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The influence of impurities in steel mill exhaust gases on ternary Cu/ZnO/Al2O3 catalysts was studied for conventional

methanol synthesis, which is one of the central reactions within the cross-industrial approach of Carbon2Chem�. A series

of hydrocarbons was identified as inert spectators for methanol synthesis. Several catalyst poisons like N-containing com-

pounds or O2 show reversible characteristics at low pressure. However, by increasing the partial pressure of O2, poisoning

becomes irreversible, indicating different poisoning mechanisms concerning the reversibility of deactivation.
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1 Introduction

The global temperature increase caused by the cumulative
CO2 emissions in recent years implies an urgent demand to
reduce the greenhouse gas released from industry in order
to achieve the long-term temperature stabilization goal [1].
In the light of the Paris agreement, the German federal
government will continue to lay down the further reduction
steps up to the year 2050 to become carbon neutral [2, 3].
Accordingly, many efforts have been devoted from both
academia and industry to eliminate the greenhouse gas
[4, 5]. Among those, methanol synthesis appears to be one
of the most promising processes to transform carbon
dioxide to a widely used platform molecule [6], which
already plays a critical role in the refinery factories as an
important intermediate to produce bulk chemicals and
transportation fuels [7]. Thus, methanol produced from
CO2 could be readily integrated into the current value chain
of the petroleum industry [8].

Up to date, the almost exclusively applied heterogeneous
catalyst for methanol production from synthesis gas mix-
tures (CO2, CO, H2) is the ternary Cu/ZnO/Al2O3 catalyst,
which was first developed and patented by Imperial Chemi-
cal Industries Ltd (ICI) in the 1960s [9, 10]. During about
60 years of efforts to improve this catalyst, a carbon efficien-
cy of 83 % and methanol selectivity >99.8 % have been
achieved with energy efficiencies of 70–75 % [11, 12]. There-
fore, this well-known technology provides a good starting

point for the application of industrial off-gases as raw mate-
rial for the production of bulk chemicals. Considering the
fact that the CO2 footprint related to steel mills across the
world accounts for 5–7 % of the global CO2 emission
[13, 14], the catalytic conversion of these exhaust gases
would contribute significantly to the goal of climate neutral-
ity. The state-of-art steel mills generate several gas streams
that differ in composition with respect to the reactants CO,
CO2 and H2 [14, 15]. These potential sources of raw gases
can be distinguished by their total amounts and availabil-
ities. Numerous case studies showed that steel-work exhaust
gases can be utilized with economic and environmental
benefits due to the systemic use of renewable energy for
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generating H2 [15, 16]. However, current industrial
Cu/ZnO/Al2O3 catalysts are optimized for the conversion
of highly purified feedstocks obtained by, e.g., steam
reforming of methane [6]. Thus, poisoning-induced deacti-
vation is a rare problem for conventional methanol synthe-
sis. As a high number of potential impurities at ppm or ppb
levels are present in the exhaust gases from steel mills
[8, 18], new challenges have to be overcome applying these
gases as feedstock. As the H2 content in these gases is
usually low, additional H2 is required, which should ideally
originate from sustainable sources such as water electrolysis
to retain a positive carbon footprint.

According to previous studies [19], the major potential
issues derived from the usually heteroatom-containing im-
purities include their reversible or irreversible adsorption
on the surface of the catalyst. This could block the active
sites for methanol production or modify the catalyst surface
morphology resulting in a lower catalytic activity and/or a
lower methanol selectivity [20]. The most studied case for
the conventional methanol synthesis from syngas is sulfur
poisoning, mainly by H2S, COS, SO2 and thiols [6], which
form adsorption equilibria between those S-containing
species depending on the reaction conditions. In previous
studies it has been shown that the ZnO component in
Cu/ZnO/Al2O3 catalysts can act as a self-guard part protect-
ing the active sites from sulfur poisoning to a certain extent
[6, 19]. However, when the mass fraction of sulfur exceeds
several weight percent of the catalysts, severe deactivation
will take place [21, 22].

