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Abstract: Chromium plays a vital role in stainless steel due to its ability to improve the corrosion resistance of the latter. However, the re-
lease of chromium from stainless steel slag (SSS) during SSS stockpiling causes detrimental environmental issues. To prevent chromium
pollution, the effects of iron oxide on crystallization behavior and spatial distribution of spinel were investigated in this work. The results
revealed that FeO was more conducive to the growth of spinels compared with Fe2O3 and Fe3O4. Spinels were found to be mainly distrib-
uted at the top and bottom of slag. The amount of spinel phase at the bottom decreased with the increasing FeO content, while that at the
top increased.  The average particle  size  of  spinel  in  the  slag with  18wt% FeO content  was  12.8 µm.  Meanwhile,  no notable  structural
changes were observed with a further increase in FeO content. In other words, the spatial distribution of spinel changed when the content
of iron oxide varied in the range of 8wt% to 18wt%. Finally, less spinel was found at the bottom of slag with a FeO content of 23wt%.
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 1. Introduction

Stainless  steel  (SS)  industry  in  China  has  rapidly  de-
veloped in recent decades, accounting for more than half of
the global output. Meanwhile, the steady growth of SS is ac-
companied  by  a  huge  release  of  stainless  steel  slag  (SSS),
which is one third of that of SS [1]. As an essential element in
SS smelting, chromium is also detected in SSS [2]. The main
composition of SSS produced by electric arc furnace (EAF)
smelting  includes  CaO  and  MgO  (40wt%–50wt%),  SiO2

(20wt%–30wt%),  MnO  (2wt%–3wt%),  Al2O3 (5wt%–
10wt%),  FeO  (8wt%–22wt%),  and  Cr2O3 (2wt%–10wt%);
moreover,  the  weight  ratio  of  CaO  and  SiO2 (w(CaO)/
w(SiO2)) in the SSS structure is kept at a level of ≤2.5. The
naturally  cooled  EAF  slag  has  a  black  color  along  with  a
coarse particle composition and properties closer to those of
the common steel slag, where the elements with a mass frac-
tion greater than 1wt% are Ca, Mg, Si, Al, Fe, Cr, O, etc. [3].
At the end of smelting, chromium in the SSS is mainly found
in  Cr2+ or  Cr3+ state  [4].  During  treatment  and  storage,  the
chromium oxide in the slag is readily oxidized to hexavalent
chromium [5]. Hexavalent chromium is toxic, unstable, and
easy to  release from slag,  which can cause serious harm to
human health and the environment [6–7]. Therefore, to real-
ize the resource utilization of SSS, searching for approaches
to  effectively  solve  issues  associated  with  chromium  slag
pollution has become an urgent task.

In the current study, a large amount of chromium in SSS

has been enriched in a stable spinel phase [8–9]. Moreover,
the addition of iron oxide exerted the even better effect on the
formation and growth of spinel phase [10]. The recovery of
chromium  can  also  be  realized  via  magnetic  separation  of
SSS [11–12], and introducing the iron oxide makes the pro-
cess more convenient. However, the impact of magnetic sep-
aration can be greatly affected by the presence of an excess-
ive silicate phase in the slag [13–14]. Some scholars [15–16]
have found that the spinel phase can be localized within cer-
tain  regions  of  slag,  which  can  significantly  improve  the
chromium recovery efficiency. During the production, these
specific areas in the SSS can be purposely treated so that the
spinel-enriched part can be separated from the whole slag and
spinel  can  further  be  recovered  via  magnetic  separation
[17–18].  Most  residual  slag  is  chromium-free  and  can  be
used as ordinary steel slag for building materials, carbon di-
oxide capture, and so on [19]. Combined with the spatial dis-
tribution of various phases in SSS, it has a significant impact
on the recovery of chromium and is conducive to the treat-
ment and utilization of SSS.

