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Industrial CO, emission mitigation necessitates holistic technology concepts; especially in high-emission industrial sectors
like the iron and steel industry. A novel direct reduction technology with hydrogen reduces CO, emissions in iron produc-
tion from siderite ore by more than 60 %. Subsequent valorization of the process gas, consisting of unconverted hydrogen,
carbon monoxide, and CO,, by catalytic hydrogenation to methane and methanol completes the technology concept. This

route gives access to CO, emission-lean iron production from siderite ore, fossil-free methane and methanol synthesis,

and thus, improved energy density of the energy carrier hydrogen.
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1 Introduction

Carbon dioxide (CO,) emission mitigation is a topic of
global concern. Industry accounts for one third of overall
anthropogenic CO, emissions, and in turn, iron and steel
production is responsible for 13-25 % of the industrial sec-
tor’s contribution [1]. Even though the global industrial
CO, emissions reduced by 37 % from 1376.4 Mtco, eq:r1 in
1990 to 866.1 Mtco, eqa*1 in 2014, the CO, concentration
in the atmosphere has continued to increase. In 2019, the
average CO, concentration in the atmosphere was
410 ppm [1,2]. Global steel production increased from
1.44 Gt in 2010 to 1.88 Gt in 2020 [2]. The total Austrian
production was 5.3 Mt of pig iron and 6.8 Mt of crude steel
in 2020 [3].

The Austrian iron and steel production rely beside im-
ported iron oxide ore on mineral iron carbonate from the
deposit at the Erzberg in Styria (Austria). This mineral iron
carbonate, hereinafter referred to as siderite ore, consists of
three main carbonate components. These are the two iron-
bearing components siderite, FeCO; with partial Mg and
Mn substitution, and ankerite (Ca,Fe,Mg . Mny)COj3 as well
as dolomite (Ca,Mg)(CO3),. Due to its carbonate character,
processing of siderite ore is challenging. The state-of-the-art
process is based on a two-step route with calcination in a
sinter plant and consecutive reduction in the blast furnace.
In the first step, siderite is calcinated in air to release CO,
and form hematite (Fe,Os, Eq.(1)). In the second step,
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hematite is reduced to pig iron in the blast furnace using
carbon monoxide (CO) from coke as reducing agent
(Eq.(2)).

4FeCO3 + Oz —> 2F8203 + 4C02 ARHO = —261 k] I'l'10171
oy

Fe203 + 3CO —2Fe =+ 3C02 ARHO =24 k] 1’1’101_1
2

This process emits 1.8-2.0t CO, per t steel by the use of
coke to provide the reducing agent and as energy source
[4]. It is not expected that steel production and demand will
decrease significantly on a global scale within the 21st cen-
tury. Thus, the search for measures to substantially reduce
the high level of CO, emissions in the iron and steel indus-
try is a high priority task. Basically, it is conceivable to
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increase steel recycling and scrap use. Though an increase
of steel recycling is expected, it will not be sufficient to cover
the demand - projections estimate that recycled steel will
meet 44 % of the total steel demand by 2050 [5]. A com-
bined approach of maximizing steel recycling from scrap
and new low-emission iron and steelmaking technologies
from iron ore, so-called CO, breakthrough technologies, is
urgently needed to meet the demand of substantially less
CO, emissions.

A promising alternative to the conventional two-step
process is the direct reduction of siderite ore with hydrogen
(H,) in one process step (Eq.(3), simplified reaction equa-
tion without consideration of reduced carbon species)
[6-8]. The use of hydrogen is highly promoted for sustain-
able, future-oriented iron and steel production. However,
until now mainly the reduction of iron oxide ore has been
considered. For siderite ore, this implies oxidation to hema-
tite and, thus, transfer from oxidation state Fe™ to oxida-
tion state Fe®, prior to reduction to elemental iron Fe*’.
When iron carbonate (Fe*?) is directly reduced to elemental
iron, this reduces the amount of the necessary reducing
agent hydrogen by 33 % and lowers CO, emissions by more
than 60 %; simply due to the reaction stoichiometry. The
process gas of the direct reduction of siderite ore does not
only consist of the released CO, but is partially upgraded by
in-situ formation of reduced carbon species, such as CO,
methane (CH,), and methanol (CH;OH) (Eq. (4)), together
with excess hydrogen [7,9]. The individual reaction equa-
tions for dedicated product formation and their standard
reaction enthalpies AgH' at 298 K can be found in the Sup-
porting Information.

