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[ Abstract] Kinetic studies of the electric arc furnace ( EAF) dust reduction process have been carried out under nom

isothermal te mperature condition. EAF dust pellets were made with carbon as the reducing agent and dolomite as the

binder. A Thermo Gravimetric Analyzer ( TGA) was used to determine the mass loss of pellets, which were heated at an

average rate of 40 K/ min up to1 500 C . The reduction degree was calculated by consideration of the pellet mass loss, e-

vaporation of moisture , dust, zinc and lead at high temperature . The reduction process of EAF dust was divided into three

steps related to the change in temperature and time . The nomisothermal reduction kinetics equations were set up to de-

scribe every step. The kinetics parameters such as apparent activation energies and frequency factors were established at

the same time. It was found that the first step is che mically controlled, the second step is diffusion-controlled and the

third step is strongly dependent on the initial content of carbon in the pellet . CrO can be reduced only in the last step by

high te mperature and high initial carbon content .
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1 INTRODUCTION

The airborne fine particulate Electric Arc Fur
nace ( EAF) dust is generated in the steel manufactur-
ing process when scrap is electrically melted. It is
considered as a hazardous waste because of leaching
characteristic of heavy metals such as lead, zinc and
chromium, which are present in the EAF dust.
Thus , it is not permitted to dispose the EAF dust in
There are

conventional landfills . many recycling

"7V but most of

methods developed for the dust!!
them are not com mercially available . One of the eco-
nomical ways seems to be a direct recovery of the
metals from the dust during the steel making process .
It is a self-reduction and self-recycling process, in
which EAF dust and reducing agent is mixed well,
pellets are maken with the binder, the pellets are
added to the electric arc furnace during steel making .
The oxidized metals in the dust can be reduced by the
reducing agent and recovered to the steel. Especially
in the stainless steelmaking, there are a lot of valu-
able metal ele ments such as nickel and chromium in
the dust . They can be recycled to the stainless steel in
this way . It is not only recovering the valuable metals
but also protecting the environment in case they make
pollution .

Primary components of the EAF dust generated
during stainless steelmaking are Fe, Ni and Cr with
lower concentrations of Si, Ca, Cu, Mn, Na, Mg,
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Pb and Zn. The chemical compositions of the EAF
dust used in the present study is listed in Table 1 .
The Xray diffraction patterns showed chromium
mostly presents as CrO and iron as Fe,O;( Fig.1) .
All the main phases of the dust are listed in Table 2
together with their corresponding concentrations .
The metal oxides, which is important to the reduc
tion from the industrial point of view, are CrO,
Fe, O3/ Fe50,, NiO, PbO and ZnO. Several kinetics
models were suggested for various solid state reduc
tions with different forms of the nomisothermal re-

duction kinetics function g¢( R)?1%1 The most suit-
able Eqns . considered are :
g(R)y =1-(1- R = Kk (1)
g(R) =1-2R/3(1 - R = Kkt (2)
g(R) =1In(l - R) = Kkt (3)

They can yield the following four Eqn.s which

Table 1 Che mical compositions of EAF dust

Al C Ca Cr Fe K Mg Mn
0.81 1.99 3.85 9.6 33.9 0.46 1.6 3.3
Na Ni P Pb Si Ti Zn Cu

1.7 3.01 0.11 0.24 4.05 0.21 1.67 0.19

Table 2 Main phase compositions of EAF dust

Alz 03 CaO CrO Fe, 03 KZO Mgo MnOz NaZO

7.08 5.39 12.55 48.41 0.55 2.65 5.22 2.36

NiO P,0; PbO SiO, TiO, ZnO CuO

383 0.25 0.26 8.66 0.35 2.08 0.24
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Fig.1 EAF dust XRD patterns

can be used for analysis of nomrisothermal kinetics da-
ta:

Ing(R)/ T = constant - E/ RT'” (4)
In[ ¢( R)/ T?] = constant - E/ RT!'" (5)
Ing( R) = constant - E/ RT'” (6)
In[ ¢'( R)d R/dt] = constant - E/ RT!%)
(7

After preliminarily trying to set up EAF reduc
tion process model , it was found out that Eqn.(7)
most accurately describes the EAF dust reduction pro-
cess and therefore it was used in the modeling .