In  the  present  study,  the  fugitive  behavior  of  chromium
and the crystallization features of spinel in SSS were system-
atically analyzed, and the melt reforming treatment was per-
formed  to  promote  the  enrichment  of  a  stable  spinel  phase
with  chromium  and  the  precipitation  of  a  large  amount  of
spinel phase in the target area [20]. It was shown that adding
the iron oxide could not only increase the size of the spinel
particles, but also facilitate the subsequent magnetic separa- 
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tion  and  recovery  of  chromium-containing  spinel  phases  in
SSS.  Based  on  the  spatial  distribution  of  spinel  phases  in
SSS, directional recovery of chromium and recycling of SSS
were realized as well [21].

 2. Experimental

Fine  reagent-grade  powders,  namely,  CaO,  SiO2,  MgO,
MnO, Al2O3,  FeC2O4·2H2O, Cr2O3,  Fe2O3,  and Fe3O4,  were
taken as raw materials. Among them, FeC2O4·2H2O was used
to  replace  FeO.  The  experimental  slag  samples  were  pre-

pared from the above reagents with the compositions close to
the EAF slag generated from stainless steelmaking, as shown
in Table 1. The degree of basicity of the slags was 1.5 and the
content of Cr2O3 therein was 5wt%. To explore the effect of
different  iron  oxides  on  SSS,  10wt%  FeO  as  S2,  10wt%
Fe2O3 as S3, and 10wt% Fe3O4 as S4 were added to the ex-
perimental  slag  sample  S1.  Besides,  to  elucidate  the  influ-
ence  of  different  amounts  of  FeO  on  SSS,  FeO  dopant
(5wt%, 10wt%, and 15wt%) was added to the experimental
slag S1 (the corresponding specimens were referred to as S5,
S2, and S6, respectively).

  
Table 1.    Chemical compositions of experimental slag samples

Sample No.
Chemical composition / wt%

R
Fe2O3 Fe3O4 CaO SiO2 MgO MnO Al2O3 FeO Cr2O3

S1 — — 40.80 27.20 10.00 3.00 6.00 8.00 5.00 1.5
S2 — — 40.80 27.20 10.00 3.00 6.00 18.00 5.00 1.5
S3 10.00 — 40.80 27.20 10.00 3.00 6.00 8.00 5.00 1.5
S4 — 10.00 40.80 27.20 10.00 3.00 6.00 8.00 5.00 1.5
S5 — — 40.80 27.20 10.00 3.00 6.00 13.00 5.00 1.5
S6 — — 40.80 27.20 10.00 3.00 6.00 23.00 5.00 1.5

Note: R refers to the degree of alkalinity.
 

After accurate weighing and thorough homogenization, 5
g of  each slag sample was put  in  the MgO crucible,  which
was then placed in  the high-temperature quenching furnace
for  subsequent  heating  to  1600°C  in  an  argon  atmosphere
(see Fig. S1(a)). The temperature was kept for 60 min to en-
sure  that  slags  were  completely  melted.  In  this  experiment,
two  different  cooling  modes  were  used  to  explore  the
changes  in  SSS.  The  first  consisted  in  direct  quenching  of
slags after holding them at 1600°C for 60 min. The second
was the slow cooling of slags down to 1300°C at a cooling
rate of 3.5°C/min after 60 min of heating at 1600°C [22], fol-
lowed by water quenching.

Furthermore, in order to study the effect of FeO on SSS, 2
g  of  FeO  reagent  was  pressed  into  a  block.  Then,  30  g  of
evenly  mixed  S1  slag  was  poured  into  the  MgO  crucible,
which was then placed in the graphite crucible, and both were
put together into the high-temperature tube furnace, as shown
in Fig. S1(b). Argon was introduced during the experiment to
provide  an  inert  atmosphere.  The  slags  were  heated  to
1600°C  and  held  at  this  temperature  for  60  min  to  ensure
their  complete  melting.  Finally,  the  prepared  FeO  blocks
were immersed in the melts  and held at  1600°C for  1 min,
and  slags  were  then  quickly  removed  from  the  furnace,
quenched in water, and separated from the MgO crucible.

