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ABSTRACT

Hongge va nadi um t it anoma g net it e (HVTM) pellet s were redu ced by H z-CO gas mixt ure for

sim ulat ing t he redu ct ion pro cesses of Mid rex and HYL-1I1 sha ft fu rn aces. The infl uences o f re
d uction t em perat ure , rat io of <p( H z) to <p( CO) , and pell et size on t he red uction of H VT M pel 

le ts we re eva luated in deta il and the reducti on react ion ki neti cs was inves t igat ed. The results
show t ha t both t he redu ct ion degree and re du ct ion rat e ca n be im proved with increasi ng t hc re

d uct ion tem perature and t he H z content as we ll as dec reasing t he pell et s ize. The rat ion al redu c

t ion pa ramete rs are redu ct ion t em perat ure of 1 050 °C , rat io of <p( H z ) to <p( CO) of 2. 5, and pel 

le t d iameter in the range of 8 - 11 mrn . U nder t he se co nd it ions (pellet d iameter of 11 mm ) , fina l
redu ct ion degree of 95. 51% is achieved. T he X- ra y di ff raction (XR D) pattern shows t hat t he

ma in phases of final redu ced pellets un der t he se cond it ions (pellet d iameter of 11 mrn ) a re re
d uced iro n and r uti le . T he pe a k inte ns it y o f reduced iron inc re ases o bvious ly with t be in cr ea se

in t he redu ct ion te m pe rat u re . Besides, rel a t ively h igh reduc t ion tem peratu re promo t es the
m igra tio n and co arse ning o f metallic iro n par ticles and im proves the dis trib utio n of vanadi um

and chrom ium in the redu ced iron, w hich is co nd uc ive to s ubseque nt melti ng se paratio n. A t
t he ea rl y stage , t he red uct ion proces s is co nt ro lled by in t e rf a cial chem ica l rea ct io n and the
a p pa rent a ct ivatio n energy is 60. 78 k] Imol. T he re d uct ion process is controlled by both in t erfa 

cia l chemica l react ion and internal diffusion at t he final stage , and t he appa re nt act ivat ion ene rgy

is 30. 51 kJ l mol.

1. Introduction

The Hongge rmrung area m Panxi region of
sout hw es t Ch ina is endowed with 3. 55 billion tons
of vanadium titanomagnetite resources with high
con te nt of ch rome[1.2] , and it is also recognized as

the largest chromium-bear ing deposi t, which amounts
to 9 million tons, acco un t ing for 68% of the ch ro 
mium reserve in China ': ", Since the ch emical com po
siti on and phase structure of Hongge vanadium t it 
anomagne t ite (HVTM) are much more com plicated
than those of other vanad ium tita nomagnet ites, it is
more diffi cu l t to ac h ieve high-efficiency utiliza
t ion[3] , and the refore , HVTM has no t been put in to
pract ical indus trial production. W ith the con t in uo us
cons um pt ion of high-grad e iron ore resources, large
scale development and utilization of HVTM is be
com ing h ighly si gni ficantl".

At presen t, most vanadium tit anomagnetite is smel-

.< Corres pon d ing aut ho r. Prof., Ph.D.
E-m ail address: myzhu @m ail .lIeu .edu .C1I (JVl.Y. Zhu ) ,

t ed in bl ast furnac es at P anzhihua Iron and Steel
Corporat ion, Chin a[5] . In the bl as t furnace process,
conc en t ra tes a re si ntered or pell e tized and sm elted
to prod uce hot m et al and s lag , and the s lag is more
difficult to be util ized efficiently in trad itional sepa
ra tion processes [6.7] . The hot m etal obtain ed from
bl as t furnaces is oxid ized to produce vanadium slag ,
where ch rom ium also exist s in the form of spinel. It
is more difficult to obtain vanad ium and chromium
eff icien tly by sodium salt roasting-water leaching
proces s becau se of s table spine l s truct ure , whi ch al
so ca uses se rious en vi ron ment degrad ation in soil
and water[8-10].

