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In previous study, the extremely high reaction rate obtained by the mechanical milling has been reported.
It was found that the phenomena were quite complicated and the many factors were affected on the reac-
tivity. Among these factors, the crystal state of hematite and atmosphere (air and argon) during the milling
were quite important ones.

Milling of hematite and graphite mixture was carried out both in the air and in the argon. Rate constants
for the reactions were obtained by kinetic analysis. The enthalpy AH* and entropy AS* of activation were
estimated on the basis of transition state theory. The interpretation of AS* and AH* was performed to ex-
plain the effect of milling on the reactivity related to the milling conditions.

The temperature of peak of reaction curve decreased with increasing milling time. The reactivity of the
sample milled in the argon atmosphere showed higher reactivity than that milled in the air. The enthalpy
AH* and entropy AS* of activation were obtained from experimental rate constants. The variation of AH*
and AS* with milling time showed opposite tendency between the sample milled in the air and in the argon.
It was considered that the active complex having loose bonding would form during milling in the air atmos-
phere. On the other hand, the active complex having a structure closed to the product (metallic iron) might
form.

KEY WORDS: mechanical milling; active complex; entropy of activation; enthalpy of activation; transition

state; iron oxide; graphite.

1. Introduction

In Japan, about 100 million tons iron are produced every
year. The energy for the production of iron is significantly
large and about 12% to the total energy consumption in
Japan. Most of pig iron is made by Blast Furnace in Japan.
In the view points of the productivity and the energy effi-
ciency for the reactor of iron production, blast furnace has
highest ones. However, such a blast furnace has further pos-
sibility for the increase of the efficiency in accordance with
the high reaction rate and the low reaction temperature, be-
cause the theoretical utilization of CO gas and input energy
has some allowance for the improvement.

In the Project of ‘the innovational ironmaking reaction in
new blast furnace at half energy consumption and mini-
mum environmental influences’ (from 1999 to 2004,
Chaired by Prof. Ishii, Hokkaido University), many re-
searchers in the ironmaking field have performed their in-
vestigations, in which they were classified into 4 groups:
(1) Study on the high rate reduction and gasification, (2)
Study on the optimization of the structure and composition
of iron ore and coal, (3) Study on the lowering of the tem-
perature of melting of metallic iron and slag, (4) Study on
the establishment of process image and the quantification of
influence of new ironmaking process).

In present study, the authors were belonging to the re-
search group (1) on the high reduction rate and clarification

of the mechanism of coupling reaction. We have conducted
the study on the coupling phenomenon in previous paper."

Recently, it was reported that the iron ore—carbon com-
posite pellet has a high reaction rate and a low reaction
temperature. To make clarify the mechanism of the reaction
in the iron ore—carbon composite, it could obtain a key to a
breakthrough for the higher reaction rate and the lower re-
action temperature.

From the results of previous study"? in our laboratory, it
was found that the complicated phenomena existed in the
system depending on the location and the distance between
iron oxide and graphite.

From the contact to the separate situation, there will be
many states of the contact between carbon and iron oxide.
We clasify those three levels as follows.

I: A separate situation between iron oxide and carbon
(Fig. 1)

II: A weak contact situation between iron oxide and car-
bon (Fig. 2)

III: A strong contact situation between iron oxide and car-
bon introduced by mechanical milling (Fig. 3)

e In the case of I, it is a separate situation between iron

oxide and carbon. The direct reduction by the solid carbon

never occur, apparent direct reduction, that is, the indirect

reduction by CO gas and carbon gasification reaction will

be dominant.

e In the case of II, it could be explained as a weak contact
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Fig. 1. A separate situation between iron oxide and carbon.
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Fig. 2. A weak contact situation between iron oxide and carbon.
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until reaction complete.

Fig. 3. A strong contact situation between iron oxide and carbon
introduced by mechanical milling.

situation, where not only the atomic level roughness but
also the macroscopic level one always exist (Fig. 2), be-
cause the two reactants (iron oxide and carbon) are just
mixed without any pressure. Even if the iron oxide and car-
bon are contacting at the beginning of reaction, the inter-
face will soon separate, in which the coupling phenomenon
(Case I) will be dominant.

It could be considered that the ultimate contact would be
the distance that the both reactant atoms were closed to the
position where the reaction easily occurred (activated com-
plex). However, until this distance, the variety of distance
would exist according to the preparing condition. Actually,
the contact situation between iron oxide and carbon would
be different from the way of mixing.

In addition to the microscopic feature, the macroscopic
feature is important and will affect the apparent reaction
rate strongly. Most important nature would be the separa-
tion of the both reactants during reaction, which means that

© 2004 ISlJ

the reaction mechanism would be changed in the course of
reaction. From these considerations, the reaction rate would
show the stable value and could be changed strongly in ac-
cordance with the condition of the contact. The mechanical
milling is one of the method which can introduce the vari-
ety of contact situation into the carbon and iron oxide mix-
ture from the various milling conditions, that is, many kind
of activated complex can be formed.