Other known irreversible poisons are halides, heavy metal
carbonyls, P-containing compounds and AsH3. In addition,
small amounts of O2 are also problematic for metallic cata-
lysts [6]. Therefore, the removal of O2 from the gas stream
is mandatory. An established technique to remove O2 from
a gas mixture, in this case from coke oven gas, is pressure
swing adsorption [23, 24]. Leaving minor residuals of O2 in
the remaining gas, for a complete removal of O2 an addi-
tional deoxygenation step is required [12]. To the best of
our knowledge, regarding the impacts of other impurities in
off-gases from steel mills, such as hydrocarbons, aromatics,
polycyclic aromatics, O- and N-containing compounds on
Cu/ZnO/Al2O3 catalysts, there is no significant and system-
atical information reported in literature for gas-phase meth-
anol synthesis [23, 25]. This information is essential to
determine the applicability of using steel mill exhaust gases
as feedstock for methanol synthesis and, furthermore, to
transfer this technology to other industries releasing sub-
stantial amounts of CO2, like cement production, power
plants and chemical industry [26, 27].

In this study, various setups are applied within the
Carbon2Chem� framework in methanol synthesis from the
steel mill exhaust gases to explore the effect of poisoning on
the performance of the industrial Cu/ZnO/Al2O3 catalyst.
Initially, reproducibility tests were carried out in order to
ensure a meaningful comparison of the results obtained
with the different experimental setups. Afterwards, the

influence of possible contaminants was investigated by
dosing these substances into the feed gas mixture while
operating methanol synthesis. Based on the gathered
information and detailed analyses regarding trace com-
pounds in the steel mill exhaust gases the required gas
cleaning for their application in methanol synthesis can be
determined.

2 Experimental

An overview on the setups used in this work is given in
Tab. 1. The corresponding flow charts and the further
experimental procedure for the investigations on the impact
of impurities on the industrial Cu/ZnO/Al2O3 catalyst are
described in detail in the Supporting Information (SI). Fur-
ther information on the catalyst used in this study can be
found in a previous publication [28]. To ensure the compa-
rability of the results obtained with different setups applied
in the Carbon2Chem� project, a standardized benchmark
test was performed. Here, 0.2–1.0 g of catalyst mass (sieve
fraction of 250–355 mm) were mounted as fixed bed in the
isothermal zone of the tubular stainless-steel reactors of the
corresponding setup. As pretreatment, the catalyst was
gently reduced by increasing the temperature from room
temperature to 448 K with 1 K min–1 in 0.50 NL gcat

–1 min–1

diluted H2 (5.0) (2 % in inert gas (5.0)) according to the
procedure described in [29]. This first temperature plateau
was held for 15 h, and then the reduction temperature was
further increased to 513 K with the same heating rate and
held for 30 min. This type of activation procedure was per-
formed before every experiment shown in this work. After
activation, the catalyst was cooled to room temperature to
introduce the syngas mixture consisting of 73.5 % H2 (5.0),
13.5 % CO (4.7), 3.5 % CO2 (4.8), and 9.5 % of inert gas
(5.0) with a flow rate of 0.50 NL gcat

–1min–1. The reaction
temperature and pressure were set at 523 K and 50 bar,
respectively, and kept for around 100 h time on stream
(TOS).

The detailed description of the further investigations on
the impact of impurities in the feed gas are provided in the
SI.
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Table 1. Catalyst loadings and detectors of various setups.