In order to utilize the I-IVTM effic ie n tly , a new
proces s is proposed fo r com prehe nsive utili za tion of
I-IVTM. In this process, HVTM was firstl y pelletized,
reduced in shaf t furnace, and then m el ting se parated
to produce me tal phase and molten slag. The me tal
phase was used as ra w m at erial s for steel m aki ng or
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T Fe FeO CaO SiO, MgO ALO, TiO , V,05 Cr,O,

(Fea.6Cra.4) ,01 , and F ea.7Cr1.303. Besides, chromi
um is also combined with vanadium in a solid solu
tion (Cr; 15v « 85), 0 3, The scanning electron micros
copy (SEM) and energy-dispersive spectrometry
(EDS) resu lts are shown in Fig. 2. The gases (H"
CO, CO" and N,) used in the investigation are of
99 .99 % puri ty.
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XRD pattern of HVTM pell et s.Fig. 1.
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Ta ble 1
Ch emical com pos ition of HVTM pell et s (mass ?!,)

casting and slag needed further treatment for recov
er ing titanium, vanadium, and chromium. The fo 
cus of the pres ent study is on the simulation of the
direction reduction process of the HVTM pell ets in
shaft furnace. The factors that affect the reduction
degree and rate, phase composition and morphology
change were investigated. Furthermore, the reaction
k inet ics was discussed. The results can provide a
theoretical basis and t echnical support for the com
preh ensive uti lization of H V T M , and increase the
recovery rates of vanad ium, titanium, and chromium.

2.1. Experimental materials

In this experiment, the green pe llets were pre
pared and dried for 5 h at 105 °C in a drying cabinet.
The dried pell ets were preheated at 900 °c , roasted
at 1200 °c for 15 min in a muffle furnace with an air
stream blown in, and then cooled to am bien t tem
perature. The chemical composition of pellets, whose
compressive strength was abo ut 2893 N on average ,
is shown in Table 1.

The mineralogical components of the product pellets
were investigated by X-ray diffraction (XRD) an alysis
(Fig. 1). As shown in Fig. 1, the dominant iron phase
is Fe,03 and the majorities of titanium and chromium
mainly exist in the form of solid so lution Fe, Ti015 ,

2. Experimental
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Fig. 2. SEM image (a) and EDS ana lysis (b) of HVTM pell et s.

2.2. Apparatus and procedure

R eduction expe r iment s w ere conducted in a high
temperature el ectric resistance furnace to simulate
the shaft furnace production process. The schematic
diagram of experimental apparatus is shown in Fig. 3. It
consists of the main body, a temperature control cabi 
net, a water drier, and an electronic bal an ce with a
detection precision of 1 mg. The gas composition

(90 % ( H z + CO ) + 5% N z + 5% CO z ) was obtained
according to the rules of Midrex and HYL-Ill shaft
furnaces and controlled by mass flow controller.

In each expe r imen t , when the shaft furnace was
heated to the pres et temperature in a pure nitrogen
atmosphere, the crucible containing twenty oxidized
pell ets was put into the furnace and connected to an
electronic bal an ce for con t in uous measurement of
the m ass loss as a fun ction of time. After st abilization
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3. Results and Discussion

2.3 . Defin ition of reduct ion d egree a nd reduc-
tion rat e

Reduction deg rees of H VTM pell ets at var ious
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Fig. 4.
temperat ures .

reduction degree of I-IVTM pellets clearly, a seri es
of reduct ion expe r imen ts w ere carried out a t differ
en t reduct ion temperatures from 900 to 11 00 °c by
keepin g the ratio of <p (Hz) to <p ( CO) at 2. 5 and the
pell et diameter a t 11 mm. The cha nges of r eduction
degree with t ime a t different temperatures a re
sho w n in F ig. 4. It can be see n that the reducti on de
gree r ises up qui ckly with increasing the r eduction
t emperature. From the kinetic view, increasing the
reduction temperature can improv e the rate constant
of direct red uctio n b y H z and CO. The resul t s show
that the fin al reduct ion degree increases from 77. 43 %
to 88. 46% w he n the reduct ion temperat ure increases
fr om 900 to 1000 'C. The reduct ion of pellets has
been further en hanced at 1050 °c , with the fin al re
duction degree of 95. 51% . When the reduct ion t em
perature excee ds 1 050 °c , further increasing the re
du ct ion tempe rature has s light in fl uence on the re 
d uctio n deg ree and the redu ction reaction is alm os t
co m pleted. It sho uld be noted that co m pa red w ith
ordinary iro n ores , the HVTM pell ets a re more dif
ficult to be r educed and the fin al reduction degree
co uld not reach 100 % because of the complex ch emi
ca l co m posi t io n and s pecial mineral s t r uc t ure.

