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ABSTRACT

A simple interface is described between a Mettler thermoanalyzer and a quadrupole
mass spectrometer which permits simultaneous thermal analysis and evolved gas analysis
at atmospheric pressure without compromising thenormal operation of the thermoanalyzer.
The application of the combination is described with respect to the reduction of hematite
(Fe,03) with graphite, Direct experimental evidence is provided for the reaction model
wherein each iron oxide phase is converted in turn to the next lower one and it is shown
that reduction proceeds under a CO—CO, atmosphere which is in equilibrium with the
various oxide phases. It is further shown that in the presence of Na;CO3 the CO concen-
tration is enhanced. It is concluded that the known catalytic effect of sodium (and other
alkalis) on solid direct reduction derives primarily from its acceleration of the rate of
carbon gasification.

INTRODUCTION

The combined operation of vacuum thermal balances and mass spectro-
meters has been well documented [1,2]; descriptions of TA—MS combinations
operating at ambient pressures, on the other hand, are less common [3].
Operation at these pressures would evidently greatly enhance the utility of
the combination since in many applications it is desirable to carry out ther-
mal analysis in atmospheres which may be oxidising, reducing or self-gener-
ated. This paper describes a simple interface between a Mettler thermoana-
lyzer and a quadrupole mass spectrometer which permits simultaneous TA
and evolved gas analysis (EGA) at atmospheric pressure without compromising
the normal TA operation (TG, DTG, DTA) or the nature of the furnace
atmosphere. The application of the combination is discussed wiih respect to
the reduction of hematite (Fe,0;) with solid carbon.

The Fe,0;/C reaction system is not only of obvious technological signifi-
cance for the production of sponge iron, but it also poses a number of prob-
lems of scientific interest.

In the first place, solid direct reduction comprises a complex sequence of
overlapping reactions. The overall extent of reduction is determined by the

following reactions [15].
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3 Fe,0; + CO » 2 Fe;,04 + CO, 1)
Fe;O4, + CO = 3 FeO + CO, 2)
FeO + CO=Fe +CO, (3)
C+C0O,=2CO (4)

According to this cyclic mechanism, carbon must pass through the interme-
diate stage of CO formation prior to reaction with iron oxides. The initial
formation of CO is ascribed to a number of causes: adsorbed oxygen; dis-
sociation of iron oxides; direct solid—solid reaction between carbon and
hematite (Fe,03). The gas—carbon and gas—oxide reactions proceed in paral-
lel and influence each other through the composition of the resulting
CO—CO, atmosphere. It is evident that without prior knowledge of the com-
position of this atmosphere, a theoretical interpretation of the kinetics and
mechanism of reduction would be greatly hindered. For this reason EGA has

an essential contribution to make to the study of the hematite/carbon reac-
tion system.

Previous attempts to determine the composition of the reaction atmo-
sphere included mass spectrometry [4] of gases from a sample kept at 5 X
10™* torx, and the coilection in adsorption columns of CO, present in the
effluent gas stream from a reactor [5,61. Direct in situ measurements of reac-
tion product gases during reduction at atmospheric pressure have not been
reported.

Secondly, solid direct reduction is of theoretical interest in the wider con-
text of gas—solid reactions. It affords a system of two coupled gas—solid
reactions on which, in contrast to the very extensive modelling studies that
have been performed on single gas—solid reactions, very little theoretical
work has been done. Szekely et al. [7] have shown that in such systems the
complexity of the resulting rate equations generally compels their evaluation
by numerical methods. They further showed that in two asymptotic cases —
when either one of the two coupled reactions proceeds very much faster
than the other one —the governing equations simplify to that for a single
gas—solid reaction. By measurement of the CO/CQO, ratio it would .}be possible
to determine whether reduction proceeds in one of the asymptotic regions.
If required, it would aiso be possible to monitor the approach to one of
these regions as reduction conditions are varied (e.g. crucible and sample geo-
metry, carbon particle size, nature of carbon, catalysts).