Reactor Catalyst loading [g] Detector

CEC 1 0.5 online GC

CEC 2 1.0 offline GC-MS

RUB 1 0.3 FTIR and micro GC

RUB 2 0.2 FTIR and micro GC
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3 Results and Discussions

3.1 Benchmark Tests on Different Setups

In order to ensure the reproducibility and comparability of
the investigations on methanol synthesis within the
Carbon2Chem� project framework, all flow setups were
tested using standardized benchmark conditions. Here, the
reaction conditions were chosen to be comparable to indus-
trial methanol synthesis conditions including a similar stoi-
chiometric number S of the makeup gas. The reaction pres-
sure and temperature as well as total flow rate were selected
to exclude thermodynamic equilibrium conditions. More-
over, the set points were easily assessable for all setups. Four
reactor setups were used in this study (Tab. 1). The general
flow scheme of every setup as well as the corresponding
analysis procedures are provided in the SI.

The degrees of conversion of COx (XCOx) including both
CO2 and CO as well as the WTYMeOH over as long as 100 h
achieved in all setups are shown in Fig. 1. The results are
normalized to the initial values of CEC 1. The relative dif-
ference in XCOx is around ± 5 %. According to Fig. 1a, XCOx

for all setups over 100 h TOS gradually decreases following
a similar trend. This drop in activity is common for
Cu-based catalysts in methanol synthesis due to thermal
sintering. As shown in previous studies, one third to one
half of the activity can be lost over the course of the first
1000 h on stream [6, 20, 25].

As shown in Fig. 1b, the WTYMeOH for all four setups
shows a very comparable trend and decreases gradually
over the course of 100 h TOS, similar to the observations
for XCOx. Accordingly, this drop in WTYMeOH can also
be assigned to the sintering-related catalyst deactivation
in agreement with literature [6, 20, 25]. Also, for the
WTYMeOH, the relative difference is around ± 5 %.

The observed deviation of around ± 5 % for XCOx

and WTYMeOH could be caused by the following factors:
(a) temperature uncertainties of the different temperature
control systems, (b) pressure uncertainties of pressure
gauges, (c) gas flow rate uncertainties of mass flow control-
lers (MFCs) as well as the related uncertainties in feed gas
composition, (d) uncertainties by the used analytics.

According to the standard IEC 60584-1 [30], the error of
a grade K-type thermocouple applied is ± 2.2 K, which
means the potential temperature differences for the various
setups could be as high as 4.4 K. The influence of this possi-
ble temperature deviation on the reaction rate can be esti-

mated by using the Arrhenius equation k ¼ Aexp � EA

RT

� �
,

whereas k, A, EA, R, and T are the rate constant, the pre-ex-
ponential factor, the activation energy, the ideal gas constant
and the temperature, respectively. Since the pre-exponential
factor A in this equation is approximately constant for such
a small temperature change, the critical factor for the
reaction rate difference is depending on changes in

exp � EA

RT

� �
. Considering an activation energy for metha-

nol synthesis under the applied conditions of 72 kJ mol–1

[31], rate constants of 5.98 ·10–8 A (520.95 K) as well as
6.88 ·10–8 A (525.35 K) can be estimated. The ratio of both
rate constants (k520.95 K/k525.35 K) results in a value of 115 %,
and temperature uncertainties of 4.4 K could already lead to
15 % (± 7.5 %) difference in reaction rate. As both XCOx and
WTYMeOH are directly proportional to the reaction rate, this
should be one of the major factors for the observed differ-
ences in XCOx and WTYMeOH.

For pressure gauges [32] the uncertainty is between
0.5–2.5 %. In addition, for methanol synthesis, the reaction
orders for CO2, CO, and H2 are 0.55, 0, and 1.25,
respectively [31]. Because of this, the pressure uncertain-
ties can be estimated by a power-law rate equation:
rMeOH = k [CO]0[CO2]0.55[H2]1.22, in which rMeOH, k, [CO],
[CO2] and [H2] are the formation rate of methanol under
the desired reaction conditions, the rate constant, the partial
pressures of CO, CO2 and H2, respectively. Therefore, an
uncertainty of ± 2.5 % of the pressure may lead to a devia-
tion of ± 4.5 % on XCOx and WTYMeOH. Additionally, for
each MFC applied for in situ mixing, the feed gas can have
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b)

Figure 1. Results of the standardized benchmark test for
methanol synthesis over an industrial Cu/ZnO/Al2O3 catalyst in
the applied setups at 523 K and 50 bar. a) Normalized degree of
conversion of COx (XCOx), b) normalized weight time yield of
methanol (WTYMeOH).
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an uncertainty of around 0.6 % [33], resulting in an ignor-
able deviation smaller than 1.1 % for XCOx and WTYMeOH.

