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ABSTRACT 

Mixtures of chrormte, graphite and various addltlves were reacted isothermally under 
argon, and the loss m mass was recorded contmuously The additives used, SlO,, Al,O,, 
K&O,, Na,O, CaO, MgO, Fe and Cr, all influence the Boudouard reactlon posltlvely Of 
these, only MgO and Al,O, revealed an mhlbltmg effect durmg the carbothernuc reduction 
of chronute The X-ray diffraction peaks charactenstlc of the addltlves decreased m mtenslty 
durmg reduction, whch could mdlcate that the addltlves reacted m some way In most of the 
reduction products ohvme (MgO Al,O,), Fe, Fe& and (Cr,Fe),C, could be ldentlfled It 
appears as though MgO plays an mhlbltmg role m the decomposltlon of the chronute spmel 
A decrease m the particle size of the chrormte accelerated the reduction kmetlcs when CaO 
was used as addltlve, but no difference m the equlhbnum conversion was observed The 

actlvatlon energy of 192 kJ mol-’ for the reduction reactlon wlthout any addltlves 1s of the 
same order of magmtude as that measured by other authors 

INTRODUCTION 

Chrommm 1s one of the most versatile and widely used elements m steels, 
pigments, chenucals and refractones [l] There are few materials that can 
replace chrommm satlsfactonly using present technology Chronute ore 1s 
obtained from major sources m ten different countries, the largest quantities 
being supplied by the Repubhc of South Africa and the USSR [2] Ag- 
glomerated chronute fines can be prereduced econonucally pnor to smelting 
m a submerged-arc furnace, as the coal used represents a less expensive form 
of energy than the electrlclty used m a furnace [3,4] 

Barnes et al [5] investigated the prereductlon of the Upper Chronutlte 
Layer (UG-2) m the Bushveld Complex, which has a low chronuum to iron 
ratio They determmed the degree of iron metalhzatlon versus time and 
surmised that both chemical reaction and dlffuslon were rate controllmg In 
a further study on this ore, Searle and Fmn [4] estabhshed that u-on and 
chrommm species diffuse from the mtenor of a particle to the surface, where 
reduction takes place and metalhzatlon occurs The chromate spmel may 
crack along crystallographic planes when u-on 1s removed 
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Barcza et al [6] proposed a mechamsm for the reduction of Transvaal 
chrormte whch involved the diffusion of carbon across the layer of reaction 
product The fmdmgs of Searle and Fmn [4] and Rankm [7] that carbon 
monoxide 1s the reducing agent contradicts the mechanism suggested by 
Barcza et al [6]. 

Rankm [7,8] mvestlgated the mechamsm of reduction of chronute from 
the Bushveld Complex At temperatures up to 1200°C the reduction prod- 
ucts were Fe and Cr203, and at temperatures greater than 1200” C the 
reduction products were Fe, (Cr,Fe),C,, Fe& and MgAl,O, Durmg reduc- 
tion the lmtlally formed Fe was transformed to Fe& As the outer zone of 
the grams became depleted m non and chrommm, the concentration of 
alummmm and magnesium increased and MgAl,O, formed, whch con- 
tamed a considerable amount of chrommm Barcza et al [6] observed some 
reduction of SlO, m gangue, and confirmed ths by adding SlO, to their 
reaction rmxtures In none of the other papers pubhshed on the reduction of 
chrormte has any attention been pad to the effects of additives or gangue 
constituents 

It 1s the objective of ths paper to explore the influence of such additives 
on the reduction of chrormte by graphte X-ray diffraction was used to 
identify reaction products 

EXPERIMENTAL 

The chrorrute ore used m tl-us study was from the Kroondal mme m the 
Bushveld Complex m South Africa, and was slrmlar to that used by Rankm 
[7,8] After size reduction and screening the 53-106 pm fraction was selected 
for use m most expenments Other size fractions were used to investigate the 
effect of particle size The chrormte was separated from the gangue compo- 
nents by magnetic separation followed by heavy-medium separation with 
dl-lodomethane Unliberated slhcate mmerals were removed by leachmg the 
product m aqueous hydrofluonc acid Thus purified chrormte contamed 
20 8% FeO, 6 6% Fe,O,, 9 3% MgO, 15 3% AllO and 46 9% Cr,O, by mass 
The formula for the chrormte spmel was calculated as (Fe,,,Mg,,) 

(Cr, 19 AAl 4% 16P3 88, whch was close to the stolchometnc formula 
(Fe,Mg)(Cr,Al,Fe),O, [7] X-ray fluorescence was used to determme this 
composition 

High punty graphite wth a particle size between 53 and 90 pm was used 
as reductant Different quantities of analytically pure SlO,, Al,O,, MgO, 
CaO, Na,O,, K&O,, Fe and Cr were used as additives 

