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A Comprehensive Strategy Towards Structure Elucidation of Hydroformylation
Bottoms

C. Loeschel, R. Fels-Brendel, K.-H. Gunzelmann, R. Doetzer

BASF

Abstract

While the desired product in hydroformylation chemistry is often well defined and isolated with
high specificity and yield, the byproducts formed in the oxo-process still contains a large
amount of functionalized hydrocarbons with a variety of uses. These include applications as
solvents in leather and textile processing, in metal processing, in industrial water treatment,
and as surface tension modifiers. Due to the high complexity of these mixtures, full
characterization, which is a significant hurdle for regulatory approval of such streams, presents
a challenge; this challenge results in many potentially useful streams to be incinerated rather
than being utilized as a product.

Herein, we present a comprehensive analytical approach to characterization of the
hydroformylation bottoms of 1-octene. At its core stands the grouping of isomeric compounds
into peak clusters using a combination of mass spectrometry approaches, particularly by
means of combination of a soft (FI) and hard (El) ionization technique. Separation of isomers
is further achieved by comprehensive GC separations and ion mobility techniques. We also
highlight the utility of field ionization over chemical ionization in the characterization of UVCB
substances.
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Abstract

Hydrogen as an energy carrier offers many benefits for the environment, energy security,
economy and end users [1]. Cost-effective, compact, safe and convenient storage of hydrogen
are essential for large-scale implementation. However, the volumetric energy density of
molecular hydrogen is low compared to other energy carriers [2]. One approach to address this
challenge is the use of liquid organic hydrogen carriers (LOHCs) for chemical hydrogen
storage. LOHCs are organic liquids that can chemically bind hydrogen in a reversible manner,
which allows for long-term storage and safe transportation of hydrogen under ambient
conditions [2]. Benzyltoluene/perhydro benzyltoluene (HO-BT/H12-BT) is a technical LOHC
system that is thermally stable, has low toxicity, and has a wide liquid range. It has a hydrogen
storage capacity of 6.2 wt.%, which is equivalent to 2.1 kWh kg™ or 1.9 kwh L [3]. However,
to maximize the hydrogen storage capacity and the number of repeated loading and unloading
cycles via catalytic hydrogenation and dehydrogenation, respectively, a superior catalyst
selectivity and high conversions are of utmost importance.

In this study, the influence of promoters and the properties of the support material on the
dehydrogenation activity of platinum-based catalyst systems are investigated. Therefore,
bimetallic catalysts were prepared and a range of support materials was tested. The catalyst
activity was mostly evaluated in semi-batch laboratory-scale dehydrogenation experiments to
compare key performance indicators, such as the degree of dehydrogenation (DoDH) of
perhydro benzyltoluene and the platinum-based productivity of the catalysts. Further,
continuous testing in fixed-bed reactors and cyclic testing, that is consecutive hydrogenation
and dehydrogenation of the LOHC, elucidated the commercial suitability of the developed
catalysts.

Key results from the present study include the successful development of a bimetallic Pt-
Re/Al,O3 catalyst and the identification of optimized support properties to prohibit pore diffusion
limitation and strengthen interaction. The results indicate that the composition, structure, and
morphology of the support may dictate the catalyst activity. Lastly, the new catalyst design was
transferred to the preparation using shaped carrier pellets for bridging the gab between
laboratory research and catalytic application in large-scale fixed-bed reactors for efficient H-
release from perhydro benzyltoluene.

References
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Abstract

As methane has been establishing as a primary energy source, to obtain it from renewable
carbon feedstock rather than to extract it as natural gas is by far more appealing: biomass-
generated methane is an efficient power generation mean with a virtually closed CO- cycle,
accompanying the transition towards a zero-carbon energy future. Biogas however contains
large amounts of COg, to be at least separated to exploit biomethane, and possibly valorised.
A first option is CO; hydrogenation to methane, also promising to transform an energy vector
that is uneasy to handle (green Hy) into a valuable and worldwide-distributed fuel and feedstock
(CHa,). A “power-to-gas” framework could then help to overcome the drawbacks of H; as an
energy storage medium and to increase the continuity and general availability of different
intermittent renewable energy sources. This flexibility offers also additional possibilities for the
downstream use of biogas, which may be richer in hydrogen or methane according to the
process operation, even if these conditions might not fit the distribution networks nearer to the
biomass-treating site.

Different options for the efficient direct conversion of CO, and H; into CH4 (Sabatier reaction)
are here explored through process design and briefly summarised. A key issue is the strong
exothermicity of the reaction. Our research explores the use of water vapour, added on
purpose to the reactor as a thermal vector and later condensed. The simplest reactor
arrangement is composed of a certain number of adiabatic beds (up to five) with intercooling.
Some options propose cooled stages, but they are more complex and likely expensive.
Alternatives may be fluidized-bed reactors that allow better temperature control, but they lead
to incomplete conversion and are more difficult to scale-up. The possibility to use the methane
already present in biogas as diluent (i.e. thermal vector to control the exothermicity) is also
considered, offering the additional advantage to eliminate the otherwise needed and expensive
CO; capture step.

Introduction

Biogas is a type of renewable product that is produced through anaerobic digestion. It is
generated by the decomposition of organic matter, such as animal waste, food scraps,
agricultural residues and sewage. During anaerobic digestion, bacteria break down the organic
matter in the absence of oxygen, resulting in the production of biogas. In addition, the
anaerobic digestion process also results in the production of a nutrient-rich residue called
digestate, which can be used as fertilizer. This makes this process very attractive to convert
agricultural residua or zootechnical wastes, to recover circularly both the gaseous biofuel and
the fertiliser.

The primary component of biogas is methane, in a concentration between 50 and 80%, which
can be valorised energetically through combustion. However, biogas also contains other
gases: mainly carbon dioxide, but also few % of nitrogen, ammonia, hydrogen sulfide. Methane
in biogas can be purified by removal of other components either by scrubbing or adsorption
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(e.g. by pressure swing adsorption, PSA). Biogas purification is an important step in the
production of biomethane. One approach is through biological biogas purification technologies.
Biofiltration systems, for example, can efficiently remove gases like H>S, NH3 and VOCs from
biogas. Suitable feedstock and process optimization in anaerobic digestion can also
significantly reduce biogas impurities [1].

Another method used for biomethane purification is PSA. This technology selectively removes
CO. from biogas using adsorbents. PSA offers advantages such as low energy requirements,
low cost and safe operation. Alternatively, water scrubbing, membrane separation, cryogenic
processes, chemical absorption can be considered [2,3].

Global biogas production in 2020 had an equivalent energy content of 1.46 EJ. This indicates
a significant increase in biogas production since 2000 when the total biogas production was
equivalent to 0.29 EJ [4].

Specifically, in Italy the production is estimated to reach 10 billion m® by 2030. The presence
of more than 500 plants is reported, with a current capacity of 250,000 m3h and an annual
production of 1.5 billion m* of biomethane [5,6].

Therefore, if on one hand biogas must be upgraded to be effectively exploited as a fuel, on the
other hand this offers a range of opportunities to valorise its main impurity, i.e. CO.. In this
work we examine, from a conceptual design point of view, a route for the valorisation of CO;
from biogas in form of upgraded biomethane.

Models and methods

The basic design of plant was carried out with Aspen Plus® V12 and Aspen Adsorption® by
Aspen Technology Inc. (Bedford, MA, US). Vapour Liquid Equilibria were treated by the
Redlich-Kwong equation of state (EOS) or the PSRK model, depending on the blocks
considered and selected after validation of experimental data, while the ENRTL model has
been used instead of the NRTL one to compute the activity coefficients due to the possible
existence of dissolved electrolytes. Gases dissolved in liquid phase were computed through
the Henry equation.

For the CO, methanation reaction, according to the literature, it was divided into two steps [7—
10]:

CO;+H, 2 CO+H,0 A°H =41 kJmol (1)
CO +3H; 2 CHq+ H,0 ACH = -206 kd/mol  (2)

or treated with the lumped stoichiometry:
CO2 + 4H> 2 CHs + 2H20 AP°H =-165 kJ/mol  (3)

The following kinetics has been adapted to simulate the methanation packed bed reactor, as
better detailed elsewhere [10]:

mol/s | —resok,. (Plo, PEL®
= 3550 [—] fr (=G0t 4
Ty<0.1 kg X kPa®88 e PCOHTPO 23 (4)
mol/s —2490 K 1 0.6
Te>01 = 112 [kg X barl-s] € Ir (P Pi; K Cit, Pity0 ) )

The steady-state mass and energy balances for the 1-D reacting system yielded:

0=y % mol/s] (6)
3 6 ]/
0=—u a_+ rAh [@] — U(T, —T,) (7)
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where n are the moles of the i-th species, r is the reaction rate based on the catalyst load, v;
the stoichiometric coefficients and u’ is the local molar flow expressed as a function of the
molar flowrate at the reactor inlet n and the actual concentration at the reactor conditions
C(P,T), hydraulic section A and catalysts load w, h represents the molar specific enthalpy and
u” is calculated as detailed in the cited reference. T,,T, are the reactants and coolant
temperatures and U the overall heat transfer coefficient. The momentum balance is also
included in the calculations.

The reactor was designed with a multistage configuration to allow efficient heat removal and
so enhancing the yield for this highly exothermal reaction. Two different strategies were also
considered to slow down the reaction for a better thermal control, in particular steam addition
[10], which thermodynamically unfavours the reaction, and the direct methanation of biogas
(purified from S- and N-containing compounds).

Figure 1 exemplifies one of the plant layouts tested. Different options including preliminary CO»
separation or direct feed of biogas to the methanator were tested.

For operating conditions leading to incomplete CO; conversion, a separation unit was
conceived including a carbonate based scrubbing to eliminate residual CO, and a PSA unit
containing zeolites to dehydrate the upgraded biomethane before injection into the grid or
supply to the dealer.

FIRST SECOND

CONDENSER CONDENSER
€O, N Y | CARBON DIOXIDE
CH o/ BASIC SCRUBBING
H20 COMPRESSION
H20 LP STEAM
GENERATOR H,0
MULTI-
STAGE
REACTOR 4
H0 WATER ) coz CHq
H,0
H20_J
PSA
DEHYDRATION

CO2

Figure 1: Scheme of the methanation process. Reproduced from [10] in the frame of CC-BY
4.0 open access licence by ACS.

The carbonate/bicarbonate equilibria in water were considered as follows:

COs* + H30" 2 HCO3 + H20 InKe = -216.05+12432/T+35.482 InT (8)
HCOz + H3O" 2 COz + H.0 InK7 = -231.46+12092/T+36.782 InT 9
2H20 2 OH" + H30" InKg = -132.90-13446/T-22.477 InT (20)

The Henry constants for CO, and CH4 in presence of the electrolytes have been reviewed
[11,12] and corrected if necessary based on the validation with experimental data. Gas
solubility changes when a dissolved salt is present and a variation of the ionic strength of the
solution is expected which affects the activity coefficients. The amount of unreacted H:
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remaining in the biomethane stream has been also calculated [10,13].

Gas solubility in water has been considered in the 15-20 atm pressure interval, while CH4 and
H>0 adsorption was considered over different zeolites and modelled according to the Langmuir
isotherm at 20°C and 25°C:

kmol/kg
w km"l] B e i (11)
CHy B kmol/kg
1+2.2 [W] Peu,
kmol/kg
kmol 3.5 [ bar ]PHZO
WHZO[ kg ] (12)

- kmol/kg
1+ 2500 [W] Pi,0

Results and discussion
Selected results are discussed for the sake of brevity.

In order to study the effect of different parameters (pressure, temperature, feed composition)
on the CO; conversion, the methanation reaction has been simulated in Aspen Plus using a
Gibbs reactor that simulates a situation in which equilibrium conditions are achieved.

In this simulation a sensitivity analysis of the parameters was performed from 150 to 500 °C
and from 1 to 20 atm at different CO2 / H2 / H,O molar ratios.

Examples of results are plotted in Figures 2 and 3. As expected conversion decreases with
temperature and increases with pressure. The presence of steam also unfavours the reaction
from a thermodynamic point of view.

Water and methane can be considered viable tools to control the exothermicity of the reactor,
though decreasing the achievable conversion. Water removal has a positive effect on CO;
conversion, because for each pressure and fractional conversion considered, the conversion
remains in a higher range of values referred to the same conditions with the presence of water.
Another effect of the removal is that higher temperatures in the Gibbs reactor were required to
achieve the same conversions, this is good, from a thermodynamic point of view, because the
temperature needs to be less tightly controlled.

Similar considerations are done also in case of CH4 addition to the reactor, which limits the
conversion, but opens the way to the direct use of biogas without the preliminary CO,
separation step, provided that the conversion penalty and consequent resizing of the reactor
are economically feasible.

By implementing the reaction kinetics in a plug flow reactor block, different trials have been
done to identify the best configuration of a multitube system with 4 blocks that allow intercooling
and water discharge as additional option. After optimal sizing each of them the following results
have been achieved (Table 1 and Figure 4).
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Table 1: Methanation reactors final specifications.