The morphologies of synthesized samples were character-
ized by a scanning electron microscope (SEM, Jeol 6480LV)
coupled  with  a  Thermo  Electron  NSS  energy-dispersive
spectrometer  (EDS).  The phase compositions of  slags  were
analyzed using a Philips X’Pert X-ray diffractometer (XRD)
equipped with  a  Cu Kα radiation source (λ =  0.15418 nm).
The XRD profiles were acquired in the range of 10° ≤ 2θ ≤
80° at a step of 0.008° and processed using Powder Diffrac-
tion  File  databases  (the  International  Center  for  Diffraction

D

Data)  embedded  in  the  Xert  High  score  software.  The  ele-
mental valence states were determined via X-ray photoelec-
tron  spectroscopy  (XPS,  Thermo  Scientific  K-Alpha).  The
sizes of the spinel crystals were evaluated from the SEM im-
ages  using  Image-Pro  Plus  6.0  (IPP  6.0)  software.  For  this
purpose, spinel phases were selected in 64 different fields of
view under  1000× magnification,  and the  average  diameter
( ) of spinel particles was then determined as follows:

D =
1
n

n∑
i=1

Di (1)

where n is  the  number  of  spinel  particles  over  all  fields  of
view, and Di is the diameter of the ith spinel particle (µm) de-
pending on its area S (µm2) as

D =

√
4S
π

(2)

More details about the calculation method can be found in
the previous study [23].

In  addition,  to  investigate  the  spatial  distribution  of  the
spinel phase in the SSS melt, the crucible containing the slag
sample  after  water  quenching  was  cut  into  small  pieces,
which were then exposed to a series of grinding and polish-
ing  procedures  for  the  SEM  observation.  Meanwhile,  be-
cause  of  the  limited  field  of  view  in  the  SEM,  an  image
stitching software was applied to splice the SEM images and
to obtain a relatively complete spatial distribution map of the
phases composing the slag.

 3. Results and discussion
 3.1. Effect of iron oxide composition on SSS

The  microstructures  of  the  samples  without  iron  oxides
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and those with 10wt% FeO, 10wt% Fe2O3, and 10wt% Fe3O4

are shown in Fig. 1. The mineral structures and sizes of spinel
crystals are presented in Fig. 1(a)–(d), whereas other phases
can  be  clearly  distinguished  in Fig.  1(e)–(h).  As  seen  in
Fig.  1,  the  SSS  sample  consisted  of  four  different  mineral
phases. According to EDS analysis, the white particles with
regular quadrilateral or pentagonal shapes were attributed to
spinel crystals [24–25] ((Mg, Fe)(Cr, Fe, Al)2O4). The white
droplet inclusions with irregular edges and corners revealed
the  presence  of  RO (generally  referring  to  FeO,  MgO,  and
MnO phases and their solid solutions) phase. The gray mat-
rix phase was assigned to merwinite (Ca3MgSi2O8), and the
light gray ribbons were ascribed to a glass phase. The specif-
ic composition of each phase is given in Table 2. According
to the data, the increase of Fe content in the RO phase was

mainly  due  to  the  increase  of  total  iron  content  in  the  slag
after the addition of iron oxide. Meanwhile, the iron content
in the spinel phase increased because Fe2+ and Fe3+ in the slag
entered the spinel phase in a similar manner [26], which pro-
moted the growth of spinel particles. The same phenomenon
was also observed by Zeng et al. [27].

By comparing Fig. 1(a)–(d) and Fig. 1(e)–(h), it was obvi-
ous that more spinel phases in the form of dense aggregates
existed in the field of view of Fig. 1(a)–(d). In Fig. 1(e)–(h),
fewer spinel phases were present, and even no spinel phase
was  found.  However,  there  were  abundant  RO,  glass  and
merwinite  phases  in  the  field  of  view.  Since the same situ-
ation was observed for all four groups of slags, this was the
evidence of some regularity in phase compositions of those
specimens. In Fig. 1(e), the spinel phase was mainly concen-

 

(a) 0wt% iron oxide 10wt% FeO 10wt% Fe2O3 10wt% Fe3O4

0wt% iron oxide 10wt% FeO 10wt% Fe2O3 10wt% Fe3O4

(b) (c) (d)

(e) (f) (g) (h)
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Fig. 1.    SEM images of experimental slag samples with different iron oxides: (a, e) 0wt% iron oxide; (b, f) 10wt% FeO; (c, g) 10wt%
Fe2O3; (d, h) 10wt% Fe3O4.
 