Reduction experiments were conducted m a thermogravlmetnc (TG) 
balance, which was flushed with punfled argon at a rate sufflclently high so 
as not to affect the rate of reduction A 50% excess of graphite (0 48 g), 
based on the 2142 mass percent removable oxygen contained m the chro- 
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rmte spmel, and chromate (2 0 g) were nuxed mtlmately with or without 
additives and placed m a recrystalhzed alumma crucible m the furnace of 
the TG balance The furnace was heated to a constant temperature before 
the start of a run 

Some reduction products were subjected to X-ray dlffractlon for ldentlfl- 
cation of the phases A Ph~hps diffractometer with graphte monochromator 
was used, the radiation bemg Cu K, Phases were identified by reference to 

the ASTM X-ray powder data file 

RESULTS AND DISCUSSION 

The fractional conversion X of chromate during reduction IS defined here 

as 

x= 
cumulative mass of oxygen removed from sample at time t 

mass of removable oxygen m sample at t = 0 

The removable oxygen IS considered here to be associated with FeO, Fe,O, 
and Cr,O, m the chronute, wluch 1s 21 42 mass % Since experiments were 
carned out m the range 1240-1400 o C, the exit gas should consist essentially 
of CO [9,10] Thts was confirmed during the reduction of UG2 chromate 
[4,5] Hence 

where Am = registered mass loss of sample, m = mltlal mass of chrormte, 
z = mass % of removable oxygen m chronute and M = molecular mass 

Results from TG experiments were easily reproducible with an average 
deviation of 4 5% Figure 1 shows the effect of temperature on the reduction 
of chrormte by graphite The mltlal slopes of these curves have been 
replotted m Fig 2 as an Arrhemus plot The slope of this best fit lme may be 
used to calculate the activation energy of 192 kJ mol-‘, which 1s of the same 
order of magnitude as the 181 kJ mol-’ measured by Barnes et al [5] These 
values are lower than the 256 kJ mol-’ observed for the gaslflcatlon of 
graphte by CO, [ll] 

X-ray dlffractlon of the products obtamed after 120 mmutes of reduction 
at 1400“ C revealed the formation of Fe, Fe&, (Cr,Fe),C, and ohvme 
(MgO Al,O,) Rankm [7] observed a similar range of products when 
graphite was used as reductant When carbon monoxide m the presence of 
graphite was used as reducing agent, similar reduction products were ob- 
served [7] Nafvger et al [3] observed a variety of carbldes, metal, ohvme, 
pyroxene (MgO SlO,) and oxides (such as MgO and Al,O,) as products 
during the reduction of two U S chromates It may therefore be expected 
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Fig 1 The effect of temperature on the reduction of chrorrute 

that different chrormtes may yield different reduction products, and as a 
corollary, that different additives may influence the reduction process 

Figures 3-8 illustrate that the additives K&O,, Na,O,, SIO,, Fe, Cr and 
CaO all accelerate the carbotherrmc reduction of chrormte at 1400 o C X-ray 
diffraction of the products after 110 mmutes of reduction with 10 and 15% 
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Fig 2 Arrhemus plot of the u-&al rate of reduction of chrormte 
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Fig 3 The effect of additions of K&O, on the reduction of chromte 

additives showed low intensity peaks of K&O,, Na ,CO,, SIO,, MgO SIO, 
and CaO No peaks due to Cr could be ldentlfled The major phases were 
slrmlar to those identified when no additives were used, 1 e Fe, Fe& 
(Cr,Fe),C, and ohvme Exammatlon of the products after 20 mmutes of 
reduction showed X-ray diffraction peaks of K&O,, Na,CO,, SIO, and 
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Fig 4 The effect of addition of Na,O, on the reduction of chromte 
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Fig 5 The effect of additions of S10, on the reduction of chromte 

CaO whxh were not as weak as those obtamed after 110 mmutes of 
reduction Thus could mdlcate that these addltlves reacted m some way 
during the reduction process Some non-stolchlometnc chronute was present 
m all samples after 20 and 110 mmutes m those samples where SIO,, Fe, Cr 
or CaO was used as additive 
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Fig 6 The effect of addltlons of Fe on the reduction of chromte 



31 

Fig 7 The effect of additions of Cr on the reduction of chronute 

It was shown earher that K&O,, Na J03, CaO, SlO,, Al 203 and MgO 
all catalyse the Boudouard reaction to a larger or lesser extent [11,12] While 
Turdogan and Vmters [13] showed that Iron catalysed the Boudouard 
reactlon when n-on was impregnated m graphite, little other work has been 
published on the effect of metals on the gaslflcatlon of carbon Some work 
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Fig 8 The effect of additions of CaO on the reduction of chromate 