To h ighligh t the in fluence of red uction te m pe ra 
tu re on re du ct ion p ro cess, the re lationsh ip be tw een
reduction rat e and reduct ion degree was ca lc ula t ed,
as shown in F ig. 5. It is obvio us that the r educt ion
te m perature appa ren tl y promotes the re du cti on and
the reduction rate increases gradua lly w ith the in
crease in r educt ion temperature. The cur ves of re
du ct ion rate vers us re duct ion deg ree at differen t re 
du ct ion tem pe rat ures p resen t an analogous trend.
The r educt ion rate increases sha rply when the reduc
tio n deg ree is wit hi n 10 %, w hile it decreases consid
erab ly in the re duction deg ree range of 10 % -50 % ,
and then turns to steady when the redu ction degree is
larger th an 50%. Consi dering energ y consumption and
demand of practical production, a reduct ion temperature
of 1050 °c is s uffi cien t for the reduction proces s.

~
DOD

3

of the temperature, reducing gas was introduced int o
the furnac e. When the expe r iment s w ere fin ished,
the pell e ts w ere im media te ly taken out of the fu r
nace and cooled to room temperature under the pro
tection of a rgon a t m os pher e.

After the exper im en t s , the phas es of the reduced
pell ets w ere ana lyzed by XRD and the microstruc
tures of the reduced pell ets were observ ed by using a
sca nni ng el ect ro n microscop e equippe d with an ene r 
g y-dispersive s pect roscope.

In th is st udy, th e reduction degree (R) is the mass

percentage of oxyg en that is reduced fr om F ez0 3 and
is calculat ed by the following formula:

R = [O.11W I+ m l -m , X I0 0] X I00 % (1)
0.43w z m ow z XO. 43

where, W I is the ferrou s con t en t in the oxidized pel 
let; W z is the con ten t of total iro n before reduction ;

m 0 is the in itial m as s of pell e t; m I is the ini t ia l m ass
of pell e t after removal of mois ture; m , is the m ass
of pell et a t time t ; and O. 11 and O. 43 ar e conversion
coeffi cien ts.

The reduction ra te (r) can be ob tained b y differ
en t ia t ing the reduction degree with respect to r educ
t ion ti me in Eq. (2).

dR t.R R ' H .t-R ,
r = dl =~= t.t ( 2)

where, t.R is the diff erence of reduction degree In

each t ime interval; and t.t is the time int er va l.

3. 1 . E f f ect of red uction temperature

To show the effect of reduction tempera ture on

I - Gas containe rs; 2- Drier s ; 3- Ma ss flow cont ro lle rs;

{-Gas inlet ; 5- E lect ro nic bal an ce ; 6-Shaft furn ace ;

7 . l O-Ther mo couple ; 8- Cr ucible; 9- Gas outlet ;

II - T emp erat ur e cont ro ller ; l 2- Comp uter.

Fig. 3. Sche mat ic diagram of ex pe rim enta l appa ra tus .

II , CO N, ' 0
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Fig. 7 . R educti on ra te ve r su s reduct ion deg ree at va r io us

ra t ios of <p CH z) to <p ( CO ).

the same t rend w it h the re duct ion deg ree. The re 
duction rat e inc reases im m ediately at the in it ial stage
of the exp eri m en t w hen the reduct ion degree is less
than 10 %; it then decreases rapidly a t t he r educt ion
degree in the range of 10 % - 50 % , and fin a lly, it
s ta bi lizes a t a certain rate as the reduct ion degree
further inc reases .

Wh en the reduction temperature was kep t at 1050 °C
and the ratio of <p ( H z ) to <p (CO ) was fix ed a t 2. 5 ,
re duction tests were co ndu cted to in ves tiga te the
effect of pell e t size on the reducti on degree. F ig. 8
dep icts the va r ia tions of reduct ion degree versus
t im e w ith diff erent pelle t diameters. I t is o bvio us
that smaller pellet diameter corresponds to a higher
reduct ion rat e; after 30 min, the reduct ion degree of
the pell et of 8 and 11 mm in diameter is m ore than
90 %, w hi le it is less th an 80 % for the pellet of 17 mm
in diamet er. The final reduct ion deg ree decr eases
fr om 95.62 % to 87. 22 % as we ll w it h inc reasing the
pell e t diam eter from 8 to 17 mrn. Some investiga 
tions[ll.l Z] in di ca te that wit h the in crease in pell e t

size , the the rm al condu ctivity perform ance becomes
poor , wh ich grea tly lead s to the decline in the re duc 
tion deg ree. In addit ion , the increase in pell e t diame
te r a lso re du ces spe cific surf ace area, wh ich has an
adverse effect on the diffusion of re ducing gas inside
the pe llets, res ulting in the decrease in the re d uction

