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The reduction of FeCO, with hydrogen suppresses intermediate
Fe, O, formation. CO, emission can be reduced by 60% and the
amount of reducing agent can be reduced by 33% compared to
state-of-the-art iron carbonate beneficiation. The kinetics and

reaction mechanism of the reduction of mineral FeCO, with
gaseous hydrogen were determined with a thermogravimetric
method.
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Introduction

According to the

Fifth Assessment

Sustainable iron production from mineral iron
carbonate and hydrogen

G. Baldauf-Sommerbauer,* S. Lux* and M. Siebenhofer

The reduction of iron ores with hydrogen is considered a promising CO, breakthrough technology to
mitigate CO, emissions from the iron and steel industry. The state-of-the-art production of iron and steel
from mineral iron carbonates (FeCOxs) is based on the thermal decomposition of FeCOs in air to produce
hematite (Fe,Os3) suitable for iron production. Our approach is to directly reduce FeCO3z with hydrogen to
elemental iron, avoiding Fe,O3 formation. As a consequence, CO, emissions can be decreased by 60%
and up to 33% less reducing agent is needed for iron production. The development of environmentally
benign production pathways needs to be based on a fundamental understanding of the reaction kinetics
and mechanism. Therefore, thermogravimetry was used to determine the kinetics of the formation of iron
from mineral iron carbonate and the concomitant decomposition of the accessory matrix carbonates of
calcium, magnesium, and manganese. The isoconversional kinetic analysis according to the Ozawa-
Flynn—Wall, Kissinger—Akahira—Sunose, and Friedman approach confirms the proposed parallel kinetic
model. Multi-variate non-linear regression was used to determine the appropriate kinetic parameters. The
conversion of iron carbonate to iron can be described with the two-dimensional Avrami-Erofeev model
A2. Therefore, a temperature-controlled nucleation and diffusional growth mechanism is suggested for
iron formation from mineral iron carbonate and hydrogen. The multi-parameter reaction models Cn-X
and Bna can be used to describe the concomitant iron, calcium oxide, magnesium oxide, and manganese
oxide formation without applying multi-step kinetics. The multi-parameter reaction models predict a con-
version above 95% at 450 °C within less than 60 minutes reaction time. Unavoidably, 1 mole of carbon
dioxide is always emitted when 1 mole of FeCOxs is converted into iron. Catalytic carbon dioxide hydro-
genation (CCDH) can be applied to diminish inevitable CO, emissions by chemical conversion into value-
added carbon containing chemicals. Therefore, we propose a process that combines the improved iron
production via direct FeCOs reduction with CCDH as a follow-up reaction.

increase of the share of recycled steel (= secondary steel) on
total steel production can be expected.*® However, to meet

Report of the global industrial demand for iron based products, primary

Intergovernmental Panel on Climate Change (IPCC)," the
industrial sector is responsible for approximately one third of
the total anthropogenic CO,-equivalent (CO,°) emissions. Iron-
and steelmaking accounts for 13-25%> of these industrial
CO,° emissions. Several approaches can contribute to a sub-
stantial decrease of CO,° emissions from the iron- and steel
industry: (1) reduction of steel production and demand,> (2)
increased steel recycling and scrap use,’ and (3) innovative
iron- and steelmaking technologies, also called CO, break-
through technologies. Global steel production and demand is
not expected to decrease within the 21°° century and an
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steel production from iron ores will continue to contribute a
major part of the CO,° emissions from the global iron and
steel sector. Therefore, various research programs aiming at
the development of CO, breakthrough technologies have been
initiated: ULCOS I and II in the EU, COURSE 50 in Japan, the
POSCO CO, breakthrough framework in South Korea, and the
AISI program in the USA, to mention the most extensive
ones.>®’ Fu et al.® and Quader et al.>® provide an overview and
evaluation of these programs. The COURSE 50, POSCO frame-
work, and the AISI CO, breakthrough program explicitly
include hydrogen reduction of iron ores as a key future techno-
logy. To reach a substantial decrease of anthropogenic CO,°
emission within the 21% century most nations adopted the
‘Paris Pact’ that includes a commitment to the transition of the
global energy sector from fossil fuels to renewables.’ Fischedick
et al.’ did show that direct hydrogen reduction of iron ores is an
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environmentally and economically promising iron and steel pro-
duction route in a 100% renewable energy system.

The world steel production increased from 1.53 Gt in 2013"°
to 1.60 Gt in 2015.""f China makes up for approximately 50% of
the world steel and 57% of the world iron production.'™?
China™ and Austria'® have major mineral iron carbonate
(= siderite) reserves, which are used as ores for iron and steel
production. Siderite beneficiation is challenging, because of the
low iron content of the ore compared to magnetite and hematite
ores. The industrial practice is to blend siderite with other high-
grade ores in the sinter plant.">'® During the sintering process,
siderite is converted to hematite Fe,O; through roasting in air
according to eqn (1). The sinter product is fed to the blast
furnace where it is reduced with coal via CO, producing at least
1.5 mole CO, per mole of iron due to the stoichiometry of reac-
tion (2). Consequently, at least 2.5 mole CO, are emitted during
the production of 1 mole of iron from iron carbonate. The direct
reduction of iron carbonate with hydrogen according to eqn (3)
reduces the carbon dioxide emissions by 60% to one mole of
CO, per mole of iron. As will be outlined in this work, the
remaining CO, emissions can be limited by catalytic hydrogen-
ation of carbon dioxide (CCDH)"" " according to eqn (4) and (5)
to value added products such as methane and higher hydro-
carbons via Fischer-Tropsch synthesis.

