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Abstract

Valorisation of argon oxygen decarburisation (AOD) slag, a suitable recycling resource, is limited by the release of a notable
amount of heavy metals, such as chromium. The mineralogical component of AOD slag was characterised by X-ray diffrac-
tion and scanning electron microscopy-energy-dispersive X-ray spectrometry. To explore the release kinetics of chromium
from AOD slag, neutral leaching tests were performed at various temperatures. The results indicated the existence of two
leaching stages: quick and slow leaching stages. In 2 h, the chromium release fraction increased sharply as the leaching time
increased. As the leaching time increased, the chromium release rate gradually decreased. Based on the shrinking core model,
chromium release kinetic models for the quick and slow leaching stages from the AOD slag were independently determined.
The chromium release was controlled by solid product diffusion during the quick leaching stage and a complicated process in
the slow leaching stage. The activation energy of chromium leaching was calculated based on the Arrhenius equation. Solid
product diffusion was the velocity-determining step during the 2 h leaching process. In the slow leaching stage, chromium

release was controlled by complicated hybrid control dominated by solid product diffusion.
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1 Introduction

Argon oxygen decarburisation (AOD) slag, which is a type
of by-product produced in stainless steel refining processes,
can be used as supplementary material in the production of
clinker, cement, concrete and other construction materials
[1-5]. Approximately 1.8 million tons of AOD slag, which
contains 9540 tons of chromium, are generated annually in
China [6]. The potential release of chromium from AOD
slag causes environmental concern. The leaching risk from
AQOD slag also severely limits its valorisation in the com-
prehensive utilisation of AOD slag. Therefore, the leach-
ing toxicity and transformation mechanism of chromium in
AOD slag need to be explored to improve the management
and valorisation of AOD slag.

In general, chromium is present as trivalent chromium and
hexavalent chromium due to rainwater leaching. Trivalent
chromium is nearly harmless to the environment due to its
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low mobility and toxicity. However, hexavalent chromium,
which is a toxic substance due to its high oxidation capac-
ity, is readily transported and accumulated in plants, which
poses a serious health threat to mankind through the food
chain. Chromium released from AOD slag is significantly
impacted by the mineralogical components of AOD slag
and the electrochemical characteristics of leachates [7-10].
Some leaching tests have been performed using toxicity
characteristic leaching procedure (TCLP) and GB 5086.2-
1997 to measure the leaching concentration of chromium
[11]. The results indicated that the released chromium con-
sists of trivalent chromium with leaching concentrations of
0.01-0.05 mg/L, which presents a minor eco-risk. However,
in another study, the leached chromium consisted of hexa-
valent chromium with a concentration of 3 mg/L. when the
pH of the leachates was maintained at 8.0 [12]. The leaching
concentration of chromium and its speciation are signifi-
cantly influenced by the pH of the leachates. Moreover, the
revised Pourbaix diagram for the Cr-H,O system reported
by Beverskog illustrates the influence of redox potential (Eh)
and pH on the chromium speciation in leachates [13].

With regard to the impact of the mineralogical compo-
nent of the AOD slag, Kuhn and Mudersbach [14] related the
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chromium leaching concentration to the spinel phases. The
increase in the content of spinel phases in the slags could effec-
tively reduce the release concentration of chromium from the
slag. Moreover, Samada et al. [12] synthesised a pseudobinary
phase (e.g. Ca,Si0,~MgCr,0,) to investigate the leaching
law of chromium from chromium-bearing spinel phases. The
results indicated that a solid solution of MgCr,0, in Ca,SiO,
could enhance the leaching concentration of chromium from
MgCr,0O,. The type of chromium-bearing crystal phases might
control the release behaviour of chromium into leachates.