At the initial stage of the reduct ion process , the re 
duction rate increases rapidly becau se of a start effect
and the very fas t re du cti on of he matite to m ag neti te.
A s the re duct io n reaction p roceed s, a thin layer of
ferrous oxides or m etall ic iro n form s. As the re duc 
tion react io n fu r ther proceeds , a cont in uous su rface
lay er of m eta ll ic iro n is pro d uc ed and becomes thick,
im peding gas di ff us ion, and the reduct ion rate co n
sequen tly decr eases . T herefore , in order t o improv e
the reduct ion degree of HVTM pellets , a reasona ble
rat io of <p( H z) to <p (C O ) is necessary.

3.3 . E f f ect of p ellet size
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3.2 . Effec t of gas com posi ti on

Fig. 6 . R educt ion deg rees of H V T M pellets at va r io us

ra t ios of <pC H z) to <p ( CO ) .
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Fig. S. R ed uction rate versus reducti on deg ree at va r io us

t emperatures .

Keepin g the re d uc tion t emperature a t 1 050 °C and
the pellet d iamet er a t 11 mm, the variat ions of re
d uction degree vers us the ratio of <p ( H z ) to <p (CO )
between o. 4 and 2. 5 ar e sho w n in F ig. 6. It in dica t es
that gas a t mosphere has a prono unc ed effe ct on the
reduction of pellets. When the ra tio of <p CHz) to <p ( CO)
is 0. 4 , the fina l reduct ion degree is only 76 . 53 % af 
te r bei ng re duced for 75 min ; when the rat io reach es
1. 0 , the final re duction deg ree has reached 87. 01 %.
Further increasing H z co ntent consistently acceler
a tes the re duct io n p rocess for the re ason that in
creasing the H z content en la rges the in terfacial
chemica l reaction, thereby in creasi ng the reduct ion
deg ree. And the in crease in the re duction deg ree at a
low ratio is m ore obvious than that a t a high ra ti o.

M oreover, it can be seen fr om F ig. 7 that the in
crease in the ra ti o of <p (Hz ) to <p ( CO) causes a visi 
b le increase in the re du ction rate. The re duct ion rate
increases with increasing the ratio of <p ( H z) to <p ( CO)
in the whole range of the experiment , b u t it do es
not inc rease evide n tl y when the rat io is grea te r than
1. 5. T he curves of the reduct ion rat e hav e almost
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Ti03 becomes strong , wh ile the F ezTi O , peaks dis
app ea r , which sugges ts that F ezT iO , is reduced
co m pletely , w ith the formation of F e and F eTi03 •

A t 1 050 °c , tit anium oxide phase is o bs er ved. It
sho uld be m entioned that ot her valuable el em en ts
a re not detected by XRD at 1 050 "C. This is probably
because the conc en t ra t ions of vanadium and ch ro mi 
um, as w ell as so m e iro n oxides , a re below a detect
able lev el of XRD technique, which will be di scu ssed
later. These results sho w that h igh reduct ion t em
pera ture is favo rable for the reducti on of HVTM
pell e ts. The resul t s are co nsistent wit h the afore
m ent ioned ana lysis .

Fig. 8 . Reduction degrees of HVT M pellets at various
diameters of pe llet .

!-FC,03; 2-FcgTi0 15 ; 3-( FCQ.6 Cr O. 4), 0 4;
{-Fco., Cr1.30 3; 5- ( CrO. l, VO. 85 ) , 03 ; 6-Fc; 7-Fc, T i0 4;

8-Fc, V0 4; 9-FcCr, 0 4; ! O-FcT i03; l!-TiO, .

Fig . 9. XRD patterns of samples reduced at differ en t
tem per atures fo r 60 min.