FCCO3 + H2 — Fe =+ H20 =+ C02 ARHO =61 k] I'1'10171
3)

(a + b)FeCO; + [(a +b) (g + d) + b} H, >
aFeO + bFe + (a +b)CH.O; 4 + [b + d(a + b)|H,0

(4)

To further reduce CO, emissions and establish a CO,
emission-lean pathway for iron production from siderite
ore, a holistic technology concept is required. Besides the
origin of the reducing agent hydrogen, further use of the
process gas from the direct reduction step needs to be con-
sidered. Possible sources for green hydrogen are the elec-
trolysis of water with excess energy from wind and solar
power plants at peak production times, and photocatalytic
water splitting with sunlight and ruthenium catalysts [10].
Suitable valorization strategies to upgrade the CO/CO,-rich
process gas are catalytic CO/CO, hydrogenation to methane
and methanol. Methane and methanol synthesis through
CO/CO; hydrogenation can handle a wide range of feed gas
compositions and are capable of achieving high carbon-
based conversions and product selectivities. Methane and
methanol easily release hydrogen by steam reforming,
making them highly feasible for fuel cell powering. Existing
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distribution networks such as natural gas pipelines and fuel
stations could be used to provide methane and methanol
for customers. Further, they can be used as marine fuel
[11,12] and to provide electricity in remote regions, as gas
turbines successfully run on methane and methanol
[13, 14]. Besides its usage as a solvent for paints, plastics,
and adhesives, the bulk chemical methanol is feedstock for
the production of many chemicals, such as formaldehyde,
ethylene, propylene, methyl tertiary-butyl ether, and acetic
acid.

The efficiency of catalytic CO and CO, hydrogenation
highly depends on the choice of the catalyst. Ni-based cata-
lysts have proven successful for methane synthesis [15, 16],
whereas Cu-based catalysts have been applied for methanol
synthesis [17-20]. To close the raw material cycle and pro-
vide a complete technology concept for iron production
based on the direct reduction of siderite ore, MgO stands
out as a suitable carrier material for the catalytically active
components Ni and Cu. Due to its CO, adsorption capacity
it gives access to bifunctional catalysts [21-25]. At the
end of their lifetime, the spent Ni/MgO and Cu/MgO cata-
lysts from methane and methanol synthesis, respectively,
can easily be recycled in the blast-oxygen furnaces in the
steel and copper industry, as MgO acts as a suitable slag-
former.

So far, all process steps have been examined and reported
individually. The aim of this paper is to put the findings to
date into a broader context, to combine them and illustrate
a holistic technology concept. The concept is based on
direct reduction of siderite ore with hydrogen, followed by
valorization of the process gas through CO/CO, hydrogena-
tion to methane or methanol. The proposed concept pro-
vides a CO, emission-lean alternative to the conventional
two-step pig iron production process of siderite ore calcina-
tion in the sinter plant followed by reduction in the blast
furnace (Fig. 1).

2 Direct Reduction of Siderite Ore
with Hydrogen

Mineral iron carbonate from the Austrian Erzberg consists
of two iron-bearing components, siderite and ankerite. Both
iron-bearing species can be reduced to elemental iron in
hydrogen atmosphere at relatively low temperatures of
673-773 K [6-8]. The concomitant carbonates, magnesium
carbonate, manganese carbonate, and calcium carbonate,
are calcined to their respective oxides. Direct reduction with
hydrogen yields a high degree of metallization (Wgemer)
meaning the content of elemental iron (#1gemer) based on
the total iron content in the ore (#ge o, Eq. (5)) [26].

mFe,met (5)

WEe,met —
mFettot
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Figure 1. Technology concept for
CO, emission-lean iron production
through direct reduction of siderite
ore with hydrogen and valorization

_» Marine Fuel of the process gas through catalytic
o CO/CO, hydrogenation to methane
—> Electricity and methanol; for comparison: con-
ventional two-step pig iron produc-
> FuelCell tion process through calcination of
~ Chemi siderite ore to hematite in a sinter
emicals

plant and consecutive reduction in
the blast furnace.

2.1 Materials and Methods - Direct Siderite
Reduction

The total iron content of the siderite ore sample from the
Austrian Erzberg was 33.56wt%. A size fraction of
0.5-1 mm out of manual screen analysis was used for the
experiments. The experiments were performed in a stainless
steel fixed-bed tubular reactor (Parr Instrument Company)
with a reactor length of 800 mm and an inner diameter of
25mm in semi-continuous mode. 100 g of the siderite ore
sample were placed in the middle of the reactor. The feed
gas composition (H,/N, = 90:10 (v/v)) at the reactor inlet
was adjusted by two mass flow controllers. A feed gas flow
rate of 0.048m’h™' (STP) was used. The reactor was
equipped with a heating jacket. The temperature inside the
reactor was measured by six thermocouples. The process
gas stream was cooled at the reactor exit with two heat
exchangers (set to 273 K). Water was the only condensable
product, which was separated from the gas stream in two
condensate tanks. The dry product gas was analyzed by a
multi gas analyzer (ABB Uras26 for CO,, CO, and CHy;
ABB Caldos27 for H,). A detailed description of the experi-
mental setup and procedure is given in Loder et al. [26].