Kinetic models of heavy metal release have been exten-
sively investigated because these models are important for
toxicity assessments of solid waste [15, 16]. However, few
studies on the release kinetics of chromium from AOD slag
have been reported. In this study, the release kinetics of chro-
mium from AOD slag were explored based on the HI557-2009
leaching method (solid waste-extraction procedure for leach-
ing toxicity-horizontal vibration method, China). X-ray dif-
fraction and scanning electron microscopy-energy-dispersive
X-ray spectrometry (SEM-EDX) were employed to identify
the mineralogical components of the AOD slag. The shrinking
core model (SCM) was used to establish a kinetic model for
chromium release from AOD slag. Moreover, the activation
energy for chromium release from AOD slag during the quick
and slow leaching stages was calculated based on the leaching
data for chromium at different temperatures to evaluate the
validity of the kinetic model.

2 Materials and methods
2.1 Materials

The AOD slag used in this work was obtained from a Chi-

contained 1.07 wt.% Al,O;, 1.15 wt.% FeO, 0.16 wt.% MnO
and 0.88 wt.% TiO,. The chromium was enriched as Cr,0;
with a content of 0.51 wt.%.

2.2 Mineralogical analysis

The mineralogical components of the AOD slag were deter-
mined by X-ray diffraction (XRD). The measurements were
performed on a D/MAX2500PC automatic diffractometer
with a continuous scanning device using Cu Ko radiation
at 100 mA and 40 kV with a scanning velocity of 10 (°)/
min over a 10°-90° 26 range. Figure 1 shows the XRD pat-
terns of the AOD slag. As shown in Fig. 1, the main mineral
phases in this slag were dicalcium silicate (Ca,Si0,), mer-
winite (Ca;MgSi,0g), pyroxene ((Ca,Mg,Al),(Si,Al),0)
and periclase (MgO). Chromium-bearing minerals were
not detected in the XRD patterns due to their trace contents.

To investigate the chromium-bearing phases, SEM with
mapping by EDX was performed. The microstructure of the
AOD slag is shown in Fig. 2. The existing elements and
their contents in micro-area 1 in Fig. 2 are listed in Table 2.

The results in Fig. 2 indicate that the mineral phases in
the AOD slag were present as heterogeneous grains. Par-
tial mineral particles existed as clintheriform and massive
aggregates, whose particle sizes were 10-70 pm and 20-90
pm, respectively. Although no pure chromium-bearing
mineral phases were detected in the field of vision, a chro-
mium-bearing multiphase was observed in micro-area 1. As
listed in Table 2, Ca and Si were the two major elements in
micro-area 1, and the mole ratio of Ca to Si was approxi-
mately 2.1. Therefore, micro-area 1 most likely contained

nese stainless steel factory. The sampled AOD slag was sieved 6000 1 Dicalcium silicate
through a 75-pm sieve. The oversized material (~ 15 wt.%) 5000 | 2 Merwinite
contained large particles and several metal pieces that were 2 3 Poronens
discarded. The undersized material was used for mineralogi- 3 4000 1 4 Periclase

cal analysis and leaching tests after the slag was dried for 6 h L\g 3000 L ‘

at 105 °C to remove the moisture that was adsorbed during 2 ] 3 F

the air-cooling and water-spraying processes. The chemical E 2000 - ’ 2

composition of the AOD slag was analysed using the chemical 1000 I ﬁ ’ 4 .

analysis method YBT 140-1998 and is shown in Table 1. As ‘l k J 4
shown in Table 1, this slag was rich in CaO with a content of o w\\‘ub .‘ Y ' 'J\mlr M"-“‘ s MW‘M LT

55.90 wt.%. The content of SiO, was 24.67 wt.%. The third 20 30 50 60 70 80
dominant oxide component was MgO with a content of 5.85 20/(°)

wt.%. Therefore, this slag was an alkaline waste with a ternary

basicity (Wg,o + Whgo) / Wsio,) of 2.50. This AOD slag also Fig. 1 X-ray diffraction patterns of AOD slag

Table 1 Chemical composition of AOD slag (wt.%)