Wh en the redu ction temperature is 950°C , FeTi03

peaks ap pear and FezT iOt peaks become weak , which
m eans that the content of FeTi 0 3 ri ses and that of
F ezT i04 fall s. With in cr eas in g the reduct ion temper
a t ure fro m 950 to 1 000 "C , the peak in tensi ty of F e-

3.5 . Mor phoiogies of red uced pellet s

A ft er the react ion, four pelle ts reduced a t 900 
1 050 °c fo r 60 min w ere randomly select ed to be po l
ished wit h the diamond pas te , wit h the poli shed sur
face ex pos ing to the circular section ac ross the cen ter
of the sphere , and being s putter-coate d w ith go ld
and used for SEM and EDS analysis.

F ig. 10 sho ws the m orphol ogies and EDS results
of the pell ets reduced a t 900 °C. Bas ically, there a re
three m orphol ogi cal regions, i. e. , white phase, gray
phas e , and black phase. The EDS ana lys is indica tes
that the whit e region is m ainly co m posed of iro n
phase , the dark region is the s lag phase, and the
g ray reg ion co m prises m ainly of el em en ts F e, T i,
and O. It is a ls o ob served that m et alli c iron is
fo rm ed at the presence of m acr o- and mi cropores d ue
to the oxygen removal , and in teg ra ted ti gh tl y with
unreduced phases owing to the lo w re duction te m 
pera ture. I t ca n a ls o be seen that the di s t ribu tio n re 
la tio nships betw een meta llic ir on and slag phases a re
ve ry co m plicated , an d s lag phases a re em braced by
m etall ic iro n pa r ti cles.

Fig. 11 shows the SEM images and EDS res ults o f
pellets reduced at 950 - 1 050 0c. M etall ic iro n tends
to be m assive and the gro w t h of the m et all ic ir on
particles re sults in the com pact s truc t ure o f pe lle t
w it h increasing the re duc ti on te m pe rat ure. Fur ther
more, the metall ic iron parti cles a re uns table and
te nd to mi g ra te. High tempe rature m akes newl y
ge ne rated m etalli c iron par ticl es diffuse and aggre
ga te m ore fr eel y, which is consistent wi th the re 
su lts of the re du cti on degree and re duction ra te. Be 
sides , the bound ari es bet ween m etalli c iron par t icl es
and s lag phases can be clearly seen. T h us , w ith the
co m pact m etall ic iro n parti cl es grad ua lly formed and
con nec ted to each ot her , the genera tio n of slag pha
ses and ulvit e is hindered, m akin g internal gas diffu
sion m ore difficult and h indering the r eduction.

This pheno m enon can be explaine d by the m in imi
zation of the total s urface energy thermodynamically .
A t h igh reduct ion temperatures, ac co m pan ying the
quic k g ro w t h , the coa lescenc e of metall ic iron crys ta l

00

ti
lJfiO'C

Beron.'

70

11

n
t

50
261(° )

11

30

11

t

10

de gree. Therefo re, to ac h ieve a bett er red uction de
g ree , the diameter range of 8 - 11 mm is recommen
ded for pra cti ca l ind us t rial production of pell ets .

3. 4 . Pha ses of reduced pellet s

T o ill us t rate the effe ct of reduct ion temperature
on phase transformat ion, XRD was used to exa m ine
the pell ets aft er react ion a t 900 - 1 050 °c for 60 m in
when the ra tio of 9'(Hz) to 9'( CO) was 2. 5 and the
pell et diameter was 11 m m. The results are shown
in Fig. 9. I t indi ca tes that w it h r is ing the re du ct ion
tempera tu res, the peak in tensi ty of re d uced iron in
creases ob vio usl y as iron oxides are reduce d gradually.
The phases of the pellets reduced at 900 °C main ly con
sist of reduce d Fe, FezTi04 , FezVOt , and r-c-,0 1 •
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nucleus and the connections between the metallic iron
grains simultaneously happen, the higher rate of re
duction is accommodated, and t he gen era ted m etal 
lic iron is accumula ted . When the m etall ic iron
grows up to some exte n t , the glo ba l shape is de
s troyed. Theref ore, iron is m ainly in the strip shape
and so m e glo ba l iro n co uld also be obs erv ed in the
reduced pell ets. Besi des, a t 1 050 DC , unreduced iron
oxides and ferrum-ti ta ni um oxides a lmos t d isappear
and the coalescenc e and den s ification of iron a re evi
den t. Differen t phases a re cle a rly observe d in the m i
crostructure , in wh ich considerab le quan t iti es of
m etalli c iron shown as wh ite par ts (point A) gather ,

grow up and separate fr om slag phases (poi n ts B and
C ), and va lua ble el em en ts lik e Ti, V, and Cr are al
so fo und. H ow ever, V and Cr phases a re not presen t
in a ll s lag phases .