¢ In the case of III, a strong contact situation between iron
oxide and carbon introduced by mechanical milling is illus-
trated in Fig. 3. In previous study," the milling of hematite
and graphite mixture in long time (around 100 h) could give
a quite high reaction rate and low reaction temperature. In
such a situation, the nano-reactor was constructed in the
sample. Especially, the structure of nano-reactor was im-
portant and took the situation that the nano-size hematite
intruding into the graphite particle as shown in Fig. 3. By
the nano-reactor having this structure, the reaction reduc-
tion could continue until the reaction completion. And con-
tact mode between carbon and iron oxide is very strong and
it could be explain as the activated state, which means the
activated complex.

In this study, to clarify the mechanism of the reaction of
iron oxide and carbon mixture made by the mechanical
milling, the analysis of rate constants obtained in previous
study was performed.” From the view point of the forma-
tion of activated complex introduced by mechanical
milling, the enthalpy and entropy of activation were derived
and the discussion was carried out on the structure of the
activated complex. Furthermore, the changing of reaction
mechanism was explained in accordance with the differ-
ence of milling atmosphere.

2. Experimental

The details of experiment were shown in previous
paper.” Here, outline of the experiment is briefly shown.
Several kind of hematite samples were prepare (details was
shown in below) and high purity graphite with high density
(1.77 g/lem®) and low ash content (<100 ppm)) were used as
starting materials. Reactivity of the milled sample was stud-
ied by TG-DTA (sample weight: 20 mg, resolution: 1 ug).
The crucible was made of platinum and 4 mm in inner di-
ameter and 3 mm in depth. The mixture of hematite and
graphite with a fixed composition (19.84mass% C in
hematite, which corresponds to C/O=1.1) was subjected to
ball milling and the milling time was varied from 6 to
100 h. The milling experiment was performed using a plan-
etary ball mill. A ceramics (Alumina) vessel of 500 cm®
volume, charged with 10 alumina balls of a nominal diame-
ter of 20 mm, was used as the milling medium in all the ex-
periments. The rotating speed of the vessel was maintained
constant at 200 rpm for revolution. TG-DTA experiments
were conducted under an Ar atmosphere with a constant
flow rate of 50 Ncc/min. Samples were heating up with a
constant heating rate of 10 K/min from room temperature
up to 1373 K and kept at this temperature for 1 800 s.

2.1. Difference of Sample as a Starting Material and
Milling Condition
Since the difference of the particle morphology and crys-
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Fig. 4. SEM observation of reagent and sintered hematite parti-
cles.

tal structure of sample as a starting material affect strongly
on the result of milling, several kind of hematite was pre-
pared. Even a reagent grade hematite (Ist grade (>99%)
and special grade (>>99.99)) have a different type of parti-
cle morphology as shown in Fig. 4. Moreover, the sample
sintered at 1273 K, 24 h has shown the different grain size
between st grade and special grade hematite (Figs. 4(c)
and 4(f)). A crystalline size of Ist grade reagent sample
sintered at 1273 K, 24h was larger than that of special
grade, and the range of crystalline size for 1st grade was
from 1 to 5 um and special grade hematite was from 1 to
2 um. In the present experiment, only one kind of graphite
was used for making clear the effect of hematite condition.

The atmosphere during milling was also very important
factor affecting on the reactivity of the milled sample. In
the case of air atmosphere, when the hematite crystal was
broken during milling, the active new surface will react
with oxygen quickly. If there was no oxygen in the atmos-
phere (argon atmosphere), the active surface will react with
the active carbon (the milled carbon became also active),
which meant the direct reduction between iron oxide and
carbon (the detail mechanism was discussed below).
Actually, we detected the CO gas evolution and the forma-
tion of FeO. The details will be published in the same jour-
nal.*> Therefore, the inert (argon) atmosphere and the air
atmosphere were selected for the milling of different type
of hematite.

3. Results and Discussions

3.1. Classification of Phenomena

As mentioned above, crystal conditions (reagent or sin-
tered hematite) and milling atmosphere (argon and air) are
very important factors. The experiments were carried out
with samples prepared by those combinations. Figure S
shows the results of the reactivity measurement experiment
of the sample milled under the different conditions. Figure
5(a) shows the comparison of wustite reduction (W-Fe)
curves (RTG means the rate of reaction which were ob-

1.2 T * ' '
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1+ ) 72h Reagent hematite 7|
;; 08l (1st grade) .
X o6} W-> Fe "
04} |
2l ||
e o2} 1
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Fig. 5. Comparison of reaction curves between the samples
milled in the air and in the argon. (a) Reagent hematite,
air atmosphere, wustite-iron reduction; W-Fe, (b) sin-
tered hematite, argon atmosphere, magnetite—iron reduc-
tion: M—Fe.

tained by the differential of TG curve (weight loss curve)),"
in which the reagent hematite (1st grade) was used without
any treatment and the atmosphere during milling was an air.
The temperature at the peak of RTG curve decreased with
the increasing milling time. Furthermore, the maximum
value of the curve increased with the milling time.

