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Abstract

Iron oxide was {sothermally reduced to metallic iron at 900-1100°C
in hydrogen, carbon monoxide and their mixtures. Thermogravimetric
technique was used for accurate determination of oxygen weight
loss during reduction as a f[unction of time. The reduced samples
were examined with light and scanning electron microscopes. X-ray
and carbon analyses were also used. In [y, metallic iron was nucleated
allover the iron oxide surface even at the early stages of reduction,
while, on the other hand, in CO the iron was nucleated parlially
on the oxide surface, even at the latter stages of reduction. Unlike
in Hp, the reduction with CO shows the presence of an incubation
period at low pressure which delays the reduction and formation
of tron nuciei. The grain growth of iron nuclei due to further reduc-
tion was higher in CO than in Hy. The influence of total pressure
on the nucleation, grain growth and incubation period was fnvesti-
gated. The presence of silica enhanced nucleation in CO than "2‘

Introduction

The gaseous teductlon of iton oxides s of practical importance In view of
the cutrent interest In direcl reduction processes, Many investigators have wsed
reagent grade materink either 1o ofminate the inflience of the impuritios present
in ratutal otes or to determine the effect of these imputities by making appropriate
additior. Ouring the teduction of Fez0y by either Hy, CO, Hy= CO  mixtures ot sobd
corbon to metalic iron an intermedate oxides of fron are ptesent such ae magnetite
and wustite phases. Some suthors heve cbserved on initial period duzing which the
tate ol teduction increates to 3 maximum{i-3}. This period referred to ay “induction
petiod”, I3 gererally atteibuted to non-uniform nuckeation. I some cases, a delay in
lhe reduction period teferred o #s "incubation poriod” during which no measutable
smounts of reduction has been obsersed (4). This period could be caused by &6
sclivation energy battier to nucleations As a reswlt of structuial changes duting redur~
tion, differant reduction models have been proposed snd ciccussnd (7, 6L
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Melhod of Physical Chagaclerizabion of Solds

Pertially and completely reduced miciopellets of W1 amd W2 were examined
wilh optical mictoscope (LM} and soanning electron microscape (SEM), Lepe Cambeidge
Sterioscan 600, UK. X-ray dilftaction technigee was abo appled,

Tha surface structure of W.l and W.2, a3 was examined by SEM, is shown
in Fig, Zlal wnd (b respectively, It can be observed that, onkke W2, Wl esxhibiled
a faceted structure while WE showed mare poreus Slfoelufe dus to the poesonce
of siicm which countorocts sintering and receydallization of wustite grains, BMoreover
M-oray snalsis of WY and W.? indicated the preserce of fayalite (2 F:{},ﬁlﬂz] anky
in W.2 whik W.l i composed of wustite. This Tayakte resulted ifrom the resction
Bogsbwreees 5ilica [SiD?] and wustibes

LFeld + 50, ——2= I Fel. 50
~|--|ir L5 |2

The specilic surface srea of W, snd W2, messured by the aid of BET techmigue,
is MOS0 ard 10218 m"Sgmn respectlively, The higher sale of W2 than Wl ean
be attributed to its porows structure [Fiq. Thy and the presence of fayalite.

Results ard [Nscussion

Kiretics ol Reduction

00 wg of either WA and W2 were isothermally reduced at 200, 950, 1000,
1050 &nd 1100°C in Hg, CO and Hy- €O mixtures. The teduction cutves were peewis
cusly givenl9). The cokbubted ate of redoction (dSdE), calcubied from the reduction
curves, was phtted against the cecresponding reducing gas  compasition as  shaown
in Figs, 3 and 4 for W1 and W2 respectively. These showed that the rate ol peduc-
tian [9/3t) decreased with lncreasing the CO content in the gas misture. Unlike
W, W oahwws an abrupt decrease in the rate of reduction in 0.5% CD o« 2.5% Hy gas
miklute. The effect ol addition aof H.E bt CO an the rate of reduction of W Gt
warEUs PIEsSUDes (a4 up to 1.0 mtm.] with different reducing gas mixtures is shawn
in TI|:|. 5. In HI and HE' i_'DI'I[.EI|I'I|!'!.:| gas mixtures a  Inear :r-h.l:innthip hetweem  the
tate of reduction (R} and the Hy content in the gas mixture (5Xg,), may hive the
frarmg

I .:R:lr-‘ll.kl‘llTr!- = =A HHE + Ini {FHH2 11}

whoies: A s 8 conslant and {I'--:]HE i5 the rete in pure hydoogon.

Thit feblbionhip was wvalied atb all Eempeftatures and piessoares dor W2, whike
on the other hand, in casa of W.1 this celationship was valied up to 2.5% H- contain-
ing pas misluies and bekw  which an abrupt decreass in the rate wes cbtained as
ahiiwh i Bl b
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On the other hand, the photamicrographs of W.2 mictepellets at higher extents
of reduction (75%), fig. 10, showed a shrinking cote madel type of reaction. Hj; and
Hy- CO mixtures, no sharp interface between lron and wustite is obtained. In CO
teduction & very sharp interface is found and a complete coverage of wustite surlaee
with a uniform kyer af iron was formed snd conscquently the growths af iren
can teke plece by solid-stete iffusion mechanism.