Reactors specification MET1 MET?2 MET3 MET4
Catalyst [kg] 7800 7800 7800 5000
Particle diameter [mm] 3 3 3 3
Shape factor 0,8 0,8 0,8 0,8

U [W/m? K] 300 300 300 300

The conversion achieved per pass, calculated on the CO, amount present in the fresh feed
and the working temperature range of each reactor stage is reported in Figure 4, where the
corresponding Gibbs reactors are also depicted. The four stages are able to almost fully
convert CO- with optimum selectivity to methane.

2 — 0=
0,9 \\
0,8 % o
07 o ° ——GBL
GB2
0,6 »
(]
o GB3
S os &, A
< A ——GB4
0,4 “
—B— MET1
0,3 X
p A— MET2
0,2 "—l\.\.\- ©— MET3
01 o— MET4
0
190 240 290 340 390

T(°C)

Figure 4: CO, conversion per pass calculated on the CO, amount in the fresh feed and the
equilibrium curve per pass.

The scheme of the full plant for the methanation of CO.is represented in Figure 5 [10].

It includes a multi-tubular Plug-Flow Reactor where the product is cooled after each stage and
the shell is also cooled with the fresh feed. This configuration saves 340 kW, per ton of fresh
CO; with respect to a simpler layout of adiabatic beds with intercooling, tested as a first
alternative.
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Figure 5: Scheme of the CO; methanation plant. Reproduced from [10] thanks to CC-BY 4.0
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In order to meet the specifications for biomethane injection into the natural gas grid, local purity
settings are differently indicated. Typically, a CH4 minimum concentration of 96% is prescribed,
but deviations may occur in countries that specifically favour biomethane usage. For instance
the Netherlands let biomethane with methane content only 85 % be injected, but Switzerland
and Sweden require 96 % and 97 % of methane content [14]. The allowed CO, content
admitted in pipelines is usually of the order of 2 mol%. The maximum allowed water content in
natural gas is stated in the national gas quality regulations as 200 mg/m?® at low-pressure (<
10 bar) and as 50 mg/m? in high-pressure pipelines (> 10 bar). In order to achieve these values
multiple flash and a PSA column were designed in the present flowsheet.

Five steps of water removal were simulated with dedicated flash units. The stream exiting from
each reactor was cooled to 80 °C and sent to a flash block that was specified, every time, with
pressure of 5 atm and duty of O cal/sec. The fourth step was followed by another flash, in which
the pressure was raised to 10 atm and the separation was made at 30 °C. In this way, the
water contained in the produced gas was reduced from 9 % to 0.4%.

To further purify the stream, a PSA unit was designed considering Zeolite 13 X as adsorbent,
selected after comparison with different materials [15,16].

The general PSA scheme, simulated in Aspen Adsorption, is shown in Figures 6-9. As an
attempt, hydrogen was used as purge gas to recover all the purged stream in the methanator.

— .

VALV1

REACTING PRODUCT V1 BYPASS
VALVZ2 VALV3

—> 4 > < 2N (==

HYDROGEN Y METHANE

BED1

Y
_J ;ﬁ >:'| > TO REACTOR

V2

—»%—n:D PRODUCT

V3
Figure 6: The scheme shows the PSA during the working step, the white valves are open, and
the black ones are closed. The valve V1 controls the flowrate of the reacting product sent to
the PSA.
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Figure 7: Discharge step. The valve V3 is closed, but as the flow from valve V1 does not stop,
the bypass valve is opened to avoid flooding of the column. Also, the V2 is opened at this point,
it maintains pressure greater than 9 bar. The valve that leads the reacting product to the BED1

is closed.
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Figure 8: Purge step; the valve of hydrogen is opened, in order to clear the bed.
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Figure 9: The reload step; the bed is pressurized again with methane.

The adsorption parameters were calculated for the different species through the fitting of the
equilibrium adsorption isotherms retrieved from the literature for Zeolite 13 X, as exemplified
in Figures 10-12.

Then, the results were used in the Langmuir-Freundlich model. This isotherm is a function of
temperature and of the partial pressure or concentration as in Eq. 13:

1P,IP,P; 3 e!P4/Ts

R it o R 13
Y 141psp)P3e!PeITs (13)
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Figure 10: Adsorption isotherm for CO; on zeolite 13 X, reproducing literature data [17], at a
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temperature of 293 K.
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Figure 11: Adsorption isotherm for CH4 on zeolite 13 X, reproducing the literature data [17], at
a temperature of 293 K.
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Figure 12: Adsorption isotherms for H.O on zeolite 13 X, reproducing literature data [16], at a
temperature of 293 K. Interpolation with different models.

The columns characteristics are reported in the following Table 2, while Table 3 collects the
parameters of the isotherms to be used for columns modelling.
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Table 2: Main features of the PSA adsorption columns.

Column height [m] 1.5
Column diameter [m] 0.5
Bed porosity & [m3void/m3bed]| 0.5
Solid density [kg/m3] 1300
Particle radius [m] 0.02

Table 3: Langmuir-Freundlich adsorption isotherm fitted parameters of CO», Hz, H,O and CHa,

for Zeolite 13X, at the pressure of 10 bar.

Species P4 1P IP3 P4 IPs IPs

CHa4 0.005 1.5E-4 0.95 2000 1.5E-4 2000
CO; 0.006 0.0035 0.5 2050 0.0035 2050
H> 0.0071 1E-4 1 1000 1E-4 1000
H.0 0.0165 0.0025 0.4 3000 0.0025 3000

The gas stream exiting from the last flash block and feeding the PSA unit is reported in Table

4,

Table 4: Steams specifications entering the PSA unit.

Species Mole Flows  Molar Total Flows  Temperature Pressure
P [mol/min] Fractions [mol/min| [°C] [atm]
CH. 2579 0.85

CO2 85 0.028

H> 348 0.115 3026 10

H.O 14 0.0046

The PSA has been designed for 1/2 of the feed to avoid too high pressure drops and too large
beds. In the real design two PSA modules are envisaged working in parallel. The working bed
works for 1/3 (600 s) of the total cycle time (1800 s).

The product obtained from this PSA was composed as in Table 5.
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Table 5: Steams specifications exiting the PSA unit and after the cryogenic separation.

Species Molar fractions
CH, 0.88
CO: 4.2E-4
H, 0.12
H,O 1.58E-4

_____________________________________________________________________________________________________________________________|]
After cryogenic separation

Species Mole flows [kmol/hr] Mole fractions
CH4 120.0 0.99
CO; 0.068 0.00056
H> 0.038 0.0003
H.O 0.035 0.0002

As it can be seen, the amount of water in the product respected the fixed standards so the aim
of this work was achieved. Also, the CO; in the product was well within the specifications,
thanks to the high adsorption capacity of the selected zeolites. The main problem lies in the
amount of H,, which accounted for the 12% of our product, while its content could not exceed
given limits, broadly varying for national regulations, in average 5% [18].

To bring the hydrogen value below 5% within the product, a cryogenic separation was
developed as a first option. From the CH4 phase diagram, it could be seen that the temperature
had to decrease to around -160 °C to have a suitable separation at 1 bar. The specifications
for composition of the biomethane produced are also reported in the bottom of Table 5. This
fits the most restrictive regulations.

As an alternative, in order to avoid the presence of excessive residual hydrogen, the 3™ and
4" stages of the reactor have been redesigned to improve conversion and the final product
specifications were as in Table 6, which were compliant with the conditions for grid injection
also regarding hydrogen in the case of 5% limit, without the need of a cryogenic unit. Final
economic assessment will identify the most economic option between resizing the reactor or
adding a further separator for H.

Table 6: Steams specifications exiting the PSA unit with optimised reactors configuration.

Species Mole flows [kmol/h] Mole fractions
CHa4 134.06 0.96
CO- 0.15 0.0010

H> 5.08 0.036
H20 0.0038 2.7e-5

Conclusions

In this work different layouts of a CO, methanation plant using green hydrogen were set up
and compared. Biogas was the source and the methanator was fed either with previously
separated CO; or with direct injection of biogas purified from S. and N- containing compounds.
After retrieval and validation against experimental data of the pertinent kinetic and
thermodynamic models, a reactor design based on four catalytic layers was conceived,
comparing a simpler adiabatic multibed system with intercooling, with a more complex but
efficient configuration in which cooling and water separation are achieved between all the beds
and a multitubular layout is used, to allow cooling with the fresh feed. In both configurations a
CO; conversion of 99.9% was obtained.
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Biomethane purification was accomplished discarding most water through cooling and flash
separation and a final PSA stage. Finally, the water content in the product was 3 10° g/g, H:
was reduced below 5% and CO, was well below the admissible concentration.
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Decarbonization of Syngas and Hydrogen Production: A Zero-Carbon
Puzzle?

M. Marchionna

Saipem SpA, Milano, Italy

Abstract

Hydrogen is currently used as an intermediate product in the chemical (mainly ammonia and
methanol) and refining industries. It is produced mostly from Natural Gas in large scale plants
using Steam Methane Reforming, a very mature technology. Hydrogen produced from Natural
Gas has a high carbon footprint, considering that about 6-9 tons of CO, are co-produced (and
emitted to the atmosphere) per ton of produced hydrogen, depending on Natural Gas
composition. For this reason, Hydrogen produced from fossil fuels is nowadays named as
“Grey” Hydrogen. The current production of Hydrogen is responsible of about 2.5% of CO2
emissions worldwide.

For Hydrogen remaining in business, and then becoming a factor in the energy transition period
and later, decarbonizing its production is a must.

Partially decarbonized hydrogen produced from fossil fuels, through CO, Capture, is named
“Blue” Hydrogen. A completely different path is followed for the production of fully
decarbonized, or “Green” Hydrogen. This path is already commercially available, though on a
smaller scale than required for wide industrial application. It is the electrolysis of water, i.e. the
use of electric power from renewable sources to break the water molecule into its constituent
Hydrogen and Oxygen.

Pros & Cons of these two options will be critically examined with also some look to the
application of Hydrogen in the so-called “Hard to Abate” sector.

Introduction

Synthesis Gas can be produced from many sources, including natural gas, coal, biomass, or
virtually any hydrocarbon feedstock, by reaction with steam and oxygen. This versatility made
it as one of the most attractive building blocks for different industries (petrochemistry, refinery,
natural gas conversion, power, alternative sources exploitation) and, as shown in Figure 1,
many different products are industrially produced through this building block [1].
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Fig. 1: Synthesis Gas to products

However, in the energy transition context, decarbonization of its production is now a must,
considering the relevant impact on the related CO, emissions. In this article, and in this respect,
attention is mostly paid to hydrogen production, maybe the most important intermediate,
considering also the related production of ammonia and methanol, and their derivatives.

Hydrogen today

Though hydrogen is the most abundant element in the universe, mostly it does not exist
naturally on our planet. Hydrogen cannot therefore be considered as an energy source, but as
an energy vector that must be produced from an energy source.

Today hydrogen is used as a chemical intermediate in the production of chemicals (mainly
ammonia and methanol) and in oil refining processes [2]. Fossil fuels (natural gas, but also
coal and oil) are the sources for producing hydrogen, mostly via Steam Methane Reforming
(SMR), a very mature technology, in production lines with capacity of 50,000-150,000 Nm3/hr
of hydrogen [3]. As a consequence, the production of hydrogen is associated to a high carbon
footprint. About 6-9 tons of CO; are co-produced (and emitted to the atmosphere) per ton of
produced hydrogen when Natural Gas is used as the raw material. For this reason, hydrogen
produced from fossil fuels is named as “grey” hydrogen (even “black” when coal is the raw
material — in this case the carbon footprint increases to about 20 tons per ton of hydrogen [4].
The production of hydrogen is responsible of about 2.5% of CO, emissions worldwide (almost
1 billion tons of CO; yearly [5]). For hydrogen remaining in business, even before becoming a
positive factor in the energy transition period and later, decarbonizing its production is a must.

The two largest uses are bulk chemicals production such as ammonia, mostly for the fertilizer
market, or methanol production, mostly an intermediate for the chemical industry and fossil
fuel processing (e.g., hydrotreating/hydrocracking), as shown in Fig.2 [6].

Natural Gas

(SMR)
48%

Ammonia

Fossil Fuels _| Total year H,
96% Coal production
30% 70 Mt
oil
Water . 18%
Electrolysis #«--e
4%

Others Methanol Refining

Fig. 2. Hydrogen from Renewable Power Technology (Outlook for the energy transition September 2018;
IEA 2019 The Future of Hydrogen)

Most hydrogen is used near the site of its production, and as it is produced, is consumed
without intermediated operation of storage; furthermore, these productions besides being
characterized by very high scale are also characterized by a high operational continuity (more
than 8000 hly), this means that decarbonizing any of these uses should take into account all
these aspects.

Blue Hydrogen
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Partially decarbonized hydrogen produced from fossil fuels is named “blue” hydrogen. Of
course, hydrogen will be “blue” if captured CO is either geologically stored or sustainably
used. The deployment of blue hydrogen will therefore proceed in parallel to the development
of the infrastructure needed for Carbon Capture, Storage and Utilization (CCUS).

More specifically, three main criteria have to be followed for the Blue Hydrogen option:

¢ Availability of affordable or cheap gas

e EXxisting pipeline infrastructure

e CO2 sequestration potential (its absence could limit this option, although CO:

reuse could be another possibility)

A few geographical areas are particularly suited for this scope: US, Canada, North Sea, Middle
East, Russia, Australia, ...
On the other side, this option is well suited for retrofitting operations and displays a good
synergy when CO: is requested as a co-reactant such as in the production of fertilizers (urea)
or of methanol.

