





4. EXPERIMENTAL APPARATUS AND PROCEDURE

Materials
The iron oxide concentrate was provided by Ternium and by ArcelorMittal (from the
Minorca mine). The Ternium concentrate screened to 22-30 pm was utilized for preliminary
experiments and the Minorca mine concentrate screened to 25-32 pum for kinetics
measurement, as shown in Figure 2. Unscreened Ternium concentrate was used as the feed
for bench-scale tests to simulate an industrial suspension reduction process. The chemical
composition is presented in Table 3. In both cases, most of the iron oxide content was

magnetite, which was confirmed by X-ray patterns as shown in Figure 3.

(b)
Figure 2. SEM micrographs: (a) unscreened Ternium concentrate;

(b) screened Minorca mine concentrate.
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Table 3. Chemical composition (wt %) of iron ore concentrate from Ternium and

ArcelorMittal.
Component Ternium ArcelorMittal
Total Iron 68.4 70.65
FeO 20.9 30.53
P 0.029 0.01
S 0.0055 0.02
C N/A 0.24
Sr N/A 0.01
SiO, 1.73 1.87
Al,O5 0.55 0.13
CaO 0.68 0.27
MgO 0.40 0.13
MnO 0.075 0.11
Cr,0; N/A 0.11
K,;O N/A 0.01
Na,O N/A 0.10
TiO, N/A 0.01
V4(0) N/A 0.03
CuO 0.021 N/A
® ® Fe 0, P ® Fe O,
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Figure 3. X-ray patterns: (a) Ternium concentrate; (b) Minorca mine concentrate.
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Preliminary Experiments

Preliminary kinetic experiments were conducted by measuring the weight change of a
22-30 um concentrate sample over time in pure hydrogen at three different temperatures
900°C, 1000°C, and 1100°C. These experiments were designed to test in a rather simple
facility the kinetic feasibility of reducing concentrate particles within a few seconds of
reaction time that would be available in a suspension reduction process, before more
elaborate and accurate measurements were made.

The concentrate sample was spread on top of a Kaowool compact held in a shallow
ceramic tray in order to remove the effect of inter-particle diffusion of the gaseous species.
This experiment must be considered rather approximate because the conditions were not fully
controlled to determine the fast rate of very fine particle reduction. Possible uncertainties
included the effect of radiation from the furnace wall and the sample holder, which would
affect the measurement of real temperature of the reacting particle, the effect of mass transfer
between the bulk gas and the Kaowool bed, and the effect of minerals in Kaowool on the
reactivity of iron oxide. Hydrogen was fed into the reactor (2 cm ID) at the rate of 2 L/min
when the desired temperature was reached. The apparatus consisted of a horizontal furnace

system, a gas delivery system, a copper turning bed, and an off-gas system as shown below.

Reactor

TiC

H,0 Empty flask

H:

Figure 4. Schematic diagram of the horizontal furnace system for preliminary experiments.
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Kinetics Measurements

For more accurate determination of the reduction rate of individual iron ore
concentrate particles from the Minorca mine, a high temperature drop-tube reactor system
was fabricated. As shown in Figure 5, this apparatus consisted of a vertical high temperature
furnace system, a pneumatic power feeding system, a gas delivery system, a powder cooling
and collecting system, and an off-gas outlet system.

The furnace system was made up of a vertical split tube furnace with a maximum
working temperature of 1540°C and a cylindrical alumina tube (5.6 cm ID, 193 cm long). A
stainless-steel end-cap with five holes was attached to the top of the tube for thermocouples
and reactant feeding. Temperatures at various positions of the reactor were measured by the
use of two B-type thermocouples with alumina protection tubes and a temperature indicator.
Another stainless-steel end-cap with a funnel welded to it to improve the collection of the
reacted particles was attached to the bottom of the alumina tube.

The reacted powder was collected in a powder collector on the bottom of the reactor
shown in Figure 6 and the unreacted hydrogen and water vapor were discharged through the
off-gas outlet system that included a backflow prevention device for safety.

The isothermal hot zone was maintained at a constant temperature of 900 to 1400°C
by heating twenty bar-type SiC elements. Carefully measured isothermal zone was 91 cm

long within £ 20K for typical downward gas flow conditions.
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Figure 5. Schematic diagram of the high temperature drop-tube reactor system

for kinetic measurements: (a) schematic diagram; (b) photograph.
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Figure 6. Powder collection system: (a) schematic diagram; (b) photograph.