FeCO; + 0.250, 2% 0.5Fe,0; + CO, (1)
0.5Fe,0; + 1.5CO — Fe + 1.5CO, (2)
FeCO; + H, — Fe + H,0 + CO, (3)
CO, + 4H,—CH, + 2H,0 (4)

CO, + 3H, — -CH,- + 2H,0 (5)

Improvement of siderite beneficiation has focused on inno-
vative roasting technologies'* and direct reduction with
coal.’®?° Neither of these processes greatly affects the CO,
emissions and could be considered a CO, breakthrough
technology. Nowadays (2016), most of the industrially used
hydrogen is produced from fossil fuels by steam reforming
(CH,4 + H,O — 3H, + CO) and the water-gas shift reaction (H,O
+ CO — H, + CO,) with natural gas as the primary feedstock.
At least 0.25 moles of CO, are produced per mole of hydrogen
in combined steam reforming and water-gas shift (eqn (6)).

Even when the hydrogen supply of direct carbonate
reduction (eqn (3)) is covered by combined steam reforming
and water-gas shift (eqn (6)), the stoichiometric CO, emission
per mole of iron is decreased by 50% compared to roasting of
iron carbonate and subsequent reduction. Renewable and sus-
tainable hydrogen production is extensively investigated.*'~>°
The production of ‘green’ hydrogen is not only conceivable

+39 countries which account for approximately 99% (BF) and 90% (DIOR) of the
world production were considered in the calculation.

6256 | Green Chem., 2016, 18, 6255-6265

View Article Online

Green Chemistry

from a scientific point of view, but also necessary from an
environmental point of view to meet the global CO, mitigation
targets for the 21% century.

The detailed understanding of the reaction mechanism and
kinetics of the fundamental reactions is the basis for the
design of an environmentally benign industrial process. The
kinetics for the direct hydrogen reduction of hematite Fe,O;
and magnetite F;0, have been broadly investigated and dis-
cussed in literature.”’ > The decomposition kinetics of
mineral iron carbonate have been investigated in oxygen
atmosphere,®'* vacuum,* and nitrogen atmosphere.>*"**
However, the direct reduction of mineral iron carbonate lacks
kinetic and mechanistic investigation.

In this paper, we propose a kinetic model and a suggested
reaction mechanism for the direct hydrogen reduction of
mineral iron carbonate to elemental iron on the basis of
thermogravimetric experiments. Based on the reaction kinetics
developed in this work, a process concept and an outlook to a
carbon dioxide utilization approach by coupling direct hydro-
gen reduction of iron carbonate with catalytic carbon dioxide
hydrogenation (CCDH) to value added products (e.g. methane,
methanol, higher hydrocarbons) is presented.

Experimental and computational
methods

Thermogravimetric measurements were performed on a
Netzsch Jupiter STA 449C balance with alumina sample pans.
Hydrogen and nitrogen were used in 99.999% quality
(AirLiquide). The X-ray diffraction (XRD) spectra were recorded
on a Panalytical X'Pert Pro diffractometer equipped with a
cobalt radiation tube (Co-Ka line at 0.178901 nm). The High
Score Plus software together with the Inorganic Crystal
Structure Database was used for compound determination.
The quantitative analysis was performed by means of
Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) using a Spectro Ametek Spectro Arcos device.

Sample preparation for quantitative ICP-OES analysis

2.15 g of the concentrated siderite sample was reduced on the
thermobalance in 70 vol% hydrogen at a total flow rate of
100 cm® min~'. The sample was heated to 725 °C at a linear
heating rate of 3 °C min™" and kept at 725 °C until a constant
mass was reached, indicating complete reaction. The reaction
product was dissolved in a mixture of concentrated hydro-
chloric and concentrated nitic acid (HCl: HNO; = 3:1, volu-
metric) for elemental analysis.

Kinetic computations

Four different linear heating rates (1.8, 3, 5, 10 °C min™") were
used to generate a data set suitable for kinetic computations
according to the recommendations of the International
Committee of Thermal Analysis and Calorimetry (ICTAC)
Kinetics Committee.>**° Before the data collection was started, a
temperature calibration was performed at a linear heating rate of

This journal is © The Royal Society of Chemistry 2016
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5°C min~" and a nitrogen flow of 100 cm® min™" with indium,
tin, bismuth, zinc, and aluminum standard reference materials.
A blank measurement was recorded every time the experimental
conditions were changed and all kinetic measurements were
replicated with a sample amount of 20 + 2 mg for each run. The
conversion a was calculated as the ratio of mass loss at tempera-
ture Tand maximum mass loss of the experiment.

