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Abstract: The addition of silica to steelmaking slags to decrease the binary basicity can promote phosphate enrichment in quenched slag
samples. In this study, we experimentally investigated phosphate enrichment behavior in CaO-SiO,—FeO—Fe,05;—P,05 slags with a P,Os
content of 5.00% and the binary basicity B ranging from 1.0 to 2.0, where the (%Fe0)/(%Ca0O) mass percentage ratio was maintained at
0.955. The experimental results are explained by the defined enrichment degree RCZS_CSP of solid solution 2Ca0O-Si0,-3Ca0O-P,05
(C,S-C5P), where RCZS_CSP is a component of the developed ion and molecule coexistence theory (IMCT)—N; model for calculating the
mass action concentrations N; of structural units in the slags on the basis of the IMCT. The asymmetrically inverse V-shaped relation be-
tween phosphate enrichment and binary basicity B was observed to be correlated in the slags under applied two-stage cooling conditions. The
maximum content of P,Os in the C,S—C;P solid solution reached approximately 30.0% when the binary basicity B was controlled at 1.3.
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1. Introduction

High dephosphorization ability and a reasonable melting
point are the basic and indispensable properties of traditional
steelmaking slags. However, the enriched phosphate in
steelmaking slags can adversely affect the recyclability in
traditional metallurgical processes because of the limited re-
fining ability. To dispose and reutilize accumulated steel-
making slags in an environmentally friendly manner, vari-
ous techniques such as floatation [1], carbon reduction [2],
and silicon reduction [3] for extracting phosphate from tra-
ditional steelmaking slags have been developed; however,
none of these approaches has achieved the objective of si-
multaneously recycling the slags and reusing phosphate.

The principle of selective enrichment and phase separa-
tion [4-6], which has been applied to dispose slags with
minimal boron [4], vanadium [5], and titanium [6] contents,
can also be applied to extract phosphate from steelmaking
slags. The selective enrichment and phase separation of
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phosphate in steelmaking slags [7] involve cooling molten
slags with an optimized chemical composition under rea-
sonable cooling conditions to promote the growth of phos-
phate-enriched grains. These grains can be obtained through
phase separation based on differences between the physico-
chemical properties of the phosphate-enriched grains and
the slags, such as differences in their density and magnetic
field intensity.

Many researchers have investigated the enrichment be-
havior of phosphate in various slags [8-13]. In addition, we
have previously elucidated the enrichment mechanism of
phosphate in CaO-SiO)-FeO-Fe,O;—P,0s steelmaking
slags with the binary basicity B ranging from 2.0 to 3.5 us-
ing X-ray powder diffraction (XRD), scanning electron mi-
croscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDS) [7]. These methods were used to observe the crystal
structures of the components of quenched slag samples in
this study. Meanwhile, the defined mass action concentra-
tion N; based on the ion and molecule coexistence theory
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(IMCT) [7,14-17] was calculated to represent the reaction
ability of structural units or ion couples in the slags. More-

over, we used the enrichment possibility N, and en-

i~/

richment degree R of phosphate to explain the ex-

perimental results [7]j and deduced that the enrichment
mechanism of phosphate in the slags involves the P,Os
component, which can easily bond with CaO to form trical-
cium phosphate 3CaO-P,0s (C;P). C;P subsequently reacts
with the produced dicalcium silicate, 2Ca0-SiO, (C,S), to
generate solid solution C,S—C;P [18-19] under fixed cool-
ing conditions. The maximum value of 84.4% for the de-
fined enrichment degree R.g p of solid solution
C,S—C;P corresponds to a binary basicity B of 2.5 for the
slags and (%Fe,0)/(%Ca0O) mass percentage ratio of 0.955.
However, the mass percentage of P,Os in the phos-
phate-enriched phase obtained from the slags with a binary
basicity B of 2.5 is approximately 16% [7], which is still
lower than that of P,Os obtained by Wang et al. [20-21]
from modified steelmaking slags with a binary basicity B of
1.3. Wang et al. [20-21] further reported that decreasing the
binary basicity B of steelmaking slags can effectively de-
plete the quantity of C,S generated in the slags, thereby im-
proving phosphate enrichment.

In the present study, we used methods similar to those
reported in our previous study [7] to improve phosphate en-
richment in traditional steelmaking slags by investigating
the enrichment mechanism of phosphate in CaO-SiO,—
FeO-Fe,03—P,05 steelmaking slags in which the binary ba-
sicity B has been lowered by the addition of silica as a dilu-
ent. The optimized (%Fe0)/(%Ca0) mass percentage ratio
of 0.955 in the slags determined in our previous study [7]
was also used in this study. The effects of binary basicity B
in the range of 1.0-2.0 and P,Os content in the range of
5.00%-10.00% on phosphate enrichment in the slags under
the condition of (%Fe0)/(%Ca0) = 0.955 were probed
through experiments. Similarly, by combining the experi-
mental and calculation results, we elucidated the phosphate
enrichment mechanism in CaO-SiO,—FeO-Fe,O3;-P,0s
slags with the binary basicity B ranging from 1.0 to 2.0.

2. Description of IMCT-N; thermodynamic
model for CaO-SiO,-FeO—Fe,03;-P,05 slags
based on IMCT

The defined mass action concentrations N; of structural
units or ion couples in slags, which are based on the IMCT
[7,14-17] for metallurgical slags, can be used to reliably
represent the reaction abilities of components, similar to tra-
ditionally applied activities ay ; of components relative to

pure liquid or solid matter as the standard state in classical
metallurgical physicochemistry. The reaction abilities of not
only the components but also the formed species in the slags
can be calculated using the developed IMCT-N; thermody-
namic model. The developed IMCT-N; thermodynamic
model for calculating the N; of structural units or ion couples
in CaO-SiOy-FeO-Fe,05—P,05 slags based on the IMCT
[7,14-17] has been reported in detail elsewhere [7]. For the
benefit of the reader, the IMCT—N; model developed for
Ca0-Si0,—FeO-Fe,05-P,0;5 slags is briefly described here.