Capturing about 90% CO; from the steam reformer effluent at the current scale of deployment
is already done today in some petrochemical plants and refineries [7-8], particularly in urea
production schemes where captured CO; is used to increase the production rate. Mature
technologies, based on selective absorption of CO- in aqueous solutions of amines, are used
to this purpose [9].

Considering blue hydrogen, the current scale of production would remain the same also in the
possible extension of its use to other sectors. For instance, simple calculations show that a
world scale steel mill will need about 50000 Nm?/h of hydrogen. SMR plants may be equipped
with carbon capture facilities, also as a retrofit of existing units, and the required scale is
commercially available and industrially referenced.

The production of blue hydrogen entails proper management of captured CO,. CO, must be
transported to a storage site for geological storage. An infrastructure for pipeline transportation
of CO; is today existing only in specific areas (e.g. Texas), while geological storage, though
considered as a key element of every decarbonization strategy, is still far from a widespread
acceptance, particularly in onshore locations. A quick development is however expected in
Northern Europe, where Norway, The Netherlands and UK are preparing the infrastructure for
transporting CO- from industrial sites north of the Alpes for storage in offshore reservoirs in
the North Sea. The development of blue hydrogen projects must go in parallel to this
infrastructural development. As an alternative, captured CO could be sustainably re-used.
Sustainable re-use however means that the products obtained from CO, should not generate
new CO, when used, unless carbon is of biogenic origin. This is a strong limitation to all plans
of CO utilization, since the range of durable products obtainable from CO- is quite limited
(plastics, construction materials) [10].

Green Hydrogen

A completely different path is followed for the production of fully decarbonized, or “green”
hydrogen. This path is already commercially available, though on a smaller scale than required
for wide industrial application. It is the electrolysis of water, i.e. the use of electric power from
renewable sources to break the water molecule into its base element hydrogen and oxygen
[11].

Water electrolysis is a modular technology; current standard modules have a capacity of about
1 MW, i.e. each module accepts an electric input of 1 MW, producing about 200 Nm3hr of
hydrogen, with a transformation efficiency of 70-75%. This means that about 500 modules in
parallel would be needed to produce 100,000 Nm?®h of hydrogen.

Taking into account the typical utilization factors of renewable energy, the continued production
of 100,000 Nm?/hr of green hydrogen would need dedicated parks of:
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e about 2000 MW for solar photovoltaic (25% utilization factor considered);

e about 1000 MW for wind (50% utilization factor considered).
However, water electrolysis is much behind SMR in the maturity curve, so that substantial
improvements are expected in the next decade of technology development. The achievement
of a transformation efficiency of 80-85% [12]. as well as the increase in size of the standard
modules up to 10 MW [13]. are feasible targets of ongoing activity in a 2030 scenario.

Emerging technologies such as Solid Oxyde Electrolyzers will improve the efficiency (up to
+20%) which is essential considering the strong impact of electrolyser power consumption in
the overall green hydrogen/ammonia scheme.

One peculiar feature of the electrolysis of water, often very neglected, is the co-production of
pure oxygen. For a hydrogen production of 100,000 Nm?/h, 50,000 Nm?h of oxygen are co-
produced. Considering the current market value of oxygen, the co-production of green oxygen
may improve the economics of water electrolysis plants to an extent which may be negligible
today but might give a decisive push to green hydrogen vs. blue in a 2030 prospect. In a 2050
scenario, water electrolysis may even become the preferred way for the production of oxygen,
“greening” also this energy intensive industrial sector.

Low Carbon Ammonia and recent related projects

Ammonia is one of the most important chemicals (one of the top-five mostly produced while
methanol is the tenth of this special ranking [14], for its use as feedstock in the fertilizer
industry; it is produced in many countries and traded across the world. The current production
of ammonia is energy-intensive, and it is responsible for more than 1% of the global carbon
dioxide and overall Green House Gases, considering that for each ton of ammonia nearly 2
tons of CO, are generated. It is therefore imperative to change to a more sustainable way to
produce ammonia to replace grey ammonia and provide a sustainable alternative to ensure
world’s food production.

Clean ammonia is expected to become a solution to tackle the climate change also in other
ways: ammonia could be also an attractive molecule for transportation of hydrogen and thus
energy. Already relatively simple infrastructure for ammonia liquefaction, storage and shipping
exists making ammonia the perfect choice for H, transportation. In addition to the use of
ammonia as hydrogen carrier, which is expected to be widely developed in the short term, the
use of ammonia as direct fuel (for example for marine engines and for electric power
generation) may unlock further potential of clean ammonia market [15].

Amongst different ways to produce clean ammonia, the so-called blue ammonia, which is
based on reforming of natural gas coupled with carbon capture and storage, offers immediate
advantages since it is based on the process schemes already adopted by the current industry
and minimizes the cost especially in areas where it is possible to safely store COs,.

Blue ammonia concept is based on the well-consolidated process scheme for production of
ammonia which expands the CO, capture already included in the syngas purification to the full
Carbon Capture Utilization and Storage (CCUS) value chain. The concept is essentially made
of end-of-pipe blocks that do not affect the main process; however, minor adjustments may be
required to improve the CO, capture rate. Despite the lack of a standard, it is generally
recognized as a “blue” concept if most of the CO; (typically > 80%) is captured.

The main project, Saipem is recently carrying over together Horisont Energi, is the Barents
Blue Ammonia Project characterized by very high carbon capture rate target, high degree of
modularization, winterization, infrastructure for ammonia and CO, management and provision
for future expansion. Actually, Horisont Energi is planning to develop a large-scale blue
ammonia complex in Finnmark, Norway, exploiting the favorable combination of feedstock gas
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availability, cold climate conditions which allow higher process efficiency, and proximity to
offshore CO; storage [16].

The Barents Blue Ammonia Project represent a milestone in the large-scale low carbon
ammonia production industry, the first world scale blue ammonia plant in Europe, a reference
for the optimized solutions identified to address the many challenges posed by the stringent
requirements.

The integration of the utilities with the ammonia plant, and in particular the optimization of the
steam and power network, is a key element in the design of the overall complex.

Barents Blue Ammonia Project captures and permanently stores approximately 2 million tons
per annum of CO- per each ammonia train, which corresponds to the CO, emissions generated
from more than 400.000 cars.

Itis possible to achieve 99% CO, capture target with proper design (Fig. 3) aimed at minimizing
the CO, emissions taking into consideration the whole life of the project.

co2
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Auto-Thermal . Combustion
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Fig. 3: Barents Blue Ammonia Plant scheme

As regards Green Ammonia, derived by Green Hydrogen, several case studies have been
developed by Saipem for hybridization/stand-alone ammonia plant and ammonia-urea
complexes for undisclosed Clients (Fig.4).

Air Separation Ammonia Ammonia Green
Unit Synthesis Refrigeration Ammonia

Water Water Green
treatment electrolysis Hydrogen

Renewable
Power
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Fig. 4: Green Ammonia Plant scheme

Each studies included a business model for hydrogen production cost estimation (£40%). The
capacity of the PV plant has been optimized through a business model in order to have the
minimum value of the cost of hydrogen (LCOH), i.e. aratio 1,75 :1 between the PV plant peak
capacity and the capacity of the electrolysis plant, and a LCOH = 8,8 €/kgH- has been carried
out.

The installation areas are particularly significant; for example, a PV plant of 140 MWp
corresponds notably to 160 ha of soil occupied, and additional areas are to be booked for
electrolysers and storage, although definitely lower with respect to the PV plants.

Futhermore, Saipem and Alboran have collaborated since 2021 to develop green hydrogen
initiatives in the Mediterranean region, focusing also on a green ammonia plant in Morocco. A
large scale electrolyzer plant (450 MW) fed by renewable plants (wind farm with a total power
of about 1000 MW) has been engineered to produce green hydrogen and oxygen; the
produced hydrogen is converted into 1000 TPD green ammonia that will be transferred to the
potential off-taker and final user.

A few considerations for “Low Carbon” Hydrogen to Chemicals (including Refinery)
Both Green and Blue Hydrogen have the potential for gradually replacing grey hydrogen in
current uses, to achieve decarbonization of the whole hydrogen sector, although the use of
non-dedicated renewable energy sources will be limited to very small capacities.

In the short term, when possible, the Blue Hydrogen option will be the easiest appliable,
especially for large scale productions.

In the mid term, Green Hydrogen could be more competitive in terms of production cost with
Grey Hz; and may be produced at scale closer to that of fossil Hydrogen, provided that electricity
produced from dedicated renewable parks located in favorable geographic areas is available
at production cost.

Co-production of pure Oxygen can contribute to the deployment of Green Hydrogen and, in
the long run, water electrolysis might become the main production route of pure oxygen.
However, the goal of a total decarbonization of the sector does not present an easy and
immediate solution and the related “zero-carbon puzzle” is still far to be completely solved.

Otherwise, in perspective, the use of “low-carbon” hydrogen might not be limited only to the
current use of chemical intermediate but could be advantageously extended well beside the
current perimeter to “Hard to Abate” sectors.

Extending the use of hydrogen: from Chemicals to “Hard to Abate” sector

Enlarging the landscape to the overall energy transition frame, not the power sector only is
involved in this process, for sure it is the main actor being responsible for about 40% of the
anthropic CO2 emissions, but the industrial sector is sufficiently close with 25-30% of the
emissions.
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Fig. 5: Anthropic CO2 emissions

While there are several alternatives for decarbonizing power production (renewables first),
much more complex is the situation with regard to the so-called hard-to-abate industry, which
is responsible for the main fraction of the industrial sector. By hard-to-abate we refer both to
Oil & Gas industries, such as refinery and petrochemicals, and to very intensive industries
such as steel, cement, paper mills, metal production (especially aluminum), ceramics, glass,
waste treatment, etc.

Indeed, these industries are energy-intensive (often requiring very high temperatures) and may
have carbon at the very core of their product. The reference is mainly to the petrochemical and
steel industries, but CO; also plays an important role in the cement production cycle (although
in a negative direction). Therefore, our goal — by no means trivial — is twofold: on the one hand,
we have to achieve total efficiency in order to manage only the residual carbon in the product,
and, on the other, we have to avoid using it to generate the energy required for the process.
We are just in front of a very challenging 'zero-carbon puzzle'.

The following Figure 6 [17-18] provides us a more quantitative idea of the related impact for
the different industries. Indeed, the chemical industry ranks as the largest industrial energy
consumer even if it is just the third largest industry subsector in terms of direct CO, emissions
just because a substantial portion of the carbon (and the energy) of the feedstock remains
locked into its products. Thus, the CO, emissions of the overall chemical industry are lower
than it may be expected from its energy demand. Hydrogen, ammonia, methanol (all described
before in the article) and light olefins are responsible of the majority of the sector's CO»
emissions.
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Fig. 6: Energy demand and CO2 emissions for different industrial productions ([17, there adapted from
[18]). Mtoe (Million Tonnes of Oil Equivalent).

The same rationale is in part applicable also to steel while the reverse happens for cement
industry due to the net production of CO; by decomposition of calcium carbonate,

Focusing a bit more on the steel industrial sector, responsible for the emission of 2.6 billion
tons of CO, per year (8% of world emissions and 1/4" of industrial emissions), it might need
just hydrogen for its decarbonization [19].

The most advanced steel producers are targeting carbon neutrality of their production by 2050.
Their selected decarbonization path involves replacement of coal in the reduction step of iron
ores with green or blue hydrogen coupled to the use of an electric furnace for the melt.
Hydrogen may consequently contribute to about at least 30% of the decarbonization of steel
production (0.8 billion tons of CO3), while direct renewable power and, when possible, carbon
capture would do the remaining. If this has to become the standard route for production of
steel, each mill will need deployment of a green (or blue) hydrogen plant with typical size in
the 10,000-50,000 Nm?hr, which can be a good intermediate scale in view of the 100,000
Nm?/hr, thus opening a novel attractive market for hydrogen.
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Joule-heated Structured Catalytic Reactors for CO2 Valorization
L. Zheng, M. Ambrosetti, A. Beretta, G. Groppi and E. Tronconi
Laboratory of Catalysis and Catalytic Processes, Politecnico di Milano, Italy

Abstract

The growing environmental concerns have driven the catalytic CO. valorization as a forward-
looking solution to mitigate the carbon footprint of valuable chemical products. Processes for
CO; conversion into synthesis gas, such as CO; reforming of methane or reverse water-gas
shift, may have a strategic role for the future sustainable production of chemicals and energy
carriers. However, fuel combustion to supply the heat of the associated endothermic reactions
would result in unwanted CO; emissions, which strongly reduce the CO; valorization potential.
Electrification of the endothermic processes may represent the technological solution to such
an issue [1].

Here we report a promising approach for the direct electrification of both the CO, reforming of
methane (eCRM) and the reverse water-gas shift (eERWGS) processes in washcoated
structured reactors. Similar to a concept recently demonstrated for electrified stema reforming
of methane [2], we employ catalytically activated open-cell foams that provide optimal heat and
mass transfer properties as catalyst substrates and simultaneously serve as Joule heating
elements for the catalytic conversion of CO via its reaction with methane or hydrogen.