The model-free integral Ozawa-Flynn-Wall (OFW, eqn (7))***
and Kissinger-Akahira-Sunose (KAS, eqn (8))"* methods and the
differential Friedman method** (eqn (9)) were used to check the
suitability and separability of single step kinetic models.

Eq
In f; = const — 1.052 (7)
gasTa,z'
) E,
In {iz} = const — (8)
Toi gasTa,i
da E
In|l—| =In(f(a)4,) — —2= 9
|:dt:| a,l OC( ) ) RgasTrz,i ( )

B — heating rate of the i-th temperature program, E, — activation
energy determined with a model-free method, A, - frequency
factor determined with a model-free method, a - conversion, i —
temperature program, Ry, - ideal gas constant, T - temperature,
t - time, f(a) - reaction model, const - an arbitrary constant.

The multi-variate regression analysis presented by
Opfermann®® implemented in the software Thermokinetics 3.1
was used for the computation of an accurate combination of
Arrhenius temperature dependency k(7)) and reaction model
fl(a) for the general kinetic equation depicted in eqn (10).

—E,

da ﬂx%:k(T)xf(a):Axe@xf(a)

e (10)

a - conversion, ¢ - time, f# - linear heating rate, T - tempera-
ture, A - frequency factor, E, - Arrhenius activation energy, f(«)
- reaction model (see Table 1).

Table 1 Reaction models®®#°
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Evaluation of the suitability of models was done by compu-
tation of the coefficient of regression R according to eqn (11)
and performing the F-test according to eqn (12).

h v )
2. (yij 7ycalc7ij>
R= |1— Ut > (11)
h v (ZIW)
> vt
i=1 | j=1
h v )
33 da (¥ — Yeale,j(model A))
i=1j=1
F(da,ds) = 5 (12)
33 d (i — Yealej(model B))?
izlj:l

f - heating rate, 4 - number of linear heating rate scans (= 4),
v — number of data points, y — measured value, )., — calcu-
lated value, d, - degrees of freedom for model A, dg- degrees
of freedom for model B.

Results and discussion

Comparison of direct iron carbonate reduction to the state-of-
the-art from a thermodynamic point of view

Iron carbonate minerals are beneficiated industrially by roast-
ing in air to produce hematite Fe,0; (eqn (1)). Reduction of
hematite with hydrogen requires 1.5 moles of hydrogen per
mole of iron produced (eqn (13)), whereas the direct reduction
of iron carbonate requires one mole of hydrogen per mole of
iron produced (eqn (3)).

0.5Fe,0; + 1.5H, — Fe + 1.5H,0 (13)

Thus, the effectiveness of the reduction process is
enhanced by 33% less reducing agent consumption when the
hematite route (eqn (1) and (2)) is bypassed by direct iron car-

considered in the analysis of the kinetic datasets

Code Description Model equation f(a)

F1 Reaction of first order 1-—«a

F2 Reaction of second order (1-a)?

Fn Reaction of n'™ order 1-ay

R2 Two-dimensional phase boundary/contracting cylinder 201 — )

R3 Three-dimensional phase boundary/contracting sphere 3(1 — )"

D1 One-dimensional diffusion 1/(2a)

D2 Two-dimensional diffusion [In(1 - )]

D3] Jander three-dimensional diffusion 32x(1—a)?[1-(1 -]

D3GB Ginstling-Bronstein three-dimensional diffusion 32x[(1—a) 1]

B1 Prout-Tompkins equation al-a)

Bna Expanded Prout-Tompkins equation adl—a)

C1-X First order autocatalytic reaction with catalysis by final or intermediate (1 = a)(1 + Keae x X())
product X expressed as function of a

Cn-X n™ order autocatalytic reaction with catalysis by final or intermediate (1 = )"(1 + Keae x X(a))
product X expressed as function of a

A2 Avrami-Erofeev two-dimensional nucleation 2(1 — a)[-In(1 — )"

A3 Avrami-Erofeev three-dimensional nucleation 3(1 — a)[-In(1 — &)*?

An Avrami-Erofeev n'™ dimensional nucleation n(1 - a)[-In(1 — )"~ V"

This journal is © The Royal Society of Chemistry 2016
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—»— CaCO, —» Ca0 + CO,

0.5 (Ca,Mg)(CO,), - (Ca,Mg)O + CO,
—»— MgCO, - MgO + CO,
— MnCO3 — MnO + 002
—»— FeCO, —» FeO + CO,
—e—FeCO,+0.250, - 0.5Fe,0, + CO,
—— FeCO3 + H2 — Fe + HZO + 002
—o—05Fe,0,+15H, > Fe+15H,0

Fig. 1 Standard free energy of reaction ARG® at ambient pressure calculated with HSC Chemistry 8 for the most stable solid phases. Roasting of
iron carbonate (red squares) produces stable products, thus exhibits strongly negative values for AgG°. The reduction of iron carbonate (red circles)
is thermodynamically favored over the reduction of hematite (green circles) at temperatures above 200 °C. Decomposition of carbonates to bivalent
oxides is expected to proceed in the order iron (red x) < manganese (magenta x) < magnesium (black x) < dolomite (cyan x) < calcite (blue x).

bonate reduction (eqn (3)). The reduction of iron carbonate is
favored over the hematite reduction at temperatures
above 100 °C, due to the decreasing run of the standard free
energy of reaction ARG® with temperature (see Fig. 1: green
line with circles for hematite, red line with circles for iron
carbonate).

