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Abstract Electric Arc Furnace (EAF) dust generated in the production process of
stainless steel is a hazard to the environment and human health due to its large
amounts of toxic substances, such as Cr(VI). Cr in the EAF dust is mainly in the
form of a residue according to sequential extraction procedure test, and only small
amounts of Cr are mobility. Although the formation mechanism of the EAF dust
has been gradually understood, the distribution and chemical species of Cr in EAF
dust are rarely studied. In this paper, the distribution and chemical species of Cr in
EAF dust were studied. The results show that Cr(IIl) and Cr(VI) are mainly present
in the small particles. After sputtering about 140 s with Ar* ion beam, the Cr(VI)
on the surface of dust particles disappears, and the content of Cr(III) reaches 100%),
indicating the Cr(VI) in the EAF dust comes from the oxidation of lower valent
Cr-containing substances and enrich on the surface of the dust particles.

Keywords EAF dust - Cr(VI) formation - Cr distribution - Stainless steel

Background

Chromium comes from chromium ore, which is widely used in metallurgy, refracto-
ries, and chemistry. The component of the chromium ore used in metallurgy industry
contains Cr, O3 of more than 46% and Cr/Fe of 2, respectively [1]. Due to its corrosion
resistance, chromium is widely used in the product of stainless steel in the form of
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Fe—Cr alloy. Stainless steel is classified into chromium stainless steel, chrome nickel
stainless steel, chrome nickel molybdenum stainless steel and chromium manganese
nitrogen stainless steel according to its chemical composition. In consideration of
reducing production cost and the consumption of nickel, the chromium stainless steel
becomes one of the most developed varieties. According to the corresponding stan-
dards [2—4], the content of chromium is higher than 10.5 wt% in chromium stainless
steel.

In China, the production of stainless steel has increased from 7.3 million tons
in 2001 to 24.93 million tons in 2016 [5]. With the increase of product of stainless
steel, the environmental problems in the vicinity of the stainless steel plants have been
concentrated. One of the concerns is the disposal of EAF dust, which is considered
as one kind of carcinogenic materials as it contains 0.14-0.6 wt% Cr(VI) . It exceeds
the limit values of many countries [6]. Typically, 18-33 kg of dust generate per
ton stainless steel produced [7]. The dust generated through the homogeneous or
heterogeneous nucleation because of the splash of liquid steel and slags directly fly-
off from the charge as well as volatilization of metals [8]. However, the distribution of
Crin the dust, especially Cr(VI), in different particle size has been rarely studied. As
the hazards of waste depend on the concentrations of hazardous elements as well as
its particle size since the small dust particles are easier to spread in air and dissolve
in water [9], more attention should be paid to the control and collection of small
particles of dust.

In consideration of the mobility of metals in the EAF dust, some regulations
should be satisfied during the treatment process of EAF dust. Some researchers [ 10,
11] utilized TCLP to determine the toxicity of EAF dust and found that EAF dust is the
hazardous waste due to exceeding the regulation limits of Cr. However, the mobility
of the Cr-containing species and chemical fractionation are still required to study.
To understand this, the sequential extraction method was adapted according to the
procedure of Ma et al. [10], namely F1-soluble, F2-exchangeable species, F3-bound
to carbonates, F4-bound to amorphous Fe-Mn oxides, F5-bound to crystallized Fe
oxides, F6-associated to organic matter and sulfides, and F7-residual which bound
to spinel group minerals and silicates.

In this paper, various techniques, such as Inductively Coupled Plasma (ICP), X-
ray Photoelectron Spectroscopy (XPS), Scanning Electron Microscopy (SEM), and
thermodynamic calculation, have been used to study the distribution and chemical
species of Cr in the EAF dust from stainless steel plant, in order to understand the
formation of Cr(VI) in the EAF dust.

The Existence Form of Cr in EAF Dust

By studying the process of smelting Fe—Cr alloys, Ma [7] and Sedumedi et al. [12]
reported that Cr(III) is hard to be oxidized since the smelting process is carried out in
areducing atmosphere and the oxygen partial pressure in the smelting furnace is less
than 108 atm. However, while the oxygen partial pressure increases in the off-gas
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duct, the oxidation of Cr(III) may occur. Compared with the total amount of Cr(VI)
generated in acidic slag and alkaline slag [13], it indicates that alkaline media would
promote the formation of Cr(VI).