2.2 Results - Direct Siderite Reduction

For industrial implementation, temperatures of 873-1023 K
are sufficient for direct reduction of siderite ore with hydro-
gen. The experimental studies in the lab-scale fixed-bed tu-
bular reactor have shown that complete FeCO3 conversion
from siderite and ankerite is possible with a degree of met-
allization of >80% at a temperature of 873K (reduction
time of 5.6h). The remaining iron was present as partially
reduced wiistite (Fe;_O) [26]. Increasing the reduction
temperature above 873K resulted in an increase of the
degree of metallization up to 92% at 1023 K, while the
reduction time decreased to 2.5h. The reduction was
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stopped when the process gas composition at the reactor
exit (Pprocessgas) Was indistinguishable from the feed gas
composition (@reeq). The effect of the reduction tempera-
ture on the reduction time until no further change in com-
position in the process gas stream was noticeable is depicted
in Fig.2. Below 873K, FeCO; from siderite and ankerite
was only partly converted. Exceeding the reduction time at
873K from 5.6h up to 11h did not show any significant
effect on the degree of metallization (Fig. 3).

High flexibility concerning the availability of the reducing
agent hydrogen is crucial to establish a technology concept
for the production of iron through direct reduction of sider-
ite ore with hydrogen. The flexibility of the direct reduction
process regarding the hydrogen concentration in the feed
gas stream was investigated by Loder et al. [26] through
variation of the feed gas ratio of hydrogen to nitrogen
(H,/N,) from 90:10 to 55:45 (v/v), and the admixture of
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Figure 2. Effect of the reduction temperature on the reduction
time until the process gas composition at the reactor exit is in-
distinguishable from the feed gas composition. Process condi-
tions: fixed-bed tubular reactor, feed gas ratio of Ho/N, = 90:10
(v/v), feed gas flow rate Veeeq = 0.048 m*>h™' (STP), mass of sider-
ite ore ms;y = 100 g, ambient pressure. The temperature is
shown as mean values with a standard deviation of +0.8 %.
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Figure 3. Effect of increased reduction time on the degree of
metallization for direct reduction of siderite ore with hydrogen
at 873 K. Process conditions: fixed-bed tubular reactor, feed gas
ratio of Ho/N, = 90:10 (v/v), feed gas flow rate Vieeq = 0.048 m*h™"
(STP), mass of siderite ore ms;q = 100 g, ambient pressure.

methane (15-80vol %) and CO, (27-63vol %) to the feed
gas stream. The degree of metallization did not vary sig-
nificantly with varying hydrogen concentration and
methane admixture, implying a high flexibility of the
process for fluctuating hydrogen availability. Admixture of
CO; to the feed gas favored magnetite (Fe;O,) formation
and, thereby, decreased the degree of metallization signifi-
cantly.

The composition of the process gas from the direct reduc-
tion process is important for its further utilization. A tailor-
made process gas composition is possible through precise
adaption of the process parameters reduction temperature,
pressure, and feed gas composition. Higher reduction tem-
perature and low pressure favor CO formation, whereas
methane formation is favored at lower temperature and
high pressure [7]. At atmospheric pressure, methane and
methanol formation are negligible (below 0.05vol %). The
temperature influence on the to-

Figure 4. Effect of the reduction temperature on the process
gas ratio of CO,/CO for direct reduction of siderite ore with hy-
drogen. Process conditions: fixed-bed tubular reactor, feed gas
ratio of Hy/N, = 90:10 (v/v), feed gas flow rate Vieeq = 0.048 m>h™"
(STP), mass of siderite ore ms;q = 100 g, ambient pressure. The
temperature is shown as mean values with a standard deviation
of 0.8 %. The process gas ratio of CO,/CO is also shown as
mean values with a standard deviation of +1.5 %.

tubular reactor in semi-continuous mode (fixed siderite ore
sample, continuous feed gas supply), the process gas com-
position along a continuous reduction reactor was simulat-
ed. In the experimental study, siderite ore was reduced with
a degree of metallization of 92 % in a feed gas stream with a
ratio of H,/N, of 90:10 (v/v) for 2.5h at 1023 K. Plug flow
behavior with continuous co-current supply of siderite ore
and feed gas was assumed. Fig.5 depicts the process
gas composition over the residence time in the reactor
(= reduction time). Under these process conditions, siderite
ore conversion to elemental iron and wiistite is complete
and a degree of metallization of 92 % is obtained. The pro-
cess gas contains 76.0vol% H,, 10.1vol% N,, 9.7vol %
CO,, 4.1vol% CO, and traces of methane (below
0.05vol %). At steady-state operation, the simulated process
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Figure 5. Simulated process gas composition along a continuous reduction reactor. Process con-
ditions: co-current supply of siderite ore and feed gas with a ratio of Hy/N, = 90:10 (v/v), degree
of metallization Wge met = 92 %, ambient pressure.
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gas from the continuous reduction reactor adopts a ratio of
CO,/CO of 2.3:1.