Mineral iron carbonates are often accompanied by calcium,
magnesium, and manganese carbonates. Iron, calcium, mag-
nesium, and manganese can either be present as separate car-
bonate phases or as solid solutions. The thermodynamic ana-
lysis for the carbonates shows, that AgRG° decreases linearly
with temperature for CaCOj;, (Ca,Mg)(CO3),, MgCO;, MnCOs3,
and FeCO;. The temperature needed for high conversions
increases in the order FeCO; < MnCO; < MgCO; < (Ca,Mg)
(CO;), < CaCos,.

Reactant and product characterization

The original mineral from the Austrian Erzberg was provided
by VA Erzberg GmbH. This mineral consists of three main car-
bonate components: siderite FeCO; with partial Mg and Mn
substitution, ankerite (Ca,Fe,Mg.Mny)CO;, and dolomite
(Ca,Mg)(CO3),. Potassium, aluminum, and silicon are present
in the form of muscovite KAl,(AlSiz;0,)(OH),, whereas major
parts of the silicon can be found as quartz SiO, (see Fig. 2a for
XRD spectrum and Table 2 for composition). A 100-200 pm
size fraction of the original mineral was sorted by density and
separated electromagnetically in the isodynamic field. This
procedure produced a concentrated siderite specimen (referred
to as CS, see Fig. 2b and Table 2), which was used for the
kinetic analysis.

The iron carbonate content of the CS is converted to
elemental iron (79 + 2 wt%, see Table 2) after reduction with
hydrogen. Calcium, magnesium, and manganese carbonates
are converted to oxides. Summation of the produced Fe, CaO,

6258 | Green Chem., 2016, 18, 6255-6265
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Fig. 2 XRD pattern of the original mineral from Erzberg/Austria (a), the
concentrated siderite (b), and the product of the reduction of the con-
centrated siderite with H, (c). Magnesium and manganese oxide cannot
be distinguished, as both oxides are present in amounts below 7wt%.
The most intensive reflection for both oxides should appear at 48-50°
but cannot be separated, as there is a broad peak ranging from
48.2-50.6° at this scattering angle. A: ankerite (Ca,Fe,Mg-Mn4)CO3; C:
calcite, CaO; D: dolomite (Ca,Mg)(COs),; F: iron, Fe; R: magnesium/
manganese oxide, MgO/MnO; S: siderite FeCO3; Q: quartz, SiO,.

MgO, MnO, SiO,, and Al,O3 results in 102 + 3 wt% (see last
row of column P in Table 2). Consequently, the conversion can
be considered quantitative.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Results of the ICP-OES analysis (OM: original mineral, CS: con-
centrated siderite phase, P: product of the reduction of CS with hydro-
gen). Compared to the OM, the relative iron content of CS is increased
and the relative content of calcium and magnesium are decreased. The
reduction of CS with hydrogen yields a product with high iron content
by quantitative carbonate reduction (see eqn (3))

OM/wt% CS/wt% P/wt%

+3% rel. +3% rel. +3% rel.
Fe 33.5 39.9 79.0
CaOo 5.8 1.3 2.7
MgO 3.9 3.3 6.6
MnO 2.6 3.1 5.7
Sio, 5.4 2.1 4.7
ALO, 1.1 1.5 2.9
SUM 52.3 51.2 101.6

Kinetic modelling

On the basis of the analysis of reactants and products, a paral-
lel reaction scheme can be assumed to model the kinetics of
the reduction of the concentrated mineral siderite. Iron car-
bonate is converted to iron (eqn (3)) and the metal carbonates
of calcium, magnesium, and manganese are converted to
oxides (eqn (14)).

k‘l 1
FeCOs + H, A pe + 1,0 + CO, (3)
k b
(Ca,Mg,Mn,)CO, DA xCaO + yMgO + zMnO + CO, (14)

The theoretical mass loss of the solid phase transformed in
reaction (3) and (14) can be calculated from the reactant com-
position (see column CS in Table 2). The mass loss for the
direct hydrogen reduction of the iron carbonate content of the
concentrated siderite Amgeco,re accounts for 42.8 + 1.3 wt%
(egn (15)). The mass loss for the conversion of the Ca-, Mg-,
and Mn-carbonates to oxides Amyco,mo Sum up to 6.5 +
0.2 wt% (eqn (16)). Thus, the fractional conversion for total

0 : : : :
() ——1.8°C min”
o i -1
10 3°C mln_1
5°C min
10 °C min™
E’ -20 —a— FeC03 — Fe
§ —— MCO:3 — MO
€ .30
-40
i = & = =)
300 375 450 525 600 675 750
T/°C
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iron carbonate reduction a@gecalc can be calculated from eqn
(17) and accounts for 0.87 + 0.03. These calculated values are
in good agreement with the experimental thermogravimetric
curves, as depicted in Fig. 3.