Thirdly, it has been noted [8—11] that additions of alkali salts generally
catalyse the reduction of iron oxides by solid carbon. Detection of possible
changes in the composition of reduction atmosphere may contribute to an
understanding of the catalytic effect. For this reason EGA was also per-
formed on a reduction mixture containing sodium carbonate.

EXPERIMENTAL
Thermal analyser—mass spectrometer system

A Mettler tharmoanalyzer was linked to an EAI Quad 300 mass spectro-
meter via a two-stage sampling system. The main components of the system
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Fig. 1. Schematic diagram of the thermoanalyzer—mass spectrometer combination. A,
Silica glass sampling tube; B, heated silica glass transfer tube; C, bypass and sampling
capillary; D, PTFE capillary tubing; E, Watson—Biemann molecular separator; F, quadru-
pole gas analyzer; G, sample; H, furnace; I, shut-off valve.
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Fig. 2. Details of gas sampling system. A, Silica glass sampling tube; B, silica glass transfer
tube; C, airtight refractory cement plug; D, silica glass sheath; E, ceramic fibre insulation;
F, ‘O’ring seal; G, brass flange; H, glass sampling capillary; I, thermocouple; J, heater
windings; K, ‘Swagelok’ unions; L, stainless steel sheath; M, glass ‘T’ piece; N, 1.5 mm
PTFE capillary.
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Fig. 3. Decomposition of CaCOj studied by the TA—MS combination. Sample, 100 mg
CaCO3; (Hopkin and Williams); sample holder, cylindrical alumina crucible; furnace atmo-
sphere, flowing argon (50 ml min™!); heating rate, 6°C min~1.

are indicated in Fig. 1. Details of the sampling system are shown in Fig. 2.

A small fraction of the furnace purge gas stream was drawn through a
capillary H (Fig. 2) and conducted to a pre-vacuum inlet system comprising a
1.5 1 stainless steel flask linked to a high-speed rotary pump (58 1 min~!). A
pre-vacuum pressure of approximately 0.1 torr was generally maintained dur-
ing combined TA/MS operation. A molecular (‘‘pinhole”) leak reduced the
pressure to 1076 torr or less in the mass spectrometer ioniser. A unique fea-
ture of the present system is the siting of the sampling tube A (Fig. 1) inside
the furnace with its tip in the sample holder. By constraining the furnace
purge gas to exit through this tube, a rapid and efficient collection of ther-
mal analysis off-gases was achieved. The lack of discernible delay in the mass
spectrometer response and the direct proportionality between signal strength
and the rate of gas release (DTG) is demonstrated in Fig. 3.

Materials

Hopkin and Williams-precipitated red ferric oxide (approximately 98%
Fe,;03) and spectrographic graphite (104—144 um) from Union Carbide were
used for the preparation of reduction mixtures. A thorough characterization
of these materials has been given elsewhere [11].

Procedure

Reduction samples comprised hematite and graphite mixed in the molar
ratio 1 :2.5. The sample holder used was a cylindrical alumina crucible
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(height 20 mm, diameter 16 mm) sitting directly on a Pt/Pt—10% Rh
thermocouple. The sample was heated at 8°C min~! in flowing argon (50 ml
min~!) at atmospheric pressure (84 kPa). Furnace temperature, TG and DTG
curves were recorded on a strip chart. The reaction atmosphere was contin-
uously sampled and conducted to the mass spectrometer. Its composition
was scanned at 0.3 s intervals in the m/e range 1—50, and the peaks were dis-
played on an oscillograph. When required, the display was transferred onto
an oscillographic recorder for the identification of m/e values and relative
intensities. m/e values of 12(C*), 14(CO?**, N*), 16(0*), 28(N}, CO*), 32(0%)
and 44(CO3) were selected for the calculation of CO and CO, relative inten-
sities, taking into account the contributions to the m/e = 28 peak from back-
ground N, as well as from the fragmentation of CO,.