To fulfill the requirement of CO, emission-lean iron pro-
duction, the process gas composition may be adapted by
varying the process parameters temperature, pressure, and
feed gas composition in a first step. In a second step, the
process gas may further be upgraded through methane
synthesis or methanol synthesis by catalytic CO and CO,
hydrogenation.

3 Process Gas Valorization

Changing the iron production route with siderite ore from
the conventional two-step process to the direct reduction
technology reduces the CO, emissions by more than 60 %,
solely due to the stoichiometry of reaction. However, to
further mitigate CO, emissions, it is necessary to utilize and
upgrade the process gas, which contains unconverted
hydrogen, CO,, CO, and traces of methane, besides, if pres-
ent, the inert component nitrogen. The high concentration
of unconverted hydrogen in the process gas is predestined
for its use for catalytic CO and CO, hydrogenation. Meth-
ane and methanol are potential hydrogenation products.
Methane synthesis from CO and CO, is extensively dis-
cussed in the literature, as it provides a possible route for
renewable energy storage [15, 16, 21, 22, 27]. Methanol is a
bulk chemical with an annual production rate of 90 million
tons [28]. Apart from its role as energy carrier, it is used as
a solvent and feedstock for the production of chemicals.
State-of-the-art methanol production relies mainly on
syngas conversion, which origins from fossil fuels. A shift
towards CO, as raw material is inevitable for sustainable
methanol synthesis.

The hydrogenation reactions of CO and CO, to methane
(Egs. (6) and (7)) and methanol (Egs. (8) and (9)) are both
exothermic and volumetric contractive. A partial reduction
of CO, to CO via the endothermic reverse water-gas shift
(RWGS) reaction is, especially for methanol synthesis, an
unwanted side reaction (Eq. (10)).

CO + 3H2 = CH4 + H20 ARHO = —206 k] 1’110171 (6)

COZ + 4H2 - CH4 —+ 2H20 ARHO = —165 k] 11'10171
7)

CO +2H, = CH;0H ARH® = —91 kJ] mol™! (8)

COZ + 3H2 - CH3OH =+ Hzo ARHO = —50 k] IT10171
)

CO, +H, = CO+ H,0 AgH" =41 kJ mol™! (10)

For industrial application, high CO/CO, conversions and
high product selectivity are required. Besides the appropri-
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ate choice of catalyst, the process conditions need to be cho-
sen according to the chemical thermodynamics of the pre-
ferred reaction pathway. In Fig.6, the standard Gibbs free
energies of reaction (ARGYY) are depicted for the hydrogen-
ation of CO and CO, to methane and methanol and the
RWGS reaction in a temperature range of 273K to 1273 K.
The basic challenge for methanol synthesis by CO and CO,
hydrogenation are the positive AxG1’ values above 409 K
for CO hydrogenation and throughout the whole tempera-
ture range for CO, hydrogenation. For methane synthesis
from CO and CO,, ARG’ is negative up to 893K and
864 K, respectively. According to the principle of Le Chate-
lier, high pressure and low temperature favor CO and CO,
hydrogenation to methane and methanol. Especially for
methanol synthesis, the choice of specific reaction condi-
tions to increase the reactant conversion and product selec-
tivity is highly important for its economic success.

300
—— CO,+3H, = CH,;0H +H,0
250~ o +2H, = CH,0H
200 |- - - - CO,+ H, = CO+H,0 =
< 1504|777 CO,+4H, = CH,+2H,0
Q —--= CO +3H, = CH, + H,0 =
€ 100 =
= Pt
% 50 ) ;.,-v“""/'
<1‘= 0 2 YA
-50 4
-100
-150 — T T T T
300 500 700 900 1100 1300
T/K

Figure 6. Standard Gibbs free energies of reaction (ARGTY) for
the reverse water-gas shift (RWGS) reaction and the hydrogena-
tion of CO and CO, to methane and methanol; data calculated
with HSC Chemistry 8 [29].