According to Cheng et al. [14], the Cr oxidation dynamics analysis indicates that
Cr,03 is the main oxidation product at low temperature, which will be decomposed
to CrO and CrO3 with the increase of temperature. At high temperature, CrO; is the
main product. In the EAF dust, Cr mainly exists in the forms of Cr(IIl) and Cr(VI), and
Cr(V]) is in the forms of CrOs, Cr,0,2~ and CrO,42~ [15]. However, Peng and Peng
[8] reported Cr exists in the form of CrO and FeCr,O4 by XRD analysis. Maet al. [16]
made a thermodynamic equilibrium calculation of Cr—Fe-Zn-Mn-Al-Ca-Ni-O-Cl
system, which includes main components in the EAF stainless steel dust. The results
indicated that Cr is in the form of FeCr,O4 with temperature higher than 1327
°C, and would transform into Cr,O3 when temperature is lower than 1327 °C. The
evolutionary behavior of Cr in Cr—0O; system with alkaline oxides was also simulated,
demonstrating that CrO4>~ is easily formed with the existence of alkaline oxides.

In order to further study the variation of Cr—Fe—C-O system with temperature,
oxygen partial pressure and carbon content, the predominance area of Cr in the
Cr—Fe—C-O system was calculated in Fig. 1. From the Fig. 1, the increase of temper-
ature will make the predominance area more complex. In 1700 °C, CrO(1) is generated
when P(O,) > 10752 Pa, and Cr304(s) would be generated with the increase of the
oxygen partial pressure. When the oxygen partial pressure continues to increase to
10738 Pa, Cr,03(s) is generated. The Cr is stable in the form of FeCr,04(s) with the
oxygen partial pressure more than 10~*3 Pa. Cr(VI) would be produced when the
oxygen partial pressure reaches 9.77 Pa. In the process of stainless steel smelting, the
equilibrium oxygen potential of carbon is related to carbon content and temperature
(Eq. D) [17]:

1g(PO,/P?) = —21gw[C] — 0.28w[C] — 14558/T — 3.6752 (1)

The temperature of stainless steel smelting is about 1600 °C, and carbon content
at the endpoint w[C] = 0.04-0.08% [18]. When the endpoint carbon content is
controlled at 0.04%, the oxygen partial pressure is 2.23 Pa calculated by Eq. (1).
Combined with Fig. 1, the Cr is mainly in the form of FeCr,O4(s) in the EAF dust.

Experimental

The EAF dust from a domestic stainless steel plant is rufous with small particles and
easy to be accumulated. The chemical composition of the EAF dust was analyzed
by Inductively Coupled Plasma (IRIS Advantage ER/S, Thermo Elemental, USA)
shown in Table 1. It shows that the EAF dust has high levels of Cr, and more than 4
wt% alkaline oxides.



364 Z.Lietal.

actsye

2 T T T T T T T T T T —x
1500'c.——/ g@
1t CriCyls) 1600¢—" B
L 1ro0nc
g3 E
-1F FeCr,0,(s) E
2 2} ]
-y
&) Cr,C(s)
E 3t ]
< ST eTy S
i |
2 4 | P 1
| | tl:O;(S]
sk i i ~ 4
| ; c:reJlﬁ :
| i i
= I | s ]
Cris) | | b7 !
s I | 3
|
-8 I L

009 8 T 6 54 3 2 aTToTTiTT
log,,(P(0,)) (Pa)

Fig. 1 Predominance area of Cr in the Cr—Fe—C-O system
Table 1 The chemical composition of EAF dust (wt%)

SiOy | AbO3| Fe;O3/ CaO | MgO | K0 | NayO | MnO | Cr NiO |Zn Cd Pb
12.56 |13.52 4993|196 |1.21 |229 |1.20 |1.98 |820 |235 |1.28 |0.004 |0.30

Phase and Microstructure Analysis of EAF Dust

X-ray diffractometer (X’ Pert PRO MPD) was used to analyze the crystalline phases
of the EAF dust with Cu Ka radiation, tube voltage 40 kV, tube current 40 mA,
20 scanning range 10°-70° and continuous scanning mode. The microstructures of
EAF dust were observed by Scanning Electron Microscopy (PHILIPS X130 TMP)
with an energy dispersive spectrometer. Before sample preparation, the EAF dust
particles was placed in the oven at 110 °C to dry for 2 h, and then it was placed on
the conductive tape and observed after spraying gold.

Distribution of Cr in Different Particle Size

The EAF dust was sieved by the dry method with ultrasonic vibrating screen (ZD-
250A). The sample was sieved into five different particle sizes of >40, 30-40, 10-30,
5-10, <5 pm. The content of Cr was analyzed by ICP, and the content of Cr(VI)
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Fig. 2 The steps of determining the content of Cr(VI) in the EAF dust

in the dust of different particle size was analyzed by the EPA method 3060A. The
specific steps of measurement of the content of Cr(VI) in the EAF dust are shown
in Fig. 2. In this experiment, the standard curve equation is y = 0.6974x + 0.001, R?
= 0.9994 (y is the concentration value of Cr(VI), x is the absorbance value).