With the proposed system utilizing Joule-heated Rh/Al>Oz-coated SiSiC foam, CO, conversions
approaching equilibrium were measured across a wide range of conditions for both eCRM and
eRWGS. We further show that such a new reactor concept ensures remarkably low specific
energy demand for CO; valorization, reaching approx. 0.7 kWh/Nm3co, for eRWGS in an
optimized process configuration, assuming an overall adiabacity of 95% and a recovery of 90%
sensible heat. If the feed Hz is sourced from water electrolysis (3.8 kWh/Nm3y,) [3], it is possible
to achieve an overall specific energy consumption of 4.5 kWh/Nm3co. for CO, valorization,

Fa— which is lower compared to solid oxide
co, S/??M;S/iw : electrolyzers for CO; reduction to CO (6-8
o e kWh/Nm3coz, [3]). Furthermore, the system
Stability: > 75 h demonstrated excellent catalytic and

R;‘i;’;”f‘;;‘t”e D electrical stability for over 75 hours.
d CH, | eCRM By replacing fuel combustion with Joule
e atfect — heatir_lg driven by renewabl_e electricity, the
electrified CO. valorization processes
s provide an important approach for dealing
En with the intermittent nature of renewable
syngas sources by storing the energy in chemicals

. . with a low carbon footprint.
Figure 1. Joule-heated structured catalytic reactor. P
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Electrically Heated Reactor for Steam Methane Reforming
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Abstract

In steam-methane reforming (SMR) — the primary method for hydrogen production — gas-
fired furnaces account for 40% of CO, emissions. Beyond the environmental concerns,
these furnaces introduce inefficiencies and complexities, including the need for heat recov-
ery, escalating costs. SYPOX's electrically heated reactor technology offers a compelling
alternative for methane-derived hydrogen production. The innovative design integrates a
catalytically active ceramic macrostructure with resistive heating elements. It allows for en-
hanced heat transfer, superior thermal efficiency, and reduced material stress. Utilizing a
standard SMR catalyst in this electrically heated reactor, we observed a 92% conversion
over 1,000 hours under close to industrial conditions (10 bar, 900°C outlet temperature, with
a steam-to-carbon ratio of 2). Notably, the catalyst remained stable, showing no signs of
deactivation. The reactor's material durability was further showcased during rapid thermal
cycling, oscillating between 350°C and 900°C under a consistent airflow for over 1,500
hours. Cumulatively, these results position the SYPOX design as a viable candidate for in-
dustrial adoption.
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1. Introduction

Hydrogen is an important chemical building block and energy carrier with approximately
100 megatons annual world production capacity. [1] According to many forecasts, the im-
portance of H, as energy vector will increase with the energy transition, and demand is set to
increase strongly in the coming decades. [1-3] Around 80% of H, is produced by steam-me-
thane reforming, a highly endothermic process, in which natural gas and water react to form
H2, CO, and CO- according to the following equations [4]:

CHs+HO0 <—= 3H:2+CO (206 kJ/mol)

CO+H0 <—= H,+CO, (-41kJI/mol)

Steam-methane reforming is a carbon-intensive process. Around 10 kg of CO; are emitted per
kilogram of Hz produced. [1,4,5] This means that 900 million tons of CO., or 3% of global CO»
emissions, are annually emitted by SMR plants. [4] The furnace providing the reaction enthalpy
and the temperature to allow for full conversion is responsible for 40% of the total emissions
and constitutes the best target for emission reduction. [6]

In existing reformer furnaces, the process heat is generated by burning fresh methane and off-
gases coming from the pressure swing absorption (PSA, see Figure 1). Temperatures well
over 1200 °C are reached in the furnaces (firebox), while the temperature inside of the reactor
varies between 700 °C and 900 °C. [4,5]
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Figure 1: A. Layout of an SMR plant. B. Burners and reformer tubes in a Foster Wheeler wall-fired reformer. [5]

Three main industrial configurations for SMR furnaces exist, i.e., top-fired, side-fired, and bot-
tom-fired. The location of the burners impacts both heat flux and temperature profiles, yet these
three configurations achieve very similar results. [7] Existing reformers are limited by heat
transfer, which results in steep radial temperature gradients within the reformer tubes. [4] The
radial temperature gradients from the tube wall to the center of the catalyst bed may reach
100 K. [6]

Carbon formation is a serious risk factor during operation. Under SMR conditions, carbon is
mainly formed by the cracking of methane.

CHs <~ C+2H, (75 kJ/mol)

This reaction continuously takes place when a steam reformer is in operation. [7] However,
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under optimal conditions carbon removal reactions avoid a net accumulation of carbon on the
catalyst. [8] If cracking rates are enhanced and a net laydown of carbon occurs, catalyst parti-
cles will be covered by carbon; the heat consumption of the reaction is then suppressed and
hot spots may form. The formation of carbon whiskers can also crack the catalyst particles,
changing the fluid dynamics of the system, and may even lead to blockage. [7] Carbon for-
mation is suppressed by high molar ratios of steam to methane (S/C ratio), carbon-suppressing
promoters such as potassium, but also by increasing the catalytic activity and minimizing radial
temperature gradients. High catalytic activity reduces the local temperature and lowers the
methane concentration. Improved radial heat transfer allows to move heat from the reactor
wall (the hottest point) into the catalyst bed, where it increases the reaction rate and further
reduces the methane content of the gas phase. [8]

Controlling the burners in an SMR furnace is made challenging by the high heat capacity of
the system (a furnace may measure 30 x 10 x 18 m, with several hundred alloy reformer tubes
that affect the thermal dynamics of the system). [6,9] In such an array, catalyst or tube replace-
ment is a challenging process, i.e., hundreds of tubes must be opened and filled with catalyst
(possibly up to three different layers) in equal measure to avoid differences in pressure drop.
The integration of the reformer into the overall process is equally challenging and requires
substantial on-site activities. In order to reach high energy efficiencies, extensive heat integra-
tion is indispensable. [4,5]

The chemical industry seeks to abate the emissions generated by reformer furnaces, [10] be-
cause CO: is or will be costly to emit under carbon taxation systems. Furthermore, the com-
bustion of natural gas leads to lower efficiencies of H> produced per amount of methane. At-
tempts to decarbonize SMR furnaces include carbon capture in existing plants, autothermal
reforming (ATR), and heating technologies powered by green electricity, including resistive
heating, induction heating, and microwave heating. Carbon capture of low-pressure flue gas
in conventional SMR plants is more expensive than in high-pressure process streams. Auto-
thermal reformers, while resolving that issue, only become economical at a very large scale,
and are, thus, limited in their application. [11,12]

Electrified SMR (e-SMR) has several advantages over the conventional design. Heating does
not emit CO, and makes direct use of green electricity, while maximizing efficiency and storing
part of the electric power in the H-H bond. The electrified heating designs are significantly more
compact, easier to control, and safer than their fired counterparts.

While conceptually several possibilities exist to generate heat for an electrically heated re-
former, resistive heating appears to be the most applicable solution for large scale industrial
applications. While resistive heating could also be integrated into existing SMR plants as e-
furnaces, the challenging heat transfer limits the benefits of electrification. Nevertheless, a
similar approach has been taken with respect to steam cracking, a non-catalytic, high-temper-
ature process for ethylene production. Several large chemical companies have recently under-
taken the construction of a demonstration unit involving an e-furnace. [13] Other resistive heat-
ing technologies provide further advantages, including higher power-per-volume ratios and al-
lowing to operate at higher temperatures and pressures (Table 1).
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Table 1: Overview of resistive heating technology for SMR. [14-16]

e-Furnaces e-Structures e-Tubes
Furnace Electric No No
Reformer Traditional Pressure vessel housmg Electrified tube
Tube macrostructure, cold skin
Catalyst Pellets in Reformer | Washcoated macrostructure | Pellets in reformer
¢ minimal modifi- | ¢ high energy efficiency e Use of standard cata-
Advantages cations re- o opt|m|zed heat transfer lyst pellets
quired e high temperatures and
pressures possible
e low energy effi- | ¢ Electricity supply into e low voltage power
ciency pressure vessel supplies required
e heat recupera- e expensive materials
Possible . Eontrtequw;ad o co_:nphcated power
Limitations 1eat transter rans -
limitations e temperature limita-
e temperature tions of tube material
limitations of
tube material

In this paper, we present a new reactor design for highly endothermic thermochemical reac-
tions. A test rig incorporating this design was built and tested for steam reforming of natural
gas and biogas. We show that the SYPOX reactor technology will enable easy, fast and inex-
pensive commercialization of e-SMR technology.
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2. Design of the SYPOX Reactor

The SYPOX reactor consists of an electrified catalytic bed inside of a refractory-lined pressure
vessel (Figure 2). [17]

50
AV _j
e

Figure 2: General design of the SYPOX reactor.

The catalytic bed consists of a ceramic macrostructure in which FeCrAl heating elements are
installed (Figure 3). The ceramic is coated with a catalyst layer. This configuration creates a
millimetric annular gap between heating element and the supported catalyst. Thus, the re-
quired reaction heat is generated in close proximity to the catalyst surface. This leads to a
uniform heat distribution and a linear temperature profile along the axial coordinate of the re-
actor.

A B

Figure 3: A. Longitudinal section of the ceramic structure supporting the catalyst with
the internal heating element. B. Cross section of the ceramic structure and the co-axial
heating element. C. Assembly of 56 ceramic structures.

The heating elements, covered by an inert oxide layer, are in direct contact with the reaction
gases. The number of channels in the ceramic macrostructure dictates the maximum hydrogen
production capacity. Subsequently, we will discuss the unique properties of this design and the
implications for the SMR process.
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3. Properties of the SYPOX Reactor
3.1 Catalyst

Catalysts in conventional SMR are usually based on nickel. They are installed as pellets in
fixed bed reactors. [7] Over the last four decades, continuous improvements have led to an
optimization of the pellet geometry and catalyst formulation (Table 2). The catalyst in SYPOX
reactors advances these improvements while changing the method of heat supply (see sec-
tion 4.1).

Table 1: Comparison of SMR catalyst geometries and their effects on performance parame-
ters over the last 40 years. [18-21]

KPI\ Year 1980s 2000s 2014 2020s
4-hole | Improved Metal-struc- SYPOX
geometry tured
Cross section @ & *
Shape Pellet Pellet Macrostructure | Macrostructure
Steam tf’ carbon ratio, 3.4 o5 5 1.2
mol mol-
Relative pressure drops | 0.62 0.43 0.34 0.05
Relative reactor volume 100 100 90 1
Relative CO2 emission 100 100 95 60

Table 1 shows that successive catalyst generations have reduced the pressure drop across
the reactor bed. Yet, even when compared to the recently launched catalytic metal-structures
(Catacell by Johnson Matthey), the SYPOX reactor exhibits a marked enhancement in this
regard. This improvement stems from the SYPOX design, where the gas flows through a struc-
tured ceramic bed with a high void fraction, rather than traversing a lengthy catalyst bed.

In a traditional reformer tube, significant radial temperature gradients lead to suboptimal cata-
lyst utilization (usually less than 10%) and a heightened risk of carbon formation. [6,7] In con-
trast, the thin catalyst coating in the SYPOX designh minimizes radial temperature differences
across the catalyst.

3.2 Heat transfer

Within conventional fired furnaces, over 90% of the heat transfer primarily occurs through ra-
diation. Inside the reformer pipes, convection and conduction mechanisms dominate. [7] In
contrast, the SYPOX electrified reformer uses direct heat transfer through radiation from re-
sistance rods and the ceramic material. Additionally, convection plays a substantial role as the
gas flows through the annular gap (between the ceramic tube and the heating rod), in direct
contact with the heating elements. This results in a heat transfer surface area that surpasses
traditional fired steam reforming furnaces by three orders of magnitude. Our experimental find-
ings have quantified the power per unit volume of the electrically heated catalytic bed to be in
the range of 20 - 30 MW/m? (Table 3).
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Table 3: Comparison of fired SMR and SYPOX reactor. [6]

SMR Parameter SYPOX Furnace
Power Density [MW/m?] > 20 0.03
Heat Flux [W/m?] > 80 100
Heat Transfer Surface per Volume [m?/m?3] 250 0.3

Reformer tubes in furnaces are exposed to temperatures exceeding 1000°C, with their longev-
ity largely dictated by constrained heat transfer. Their lifetime is around 10 years, but an in-
crease of just 20 K in temperature can halve the lifespan of the tube. [9] The SYPOX reactor's
innovative design, which generates heat at the reactor's center, employs a cold skin pressure
vessel made only of conventional steel. This design not only enhances durability but also con-
siderably reduces capital expenditure (CAPEX).

3.3 Process economics

While this is not a techno-economic analysis, we would like to highlight several some of the
economic advantages electrification offers for the SMR process.