The feed gas composition is a further crucial factor. Even
though the composition of the process gas from the direct
reduction step can be tailored in a wide range, it is governed
by the optimum operating conditions for a high degree of
metallization and complete FeCOj; conversion. Thus, it dif-
fers from the industrial feed gas composition for conven-
tional methanol synthesis, where syngas with a high CO
and low CO, content is converted over Cu/Zn0O/Al,O; cat-
alysts. The most common industrial feed gas composition
for syngas conversion to methanol is given in Eq. (11) [28].
ny, — nco,

=2 (11)
nco — nco,

Similar to the state-of-the-art methanol production from
syngas, methane synthesis is mainly based on CO hydro-
genation [15]. It is well known that CO, is detrimental to
the hydrogenation to methane [30]. In feed streams with
both carbon oxides, CO inhibits CO, hydrogenation by
faster and stronger adsorption to the active Ni sites [31, 32].
To achieve comparable product yields and carbon-based
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conversions to the state-of-the-art methane and methanol
production from CO and syngas, the choice of suitable cata-
lysts is crucial when the process gas from direct siderite ore
reduction shall be used. As highly active industrial catalysts
for CO and syngas conversion to methane and methanol
are not as efficient for CO,-rich feed streams [30, 33], the
development of hydrogenation catalysts, that are capable of
handling high CO, concentrations while being selective for
methane or methanol is crucial. Moreover, for catalytic
valorization of industrial off-gas in general and the process
gas of the direct reduction of siderite ore in specific, cata-
lysts need to be easy to synthesize, robust under reaction
conditions, and easy to recycle.

Since high CO, concentrations in the feed stream are
detrimental when conventional catalysts are used, the cata-
lysts developed here were primarily tested for CO, hydro-
genation. The decision was made on the assumption that
the catalysts, when being efficient for CO, hydrogenation,
can be applied for both CO,-rich and CO-rich process
streams. MgO carrier material was found to be an apprecia-
ble CO, adsorber, initiating CO, hydrogenation to methane
by forming magnesium carbonate on the surface [24]. As
MgO is a slag-former, it can easily be recycled in the blast-
oxygen furnaces in the copper and steel industry and, thus,
fulfills the criterion of recyclability. To prove this concept,
bifunctional Ni- and Cu-based catalyst on MgO carrier
material were prepared by wet impregnation and success-
fully applied for CO, hydrogenation to methane and meth-
anol [21-23].

3.1 Materials and Methods - CO, Hydrogenation

For the catalytic hydrogenation experiments, hydrogen
(99.999 %), CO, (99.998 %), and nitrogen (99.999 %) sup-
plied by Air Liquide were used. The bifunctional Ni- and
Cu-based catalysts on MgO carrier material were prepared
by wet impregnation with nickel nitrate hexahydrate
(Ni(NO3),-6H,0, 99 %, p.a., Lactan), copper(II) nitrate tri-
hydrate (Cu(NOs3),-3H,0, = 99.5%, p.a., ACS), spherical
granulated MagGran© (4MgCO;5-Mg(OH),-4H,0, Ph. Eur,
Magnesia AG, Switzerland) with a particle size distribution
of 0-8 wt %: <150 um, 0-15 wt %: 150-250 pm, 55-80 wt %:
250-600 pm, and deionized water. Both catalysts were pre-
pared in four steps:
(1) Preparation of MgO: Calcination of MagGran© granu-
late in a muffle furnace (Heraeus M110) for 5h in air at
723 K followed by 2 h at 823 K (Eq. (12)).

4MgCO; - Mg(OH), - 4H,0 = 5MgO + 4CO, + 5H,0
(12)
(2) Wet impregnation: The calcined MgO was impregnated
with nickel or copper(II) nitrate solution, stirred in a
water cooled flask for 2 h, filtered off, and dried over-

night. The impregnation is described in detail in Loder
et al. [22] and Kleiber et al. [23].

www.cit-journal.com
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(3) Thermal decomposition: The Ni-based catalyst precur-
sor was calcined in the muffle furnace for 2h at 393 K
followed by 5h at 673 K (Eq. (13)). The Cu-based cata-
lyst precursor was calcined for 1h at 423K followed by
5hat 723K (Eq. (14)).

Ni(NOs), - 6H,0 = NiO + 2NO, + 6H,0 (13)
Cu(NO3), - 3H,0 = CuO + 2NO, + 3H,0 (14)

(4) Reduction (catalyst activation): The NiO/MgO powder
was reduced (Eq.(15)) in a tubular reactor for 4h at
773 K with a feed gas ratio of H,/N, = 90:10 (v/v) and a
flow rate of 0.030 m*h™" (STP). The CuO/MgO powder
was reduced (Eq. (16)) in a semi-continuous tank reac-
tor for 3.5h at the reaction conditions of the CO,
hydrogenation experiments to methanol (573K and
5MPa). At these temperatures, reduction of NiO to
elemental Ni and CuO to elemental Cu is complete.