Chemical Species of Cr in EAF Dust

Table 2 is the typical seven extraction procedure for residual elements. After each
extraction step, the mixture was centrifuged at 2500 rpm for 10 min. The residual was
then washed with 10 ml ultrapure water and centrifuged repeatedly. The supernate of
each extraction step was used to determine the concentrations of heavy metals with

ICP.
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Table 2 The steps of the sequential extraction procedure

Chemical species Description of extraction process

F1. Soluble Place 2.00 g dust samples into 10 ml of water with
horizontal shaking for 30 min at room temperature

F2. Exchangeable species Add 10 ml 1 N Mg(NO3); into the residue from F1
for 1 h at room temperature

F3. Carbonate Add 10 ml 1 N NaAc to the residue from F2

buffered to pH value is 5 with acetic acid for 5 h

F4. Amorphous iron manganese oxide Add 10 ml 0.25 mol/l NH,OH-HCl and 0.25 mol/l
HCI to the residue from F3 for 30 min in a water
bath at 50 °C

F5. Crystalline iron manganese oxide Add 10 ml 4 mol/l HCI to the residue from F4 for
30 min in a water bath at 95 °C
F6. Organic matter and sulfides Add 5 ml 30% H>0O, and 5 ml 0.02 mol/l HNO3 to

the residue from F5 for 6 h in a water bath at 85 °C

F7. Residue The residue from F6 step is digested for the analysis
of related heavy metals

Formation of Cr Species in EAF Dust

Peng and Peng [8] found that Fe and Si are unevenly distributed because the EAF
dust particle grows by mechanical deposition. And Cr deposits on the surface of large
dust particles by electrostatic interaction. However, electron probe can only analysis
the bulk composition of the dust particles. A XPS (ESCALAB 250) was used to
investigate the elements distribution on the surface of dust. The high kinetic energy
Ar* ion beam was employed to sputter the surface of the dust particles continually,
and then to analyze the surface elements of dust at interval.

Results and Discussion

Phase and Microstructure of EAF Dust

Figure 3 is the crystalline phases of EAF dust. It can be seen that Cr(III) is mainly
in the form of FeCr,O4. This assists with the thermodynamic calculation on the
predominance area of Cr species in the Cr—Fe—C-O system. In addition, Fe;O4 and
NiO are also found in the EAF dust.

Figure 4a shows a typical spherical particle in EAF dust with a particle size of
about 8 wm. The energy spectrum analysis shows that it is CaO-SiO,, which may be
derived from the splash of the slag. In addition, a large number of well-crystallized
particles (as shown in Fig. 4b) can be found in EAF dust. These particles are mainly
composed of Fe, Cr, and O, which can be inferred to be Fe(Fe, Cr),04 by energy
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Fig. 3 Crystalline phases of EAF dust
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Fig. 4 Microstructure of EAF dust (a spherical dust; b octahedron crystal; ¢ cube crystal)

spectrum analysis. According to Peng and Peng [8], if there are not enough solid
particles to agglomerate in a heterogeneous nucleation manner, the metal volatilized
from the molten bath can form EAF dust by homogeneous nucleation, which means
that volatized substances collide and bond each other. When the particles grow into
about 0.02—1.0 iwm, they are heterogeneously nucleated and mechanically aggregated
to form dust [8]. The formation of regular octahedral spinel particles in Fig. 4b may
be formed by the vaporization of Fe and Cr elements at high-temperature zone of
the smelting furnace and reaction in the off-gas pipe. Cube-shaped particles can also
be observed (Fig. 4c). It is a Ni-Fe—Cr—K-Al-O based material (4.67% Ni, 39.12%
Fe, 9.01% Cr, 6.85% K, 2.25% Al, and 38.10% O).
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Table 3 The particle size distribution of EAF dust

Particle size (um) |<5 5-10 10-30 3040 >40
Percent (wt%) 58.8 5.9 26.4 1.1 7.8
Fig. 5 The amount of Cr in 10
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Distribution of Cr in Different Particle Size

The distribution of particle size is shown in Table 3. The particle size of EAF dust is
mainly less than 5 pm (up to 58.8 wt%), there are only 8.8 wt% EAF dust of which
the size is larger than 30 pm.