Pneumatic powder feeding system

Figure 7 shows the pneumatic powder feeding system. The powder feeding system
consisted of a syringe pump, a vibrator, a carrier gas line, a powder container, and a powder
delivery line. Iron ore concentrate particles were held in a vial sealed with an O-ring. The
vial was supported by the piston of a syringe pump which moves at a constant speed. The
carrier gas, hydrogen, was fed into the vial (9 mm ID) and exited through a capillary
discharge tube (1.2 mm ID) at the top of the powder entraining a small amount of the powder
continuously. The whole feeder including the tube between the feeder and the reactor was
vibrated by an electric vibrator to keep the feed rate constant and to prevent clogging. Since
the stainless steel tube in the reactor should be placed in a high temperature region, it had a
double wall for water cooling. The feed rate was calibrated and showed very linear

relationship between the infusion rate of the syringe pump and the feeding rate as shown in
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Figure 8. During the experiments, it was controlled from 100 to 600 mg/min.

A powder feeding probe in Figure 7 through which the concentrate particles entrained
by carrier gas passed was enclosed with a water cooling jacket and inserted into the tube
reactor. The tip of the probe was located at the beginning of the isothermal hot zone where
the heating of the concentrate particles and mixing with reactant began.

A cylindrical alumina honey-comb was inserted and hung right above the beginning
of the isothermal zone as a flow straightener and a heat exchanger. Although every effort was
made to improve the heating and mixing of the solid and gaseous species, the reaction zone
where the heterogeneous reaction occurs at the designated temperature is only shorter than
the isothermal hot zone. Thus, the reduction rate presented in this work could be attained in

shorter residence time than the calculated one.

- e Cooling
Water
Powder
Container il ;
» Cooling
Water

el b
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(a)

23



(b)

Figure 7. Pneumatic powder feeding system and the powder feeding probe

with a water jacket: (a) schematic diagram (b) photograph.
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Figure 8. Powder feeding rate vs. advancing rate of the syringe pump.
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Residence time determination

The duration of hydrogen reduction of fine iron ore concentrate particles was
determined by the residence time (7 ) of particles in the isothermal zone. The value of
residence time was found from the length of the isothermal zone, which starts from the tip of
the powder feeding probe, and the terminal falling velocity for the creeping flow region
expressed by the Stokes law (Szekely 1971) assuming that particles fall at a constant velocity

in the isothermal zone. The residence time in this work ranged from 2.0 to 8.5 seconds.

U =d g(p, —p,)/18u, U, =u,+u, r=L/u, (1)
where d = particle size, g= gravitational acceleration, p,= particle density, p,= gas

density, u = viscosity of gas, U = particle velocity relative to tube wall, u,= gas velocity,

u, ; terminal velocity of a falling spherical particle, L ; length of the reaction zone.

The terminal velocity depends not only on the particle size but also the temperature
due to its effect on the gas density and the viscosity of gas. As temperature increases, the
density and viscosity of gas increase and the terminal velocity decreases, as shown in Figure
9. This makes the residence time, namely the reduction time, longer in the same length of the
reaction zone when other parameters are fixed. On the other hand, a higher temperature
causes the gas velocity to decrease at the same molar rate of gas input, which in turn
decreases the residence time. Thus, all these several factors must be taken into consideration

when interpreting the effect of temperature on the reduction rate.
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Figure 9. Terminal velocity of a falling spherical particle vs. the particle size

% EXxcess Hy.

A hydrogen-containing gas mixture was fed as the reductant into the reactor
concurrently with the pneumatically transported iron ore concentrate, of which the carrier gas
was pure hydrogen. To achieve a high degree of iron oxide reduction, excess hydrogen over
the stoichiometric amount needs to be supplied. The term % excess H, was defined as
follows, especially paying attention to the fact that the final stage of the iron oxide reduction,
i.e. the reaction of FeO with H, or CO, is significantly limited by equilibrium. For example,

at 1400°C
FeO(s)+H,(g) = Fe(s)+ H,0(9) AG® =~ +900cal (1400°C) (2a)

lsz/(sz + szo)Lq =05 (2b)
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Figure 10. Equilibrium gas compositions vs. temperature

for the FeO - H; and FeO — CO reactions.

This reaction has a slightly positive standard Gibbs free energy, and the equilibrium
gas product has an H,/H,O molar ratio of 1, i.e. 50% H; and 50% H,O when pure hydrogen
is used as reductant. The equilibrium gas ratio changes somewhat with temperature as shown
in Figure 10. Taking the equilibrium composition into consideration, % excess H, was

defined as follows in this work:

Fe,0,+H, =3FeO+H,0 (R1) (3a)
FeO+H,=Fe+H,0 (R2) (3b)
Overall: Fe,0, +4H, =3Fe+4H,0 (3¢)

n
KR2=|:szo] :|: H20:| (4)
Pu, |, [ Mw |,
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LNy 1 i
nHz,min = nO + K = |:1+ :|n0 (5)

n ieg — N ;
% excess H,=—2E_Hamt 00 (6)