Table 2.    EDS results on each phase in Fig. 1 at%

Figure No. Phase Ca Si Mg Mn Al Fe Cr O

Fig. 1(a) and (e)

Merwinite 20.09 15.57 7.54 — — — — 56.80
Spinel — — 11.91 — 4.78 5.71 14.22 63.38
Glass 13.40 10.72 6.48 1.81 4.15 6.20 — 57.24
RO — — 32.37 2.64 — 11.98 — 53.01

Fig. 1(b) and (f)

Merwinite 21.32 14.40 7.63 — — — — 56.65
Spinel — — 10.88 — 3.88 8.23 12.70 64.31
Glass 10.66   8.31 5.96 1.18 4.77 7.93 — 61.19
RO — — 24.23 1.55 — 16.43 — 57.79

Fig. 1(c) and (g)

Merwinite 20.43 13.78 6.62 — — — — 59.17
Spinel — — 10.50 — 3.96 8.85 12.23 64.46
Glass 11.69 10.35 4.59 1.48 5.42 7.00 — 59.47
RO — — 23.25 1.92 — 16.07 — 58.76

Fig. 1(d) and (h)

Merwinite 22.16 14.02 7.21 — — — — 56.61
Spinel — — 10.06 — 4.11 8.12 12.25 65.45
Glass 12.32   9.91 5.78 1.17 4.47 7.17 — 59.17
RO — — 23.37 2.15 — 17.68 — 56.80

294 Int. J. Miner. Metall. Mater. , Vol. 31 , No. 2 , Feb. 2024



trated in the upper left corner of the image, and there was a
well-defined  boundary,  indicating  a  spatial  distribution  of
various phases in the SSS melt. The identical picture was also
reported  by  Wang  and  Sohn  [28]  in  the  case  of  SSS  with
MnO additive. Such a phase distribution in the SSS exerted a
positive impact on the harmless treatment of the slag, as well
as  on  the  recovery  and  utilization  of  chromium  resources
[29].

Since the spinel grain size ≤ 6 µm [30], the crystal devel-
opment was incomplete and was accompanied by the emer-
gence  of  lattice  defects  and  impurity  elements,  which  af-
fected the stability of the spinel. It is noteworthy that the lar-
ger the spinel size, the easier the valuable elements can be re-
covered  by  magnetic  separation,  which  is  beneficial  for
structural stabilization of the slag [31]. It can be clearly seen
from Fig. 1(a)–(d) that the grain size of the spinel phase pre-
cipitated  in  the  slag  with  10wt% FeO doping  was  signific-
antly larger than that in other slag samples. Therefore, the av-
erage particle size of the spinel phase was further measured
and calculated to assess the effect of different iron oxides on
the spinel production in SSS. The influence of different iron
oxides on the particle size of  the spinel  is  shown in Fig.  2.
According to the plots, the maximum average particle size of
the spinel  was 12.8 µm at  the maximum size of 31.05 µm,
which was achieved in the slag sample with 10wt% FeO con-
tent. The minimum average particle size of 7.7 µm was ob-
tained for the iron-oxide free slag, and the maximum size in
this  specimen  was  18.9 µm,  which  was  also  smaller  than
those of other slag samples with iron oxide additives. The av-
erage and maximum particle sizes of the slags with 10wt%
Fe2O3 and 10wt% Fe3O4 dopant contents were almost close to
each other. Therefore, both types of oxides had the similar ef-
fects on the spinel phases in the slags.
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 /
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Slag sample

Average particle size
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Fig. 2.    Effect of different iron oxides on spinel particle size.
 