MW/(CO3)
Am =W X MW (FeCO,) 0
FeCOs,Fe = Wfreco, MW (FeCO;3) 1)
MW/(CO,)
Am =W X MW(MCO.) 1o
Mco; Mo = Wfico, MW (MCO;) 1)
Am
QAFe calc = [ecO, e (17)

AMgpeco, Fe + AMmco, Mo

Amgeco, pe — Mass loss for the direct hydrogen reduction of
the iron carbonate content of CS to iron, wf; - mass fraction of
compound i, MW(i) - molecular weight of compound 7, are calc
- fractional conversion for total iron carbonate reduction.

Model-free kinetic analysis

The Ozawa-Flynn-Wall (OFW),*""** Kissinger-Akahira-Sunose
(KAS),** and Friedman** approach result in a model-free acti-
vation energy E, vs. conversion a plot (Fig. 4). If activation
energy is roughly constant with the extent of reaction, the
process can be described with one single step model. If two or
more clearly separable E, regimes can be observed, two or
more step reactions seem to be appropriate approaches.
Results from model-free E, calculations can be used as input
parameters for linear and non-linear model fitting pur-
poses®®*® and analysis of the variation of activation energy
with extent of conversion.*® The differential Friedman method
can be applied to any temperature program, but is sensitive to
experimental noise. The OFW and KAS methods do not tend to
magnify experimental noise, as they are integral. But both
methods introduce a systematic error in the value of model-
free activation energy E, due to the method of integration.*®
Therefore, a combinatorial interpretation of the outcome of

1 : : .
o " |
T T T T |
0.8¢ 1
0.6+
3
04r
0.2t

0
300 375 450 525 600 675 750
T/°C

Fig. 3 Thermogravimetric curves (a) and conversion a curves (b) used for the kinetic analysis. The calculated mass loss for the reduction of iron car-
bonate to iron (square) and for the decomposition of the Ca-, Mg-, and Mn-carbonate (diamond) are marked. The calculated total conversion
(diamond) and the experiment (a) are in good agreement. Sample mass = 20 + 2 mg, 100 cm® min* total flow, 70vol% hydrogen at the inlet.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Model-free activation energy E, calculated with the Ozawa-—
Flynn—Wall**#2 (OFW, red), the Kissinger—Akahira—Sunose (KAS, blue),**
and Friedman** (green) approach. The shoulder starting at a =
0.80-0.83 indicates the overlap of a second reaction. The black line
with squares at a = 0.87 demarks the calculated partial mass loss (0.87 +
0.03) for complete iron carbonate conversion to iron agecac and the
start for the decomposition of Ca-, Mg-, and Mn-carbonate calculated
from the sample composition.

these three methods should give a sound model-free kinetic
analysis.

The OFW and KAS analysis produce a comparable result,
whereas the KAS method leads to slightly lower E, values
(2-3 k] mol™, see Table 3). This can be expected from the
different temperature integral approximation (eqn (7) and (8)).
The calculations based on the Friedman approach result in a
comparable run of E, vs. conversion. Nevertheless, the value of
E, is systematically lower (17-25 k] mol™!, see Table 3) than
the value for E, calculated with the OFW and KAS method. The
three model-free approaches result in the same trend of the
model-free activation energy with extent of conversion. E, is
relatively constant from a = 0.1 to a = 0.8 and decreases by
approximately 25 kJ mol™. In theory, reactions following
single step kinetics result in constant values for E, over the

Table 3 Model-free activation energy E, calculated with the Friedman
(FM), Ozawa-Flynn—Wall (OFW), and Kissinger—Akahira—Sunose (KAS)
method
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whole conversion range. The constant decrease over a specific
conversion range can be expected for heterogeneous mineral
systems. This variation of activation energy is an indication for
partially overlapping reactions, resulting in an effective, con-
version dependent activation energy.*®

The shoulder starting at a ~ 0.80 (Friedman) and a =~ 0.85
(OFW, KAS) indicates the overlapping start of the second reac-
tion. As shown in Fig. 4, the occurrence of the shoulder is in
good agreement with the fractional conversion for total iron
carbonate reduction @pecaic = 0.87 = 0.03. Hence, the model
free kinetic analysis confirms the assumed kinetic model of
two parallel reactions: the reduction of iron carbonate to iron
(eqn (3)) and the decomposition of Ca-, Mg-, and Mn-carbon-
ate (eqn (14)).