2 EXPERI MENTAL

2.1 Properties of EAF dust pellets

The pellets were made by mixing EAF dust with
carbon, which acted as a reducing agent, and
dolomite , which was used as a binder. The EAF dust
was screened using a 35 mesh screen, 87 % of the
carbon particles were finer than 400 pm and the
dolomite was crushed in a ball miller for 20 min ( 35
mesh screen) . Four types of pellets containing 5 %,
10 %, 15 % and 35 % of carbon were studied. In each
case the dolomite content was 5 % . Each pellet was
formed individually by progressively adding water to
1.0 g of dust, carbon, dolomite mixture and rolling it
in a ceramic bowl (average diameter of the pellet was
15 mm) . Different particles in the cross-section were
identified by energy dispersive X ray spectrometer.
Measure ments were conducted at 20 ke V accelerating
voltage and 100 mA beam current. Since the carbon

particles are very fine, they act as a matrix for the
dust and dolomite particles. Each dust particle see ms
to be surrounded by carbon so that the area of contact
bet ween dust and carbon is relatively high .

2.2  Setup and apparatus

A flow chart of the experimental system used in
this work is shown in Fig. 2. It is a thermo
gravimetric analysis ( TGA)/furnace , Cahn TG 171,
which was connected to a temperature and heating
rate control system and to a data acquisition syste m
DAS, surrounding a cylindrical heating chamber.
The temperature is measured using a B type mi
crothermocouple . The mass of the sample is continu-
ously monitored by a microbalance with al .0 ug sen-
sitivity . All the te mperature and mass information of
the sample is retrieved by the DAS and made available
for analysis and visualization by the computer soft-
ware . The T GA reactor includes an inlet and outlet to
three reaction gases. The reactor can reach 1 700 C
at atmospheric pressure . The heating rate allowed is
between 1 .0 C/ min and 100 C/ min. The maximum
sample mass capacity of the TGAis 100 g .

Micrcbalance——s

{3) TGA Data
Adquisition
System (DAS)

]

Thermecouple mmm—a-

Fig.2 Sche matic of thermo gravimetric furnace

In the center of the heating chamber, a ceramic
crucible was placed to hold the dust pellet. The te m-
perature inside the reactor was measured by the mi
crothermocouple located 1 .0cm below the sample cru-
cible , which responded quickly to the changes of the
conditions within the (e.g.
volatilization and pyrolysis of the sample) . Selected
experiments were conducted with another microther
mocouple located within the sample crucible. The
te mperature difference between both thermocouples
was 8 ~ 14 C. Since the difference was relatively

furnace drying ,

small (5% ~10 % of the maximum te mperature) and
due to convenience, only one microthermocouple lo-
cated below the sample crucible was used in most
experiments . The length of the heated zone was 400
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mm with a homogeneous te mperature zone of 100 mm
(in this zone the radial te mperature profiles along the
cross-section of the heating chamber are uniform) .
Both the crucible with the pellet sample and the mi
crothermocouple were located within the homoge-
neous te mperature zone .

The furnace, crucible and samples were tested
separately before data acquisition experiments in order
to verify the presence of mass transfer limitations and
to establish the configuration appropriate for minimiz-
ing the influence of the external and internal mass
transfer limitations . It was found that the external
limitations were minor in comparison with the inter-
nal restrictions. Anyway the internal mass transfer
limitations within the pellet were always present dur
ing the steel making process, therefore no precautions
were necessary to reduce them . Since determination
of intrinsic dust reactivity was not the purpose of this
study, it was not necessary to assure that internal
mass transfer effects are negligible . The average heat-
ing rate of 40 C/ min and the nitrogen flow rate of
120 L/ min, which were used in the experiments,
were optimal for minimizing both the internal and ex-
ternal mass transfer limitations .