On the other hand, when the hematite (1st grade) was
sintered at 1273 K for 24h (Fig. 5(b)), only 6h milling
could attain almost the same reaction rate (RTG was about
1.2%/s) as the 100 h milling (RTG=1.0%/s, Fig. 5(a)) for
the reagent grade hematite under an air atmosphere. The
peak temperature of the reaction curve decreased further-
more from 1277 K (6h) to 983K (100h). From these re-
sults, it was found that the hematite sintered at 1273 K
showed higher reactivity after milling. The sintered sample
was also milled in air atmosphere (the results were not
shown in present paper), the reactivity was higher than that
of reagent grade hematite, but slightly lower than that of
sintered hematite milled under argon.

Figure 6 shows the comparison of RTG curves of H-M,
and M—W reduction curves between the reagent hematite in
air and the sintered hematite in argon, which both the sam-
ples were milled in 100h. It was quite interesting that the
H-M and M—W reduction curves were disappear in the sin-
tered hematite (Fig. 6(b)). The H-M reduction never
showed the peak and the easy monotonous slope until
11.5% of reduction degree was observed in every sintered
samples. This tendency of reduction curve means almost

© 2004 ISIJ
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Fig. 6. Typical reaction curves for the H-M and M—W reduction
in the different milling conditions.

constant value of the rate constant and is close to the zero
order reaction. It might be resulted from a disordered
hematite structure by the milling. It would suggest that the
sintered hematite was easier to break than the reagent
hematite.

As it was considered that the crystalline size after milling
affected strongly on the reactivity of sample, X-ray diffrac-
tion (XRD) was carried out and crystalline size was esti-
mated using Scherrer’s equation.” Here, we should note
that the particle size and the crystalline size were not al-
ways equal. If the original crystalline size was large and
equal to particle size, the decreasing mode between the par-
ticle and the crystal would be same. However, as shown in
Figs. 4(b) and 4(e), the particle was constructed with small-
er crystal (polycrystal), the way of decreasing would be dif-
ferent from the kind of reagent grade hematite. On the other
hand, the sintered hematite has larger particle size from 1 to
2 um for special grade hematite and 1 to 5 um for Ist grade
hematite. Since the crystalline size obtained by XRD is dif-
ferent from the particle size, it should be taken into account
the difference of particle crystallinity. Figure 7 shows the
variations of crystalline size of sintered hematite according
to the milling, which were measured using the different
peak of XRD for hematite (in Fig. 7, typical results ob-
tained by (300), (110) and (104) were shown). It was found
that the size of crystal was different from orientation and
the size in the [300] direction was larger than that in the

© 2004 ISlJ
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Fig. 7. Variation of crystalline size of hematite with the milling
time (hematite and graphite mixture and hematite only in
the air).
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Fig. 8. Variation of crystalline size of hematite with the milling
time (hematite and graphite mixture in the air and in the
argon).

[110] and [104] directions. Although the particle size of
sintered hematite was 1 to 5 um as mentioned above, the
crystalline size measured by XRD was from 100 to 180 nm
which were almost the same as the original size of crystal
before sintering. According to milling condition, the way of
decreasing of crystalline size was different. In the case of
milling of hematite—carbon mixture under air condition, the
size of hematite crystal was almost the same in spite of
long time milling. While the milling of the sintered
hematite alone under air, crystalline size quickly decreased
within 24 h. The final size of crystal for only the hematite
milling was about 30 nm and the difference among different
planes was smaller than that of milling of mixture in air.
These results would related to the reduction reaction and
the reoxidation during milling (the details was mentioned
below).

Figure 8 shows the comparison of crystalline size of sin-
tered hematite in mixture under argon atmosphere with the
one under air atmosphere. In the case of argon atmosphere,
the crystalline size decreased with the increasing milling
time. From the result of gas analysis, it was found that the
CO gas evolution occurred during the milling under the
argon atmosphere,” which meant the reduction reaction oc-
curred during milling. This result also suggested that the re-



ISIJ International, Vol. 44 (2004), No. 12
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Fig. 9. [Illustration of the phenomena occurring in the milling of
the mixture both in the air and in the argon.