2.1. Structural units in CaO-SiO,-FeO-Fe,0;—P,05
slags

On the basis of the IMCT [7,14-17], the applied CaO—
SiO)-FeO-Fe,0O;—P,0;5 slag system is composed of Ca%,
Fe*", and O as three simple ions; SiO,, Fe,0s, and P,0Os as
three simple molecules; and 3Ca0O-SiO, (C;S), 2Ca0-SiO,
(G,9), Ca0-SiO, (CS), etc. as 11 complex molecules ac-
cording to the related binary and ternary phase diagrams
[19,22] of CaO-Si0,, CaO-P,0;5, CaO-FeO-Si0O,, CaO-
FeO-P,0:s, etc. at elevated temperatures, as summarized in
Table 1. This table is the same as that reported previously
[7]. Notably, (Ca*" + 0*) and (Fe**+ O*") should be treated
as ion couples according to the IMCT [7,14-17].

According to the IMCT [7,14-17], the total equilibrium
mole number Xn; of all 16 structural units in 100 g slags
can be expressed as
Xn, =2m +2ny +ny+n, +ns+n, +n,+--+n,,, mol

(M

The defined [7,14-17] N; of the structural unit i or ion

couple (Me*" + 0¥ can be described by

n.
— ! — —
Ni -5, NMeO - NMeZ* MeO + NOZ’, MeO ™
n, ’
Myie Mo T 0 Me0 270 2)
zn; zn

All defined [7,14-17] equilibrium mole numbers #; and
mass action concentrations N; of the formed structural units
or ion couples in CaO-SiO,—FeO-Fe,05—P,05 slags [7] are
also listed in Table 1. Certainly, the mass action concentra-
tions N,; of all 11 complex molecules can be expressed by
Kc(?- s N1 (Neyo )» N2 (NSio2 ), N3 (Ngeo )s Na (NFezo3 ), and
N5 (Npq, ) on the basis of the mass action law through
KS = NC;/(NfAeION,\y,,ezo) by taking xMe1O:yMe20 as an
example of complex or associated molecule ci.

2.2. Establishment of IMCT-%; model for CaO-SiO,—
FeO—-Fe,0;-P,05 slags

The mass conservation equations of five components in
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Table 1.
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centrations /V; in 100 g CaO-SiO,—FeO-Fe,05;—P,0s slags based on the IMCT

Expressions of structural units as ion couples, simple or complex molecules, their mole number #;, and mass action con-

Structural units as ion

No. of structural units

Mole number n; of structural

Mass action concentration N; of

Item . . . . .
couples or molecules or ion couples units or ion couples / mol structural units or ion couples
C2++02— 1 n ="n. =N, =n, N:ﬂ:N
. . a Ca®,Ca0 ~ 70>, Ca0 ~ "Ca0 =5 CaO
Simple cations ;i
and anions (3) 2ny
Fe?' + O* 3 3= Mg pon =Mo> peo = MFeO Ny = S = Nreo
1
n
. _ _Mm _
SiO, 2 ny =ngjo, N, = = Nsio,
Xn; ?
Simple _ ny
P F6203 4 ny = nF6203 N4 = = NFesz
molecules (3) n; :
n
_ _ns _
P,Os 5 s = np,o, Ns = S Npo,
1
. _ N, = Neq =N.
3Ca0-SiO, cl N1 = M3¢a0-8i0, ol Ty, T V3cosio,
i
. _ N, = Ney N.
2Ca0-Si0O, c2 Ny = My0.-8i0, @ Ty T Macaosio,
i
. _ N = N3 =N
Ca0O-SiO, c3 N3 = Nca0-si0, 3Ty, T Naosio,
i
. _ N, = Neg N
2Fe0-SiO, c4 N4 = MrFe0-si0, 4 Ty, "7 Vareosio,
i
N =N N.=ls _ N
2CaO-P205 c5 c5 2Ca0-P,0; 5~ = {V2Ca0-P,0;
Xn;
Complex _ e
P 3Ca0-P,05 c6 Nee = M3Ca0-P,0, Neg = = Nica0.p,0,
molecules (11) Zn; ’
no=n N =1 _ N
4Ca0O-P,0s c7 ¢7 = M4Ca0-P,0 7Ty, _ V4CaO-P,0;
i
Ng =N N = I8 _ N
3FeO-P,0; c8 8 = "3Fe0-P,04 8 T, Y3FeO-P,0;
i
Ny =N N = oo _ N
4FCO'P205 c9 9 3FeO-P,04 9~ = {V4FeO-P,0;
n;
N =1 N.jo = Rel0 _ .
2Ca0O-Fe,05 clo ¢10 = "2Ca0 Fe,0, ¢10 =5 == V2Ca0 Fe,0,
i
N,y =n N, =lell
FeO-Fe,04 cll ¢11 = "Fe0-Fe,0, cll = Sn FeO-Fe,0,

i

100 g slags can be established from the defined [7,14-17] n;
and N, for all structural units (Table 1) and from X, in Eq.