The nature of reducing gas composition has 8 qeest inflence on the shape
and disteibution of the formed iron nuclel an the wustite sutfasce, for W.2 the reduc-
tion in Hy and Hy= rich gas mixtures (F75% M3), several iton nuclkei exhibited hexa-
gonal shape and triangular pores can be observed (Fig. Ta, b). While in CO reduction
iron whiskers were formed st the early stages of seduction (Fig. 7c). The formation
of these iron whiskers can be formed through a combined effect of oucleation and
growth of iron on wme active sites whete fayakte (2 FeD. S5idy ) is present. This
fayalite was formed thraugh resction between wustite end silica. With progress of
reduction the iron covered the entire surface of wustite grains independent on the
redocing gus compositiors. These iron whiskers disappeared due to sintering effect
85 shown in Fig, 11,

X-ray snalysis ol the reduced samples of W and W.2 shawed the presence of
iron carbides end oK -fe. The faormation of iron carbides was previously described
(reactions 2 and 3L

Effect of Total Pressure

The effect of total pressure of reducing gas on the betaviour of mucleation
and grain growth of iran was stugied at 1000°C using micrepelists of W.1. The
rektionship between the rate of reduction (R/ALE, wt the initial stages (5% redl)
gnd the corresponding qas composition at diffcrent pressures (D1 up to 1.0 atm.)
is shown in Fig. 5. i shows that in Hy and Hp- containing gas mixtures, & lincar
rehitionship was obtained. In CO, on the other hand an abrupt decrease in the rate
was ohsarved, This was attributed ta the poisoning effect ol CO malecuks on the
wustite surfece(%), which hinders reduction thus giving bwer mle of reduction.
This effect decregses the rate and number of iron nuclel on the wustite surface.
The SEM photomictographs of W.1 micropeliets partially reduced (25%) In Hy and in
CO ut teduced pressore (025 atm,) are shown In Fig. 12(a) and (b) respectively. It
shows that, whila the entire surface of geains is nuckaled with iron in Hyp, the
surface s partially nuckated with iron in carbon monoxide showing brger growth
than Lthat in hydrogen.

The variation between the rete of reduclion wilh Hz, CO and My - CO mixtures
ard the total pressure on bg-lbg scale, as shown in Fig. 15, iz oblaired from the
relationships

R) = K AP" (2)
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ncutation Perod and Mectanism of Nuckation snd Growth of lan

A featute of the teduction of wustite mictepelkets (W) with carbon monoxide
at A wp o 1.0 atmosphere, is Lhe presence of an ncubation perlod which decteasss
with increase in the total pressute of CO, as shown in Fig. 1% The rehtiorship
between the incubation period (tipe in seconds) and the tatal pressure of carbon
manoxice (Peg in atm,) can be representod bys

-BP
t = Ae co (3)
e
where; A and B are comtants. Fig. 16 showsthe roltionship betwoen (te) and Peg In
bg-bg plls. A straight ne waszobtained from whichy
-1.26 P
t 10 & - (a)
in¢

On the other hand, this incubation gerlod was motabserved In case of reduction
with pure hydrogen or Hy= containing gas mixtures, This indicates that the mechanism
of nuckation and reduction s 1educing gas composition dependent,

The proserce of an (ncubation period which delkys nuckation snd consequently
the reduction at the initlal stages is caused by the following faclois(Bl, which infuence
nuclkeation of jron on the wuntite sutface:

#. The minimum erergy required to form a nuckeus with a critical size,
b. The concamration ol favourable sites,

¢, The rate of surface teaction,

. The rate of atomic reatrangements in the bttice,

The free energy change associated with the formation of a sphecical nuckus
ol a solid phase (1) with tedius 1, in a st phase (I}, is give by(12);

Cln) = ¥’ (4G, - 4G) + 4 ey (%)

e

where A Gy and AGe are the free erergy 8nd the strain ecargy per unit yolme
and ¥ is the net sutface erargy per unit area of the n=w phase, Of the terms an
the right hand side of equation (5) only AGy Is negative. It can be shawn that fot &
muckus 10 grow it must be grester than a ctitical size given by

2 &

’ 3 —_———
c &)
AGV +A C[

A mnimum cf'cmy.ACc. tequited for the growth of mucleus Is oblsined fiom equs-
tins (5) and (6):
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Fig(5) Relatiomlip between the initial rate of fi
reduction and the reducing gas compasi- i946) Phatomictographs (STM) of W.1 micro-

tion et various lotal pressyre &t 1000°C pellels, 25% reduction st 10(0°C with:
{a) H, (b} 50% H, + 50% CO Mix.

(c) CO
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Fig. 11 Photomicrographs (SEM) of w,2 micropeliets,

75% reduction at 1000°C with: (a) H
@) 30% M, + 30% CO Mix. (o) CO 2
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Flg.(13) Dependance of the log initial rate of
reduction st 1000°C on the tolal gas
pressure for wustite. 1 micropellets,
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fig.{12) Photamicrographs (SEM) of W.1
micropetlets, 25% reduction ot
1000°C in reduced pressuse
{0.25 atm.) wilh:

(a) H2 (v) CO
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Fig.{14) Relationship belwesn rate coostast of
W.l and W.2 and the cotresponding
gas composition at 1000°C.