First, e-SMR reduces process emissions by up to 40%. Under the carbon taxation imposed by
many countries now, this eliminates a significant cost factor. Germany, for example, plans to
introduce a carbon fee of at least €55 per kg of CO, by 2026. This means that a German SMR
unit producing 70,000 tons of hydrogen per year will save €15.4 m in carbon credits annually.
[22,23] Second, replacing fired furnaces with e-reactors saves considerable amounts of natural
gas. Between 25 — 30% of the natural gas going into SMR is burned to supply the high tem-
perature heat required in the process. Third, the electric heating of the SYPOX reactor has the
potential to improve operational flexibility and safety. The high heating/cooling rates (up to 30
°C/min) enable fast modulation of production. Lastly, incorporating electrified equipment like
the SYPOX reactor into SMR plants will decrease the extent to which heat recuperation is
necessary. Depending on the process configuration, this offers the possibility to avoid steam
export, which often is difficult to be commercialized.
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4. Experimental
4.1 Experimental Setup

The experimental setup is schematically depicted in Figure 6 and consisted of the following
parts:

Mass-flow controllers for gas supply

HPLC pump for water supply

Steam generator

electrically heated SYPOX reactor with power supply
cooling and phase separation

on-line gas chromatograph

Vent

MFCs ce
product gas

gas "
Electrified
p| Steam SYPOX Cooler Phase

A | Generator "| Separator
Reactor
water

|_w:ter
Pump Drain

Figure 4: Scheme of the 2 kW e-SMR reactor unit.

A

\ 4

For the electrically heated reactor, electricity is supplied to the reformer from a power supply
and introduced into the pressure vessel via electricity feedthroughs. The feedthroughs are an
important part of the reactor as they electrically insulate the pressure shell from the electrical
connection and ensure pressure sealing. In this setup, the electrically heated catalytic bed was
tested for catalyst activity and stability under an array of conditions. At 10 bar, steam reforming
was performed at temperatures from 700 — 1000 °C and at S/C 1.0 — 2.5, using a variety of
feeds (pure methane, natural gas, biogas).

4.2 Catalyst performance and stability

The activity and performance of a commercial Ni-catalyst under industrially relevant reforming
conditions were evaluated in a 1,000 h campaign. For this purpose, ceramic macrostructure
coated with catalyst and assembled with heating elements (Figure 3) was loaded into a pres-
sure vessel with internal refractory lining. After the electricity supply was connected to the
pressure vessel, the vessel was closed. After an initial reduction phase, the reaction was
started by adding methane and steam to the feed gas.

At 10 bar and 350 °C inlet temperature, a mixture of steam and methane with a S/C of 2 were
fed into the reformer. A high GHSV was chosen to stay under kinetic limitation, as it is impos-
sible to evaluate catalyst stability when operating too close to the thermodynamic equilibrium.
The outlet temperature was set to 900 °C. Analysis of the product gas gave a conversion of
92%, and an approach to equilibrium (ATE) of 60 °C (Figure 5). The mass balances were
calculated using nitrogen as an internal standard and were 97% closed throughout the cam-

paign.
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Across the duration of the 42-day experiment, the approach to equilibrium remained constant
at 60°C (no decrease in conversion), indicating no significant sintering or degradation of the
catalyst. Additionally, an inspection of the catalytic material after reaction showed no indication
of coke formation, or damage of the ceramic support or the heating elements.
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Time on Stream [h]

Figure 5: Methane conversion during 1,000 h SMR campaign in the
SYPOX reactor.

To test catalyst stability, steaming was used as it tends of enhance sintering of the metal par-
ticles. Years of operation can be simulated when steaming for 100 h at 50 °C — 100 °C above
the operating temperature.

In a 600-hour-test run at 10 bar and 900°C, two operating conditions were alternatively inves-
tigated (Table 4).

Table 4: Conditions used in steaming campaign and respective catalyst performance parame-
ters.

Condition Feed SIC [] P [bar] Kmtethane [%0] ATE [°C]
1 CHa, 2.5 10 95 10
2 CH4/CO; (1/1) 15 10 89 25
STEAMING 950 °C STEAMING 1000 °C
100 . ‘
I - 1
ﬁ V‘L f—-—L'
c 90 -
.9 | |
& 85 1 | |
> | |
§ 80 A i | no H; icofeed
SR 00 0 o
70 - o . .
200 300 400 500 600

Time on Stream [h]

Figure 6: Detailed view on SMR campaign between 200 and 650 h
time on stream.
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After initial 280 h time on stream under reforming conditions 1 and 2, the feed was switched to
pure steam and the temperature was increased to 950 °C. These conditions were kept for
100 h. Then, the previous SMR conditions were reestablished. The rates and conversion levels
were identical. After maintaining conditions 1 and 2 for 24 h each, steaming was repeated at
1000 °C for 100 hours. Subsequently, the previous conditions (conditions 1 and 2) were again
reestablished. Again the rates and conversions were identical to the steam reforming perfor-
mance observed before. As the catalyst was active immediately after the steaming procedure
and did not require prereduction, we conclude that Ni is rapidly reduced under the used oper-
ating conditions.

4.3 Material robustness

While we were able to show the catalyst stability over a large period of time (Figure X and Y),
mechanical stress on the ceramic macrostructure and heating element resulting from years of
operation would not be apparent in these experiments. Material fatigue is typically the result
of large temperature gradients and frequent heating and cooling cycles. Therefore, ceramic
and heating elements were tested for their ability to withstand temperature fluctuations and
gradients far more extreme than would be expected under regular SMR operation. For this
purpose, a catalyst bed was installed in the 2 kW e-SMR rig and air was fed into the reactor at
room-temperature.

A thermal cycling protocol was executed as follows: Over a span of 1,500 hours, the
temperature was cycled between 350°C and 1050°C with a rate of 50°C/min. Each extreme,
minimum and maximum, was maintained for 30 minutes before transitioning again. Figure 7
depicts twelve of these cycles conducted over 20 hours. A clear correlation is evident between
temperature and power. An increase in power is instantly reciprocated by a rise in temperature,
and conversely, a power decrease leads to an immediate drop in temperature.
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1400 F [‘ F F - 1000
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§ 1000 2
S 800 - - 600 g
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600 - J u A L 400 o
400 - r
- 200
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Time on Stream [h]
Figure 7: Temperature and power profiles during thermal cycling.

When looking at the entire thermal cycling campaign, different sections can be seen in which
the power varies over slightly different ranges (see Figure 8). This is because at regular inter-
vals, the control K-type thermocouple broke and had to be replaced. The positions of these
thermocouples were slightly different from one another and measured slightly different tem-
peratures. For a single thermocouple, however, the power range is highly uniform. This indi-
cates that during the cycling, the material properties of the catalyst bed, especially heating wire
resistance and ceramic integrity, did not change. Upon removing the module from the pressure
vessel, we found ceramic and wire unchanged and intact. Due to an inlet temperature of only
25°C and an outlet temperature of up to 1050°C, a much stronger axial temperature gradient
is generated compared to SMR, where typically inlet temperatures of 400 — 600°C are used.
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At the same time the surface temperature of the heating element is expected to be much higher
for air heating compared to SMR. In SMR much higher contact times are feasible, as the en-
dothermicity of the reaction is consuming a major part of the provided heat.

o WI' m m

Figure 8: Overview of the thermal cycling and the different power
ranges due to control thermocouple replacement.
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5. Summary

Electrified reactors are emerging as groundbreaking technologies with the capability to curtail
emissions in energy-intensive chemical processes. By replacing fired furnaces in SMR plants,
substantial emission reductions can be achieved in a straightforward manner. SYPOX has
developed an electric reformer, integrating catalytic ceramic macrostructures that house resis-
tive heating elements. This design surpasses traditional fired reforming in various ways. It mit-
igates the risk of carbon formation due to optimized heat transfer, ensuring uniform radial tem-
perature profiles. The consequent benefits extend to efficiency, material longevity, and eco-
nomic viability in industrial contexts. In our experiments, a 2 kW SYPOX reactor, outfitted with
a standard Ni catalyst, was operated under close to industrial conditions (10 bar, 900°C outlet
temperature, S/C = 2) for 1,000 hours. This resulted in a methane conversion of 92%, with no
observed catalyst deactivation. Tests involving recurrent high-temperature steaming and CO»
co-feed underscored its remarkable stability. Furthermore, the reactor's endurance was evi-
dent during thermal cycling between 350°C and 1050°C over 1,500 hours. Throughout this
period, the consistent electrical consumption to achieve specific temperatures indicated unal-
tered wire resistance. While these experiments validate the reactor's prowess under industrial
conditions, more extensive-scale trials are in progress to validate its capacity for higher elec-
trical power input while preserving superior reaction attributes.
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Introduction

Plastics are an essential part of our lives due to their unique properties (in terms of weight,
price, flexibility) and the wide application possibilities, but are also associated with huge
guantities of non-degradable waste. Its handling and the minimization of environmental
impacts is a central challenge of our time. The largest fraction of produced plastic is used in
packaging thus has very low lifespans and quickly ends up as waste, thus magnifying the
issue. Their sustainable application requires the establishment of a circular economy and its
key elements, including the utilization of renewable feedstock, the maximization of the product
life time and recycling after utilization, while maintaining safe handling and treatment to prevent
direct plastic emissions into the environment [1].

Plastic waste treatment in Germany is primarily based on the combination of mechanical
recycling and thermal treatment with or without energy recovery. 2.6 of 5.7 Mio t (46%) of
occurring plastic waste is considered as recycled in Germany, but only 2.3 of 14 Mio t (12%)
used plastics are covered by secondary sources [2], despite one of the most advanced
recycling systems globally. According to the waste framework directive and the plastic and
plastic waste directive of the EU [3], challenging targets are defined with a re-use or recycling
rate of 65% by 2035 Europe-wide and minimum targets for recycled content in plastic products,
indicating a real recycling effect.

In terms of practicability, mechanical plastic recycling is limited by its recovery to sortable waste
fractions, waste quality and contamination, recycling technologies and the quality of the
recovered materials. Recent studies paint a pessimistic picture for the applicability of
conventional recycling, with plastic circularity of up to 72% for an optimized system [4], and a
true recycling rate of 23% [5]. Table 1 indicates typical yields of a state-of-the-art recycling
facility for source-separated packaging waste. At least 50% of the contents of plastics and
carbon end up in only partially or non-recycled product fractions in mixed polyolefin waste
(MPO), mixed plastic waste (MPW) and sorting residues, leading to high degrees of CO2
emission.
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Table 1: Recovery yields of typical state-of-the-art packaging waste sorting facilities

Output fraction Mass Plastics Carbon
Recycling plastics 16.7% 31.8% 24.8%
Other recycled fractions 34.3% 13.8% 21.5%
(incl. liquid cartons, paper, metals)

Mixed polyolefins (MPO) 10.3% 19.5% 16.1%
Mixed plastic waste (MPW) 7.4% 14.1% 11.6%
Sorting residues 31.3% 20.7% 25.9%
Sum 100.0% 100.0% 100.0%

The application of chemical recycling opens up the possibility to improve achievable
recycling rates by expansion to non-recyclable fractions. Figure 2 shows an overview of
possible pathways for chemical recycling and application of its products. Pyrolysis,
depolymerization and solvent-based purification are currently most prominently considered
as chemical recycling processes, but gasification provides the largest quantitative feedstock
potential, as especially sorting residues and mixed waste fractions are only applicable to
gasification.

Mixed Wastes (e.g. RDF, ASR, etc.)

. . End-of-Life
Mixed Plastic Waste Collection &
Gasmcatlon Pyrolysis High-Purity Polymers Target Soluble Polymers
(e.g. PS, PET, PA, etc.) (e.g. PS, PP, PE, etc.)
° Q@
Depolymerlzatlon
Synthetic Thermal (Pyrolysis) Dissolution Mecharical
BTX, Olefins, Chemolysis/Solvolysis (Solvgnt based R I
Chem/ca[s Enzym. Biodegradation, Purification) /{93anag ecycling :
Plastic
Synthet/c Pyrolysis Recovered ) gr oiucts &
Naphtha oil BTX, Olefins, Recovered Recovered Plastic ackaging
2 Chemicals 4 . ;Monomers/Oligomers / Polymer Recyclates
Hydrocarbons Base Chemicals Polymers Plastics

Extraction of Refining & Polymer Formulation & Production
Fossil Resources Chemical Production Production Compounding

Figure 1: Overview of chemical recycling pathways [6]

Gasification of secondary feedstock for carbon recovery

In a gasification process, a carbon-containing solid material is contacted with a gasification
agent to break down the molecules of the feedstock into gaseous species, mainly hydrogen
and carbon monoxide. These reactions take place at high temperatures between 800 and
1600 °C. Typical gasification agents are oxygen, air, steam, CO, and mixtures thereof. In
addition to the main components CO and H», the generated gas usually contains significant
amounts of steam and carbon dioxide and depending on the process conditions also methane
[7]. The chemical process comprises a complex system of numerous chemical reactions, but
the essential conversion of carbon to the major product gas components can described by the
following reactions:
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Carbon oxidation C+0;—-CO; AHgr= — 393.5 kJ/mol Q)
Boudouard reaction C+C0O222CO AHr=+ 172.4 kJ/mol (2
Heterogeneous water-gas reaction C+ H,O 2 CO +H; AHg= + 131.3 kJ/mol (3)

Heterogeneous methanation C+2H:2CH, AHgr= —74.9 kd/mol 4)

The product gas, usually called syngas, contains a number of impurities or inerts that trace
back to the matrix, additives and compounds of the plastic (e.g. fillers, dyes, fibers, flame
retardants). They need to be separated to avoid inefficient production or damage to
downstream equipment. Subsequently, the gas can be used for a wide range of syntheses to
reach products such as methanol and other carbon-based base chemicals, fuels, ammonia or
hydrogen. For these syntheses, a defined ratio of hydrogen to carbon monoxide is required.
This can be adjusted by the water gas shift reaction:

Homogeneous water-gas reaction CO + H,O 2 CO; + H; AHr= —41.1 kJ/mol 5)

This therefore presents a pathway from almost any kind of carbon-containing waste to the
whole spectrum of carbon products, including plastics. In the following discussion, the
production of methanol is exemplarily addressed as a versatile chemical with a wide range of
application as chemical intermediate and energy carrier. The necessary syngas composition
is described by the syngas modulus (optimum at 2.03), and the chemical synthesis can be
pursued via CO or COa.