(1) as

b :(%Nl +3N +2Ny + N +2N s +3N o +4N, +

2Nc10)2”f:

GNI+3K§ N}N,+2K$ NN, +KS N, N,+2KS NiNs+

3KS N Ns+4KS N14N5+2K30N,2N4j2n,. =nga0» Mol

(32)

by=(N,+ N, +N,+N,+N,)Zn =(N,+KS N}N, +

KS NiN,+KG Ny Ny +KG NyNDEn, =ngyg,

by = [%M +2Ny 3Nz +4N 4+ N, jZn[

mol
(3b)

1 2 3 4
[§N3 +2K5, NN +3K5 NN +4KG Ny N+

KS\N, N4j2n,. =np, Mol

by =(Ny+ N+ Nyp)Zn, =
(N4 +KGoNEN, + KGNy N)Zn, = g, . mol

(o)

(3d)
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by =(Ns+ N5+ N+ N+ Ng+Nyg)Zn, =
(N5 +KS NP N5+ K5 NYNs+KS N N5 +
K& NiNs+Kg NyNg)Zn, =np,, mol (3e)

According to the principle that the sum of the equilibrium
mole fractions of all structural units in a fixed amount of
slags under equilibrium conditions is equal to unity, we ob-
tain
N +Ny+Ny+ N, +Ns+ Ny + Ny + Ny + Ny + N+

Ng+Ns+Ng+Ny+Nyo+ Ny =

N, +N,+N;+ N, + N5+ K5 N/N, +KS NIN, +

KS NN, +KS N,N; +KS NN+

KS NYNs+KS NYNs+KS N;Ns+KS Ny Ny +
KSoNIN, +KS NsN, =1.0 ey

Egs. (3)-(4) are composed of the governing equations of
the developed IMCT—AN, model for calculating the mass ac-
tion concentrations N; of structural units or ion couples in
Ca0-Si0,—FeO-Fe,03—P,05 slags. Obviously, the devel-
oped IMCT—N; model includes six unknown parameters, i.e.,
Ni(Neyo )» NZ(NSio2 )> N3 (Nreo ), Na (Nl:ezo3 ), Ns (szo5 ),
and Xn,;, with six independent equations. The unique solu-
tion of N, Zn;, and n; can be obtained by solving the alge-
braic equation group of Egs. (3)-(4) by combining these
equations with the definition of N; in Eq. (2).

The developed IMCT-N; model was applied to calculate
the &V; of structural units or ion couples in slags with the bi-
nary basicity B ranging from 1.0 to 2.0 at an interval of 0.05
and with the P,Os mass percentage and (%Fe,0)/(%Ca0)
mass percentage ratio maintained at 5.00% and 0.955, re-
spectively.

3. Experimental

3.1. Preparation of synthetic slags

The investigated CaO-SiO,—FeO—Fe,0;—P,05 slag sys-
tem was synthesized from the prepared ferrous oxide (FeO)
powder samples and reagent-grade CaO, SiO,, Fe,O;, and
P,05 powders. In accordance with the method suggested by
Pahlevani et al. [23], the FeO powder samples were pre-
pared by mixing pure powders of iron and reagent-grade
Fe,0; in a pure iron crucible and heating the mixture under
an argon atmosphere at 1673 K for 60 min. The prepared
FeO powder samples and the reagent-grade powders of CaO,
Si0,, Fe,0Os, and P,Os were mixed in a platinum crucible
with an inner diameter in 30.0 mm and a height in 50.0 mm.
The platinum crucible with the mixed slag samples was
placed in an AlLO; crucible to allow easy removal of the

samples from the furnace during experiments.

A vertical-tube-type furnace with MoSi, rods as heating
elements was used in conjunction with a programmed heat-
ing/cooling routine. The temperature precision of the heat-
ing furnace was approximately + 3 K. High-purity argon
(99.999v01%) was controlled at a flow rate of 0.4 L/min as a
carrier gas to avoid the re-oxidation of the prepared FeO
during heating and cooling of the slag samples in test-run
experiments.

Eight test-run experiments were performed to investigate
the influence of binary basicity B in the range of 1.0-2.0 on
the phosphate enrichment behavior in the quenched slag
samples. The chemical compositions of the eight slag sam-
ples are summarized in the left columns of Table 2. The bi-
nary basicity values B of the slags in test-run experiment
Nos. 1-7 were individually designed as 1.0, 1.2, 1.3, 1.4, 1.5,
1.7, and 2.0 under the conditions of a P,Os mass percentage
of 5.00% and (%Fe0)/(%Ca0) mass percentage ratio of
0.955; these conditions were determined in a previous study
[7] to promote phosphate enrichment. In addition, to probe
the influence of the initial P,Os content on phosphate en-
richment in the slags, we designed test-run experiment No. 8,
in which the P,Os mass percentage was fixed at 10.00% un-
der conditions of a binary basicity B of 1.3 and
(%Fe0)/(%Ca0) ratio of 0.955.

3.2. Experimental procedures

The heating program differed from the cooling program.
The heating schedule is described as follows: (1) the plati-
num crucible containing the mixed slag sample was placed
into the furnace at ambient temperature; (2) high-purity Ar
gas at a flow rate of 0.4 L/min was charged into the reaction
tube for at least 30 min before the furnace power was
switched on; (3) the sample was heated under an Ar atmos-
phere from ambient temperature to a fixed temperature of
1773 K at a rate of 2.0-5.0 K/min using a propor-
tional-integral—derivative (PID) controller; and (4) the tem-
perature was maintained 1773 K for 30 min under an Ar
atmosphere to completely melt and fully synthesize the slags.
By contrast, the cooling schedule consisted of the following
steps: (1) the furnace temperature was decreased from 1773
to 1573 K at a rate of 2.0 K/min; (2) the temperature was
maintained at 30 min at 1573 K to promote growth of
phosphate-enriched grains; (3) the temperature was further
decreased from 1573 to 1373 K at 2.0 K/min as a secondary
slow-cooling stage to further promote condensation; and (4)
the temperature was maintained at 1373 K for another 30 min
as a secondary isothermal stage to ensure complete condensa-
tion.