T he elem en ta l m apping s were conducted to further
clarify the dist ribution of V and Cr in th e reduced prod
uct as shown in Fig. 12. It show s that F e and 0 a re
rel at ivel y conc en t ra ted , and t here is an obvio us sep 
aration between iro n and s lag phases . M oreov er, V
and Cr have a si mi lar dispersive distribut ion in m e
ta ll ic iron. The fin dings have impor tant impli ca tions
for the separation of Fe and other val uabl e eleme nts ,
pa r ti cul arl y for the m el ting se paration met ho d.

Fig . 12. SEM im ag e of pell ets redu ced at 1 050 "C ( a) and ar ea mappings of Fe ( b), Ti ( c), V (d), Cr ( c), and 0 ( I).

3. 6. R ed uct ion react ion k inetics

According to literatures[13-19J, the red uction p rocess

of pe llets is a typical gas so lid re act io n tha t ca n be
des cri bed usin g an ap proxima te unreacted core model.
The relationship between R and t is given in Eq. (3) [20,21J :

_ r opoR r opo _ _ 1/3
t - ( C o- C q)k g+ k ( Co- C q) [ l (l R) J +

2

D e ( ~00P~ Cq) [1 / 2 -R /3 -(l -R) 2/3 /2 J ( 3)

w here , r o is the characteristic initia l rad ius of HVTM
pellet , cm ; po is the density of oxygen of solid ph ase,
m ol Zcm " ; C o is the ini ti al vol ume concentrat io n of
red uction gas , mol/ern", C , is the balance volum e co n
cen t ra tion of react ing gas , m ollcm" ; k g is the mass
tr an sfer coefficient of gas phase in the phase boundary
layer, cm/ min; k is the react ion rate cons tant , cm/
min; and D e is effective diffu sion coefficient , cm2/ min.

The fir s t term in the righ t hand of Eq. ( 3) refers
to the con t ri bution of externa l d iffus ion, the seco nd

t erm refers to the con t r ibution of the in t ernal d iffu 
sion and the las t te rm shows the contribut ion of the
in terfacial chemical react ion . Owing to the critical gas
flow adopted , the resi s tance of external diffusion is
negligibl e and Eq. (3 ) can be sim plified as foll ows:

2
_ r opo [ _ ( _ ) 1/3J + r opo

t -k(Co-C
q

) 1 1 R o.cc.r-c. ,
[ 1/ 2 - R / 3 - (l - R )2/3/ 2 ] ( 4)

Gi ven that the re duct ion of I-IVTM pell et s is a
mul ti- s tep co m plex process, C q is diffi cul t to be de
termined exac tly. r opo/ k ( C o - C q) is defined to be
equa l to l / k " where k , is the appare n t react ion rat e
cons ta n t . In the following ana lysis , k appea rs in the
form of firs t power; thus, there is no effe ct on rel a
t ive ca lc ula tio n usin g k ,.

When the reduct ion proces s is con tro lled by in t er 
fac ia l chemical react ion, based on the results sho w n
in Fi g. 4 and ap plied into Eq. ( 4) , the plo ts of [ 1 
( 1 - R) 1/3 J versus t im e a t differen t temperatures a re
sho w n in F ig. 13. It is found that there is exce ll en t
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Fig. 15 . Relat ion sh ip between 1/ [ 1- (1 - R ) 1/3] and [l+
(1 - R ) I/3 - 2(1 - R )213] at differ en t te m pe ratures.

ca n be seen in F ig. 15, an exce llent linear de pe n d
ence between t 1[1- (1 - R ) 1/ 3 ] and [ 1+(1 - R ) 1/ 3 _

2( 1 - R ) 2/ 3 ] is obtained a t t he fin a l stag e , w hich
further p rov es that t h e reduct ion process is con
tro lled by bo t h interfacial ch emical reaction an d in 
terna l d iffusion.