oxidation of hematite during milling under an air atmos-
phere might occur, simultaneously. Furthermore, this phe-
nomenon (reduction—reoxidation) would related to the non-
changed crystalline size under the air. These complicated
phenomena during milling were summarized in Fig. 9. It
was important to recognize the necessary condition that the
milling of hematite and carbon should carry out in the mix-
ture. When the milling was carried out separately and
mixed together after milling, the reactivity was very low,"
and did not reach the completion of reaction. So that it was
considered that the meaning of milling in mixture would be
the utilization of the active surface generated at the instance
of broken.” If there was no oxygen gas in the atmosphere,
the active surface will react with the surrounding carbon to
make a active complex, which might be expressed as
(FeO,-C)* and (FeO,_,-CO)*. In the present study, it was
assumed that the life time of the complex, (FeO,_,-CO)*
was longer than that of (FeO,-C)*, because the removal of
oxygen from the iron oxide structure normally constituted
the rate limiting step. When the complex (FeO,_,-CO)*
was generated during milling, it could explained the CO
evolution in argon atmosphere as mentioned above, because
small content of the complex would proceed forward.
Although the extent of the reaction of CO evolution might
be small, the amount of the active complex would become
large with increasing milling time. In addition, the reaction
curves shown in Fig.6 were different from the samples be-
tween argon and air atmosphere. The reaction curve of sam-
ple milled under argon (Fig. 6(b)) never showed three steps,
H-M, M-W and W-Fe and consisted of only one main
peak. In the case of the air atmosphere, the reoxidation will
soon occur and the crystalline size is almost the same as
original one. Then, the distinct three steps were always kept
as shown in Fig. 6(a). These processes can be illustrated in
Fig. 9. The milling in air would be expressed as the path (1)
in Fig. 9 and it could be expressed by (2) and (3) for the
milling under inert atmosphere.

3.2. Kinetic Analysis and Rate Constant Interpreta-
tion through the Transition State Theory
3.2.1. Kinetic Analysis on the Sample Milled under Air
Atmosphere: Three Steps Reduction
As shown in Fig. 6(a), reaction curves could be classified
into three distinct periods, kinetic analysis have performed

with following equations."” Actually the HM reduction was
separated from other reactions and MW and WF reductions
were overlapped. These reactions could be considered as
the single and consecutive reaction.

Fe,0; — Fe;0,: Xy
Fe;O, —» FeO — Fe:  xp,xy

Hence, the kinetic analysis was carried out with the follow-
ing equations.

d.
RTGy =~ % = SpkyXy = KXy o 2)
d.
RTGy =~ ;;A = Suknxn = KXy e (3)
de dxM ,
RIGy =———=Sykyxy 0 =kiyXyw — k{ixy

where x (—) means the fraction of unreacted sample of re-
spective reactions. Subscripts ‘H’, ‘M’ and ‘W’ mean the
HM, MW and WF reductions, respectively. S (—) means
the specific contact area between oxide and carbon
(§=5,/S,, S,,; contacting area of the particles (cm?), S,; total
surface area of non-milling sample (cm?)) and & (1/s) is the
reaction rate constant expressed by the Arrhenius equation,

Eq. (5).

E
kY=AYexp( RTY], (Y=H,Mand W) ........ (5)

Where A4, (1/s) means a frequency factor, £, (J/mol)
means an activation energy, R (J/mol K) is the gas constant
and 7 (K) is the absolute temperature. At first, the exact
values of contact area S between the oxide and the carbon
was treated as an unknown value, £’ (1/s) was introduced
and Eq. (6) was used in the previous analysis instead of Eq.

5).”
ky=S8,4 — Y=y i
ex ex s
Y v 4y xp RT v CXP RT

(Y=H,Mand W) ............... (6)

The parameter fitting to determine 4} and E, was carried
out and RTG curves were recalculated.” The obtained rate
constants for each experiments were summarized in Table
1(a).

The surface area of the hematite particle that was in-
creasing with the milling time was estimated in present
study. The relationships among the milling time, the surface
area (cm?) and average particle size (m) were shown in
Fig. 10, which were calculated by the following data:
Density of hematite: p,;=5.0g/cm’, Fe,0,+C=20mg,
Fe,0,=16.032mg, Total volume of hematite V;=3.2064X
1073 cm®. The results were summarized in Tables 2 and 3,
for the milling in air and for the milling in argon, respec-
tively. The average particle size was measured based on
SEM observation and the oxidation in low temperature at
550°C for separation of hematite particle from carbon mix-
ture was adopted. According to milling, the average of par-

© 2004 ISIJ
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Table 1. Rate constants obtained by increasing milling time.
(a) including the surface area, (b) except the term of
surface area.