Another important factor is the used analytics for record-
ing of the product stream composition (SI). For CEC 2, the
condensable products MeOH and H2O are first collected in
a cold trap at 278 K, which are afterwards transferred and
analyzed by an offline GC-MS. Here, an error of around
5 % for different injections of the same liquid sample is
determined. In the other three setups online GC analysis is
applied. Generally, online GC analysis can provide results
with smaller errors of around 1–2 % than offline GC analy-
sis. Additionally, while condensing the products for analy-
sis, a small amount of methanol and water remain in the
product gas stream at 278 K, which could lower the
obtained XCOx and WTYMeOH for CEC 2 by around 1 %. To
ensure a well-working setup and analytical device for the
setups equipped with online analytics, the inlet feed gas was
analyzed prior to the measurement and used to determine
the carbon balance for each measurement during methanol
synthesis. Here, the carbon balance was determined to
100 ± 2 % proving the high reliability of obtained results in
every setup.

In summary, the determined deviation of ± 5 % (10 %)
indicates a very good comparability of the different setups
with each other for the standardized benchmark test within
the Carbon2Chem� framework. Therefore, these setups
were used in the following to study the influence of contam-
inants on methanol synthesis with a meaningful compara-
bility.

3.2 Influence of Common Impurities in Tail Gas
from Steel Mill

The large variety of impurities in off-gases from steel mills
and the lack of detailed poisoning studies in literature for
Cu/ZnO/Al2O3 catalysts leads to a lack of knowledge about
the effect of the most impurity classes on the catalytic activ-
ity, selectivity, and stability. To address this issue, a screen-
ing test was developed consisting of the continuous dosing
of selected compounds over the methanol catalyst to clarify
the corresponding effects. This test was performed at atmo-
spheric pressure and with relatively high impurity concen-
trations to obtain the desired results for numerous com-
pounds in a short period. Here, detailed investigations with
classical irreversible poisons like halides, heavy metals as
well as S- and P-containing compounds were neglected,
since their negative effect on the performance of Cu-based
catalyst is known from previous studies [6, 8, 34, 35]. The
fast deactivation in the presence of H2S is exemplarily
shown in the SI (Fig. S1).

The selected compound classes for the screening test were
hydrocarbons, aromatics, N- and O-containing compounds,
which are common in exhaust gases of steel production.

Fig. 2 shows the results of the continuous dosing of differ-
ent hydrocarbons, aromatics and NH3 into the syngas feed

during methanol synthesis. The other dosed impurities can
be found in the SI (Figs. S2–S4). In case of hydrocarbons
and aromatics, the catalytic activity of the industrial catalyst
is not affected, since no significant decrease of conversion
can be observed. Therefore, all types of hydrocarbons can
be classified as inert spectators under methanol synthesis
conditions and the coking of the catalyst surface can be
excluded, since Cu-based catalysts are not prominent candi-
dates for cracking of C–C bonds due to the low surface
acidity [6]. In contrast, the addition of N-containing com-
pounds (Fig. 2b, S3) directly leads to a significant decrease
of conversion. During this deactivation process, the catalyst
reaches a new steady state in the presence of the impurity.