2.3 Procedure

In all the experiments, an average heating rate
of 40 C/ min, holding time of 30 min at the maxi
mum te mperature (1500 C, which is a typical oper-
ating temperature in metallurgical operations) and
subsequent cooling at a rate of 10 C/ min were used.
It was de monstrated earlier that at such condition it is
possible to achieve the solid structure , in which toxic
metals are encapsulated and immobilized within the
dust particle, which is important from the environ-
mental point of view. Also, the 30 min holding time
at the maximum temperature assured che mical equi-
librium . The additional reason for applying the aver
age heating rate of 40 C/ min was to simulate the ra-
tio of the heating time scale (inverse of heating rate)
to the diffusion time scale ( proportional to particle ra-
dius) . It is true that in industrial electric arc fur
naces , the heating rate is approximately three- or-four
orders of magnitude higher than that applied in the
TGA experiments . However, the size of the initial
EAF dust particle is usually between 0.1 and 10 pm .
By having a slower heating rate for a larger EAF dust
pellet used in this study (15 mm) , the heating/ diffu-
sion time scale ratios were comparable . The heating
rate, the influence of the crucible location, sample
conditions and gas flow through the TGA furnace on
the measure ments, were carefully verified in separate
experiments. As mentioned-above, the temperature
in the heating chamber was measured with a mi
crothermocouple, thus the reported heating rate was
determined on the basis of the true temperature
history rather than simply from the TGA pro-

grammed te mperature .
3 TREATMENT OF EXPERI MENTAL DATA

The reduction process of the EAF dust is more
complex than that of a pure metal oxide. There are
several metal oxides in the dust ( Table 2) , which are
reduced simultaneously . The oxides and reduced met-
als formed at different stages may affect the entire re-
duction process . For example , the evaporation of zinc
and lead must be considered in order to calculate a de-
gree of reduction correctly . Typically, the gasifica-
tion te mperature of zinc is 906 C and lead 1 525 C
after being reduced from the oxides. This will affect
the calculation of the reduction degree based on the
mass loss. The rate of metal evaporation can be ex-
pressed as d m/dt = p;( M/2T RT)I/z, where m is
the mass of evaporated metal, f is time, p;is a par
tial pressure of the evaporated metal (lnp; = A/ T +
B[ll]; A and B are constants) , M is the molecular
weight of the metal, R is the gas constant and T is
temperature . Therefore , the amount of evaporated
metal can be calculated as follows :

dm = p;( M/2nRT)"?dt;

dm:j( M/2TRT)?exp[ A/( T + B)]dt;

dm:jexP[ A/( Kt + Ty) + B]

[ M/2TR( Kt + Ty)]'2dt;
K = heating rate ,
Ty =1000 K(initial te mperature) .

m =(1/ K)j( M/27 Rx)%exp( A/ x + B)dx

=(2/ K)( M/2m R)l/zjexp[ A/(y" y) +
B)ldy
=(2/ K)( M/2JTR)”2.[[1 + (Ay? + B) +

(Ay >+ B)?/2 1+ ..+
(Ay' >+ B)"/nl+ ..]dy
x= Kt+ T, x = 1000 when t=0
y = 172
At the high te mperature , ( Ay' 2+ B) n/n!is
very small . Therefore, one can consider the main
terms of the series only neglecting the latter ones,
yielding the following Eqn. :
m= (2/ K)( M/2nR)'*[ (1 + B +
B/2) y- A(l + B)y '
- A7 y'3/6] + constant (8)
Assuming that A= - 2592 and B=2.19 in the

(12} the amount of evaporat-

zinc evaporation process
ed zinc can be calculated as follows :
Mze =2/ 40[ 65 .37/(2%3 .14+0.082) 1'/%*
[(1+2.19+2.19%/2)( Kt +
1000)2-2592(1 +2.19)( Kt +