In summary, three kinds of iron oxides promoted the de-
velopment of spinel crystals. At the same time, the impact of
FeO addition on the spinel phase was more pronounced than
those enriched by introducing Fe2O3 and Fe3O4 or even in the
absence  of  iron  oxide.  Therefore,  the  presence  of  FeO was
more conducive to the subsequent processing and utilization
of SSS [32].

The  XRD  analysis  was  then  performed  on  the  samples

quenched with different  iron oxides,  and the results  are de-
picted in Fig. 3. The highest XRD peak near 34° was attrib-
uted  to  merwinite  as  the  major  mineral  phase  in  the  slags,
which  agreed  with  the  above  SEM–EDS  data.  The  emer-
gence of XRD peaks associated with spinel phases was the
evidence of spinel crystal precipitates in all samples. Besides,
with the addition of iron oxides, the diffraction peak intens-
ity of merwinite gradually decreased, especially in the case of
FeO and Fe2O3. This meant that the presence of iron oxide in
the  slag  structure  could  have  inhibited  the  precipitation  of
merwinite.
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Fig.  3.     XRD patterns  of  slag samples  with different  iron ox-
ides.
 

 3.2. Effect of FeO addition on crystallization behavior of
spinel

Fig. 4 displays the microstructures of the samples with dif-
ferent amounts of FeO. In order to observe the spatial distri-
bution of each phase in the slag sample in a clearer manner,
several SEM images with a small field of view were spliced
into the long photos from the top to the bottom of the cru-
cible,  as  shown  in Fig.  4(a)–(d).  Combined  with  the  EDS
data, the SEM results highlighted the presence of four main
phases: spinel, glass phase, merwinite, and RO phase.

A visual inspection of Fig. 4 from top to bottom revealed
the  same  regularity  for  all  four  slag  samples;  that  is,  the
phases in the SSS were spatially distributed in the melt, and
 

(a)(a) (b) (c) (d)(b) (c) (d)
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500 μm 500 μm 500 μm 500 μm

Fig. 4.    SEM images of spliced slag samples with different FeO
contents at  1300°C: (a)  8wt%, (b) 13wt%, (c)  18wt%, and (d)
23wt%.
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abundant spinel phases were precipitated at the top and bot-
tom of the slags. It is noteworthy that no spinel has been de-
tected in the middle part of the slags. The matrix phase in the
whole  picture  was  ascribed  to  the  merwinite  phase,  and  a
large amount of glass and RO phases was distributed in the
middle of the slag. On the other hand, a comparative analysis
of Fig. 4(a)–(d) disclosed that adding 8wt% FeO (Fig. 4(a))
resulted in plenty of spinel  phase precipitates at  the bottom
and their scarceness at the top of the crucible. With the con-
tinuous addition of FeO, the amount of the spinel phase at the
bottom gradually decreased, while that at  the top gently in-
creased.  However,  this  process  was  not  continuous.  As
shown in Fig. 4(c), at the FeO content of 18wt%, the spinel
phase accumulated at the top rather than at the bottom of the
slag. At this time, the amount of spinel at the bottom of the
slag was lower than those in the other three slags. According
to Fig. 4(d), the content of spinel phase at the bottom of the
slag  with  23wt%  FeO  content  increased  relative  to  that  at
18wt% FeO content,  while  the  total  quantity  of  spinel  was
still inferior to the slags with 8wt% and 13wt% FeO doping.

In view of this specific spinel phase distribution at the top
and bottom of the slag, the next step of the research is aimed
at  verifying whether  the precipitation of  the spinel  phase is
not caused by heat conduction and rapid cooling at the edge
during  water  quenching.  In Fig.  4(c),  no  spinel  phase  was
found on the side wall of the crucible in contact with water,
thereby proving the above assumption.

To sum up, each phase in the SSS exhibited its particular
spatial  distribution  (see Fig.  5).  Adding  the  appropriate
amount of FeO changed the distribution of the spinel phase
and made it aggregate at the top of the slag. Among the four
different  slags,  the specimen with 18wt% FeO doping con-
tained  the  smallest  amount  of  spinel  at  the  bottom,  while
presenting the spinel aggregates at the top.
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Fig.  5.     Schematic  pattern  of  phase  space  distribution  within
SSS.
 