Milling ] -E, ‘
time a) ky(l/s)=4, "'XP(H)’ (Y=H, M, W), A, =S,4,, Ey (J/mol)
hours M VoW TR

6 | 1x10° exp[ 1100 17 10 exp( 2337 100 1x10% expf Z330:600
RT RT
24 ZOOeXp( - 99’700) 5x10” exp| ( 24, 200) 1x10% exp(~————_ 830’600)
i 103,800 8 265,800 137 -3322,300
500 9x10 6x10 it e
72 exp( RT ) x exp( ) x exp( o )
100 |1x10* eXP(M) 9.8x10" exp| ( 265, 800) 2.5x10" exp(—_ 3737’50)
RT R

Milling E,
time (b) ky(1/s) =4, exp( ) Ey (J/mol)
hours HM MW Wi

6 1x10* expl -166,100 7x10" exp| -357,100 1x10” expl -830,600
RT RT RT
24| 10.0exp = 2.5%x10° exp| = 249,200\ | 5 0% exp =830,600
RT RT T
7| s0exp TS0} | 90x10¢expl T2 | 603107 exp 2200
RT RT RT
100 [100exp{ 22220) 19.810% expl Z203800) |5 510 expl 3TN
‘ RT
4
© 10 T, T T T
o Milling in ar
& 1000 r ]
o
o ~
g g 100 [ ]
2L 1
- | Milling in air 3
2 1
2 100 -+ : } ; ;
»
g 10f Milling in air 1
£E
g2 1 1
) 0.1
u T 1
s Milling m argsn
g 0.01 1 1 1 s
-20 0 40 60 80 100 120
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Fig. 10. Variation of average particle size and surface area with
milling time.

Table 2. Average particle size and total surface area of
hematite. (sintered hematite, milling in air, V;=
3.2064X1073 cm?)

Average Total surface area,
Milling | particle Volurpe of Numl?er of S=Py*d 11°
time (b | radius pamcl?e, particle,
r (um) Viem’) Py=V7lV cm? Sy=5/So
0 100 4.19x10° 765 0.962 So
6 10 4.19x10” 7.65x10° 9.62 10
24 5 5.23x10° 6.12x10° 19.2 20
72 1 4.19x10™"? 7.65x10° 96.2 100
100 0.1 4.19x10™" 7.65x10" 962 1000

ticle size in argon atmosphere decreased rapidly and small-
er than that of milling in air. Although the difference at
100h was not so large, the particle size from 24 to 48h
showed a large difference between the milling in the air and
in the argon. Corresponding to the smaller particle size, the

© 2004 ISlJ

Table 3. Average particle size and total surface area of
hematite. (sintered hematite, milling in argon, V=
3.2064X1073 cm?)

Average Total surface area,
Milling | particle V"l“tr,"? of N“mtl.’elr of S=Py*4 1
time (h) | radius particre, particie, 5
r (um) Viem®) Py=VyilV cm Sy=5/So
0 100 4.19x10° 765 0.962 So
6 1 4.19x10™2 7.65x10° 96.2 100
24 0.1 4.19x10" 7.65x10" 962 1000
48 0.06 9.048x10™"° 3.54x10" 1600 1664
100 0.04 2.681x107° 1.20x10% 2410 2508

Table 4. Rate constants for the sample that sintered at 1273 K
for 24 h and milled in argon atmosphere.

Milling 3
time (@) ky(1/s)=4, exp

hours M e

6 |10x10” exp( - 521900) X105 exp( - 38;;,000)

24 | 10x107 eXP( 0’000) 1.0x1015‘exp(M)

00 . (-
48 | 60x10° exp( 50,0 ) 6.0X104~exp( 980,200)
100 |2:4x10° exp( lR,TOO) 4.0x1056xP(M)

total surface area of the sample milled in argon atmosphere
was larger. Since the starting size of particle was the same,
the magnification of total surface area in the argon milling
at 100 h was largest (S,=5/S,=2 508, at 100 h).

3.2.2. Kinetic Analysis on the Sample Milled in Argon
Atmosphere: Two Steps Reduction

Based on Fig. 6(b), the reaction curves could be classi-
fied into two periods, kinetic analysis have performed with
following equations. The hematite reduction HM and the
magnetite to metallic iron reduction, M—Fe would proceed
as consecutive reaction, however, as the point of the transi-
tion was 11.5%, both reaction could be treated as the single
reaction.

Fe,0; - Fe;0,: xy
Fe,O, — Fe: Xy

Hence, the kinetic analysis was carried out with the fol-
lowing equations.

RTGy T T L (8)

d
RTGy =~ % = SyikngXng = Kng' Xpg covvvoreenne )

Obtained rate constants were summarized in Table 4, in
which the term of the surface area were already eliminated
using S shown in Table 3. In the present study, since it was
considered that the milling conditions (time, atmosphere,
crystal state of samples) were resulted in the different state
of product which had completely different reactivity, the
rate constants summarized in Tables 1 and 2 could be dif-
ferent. The reasons are showing in the following section
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through the introduction of the active complexes.

In the case of argon atmosphere (as shown in Fig. 6(b)),
the reduction curve of HM never showed the peak and
showed almost constant value, which meant that the rate
constant of HM reduction should be almost the same (very
low temperature dependence).