H,,min

Reaction 1 (R1), the hydrogen reduction of magnetite to wustite, has a large

equilibrium constant, i.e. essentially irreversible, whereas Reaction 2 (R2) is considerably
limited by chemical equilibrium. Thus, the amount of hydrogen (Hz)eq in equilibrium with

the water vapor present in the gas was used for the equilibrium constant of Reaction 2

represented by Equation (4). The minimum amount of hydrogen, n, ..., then is the amount

of hydrogen used to remove the oxygen from the iron oxide, n, plus the hydrogen required
by equilibrium to be present with the water vapor produced by the reduction reaction,
ng /Kgr2. The % excess H, was then calculated from the total amount of hydrogen fed into the

reactor (Hz)mm compared with the minimum amount of hydrogen, Npamin , as indicated in
Equation (6).

Degree of reduction

While varying % excess H, from 1300 down to 0, that is, equivalent to the
equilibrium gas ratio, the concentrate particles were transported downward, heated, reduced
in-flight, and collected. The total iron content in the particles after reduction was determined
by use of an inductively coupled plasma (ICP) emission spectrometer (Perkin Elmer, Plasma

400). The fractional reduction was calculated as follows.

m, (%O)o — My (%O )t
m, (%0),

Reduction [%] = 100 (7)

where

m, = my(%Fe)/(%Fe), (8)
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Here, (%0), and (%0); are % oxygen combined with iron in the concentrate before
and after the reduction. m; and m, are, respectively, the mass of a reduced sample used for
ICP analysis, collected after reaction for time t, and the corresponding mass of the unreduced
dry concentrate. (%0Q), was obtained as the difference between 100 and the sum of the total
iron content of 70.65% and the total gangue content 3.05% in the ArcelorMittal concentrate
in Table 3. The amount of oxygen in the gangue materials which may be reduced by
hydrogen was negligible and the weight change due to the possible volatile species such as
phosphorus and sulfur was also neglected based on the small contents as given in the table.
Weight loss by heating alone was also confirmed to be negligible. (%0O); was calculated from
(%Fe); obtained by ICP analysis, assuming the same weight ratio of iron to gangue.

The oxygen and total iron contents in the ArcelorMittal concentrate listed in Table 3
yielded an O/Fe atomic ratio of 1.30, indicating that essentially all the iron oxide exists as
Fe;04 (O/Fe = 1.33). The fact that all iron oxide in the concentrate exists essentially as Fe;O4

was further confirmed by the XRD pattern presented in Figure 3.

Bench-scale Tests

The kinetic measurements with iron ore concentrate particles from the mine sites
proved that the suspension reduction process was kinetically feasible as will be discussed in
detail below. Based on these results, preliminary scale-up tests were carried out using a

bench-scale test facility shown in Figure 11.
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Figure 11. Bench-scale flash furnace for testing suspension hydrogen reduction

of iron ore concentrate: (a) schematic diagram; (b) photograph.
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The apparatus consists of five subsystems; a vertical furnace system, an electrical
power control system, a gas delivery system, a preheating system, and a powder feeding
system. A tubular steel reactor (20.3 cm ID, 244 cm long) was electrically heated by six
silicon carbide heating elements, which were grouped into two and managed by two SCR
controllers. The maximum temperature obtained with the set-up was 1150°C in 76 ¢m long of
isothermal zone.

It is noted that the isothermal zone has a temperature gradient in the radial direction
by the way of heating method unlike the drop-tube reactor system for kinetic measurements
in which the temperature of the isothermal zone was the same as that of heating elements.
For example, to maintain the isothermal zone at 1150°C, the heating elements had to be
heated up to about 1250°C, which introduced temperature gradient in the radial direction of
the tubular reactor and thus the temperature near the inner wall of the tube was higher than
1150°C. In an industrial scale application, the presence of thermal gradient in the vertical and
horizontal directions should be taken into consideration.

All the gaseous species were carefully controlled by flowmeters with high-resolution
valves and flowed through a tubular stainless-steel preheater electrically-heated by a
horizontal furnace system and packed inside with ceramic Raschig rings to improve mixing
and heating of the gas mixture, of which the temperature was measured right before going
into the main reactor and was kept at about 500°C on average.