Determination of a reaction model f(a) and proposed reaction
mechanism

A multivariate non-linear regression analysis*> of 16 commonly
used single step reaction models (Table 1) was performed on
the conversion range a = 0.01-0.99 to find suitable reaction
models. As shown in Table 4 and Fig. 5, the multi-parameter
n™-order autocatalysis model Cn-X and the expanded Prout-
Tompkins model Bna can adequately describe the whole con-
version range. The model parameters (Table 4), however, are
not very plausible for single step kinetics. A fractional reaction
order of 2.65 (Cn-X) and 2.56 (Bna) is an indication for overlap-
ping reactions, as expected from the model-free analysis.
Nevertheless, Cn-X and Bna can adequately describe the con-
comitant conversion of iron carbonate to iron and the
decomposition of the matrix carbonates of Ca, Mg, and Mn to
oxides without applying multi-step kinetics (see Fig. 5).

The multi-parameter models Cn-X and Bna are helpful for
global kinetics calculations broadly used in chemical reaction
engineering applications, e.g. reactor design. Insight into
intrinsic kinetics and reaction mechanism, though, is easier
achieved by applying simpler models with physico-chemical
background. As shown in the plot of the standard free reaction
energy (Fig. 1), reduction of iron carbonate according to eqn
(3) is expected to proceed at lower temperatures than the
decomposition of magnesium, manganese, and calcium car-

Table 4 Results of the regression analysis for single step kinetics in the
conversion range a = 0.01-0.99. 16 commonly used reaction models for
solid state kinetics were considered; see Table 1 for model description
and equations. The correlation coefficient (R, see eqn (16)) and the
F-test (F, see eqn (17)) are used for model comparison. Critical F-value =
111

E,/kJ] mol™*

a FM OFW KAS

0.1 164 +3 184 +1 182 +1
0.4 143 +7 168 £ 2 165+ 3
0.5 138+ 8 164 +3 161 +3
0.7 134+9 156+ 4 152+ 4
0.8 143 +4 151+£5 147 £5
0.9 104 £ 10 128 +£5 122 +£5
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an kJ loglo(A)a

Model R F mol™  s7! Model parameters

CnX 09977 1.00 1643  8.374 n = 2.652, logo(Kear) =
2.340, autocatalysis by
product: X = a

Bna 0.9972 1.26 163.7 10.58 n=2.566,r=0.819

An 0.9874 5.56 162.3 9.546 n=1.554

A2 0.9859 6.22 151.8 8.751

Fn 0.9829 7.53 201.9 12.55 n=1.08

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Model prediction (solid lines) and experimental (x) conversion of CS into iron and conversion of calcium, magnesium, and manganese car-
bonate to the corresponding oxides at four different heating rates. The multi-parameter models considering autocatalysis (a: Cn-X) and the
expanded Prout-Tompkins model (b: Bna) accurately predict the experimental curves.

Table 5 Dependency of the correlation coefficient R, the activation energy E,, and frequency factor A on the evaluated conversion range for the

two-dimensional Avrami-Erofeev model A2 and the n'"'-order model Fn

A2: f(a) =2(1 — a)[-In(1 — ot)]l/2

Fr: fla)=(1 — a)"

a R E,, k] mol™" logo(4), s7* R E,, k] mol™* logo(4), s7* n
0.01-0.80 0.9976 170.1 10.27 0.9768 185.4 11.23 0.000116
0.01-0.83 0.9983 168.1 10.11 0.9797 183.1 11.03 0.000213
0.01-0.85 0.9986 166.6 9.98 0.9824 182.4 10.97 0.00445
0.01-0.87 0.9987 164.9 9.84 0.9848 180.8 10.83 0.000153
0.01-0.90 0.9980 162.2 9.61 0.9868 177.5 10.56 0.000153
0.01-0.99 0.9859 151.8 8.75 0.9830 201.8 12.55 1.084

bonate (see eqn (14)). This behavior, expected from thermo-
dynamics, can be experimentally confirmed by the shape of
the thermogravimetric curves shown in Fig. 3. The iron car-
bonate reduction is represented by a distinct mass loss Amygy
below 450 °C, which is followed by small relative mass loss
Amyg, spanning over a broad temperature range (450-650 °C).
The second mass loss Amg, can be allocated to the concomi-
tant decomposition of manganese, magnesium, and calcium
carbonate. This proposed reaction mechanism is confirmed by
the results of the model-free kinetics analysis. The shoulder in
the E, vs. a plot of the model-free analysis at a conversion of
0.8-0.9 (Fig. 4) is a strong indication for two separable, inde-
pendent reactions. Thus, a limitation of the evaluated conver-
sion range for model regression should result in an improve-
ment of the goodness of fit for simple reaction models that
describe the single step iron carbonate reduction according to
eqn (3).