CaO Sio, MgO AlLO, Cr,04 MnO TiO, S P Others
55.90 24.67 5.85 1.07 0.51 0.16 0.88 0.069 0.014 9.73
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'200 um

Fig.2 Microstructure of AOD slag observed by SEM

Table 2 Existing elements and their contents in micro-area 1 in Fig. 2
(wt.%)

(0] Mg Si Ca Cr

42.90 2.03 13.36 40.94 0.77

dicalcium silicate. As assumed by Samada et al. [12], a pseu-
dobinary phase, such as Ca,Si0,~MgCr,0,, could exist in
the AOD slag. The mole ratio of Mg to Cr in micro-area 1
was 5.67. Therefore, a certain amount of MgCr,0, along
with MgO may have been simultaneously dissolved into
Ca,Si0,, resulting in the formation of a chromium-bearing
multiphase.

2.3 Leaching test

The leaching tests were performed using the HI557-2009
leaching method to investigate the leaching kinetics of
chromium from AOD slag and the influence of temperature
on chromium release. Ultrapure water (18.2 MQ/cm) with
a pH of 7.0 was used as a neutral leachate. Ten grams of
AOD slag were rotated with 100 mL of ultrapure water at a
speed of 30 r/min. Moreover, the leaching temperatures were
selected to be 20, 30, 40, 50 and 60 °C. The leaching tests
were performed under closed conditions to prevent any sig-
nificant atmospheric additions of carbon dioxide or oxygen.
5 mL of leachate was sampled at different time. The sampled
leachate was replaced with the same volume of ultrapure
water to maintain a constant liquid-to-solid ratio. The sam-
pled leachates were filtered through 0.22 pm membrane fil-
ters, and the concentration of chromium in these leachates

was measured. The chromium content was determined using
diphenylcarbazide spectrophotography (GB7467-87, 1995)
associated with the oxidation of ammonium peroxydisulfate
[17,18].

3 Results and discussion

3.1 Chromium release fraction at different
temperatures

According to the concentrations of chromium in the lea-
chates, the mass of the chromium released from AOD slag
at different time can be calculated. The released chromium
mass divided by the total mass of chromium in the AOD slag
was equivalent to the chromium release fraction at different
leaching time. Figure 3 shows the influence of temperature
on the chromium release fraction. As shown in Fig. 3, during
the 12 h leaching period, two leaching stages existed: the
quick leaching stage and the slow leaching stage. During the
quick leaching stage (in 2 h), the chromium release fraction
increased sharply as the leaching time increased regardless
of the leaching temperature. The chromium release fraction
increased slowly after 2 h; this stage was the slow leaching
stage. As the temperature increased, the chromium release
fraction increased significantly for the same leaching time.
After 12 h of neutral leaching, the chromium release frac-
tions at 303.15, 313.15, 323.15 and 333.15 K were 1.14,
1.52, 1.73 and 1.94 times higher than that at 293.15 K,
respectively.

3.2 Kinetic model of SCM

The SCM is the most successful model for describing the
leaching kinetics of heavy metals from solid waste [15, 16,
19]. In this kinetic model, three steps are considered to be
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Fig. 3 Influence of temperature 7 on chromium release fraction
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controlling factors for the release of heavy metals, including
liquid film diffusion control, solid product diffusion control
and reaction control. During the neutral leaching of the AOD
slag, the particle size of the original phase in the solid waste
decreased gradually due to its dissolution as the leaching time
increased. The SCM model provides a suitable kinetic model
for chromium release from AOD slag.

3.2.1 Liquid film diffusion control

According to the SCM, when the leaching kinetics of the dif-
fusion material are controlled by liquid film diffusion, the frac-
tion of chromium release at any time can be predicted by Eq.

(1) [20]:
I =2
. 1-(1-x (1)

where x is the chromium release fraction; ¢ is the leaching
time; and 7 is the time for complete disappearance of the
original particle, which can be predicted by Eq. (2):

2
PR

_ 2
"= 26D @

where p is the density of the AOD slag; R, is the radius of
the unreacted particle (i.e. original particle); b is the stoi-
chiometric coefficient of the reaction; and D and c¢ are the
molecular diffusion coefficient and the concentration of the
diffusion material, respectively.

