinder 0.58∼1.2×10−5 27

Fused silica CaO–SiO2–Fe2O3–MgO–MnO slag,
1773∼1873 K, 50∼150 rpm

Rotating cylinder 2.63∼7.81×10−4 This work

improving the mass transfer conditions, thereby increas-
ing the dissolution rate of silica. However, it is undoubt-
edly that the temperature of the molten BOF slag could
be decreased as loading the additives. The decreasing tem-
perature would suppress the dissolution rate of silica. The
addition of silica should be optimized to achieve better
kinetic conditions for silica dissolution.

5 CONCLUSIONS

The dissolution behavior of silica in molten CaO–SiO2–
20wt.% Fe2O3–8wt. %MgO–5wt. %MnOas synthetic BOF
slag system was investigated by using the traditional rotat-
ing cylinder technique in this work. The following conclu-
sions can be obtained.
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1. Increasing the rotation speed promotes the mass trans-
fer of SiO2 and increasing the dissolution rate. Themass
transfer within the boundary layer was considered to be
the rate-determining step of dissolution.

2. The dissolution of silica rod was affected by both the
thermodynamic driving force of SiO2 dissolution and
the slag viscosity. The decreasing temperature would
suppress the dissolution rate of the silica rod. The dis-
solution rate of the silica rod first increased and then
decreased when decreasing the slag basicity from 2.5 to
1.5.

3. The fused silica rod was dissolved directly into the
molten slag without any intermediate phases.
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