32 

has been done, however, on the effect of metals on the carbotherrmc 
reduction of oxides Fruehan [14] concluded that the N1 formed during the 
reduction of N10 catalysed the oxldatlon of carbon, and Padllla [15] 
observed that the addition of Sn accelerated the carbotherrmc reduction of 
casslterlte It may be expected that metallic constituents such as Cr, Fe& or 
(Cr,Fe) 7C3 could also catalyse the Boudouard reaction Previous workers 
[4,7] have shown that the reduction of chromlte proceeds v1a carbon mon- 
oxide, which may tndlcate that catalysis of the Boudouard reaction could 
accelerate the reduction reaction Therefore, all the additives used 1n ths 
study could be expected to accelerate the reduction of chronute 

Such expectations are confirmed by Figs 3-8, although many other 
explanations could be presented for the enhanced reduction kmetlcs For 
example, the positive effect of Ca2+, Na+ and K+, and the negative effect of 

Mg2+ and S10, 1n promoting whsker growth on wustlte and therefore 
catastrophic swelling of iron ore pellets [16] may also influence the reduction 
of chrormte Figure 5 shows that a 5% addition of SIO, yielded supenor 
kinetics to the case of 10% S10, This may be explained by the competing 
effects of an enhanced Boudouard reaction on the one hand, and the 
formation of the slag phase MgO S10, covermg the chromlte or graphite on 
the other It was found earher [12] that s111ca retarded the rate of reduction 
of MnO due to the formation of a slag 

Figures 6 and 7 show that the catalytic effects of Fe and Cr are not as 
slgn1flcant as those of K&O,, Na,O, and CaO Furthermore, the influence 
of Cr does not seem to be of any practical importance Figure 8 shows that 
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Fig 9 The effect of addltlons of Al,O, on the reduction of chromte 
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Fig 10 The effect of additions of MgO on the reduction of chromte 

the catalytic influence of CaO 1s almost as strong as that of K,CO, and 
Na,O, Sundar Murtl et al [lo] also observed an increased reduction rate of 
chronute with the addition of CaO This was attnbuted to the posslblhty 
that lime may enter the chrormte lattice with the release of Fe0 and 
therefore an increased reduclblhty of the chronute Slmllar to the observa- 
tions m the present study, these authors also noticed the disappearance of 
the CaO peaks on the X-ray dlffractogram [lo] Although this explanation 
may be partially true, Sundar Murtl et al [lo] do not even mention the 
posslblhty that CaO may catalyse the Boudouard reaction Also, if CaO 
enters the chronute lattice it could decrease the reduclblhty of the chromium 
oxide Lime was shown to catalyse the carbotherrmc reduction of MnO [12] 
and SnO, [17] where there was no question of one component being released 
selectively 

Figure 9 shows that Al,O, has a slightly mhlbltmg effect on the reduction 
of chronute, especially m view of its positive influence on the Boudouard 
reaction The slgmflcant negative influence of MgO on the reduction of 
chrormte 1s illustrated m Fig 10 X-ray diffraction of the products after 20 
and 110 minutes of reduction revealed a decrease m the peaks of Al,O, and 
MgO, and an increase m the peaks of ohvme It appears as though MgO, 
and Al,O, to a lesser extent, mhblt the decomposltlon of the chromate 
spine1 by perhaps hmdermg the diffusion of non and chrommm m the spine1 

WI 
Figure 11 shows that a decrease m the particle size of the chromate 

accelerated the reduction process when CaO was used as an additive It 15 
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Fig 11 The effect of particle size of chrormte on the carbothernuc reduction of chromte 

interesting to note that all the curves m Fig 11 reach a conversion of loo%, 
so that the effect of particle size 1s purely kmetlc 

CONCLUSIONS 

The additives K&O,, Na,O, and CaO enhanced the carbotherrmc reduc- 
tion of chrormte slgmflcantly, whle additions of SlO, and Fe revealed a 
more moderate catalytic influence Addltlons of Cr exerted very httle 
influence on the reduction process Higher additions of slhca have a less 
favourable effect than lower additions due to the formatlon of a slag phase 
Whereas Al,O, has a shghtly negative effect on the rate of reduction, 
additions of MgO mhblted the decomposltlon of the chronute spmel 
slgmflcantly The X-ray dlffractlon peaks for most of the additives decreased 
m intensity during the reduction reaction In most of the reduction products 
ohvme, Fe, Fe& and (Cr,Fe) 7C3 could be ldentlfled An actlvatlon energy 
of 192 kJ mol-’ was measured for the reduction without any additives bemg 
used 
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