Syngas modul SN = 2= C0q 6
yngas modulus = Co 1o, (6)
CO-based methanol formation CO + 2 H, 2 CH3sOH AHr=—90.1 kJ/mol @)

CO;-based methanol formation CO; + 3 H, 2 CH3;OH + H,O  AHr= — 49.0 kd/mol (8)

From a technological point of view, gasification temperature is a decisive factor. Firstly, higher
temperatures generally lead to a higher (and faster) conversion which in turn produces higher
guality gas with less hydrocarbon content. Secondly, at high temperatures ash components
melt and produce a vitrified, non-leachable slag that allows safe encapsulation of most critical
waste impurities (e.g. heavy metals) upon withdrawal from the reactor whereas sintered ash
output from a lower temperature gasification is difficult to handle.

The gasification reaction system contains oxidizing exothermal as well as reductive
endothermal reactions, depending on the heat supply strategy. Temperature is adjusted either
by adding more oxidizing gasification agent or supplying external heat. The latter requires an
external heat source which is usually an additional fuel combustion while the first leads to more
combustion reactions within the gasification process and therefore a higher CO; content in the
gas especially for oxygen-containing or high-ash feedstocks. Consequently, gasification is
associated with a significant amount of intrinsic CO, production.

However, gasification is especially interesting in the context of chemical recycling as it has a
high tolerance for varying and strongly heterogeneous feed. The wide range of possible
feedstock as well as the low requirements regarding waste purity make gasification a potential
treatment process for a large quantity of waste streams.

Gasification as a waste treatment technology is currently considered for sewage sludge, MSW
and mixed plastic wastes, especially in the USA, UK and Japan [8]. Another upcoming
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feedstock is automotive shredder residue. In commercial projects, the product is usually either
fuels or hydrogen. So far, plants with an annual feed capacity of about 385 thousand tons of
waste are operational, and an additional 4.35 million tons of waste processing capacity has
been announced according to internal monitoring of public domain information [9]. Progress is
slow on most of the projects as the scale-up of waste gasification faces technological
challenges as well as social opposition and administrative and regulatory grey areas.

Concepts for increasing the carbon recovery of waste gasification

As discussed, gasification of waste streams has large application potential but its sustainability
is limited by the achievable carbon recovery and consequently, associated intrinsic CO»
formation. To nonetheless serve as a circular carbon technology, carbon integration along the
process chain needs to be improved.

While there is potential room for improvement of the technology itself, reactor designs, etc. that
can improve the overall technological and environmental performance of gasification systems,
there are also systematic approaches that can be taken to increase the carbon recovery of
gasification process chains. These approaches are based on the integration of renewably
produced electricity to replace energy supply from the feedstock or external carbon fuels.
There are different points in the gasification process chain where the integration of renewable
power can improve the carbon recovery of the treatment route. One option is to supply energy
to the gasification via direct heating with renewable electricity. This can be done either within
or directly after the gasification reactor. Another option is to replace the water gas shift process
by integration of renewably produced hydrogen to increase the H./CO-ratio without converting
CO to CO.. For both options, the carbon recovery is increased by replacing the combustion-
based energy supply to the process by renewably produced power — directly via plasma or
indirectly via hydrogen. Alternatively, the CO, emissions from this process route can also be
reduced by capturing the generated CO.. However, this does not increase the carbon recovery
to products.

In the following subchapters, plasma-assisted gasification as well as hydrogen integration into
gasification process chains will be discussed conceptually and subsequently be evaluated from
a technical and economical point of view.

Option 1: Hz-integration
Process concept

The indirect integration of renewable power into the gasification process chain is achieved via
hydrogen. It is assumed that hydrogen can be produced at scale through electrolysis by means
of renewable, net-zero power. This hydrogen is fed to the gasification process chain instead
of using a water gas shift unit. Without hydrogen addition, CO is converted to CO- here (see
equation (5) for reference) in order to increase the hydrogen to CO ratio in the gas since it is
usually not high enough coming from the gasifier for the following downstream synthesis.
Instead of this reaction, which further increases the CO, production from the process, hydrogen
from external sources is applied to adjust the syngas modulus. Hence, the quality of the raw
syngas in terms of hydrogen fraction is not decisive for the carbon recovery of the process.

In this way, the major reason for CO, emissions from the process chain is remedied. On top of
that, the air separation unit that produces oxygen for the gasification can be replaced by the
electrolysis unit that is used to supply the hydrogen to the shifting step. These two aspects are
visualized in Figure 2, that shows the integration of hydrogen and oxygen from an electrolysis
unit to a gasification process. Figure 3 furthermore shows the effect of hydrogen integration on
product yield, carbon recovery, CO, emissions and oxygen demand for an exemplary case for
RDF gasification-based methanol production (feed composition shown in Table 3).
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Figure 2: block flow diagram of hydrogen integration

Another advantage of hydrogen integration into the waste gasification process chain is that the
process chain adaption happens after the gasifier. Consequently, technological developments
and improvements made to the gasification reactor are not affected by this modification.
Instead, hydrogen integration can be retrofitted. This is especially attractive since the hydrogen
production from renewable power has a fluctuating output depending on the availability of
renewable power, thus varying with the weather conditions. A hydrogen integrated process
chain can easily be configured flexibly to integrate as much hydrogen as available and still
perform shifting if the Hz supply is insufficient. The dynamic characteristic of renewable power
therefore does not pose a risk to stable gasification operation.

Increasing bypass Increasing CO, content
of CO shift in syngas

14 I
1.2
1.0
0.8
0.6 .
- Methanol yield [kg/kg Feed]
0.4 Carbon recovery

CO2 emission [kg/kg Feed]
Oxygen demand [kg/kg Feed]

0.2

0.0
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Hydrogen Input [kg/kg Feed]

Figure 3: Effect of hydrogen integration on different process performance characteristics for a
gasification-based RDF-to-methanol process
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Technological limits

On the other hand, two major aspects need to be considered as drawbacks of the hydrogen
integration option. Firstly, the electrolysis energy efficiency and development potential are
limited which means that significant amounts of power need to be supplied to the electrolysis
to reach relevant hydrogen outputs. Figure 4 shows the energy efficiency status and
perspective of electrolysis processes (adapted from [10]). Moreover, electrolysis cells are
limited in their individual capacity. Consequently, to supply the necessary amount of hydrogen
(under the assumption that the power supply is not the bottleneck), a large amount of
electrolysis cells/stacks is required. Due to scaling effects of major process components,
gasification-based facilities are usually only economically feasible at large scales. The
scalability of the adjacent technology, in this case the electrolysis, is therefore a rather decisive
factor. Especially concerning the investment costs, scaling electrolysis plants to match the
capacity of a gasification unit is a capex-intensive concept.

2018 2030 2050

= N w B al (o2}
o o o o o o

Electric energy consumption [KWh/kg H,]

o

mPEMEC mAEC mSOEC

Figure 4: Energy efficiency status and perspective of electrolysis processes [10]

Option 2: Direct heating via plasma
Process concept

Alternatively or additionally to hydrogen integration, the quality of the raw syngas coming from
the gasifier can be improved by targeting to decrease CO; and increase hydrogen fractions.
Since CO; in the syngas is attributed to oxidation reactions that provide heat to endothermic
conversions and temperature level (Boudouard equilibrium, see equation (2)), heat supply and
syngas composition are coupled. To decouple them, external heat supply is necessary. This
is usually done by combusting a part of the carbon-containing fuels and providing sufficient
area for heat exchange as for example done in steam methane reforming. This also leads to
CO; emissions and is thus not a viable way of increasing the overall carbon recovery of the
process. Therefore, the direct integration of renewable power into the gasification via plasma
is alternatively employed to feed energy into the gasifier without an oxidant.
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Figure 5: Plasma-assisted gasification process chain

In this way, the oxygen input can be minimized depending on the amount that is fed to the
gasifier with the feedstock as heat supply is decoupled from oxygen supply. As Figure 5 shows,
the air separation unit (ASU) is replaced by the plasma torch.

Plasma-assisted gasification has traditionally been considered for waste management to
neutralize hazardous substances [11]. In recent years, developments have gained traction and
now also focus on other waste streams such as MSW, sewage sludge and plastic waste. In
the following paragraphs the basics of plasma gasification are briefly explained.

Plasma as a state of matter is defined as an ionized gas and thus is conductive and also
contains large amounts of energy [12]. Conceptually, it therefore allows the supply of
substantial amounts of heat to a process tied to very limited material input, i.e., a high energy
density. Additionally, the use of that heat is not tied to the production of CO- directly, as it is
with chemically stored energy that is unlocked with oxidation. However, large amounts of
electricity are required for generating plasma, which also leads to CO, emissions, especially if
this power is not generated renewably. On top of that, devices that generate plasma also have
attributed losses that is accounted for in a technology-specific generation efficiency.

Possibilities of plasma integration

Fundamentally, plasma can be generated in different ways with electrostatic and
electromagnetic methods being the most common forms of plasma generation. Depending on
the plasma source, different properties are realizable. In general, plasma streams are
described by their pressure (below atmospheric, medium, high pressure), their degree of
ionization and whether they are in thermal equilibrium. The thermal equilibrium determines if
the plasma stream is at a uniform high temperature (thermal equilibrium), if there are local
gradients (local thermal equilibrium) or if the light weight electrons are at a high temperature
but the heavy rest of particles is not (no thermal equilibrium, cold plasma). For heat supply to
gasification, thermal equilibrium is a decisive factor [12].

In the application, some more relevant properties of the generated plasma within the specific
system can be identified. These are the plasma’s specific enthalpy and diffusion rate as this
governs the heat transfer to other parts of the reactor. The injected power and the thermal
efficiency of the torch additionally decide on the plasma system design and its overall efficiency
for electricity integration. An important consideration is also the type of gas that is (can be)
ionized, for example argon, nitrogen or steam.
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Table 2: Plasma generation technologies [11-13]

Plasma' Technology mechanism  Advantages Disadvantages

generation

Thermal arc  Spark between two - High temperatures - Limited electrode
conducting parts possible lifetime
(electrodes) by initial - High efficiency - Difficult process
application of high possible control
voltages

Microwave  Plasma is induced by - No electrode erosion - Limited efficiency
microwaves, i.e., - Variable temperature - Limited treated
wavelength similar or surface (scale)
smaller to plasma size

Radio Induced by magneticor - No electrode erosion - Limited efficiency

frequency electric fields that lead to - Direct feed-plasma and scale

(inductive, electron scattering interaction possible - Difficult operation

capacitive) - High power possible

Table 2 shows the technological pathways that are used for plasma generation. Literature
shows that DC thermal arc plasmas are the most commonly deployed technology due to their
ability to be scaled to the needs of the gasification system. The limited lifetime of the electrodes
is the decisive factor that technology research and development is addressing. Apart from that,
AC arcs and microwave plasma are investigated [11].

Plasma gasification comes in different design concepts depending on the scenario. The two
basic approaches are detailed below:

- Plasma melting: In these systems, plasma torches bring in energy at the bottom of the
reactor to support ash melting into slag, to avoid the production of dry ash as a gasification
product as it is difficult to handle and to dispose of. Depending on the nature of the slag,
a transferred or a non-transferred arc can be employed. Due to the positioning within the
slag bath, the conversion in the gas phase is hardly affected, thus gas composition is not
impacted significantly. This approach is especially applicable for feedstock with a high
content of ash that leads to a high energy demand for melting. Boson Energy [14] is using
this approach by placing plasma torches at the bottom of a counter-current fixed bed
gasifier, to support the vitrification of the slag. Another example of this approach is the
INEnTec [15] system that has a separate plasma chamber below the main gasification
reactor where temperatures are so high that molten metals and slag can be discharged
separately. Gas quality improvement is done by a secondary gasification zone that does
not utilize plasma. SG H2 Energy [16, 17], a member of the Solena Group also uses this
approach for plasma gasification of plastic waste in a counter-current fixed bed gasifier.