The Ternium concentrate particles were fed into the reactor by a pneumatic powder
feeding system at about 1.5 g/min rate. The reduction time of the particles was determined by
the residence time of particles in the isotheral zone. In the present work, the residence time

varied from 3.5 to 5.0 seconds and % excess H, from 0 to ~760%.
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5. EXPERIMENTAL RESULTS AND DISCUSSION

Preliminary Experiments

About 80% reduction of iron ore concentrate was achieved in 5 seconds at 1100°C in
pure hydrogen in the preliminary experiment, which was described in the previous chapter.
Reduction was almost completed in 10 seconds at the same temperature, as shown in Figure
12. It was assumed that the weight loss during the reduction occurred only due to the loss of
oxygen associated with iron because the components other than iron oxide in the iron ore
concentrate undergo little reaction with hydrogen. Weight loss by heating alone was also

confirmed to be negligible.

100 | A-——;j:_‘__________. /-
80+

<

g 60 | ‘

S 4l —A— 1100°C

§ |® " —e— 1000°C
20 —=—900°C

15 20 25 3060 80 100 120
Contact time [sec]

Figure 12. Approximate hydrogen reduction rate of iron ore concentrate vs. reaction time at

different temperatures in preliminary experiments.

It was observed that the reduction of Fe;O4 to FeO and to Fe occurred in succession,

as shown in Figure 13, as expected.
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Figure 13. X-ray patterns: (a) initial iron ore concentrate (0% reduction); (b) 30% reduction
at 900°C for 5 seconds; (¢) 50% reduction at 1100°C for 2 seconds;

(d) 100% reduction at 1100°C for 10 seconds.

SEM micrographs in Figures 14~16 show that the products became porous as the

hydrogen reduction proceeded and that the porosity increased with the reaction temperature.
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(b)

Figure 14. SEM micrographs: (a) 30% reduced sample after 5 seconds; (b) 100% reduced

sample after 60 seconds. (T = 900°C)

= o

(a) (b)
Figure 15. SEM micrographs: (a) 32% reduced sample after 2 seconds; (b) 100% reduced

sample after 30 seconds. (T = 1000°C)

(b)

Figure 16. SEM micrographs: (a) 50% reduced sample after 2 seconds; (b) 100% reduced

sample after 10 seconds. (T = 1100°C)
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Because of the way the preliminary tests were done, in which certain conditions were
left without precise control, the results must be considered as an approximate representation
of the actual rates of reduction of individual particles in suspension reduction conditions.
These experiments, however, verified the fact that a suspension reduction process with only
several seconds of residence time could be feasible for iron production from iron oxide
concentrate particles. Further experiments to measure accurate reduction rate of iron ore

concentrate were conducted using a drop-tube reactor system, as described below.

Kinetics Measurements

In the first series of experiments with hydrogen (with 3-5% N,) as the reducing gas,
over 90% reduction was accomplished in 2.8 seconds and complete reduction in 4.0 seconds
at 1200°C, as shown in Figure 17. The results showed a promising kinetic feasibility of the

suspension reduction process.

% excess H )

1300 500 200

100 F . ———
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- | —A—1100°C
\‘9‘
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X 20} a
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Residence time [sec]

Figure 17. Hydrogen reduction rate of iron ore concentrate vs. residence time and % excess
H, at four different temperatures. [Pz = 0.85 atm (86.1 kPa)]

(Residence time was varied by the flow rate of hydrogen.)
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It is noted that there was a considerable increase in the hydrogen reduction rate when
temperature increased from 1100°C to 1200°C, which essentially establishes the lower limit
of the process temperature of the suspension reduction process, considering that the residence
time would be in the same range.

The % reduction was slightly lower as the residence time was increased above 4
seconds. This is because the residence time was increased in these experiments by reducing
the excess H, used and at a lower % excess H, the effect of water vapor produced by the
reduction reaction increased. Water vapor not only lowers the partial pressure of hydrogen
but also decreases the thermodynamic reducing power of the gas due to the equilibrium
limitation of the FeO-H, reaction system (Kgrz= 1 at 1400°C).

This point can be further understood by considering the following simplified global

rate expression for iron oxide reduction:
R = Kapp - T(Pr, Pri,0 )= Kapp (Ph, = Pr,0 /Kr2) ®)
Thus, the presence of water vapor lowers p, and also increases the negative term in

the parentheses.

Further experiments were performed at temperatures higher than 1200°C to obtain
temperature effects. Above 1300°C, complete reduction was accomplished in less than 2.0
seconds in large excess hydrogen, as shown in Figure 18. Complete reduction was achieved
even when excess hydrogen lowered to 40%, which increased the residence time to 8 seconds.
In an industrial application, it would be advantageous to operate the reduction process at a

high rate with lower excess hydrogen input.
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Figure 18. Hydrogen reduction rate of iron ore concentrate vs. residence time and % excess

H; at three different temperatures.