RESULTS

The results of a combined DTG—EGA investigation of the reaction of
Fe,O; + 2.5 C in the temperature range 800—1150°C are presented in Fig.
4(a). Both techniques reveal a complexity of features which is discussed in
the following section. Figure 4(b) portrays reduction in the presence of
Na,CO; added as a powder to a premixed reduction mixture. It is evident
from the DTG curve that Na,COs has a catalytic influence on reduction. The
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Fig. 4. (a) TA and EGA of the reduction of hematite with graphite. Sample, 80 mg
Fe,03 + 15 mg C; furnace atmosphere, argon (50 ml min~1); heating rate, 8°C min~%. Sig-
nificance of «(0) is explained in text. AW; denotes fractional mass loss. (b) TA and EGA
of the reduction of hematite with graphite in the presence of sodium. Sample, 80 mg
Fe;03 + 15 mg C + 1.2 mg Na,COj;. Other experimental details as for Fig. 4(a).
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rate of mass loss is higher and the reacticn goes to completion at lower tem-
peratures. Except for differences of detail, the overall features of reduction
are, however, not altered by the presence of Na,COj;. In both cases reduction
is characterised by two distinct temperature regions of reaction and widely
varying rates of mass loss.

DISCUSSION

EGA and DTG provide a clear demonstration of the multi-stage nature of
reduction, the stages being distinguished by large variations of relative CO,
CO, intensities [Fig. 4(a)]. At the start of reduction little or no CO is ob-
served (the estimated error being larger than the calculated value of CO").
CO first appears in significant concentrations in the vicinity of the maximum
of the first DTG peak, and increases particularly rapidly at the onset of the
reduction stage associated with the second DTG peak. Relative to CO, the
concentration of CO, decreases continuously.

A consideration of the variation of relative CO, CO, intensities suggests
that the reduction stages may be identified with the sequential reduction of
hematite (Fe,0;) to metallic iron in three steps commensurate with the
oxidation states of the iron oxide phases. The three reduction steps with
their associated equilibrium CO concentrations are given in Table 1.

It is evident from Fig. 4(a) that the experimentally measured CO/CO,
ratio varies in the direction and approximately in proportion to the calculated
values given in Table 1 for reactions I, II and III. It is therefore concluded
that, at least to a first approximation, the reduction of hematite takes
place in accordance to the mechanism outlined by egns. (1)—(4) and under a
CO—CO, atmosphere which is in equilibrium with the successive iron oxide
phases.

Assuming the validity of the above conclusion, the end points of stages I
and II were calculated from the TG data. They are indicated on Fig. 4(a) as
«(0) or fraction of bound oxygen removed, being 0.11 at the end of stage 1
and 0.33 at the end of stage II. Turning points on the DTG curve are seen to
occur in the vicinity of transitions from one reduction stage to another. At
these points large changes of relative CO, CO, concentrations also occur.
EGA therefore provides a clear interpretation of the DTG profile for solid

TABLE 1
Variation of CO concentration during reduction of hematite

Reaction Equilibrium CO(%) Ref.
1200 K 1300 K 1400 K

I. 3 Fe,0; + CO—> 2Fe;04 + CO, <1072 <1072 <1072 12

II. Fe304 + CO > 3 FeO + CO, 20.2 16.0 14.8 13

IO, FeO + CO = Fe + CO, 66.8 70.1 73.0 13

IV. C+CO, = 2 CO 97.3 >99 >99 14
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direct reduction of hematite. It is determined by the sequential transforma-
tion of Fe,O; to Fe.

The existence of the three reduction steps identified above has previously
been surmised, but not unambiguously demonstrated. Rao [15] reported
steps II and III; at temperatures in excess of 947°C only step III was clearly
observed. Fruehan [6] analysed his results by combining the first two steps:
Fe,0; is reduced directly to FeO.

Based on EGA and DTG, the following points may be noted about the
reduction of Fe,0;.