Table 3 shows that the n™-dimensional Avrami-Erofeev
models An and the n™ order model Fn produced the best
results for single step kinetic models. For both models, the
evaluation range for the regression analysis was gradually

This journal is © The Royal Society of Chemistry 2016

reduced to @ = 0.8 (Table 5). The dimension n,; of the An
model converged to 2, as the evaluated conversion range was
reduced. For the Fn model, on the contrary, the order
n diverged from approximately one for a = 0.01-0.99 to values
below 0.01 for a = 0.01-0.80/0.90. Therefore, the A2 model was
further investigated and compared to the Fn model in Table 5.
E, and A show a clear increasing tendency with increasing con-
version range for the A2 model. E, and A for the Frn model,
however, decrease when the upper limit of the conversion
range a, is increased from 0.80 to 0.90 but increase between
ay = 0.90 and a, = 0.99. The correlation coefficient R is signifi-
cantly higher for the A2 model compared to the Fn model in
all evaluated conversion ranges shown in Table 5. As a result,
the Avrami-Erofeev two dimensional nucleation model A2 is
superior to the Fn model in describing the kinetics of the
reduction of iron carbonate to iron with hydrogen.

The regression coefficient for the A2 model shows an
optimum when the upper boundary of the conversion range
ay,opt is between 0.85 and 0.87 (Fig. 6 and Table 5). This range
of ay op coincides with the fractional conversion for complete
iron carbonate reduction agecac = 0.84-0.90 calculated from

Green Chem., 2016, 18, 6255-6265 | 6261
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Fig. 6 Validation of the two-dimensional Avrami-Erofeev model A2 (solid lines) with the experimental TG curves (crosses). The adaption of the
evaluated conversion range leads to an optimum between a = 0.85. (c) and a = 0.90 (d) of the regression coefficient R in the range of the calculated
complete conversion of iron carbonate to iron age caic (black line with squares and error bar). Experimental conditions for TG: 20 + 2 mg, 100 cm®

min~! total inlet gas flow (70% Hy + 30% N,).

the elemental analysis (Fig. 6). Gotor et al.>* state that nag = 2
describes two reaction mechanisms, depending on the reac-
tion temperature. At low reaction temperatures, nuclei are
formed at a constant rate and grow by one-dimensional
diffusion. At elevated reaction temperatures, nucleation can be
considered instantaneous and growth of nuclei proceeds by
two-dimensional diffusion. Thus, it can be concluded that the
formation of iron from iron carbonate via hydrogen reduction
proceeds via nucleus formation and diffusional growth of
nuclei. Nucleus formation and diffusional growth can be con-
trolled by the reaction temperature.

Process concept and comparison to the state-of-the-art

The Cn-X model parameters found in the regression analysis
can be used to predict the shape and trend of the conversion
of CS according to eqn (3) and (14) with time at fixed tempera-
ture (Fig. 7). After the same reaction time, conversion increases
with temperature. Even at temperatures that can be considered

6262 | Green Chem., 2016, 18, 6255-6265

to be low for metallurgical processes, e.g. 450 °C, industrially
relevant conversions of more than 95% can be obtained within
less than 60 minutes reaction time. For comparison, the
Midrex© process for direct iron oxide reduction (DIOR) with
natural gas is run at 780-900 °C (ref. 47) and a typical blast
furnace (BF) is run at more than 1500 °C.*°

Direct hydrogen reduction of mineral iron carbonates can
save up to 33% of the reducing agent compared to the estab-
lished iron production routes (BF, DIOR) due to the abolition
of sinter production (= roasting in air, eqn (1)). Due to its mag-
netic properties, iron can be easily separated from MgO, MnO,
CaO, and SiO, by magnetic separation (Fig. 8) and processed
in the steel mill. The off-gas of the reduction reactor, as
depicted in Fig. 8, consists of carbon dioxide, water, and
excess hydrogen if the reduction reactor is run at
n(H,) : n(FeCO3) > 1.

By virtue of its chemical nature conversion of iron carbon-
ate into iron is always coupled to the emission of 1 mole of

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Prediction of the conversion a of CS into iron and Ca-, Mg-, and
Mn-oxide based on the Cn-X model with the best parameters found in
the regression analysis. At a total conversion of 87 + 3%, quantitative
iron carbonate conversion to iron (ag caic) can be expected, the remain-
ing 13 + 3% of conversion are attributed to the conversion of calcium,
magnesium, and manganese carbonate to the respective oxide.
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Fig. 8 Process concept for the direct hydrogen reduction of mineral
iron carbonate coupled to catalytic carbon dioxide hydrogenation.

CO, per mole of iron produced (eqn (3)). Two possible ways for
carbon dioxide mitigation are conceivable: (1) carbon capture
and storage and (2) carbon dioxide utilization. Carbon dioxide

This journal is © The Royal Society of Chemistry 2016
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utilization is preferable, as this could possibly add value to the
whole process. Owing to the fact, that hydrogen is already used
for iron carbonate reduction and available on-site, catalytic
carbon dioxide hydrogenation (CCDH) is suggested (green
frame in Fig. 8). The reduction reactor shown in Fig. 8 can
either be run with the stoichiometric amount of hydrogen
(n(H,) : n(FeCO3) = 1), or with excess hydrogen for the CCDH
reactor. A variety of products is accessible with CCDH:""™*°
methanol, methane, higher hydrocarbons via Fischer-Tropsch-
Synthesis, etc. Evaluation of the most suitable final product
depends on environmental and economic factors and is out of
the scope of this paper. Moreover, heat recovery can be
achieved by transferring the heat of reaction produced in
exothermal CCDH reactions, for instance methane synthesis
(eqn (10)) or higher hydrocarbon formation via RWGS and
Fischer-Tropsch synthesis (eqn (11)), to the reduction reactor.