Thus, additional experiments were conducted paying attention to the experimental
conditions for moderate excess hydrogen and residence time. At 1200°C, complete reduction
was already achieved in 4.0 seconds at 470% excess hydrogen, as shown in Figure 19. As the
residence time decreased, the reduction degree decreased accordingly. At 1300°C, 90%
reduction was achieved in 4 seconds at 200% excess hydrogen, as shown in Figure 20, which
was 10% higher than that at 1200°C at the same residence time and % excess hydrogen.
When the residence time was increased to 6 seconds, reduction was already completed at
200% excess hydrogen (meaning complete conversion was achieved between 4 and 6
seconds). When the residence time further increased to 8.3 seconds, the complete reduction

began to be observed with only 40% excess hydrogen.
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Figure 19. Hydrogen reduction rate of iron ore concentrate vs. % excess H, at 1200°C.
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Figure 20. Hydrogen reduction rate of iron ore concentrate vs. % excess H at 1300°C.
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Figure 21. Hydrogen reduction rate of iron ore concentrate vs. % excess H, at 1400°C.

The temperature increase to 1400°C did not result in much increase in reduction rate,
comparing Figures 20 and 21. This is believed to be due to the melting of FeO (m.p.
~1380°C) as seen in Figure 22, which prevents the formation of cracks in the particles seen at
lower temperatures. Reduced iron also forms dense layer at this temperature rather than
porous layer as at low temperatures. Figure 23 shows the comparison of the XRD patterns of
the concentrates reduced at 1300 and 1400°C for 2.7~2.8 seconds with four different levels of
excess Hy. At 200% excess H», there was little change in the reduction rate between 1300 and
1400°C as seen in Figure 23-(b). A weak dependence of the reduction rate on temperature
may be expected if the chemical kinetics have become sufficiently rapid at these increased
temperatures so that pore diffusion and mass transfer between the bulk gas and particle
control the overall rate. Our calculations show, however, the rate controlled by pore-diffusion
+ mass-transfer is much greater than the measured rates, i.e. under this condition a 30 um

particle would be fully reduced in milliseconds compared with a few seconds as observed in
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this work. Thus, the weak increase of rate on temperature between 1300 and 1400°C is
attributed to the change in particle morphology during the reduction reaction. Once the
particle and intermediate product (m.p. of Fe;04 = 1597°C) form a fully molten phase at
higher temperatures, the reduction rate is expected to increase with temperature more

strongly.

EDS Quantitative Results
e Element Wt% At%

EDS Quan:iéa:ivc Results :
Element Wt% At%

CK 3.09 9.88
b x 7.78l18.68
NaK  1.49 2.50
ik 12.81]17.52
FeK 74.83 51.45

(b)

Figure 22. SEM micrographs: (a) 100% reduction at 1300°C; (b) 100% reduction at 1350°C.
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Figure 23. X-ray patterns of the reduced concentrate at 1300 and 1400°C in 2.7~2.8 seconds

at: (a) 0% excess Hy; (b) 200% excess Hy; (c) 500% excess Hy; (d) 900% excess H,.

Some agglomeration of concentrate particles were at times observed at low excess
hydrogen and long residence time. Agglomeration was avoided by completely drying the
concentrate and increasing the flow rate of gaseous species. This dispersed the concentrate
particles as soon as they came out of the powder feeding tube inside the reactor. The
agglomeration of fine concentrate particles lowers the reaction rate and thus should be
avoided. Turbulence of the gas-particle flow is expected to be much higher in a large scale

operation. Thus, the problem of agglomeration would be much less.
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The findings from the current work conclusively show that nearly 100% reduction is
obtained with 40% excess H; in 8.3 seconds and 90% reduction with 200% excess H, in 4
seconds at 1300°C. At 1400°C and 200% excess H,, 80% reduction was attained in only 2.7
seconds. Even at 1200 °C, 96% reduction was reached in 5.7 seconds with 200% excess Ho.
The variables of the suspension reduction process in an industrial application should be
determined carefully considering the competing factors, the cost of excess hydrogen and
energy for high temperature, and their effect on the total reduction rate.

A temperature higher than 1400°C would be definitely preferable from the kinetics
point of view and moderate % excess H,. This would be required in any case if the reduced
iron is collected as a liquid. Furthermore, incompletely reduced iron ore concentrate can be

further reduced in the molten bath by injecting additional reducing agents into it.

Bench-scale Tests

Larger scale suspension reduction tests were conducted in the bench-scale reactor
described in chapter 4. Again, the highest temperature that could be generated in this reactor
was only 1150°C.