524 Int. J. Miner. Metall. Mater., Vol. 23, No. 5, May 2016

Table 2. Chemical compositions of eight synthesized slag samples with a (%Fe,0)/(%Ca0) mass percentage ratio of 0.955 and cor-
responding EDS analysis results

Test Positi 7 Chemical composition of slags / wt% Binary ba- EDS analysis results / wt% Average of
osition ones ..
No. Ca0  Si0, FeO Fe,0; P05 Si€it,B a0  Si0, Fe;0, P,0; P20s/wt%
1 white 0.20 0.69  98.53 0.58 —
1 31.56 3156 1435 17.53 5.00 1.0
2 gray 3316 4056 19.84 6.44 6.44
3 white 0.21 0.02  99.77 tr. —
4 white 0.16 0.02  99.82 tr. —
2 5 gray 3341 2784 1519 18.56 5.00 12 4228 2668 2621 4.82 —
6 gray 41.64 2721 2631 4.84 —
7 dark 4278  26.71 1840 12.11 12.11
8 white 022 0.81 98.49 0.48 —
9 white 0.29 0.65 98.67 0.39 —
10 gray 3631 39.55 18.99 5.14 —
3 34.18 2629 1554  18.99 5.00 13
11 gray 36.75  38.68 18.33 6.24 —
12 dark 52.13  15.79 093  31.15 31.09
13 dark 51.08 16.81 1.09  31.02 '
14 white 0.28 0.02  99.70 0.00 —
15 white 0.22 0.02  99.76 0.00 —
16 gray 4407  30.15 23.50 227 —
4 17 gray 3487 2491 15.85 19.37 5.00 14 4457 3030 2272 241 —
18 dark 61.69 17.61 5.78 14.92
19 dark 62.19 1645 423 17.13 16.62
20 dark 6235 15.87 3.99 17.79
21 white 045 0.83 98.72 0.00 —
22 white 0.40 1.04  98.17 0.39 —
23 gray 3635 3920 21.12 333 —
5 3549 2366 16.13 19.72 5.00 1.5
24 gray 3561 3932 2092 4.15 —
25 dark 51.38  29.07 5.06 14.49 3.8
26 dark 5123  30.19 542 13.16 ’
27 white 1.02 0.80  98.18 0.00 —
28 white 1.29 tr. 98.24 047 —
29 gray 36.55 41.02 19.44 2.99 —
6 30 aray 36.56 2151 1662 2031 5.00 1.7 3662 4269 1850 18 -
31 dark 51.56  33.14 6.04 9.27
13.72
32 dark 5323 25.38 3.21 18.18
33 white 1.05 0.66  98.30 0.00 —
7 34 gray 3785 1892 1720 21.03 5.00 2.0 2959 3466 3449 1.26 —
35 dark 5396 2693 6.11 13.00 13.00
36 white 0.35 0.09  99.56 tr. —
37 gray 36.77 3333  26.09 3.81 —
8 3238 2491 1472 1799  10.00 1.3
38 dark 55.67 7.00 726  30.07
30.04
39 dark 5547 7.35 7.17  30.01

Note: “tr.” indicates that the concentration of a component was lower than the minimum detection limit of the EDS analyzer.
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Afterwards, the platinum crucible containing the slag
sample was immediately removed from the furnace and
rapidly quenched in a water pool. The obtained slag samples
were dried in an oven at 403 K for at least 4 h. The dried slag
samples were used as raw materials for the subsequent de-
tection of mineralogical phases, as described in Section 3.3.

Importantly, the (%FeQO)/(%Fe,03) mass percentage ratio
in the slag samples was kept almost constant during melting
and condensation because high-purity Ar gas was flowing
into the furnace tube during each test run. To avoid any
change of valence of the iron in Fe,O amphoteric oxides, the
Ar gas with 99.999% purity was rigorously purified by a gas
purification train for approximately 1 h before the heating
procedure was started. With regard to the gas purification
train, the moisture was removed by passing the Ar gas
through columns containing silica gel and dry anhydrous
magnesium perchlorate Mg(ClO,),; the CO, content was
then lowered by passing the Ar gas through a column of
Ascarite, and oxygen impurities in the Ar gas were subse-
quently oxidized using two furnaces in series containing
copper turnings maintained at 973 K and magnesium turn-
ings maintained at 773 K.

3.3. Detection of mineralogical phases in slag samples

The methods used to characterize the mineralogical
phases in the slag samples in this study were the same as
those used in our previous study [7]. The XRD experiments
were performed on a powder X-ray diffractometer (Rigaku
Dmax-2500) equipped with a Cu-K, radiation source to
identify the crystal structure of the quenched slag samples.
For observation of the micromorphology of the quenched
slag samples, the samples were mounted in epoxy resin,
ground with SiC sandpapers, polished, and coated with car-
bon for SEM (JSM-6480) analysis. The EDS was subse-
quently used to construct elemental mapping images and to
further identify the chemical composition of the microstruc-
tures formed in the quenched slag samples.

4. Results and discussion
4.1. Characterization of crystal phases in slags

The EDS results for eight slag samples are summarized
in the right-hand side of Table 2. The influence of binary
basicity B, which ranged from 1.0 to 2.0, on the mass per-
centage of P,Os in the phosphate-enriched phase, as deter-
mined by EDS analysis of the quenched slags, is shown in
Fig. 1. Obviously, the greatest mass percentage of P,Os in a
phosphate-enriched phase was 31.09%, as observed for the
test run No. 3.

50
(Y0P,05)1miiat = 5.00
(%Fe,0)/(%Ca0) = 0.955
_40
X
g O Measured
56' 30 F -@- Averaged
(]
g
5 2
g 0
2 NE
g s B¢
10 / O

1.0 12 1.4 1.6 1.8 2.0
Binary basicity

Fig. 1. Relation between binary basicity B in a range of
1.0-2.0 and P,0O5 mass percentage in the phosphate-enriched
phase, as determined by EDS analysis, in quenched slag sam-
ples. The (%P,0s5) and (%Fe0)/(%Ca0) mass percentage ra-
tio in samples were maintained at 5.00 and 0.955, respectively.

The three slag samples labeled as No. 1, No. 3, and No. 7
in Table 2 were selected as representative slag samples for
detection of the crystal structure in the slags via XRD analy-
sis. The XRD patterns of the aforementioned three slag
samples are displayed in Fig. 2. In the case of slag sample
No. 1 (Fig. 2(a)), whose binary basicity B was 1.0, the main
mineralogical phases are Fe;O, and compound CS; the
phosphate-enriched phase was not detected. In the case of
slag sample No. 3 (Fig. 2(b)), whose binary basicity B was
1.3, the main mineralogical phases are Fe;O4 and
CasFe,(Si0y)s, and the phosphate-enriched phase is detected
as a C,S—C5P solid solution. In the case of slag sample No. 7
(Fig. 2(c)), whose binary basicity B was 2.0, the main min-
eralogical phases are Fe;O4, compound C,S, and solid
solution C,S—C;P.