NiO +H, = Ni+ H,0 ARG),5x = —45.6 kJ mol ™!
(15)

CuO +H, = Cu+ H,0 ARG = —120.3 kJ mol !
(16)

The experiments for CO, hydrogenation to methane were
conducted in the lab-scale fixed-bed tubular reactor from
Parr Instrument Company that was used for the reduction
of siderite ore. The Ni/MgO catalyst was placed in the
middle of the tubular reactor. The Ni load on the Ni/MgO
catalyst was varied between 11 and 27wt %. The reaction
temperature was altered between 533 at 648 K. The feed gas
flow rate was investigated in a range of 0.015 to 0.060 m’h™
(STP) (space velocity of 3.75 to 15.0 m"’h’lkg’l). The feed
gas ratio of H,/CO, (v/v) was varied between 3:1 and 5:1.
As for the direct reduction experiments, the gaseous prod-
ucts were monitored by an online gas analyzer with a
Caldos27 thermal conductivity analyzer and an Uras26 in-
frared photometer from ABB. The condensable by-products
were analyzed with a Shimadzu TOC-L CPH total organic
carbon analyzer.

The experiments for CO, hydrogenation to methanol
were performed in a semi-continuous tank reactor (Biichi
Glas Uster Limbo350) with external condensation of con-
densable products and external recycle for unconverted
gaseous reactants. The reactor set up is described in detail
in Kleiber et al. [23]. The Cu/MgO catalyst was placed
inside the reactor. The reactor was pressurized with a
stoichiometric feed gas ratio (H,/CO, = 3:1 (v/v)) to 5 MPa
and heated to 573 K. During the 48-h lasting experiments, a
constant gas flow rate of 0.01 m*h™! (STP) was induced by a
gas circulation pump. The experiments were carried out in
3-h cycles, which were characterized by a decrease of the
reaction pressure due to the consumption of reactants and
the condensation of condensable products, followed by
re-pressurizing with a stoichiometric feed of hydrogen and

Chem. Ing. Tech. 2022, 94, No. 5, 701-711
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CO, (H,/CO, of 3:1) to a reaction pressure of 5 MPa. Gas
samples were taken after each interval and analyzed by
micro gas chromatography with an Agilent/Inficon
microGC 3000. The liquid product was analyzed by a
Shimadzu GC2010plus gas chromatograph with a flame
ionization detector and a ZB WAXplus column with an
inner diameter of 320 um, a length of 60 m, and a thickness
of 0.5 um.

3.2 Results— Methane Synthesis

To investigate methane synthesis through CO, hydrogena-
tion on Ni/MgO catalysts, the effects of Ni load
(11-27 wt %), space velocity (3.75 to 15.0 m3h'1kg'1), feed
gas ratio (H,/CO, from 3:1 to 5:1), and reaction tempera-
ture (533 to 648 K) were investigated at ambient pressure
[21,22]. The results are depicted in Tab. 1 and Figs. 7 and 8.
The highest CO, conversion of 87 % with a selectivity for
methane of > 99 % was achieved with the 27 wt % Ni/MgO
catalyst at a space velocity of 3.75m’h"'kg™". The feed gas
ratio of H,/CO, of 5:1 resulted in the highest CO, conver-
sion of > 99 % at a space velocity of 3.75 m’h kg ".

At constant reaction temperature, experiments with a stoi-
chiometric feed gas ratio (H,/CO, = 4:1) and a constant space
velocity of 3.75m’h kg™ showed increasing CO, conver-
sions for catalysts with increasing
Ni load. At constant Ni load, the
CO, conversion increased with in-
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]
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A v m V,,=0015m*ht
50 v g 3 K1 [
® V.,.,=0030m’h
40 A V. ,=0045mPht |
¥ Vpeeq=0.060 m* h?
30 T T T T T
525 550 575 600 625 650 675
T/K

Figure 7. Effect of the reaction temperature and the feed gas
flow rate on CO, conversion for CO, hydrogenation to methane
with a bifunctional Ni/MgO catalyst (27 wt % Ni). Process condi-
tions: feed gas ratio of H,/CO, = 4:1 (v/v), catalyst mass

Mcat = 4.0 g, space velocity of 3.75 to 15.0m*h'kg™". The tem-
perature is shown as mean values with a standard deviation of
0.8 %. The CO, conversions are also shown as mean values
with a standard deviation of £1.5 %.