The trend in the change of the reduction rate was observed at three different residence
times; 3.5, 4, and 4.5 seconds in which the reduction extent was at 21, 29, 43%, respectively,
with 0% excess H, and approached about 95% with 720% excess Ha, as shown in Figures 24
and 25. The reduction extent at a longer residence time was always higher while the excess
H, ranged from 0 to 720% and only 0.5 second difference made a notable change in the

reduction rate.
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Figure 24. Reduction rate of iron ore concentrate vs. % excess H, at

different residence times.

Based on the results from the bench-scale tests and the feasibility tests, it is obvious
that the operating temperature of the facility needed to be increased by 100~200°C to obtain
a sufficiently high reduction rate with smaller excess H, (0~50%) and with increased fine
concentrate feeding rate (1~5 kg/hr). A technical issue that must be overcome is the heat
supply. The heat may be generated internally by burning a portion of the reducing agents, or
supplied by plasma or burning of other fuels. These types of processes in which hot reducing
gas environment is created internally are used in many industrial operations. Examples
include the reforming of natural gas, coal gasification by partial combustion, and the
Horsehead Flame Reactor Process for treating EAF dusts. The main effort in the current
work included addressing this issue in addition to determining the feasibility of achieving

high degrees of reduction in a simulated suspension process.
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% excess hydrogen.

Although hydrogen is the best and cleanest reductant and/or fuel from the
environmental and reduction kinetics viewpoint, it is currently expensive. Instead, the syngas
which is mainly composed of H, and CO from the reforming of natural gas or the coal
gasification has been used as a reducing gas mixture in the majority of direct reduction
processes hitherto developed. Thus, the use of syngas as a reductant was examined in the
bench-scale facility.

The syngas was simulated with a mixture of H,, CO, and N, while keeping the
compositional ratio the same as that obtained by mixing hydrogen with a combustion gas
from an internal gas burner. The input amount of each component was calculated based on
material and energy balances considering the preheat temperature of gaseous species, the
heat of reaction between CH4 and O, in the burner, the temperature change of gaseous

species by supplying additional hydrogen to improve the reduction rate.
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For example, Figure 26 shows the equilibrium composition of the product gas from a

mixture of 1 kmol CHy and 1 kmol O, the adiabatic temperature of which is about 2500°C.

Jmol File: C:\Program Files"HSC5\Gibhs\CHO_1CH4_102.0GI
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Figure 26. Equilibrium compositions of product gas from a mixture of

1 kmol CH4 and 1 kmol O».

Once the amounts of the product gases from the reaction between CH4 and O, are
determined, the amount of additional H, (added to improve the reduction rate) and the
residence time are calculated under the fixed feeding rate of concentrate (1.5 g/min) and the
reaction temperature (e.g. 1150°C), as shown in Table 4. For this calculation, it was assumed
that the additional H, was preheated to 500°C based on the measurement of the preheat
temperature of the gas entering the main reactor.

Under the conditions shown in Figure 24, about 90% reduction was accomplished in
3.5 seconds at 800% excess hydrogen (32.7 kPa H,, 53.4 kPa N;). The % reduction remained
similar when 11.6 kPa of N, was replaced with the same amount of CO. It should be noted
that the average barometric pressure of Salt Lake City is 86.1 kPa. When 10% (7.6 kPa) of

H, was replaced with CO, the conversion decreased from 90% to 80% even at about
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Table 4. Mass and energy balances in the reduction on the concentrate

CH,4 0O, H, H,O CO CO, Fe;04 Additional | Residence time

[L/min] | [L/min] | [L/min] | [L/min] | [L/min] | [L/min] | [g/min] | H,[L/min] [seconds]

2.571 | 2571 | 2.828 | 2.314 | 2.314 | 0.257 1.5 19.2 3.96
1.571 | 1.571 | 1.728 | 1.414 | 1.414 | 0.157 1.5 11.0 4.61
1.143 | 1.143 | 1.257 | 1.028 | 1.028 | 0.114 1.5 7.4 4.98

4.5 seconds residence time. Although there was a decrease in reduction rate by introducing
syngas instead of Hj, it is still of interest especially at higher operating temperatures. As
temperature increases, the equilibrium ratio of H,/H,O and CO/CO, changes in the opposite
way, i.e. the thermodynamic reducing power of H,/H,O increases whereas that of CO/CO;
decreases. The amount of hydrogen in a typical syngas of direct reduction process is larger
than that of carbon monoxide and thus the thermodynamic reducing power of the syngas
would rise at higher temperature. In other words, more H, can be replaced with CO.
Furthermore, the water-gas shift reaction would convert much of CO to H; by reacting with
water vapor generated by the iron oxide reduction by H,.