(@)

1 slag sample 1—Fe;0,
1.0 2—CaSio,

1 INo.
2 B=

lag sample 3—Ca,;5(PO,),(SiO,)s

(b) ™No.3s
B=13 4—Ca,Fe,(SiO,),

Intensity / a.u.

slag sample 5—Ca,SiO,

© No.7
B=2.0

10 20 30 40 50 60 70 8 90
201/ (°)

Fig. 2. X-ray diffraction patterns of slag samples obtained
from test runs No. 1 (a), No. 3 (b), and No. 7 (c).
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SEM and EDS analyses were used to identify the chemi-
cal compositions of the microstructures formed in the
quenched slag samples. The SEM image of slag sample No.
3 is shown in Fig. 3(a). The corresponding EDS mapping
images of elements Ca, Fe, P, Si, and O in slag sample No. 3
are also illustrated in Figs. 3(b)—(f), respectively. Three
zones — white, gray, and dark zones — are clearly evident
in slag sample No. 3 in Fig. 3(a). On the basis of the results
in Fig. 3(c), Fig. 3(f), and Fig. 3(a), the white zone in Fig.
3(a) is composed primarily of Fe and O; i.e., it is an
iron-oxide- enriched phase. Similarly, a comparison of re-

Int. J. Miner. Metall. Mater., Vol. 23, No. 5, May 2016

sults in Fig. 3(b), Fig. 3(c), and Fig. 3(e) with those in Fig.
3(a) reveals that the gray zone in Fig. 3(a) consists of Ca, Fe,
and Si; i.e., this zone is the matrix phase. Moreover, com-
bining the results in Fig. 3(b), Fig. 3(d), and Fig. 3(e) with
those in Fig. 3(a) reveals that the dark zone in Fig. 3(a) is
composed primarily of Ca, Si, and P; i.e., it is the phos-
phate-enriched phase.

We deduced that the elements Fe and O detected in the
white zone could exist as Fe;O,4; while the Ca, Fe, and Si
detected in the gray zone as the matrix phase could exist as
calcium silicate (CS—C,S) and kirschsteinite (CaO-SiO, FeO),

(b)

Fig. 3. SEM images of slag sample No. 3 (a) and corresponding EDS mapping images of Ca (b), Fe (c), P (d), Si (e), and O (f) in
quenched slag samples with binary basicity B as 1.3 and (%P,05) as 5.00.
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and the Ca, Si, and P detected in the dark zone could exist as
solid solution C,S—C;P.

The SEM images of the slag samples from test runs No.
1-No. 8 are displayed in Fig. 4. In the case of slag sample
No. 1, whose binary basicity B was 1.0, we combined the
SEM image in Fig. 4(a) with the corresponding EDS results
for point 1 and point 2 in Table 2 and deduced that iron ox-
ides dominate the white zone assigned as point 1 in Fig. 4(a);
by contrast, we deduced that a phosphate phase is dispersed
in the gray zone as the matrix phase assigned as point 2 in
Fig. 4(a). No phosphate-enriched phase, i.e., no dark zone,
was observed in Fig. 4(a).

In the case of slag sample No. 2, whose binary basicity B
was 1.2, we combined the SEM image in Fig. 4(b) with the
corresponding EDS results from point 3 to point 7 in Table
2 and deduced that iron oxides dominate the white zones
represented by point 3 and point 4 in Fig. 4(b); we also de-
duced that a large amount of the matrix phase was generated
as the gray zone represented by point 5 and point 6. In addi-
tion, a small amount of solid solution C,S—C;P was also
formed as the dark zone indicated by point 7. The presence
of this solid solution was deduced by comparing the results
in Fig. 4(a) with those in Fig. 4(b); the results of this com-
parison indicate that increasing the binary basicity B from
1.0 to 1.2 can promote the formation of this dark phase.
However, the amount of dark phase formed is not sufficient
to be precipitated as dark stripes. The corresponding EDS
results from point 5 to point 7 in Table 2 further indicate
that the determined mass percentage of P,Os at point 5 and
point 6 (gray phase) is lower than that at point 7 (dark
phase); this result implies that parts of phosphate can be
condensed from the gray matrix phase into the dark,
stripe-shaped phase.

In the case of slag sample No. 3, whose binary basicity B
was 1.3, we combined the SEM image in Fig. 4(c) with the
corresponding EDS results from point 12 to point 13 in Ta-
ble 2 and deduced that the dark phase can clearly be pro-
duced as a columnar shape. According to the mass percent-
age of P,Os at point 12 and point 13 (dark phase) deter-
mined by the EDS and reported in Table 2, phosphate can
be well enriched in the dark phase, where the mass percent-
age of P,Os in the phosphate-enriched phase can reach ap-
proximately 31.00%. Notably, the results obtained for the
points in white and gray phases will not be discussed in the
following text.