The reduction of Fe,O3 to Fe;0, is rapid, viz. the rate of mass loss/unit
mass of oxygen is high.

The aoccurrence of the maximum rate of this reaction step at its end point,
suggesting that this step is of an autocatalytic nature, has already been dis-
cussed elsewhere [11]. The conversion of Fe;O,; to FeO, on the other hand,
proceeds at a much slower rate. This is indicated by the diminishment of the
DTG peak height despite the continuously increasing reaction temperature.
The onset of wistite reduction is extremely rapid — both DTG and CO peak
heights at least double in a narrow temperature interval of 5°C. This is pos-
sibly the result of autocatalysis due to the rapid nucleation and spread of
metallic iron. The autocatalytic nature of wiistite reduction was inferred by
Rao [15,16] on different grounds.

In the presence of Na,CO; the reduction of hematite undergoes two major
changes [Fig. 4(b)]. Firstly, the rate of reduction — particularly of the
FeO - Fe step —is greatly enhanced. Secondly, there is a concomitant
increase in the production of CO relative to CO,.

The second point is illustrated in Fig. 5 which displays the variation of the
CO/CO,, ratio with extent of reduction. Fractional reduction values were cal-
culated from the TG data after subtraction of the mass loss associated with
the first two stages of reduction. Data points for uncatalysed reduction were
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Fig. 5. Variation of reaction atmosphere during reduction of wiistite FeO. Mass loss
values have been converted to reflect fractional reduction values. Vertical bars indicate
counting statistic errors.
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combined from two tests. The scatter of these points, together with the
estimate for the errors associated with them, gives an indication of the range
of uncertainty in the calculated values of CO/CO,. This is seen to be much
less than the separation between the curves for catalysed and uncatalysed
reductions. It should be noted that the calculated CO/CO, ratios are not
absolute values since the calculation does not include corrections for molec-
ular mass selection effects in the sampling technique and for the variation of
detector sensitivity with ionic mass.

Examination of Fig. 5 reveals two notable features. These are that (1) the
CO/CO, ratio is essentially constant over a large fraction of uncatalysed
reduction, and (2) sodium carbonate enhances this ratio significantly.

It seems reasonable to identify the constant CO/CO, ratio with the equi-
librium gas composition over FeO—Fe. It follows then that when Na,COj; is
present in the reduction mixture the composition of the reduction atmo-
sphere shifts away from this equilibrium and may even approach equilibrium
with graphite (CO >{90%) in the end stages of reduction. Potassium [9] and
other heavy alkalis [10] have been reported to be much better catalysts than
sodium for reduction reactions. It is probable therefore that for these alkalis
the gas composition would more closely approach the carbon/gas equilibrium
at all stages of wiistite reduction.

The above observations lead to two main conclusions. In the first place, it
is clear that the catalytic effect of sodium (and probably of other alkalis too)
on solid direct reduction derives primarily from its enhancement of the car-
bon gasification rate. It has been shown [17] that this effect may be inter-
preted in terms of the uptake of alkalis in the lattice of graphite.

The second conclusion relates to the theoretical treatment of solid direct
reduction as a system of coupled gas—solid reactions. Following Szekely et
al. [7], the kinetic analysis of reduction may be simplified when the relative
rates of the coupled reactions, iron oxide—gas and carbon—gas, are taken
into account. It is clear from gas analysis that the rate-limiting reaction for
uncatalysed reduction is the gas—carbon reaction. The reduction reactions
are very much faster and determine the composition of the reaction atmo-
sphere. The overall kinetics of reduction may then be interpreted in one of
the asymptotic regions where only the carbon—gas reaction need be con-
sidered. In the presence of sodium, reduction proceeds under mixed control
where both reactions (1) and (2) influence the rate of reduction. It may be
possible, however, to simplify the analysis by the use of heavier alkalis.
These catalysts would increase the CO concentration and the wiistite—gas
reaction may become rate-limiting.
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