Large scale tests in this type of bench-scale reaction or an industrial pilot reactor at
considerably higher temperatures are needed to complete the commercial feasibility of this
suspension reduction technology. Nevertheless, the bench-scale tests performed in this
project combined with the kinetic measurements made in the drop-tube reactor have clearly

demonstrated the kinetic feasibility of the process.
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6. Sulfur and Phosphorus Behavior

Sulfur and phosphorus contents in hot metals produced by the two ironmaking
processes — blast furnace process and the Suspension Reduction process — were calculated for
comparison. The calculation was done with the same iron ore with chemical composition of
0.04wt% S, 0.04wt% P, 64wt% Fe, 6wt% SiO, and 2wt% ALOs.

For blast furnace process, a coke rate of 530 kg per ton of hot metal was assumed,
and the chemical compositions of the coke were: 0.65 wt% S, 0.035 wt% P, 4 wt% SiO,, 3
wt% Al,O3 and C as the remainder. A flux of 131.1 kg CaO and 43.7 kg MgO per ton of hot
metal was also added to get a slag with proper basicity and viscosity for smooth operation

and sufficient S removal. The equilibrium distribution ratio of S between the resultant slag

%Ca0l +0.7%MgO

with a basicity of B = 1.458 (B = -
%0.94Si0, +0.18%Al,0,

) and the hot metal was

(%6S)

%

calculated to be =129 according to the reported relation between equilibrium

distribution ratio of S and slag basicity. Since S distribution ratio in actual blast furnace
process is around 47% of equilibrium distribution ratio, the actual distribution ratio of S was
taken as 129 x 47% = 60, from which value the mass balance calculation for S leads to the S
content in hot metal by blast furnace process to be [%S] = 0.02.

Blast furnace practice indicated that over 90% of P load enters into hot metal and the
rest is lost either in the slag or in the flue gas or is absorbed in the refractory linings.
Assuming 90% of P enters into hot metal, mass balance calculation for P leads to the P
content in hot metal by blast furnace process to be [%P] = 0.108.

For the suspension reduction process, a slag with higher basicity and thus higher
liquidus temperature can be used for better S removal, since the process has to be operated at
a higher temperature to deal with low carbon hot metal. The slag basicity chosen for this

calculation was B = 1.9. Another critical parameter which determines S distribution ratio is
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the FeO content in slag or the H»/H,O ratio in atmosphere. The lower the FeO content in slag,
or the higher the H,/H,O ratio in atmosphere, the higher the S distribution ratio and thus the
better S removal. Thermodynamic calculations indicated that 1 wt% and 10 wt% of FeO in
slag (or 54 and 5.4 of Hy/H,O ratio in atmosphere) will result in 12 and 1.2 of S distribution
ratio, respectively, which correspond to [%S] = 0.013 and [%S] = 0.045, respectively, in hot
metal by the suspension reduction process.

The predicted S and P contents in the iron produced from the suspension reduction

process as functions of FeO content in the slag are plotted in Figure 27 below:
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Figure 27. Calculated S and P contents in hot metal from suspension reduction process (lines)

compared with that from blast furnace (points).

The results presented above for the suspension reduction process do not include the
possible additional removal by vaporization of the impurities. Thus, the actual values are
expected to be lower, which needs to be verified by more comprehensive calculations. These
calculations do indicate, however, the suspension reduction process may be able to produce a

hot metal with P and S contents lower than or comparable to that by the blast furnace process.
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7. CONCLUSIONS

A novel alternative ironmaking technology for producing iron directly from fine
concentrates by a gas-solid suspension reduction that bypasses cokemaking and
pelletization/sintering was thoroughly investigated. The material and energy balance analysis
indicate that the suspension reduction process would reduce energy consumption by about
38% of the amount required by the blast furnace and drastically lower environmental
pollution, especially CO, emission, from the steel industry. As a result of concept definition
tests with the iron ore concentrate, the reduction rate of fine concentrate particles by
hydrogen-containing gases was determined to be sufficiently fast for a suspension technology.
From the kinetic measurements and preliminary bench-scale tests, it was found that the
reduction temperature should be higher than 1200°C to obtain a sufficiently high reduction
rate at moderate excess H,. The use of syngas from the reforming of natural gas or coal
gasification as part of the reducing gas mixture in this new process was shown to be feasible.

Further kinetic experiments, under a comprehensive bench-scale testing program are
recommended to determine more definitively the relationship among reaction temperature,
residence time and % excess gaseous reactant required to achieve 90~100% reduction. In
addition, further bench-scale tests with hydrogen and/or syngas are recommended at selected
conditions from these additional kinetic experiments, especially at temperatures in the range
of 1300~1600°C to fully simulate the method of supplying the energy required to maintain
these temperatures, as an intermediate step in determining the scalability for a larger,
industrial-scale suspension reduction process pilot test.