3.3. Activated Complex Introduced by Mechanical
Milling

3.3.1. Sample Milled in Air

It was found that the simple reaction of hematite with
carbon was changed by the mechanical milling, which
might be introduced the activated state into the mixture.
The interpretation of the meaning of the obtained rate con-
stants could be performed through the transition state theo-
ry.*? According to the theory, Gibbs free energy of activa-
tion, AG* can be expressed by Eq. (10).

AG*=AH*~AS*-T ooooooooovevee.. (10)

Where AH* and AS* are enthalpy of activation and entropy
of activation, respectively. The rate constant of the activa-
tion can be expressed by Eq. (11).

o= kgT —AG* 1
=K p exp i (11)

Where ky is Boltzmann constant, x is transmission coeffi-
cient and 4 is planck constant. Substitution of Eq. (10) into
Eq. (11) can be obtained Eq. (12).

( kT ) [ —~AH*+AS*T )
k=x exp

h RT

[ kT AS* —AH* 1
=K . exp 2 exp R | (12)

On the other hand, the experimental rate constant obtained
in previous study® is Eq. (13).

ky(1/5)= A4y exp(_RETY) .................... (13)

The relationship between AH* and E, can be expressed by
Eq. (14).57

E,=AH*+(1—An*) RT .oooocceeere. (14)

where An* means the difference of moles between the reac-
tant(s) and the activated complex, which is depending on
the reaction equation including the kind of activated com-
plex.

Although overall reaction can be expressed by Eq. (15),

Fe,0,+3C=2Fe+3CO .................... (15)

the actual reactions are considered as following consecutive
reactions for the sample milled in air atmosphere.

3Fe,0;+C=2Fe,0,+CO ..ooooooovrr.... (16)
Fe,0,+C=3Fe0+CO ..................... (17)
FeO+C=Fe+CO .....rvvvrrrrrrrrrree. (18)

These reactions were described as a removal of the one

mole oxygen. The activated complexes included in Eq. (16)
could be considered as follows;

il 2
3Fe,0;+C—> (3Fe,0,C)* —> (2Fe;0,-CO)*

B 2Fe,0#+CO-25 2Fe,0,+CO ... (19)

where i2>>i3 will be reasonable, because the formation and
the desorption of CO gas could be the rate controlling step
as mentioned above. Then Eq. (19) can be simplified as fol-
lows.

3Fe, 03+ C— (2Fe,0,- CO)*—2 2Fe, 0 +CO

S 2Fe,0,4CO oo (20)

Normally, the transition Fe,Of — Fe;0, will be very fast
and it is no need to take into account. However in this
study, it was assumed that the activated complex could be
utilized for the next reaction, especially in the long time
milling, the contact between the iron oxide and carbon
maintained always until the reaction complete. So that fol-
lowing two cases could be considered.

3Fe,0,+C—s (2Fe;0,- CO)* —2-5 2Fe ;03 +CO ...(21)

3Fe,05+C—1 (2Fe;0,- CO)*—25 2Fe,0,+CO ..(22)
Using Eq. (21) or (22), An* can be determined.

AH¥=E,+(An*—1)RT=E,—4RT ... (24)

Similarly, magnetite and wustite reduction were presented.
Fe,0,+C 2 (3Fe0 - COY* > 3Fe0*+CO

LN SN Moo S (25)
FeO+C -2 (Fe- COY* —2 Fe* +CO-%5 Fe+CO

For convenience, notations, H, M, W and Fe are used for
Fe,0;, Fe;0,, FeO and metallic iron, respectively. The as-
terisk ‘*’ means the activated state of the molecules and
atom, Fe,OF, FeO*, Fe* and complexes (2Fe;0,  CO)*,
(3FeO-CO)*, (Fe- CO)*.

Equation (20), Eq. (25) and Eq. (26) are rewritten as fol-
lows.

3H+C=(2M-CO)*=2M*+CO=2M+CO .....(20")
M+C=(3W-CO)*=3W*+CO=3W+CO ....(25")
W+C=(Fe-CO)*=Fe*+CO=Fe+CO ....... (26")

The enthalpy of activation for Eq. (25) and Eq. (26) can be
calculated by Eq. (27) and Eq. (28), respectively.

AHH=Ey—2 RT oo 27
AHY=Ey—2RT ..ccccvvvvvennn. (28)
Moreover, Frequency factor 4, and the entropy of activa-

tion are expressed by Eq. (29).

© 2004 ISIJ
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Table 5. Enthalpy and entropy of activation for respective re-
actions for the sample milled in air.