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 10, 1–9

a)

b)

Figure 2. a) Continuous dosing of various hydrocarbons over
an industrial Cu/ZnO/Al2O3 catalyst under methanol synthesis
conditions at 483 K and 1 bar. Switching from clean syngas to
syngas including the hydrocarbons and back is indicated with
vertical dashed lines (black). The curves in gray describe the
normalized XCOx values in the presence of the corresponding
hydrocarbon and the black curve the hydrocarbon concentra-
tion of 1 % in the product gas stream. b) Dosing of 0.3 % NH3

over the industrial Cu/ZnO/Al2O3 catalyst under methanol syn-
thesis conditions at 483 K and 1 bar. Switching from clean syn-
gas to syngas including NH3 and back is indicated with vertical
dashed lines (gray). The black curve describes the normalized
XCOx values and the gray curve the NH3 concentration in the
product gas stream.
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The switching-off and the resulting removal of the N-con-
taining compounds from the syngas feed regenerates the
catalytic activity until the initial degree of conversion is
regained. The observed deactivation behavior and self-
regeneration of the catalyst surface are strong indications
for reversible poisoning. From the measurements with the
hydrocarbons it can be concluded that only the N atom as
functional group can interact with the surface by a Lewis or
Brønsted acid-base mechanism to suppress the methanol
formation. Furthermore, O2 (Fig. 3a) also acts as reversible
poison. Here, the hydrogenation to H2O can be detected.

For the validation of the screening test under industrially
relevant conditions, some experiments were repeated under
high-pressure conditions (Fig. 3b, S2, S4). Increasing the
pressure does not change the effect of hydrocarbons (inert
spectators) and N-containing compounds (reversible
poisons) on the catalytic activity. Thus, the screening test
performed at 1 bar is also valid for high-pressure condi-
tions. However, higher pressures increase the period of time

until steady state after the injection of the impurities is
achieved. In addition, the poisoning mechanism of O2 is
changed from reversible to irreversible by significantly
increasing the partial pressure of the impurity. Here, an
irreversible destruction of the catalyst surface cannot be
excluded, since the initial conversion degree is not regained
(Fig. 3b).

In Fig. 4, the effect of O2 on the catalytic activity is ana-
lyzed in detail with respect to O2 mole fraction, temperature
and exposure time at 30 and 50 bar. For a rough estimation
of the maximum tolerable O2 concentration, the measure-
ments shown in Fig. 3 were extended from 473 K to 523 K
at 30 bar as well as 50 bar (Fig. 4, S5). While adding 0.01 %
and 0.02 % O2 no clear influence on the methanol produc-
tivity was observed. During O2 exposure, the methanol pro-
duction rate is lowered by 0.5 % (0.01 % O2) and 1.8 %
(0.02 % O2) independent of the temperature. Furthermore,
the overall drop of activity was insignificantly small with
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b)

Figure 3. Continuous dosing of a) 0.05 % O2 at 483 K and 1 bar
and of b) 0.06 % O2 at 483 K and 50 bar over an industrial
Cu/ZnO/Al2O3 catalyst under methanol synthesis conditions.
Switching from clean syngas to syngas including O2 and back is
indicated with vertical dashed lines (gray). Normalized XCOx

values (black) and H2O concentrations (gray).

a)

b)

Figure 4. a) Continuous dosing of 0.06 % O2 over an industrial
Cu/ZnO/Al2O3 catalyst under methanol synthesis conditions at
523 K and 50 bar for 108 h. Switching from clean syngas to syn-
gas including O2 and back is indicated with vertical dashed lines
(gray). Normalized XCOx values (black) and H2O concentrations
(gray). b) Relative decrease of WTYMeOH while adding 0.06 % O2

into the feed gas in a temperature range of 473 K to 523 K and
pressures of 30 bar (gray) and 50 bar (black).
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0.1 % in total for both concentrations. However, the addi-
tion of 0.06 % O2 to the feed gas stream led to an irrevers-
ible deactivation of the catalyst, where the overall loss of
initial activity is in a range of 0.5 % to 4.4 % (30 bar) and up
to 6 % (50 bar) distributed over the whole temperature
range from 473 K to 523 K.