The  XRD  analysis  was  afterward  performed  on  the
samples  quenched  with  different  amounts  of  FeO,  and  the
results are depicted in Fig. 6, revealing the presence of spinel,
glass,  merwinite,  and  RO  phases,  which  agreed  with  the
above  SEM–EDS  data.  Besides,  with  the  increase  in  FeO
doping, the diffraction peak intensity of merwinite gradually

decreased,  while  that  associated  with  spinel  remained  un-
changed.  This  meant  that  the  presence  of  FeO  in  the  slag
structure inhibited the precipitation of merwinite.
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Fig.  6.     XRD  patterns  of  water  quenched  slag  samples
(1300°C) with different amounts of FeO.
 

Fig. 7 depicts the SEM–EDS data with the spatial distri-
butions of various phases in the slag after heating at 1600°C.
While a tiny amount of spinel phase was distributed at the top
of the slag, there were abundant glass and merwinite phases
in the middle and a large amount of spinel phase at the bot-
tom of the slag. Through a horizontal comparison of the im-
ages in Fig. 7, it was found that when the amount of FeO in-
creased to 18wt%, the spinel phase at the top of the slag in-
creased and more spinel phases were also detected at the bot-
tom of both slag samples.
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Fig.  7.     Splicing  SEM  images  of  1600°C  slag  samples  with
8wt% and 18wt% FeO contents: (a) 8wt% FeO (top), (c) 8wt%
FeO  (middle),  and  (e)  8wt%  FeO  (bottom);  (b)  18wt%  slag
(top), (d) 18wt% slag (middle), and (f) 18wt% slag (bottom).
 

The XRD results confirmed the phases revealed by EDS.
As  shown  in  Fig.  S2  the  diffraction  peak  intensity  of  the
spinel phase in the slag sample with 18wt% FeO doping was
higher than that at 8wt% FeO, indicating that the addition of
FeO was more conducive to the precipitation and growth of
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the spinel phase at 1600°C.
Fig.  8 displays  the  effect  of  FeO  content  on  the  spinel

particle  size  in  the  slag  after  heating  at  1300°C  and  water
quenching. The results suggested that the average and max-
imum particle sizes of the spinel precipitated in the slag with
18wt% FeO content  were 12.8 and 31.05 µm, respectively,
exceeding those of other samples. The minimum size of the
precipitated  spinel  phase  was  also  achieved  in  the  slag
sample with 8wt% FeO. As seen from the plots in Fig. 8, at
the  FeO content  less  than  18wt%,  the  spinel  size  increased
with  the  increasing  FeO  amount.  However,  in  the  sample
with 23wt% FeO doping, the average particle size was 12.1
µm and the maximum particle size was 29.2 µm. This result
was  similar  to  that  of  the  sample  containing  18wt%  FeO.
Compared with the 18wt% FeO-doped sample,  the average
particle  size  of  spinel  was  slightly  reduced  relative  to  the
maximum size, which indicated that the amount of FeO ad-
ditive  should  be  controlled  within  an  appropriate  range.
Above a certain limit, it is no longer conducive to the growth
of  spinel  phase.  To  further  explore  this  change  in  particle
size, the slag samples with 8wt% and 18wt% FeO contents
were water quenched after heating at 1600°C, and their spinel
size was then measured. The results showed that the average
particle size of the spinel phase in the slag sample with 8wt%
FeO was only 5.4 µm. In turn, adding 18wt% FeO made the
average particle size of the spinel phase increase to 8.5 µm.
At  the  same  time,  the  results  on  the  slags  with  8wt% FeO
after water quenching at 1600 and 1300°C revealed that the
spinel particle size increased from 5.4 to 7.7 µm with the de-
crease in heating temperature. Similarly, a comparative ana-
lysis  of  data  acquired  on  slags  with  18wt%  FeO  after  the
same treatment conditions showed an increase in the spinel
size from 8.5 to 12.8 µm. Therefore, not only FeO doping but

also the proper control of the cooling mode can promote the
efficient growth of the spinel phase. It is worth noting that the
same  trend  in  spinel  size  under  controllable  cooling  condi-
tions was earlier observed in Ref. [33].
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Fig.  8.     Relationship  between  precipitated  spinel  phase  size
and FeO content.
 