Milling H-M M-W W-Fe
pme | as? AH* AS* AH* AS* AH*
(J/mol'K) | (kJ/mol) | (J/mol'K) | (kJ/mol) | (J/mol'K) (kJ/mol)
1132K 1310K 1344K
6 -179.2 ‘ 1285 -49.5 ‘ 3354 +297.5 } 808.2
o 1090 K 1255 K 1281K
2363 | 635 1343 [ 2283 +3303 | 8082
72 1029 K 1207K 1236 K
2416 [ 69.6 1233 [ 2457 +1178 | 3301
100 983K 1203K 1214K
2354 | 903 1417 | 2458 +1453 [ 3717
4 kgT AS* (29)
=Kk|——exp| —— | ceerrerrerene
Y
h R

Using experimental 4, and E, shown in Table 1(b), which
were already eliminated the effect of surface area of
hematite, the enthalpy AH* and the entropy AS* of activa-
tion were evaluated and summarized in Table 5. The tem-
peratures for the enthalpy and entropy were adopted the
peak temperatures of the respective reaction curves, which
were obtained in previous study,” (cf Table 2 in the refer-
ence”). In this study, the value of x in Eq. (29) was as-
sumed as unity.

(1) Feature of Hematite (H-M) and Magnetite (M-Fe)
Reduction

The inherent image of the transition state can be under-
stood through the entropy of activation, AS*. The negative
value of AS* means the vanishing of the freedom for the
vibrations of the rotation and the translation from reactant
to complex.” The H-M and M-W reduction are corre-
sponding to this situation. Especially in present experiment,
the 6h milling time and the longer ones (24h, 72h and
100 h) showed different situation. It was considered that the
activated complex did not constructed completely in the
case of 6 h milling, which could understood by the change
of activation energy (the value of activation energy de-
creased from 6 to 24 h, then, increased monotonously from
24 to 100h). AS* of H-M reduction from 24 to 100h al-
most the same (—240 J/mol - K), however, it decreased from
6h (—179J/mol-K) to 24h (—236J/mol-K) which meant
the complex, (2M - CO)* lost the freedom of some vibration
from 6 h milling to 24 h milling.

The M—W reduction showed almost the same tendency
as the H-M reduction. These explanations on the nature of
the activated complex would also discussed through the
partition function as follows:

Equation (11) can be rewritten by using the partition

function.®”?
keT Y Fryeo® ~E
k=x| = MEO_Nexp| —2 | (30)
h )\ FyF. RT

Where F i, Fyy, F are the partition function for the com-
plex, hematite and carbon.

If the reaction was simplified to A+BC—A---B---C—
AB+C, each partition functions can be expressed by Egs.
(31) and (32).%”
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3/2 —
Fr— g* (27tm*kBT) 871'1* kBT H(l —exp( hv* )]

h? o.h?

Q2mm ksT)*>
h3

(2mm,kpT)*? 8al,kyT
n? o,h*

Fy-Fge=9 2

The term corresponding to the entropy of activa-
tion, F*/(F,-Fgc) would decrease with the decrease
of F* Dbecause of losing of some vibration mode,
TT(1—exp(—hVv,/kzT))~", which would correspond to the
change of AS* from 6 to 24 h.

Moreover, as this term related to the temperature depen-
dence, the activation energy £, would also decrease with
the term of TT(1—exp(—hVy/ksT)) 'exp(—Ey/RT).

(2) Feature of Wustite (W—Fe) Reduction

On the other hand, wustite (W-Fe) reduction showed en-
tirely different behavior. The values of the entropy of acti-
vation, AS* was positive and quite large value (Table 5).
Furthermore, the enthalpy of activation, AH* was extreme-
ly high according to the milling time. The positive value of
AS* means that the activated complex has larger entropy
than that of reactant. Moreover, a loose bonded complex
has larger entropy than that of rigid bonded complex.”
From this point of view, the positive and extremely high
value of AS* meant the complex of (Fe-CO)* having a
loose bond, which corresponded to the high reaction rate.

3.3.2. Sample Milled in Argon

Similarly to the analysis of activation complex on the
sample milled in the air, the rate constants obtained from
the reaction of sample milled in the argon atmosphere were
analyzed as follows.

Hematite reaction was the same as Eq. (2). However,
Magnetite reduction M—Fe can be expressed as Eq. (33).

1/4Fe,0,+C=3/4Fe+CO ................ (33)
And active complex can be expressed by Eq. (34).

. 3

*
1 1 (3
4Fe3o4+ci{4Fe-coJ 35~ Fe*+CO

3
1—7 Fe+CO oo (34)

The difference of mole between the complex and the reac-
tants is
An*=1 > : (35)
N =l — = T
4

Then the enthalpy of activation can be calculated by Eq.
(36).

5
AH\*= By +(An*=1)-RT = By = —+RT ....(36)

The enthalpy (AH*) and entropy (AS*) of activation were
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Table 6. Enthalpy and entropy of activation for respective re-
actions for the sample milled in argon.