As shown in Fig. 3, the chromium release rate during the
first 2 h was significantly different from that after 2 h. There-
fore, the boundary condition of chromium leaching after 2 h is
likely to be quite different from that prior to 2 h. Equations (1)
and (2) can only be used for the quick leaching stage and are
not suitable for the slow leaching stage. Based on the leaching
experiment, the release kinetics of chromium during the slow
leaching stage can be calculated with the following boundary
conditions. The leaching time started at =2 h. The chromium
release fraction at the initial time was the value at 2 h. There-
fore, the chromium release fraction at any time during the slow
leaching stage can be predicted by Eq. (3) [15]:

2/3
t—t —
1=1—<1 x) 3
T l—xl

where ¢, =2 h; x, is the chromium release fraction at 2 h; and
7 can be predicted using Eq. (4):

_ oRY(1-x)"”
B 2bDc

“
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3.2.2 Solid product diffusion control

When the leaching kinetics of the diffusion material are con-
trolled by solid product diffusion, the fraction of chromium
release at any time can be predicted by Eq. (5) [20]:

f: 1-3(1 -3 +2(1 —x) Q)

As previously mentioned, Eq. (5) cannot be fitted to the slow
leaching stage due to the variation in the boundary condi-
tions. The alternative equations are as follows [15]:

3 2/3
! t1=1—3<11_x> +(21=(1-x) " (x=x))
(6)

r=—0 7 @)

3.2.3 Reaction control

When the leaching kinetics of the diffusion material are con-
trolled by the reaction between the original phase and the
leachate, the chromium release fraction at any time can be
predicted by Eq. (8) [20]:

L _gq—o
. 1-(1-x) 8)

where 7 can be calculated using Eq. (9).

_ ok

"= bke ©)

where k is the rate constant of the reaction. As previously
mentioned, the kinetic equations during the slow leaching
stage were converted into the following equations [15]:

_ 1/3
t t1=1_<1—x> (10)

T 1 —x

PRy (1 _)51)1/3
- bkc

Y

T

3.3 Kinetic model of chromium leaching from AOD
slag

According to the leaching kinetic data shown in Fig. 3,
chromium release from the AOD slag occurred in two
stages (i.e. the quick and slow leaching stages). Due to
the considered difference in the chromium release rates,
the kinetic models for chromium release during the two
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leaching stages were established separately. During the
quick leaching stage, when the leaching kinetics of the
diffusion material are controlled by liquid film diffusion,
solid product diffusion and the reaction, 1 —(1 —x)2/3,
1-3(1-x)%3+2(1-x), and 1 —(1 —x)" should be in
direct proportion to the leaching time ¢ according to Egs.
(1), (5), and (8), respectively. During the slow leaching
stage, 1 —((1—x)/(1 —x)%3, 1=3((1 —x)/(1 —x)** +
2(1=(1 —x)"(x—x,)), and 1 —((1 —x)/(1 —x,))"? should
be in direct proportion to the leaching time (f—¢,), respec-
tively, according to Egs. (3), (6), and (10).

3.3.1 Kinetic model during quick leaching stage

Based on the chromium release fraction in 2 h shown in
Fig. 3, Egs. (1), (5) and (8) are plotted as a function of time
for the quick leaching stage in Fig. 4. In comparison with
the correlation coefficients (R?) in Fig. 4a and c, the cor-
relation coefficients shown in Fig. 4b were higher. This
result indicates that chromium release from the AOD slag
was controlled by solid product diffusion during the quick
leaching stage.