With the experimental results, a kinetic reaction model
based on a Langmuir-Hinshelwood rate law was developed
by Loder et al. [22] (Eq.(17)). In the kinetic model, the
bifunctional catalytic action of the Ni/MgO catalysts was
considered. For all Ni/MgO catalysts, the activation energy

Table 1. Experimental parameters for catalytic CO, hydrogenation to methane with Ni/MgO
catalysts; ambient pressure, stoichiometric feed gas ratio H,/CO, = 4:1 (v/v).

creasing reaction temperature ap-

proaching the thermodynamic Catalyst Temperature  Feed gas flow rate Space velocity  CO, conversion
equilibrium conversion. The ex- W [WE %] m [g] T K] Vieea [m°h! (STP)] [m*h kg™ Xco, (%]
perimental parameters are listed

in Tab. 1. 27 40 533 0.015 3.75 742

With increasing feed gas flow 57 40 563 0.015 3.75 81.9
rate, the conversion of CO, de-

. . 27 4.0 598 0.015 3.75 87.1
creased as the residence time of
the reactants was shorter (Fig.7 27 4.0 648 0.015 3.75 81.3

o .

for 27wt% Ni/MgO catalyst). 40 533 0.015 375 56.8
With increasing temperature, the
conversion of CO, increasedupto 21 4.0 563 0.015 375 74.2
598 K and then decreased. The 21 4.0 598 0.015 3.75 79.9
highest CO, conversion of 87 % 5 o 618 o ;
was obtained at 598 K with a feed ! 4 4 015 73 775
gas flow rate of 0.015 m’h™ (STP). 17 12.0 533 0.045 3.75 17.9
The selecthl.ty to methgne (Scu,) 17 12.0 563 0,045 375 414
was > 99 % in all experiments.

The effect of the feed gas ratio 17 12.0 598 0.045 3.75 70.0
on the conversion of C02 was 17 12.0 648 0.045 3.75 77.7
investigated for feed gas ratios of
H,/CO, of 3:1 to 5:1 and various 1 120 >33 0.045 375 188
feed gas flow rates (Fig.8 for 11 12.0 563 0.045 3.75 27.5

. .
27wt% NUMgO catalyst at 12.0 598 0.045 3.75 455
598 K). The CO, conversion in-
11 12.0 648 0.045 3.75 71.9

creased with decreasing feed gas
flow rate for all feed gas ratios.
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Figure 8. Effect of the volumetric feed gas ratio H,/CO, on CO,
conversion with a bifunctional Ni/MgO catalyst (27 wt % Ni).
Process conditions: reaction temperature: T=598K, ambient
pressure, catalyst mass mc, = 4.0 g, space velocity of 3.75 to
15.0m>h~'kg™". The temperature is shown as mean values with a
standard deviation of 0.8 %. The CO, conversions are also
shown as mean values with a standard deviation of +1.5 %.

was constant and the frequency factor correlated linearly
with the Ni load [22]. This led to the assumptions that dif-
ferent Ni load does not have an effect on the reaction mech-
anism, but the activity of the Ni/MgO catalysts depends on
the number of available Ni sites. For the by-product water,
a retarding effect on the rate of reaction was found.

dXco,  kior cco,cH, — Krev CcH,CH,0

The study demonstrated the high efficiency and selectivity
of the Ni/MgO catalysts for methane synthesis from CO,. A
further study from Baldauf-Sommerbauer et al. [21] showed
good results regarding the long-term stability of the catalysts,
which render them promising catalysts for CO, valorization
to methane. Methane synthesis in the process gas from direct
reduction of siderite ore does not only prevent CO, emissions
during iron production but also provides an efficient means
for hydrogen storage as methane may act as hydrogen-based
energy carrier [34]. Additionally, the main advantage of Ni
catalysts with MgO carrier material, direct recycling of spent
catalyst in the oxygen blast furnace, has to be outlined.

3.3 Results — Methanol Synthesis

For methanol synthesis by CO, hydrogenation, the activity
of Cu/MgO catalysts (38 wt % Cu) was investigated in 48-h
experiments that were split in 3-h cycles (intervals) at 573 K
and 5MPa. Within the first 24h of the experiments, in-
creasing amount of CO was formed up to a volumetric frac-
tion of 16 vol %. In the following 24 h of the experiments,
the volumetric fractions of hydrogen, CO, and CO, did not
change significantly. Based on the gas phase compositions,
the hydrogen and CO, conversions and CO and methanol
selectivities were calculated for each interval and the overall
experiment. An overall relative CO, conversion (Xco,) of
76 % and an overall methanol selectivity (Scy,on) of 59 %
were obtained with the 38 wt % Cu/MgO catalyst. The re-
sults showed that steady-state operation was not fully