The XPS data on valence states of iron in slag sample with
18wt% FeO content quenched in water at 1300°C are shown
in Fig. 9. The peaks observed in the Fe 2p spectrum at 711.5
and 725.3 eV were attributed to the spin-orbit splitting of Fe
2p3/2 and Fe 2p1/2 states, respectively. Two satellite (sat) peaks
at 716.3 and 728.9 eV were ascribed to Fe 2p3/2 and Fe 2p1/2

states,  respectively  [34–35].  The  quantitative  XPS  analysis
revealed the presence of divalent and trivalent Fe states with
a Fe2+/Fe3+ ratio of 41.3/58.7 at 709.6 and 711.9 eV. This in-
dicated that FeO added to the slag was partially oxidized to
Fe3+ during  the  melting  process,  resulting  in  coexistence  of
Fe2+ and Fe3+ in the slag.
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Fig. 9.    Analysis of Fe valence states in SSS.
 

According to the EDS data (Table 3), the iron content in
the spinel phase gradually increased with the addition of FeO,
which was also the main reason for the increase of the spinel
particle size.  However,  while the atomic percentage of iron
gently increased, that of chromium decreased; as a result, the
spinel  size  at  23wt%  FeO  was  slightly  inferior  to  that  at

18wt% FeO. This phenomenon is schematically illustrated in
Fig. 10. The spinel crystals belonging to the isometric crystal
system have a face-centered cubic structure. The tetrahedral
and octahedral layers are interspersed, and the number ratio
of tetrahedral to octahedral layers is 2:1 [36–37]. The oxygen
ions  are  closely  packed  in  a  square  so  that  the  trivalent
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cations occupy the octahedral voids in six coordinations and
the divalent cations occupy the tetrahedral voids in four co-
ordinations.  The  general  formula  of  the  spinel  structure  is
XY2O4,  in  which  X  and  Y  are  the  divalent  and  trivalent
cations  occupying  the  tetrahedral  and  octahedral  positions,
respectively  [38–39].  In  this  study,  Mg2+,  Fe2+,  Al3+,  Cr3+,
Fe3+, and O2− were involved in the production of spinels, and
the increase in Fe content in the slag produced Fe2+ and Fe3+,
both  of  which  contributed  positively  to  a  spinel  growth.
However, Fe3+ and Cr3+ are in the same octahedral voids, i.e.,
there is a competitive relationship between them.

According  to  the  above  experimental  results,  properly
controlling  the  cooling  system  would  be  conducive  to  the
growth of spinel. The most optimal effect was achieved when
using 18wt% FeO as dopant. In addition, compared with oth-
er  slag samples,  that  with 23wt% FeO had the highest  iron
content in the spinel phase. The increase of iron content com-
bined with the spatial distribution of SSS can exert a positive
impact on the recovery of chromium resources in the slag via
magnetic separation [40].

 3.3. Action mechanism of FeO

To study the action mechanism of FeO, the prepared FeO
lump was put into the slag sample S1, which was completely
melted at 1600°C. After 1 min of the reaction, the obtained
system was rapidly cooled to room temperature. Fig. 11 dis-
plays the SEM images of the interface zone between the FeO
lump and the slag, and the schematic of the FeO action on the
slag is illustrated in Fig. 12. The elements of each phase were
analyzed via EDS. As shown in Fig. 11(a), three areas could
be  distinguished  based  on  the  EDS  data  as  follows:  (1)  a
FeO-rich  area  on  the  upper  side,  (2)  a  molten  area  on  the
lower  side,  and  (3)  a  reaction  interface  area  in  the  middle.