- Plasma gas conversion: The plasma torch is either positioned in a separate reactor or
close to the syngas output where it creates a secondary gasification zone. Secondary
cracking and reaction equilibration improve the gas quality, especially by converting higher
hydrocarbons and tar components. This requires additional reactor space but allows
significant improvement of gas quality. Slagging is not supported so if desired, the
necessary heat must be available within the primary gasification chamber. Consequently,
this concept is most suitable for feedstocks with low ash content and high organic fraction
as the conversion of the organic fraction into high quality syngas components has the
bigger impact on the energy demand of the reactor. An example for this is the process by
Advanced Biofuel Solutions Ltd. (ABSL) [17], who use a bubbling fluidized bed reactor
followed by a DC transferred-arc plasma torch in a secondary reactor that supports ash
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melting as well as secondary conversion of tars and yields a refined syngas alongside
slag. OMNI Conversion Technologies [18] (formerly Plasco) uses a similar approach but
only sends the raw syngas to the plasma conversion reactor, without the ash. Melting of
the ash takes place in the primary gasification reactor already.

Overall, the effect of plasma on the gasification process is higher cold gas efficiency, increased
syngas yield, less impurities/tars/higher HCs in syngas, better syngas quality and lower CO
yield in syngas, which leads to a higher carbon recovery i.e., a higher fraction of feedstock
carbon that can be recovered to a chemical product. Plasma-based gasification units can
further benefit from the high energy density without heating surfaces and improved kinetics
due to reactive species in highly excited states, enabling the construction of compact and less
cost-intensive reactors [19].

Despite recent development progress and process demonstration, application of plasma in
gasification still faces challenges that need to be addressed to improve the process
applicability and sustainability. These include the plasma energy efficiency, the applicable
process pressure, the feedstock conversion rate due to contacting limitations of plasma with
gasification feedstock, and the unit longevity, especially electrodes in plasma torches [19].

Technological and economical comparison of plasma- vs. Hz-integration

Above the two basic options for improving the carbon balance of waste gasification process
chains have been qualitatively discussed and explained on a technology level. In this section,
these general tendencies are quantified by comparing three process chains: a conventional
one, one with direct and one with indirect power integration for one feedstock. RDF is chosen
for this analysis as a representative feedstock for actual waste streams (see Table 3).

Table 3: Exemplary composition of typical waste fractions

Waste wood Refuse derived fuel Polyethylene waste

Proximate analysis [wt.-%, wf.]

Fixed Carbon 14.89 8.60 1.25
Volatiles 82.76 69.30 98.75
Ash 2.35 22.10 0.00
Sum 100.00 100.00 100.00
Ultimate analysis [wt.-%, wf.]

Ash 2.35 22.10 0.00
Carbon 50.70 46.80 85.60
Hydrogen 6.15 5.70 14.40
Nitrogen 0.63 1.60 0.00
Chlorine 0.08 0.26 0.00
Sulfur 0.05 1.25 0.00
Oxygen 40.04 22.29 0.00
Sum 100.00 100.00 100.00
Heating value [MJ/kg, wf.]

LHV 18.75 22.37 44.94
HHV 20.09 23.62 48.10

The comparison is based on thermodynamic process chain modelling using Aspen Plus. The
gasification is assumed to reach equilibrium. The plasma input is integrated as thermal input
without material input with the plasma efficiency considered as a performance indicator in the
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results evaluation. A similar approach is chosen for the electrolysis. The process chain
evaluation considers the conversion processes from feedstock up to methanol including
syngas compression, the adjacent air separation and electrolysis, the combustion of off gases
and basic heat integration. The basic scaling of the three cases is for an LHV-based thermal
input of 200 MW of RDF, equaling about 270 thousand tons of waste per year. The plasma
and the electrolysis case are adapted to reach a carbon recovery to methanol of 76.6 %,
benchmarked by the maximum recovery can be reached by plasma integration. Due to the
equilibrium-nature of the gasification reaction system and the oxygen contained in gasifying
steam and the feedstock, a certain amount of -intrinsic CO: is inevitable, thus leading to a
certain amount of inevitable carbon dioxide in the syngas. Since the hydrogen process chain
uses a downstream modification, the performance of the gasification section is the same as in
the conventional process chain. This can be seen exemplarily in the syngas yield, that amounts
to around 2 m® (CO+H,, STP)/kg, while the plasma gasification produces 2.7 m3 (CO+H,,
STP)/kg. Figure 6 shows the electricity demand for the conventional, the plasma and the
hydrogen route, by consumer, along with the carbon recovery. As mentioned before, the
carbon recovery was fixed at 76.6 % for both cases with power integration to improve
comparability, which is an increase of 18.6 percentage points compared to the conventional
case. The power demand shows some general power consumers (including syngas and
methanol recycle compressors) that are in a similar range of electricity demand. The demand
for the plasma process chain is slightly higher due to the increased syngas flow.
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Figure 6: power demand and carbon recovery for all process chains

Figure 6 also shows that plasma as well as hydrogen integration leads to a significant increase
in electricity demand, as can be expected. The plasma process chain requires slightly less
electricity compared to the hydrogen process chain. Since the carbon recovery is the same for
the plasma and the hydrogen process chain, the amount of CO; that is saved compared to the
conventional process chain is also the same. The increase in power demand can be related to
the decrease in CO; emissions, which yields about 5.99 kWh of power input per kg of CO- that
is saved when using plasma. For hydrogen integration the number is slightly higher at
6.54 kWh/kg. This shows the same trend as the electricity demand in Figure 6. This difference
can be attributed to the different integration efficiency that is higher for the direct integration of
electricity.
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Figure 7: gasification agent demands for all process chains

Another relevant aspect is the gasification agent demand that the different process chains
exhibit, as shown in Figure 7. The conventional route consumes large amounts of oxygen that
is provided by the cryogenic ASU. Some steam is also injected into the gasifier as moderating
agent. The plasma route on the other hand consumes no oxygen but large amounts of steam
that consumes the injected plasma energy by endothermic reforming reactions. The hydrogen
process chain uses the same amount and ratio of oxygen and steam; however, no ASU is
required since it is assumed that the oxygen produced by electrolysis can be used for the
gasification step. In fact, as Figure 7 shows, the oxygen production of the electrolyzer is more
than enough for the gasifier. Therefore, the hydrogen process chain has an overall rather small
gasification agent demand.

This technological performance comparison can be used to estimate capital investment and
operating cost of the three process chains. By assigning a price to process CO, emissions, a
levelized comparison between the different approaches can be drawn. The assumptions for
this economical evaluation are shown in the following in Table 4.

Table 4: Assumptions for economic evaluation

Assumption Value Unit
Thermal input scale 200 MW
Operating hours 8000 hly
Electricity cost! 0,05 €/kWh
Price for CO. emissions 100 €1t
Gate fee for waste 100 €1t
Methanol revenue 395 €/t
Target year 2025

1 This is assumed to be produced renewably i.e., without associated CO2 emissions.
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Table 5: Unit reference cost for CAPEX estimation

Source Price reference Reference capacity Scaling

[Mio. €] degression

(converted to 2025) exponent

Gasifier Estimation 38.15 5.8 kg/s (waf) 0.55
Air separation [22] 21.02 4.3 kg/s O2 0.61
Syngas compressor [23] 31.30 1.5 kmol/s dry syngas 0.65
AGR & TGT [23] 14.73 9.6 kg/s CO: 0.65
Methanol synthesis [23] 20.17 11.2 kg/s Methanol 0.65
Electrolyzer [24] 4.28 5.0 MW(el) 0.88
Plasma system [25] 0.36 1.2 MW(el) 0.88

These assumptions lead to an estimation of annual operating expenditure as well as revenues.
Additionally, capital investment can be estimated from reference costs for the respective
equipment by scaling of reference costs (see Table 5) to the required size as well as adapting
the reference cost to the target year. Table 6 shows the results of this estimation:

Table 6: Results of economic assessment for RDF gasification

Conventional Plasma  Hydrogen

Annual OPEX [Mio. €] 24.46 41.12 43.39
Annual revenues [Mio. €] 100.59 124.28 124.25
CAPEX [Mio. €] 102.85 99.58 129.02

Due to the strong increase in electricity demand, the operating cost of the plasma as well as
the hydrogen process chain increase significantly, which cannot be compensated by the
reduced cost of CO, emissions in the assessed framework. The main difference in the
increased methanol yield in the plasma and hydrogen case.
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Figure 8: CAPEX composition for gasification-based process chains
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When comparing the capital investment, it is evident that the hydrogen case is the most
expensive case due to the cost of the electrolysis equipment. The cost of the gasifier is the
same in all three cases. Since the cost of the plasma system is lower than the cost of the ASU
while the rest of the costs are quite similar between the conventional and the plasma case
leading to overall lower investment in the plasma case.

Another perspective on this is to compare the CAPEX in relation to the amount of methanol
that the respective plant can produce (product-specific investment). The conventional route
requires an investment of 552 € per ton per year methanol produced (€/tpa). The plasma route
ranges at 404 €/tpa and the hydrogen route at 524 €/tpa. This clearly shows that the increase
in production also has an effect on the overall costing balance. However, comparing annual
operating costs versus revenues still reveals that higher revenues from increased methanol
sales do not cover the cost of electricity. With 21.16 Mio. € per year vs. 10.50 vs. 8.23 Mio. €
per year in operating cost balance for the conventional, the plasma and the hydrogen process
chain respectively, the conventional route is still advantageous.

In this context, the scaling of the three process chains for a range of thermal input can be
investigated. Figure 9 shows the CAPEX of the process chain as well as the methanol-specific
investment for a range of thermal input from 10 MW to 500 MW.
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Figure 9: CAPEX and MeOH-specific CAPEX for different scales (cases: C — conventional; H
— Hydrogen; P — Plasma)

The graph indicates that a small-scale process chain leads to high methanol-specific
investment which consequently drives up the annual cost of the investment and therefore the
production cost of methanol within this chain. This shows that small scales are not
economically feasible for this kind of process chain. Additionally, Figure 9 also shows the
increase of CAPEX with increasing thermal input and the differences for the three
configurations. While the conventional and the plasma case show a similar scaling behavior,
the hydrogen process chain shows a stronger CAPEX increase for larger scale facilities. This
is due to the limited scale of an electrolysis cell as upscaling is only possible by increasing the
number of cells and stacks, which leads to a more linear scaling instead of a damped increase
as in conventional plants. At large scales this even leads to a lower methanol-specific
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investment for the conventional process chain despite the lower methanol yield. For both
overall CAPEX as well as methanol-specific investment, the plasma process chain performs
best.

Moreover, the behavior of operational costs and revenues can be analyzed. Figure 10 shows
the difference between annual cost and revenues i.e., the annual surplus (in disregard of the
cost of capital) when the prices of inputs and outputs of the process chains are varied. The
prices of electricity, CO, emissions and methanol sales are each increased and decreased by
25 % to study their influence.
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Figure 10: balance of annual cost and revenue for varied prices

First of all, the electricity price is considered. An increase here leads to an increase in OPEX
and thus a smaller balance. This effect is stronger for the plasma and hydrogen process chain
as their electricity demand is significantly higher. While the cost-revenue-balance is the highest
for the plasma case and the lowest for the conventional case in the base scenario, increasing
the cost of electricity leads to a crossover between the conventional and the hydrogen process
chain and an almost equal balance between the plasma and the conventional process chain.
Too high electricity prices therefore endanger the competitiveness of the alternative process
chains. A similar but reversed trend can be observed for the methanol price. Since the
methanol yield is higher for the non-conventional process chains, their balance shows a higher
increase for rising methanol prices than the conventional process chain. A decrease in
methanol price leads to a lower balance in all cases that is at very similar values, minimizing
the cost performance differences. For the CO;, emissions, a price increase leads to a decrease
in cost-revenue balance for all three process chains, as all three emit CO,. The decrease is
stronger for the conventional process chain as it has the highest emissions. For the full range
of price variation, the cost-revenue balance is the lowest for the conventional route. The price
of CO; would need to go down to around 15 €/t for the conventional route to perform better.
Overall, this comparison again shows that the plasma process chains can be an economically
attractive option in a framework with low electricity prices and high incentive for carbon
emission reduction.
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Finally, Table 7 shows a comparison of the processing performance of three feedstock with
varying degree of heating value and oxygen content. From an effectiveness perspective, two
aspects should be pointed out. For feedstock with high oxygen content (waste wood in this
case) in high-temperature gasification, the required oxygen input for heat supply together with
the feedstock-bound oxygen already exceeds the minimal demand, with excess oxygen
leading to a decreasing syngas vyield. This is relevant for conventional and hydrogen-based
systems, but can be avoided via plasma application. Second, the achievable carbon recovery
via plasma gasification increases with decreasing oxygen content, as more hydrogen can be
delivered from steam conversion without limitations from oxygen capacities.