Milling H-M M-W
time | AH, =E, -4-RT . 5
hours M M AHM - EM _ZRT
AS* AH* AS* AH*
(J/mol'K) | (kJ/mol) | (J/mol'K) | (kJ/mol)
500K 1285K
6 -287.5 ‘ 33.37 +27102 [ 3873.6
9 500K 173K
-306.6 | 33.37 +2691.8 | 3579.8
i 500K 1063K
3109 [ 3337 +563.45 [ 969.15
500 K 982K
100
3568 | 0.072 -147.58 | 209.79
3000 . T T T T
2500 | e
Milling in argon
. 2000 F E
2
S 1500 k
£ ;
2 1000 | 3
*
2 - L.
< 500k Milling in air :
{1 ) S ... - —
4000 [t } } } }
3500 . : Miilmg 3
3000 E \ in argon
© \
2500 9/ ]
g E
2 2000 F 3
& 1500 F 3
< 1000 3
500 F - .. ]
Milling in air
0 o L L 1 L

0 20 40 60 80 100 120

Milling time (h)

Fig. 11. Comparison of enthalpy AH* and entropy AS* of acti-
vation obtained in the different milling conditions.

estimated by Eqgs. (36) and (29), respectively. The obtained
values are shown in Table 6 and plotted against the milling
time in Fig. 11 (W-Fe reduction in air milling, M—Fe re-
duction in argon milling). It was found that AH* and AS*
varied same way with milling time. When AS* increased
(decreased) with milling time, AH* also increased (de-
creased). However, the way of variation between the milling
in the air and in the argon was opposite, which meant that
completely different feature (transition state) of product
were assigned by milling between two conditions. As men-
tioned above, the positive and extremely high value of AS*
meant the complex of (Fe- CO)* having a loose bond owing
to the milling in air. Contrary to the milling in air, the sam-
ple milled in argon atmosphere gave the decreasing tenden-
cy of the entropy of activation, AS*. In the case of milling
in air, the active complex having a loose bond was generat-
ed during milling. On the other hand, in argon atmosphere,
it would be the vanishing process of some vibration mode
for the bondings. So that the milling in argon makes the ac-
tive complex having relatively tight bond close to the state

2500 —r—r—r T T T
1000K

'—0‘2000 [ ?ﬂii!ing 1273K 1
£ in argon
gfm Milling in air ]
61000 - 4
<

500 | p

203K
0 20 40 60 80 100 120
Milling time (h)

Fig. 12. Comparison of Gibbs free energy AG* of activation ob-
tained in the different milling conditions.

of the product. The complex would have a different struc-
ture from the reactant loosing some vibration mode. In
other words, the complex made in argon atmosphere would
have a structure similarly to the product one. Therefore, the
reactivity of milling sample was extremely higher than that
in the air.

Gibbs free energy of activation, AG* was evaluated at
1000 and 1273 K using AH* and AS* obtained, as shown
in Fig. 12. AG* for milled in the air has extremely high
value in longer milling time and it decreased with increas-
ing temperature from 1000 to 1273 K. Corresponding to
this, AG* from the sample milled in the argon atmosphere
decreased with the increasing milling time. Moreover, it de-
creased largely from 1000 to 1273 K, which meant the re-
action needed the higher energy to proceed in the lower
temperature.

4. Conclusions

Milling of hematite and graphite mixture was carried out
both in the air and in the argon. Rate constants for the reac-
tions were obtained by kinetic analysis. The enthalpy AH*
and entropy AS* of activation were estimated on the basis
of transition state theory. The interpretation of AS* and
AH* was performed to explain the effect of milling on the
reactivity related to the milling conditions. The results ob-
tained are as follows.

(1) The temperature of peak of reaction curve de-
creased with increasing milling time. The reactivity of the
sample milled in the argon atmosphere showed higher reac-
tivity than that milled in the air.

(2) The reaction consisted of three steps (HM, MW and
WFe reduction) for the sample milled in the air, while there
were two reaction steps (HM and MFe reduction) existed in
the reaction of sample milled in the argon.

(3) From the results of XRD, the crystalline size in the
sample milled in air showed almost constant size, while the
crystalline size milled in argon decreased. Taking into ac-
count of the CO gas evolution during milling, it was con-
sidered the reduction reaction occurred. Especially, reoxida-
tion should occur during the milling in the air atmosphere.
The difference of crystal state after milling should result in
the quite different reactivity through the active complex.

(4) The enthalpy AH* and entropy AS* of activation
were obtained from experimental rate constants on the basis

© 2004 ISIJ
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of transition state theory. The variation of AH* and AS*
with milling time showed opposite tendency between the
sample milled in the air and in the argon.

(5) It was considered that the active complex having
loose bonding would form during milling in the air atmos-
phere. On the other hand, the active complex having a
structure closed to the product (metallic iron) might form.
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