1000) "2 - 25923 Kt +1000)  *?/
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61+90.9121 (9)
The evaporation rate of lead depends on its re-
duction rate suggesting that the reduction is the con-

(12} " The mass

trolling step of the evaporation process
loss of lead due to evaporation in the non-isothermal
reduction process can be calculated in a way similar to
that for zinc, i.e . using Eqn.(9) . Furthermore , it is
possible to adjust the calculation of the reduction de-
gree in order to obtain the true data, which can be
used in the kinetics equation related to the reduction
process , so that the mass loss of a pellet is represented
by

Ams=Am,+ Am,+ Am, (10)
where A my represents total mass loss; A m, corre-
sponds to mass loss of oxygen in metal oxides; A m,
represents the mass loss of carbon and A m, represents
mass loss of dust at high te mperature . Thus, the de-
gree of reduction can be determined as

Riy=( my- m)zn+ mp/ Ams (11)
where  m, represents the initial mass of the pellet ;
m, is the pellet mass at time t; my, is the mass loss
due to zinc evaporation and mp, is an average mass

loss due to lead evaporation .
4 RESULTS

Mass loss fraction and te mperature profiles ob-
tained during nomisothermal TGA experiments are il-
lustrated in Fig .3 . It shows that the mass loss pro-
cess strongly depends on the initial amount of carbon
in the EAF pellet. It is clear that low-te mperature
volatiles (e .g . light hydrocarbons) and moisture were
nearly completely released in the early stages of the
heating process . According to the che mical equilibri-
um calculations , reducing all metals in 100 g EAF
dust requires 15.64 g of carbon, therefore, there

1500 100
Tem t
1200 emperature
190
5%C
900
& &
;; 80
© 600t
{70
300t

- 60
0 20 40 60 80 100 120
t/min

Fig.3 Profiles of mass loss fraction in TGA run

was not enough carbon in pellets containing 5 % and
10 % C to reduce all valuable metals. In order to do
it, at least 12.6 % carbon content in the pellet is
needed, which is visible in the Fig.3 . The profiles
obtained for pellets with 5 % and 10 % carbon indicate
that the reduction processes ceased early because not
enough reducing agent was available. On the other
hand, 35 % carbon in the pellet was much more than
the required amount, therefore, the mass loss at-
tained was lower than that for the pellet containing
15 % carbon ( Fig.3) , it was due to the fact that
some residual carbon was present in the pellet after
the reduction .

Fig .4 shows the change in the reduction degree
at the function of time-te mperature history. The re-
sults suggest that the initial amount of carbon in the
EAF pellet does not influence the reduction mecha-
nism up to the point, defined by temperature and
time , when the reducing agent is depleted . However,
the final reduction degree depends strongly on the
carbon content in the pellet. The reduction degrees
obtained for the pellets containing 5 %, 10 % and
15 % carbon were 53 %, 64 % and 81 %, respective-
ly . Only in the case of the pellet with 35 % carbon,
the reduction degree was 100 % . It is clear that the
metal reduction process favors high concentrations of
carbon. In order to compare the extents of the pro-
cess , a differential rate change of the reduction degree
was calculated and shown together with te mperature
profile as a function of time ( Fig.5) . The reduction
process begins at 300 C and the main reduction reac
tions take place after the te mperature reaches 760 C.
At the beginning of the process, there is a local mini-
mum visible for the pellet containing 5 % carbon . It is
due to carbormrlean conditions present in the pellet . As
a result, there is no sufficient contact between dust

1500
Temperature 100
12001
80
xR
Ei
P 900 60 &
s £
g
600 % ,g
"
300+ {20
- - - - 0
0 20 40 6} 80 100 120

¢/ min

Fig .4 Profiles of reduction degree in
nomisothermal TGA run
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Fig .5 Profiles of reduction percentage differetiation

and carbon at their interfaces. The largest reduction
rate peak for all pellets is present at 980 C (approxi
mately 1 410 s into the process) but the highest peak
is attributed only to the pellet containing 35 % car
bon . It may suggest that some metals, for which the
reduction process is rather difficult , such as chromr

um, require more carbon to complete the reactions .
5 NONISOTHERMAL REDUCTION KINETICS