As previously mentioned, chromium was dissolved in
Ca,S10,~MgCr,0,, which is a type of multivariate phase
[12]. Ca,Si0O,4, which is the major component in this multi-
variate phase, is freely soluble. During the quick leaching
stage, MgCr,0, in the solid solution could easily come into
contact with the leachate, and then, the reaction of chro-
mium release occurred in a short period of time. The newly
formed layer from the precipitation of the secondary phases
during the 2 h leaching process, which consisted of okenite
(CaSi0y), partlandite (Ca(OH),), brucite (Mg(OH),) and
C-H-S gel (CaH,Si0,)), was thin. Therefore, the release
rate of chromium was quick because it was easy for chro-
mium to diffuse through the initial solid product layer.
Moreover, the release rate of chromium was enhanced as
the leaching temperature increased.

3.3.2 Kinetic model for slow leaching stage

Based on the chromium release fraction after 2 h, Egs. (3), (6)
and (10) are plotted as a function of time for the slow leaching
stage in Fig. 5. In comparison with the correlation coefficients
in Fig. 5a and c, the correlation coefficients shown in Fig. 5b
were slightly higher. Solid product control is most likely type
of kinetic control during the slow leaching stage. As the leach-
ing time increased, secondary phases may have precipitated
along with the hydration reaction of the original phases in
the AOD slag [21]. The generation of hard soluble secondary
phases results in a thicker solid layer, which inhibits chro-
mium diffusion through the solid product layer. Therefore, the
slopes of the chromium release fraction after 2 h were slightly
smaller than those before 2 h, as shown in Fig. 3.
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Fig.4 Kinetic models for quick leaching stage at different tempera-
tures. a Equation (1) as a function of leaching time; b Eq. (5) as a
function of leaching time; ¢ Eq. (8) as a function of leaching time

In comparison with the quick leaching stage, the kinet-
ics of chromium release during the slow leaching stage
were more complicated. To confirm the kinetic model for
the quick leaching stage and explore the kinetic control
process of the slow leaching stage, the activation energy
is calculated in the following section.
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Fig.5 Kinetic models for slow leaching stage at different tempera-
tures. a Equation (3) as a function of leaching time; b Eq. (6) as a
function of leaching time; ¢ Eq. (10) as a function of leaching time

3.4 Activation energy

During the actual leaching process, the kinetic steps for
chromium release from AOD slag were more complicated
than those described by the SCM. Therefore, the activation
energy (E,) of chromium leaching was calculated based on

@ Springer

Table 3 Relationship between E, and velocity-determining step

Velocity-determining step E,/(kJ mol™")
Reaction control >42

Solid product diffusion control <13

Hybrid control® 13-42

#Both reaction control and solid product diffusion control

the chromium release fraction at different temperatures to
evaluate the controlling processes during the quick and slow
leaching stages. Table 3 shows the relationship between E,
and the velocity-determining step [22].

The temperature dependence of the reaction rate constant
can be calculated by the Arrhenius equation as follows:

-E,
k=Aexp <ﬁ> (12)

where A is the frequency factor; and R is the universal gas
constant. This equation can be formulated as Eq. (13):
Ink=InA By 1

nk=1nA - 7 X T 13)
The values of & at different temperatures, which correspond
to the quick and slow leaching stages, can be calculated from
the slope of the lines shown in Fig. 3. The Arrhenius plots
(Ink as a function of 1/T) for the quick and slow leaching
stages are shown in Fig. 6. According to Eq. (13), E, can
be calculated based on the slope of the fitted lines in Fig. 6.
During the quick leaching stage shown in Fig. 6a, E, was
12.80 kJ/mol. This result suggests that solid product diffu-
sion was the velocity-determining step due to being less than
13 kJ/mol. This result is also consistent with that obtained
from the SCM. During the slow leaching stage shown in
Fig. 6b, E, was 20.92 kJ/mol. Therefore, hybrid control was
the velocity-determining step because this value was in the
range of 13—40 kJ/mol. This result further confirms the
complexity of chromium release from the AOD slag during
the slow leaching stage.