Additionally, the relative decrease of the WTYMeOH dur-
ing the dosing of O2 is decreasing with increasing tempera-
ture (Fig. 4b), as here the total conversion is also increasing
lowering the relative effect of O2 poisoning. This effect is
slightly higher at a higher pressure of 50 bar due to the
higher total amount of O2 under these conditions. The con-
stant deactivation during O2 dosing is shown more clearly
in Fig. 4a, where the catalyst was exposed to O2 for more
than 4 days. During the exposure time deactivation was
constantly occurring resulting in a lowered conversion of
around 7 % compared with the initial activity. As shown
above, at low O2 partial pressures its poisoning effect is
reversible, which may be due to a faster hydrogenation to
H2O than the oxidation of the reduced catalysts phases.
However, at O2 concentrations of 0.06 % as well as higher
total pressures O2 poisoning becomes irreversible indicating
the partial oxidation of the metallic phases present in the
catalyst. A significant inhibition effect by H2O, which is
produced by the hydrogenation of O2, can be neglected,
since the oxidation potential of O2 is higher compared to
H2O. In addition, the added amount of O2 and so of the
corresponding H2O after its hydrogenation is lower than
the constant H2O concentration from methanol synthesis
(e.g., Fig. 3b), and Studt et al. [36] showed that H2O concen-
trations produced in the differential kinetic region of meth-
anol synthesis do not lead to a severe deactivation of the
catalyst surface. However, further long-term investigations
at several conditions are required to determine the poison-
ing effect of O2 in more detail allowing quantifying its

impact on the catalyst lifetime as a function of the O2 parti-
al pressure during methanol synthesis.

Tab. 2 summarizes the experimental conditions of all
investigated impurities and their effects on the catalytic
activity including a conclusion whether it is necessary to
remove them from the exhaust gases to protect the catalyst.
This overview can be applied within the Carbon2Chem�

project to determine the required gas cleaning for using
exhaust gases from steel mills as feedstock for methanol
synthesis. In combination with the detailed information on
trace compounds in these gases an economically efficient
purification process can be developed [37]. Within this
scope, high O2 concentrations and other irreversible
poisons like H2S must be removed from the exhaust gases
beforehand. Additionally, also reversible poisons like NH3

have to be removed due to formation of the by-product tri-
methylamine, which would affect the commercial value of
the produced methanol [38, 39]. All types of hydrocarbons
can remain in the exhaust gases, since no effect on the
catalytic activity, selectivity, and stability of the standard
Cu/ZnO/Al2O3 methanol synthesis catalyst was observed.

4 Conclusion

Within the Carbon2Chem� project several tasks are ad-
dressed to determine the feasibility of using steel mill
exhaust gases as feedstock for methanol synthesis. To
ensure the comparability of the results obtained with the
several test setups applied, a standardized benchmark test
was carried out with all setups. The determined low devia-
tion of ± 5 % for this test, which was found to originate
from usual system uncertainties, indicates a very good com-
parability for all setups applied in this study. Therefore,
these were used to carry out industrially relevant poisoning
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Table 2. Summary of all measurements performed with the different impurities on an industrial Cu/ZnO/Al2O3 catalyst.

Impurity classes Compounds cimpurity [%] Treaction [K] preaction [bar] tdosing [h] Poisoning Removal

Hydrocarbons ethane 1 483 1 45 – no

octane 1 483 1 45 – no

cyclohexane 1 483 1 45 – no

Aromatics benzene 1/0.03 483 1/60 45/77 – no

toluene 1 483 1 45 – no

N-containing
compounds

NH3 0.3/0.05 483 1/60 5/165 reversible yes

cyclohexylamine 0.01 483 1 6 reversible no

pyridine 0.01 483 1 9 reversible no

acetonitrile 0.01 483 1 6 reversible no

O-containing
compound

O2 0.05/0.06 483 1/50 14/108 reversible/irreversible no/yes

S-containing
compound

H2S 0.005 483 60 1000 irreversible yes
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studies in methanol synthesis. The present work showed the
different poisoning behavior of various types of impurities
potentially present in exhaust gases of steel production on
an industrial Cu/ZnO/Al2O3 catalyst for methanol synthe-
sis. This screening test shows the reversible poisoning char-
acter of N- and O-containing compounds at atmospheric
pressure. By increasing the pressure to 30 or 50 bar, O2

showed an irreversible poisoning character. In contrast, all
examined hydrocarbons are inert spectators for methanol
formation. With this poisoning study, the Carbon2Chem�

project is getting a step closer to the design of a suitable
purification process for an application of these exhaust
gases. Thus, a CO2-neutral industrial production of steel
and methanol is considered to be in reach.
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Symbols used