In the case of slag sample No. 4, whose binary basicity B
was 1.4, the combination of the SEM image in Fig. 4(d)
with the corresponding EDS results from point 18 to point
20 in Table 2 reveals that the dark phase, i.c., the phos-

phate-enriched phase, exhibits a granular shape. A com-
parison of the SEM image of slag sample No. 3 in Fig. 4(c)
with that of slag sample No. 4 in Fig. 4(d) reveals that an
increase in the binary basicity B from 1.3 to 1.4 can lead to
an obvious variation of the shape of the dark phase from
column to granule. Meanwhile, a comparison of the mass
percentage of P,Os determined by EDS for slag sample No.
3 slag with that for slag sample No. 4 in Table 2 reveals that
an increase in the binary basicity B from 1.3 to 1.4 can also
result in a significantly decrease in the P,Os mass percent-
age from 31.09% to 16.62%; i.e., the extent of phosphate
enrichment is substantially diminished. This phenomenon
can be interpreted as an increase in the binary basicity lead-
ing to in an increase in the quantity of C,S generated. Thus,
we deduced that the number of crystal nuclei formed during
instantaneous nucleation in Fig. 4(d) is greater than that in
Fig. 4(c). The generated C;P phase (dark phase) with un-
changeable quantity can widely disperse in smaller-sized
shapes, as shown in Fig. 4(d). Thus, an increase in the quan-
tity of C,S formed can lead to an increase of the dark-phase
area. Consequently, the mass percentage of P,Os in the dark
phase should, compared with that in Fig. 4(c), decrease un-
der the condition of a binary basicity B of 1.4.

From the viewpoint of promoting phosphate enrichment,
the optimal binary basicity B of the slags is approximately
1.30. Thus, the results from slag sample No. 3 in Fig. 4(c)
and in Table 2 were selected as criteria for comparison in
this section.

As demonstrated in the case of slag samples No. 5 (Fig.
4(e)) and No. 6 (Fig. 4(f)), whose binary basicity B values
were 1.5 and 1.7, respectively, increasing the binary basicity
B from 1.3 in the case of slag sample No. 3 (Fig. 4(c)) to 1.5
or 1.7 in the cases of these slag samples clearly does not
lead to substantial variation in the shapes of white and dark
phases. Comparing the mass percentage of P,O5 determined
by EDS for slag samples No. 5 and No. 6 slag with that ob-
tained for No. 4 slag sample (Table 2) reveals that an in-
crease in the binary basicity B to 1.5 and 1.7 can deteriorate
the phosphate-enrichment behavior. Interestingly, the
boundaries between the gray phase and dark phase for slag
sample No. 6 (Fig. 4(f)), whose binary basicity B was 1.7,
were not as clear as those observed in slag sample No. 5
(Fig. 4(e)), whose binary basicity B was 1.5. Thus, the
formed calcium silicate phase in the matrix phase (gray
phase) and the generated phosphate-enriched phase (dark
phase) exhibit greater affinity for transferring CS to C,S at a
binary basicity B of 1.7.

As demonstrated in the case of slag sample No. 7 (Fig.
4(g)), whose binary basicity B was 2.0, a further increase in
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Fig. 4. SEM images of quenched slag samples obtained from test runs No. 1 to No. 8 (a—h, respectively). The (%Fe,0)/(%Ca0)
mass percentage ratio was maintained at 0.955.
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the binary basicity B from 1.7 to 2.0 did not lead to substan-
tial changes in the shapes of white and gray phases com-
pared to the shapes observed in slag sample No. 6 (Fig. 4(f))
with a binary basicity B of 1.7. However, an increase of the
binary basicity B from 1.7 to 2.0 did cause an increase of the
dark-phase area in Fig. 4(g). We deduced that increasing the
binary basicity B from 1.7 to 2.0 does not obviously affect
the phosphate enrichment results.

Fig. 4(h) shows the SEM image of slag sample No. 8,
whose binary basicity B was 1.3, prepared under the condi-
tion of a P,Os mass percentage of 10.00%. Comparing the
SEM results for slag sample No. 3 in Fig. 4(c) with those for
slag sample No. 8 in Fig. 4(h) leads to the conclusion that
increasing the initial mass percentage of P,Os in the slag
sample from 5.00% to 10.00% obviously affects the SEM
results; specifically, the area of the dark phase is obviously
enlarged. However, comparing the summarized results of
the mass percentage of P,Os determined by EDS for slag
sample No. 3 with those for slag sample No. 8 in Table 2
reveals that increasing the initial mass percentage of P,Os in
the slag sample from 5.00% to 10.00% does not lead to de-
tectable variation of the determined mass percentage of P,Os
in the phosphate-enriched phase. Thus, increasing the initial
mass percentage of P,Os from 5.00% to 10.00% can only
facilitate formation of the phosphate-enriched phase, not in-
crease the mass percentage of P,Os in the enriched phase.
This result implies that the maximum value of phosphate
enrichment of approximately 30.00% is not affected by
varying the initial mass percentage of P,Os in the slag sam-
ples under conditions of a binary basicity B of 1.3 and a
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4.2. Discussion

4.2.1. Effect of binary basicity on the mass action concen-
trations V; of six structural units

According to the developed IMCT—N; model described in
Section 2, three complex molecules of calcium silicates —
3Ca0-Si0; (C;5S), 2Ca0-Si0, (C,S), and Ca0-SiO, (CS) —
can be formed in CaO-SiO,—FeO—Fe,0;—P,0;5 slags; in ad-
dition, three main complex molecules that contain P,Os—
2Ca0-P,0;5 (C,P), 3Ca0-P,0s5 (C5P), and 4CaO-P,0O5 (C4P)
— can also be generated in the slags. Fig. 5(a) shows the re-
lation between the binary basicity B in the range of 1.0-2.0
and the calculated N, of the aforementioned three calcium
silicates as C;S, C,S, and CS for slags at a temperature of
1773 K and in which the mass percentage of P,Os and the
(%Fe0)/(%Ca0) mass percentage ratio are maintained at
5.00% and 0.955, respectively. Similarly, the relation be-
tween the binary basicity in the range of 1.0-2.0 and the
calculated NV, of the three main complex molecules contain-
ing P,Os (C,P, C;P, and C,4P) in the slags under the same
conditions is illustrated in Fig. 5(b). The results in Fig. 5(a)
indicate that the calculated value of N g is much smaller
than the calculated values of N.g and N, consistent
with the reported CaO-SiO, phasehdiagram [19]. Thus, the
contribution of C;S to the formed calcium silicates can be
disregarded. Increasing the binary basicity B from 1.0 to 2.0
can result in an increasing trend of the calculated N
value but a decreasing trend of the N.¢ value. Obviouslsl,
the calculated Ny and N g values exhibit competing