Fig. 11(b) depicts the magnified (2000×) SEM image of the
transition area between the FeO-rich area and the reaction in-
terface  area.  As  seen  from  the  image,  the  FeO  lump  was
melted in 1 min, exhibiting plenty of droplets. According to
the EDS analysis, some metallic elements, such as calcium,
magnesium, manganese, silicon, and chromium, entered the
FeO droplets. The surrounding phases of glass and merwin-
ite  increased  the  iron  content.  The  molten  droplets  formed
after  the  melting  of  FeO  in  the  reaction  interface  region
caused  the  emergence  of  RO phase  with  the  entry  of  mag-
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Table 3.    EDS results on spinel phases in slag samples (1300°C) with different FeO contents at%

FeO content / wt% Ca Si Mg Mn Al Fe Cr O
  8 — — 11.91 — 4.78   5.71 14.22 63.38
13 — — 11.14 — 4.67   7.48 13.85 62.86
18 — — 10.88 — 3.88   8.23 12.70 64.31
23 — — 11.53 — 4.12 10.18 10.50 63.67
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nesium,  manganese,  and  other  elements.  Since  a  small
amount  of  chromium  penetrated  into  the  RO  phase,  it  was
easily dissolved due to its instability in the aqueous solution,
causing  environmental  pollution.  Therefore,  the  amount  of
FeO added to SSS should be controlled within an appropriate
range.

As  shown  in Fig.  11(b),  the  FeO  droplets  gradually  de-
creased as they approached the reaction interface until com-
pletely  disappearing.  Since  FeO  blocks  were  added  to  the
slag from the top layer, they were only partially integrated in-
to the slag after quenching for 1 min and were still present on
the surface of the slag. This meant that the reaction interface
was located on the upper surface of the slag. After quenching
at 1300°C, the spinel phase was distributed at the top and bot-
tom  of  slag,  while  it  was  concentrated  at  the  bottom  at
1600°C. For this reason, no spinel was identified at the reac-
tion interface in Fig. 11. Furthermore, the merwinite phase in
the  FeO-rich  region  was  free  of  chromium,  whereas  some
chromium elements were detected in the glass phase across
the interfacial region.

In summary, the mechanism of action of FeO on SSS in
the  current  study  can  be  proposed  as  follows.  In  the  first
stage, a solid FeO phase gradually melts and forms droplets
which are then dissolved in the molten slag. During this pro-
cess,  the  slag  viscosity  and  the  liquid  temperature  decrease
[41], which improves the crystallization kinetics of slag pre-
cipitation.  It  is  noteworthy that  a  similar  behavior  was also
observed by Zhao et al. [42] after adding MnO. In the second
stage,  some  chromium  elements  in  the  surrounding  phases
travel toward the RO phase formed by FeO melting, which
affects their distribution behavior. Finally, the high compat-
ibility of Fe2+ and spinel structure is conducive to the crystal-
lization and growth of spinel [43].

 4. Conclusions

(1) The addition of FeO to SSS could improve the spinel
phase  growth  compared  to  slags  with  Fe2O3 and  Fe3O4 or
without  any  iron  oxide.  During  quenching  after  heating  at
1300°C,  the  most  optimal  structural  parameters  were
achieved  in  the  experimental  slag  sample  with  the  18wt%
FeO content. The average particle size of the spinel was 12.8
µm and the maximum particle size was 31.05 µm.

(2)  The  phases  were  spatially  distributed  throughout  the
slag.  The  spinel  phase  was  mainly  localized  at  the  top  and
bottom of the slag. The middle part was predominately made
of glass and RO phases, and the matrix phase was composed
of merwinite. With the increase of FeO content from 8wt% to
23wt%, the spinel phase gradually moved from the bottom to
the top of the slag. The most optimal effect was obtained in
the slag with 18wt% FeO doping.

(3) The average and maximum particle sizes of the spinel
phase in the slag with 18wt% FeO were larger than those in
slags  with  FeO  contents  of  8wt%–23wt%  (except  for
18wt%). The average size of spinel in the slag with 23wt%
FeO was 12.1 µm and the maximum size was 29.2 µm. These

trends were similar to those of the 18wt% FeO-doped slag,
exhibiting a slight reduction in the corresponding values.
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