The kinetics equations have the form g¢( R) =
kt . Therefore, they can be expressed as g/( R)d R/
dt = A(l + htE/RT’)exp(- E/RT) , where g
( R) is the result of differentiation of ¢( R) and h is
the heating rate constant (can be obtained from TGA
runs) . htE/ RT? is significantly lower than 1.0,
thus, it could be neglected. Consequently , the above
equation could be considered as g/( R)dR/dt =
Ae” /RT " Therefore , In[ g’( R) dR/dt ] = constant
- E/RT. Using 10000/ T as the horizontal axis and
In[ g/( R)d R/dt] as the vertical axis it can be plot-
ted a diagram helpful in identifying different steps of
the reduction process, as well as selected kinetics pa-
rameters . The results are shown in Figs .6, 7 and 8.
They identify three distinct steps of the EAF pellet
reduction process in the TGA furnace . ( These steps
could be expected from analyzing Fig .5 where every
change in the reduction rate indicates that a new
mechanism dominates the current step in the reduc
tion process) .

The first step of the reduction process corre

-2
E=1.89k]/mol
35%C A=29.2357!
m -
FU,J-:U General trend
o
K
|
13 14 15 18
_T71/10—4 K-l
Fig .6 Evaluation of kinetic parameters in first step
~2 kJ/mol
E=13.65 -
5%C
-3t A=127.73s7}
&‘.‘ﬁw 15%C
'U’L'U
&
)
E
— , R . R )
7.0 7.5 8.0 8.5 9.0 9.5 10.0
T Y1074 KL

Fig .7 Evaluation of kinetic parameters in second step
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Fig.8 Evaluation of kinetic parameters in third step

sponds to the temperature range from 300 C to
760 C and the time range from 7 min to 18 min ( Fig .
6 and Fig .5) . In this step the following reactions are
dominated :

Fe ,0,+ C=Fe ,0,.; +CO
and

NiO+C=Ni+CO
because there was no oxygen available in the furnace
and only these two reactions could process at low te m-
peratures . These reactions were taken place in the re-
gions of the EAF pellet where carbon and metal ox-
ides were contact with each other in direct. Such re-
duction process conforms to the first order rules and
the process is controlled by the che mical reaction. It
could be represented by the following kinetic Eqn. :

1-(1- RY3=kt (12)
where k= Aexp( - E/ RT) , apparent activation
energy E =108 .9 kJ/ mol, frequency factor A =29.
23s ! . The kinetics parameters E and A were calcu-
lated using data available from Fig.7 . In this Fig.
the four curves representing different carbon content
in pellet are al most parallel and located relatively close
to one another. A dashed line showing the general
trend of the curves can interpolate the m . The slope of
the dashed line was used to calculate the apparent ac
tivation energy and frequency factor. The apparent
activation energy E =83 .14 kJ/ mol and the intercept
of the line at 10000/ T =0 is the frequency factor A.
The apparent activation energy is very low for this
step, it means that the reactions can easily take place
and proceed. There is no iron formed in this step
since it requires significantly higher reduction te mper-
ature according to surface thermodynamics[13]. On
the other hand, the reduction constant k equals to
constant/ ory, where pis the density of the reactant
and 7, is the initial radius of the dust particles. The
reaction rate will increase in this step when the densi-
ty and size of the dust are small. The second step of
the reduction process corresponds to a higher te mper-
ature range from 760 C to 980 C ( Fig.7 and Fig.
5) . In this step the reduction process is most exten-
sive with the majority of iron oxides being reduced.