= 17)
dt 1 + Ky,0 H,0 achieved during the experiment, as the interval selectivity
for methanol steadily increased up to 88 % in the last inter-
val (Fig.9). The Cu/MgO catalyst showed high potential
20 100
18+ A X, = = 90
16 " Scwyon = e = - 80
1 u
14 n 70
1 u
| |
W 12 60
o 1 ] ~
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g o] i SN A A A A &
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Figure 9. CO, conversion normalized by the interval time and methanol selectivity for methanol synthe-
sis by CO, hydrogenation with a bifunctional 38 wt % Cu/MgO catalyst in a semi-continuous tank reactor
with external condensation and recycle of unconverted gaseous reactants. Process conditions: reaction
time t = 48 h, reaction temperature T = 573K, reaction pressure P =5 MPa, feed gas ratio of H,/CO, = 3:1
(v/v). The normalized CO, conversion and methanol selectivity are shown as mean values with a stan-

dard deviation of £1.5 %.
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and high catalytic activity for CO, hydrogenation and even
increased its selectivity during operation. This enables
Cu/MgO catalysts to be used for the catalytic hydrogenation
of the CO/CO,-rich process gas from direct reduction of
siderite ore. Spent Cu/MgO catalysts are easily recycled in
the copper blast furnace.

Methanol synthesis by catalytic hydrogenation of the
CO/CO,-rich process gas from direct reduction of siderite
ore substantially decreases CO, emissions in the novel iron
production pathway. This process step may contribute deci-
sively to fossil-free methanol production and improves the
energy density as a hydrogen-based energy carrier by one
order of magnitude [35].

4 Summary and Conclusion

A holistic technology concept for CO, emission mitigation
in iron production from siderite ore was proposed. When
the conventional two-step iron production route with calci-
nation of siderite ore to hematite and consecutive reduction
in the blast furnace is circumvented by a one-step direct
reduction process with hydrogen, CO, emissions drop by
more than 60 %. Compared to hematite reduction with
hydrogen, the amount of the reducing agent hydrogen is
reduced by 33 % when siderite is directly reduced. Valoriza-
tion of the process gas, mainly consisting of unconverted
hydrogen, CO, and CO,, by catalytic hydrogenation to
methane and methanol enables the production of iron from
siderite ore to proceed with low CO, emissions. With green
hydrogen, it gives access to fossil-free production of
methane and methanol, and thus, hydrogen-based energy
carriers with improved energy densities.

During direct reduction of siderite ore, complete conver-
sion of the iron-bearing components siderite and ankerite
was possible with a degree of metallization of >80 % at a
reduction temperature of 873 K. At elevated reaction tem-
perature of 1023 K, the degree of metallization increased to
92 %. Neither variation of the feed gas ratio of H,/N, from
90:10 to 55:45 (v/v) nor the admixture of methane
(15-80vol %) showed a significant effect on the degree of
metallization. The admixture of CO, (27-63vol %) to the
feed gas stream favored magnetite formation instead and,
thereby, decreased the degree of metallization. Precise adap-
tion of the process parameters reduction temperature and
feed gas composition allow for assembling a tailor-made
process gas with specific CO,/CO ratios.

For further valorization of the process gas, catalytic CO,
hydrogenation to methane and methanol was suggested
with bifunctional Ni/MgO and Cu/MgO catalysts, respec-
tively. These bifunctional catalysts showed high catalytic
activity and selectivity for methane and methanol in CO,
conversion. In the next step, the catalytic activity of both
bifunctional catalysts will be validated for CO-containing
process gas from direct siderite ore reduction.

Chem. Ing. Tech. 2022, 94, No. 5, 701-711

© 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

The combination of the novel direct reduction process
with catalytic hydrogenation of mixed CO/CO, process gas
streams to methane and methanol using catalysts on MgO
carrier material provides a complete technology concept for
CO, emission-lean iron production from siderite ore. It
enables resources to be used efficiently and allows to close
the material cycle through valorization of the process gas
and recyclability of spent catalyst material.
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I Symbols used

c [molL™'] molar concentration
ARGy® [k mol™] standard Gibbs free energy of
reaction at temperature T'

AgH® [kJ mol™'] enthalpy of reaction
K [-] equilibrium constant
m [g] mass

n [mol] amount of substance
P [MPa] pressure

S [%] selectivity

t [h] (reaction) time

T [K] temperature

Vv [m*h™']  volumetric gas stream
WEe.met [wt %] degree of metallization
X [%] relative conversion

I Greek letter

® [vol %]  volumetric gas composition

I Sub- and superscripts
a,b, ¢, d, 1-x stoichiometric coefficients

cat catalyst
Fe,met elemental (metallic) iron
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