The result about the amounts of Cr(IIl) and Cr(VI) in different particle size is
depicted in Fig. 5, interpreting the Cr(III) and Cr(VI) trend to accumulate in the
small particles and they both have same tendency with the change of particle size.
From the thermodynamics and dynamics analysis in the Cr—Fe—-C-O system [13,
14], Cr(1I) is easier to be oxidized while the oxygen partial pressure is higher than
9.77 Pa. When the EAF dust reaches into the off-gas pipe, the oxygen partial pressure
would be higher than 9.77 Pa, indicating that the oxidation of Cr(IIT) would happen.
From Table 1, there are alkaline media in the duct which can promote the oxidization
of Cr(IIT) [16]. In addition, the smaller dust particle has larger specific surface area,
which is easier to absorb Cr(II) and make the reaction between Cr(IIl) and oxygen

to form Cr(VI) . Therefore, Cr(VI) has the same tendency to accumulate in the small
particles.
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Chemical Species of Cr in EAF Dust

Figure 6 shows the fractionation of Cr in EAF dust. It indicated that Cr tightly bound
to stable phases extracted mainly in crystalline Fe—-Mn oxide, sulfides and spinel
group. More than 97% Cr are bound to spinel and there are only 0.0743% chromium
extracted from F1 to F3 steps, which is mobile when EAF dust contacts with water
or the pH value changes. This is further demonstrated that Cr is mainly presented
in the spinel phase in the form of Cr(III). However, it is still paid more attention to
that the Cr(IIl) species can transform into Cr(VI) species with the present of CaO
and oxygen. It seems that the best way to treat these Cr-containing dusts is to recycle
them back to the stainless steelmaking process through the existing technologies.

Formation of Cr Species in EAF Dust

The change of content of surface element is depicted in Fig. 7. Except O(32 wt%),
F(10 wt%) and Si(12 wt%), the contents of elements are lower than 4 wt% on the
surface of EAF dust. With the increase of Ar* sputtering time, the contents of Fe, Cr
and O on the surface have an increasing trend, and other elements, such as Zn and Cl,
do not change significantly. During the smelting process, the rupture of CO bubbles
results in that the molten steel and slag are splashed to form the core of the dust
particles. With the particles flowing up, the temperature decreases and the oxides
with high smelting points would be condensed first. With the principle of nucleation,
these oxides would become the crystallization nuclei. And then nuclei continue to
grow through homogeneous or heterogeneous nucleation. Fe and Cr are mainly in the
form of oxides with high smelting points, and they would become the nuclei of dust



370 Z.Lietal.

7 40

6 ) s 354/ S
304
254
20
15] P~ T si,

s _;‘-r—“fa_'t_--——__ :

éﬁ“? ““‘*:%,_ﬂ________ __.-—L—— a _EXA\\A—"Q'/,- 3

Atomic percentage (%)
F-9
8% 4 \If:
; X d
\
fjj
/|
/
-
|'II
4
Atomic percentage (%)

#i
\
i
[

|

By
4

3

T T

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)

Fig. 7 The surface element concentration of EAF dust varies with Ar* sputtering time
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causing the surface content of Fe and Cr is lower than the ones inside. The contents
of Zn and Cl did not change much, indicating that they are evenly distributed during
the whole process of grow of dust.

At different Ar* sputtering time, the contents of Cr and Cr-containing composi-
tions have been analyzed by XPS. Figure 8 is the change of content of Cr at different
sputtering time, indicating that the content of Cr(VI) decreases gradually with the
increase of the sputtering time, on the other hand, the content of Cr(III) increases.
When the sputtering time is 140 s, the content of Cr(VI) on the surface is nearly
zero.

As the smelting process of stainless steel requires decarburization reaction, the
smelting furnace is mainly in high temperature and reduction atmosphere, Cr(IIl) is
difficult to be oxidized. According to the thermodynamics calculation and dynamics
analysis [13, 17], if the oxygen partial pressure is higher than 9.77 Pa at high tem-
perature, the Cr(VI) would be generated. It proves that Cr(VI) would derive from
the oxidization of Cr(II). Part of Cr form Cr,0O3 or FeCr,O; as the nuclei and grow



Distribution and Chemical Species of Chromium in the EAF Dust ... 371

through homogeneous or heterogeneous nucleation. And while the particle size of
Cr,03 is large, the dust will be formed by mechanical deposition. With the oxygen
partial pressure become high gradually in the off-gas duct, the Cr(III) on the surface
is easier to be oxidized to Cr(VI) . Thus, with the increase of sputtering time, the
Cr(VI) on the surface disappears firstly, and the content of Cr(IIl), which is not
oxidized inside, is getting higher and higher until content of Cr(II) is 100%.

Conclusions

ey

2
3)

The Cr contained in EAF dust is mainly in the form of FeCr,O4. The amount of
Cr(VI) would decrease with the increase of size of EAF dust particle because
the smaller dust particle has larger specific surface area, which is easier to make
the oxidation reaction of Cr(III) to form Cr(VI) .

Cr in EAF dust is mainly in the form of Cr(Ill) existing in spinel residual.

The contents of Cr(VI) and Cr(IIl) have opposite trend, with the increase of
Ar* sputtering time. The former would decrease from 40 to 0%, and the latter
would increase from 60 to 100%. Since the oxygen partial pressure becomes
higher and higher from smelting bath to off-gas duct, the Cr(III) on the surface
would be oxidized to Cr(VI) .
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