A ccording to the Arrh enius equa t ion ,

k .=A exp(-:~) ( 6)

where, A is the fr equency fact or, S - I ; E . is the a p
pa re n t act iva t ion ene rgy , k] Imol; R is the id eal gas
co n s ta n t , 8. 314 X 10- 3 kl I (mol · K ) ; and T is the
absolute temperature, K. T aking t he loga r it h m of
both sides of Eq, ( 6) , following equa t io n ca n be ob
tained :

E.
Ink . = - R T +InA (7)

By plotting Ink . agains t 1IT, t h e sl op e co u ld be
used to calculate the apparent activati on ene rgy value .

According to the s lope in Fig. 13 and Fig. 15, the
relationsh ip betw een Ink . an d 1IT is shown in
Fig. 16. Thus , t he apparen t activat ion ene rg ie s a re
60. 78 kl l mol a t t h e ea rl y stage and 30. 54 kj Zrnol at
t he fin a l stage, respectively.

40

40

30

30

10 20
Reduction time/min

10 20
Reduction time/min

• IIi 3 K
I I 22:1 K
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li nea r dep endence between [ 1 - (1 - R ) 1/ 3 ] and t all
through the reduction process , indicating that the
reaction is co n t ro lled by the interfacial ch emical re
ac t io n. The a ppa ren t reaction rate co nstan t is reg ar
ded as t he s lope of the line. The hi gher the reduction
tempera ture , t he higher the a pp a re nt reaction rate
co nstant .

O.i ,----- - - - -------,

Fig . 13. Relati on ship bet ween 1- ( 1- R ) 1/3 and I at

differen t tempera tures.
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If the reduction process is co n t ro lled by internal
diffusion, the relationship between [112 - R I 3 - (1
R )2/3/2 ] and t co uld be ca lc ula ted. The results ca n
be fitt ed as s ho w n in Fig. 14. I t is found tha t [ 112
R I 3 - (1 - R )2/3/ 2 ] is lin ea r wi th t on ly at the fin a l
st age of red ucti on, indi catin g tha t th e reaction is con
troll ed b y the internal diffusi on. It can a lso be found
that the h igher th e temperature, the sooner the start
t im e of reaction is contro lled by int erna l diffusion.

Fig. 14. Relationship between 1/2 - R / 3- (I - R ) 213 /2 and
I at different temper atures.
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Fig. 16. Ar rhenius plot of apparent rat e cons ta nt for re duc tion
process of pell et s .

Supposing tha t the r eduction p ro cess is controlled
by both in terfacial che m ica l reaction an d internal dif
fusion, and div iding both sides of Eq. ( 4 ) by [1 - (1 
R ) 1/ 3 ] , Eq. ( 4 ) ca n be simplified as :

t r opo r~p o

1- (1 - R ) 1/ 3 k (Co- C q ) +6D c ( Co- C 'I )
[ 1+(1 - R ) 1/ 3 - 2 (1 - R )2/ 3 ] ( 5)

T h e rela ti onship between t I [1 - (1 - R ) 1/3 ] and
[1+ (1 - R ) I13 - 2(1 - R )2/3] is s hown in F ig. 15. As
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4. Conclusions

( 1) The reduction degree and r eduction rate of
HVTM pell ets increase with the increase in the re
duction temperature and th e rat io of <p (Hz) to <p ( CO)
and the decr ease in the pell et diameter.

( 2) The rational reduction parameters a re reduc
tion temperature of 1050 'C , rat io of <p ( H z) to <p ( CO)
of 2. 5 , and pellet diam eter in th e range of 8 - 11 mm.
U nde r these condi t ions (pell et diameter of 11 mm) ,
fin al reduction degree of 95. 5 1% is ac h ieve d and the
m ain phases of re duced pell e ts a re reduced iron and
ru til e.

( 3) Wi th the in crease in re duction te m perature ,
the peak in ten si ty of m etallic ir on becomes st rong
and the m etalli c iron par ticl es agglomerate; the sl ag
phases are em braced by m etalli c iron par ticl es and
vanad ium and chromium dispersi vely distribute in
the reduced iro n.

( 4) The re duct ion reaction kin eti cs b y the unre
acted core model indi ca tes that the reductio n p ro cess
is controlle d b y in terfacial chemical react ion at the
ea rly stage and the appa re nt activat ion energy is
60.78 kl I mo!. The re duct ion p rocess is controlle d
b y bo th in terfacial che m ica l reaction and internal dif
fu sion at the final stage and the appa re nt activat ion
energy is 30 . 54 kJ I mol.
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