A [–] pre-exponential factor
EA [kJ mol–1] activation energy
k [s–1] rate constant
rMeOH [mol min–1] methanol formation rate
R [J mol–1K–1] gas constant
S [–] stoichiometric number
T [K] temperature
TOS [h] time on stream
WTYMeOH [g gcat

–1h–1] weight time yield
X [%] conversion
[CO2] [bar] partial pressure of CO2

[CO] [bar] partial pressure of CO
[H2] [bar] partial pressure of H2

References

[1] M. Meinshausen, N. Meinshausen, W. Hare, S. C. B. Raper, K. Fri-
eler, R. Knutti, D. J. Frame, M. R. Allen, Nature 2009, 458 (7242),
1158–1162. DOI: https://doi.org/10.1038/nature08017

[2] Climate Action Plan 2050 – Germany’s Long-Term Emission Devel-
opment Strategy, Federal Ministry for the Environment, Nature
Conservation and Nuclear Safety, Berlin 2016. www.bmu.de/en/
topics/climate-energy/climate/national-climate-policy/
greenhouse-gas-neutral-germany-2050/

[3] www.umweltbundesamt.de/daten/klima/treibhausgas-emissionen-
in-deutschland (accessed March 10, 2020)

[4] J. Artz, T. E. Müller, K. Thenert, J. Kleinekorte, R. Meys, A. Stern-
berg, A. Bardow, W. Leitner, Chem. Rev. 2018, 118 (2), 434–504.
DOI: https://doi.org/10.1021/acs.chemrev.7b00435

[5] S. Kar, J. Kothandaraman, A. Goeppert, G. K. S. Prakash, J. CO2
Util. 2018, 23, 212–218. DOI: https://doi.org/10.1016/
j.jcou.2017.10.023

[6] J. B. Hansen, P. Erik, H. Nielsen, in Handbook of Heterogeneous
Catalysis (Eds: G. Ertl, H. Knözinger, J. Weitkamp), Wiley-VCH,
Weinheim 2008.

[7] M. Bukhtiyarova, T. Lunkenbein, K. Kähler, R. Schlögl, Catal.
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[16] J. M. Bermúdez, B. Fidalgo, A. Arenillas, J. A. Menéndez, Fuel
2010, 89 (10), 2897–2902. DOI: https://doi.org/10.1016/
j.fuel.2010.01.014

[17] C. Wang, M. Larsson, C. Ryman, C.-E. Grip, J.-O. Wikström,
A. Johnsson, J. Engdahl, Int. J. Energy Res. 2008, 32 (12),
1092–1106. DOI: https://doi.org/10.1002/er.1447

[18] R. Remus, M. A. Aguado-Monsonet, S. Roudier, L. Delgado
Sancho, Best Available Techniques (BAT) Reference Document for
Iron and Steel Production: Industrial Emissions Directive 2010/75/
EU (Integrated Pollution Prevention and Control), JRC Reference
Report, European Commission, Joint Research Centre, Institute
for Prospective Technological Studies, Seville 2013.

[19] M. D. Argyle, C. H. Bartholomew, Catalysts 2015, 5 (1), 145–269.
DOI: https://doi.org/10.3390/catal5010145

[20] J. A. Moulijn, A. E. Van Diepen, F. Kapteijn, in Handbook of
Heterogeneous Catalysis (Eds: G. Ertl, H. Knözinger, F. Schüth,
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