To elucidate the complexity of chromium release, a sche-
matic representation of chromium release during the slow
leaching stage is shown in Fig. 7. As shown in Fig. 7, spher-
ical core 4 was assumed to be the unreactive chromium-
bearing phase particle. Thin layer 3 was the multivariate
phase, in which Ca,SiO, was the major component. Solid
product layer 2 was the secondary phase that was gradually
generated during the leaching process (i.e. hard soluble solid
product). Liquid film 1 was the area with a concentration
gradient close to the solid boundary. As previously men-
tioned, the dissolution reaction of the chromium-bearing
phase did not occur at the surface of the chromium-bearing
phase particle but occurred in thin layer 3. During the quick



Kinetic model of chromium release from argon oxygen decarburisation (AOD) slag in a neutral... 1309

-3.4
-3.5
-3.6
-3.7
-3.8
-3.9
-4.0
-4.1
-4.2

43 L | 1 | ! | 1 | 1 | L
3.0 3.1 32 33 34 35

1000 7+1/K-!

(a)

Ink

N
¥)

-5.8
-6.0
-6.2
-6.4
-6.6
-6.8
-7.0
-7.2
-7.4

Ink

‘\oﬁ'r‘||||||||||l
n

[}

3.0 3.1 32 33 34 35
1000 7°1/K"!

Fig.6 Arrhenius plots for chromium release from AOD slag. a Quick
leaching stage; b slow leaching stage

Fig.7 Schematic illustration of chromium release from AOD slag
during slow leaching stage. 1—Liquid film; 2—solid product layer;
3—thin layer; 4—chromium-bearing phase particle

leaching stage, solid product layer 2 was almost not formed.
The main solid product layer was thin multivariate-phase
layer 3. Chromium could easily diffuse through the thin

layer, but the calculated E, was 20.92 kJ/mol, which sug-
gested hybrid control. During the slow leaching stage, this
value was closer to 13 kJ/mol, which indicated that solid
product diffusion predominantly controlled the chromium
release. The hydration reaction of the original phases gen-
erated hard soluble secondary phases, which formed solid
product layer 2 as the leaching time increased. The precipi-
tation of the secondary phases thickened the solid product
layer and decreased the release rate of chromium, which was
consistent with the results shown in Fig. 3.

In the previous study [23], the activation energy for reac-
tion control was higher than 40 kJ/mol, and the activation
energy for physical adsorption/desorption was less than 40
kJ/mol, which indicated that physical adsorption/desorption
influences chromium release from AOD slag during either
the quick or slow leaching stage. Especially during the slow
leaching stage, physical adsorption/desorption should have
a significant impact on chromium release due to the thicker
solid product layer. This conclusion corresponds to that
reported in the study by Halim et al. [24]. The C-H-S gel
(CaH,Si0,) generated during the leaching process adsorbed
chromium ions, which affected chromium release to a certain
extent. Another study by Luo et al. [25] reported that the
adsorption function of hydrated products (e.g. C-H-S gel)
could solidify chromium ions and decrease their leaching
value.

4 Conclusion

The release kinetics of chromium from AOD slag were
explored based on HJ557-2009. The SCM was used to
establish a kinetic model for chromium release from AOD
slag. It was found that chromium release from the AOD
slag occurred in two leaching stages (i.e. the quick and slow
leaching stages) during the neutral leaching process. The
chromium in AOD slag quickly released in the first 2 h but
slowly released after 2 h. The chromium release fraction
increased significantly as the temperature increased. Chro-
mium release from the AOD slag was controlled by solid
product diffusion during the quick leaching stage. A com-
plicated process was involved during the slow leaching stage
because the secondary phases could precipitate along with
hydration reactions of the original phases in the AOD slag.
The activation energy of the quick leaching stage was 12.80
kJ/mol, which suggested that solid product diffusion was
the velocity-determining step. The activation energy for the
slow leaching stage was 20.92 kJ/mol, which indicated that
the chromium release was controlled by complicated hybrid
control.
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