The migration of both carbon and metal oxides in the
reduced solid phase is becoming so difficult that car
bon monoxide CO fulfills the role of the reducing a-
gent rather than carbon. The following reactions will
occur :

Fe ,0,+ CO=Fe , 0, ., + CO,

NiO+ CO=Ni+ CO,

ZnO+ CO=Zn+ CO,

PbO+ CO=Pb+ CO,

C+C0O,=2CO

Consequently , the following sequence of process-
es is expected and illustrated by a shrinking core mod-
el:

1) CO transfers from the pellet’ s interior to the
surface of Me (reduced metal) ;

2) CO transfers through the Me to the surface of
Me O ( metal oxides) ;

3) CO s absorbed at the surface of the MeO;

4) CO reacts with Me O to form the products Me
and CO, ;

5) CO,is desorbed from the surface of MeO;

6) CO, transfers through the Me to the pellet ;

7) CO, reacts with carbon to form CO.

Thus , the reduction process in the second step is
controlled by the diffusion of gases in the reduced
metal and can be represented by the following kinetics
Eqn.:
1-2R/3-(1- R =Kt (13)

where k= Aexp( - E/ RT) , apparent activa-
tionenergy E =130.65 kJ/ mol, frequency factor A
=127 .73s" ! . These kinetics parameters are obtained
via calculations based on data shown in Fig.7. The
kinetics constant k = constant® MDAc/( ar,) , where
M represents the molecular weight of the reactant; D
= Dpexp( - E/ RT) is Fick’s diffusion constant ; Ac
is the CO concentration difference bet ween the oxides
surface and the pellet interior; ais the stoichiometric
ratio of the reactants (in reaction nMeO + mCO =
products , a= m/ n) ; pand ro are the same as in the
first step. The reaction rate can be increased in this
step by increasing the te mperature and porosity of re-
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duced metals and by decreasing density and size of the
dust .

The last step of the reduction process begins at
980 C ( Fig.8) . Initially, up to 1170 C, influence
of the carbon concentration in the pellets on the re-
duction process is not observed ( Fig.5) . However,
when the te mperature increases over 1170 C, the re-
duction process seems to depend on the residual car
bon in the pellet. Only the pellet with the initial car
bon content of 35 % is able to support continuous re-
duction. The reduction of CrO may begin only at
1170 C. Thus, the CrO reduction process could pro-
ceed if the following two conditions were fulfilled :

1) sufficiently high te mperature ( >1170 C) ;

2) high initial (and residual) carbon concentra-
tion. The kinetics Eqn. relevant to stage 3 could be
expressed as:

dR/dt=k(1- R) (14)
or

In(1 - R) = - kt (15)
where k= Aexp( - E/RT) , apparent activation

energy E =130 .2 kJ/ mol, frequency factor A =91 .
78 s~ ' . The kinetics parameters were obtained from
Fig .8 in the same manner as for stages 1 and 2.

6 ANALYSES OF REDUCTION PROCESS AND
KINETICS PARAMETERS

The apparent activation energies calculated in
this work are smaller, especially in the second step
when iron oxides are reduced, than those obtained by
other researchers on the kinetics of iron ore reduc
tion! 210147171 1t is due to distinctly different com-
position of the EAF pellets as compared with iron
ore . In addition, data presented in this paper concern
nomisothermal conditions (al most exclusively isother
mal experiments were previously conducted to deter
mine reduction characteristics) . It indicates that the
presence of additional metal oxides in the pellet di-
minishes the activation energy stimulating the reduc
tion process . It should also be mentioned that the ap-
parent activation energy measured under nomisother
mal te mperature condition is much smaller than that
under the isothermal condition .

The kinetics Eqns. could not precisely describe
the CrO reduction. This process takes place in the
last step of reduction and only the pellets with 35 %
initial carbon content reveals its presence . The reduc
tion kinetics of CrO could be expressed by ¢( R) =
-In(1 - R) = kt. This formula has also been pro-
posed by Ray et all'®) who also absolved CrO reduc
tion at the end of the entire process .
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