0.0600

©)

T=1773 K. (%P,05) = 5.00
(%Fe0)/(%Ca0) = 0.955 cp

0.0400 _OO 000000000000000000N

Z&
2 002002
= 0.0010
5
<
|©]
0.0005 o A
ntaad VAY

VA e e AN o
OoOOoooOoooooa

1 1
1.0 12 1.4 1.6 1.8 20
Binary basicity

0.0000

Fig. 5. Relation of binary basicity in a range of 1.0-2.0 at interval of 0.05 and calculated mass action concentrations /NV,; of three cal-
cium silicates as C;S, C,S, or CS (a) or calculated mass action concentrations V; of three P,Os-containing structural units as C,P,
C;P, or C,P (b) for CaO-SiO,—FeO-Fe,05-P,05 slags at a temperature of 1773 K under the conditions of (%P,05) = 5.00 and

(%Fe0)/(%Ca0) = 0.955.
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behaviors for the slags with the binary basicity B between
1.0 and 2.0.

According to Fig. 5(b), the calculated N is substan-
tially greater than the calculated N, and N . The cal-
culated N, exhibits an asymmetrically parabolic trend as
the binary basicity B is increased from 1.0 to 2.0. The
maximum value of the calculated N, corresponds to a
binary basicity B of 1.7. The influence of binary basicity B
in the range of 1.0-2.0 on the calculated N, is opposite
its influence on N . Thus, increasing the binary basicity
B from 1.0 to 2.0 can result in a decreasing tendency of
Ncp butan increasing tendency of N ;.

422. Phosphate enrichment phenomenon at binary basicity
less than 1.3

To explain the tendency of the phosphate enrichment in
the quenched slag samples to decrease when the binary ba-
sicity B is less than 1.3, we apply the enrichment possibility

N, of phosphate as well as the enrichment degree
R ; of phosphate in slags defined in our previous study

[7]. Because the calculated N, and N, values are
much smaller than the calculated Ncp, as shown in Fig.
5(b), the contribution of C;P to phoéphate enrichment is
substantially greater than the contributions of C,P and C,P.
Thus, the contributions of both C,P and C,P to the enrich-
ment possibility N,
degree R

ci-¢j

i~ Of phosphate and to the enrichment
of phosphate in the slags can be disregarded.

Under this circumstance, the enrichment possibility
N;_cp» which is defined as the product of the calculated

N, for complex molecule ci containing calcium silicates
and the calculated N, , can be expressed by

NCZS—C3P = CZSNC3P > Ncs-qp = CSNC3P >
NC3S—C3P = NCSSNC]P (5)

The summation of the enrichment possibility N _cp
for all three of the aforementioned structural units can be
expressed as

M, M,
Z[NciQP IY; - ) =NegNep ——+

2 C3P
M C,8-C,P

ci—C;P
M, M
ZOS P’JOS
NCSNC3P M—+NC3SNC3P M— (©)
Cs-CyP C5S-CyP

Thus, the ratio of the defined [7] enrichment possibility
Ni_cp to the summation of the enrichment possibility for

all three of the aforementioned structural units, i.e.,

M,, . :

Y| N, cp—=1, is defined as enrichment degree
’ M ci—C;P

R cp- The defined enrichment degree R p of solid

solution C,S—C;P can be calculated by
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N, CZSN C,P M

C,8-C;P _
M M M h

P,0. P,0. P,0.

NCSNCP = +NCSNCP = +NCSNCP =

2! 3 M 3 3! 3 M
C,S-C5P CS-C5P CS-C4P
v M,
S M
C,S-C5P (7)
P05 P05 P05
C,S M +Ncs M +NC3S M
C,S-C5P CS-C4P C38-C;P

Fig. 6 shows the relation of binary basicity B in the range
of 1.0-1.3 to the enrichment degree R p of solid solu-
tion C,S—-C5P or to the mass percentage' of P,Os in the
phosphate-enriched phase determined by EDS analysis of
the quenched slags, in which the initial mass percentage of
P,0s was 5.00%. Although the enrichment degree Rq g ¢ p
of solid solution C,S—C;P based on the IMCT [7,14—417] is
greater than the determined mass percentage of P,Os in the
phosphate-enriched phase in the quenched slag samples with
the binary basicity B less than 1.3, a similar increasing ten-
dency of the enrichment degree R.g p of solid solution
C,S—C;5P or the determined mass percentage of P,Os in the
phosphate-enriched phase is observed when the binary ba-
sicity B is less than 1.3. Thus, the enrichment degree
Re s cp of solid solution C,S-C3P calculated on the basis
of the IMCT [7,14—17] can be used to predict the phosphate
enrichment phenomenon in the quenched slag samples with
the binary basicity B less than 1.3.
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Fig. 6. Relation between binary basicity B in a range of

1.0-1.3 and calculated enrichment degree Rc g ¢ p or de-
termined mass percentage of P,Os in the phosphate-enriched
phase in quenched slag samples in which (%P,05) is 5.00.
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By combining the experimental results obtained from the
SEM images in Fig. 4(a) or Fig. 4(b) with the calculation
results in Fig. 5(a), we deduced that the produced C,S,
rather than CS, is the main precursor that bonds CsP in the
quenched slag samples with the binary basicity B less than
1.3. However, greater Ng in the slags with the binary ba-
sicity B less than 1.3 does not promote phosphate enrich-
ment in the quenched slag samples. Certainly, the enrich-
ment degree Rog cp of solid solution C,S-C;P cannot
explain the decreasing trend of the mass percentage of P,Os
in the phosphate-enriched phase for the quenched slag sam-
ples with the binary basicity B greater than 1.3.

Notably, the enrichment degree R g p of solid solu-
tion C,S—C;P and the mass percentage of P205 in the phos-
phate-enriched phase are both distinct parameters and are
related to each other provided that the entire slag system is
correctly defined.