COZ + 4H2—>CH4 + 2H20 ARH573 k= —177 k_] m0171 (4)

CO, + 3H, — -CH,  + 2H,0 ARH573 k= —128 k] m0171
(5)

Baldauf-Sommerbauer et al.”® could show that reductive cal-
cination of mineral magnesium carbonate in 90% hydrogen
produces a temperature- and pressure-dependent mixture of
CO, CH,, and CO,. Jagadeesan et al. revealed that synthetic
(Fe,Ca)(CO3), can be directly converted into methane®® and
C1-C3 hydrocarbons®® when heated to 300-600 °C in 100% H,
flow. Thus, it can be expected that partial conversion of carbon
dioxide into CO, CH,, and/or higher hydrocarbons is possible
already in the reduction reactor.

l,48

Conclusions

The production of iron and steel is one of the most energy-
and emission-intensive industrial branches worldwide.
Consequently, CO, breakthrough technologies have to be deve-
loped and improved to substantially decrease the CO,° emis-
sion from this sector. The direct hydrogen reduction of
mineral iron carbonate was proven feasible and can be con-
sidered such a breakthrough technology that could foster
green steelmaking. Multi-parameter kinetic models (Cn-X,
Bna) can be applied to predict the conversion of mineral iron
carbonate into iron and matrix calcium, magnesium, and
manganese carbonate into oxides. The iron carbonate
reduction to iron can be described with the two-dimensional
Avrami-Erofeev A2 model. As a consequence, a temperature
controlled nucleation and diffusional growth mechanism for
iron formation from iron carbonate in hydrogen atmosphere is
proposed. Compared to the state-of-the-art, iron carbonate
beneficiation via direct hydrogen reduction can save up to
60% of the CO, emissions and 33% of the reducing agent.
Compared to other metallurgical iron carbonate beneficiation
processes (BF, DIOR), direct hydrogen reduction can be run at
relatively low (400-500 °C) temperatures. Furthermore, a
concept is outlined to recycle inevitably produced carbon
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dioxide by catalytic carbon dioxide hydrogenation (CCDH).
Exothermal CCDH reactions can provide the necessary heat for
direct hydrogen reduction of mineral iron carbonate.

Abbreviations and symbols

AISI

BF

BOF

CCDH

CS

CO,°
COURSE 50

DIOR
ICP-OES

IPCC
KAS
MCO,

MO

OFW
OM

P
POSCO
R

TG
ULCOS
XRD

a

QFe,calc
-1
Ay S

A, s

iy Kmin~
ARG®, k] mol™*
AgHy, k] mol™

1

Am, %

Amrgi, %
ArnFeCO3,Fey %
Amyico,mo, %

d;
Ey, k] mol™

E,, k] mol™

fla)

American iron and steel institute

Blast furnace

Blast oxygen furnace

Carbon dioxide hydrogenation
Concentrated siderite

Carbon dioxide equivalent

CO, ultimate reductions in steelmaking
process by innovative technology for cool
earth 50

Direct iron oxide reduction

Inductively coupled plasma optical emis-
sion spectroscopy

Intergovernmental panel on climate change
Kissinger-Akahira-Sunose

Calcium, magnesium, and manganese car-
bonate present in OM

Calcium, magnesium, and manganese
oxide produced from MCO; present in OM
Ozawa-Flynn-Wall

Original mineral

Product

Pohang iron and steel company

Correlation coefficient

Thermogravimetry

Ultra-low carbon dioxide steelmaking

X-ray diffraction

Conversion

Fractional conversion for total iron carbon-
ate reduction (eqn (9))

Frequency factor determined with a model-
free/isoconversional method

Frequency factor

Heating rate of the /™ temperature program
Standard free energy of reaction

Reaction enthalpy at temperature 7 and
1.013 bar

Mass change: negative for loss, positive for
gain

Mass change for i step of the thermo-
gravimetric curve

Mass loss for the direct hydrogen reduction
of the iron carbonate content of CS to iron
Mass loss for the conversion of Ca-, Mg-,
and Mn-carbonates of CS to oxides

Degrees of freedom for model i
Model-free/isoconversional
energy

Activation energy

Reaction model

activation
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h Number of linear heating rate scans
KT), Ks™" Arrhenius 5 temperature dependency:
k(T) = A*err

Keat Parameter for autocatalysis model Cn-X

m, wt% Mass

MW, g mol ™ Molecular weight

n Reaction order

NAR Parameter for Avrami-Erofeev reaction
model

r Parameter for expanded Prout-Tompinks
model Bna

Rgas, ] mol ™" K™ Ideal gas constant

T, °C/K Temperature

T, min Time

v Number of data points

y Measured value

wfi, % Mass fraction of compound ¢
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