The replacement of blast furnaces requires new or improved alternative ironmaking
processes that are highly intensive, especially when starting with the fine iron oxide
concentrate; the initial project results indicate the Suspension Hydrogen Reduction of Iron
Oxide concentrate process presents the highest potential for a high-intensity blast furnace

replacement technology.
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Appendix A

Summary of calculation with the Steel Energy Savings Estimator Tool [Internet tool provided

by AISI] for the suspension reduction technology using natural gas (compared with blast

furnace operation excluding cokemaking and pelletization/sintering).

Summary

Project Name:  Suspension ironmaking

User Inputs

Process: blast furnace % Energy Savings Natural Gas: -452.0%

% of Market Impacted: ~ 20.0% % Energy Savings Electricity: 0.0%

Annual Growth Rate: 2.5% % Energy Savings Coal/Coke: 100.0%

Year of Introduction: 2012 % Energy Savings Fuel Oil: 100.0%

Market Penetration 10 Year Market Solid or Liquid Wastes: 0 Ibs per tons of product
Curve: Saturation

Non-Combustion Air Pollutants: 0 Ibs per ton of product
Energy Impacts for blast furnace

(Based on the input provided above, this technology will have the following impacts:)

2005 2010 2015 2020
MARKET PENETRATION N/A N/A 14.7% 60.8%
MARKET (Million tons) N/A N/A 4 20
ENERGY SAVINGS
Natural Gas Energy Savings (trillion Btu) N/A N/A -34.643 -162.114
Electricity Savings (trillion Btu) N/A N/A 0.000 0.000
Coal Energy Savings (trillion Btu) N/A  NA 41.303 193.278
Fuel Oil Energy Savings (trillion Btu) N/A  N/A 1.703 7.970
TOTAL ENERGY SAVINGS N/A  N/A 8.363 39.134*
POLLUTANT REDUCTIONS (Ibs)
Carbon (MMTCE/yr) N/A N/A 0.54698 2.55964
Nitrogen Oxides (NOX) N/A N/A 15,510,776 72,583,693
Sulfur Oxides (SOX) N/A N/A
Carbon Monoxide (CO) N/A N/A -1,097,150 -5,134,183
Volatile Organic Compounds (VOCS) N/A N/A -125,108 -522,369
Particulates N/A N/A 1,099,415 5,144,784
Other (million Ibs) N/A N/A 0 0

*equivalent to 2.3 GJ/metric ton iron, in agreement with our energy calculation shown
Separately in the text below.

USER EXPLANATIONS
Technology Description:
Market Percentage:
Introduction Year:

Energy Impacts Percentages:

Other Wastes and Pollutants:

N/A = not applicable

New technology using natural gas

20 million ton/yr iron, which is 20% of steel production

(Bench + Pilot) testing plus commercialization lead time

Natural gas is used as the reductant and fuel.

None
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The baseline input values for the blast furnace operation were obtained as follows, by

adjusting the data given in the table below (imported from "Energy and Environmental
Profile of the U.S. Iron and Steel Industry," U.S. DOE, Report No. EE-0229, August 2000) to
fit into the only four categories provided in the Steel Energy Savings Estimator Tool.

1) Coal/Coke: Coke + Coal + other gases — Top gas credit = 10.7+1.5+1.5-4.0 =9.7

2) Natural gas: 1.8

3) Electricity: 0.2

4) Fuel oil: 0.4

Energy items in a typical blast furnace operation (1998 values)
(excluding energy for cokemaking, sintering, and pelletization)

Specific Energy Use
Fuel [10° But/short ton hot [GJ/metric ton hot

metal] metal]
Coke 10.7 12.44
Coke oven gas 0.2 0.23
Blast furnace gas 1.0 1.16
Natural gas 1.8 2.09
Fuel oil 0.4 0.47
Coal 1.5 1.74
Electricity 0.2 0.23
Oxygen 0.3 0.35
Subtotal 16.1 18.72
Top gas credit 4.0 4.65
Net total 12.1 14.07

The input values for the technology using natural gas were as follows:
1) Natural gas: 9.93x10° But/short ton [=11.56 GJ/ton] (from the calculation)
Thus, % energy savings natural gas = (1.8-9.93)/1.8*%100 = — 452%

2) Electricity: 0.2
3) Coal/Coke: 0
4) Fuel oil: 0

It is not possible to use the Steel Energy Savings Estimator Tool [Internet tool
provided by AISI] for the case of operating the suspension reduction process with hydrogen,
because there is no provision for hydrogen in the input categories. Thus, the energy savings
for the case of using hydrogen was separately calculated by the same procedure as for the
case of using natural gas with this technology, which was verified to be consistent with the

Steel Energy Savings Estimator Tool, and shown in Table 2 in the main text.
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