4.2.3. Phosphate enrichment phenomenon at binary basicity
greater than 1.3

According to the definition of N, in Eq. (2), the equilib-
rium mole number 7, can be calculated as #n, = N, Zn,. Thus,
the mole fraction of C5P in solid solution C,S—C;P can be
calculated by

Xep = nC3P/(nCZS + ey ) = Ncspzni/(chs +Nep )zni =

Ne [(Neys +Neyy) @®)

The mass percentage of C;P in solid solution C,S—-C;P
can be determined as
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The mass percentage of P,Os in solid solution C,S—C;P
can be predicted by

M
(%P,0,) = (%C,P)x —== =
C,P
Nepx My,

NCZSXMCES +Nc31> ><]Mc31>

100 x

(10)

Fig. 7(a) shows the relation between the binary basicity B
in the range of 1.3-2.0 and the calculated mole fraction
Xc,p of C5P in solid solution C,S—CsP or the mass action
concentration ratio Nep / (NCZS + NCJP) for the slags at a
temperature of 1773 K and with the mass percentage of
P,0;5 fixed at 5.00%. Meanwhile, Fig. 7(b) shows the rela-
tion of the binary basicity B in the range of 1.3-2.0 to the
mass percentage of P,Os in the phosphate-enriched phase
determined by EDS analysis or to the mass percentage of
P,0:s in solid solution C,S—C;P calculated on the basis of Eq.
(10) for the slags. As shown in Fig. 7(a), an increase of the
binary basicity B from 1.3 to 2.0 can cause an obvious de-
creasing trend of the mass action concentration ratio
Necp / (chs"’Nc]P) in the slags. Meanwhile, the mass
percentage of P,Os in solid solution C,S—C5P, as calculated
by Eq. (10), also tends to increase as the binary basicity B is
increased from 1.3 to 2.0. Moreover, the mass percentage of
P,0s in solid solution C,S—CsP, as calculated by Eq. (10), is
in good agreement with the mass percentage of P,Os in the
phosphate-enriched phase determined by EDS analysis. The
greater amount of C,S can decrease the phosphate enrichment
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Fig. 7. Relation between binary basicity B in a range of 1.3-2.0 and calculated mole fraction xc p of C;P in solid solution

C,S—C;P or calculated mass action concentration ratio NC]P /

(chs + NCSP)

(a) and mass percentage of P,Os in the phos-

phate-enriched phase determined by EDS analysis or calculated mass percentage of P,Os in solid solution C,S—C;P (b) in quenched

slag samples in which (%P,05) is 5.00.
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in the quenched slag samples when the binary basicity B is
greater than 1.3.

Combining the results in Fig. 6 with those in Fig. 7 leads
to the reasonable deduction: (1) most phosphate will exist as
C;P in the slags at elevated temperatures; (2) the formed
C;P can be easily bonded with C,S to produce solid solution
C,S—C;P in the quenched slag samples; (3) maintaining the
binary basicity B at 1.3 can result in the maximum phos-
phate enrichment for the slags with a P,Os mass percentage
of 5.00% and a (%Fe0)/(%Ca0) mass percentage ratio of
0.955; (4) the phosphate enrichment in the quenched slag
samples with the binary basicity B less than 1.3 can be pre-
dicted on the basis of their C,S content; (5) the phosphate
enrichment in the quenched slag samples with the binary
basicity B greater than 1.3 can be predicted on the basis of
the C;P content in the solid solution C,S—C;P and on the ba-
sis of a greater amount of C,S diminishing the phosphate
enrichment in the quenched slag samples.

Thus, a binary basicity B of 1.3, a P,Os content of 5.00%,
and a (%Fe0)/(%Ca0) the mass percentage ratio of 0.955
are recommended to promote selective phosphate enrich-
ment and phase separation of the investigated steelmaking
slags.

5. Conclusions

Phosphate enrichment behavior has been experimentally
investigated in CaO-SiO,—FeO-Fe,05—P,05 slags with the
binary basicity B ranging from 1.0 to 2.0 and with the mass
percentage ratio (%Fe,0)/(%Ca0) maintained at 0.955. The
experimental results have been explained by the defined en-

richment degree R, p of solid solutions containing P;,Os.

This defined enrichment degree is a component of the de-
veloped IMCT-N; model for calculating the mass action
concentrations N; of structural units in the slags. The main
findings are summarized as follows.

(1) The asymmetrically inverse V-shaped relation be-
tween the binary basicity B in the range of 1.0-2.0 and the
phosphate enrichment in the quenched slag samples can be
correlated for slags under the applied two-stage cooling
conditions. The maximum content of P,Os in solid solution
2Ca0-Si0,-3Ca0-P,05 (C,S—C;5P) is approximately 30.0%
and is obtained for slags with a binary basicity B of 1.3 and
in which the mass percentage ratio (%Fe0)/(%Ca0O) was
maintained at 0.955.

(2) The promotive effect of binary basicity B in the range
of 1.0-1.3 on the phosphate enrichment in the quenched slag
samples with a P,Os content of 5.00% can be quantitatively
explained by the defined enrichment degree Reg cp of
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the solid solution C,S—CsP in the slags. The formed C,S,
rather than CS, in the slags with binary basicity B ranging
from 1.0 to 1.3 can be bonded by C;P to form the solid solu-
tion 2Ca0-Si0,—3Ca0-P,05 (C,S—C5P) under fixed cooling
conditions.

(3) The deteriorative effect of binary basicity B in the
range of 1.3-2.0 on phosphate enrichment in the quenched
slag samples with a P,Os content of 5.00% can be quantita-
tively explained on the basis of the calculated C;P content in
the solid solution C,S—C;P. Although increasing the binary
basicity B from 1.3 to 2.0 can improve the absolute amount
of C,S, the C;P content in the solid solution C,S—C;P tends
to decrease as the binary basicity B of the slags is increased
within this range.
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