Table 7: Variation of gasification feedstock

Feed Waste wood Refuse derived fuel Polyethylene waste

Configuration Conv Plasma H: Conv Plasma H: Conv Plasma H:

Oxygen balance [mol/kg feed (waf)]

Demand 40.57  40.57 40.57 47.78 47.78 47.78 7234 7234 7234
Feedstock 2563 2563 2563 1788 17.88 17.88 0.00 0.00 0.00
Oxygen 36.15 0.00 36.15 29.07 0.00 29.07 67.92 0.00 67.92
Steam 0.00 1494 0.00 083 29.89 083 442 7234 442
Net excess 21.20 0.00 21.20 0.00 0.00 0.00 0.00 0.00 0.00

Carbon Recovery 0.42 0.70 0.70 0.58 0.77 0.77 0.67 0.99 0.99
Electricity demand

[MJI/MJ (LHV feed) 0.09 0.62 0.74 0.07 0.38 0.41 0.08 0.55 0.61
[MJ/kg MeOH] 294 1226 14.73 2.22 8.99 9.66 231 10.97 12.20

OPEX

[€ / t MeOH]
CAPEX

[€ / (tly MeOH)]

230 230 263 131 167 176 99 155 172

726 429 619 552 404 524 499 323 473

Conclusions of concept evaluations and outlook

Technological and economical evaluation of direct and indirect integration of renewable power
has been conducted. Several conclusions can be drawn from this: Plasma integration is a
suitable pathway for decoupling the syngas composition and quality from the energy supply,
enabling a more tailored supply of required hydrogen or oxygen depending on the feedstock,
and consequently make better material use of feedstock atoms. Plasma heat integration in
gasification processes faces similar challenges to electrolysis-based hydrogen production in
terms of scaling effects for large-scale facilities, but shows a comparatively small impact on
total CAPEX, thereby giving a clear perspective for CAPEX reduction in future low-carbon
applications. Further, the shown application advantages for low-value feedstock enable a
potentially wide feedstock range. A drawback is the necessity of constant availability of
sustainable and low-cost electricity, as flexibility of the heat supply regime in a complex
gasification reactor is highly challenging. In this regard, hydrogen integration is advantageous,
as it only requires flexibility of downstream processes, which is easier achievable.
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A combination of both plasma and electrolysis application could further be promising,
combining a high investment efficiency with a potential for near-complete carbon product
integration and minimal emissions.

Significant work is necessary on plasma gasification but a lot is already on the way, both in
term of technology development as well as identification of optimal pathways and concepts to
pursue. Efficiency enhancements in gasification-based application via plasma and hydrogen
both appear to be promising pathways to integrate energy for conversion processes from non-
fossil sources in order to reduce the consumption of fossil carbon and move towards an
anthropogenic carbon cycle.
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But-1-ene Hydroformylation in a Continuous Gas-phase Membrane Reactor:
Road to Industrial Application
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Abstract

Since its discovery by Otto Roelen in 1938, hydroformylation grew to become one of the largest
industrial chemical processes utilizing homogeneous catalysts at more than 10 million metric
tons of products annually [1]. One of the major challenges for industrial operation is the efficient
and complete recycling of the expensive Rh catalyst. Developments in the field of catalysis that
allowed the immobilization of a homogeneous catalyst on a solid support gave rise to supported
liquid phase (SLP) catalysis. Being a bridge between homogeneous and heterogeneous
catalysis, SLP showed great potential in improving current industrial processes significantly.
Investigations on this catalytic system demonstrated the employment of rhodium and
biphephos (bpp) ligand with the amine additive sebacate as a liquid phase to catalyze but-1-
ene hydroformylation to aldehydes. [2, 3] The catalyst system showed superior performance
with selectivities reaching 60% toward n-pentanal and exceptional regioselectivity with linear
to total aldehyde ratio of 99%. Given the high reactivity of the formed aldehydes, their
consecutive reaction toward aldols must be suppressed for continuous gas-phase SLP
catalysis.

Recently, we successfully developed a membrane reactor approach that combined reaction
and separation into a single operating unit. A monolithic structure of silicon carbide was coated
with polydimethylsiloxane (PDMS) then directly impregnated with the SLP catalyst system. This
polymeric membrane layer facilitated the selective separation of the reaction products resulting
in n-pentanal rich permeate stream.

In this contribution, we demonstrate this approach with a continuous membrane reactor set-
up. The results from kinetic investigations and stability studies were used to implement a
membrane reactor model within Aspen Custom Modeler (ACM). This ACM model has been
used to scale up the hydroformylation process by a factor of 500. The demonstration reactor
will be implemented in a production plant of Evonik in Marl, Germany.
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Continuous Processes for the Rh-catalyzed Carbonylation of Olefins and
Unsaturated Esters Enabled by Cyclodextrin-mediated Aqueous Biphasic
Systems

T. Roth, K. Kiinnemann, D. Vogt, T. Seidensticker

TU Dortmund University, Department for Biochemical and Chemical Engineering, Laboratory of
Industrial Chemistry, Dortmund, Germany

Abstract

Sustainability and efficiency are two crucial values in the chemical industry. One strategy to
reach these goals in homogeneous catalysis is the use of environmentally benign solvents in
the development of novel, efficient production processes. A successful example is the Rh-
catalyzed carbonylation in an aqueous-organic two-phase system. While separation of the
aqueous catalyst phase and apolar products is accomplished very effectively, the approach is
limited by the solubility of the substrates, which especially holds for long-chain substrates. The
resulting need for an intensification technique has long been an area of research that has
received great attention. The use of cyclodextrins (CD), cyclic oligosaccharide molecules that
form conical cylinders with a hydrophilic surface and a hydrophobic cavity, as mass transfer
agents represent a promising avenue for the success of such aqueous biphasic systems
(Figure 1, left). Their implementation leads to a potentially economically competitive trade-off
between reaction activity and catalyst retention.

.
organic phase ™

substrate product S

\*\‘Y/'/‘
substrate Ny
~

interphase - L })
S S

product

catalyst phase

~ catalyst phase recycle

Figure 1: Working principle for cyclodextrin-mediated reaction systems (left). Process design for the recycling of
homogeneous catalysts using aqueous biphasic systems (right).

We investigated these reaction systems in a continuous operated miniplant (Figure 1, right) for
hydroformylation and hydroaminomethylation (one-pot auto tandem reaction of
hydroformylation followed by reductive amination) reactions. After preliminary batch
experiments, optimization of different reaction parameters was carried out during continuous
operation. At high selectivity’s of 80% and yields above 70%, on average only 0.15 mg Rh per
kg of main product was lost via the product stream. With such extremely low loss of 0.003 %
h-1 of the initial Rh mass (0.24 % overall), being the lowest leaching value ever reported for
the HAM at this scale, industrial application comes into reach.
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Carbon Chain Building Reactions from Synthesis Gas to Hydrocarbons via a
Three-Step Reaction Cycle with Increased Selectivity

Jeroen T. Vossen,*? Andreas J. Vorholt,* Walter Leitner'=2

1 Max Planck Institute for Chemical Energy Conversion, Mithlheim an der Ruhr, Germany

2 Institute for Technical and Macromolecular Chemistry, RWTH Aachen University, Aachen,
Germany

Abstract

The Fischer-Tropsch process for the conversion of synthesis gas to hydrocarbons currently
exceeds a production volume of about 10 million metric tonnes per year as of 2013.*3 As
several sectors and product lines such as aviation, heavy duty shipping and polymer production
cannot be easily decarbonized, this number is only expected to grow as fossil resources are
replaced by renewable feedstocks. The synthesis gas required for Fischer-Tropsch reactions
can be derived from renewable and sustainable feed stocks such as biomass gasification and
hydrogen produced with green energy.*® So far, the Fischer-Tropsch reaction yields a broad
spectrum of products all the way from methane to long-chain waxes, alcohols and olefins
according to an Anderson-Schulz-Flory distribution.l”! Light gases such as methane in particular
cannot be used in further chemical processes and are thus considered waste products.

In this work, we present a synthesis route that improves the carbon chain length selectivity of
the hydrocarbons formed from synthesis gas and
narrows down the product distribution to selective
carbon chain lengths. By a combination of
hydroformylation, hydrogenation and dehydration
reactions, carbon chains can be elongated to specific
value products. The cycle can be ended at one of the
desired products: olefins, aldehydes or alcohols. If
synthesis gas derived from biomass and bio-ethanol
or bio-butanol are used as starting compounds for the
cycle, this reaction can be based entirely on
renewable resources. A key focus in the development
of this system is the catalyst recycling in each of the
three steps, reducing waste to a minimum.
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Continuously Operated Hydroaminomethylation in Advanced Multiphase
Systems for Efficient Recycling

T. B. Riemer, A. Kampwerth, T. Sinnhoffer, D. Vogt, T. Seidensticker

TU Dortmund University, Department for Biochemical and Chemical Engineering, Laboratory
of Industrial Chemistry, Dortmund, Germany.

Abstract

The development of sustainable processes is an ongoing challenge in the chemical industry.
In an integrated approach, we combine highly selective homogeneous catalysis with efficient
catalyst recycling and product separation and purification. As a means for process
intensification, our group developed various thermomorphic multiphase systems (TMS) to
reach these objectives. Such a TMS makes use of a temperature-dependent miscibility gap to
carry out reactions under monophasic conditions at elevated reaction temperature, avoiding
liquid-liquid mass transport limitations. Cooling after reaction leads to the formation of two
phases. One phase containing the product and the other phase containing the valuable
homogenous catalyst in its active form, which can directly be reused. We successfully applied
a TMS consisting of methanol and dodecane for the continuous hydroaminomethylation (HAM)
of various longer chain alkenes using molecular hydrogen and CO. We were able to achieve a
stable catalyst recycling in a continuously operated miniplant and switch the substrates on
stream, highlighting the robustness of this system. However, in these conventional TMS, the
apolar product phase contains large amounts of the apolar solvent n-dodecane, thus, after
decantation still requiring energy-intensive downstream processing.
A) _exiracting agent B)

alkene alkene

product amine sec. amine
‘ extracting agent
| o

product amine

CO/H; CO/H,
methanol polar solvents
water + catalyst water + catalyst
+ water + water

Figure 1: Process flowsheet of continuous hydroaminomethylation in conventional TMS with the nonpolar extracting
agent n-dodecane A) and newly developed TMS without extracting agent B).

Here, we report on a newly developed generation of TMSs that fully omit the use of nonpolar
extracting agents to significantly reduce the efforts for product purification. To this end, the
composition of green polar solvents is tailored such that the reaction proceeds without mass
transport limitation, and an almost solvent-free product phase is formed after cooling. Very
successful hydroaminomethylation of 1-decene with diethylamine in a continuously operated
miniplant will be presented. In addition, we included an in-situ removal of the by-product water
via an organic solvent nanofiltration (ONF) membrane. With this approach, we were able to
maintain consistent process conditions for over 90 hours with reaction yields to the tertiary
amine of up to 79%, providing reliable information about the stability of the novel solvent
systems, the homogeneous catalyst and the overall process.
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Co-electrolysis and its Integration into Power-to-X Concepts as a Key Step in
a Renewable Energy System

E. Reichelt, P. Adam, R. Nake, G. Herz, S. Megel

Fraunhofer IKTS, Fraunhofer Institute for Ceramic Technologies and Systems IKTS, Dres-
den, Germany

Abstract

Co-electrolysis offers huge potential for increasing achievable efficiencies of Power-to-X pro-
cesses. Within this work a short overview on co-electrolysis, its advantages and its influence
on overall process performance is presented. Experimental results on small-scale co-electrol-
ysis-based plants are given to illustrate the current development status and to demonstrate
that the benefits attributed to the technology can actually be shown in technical application.

Introduction

The advantages of high-temperature electrolysis and especially co-electrolysis have been dis-
cussed in several publications [1-3]. However, even though high-temperature electrolysis has
been demonstrated at a scale close to 1 MW [4], the technology is still often regarded to be on
a status somewhere between lab-scale and early demonstration. In this paper a short overview
on co-electrolysis technology is presented, highlighting the advantages and the necessary sys-
tem layout. Own results on small-scale electrolysis-based demonstration plants are given in
that context, showing that large-scale application is feasible based on the current development
status.

Basics of co-electrolysis

The production of syngas is generally the first step of Power-to-X process concepts. Basically,
there are two potential pathways allowing for the electrolysis-based production of syngas (Fig-
ure 1).

Co, reverse H,, CO,

1) H,0 — electrolysis —>H,—> WGS  (H,0, CO,)

H,, CO,
(H,0, COy)

Figure 1: Electrolysis-based pathways for syngas generation.

2) ﬁ% — co-electrolysis
2

The first option is the production of hydrogen via
H,0 - H, + 0.5 0, Eq. 1
and the subsequent conversion via reverse water-gas shift (rWGS) reaction:
H,+ CO, 2 H,0+CO AhS =41.2 kj/mol Eq. 2
This pathway is the option of choice when applying low-temperature electrolyzers (LTEL).
While hydrogen generation in this process concept could generally also be based on high-

temperature electrolysis (HTEL), it is more convenient in that case to produce syngas via so-
called co-electrolysis, which is presented as the second route in Figure 1. Co-electrolysis is no
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independent technology, but rather an operation mode of high-temperature electrolysis
(HTEL), which is also known as solid oxide electrolysis (SOEL). A general scheme of a high-
temperature co-electrolysis cell is given in Figure 2.

— Interconnect

.'b ) X ." .' '('v".’ A
.,' .\«0,5?» '94:.).‘0’.

. ’ ’ —— Cathode

ofo o(o

— Electrolyte

Air Air + O,
Figure 2: Scheme of a high-temperature co-electrolysis cell.

At temperatures of 3 = 700-900 °C, the active material (Ni) allows not only for the conversion
of steam to hydrogen, but also of carbon dioxide (CO.) into carbon monoxide (CO). In that
context CO- can be either converted directly via

€0, - CO + 0.5 0,, Eq. 3

or via rWGS reaction (Eg. 2) of CO2 with Hz, which was formed according to Eq. 1. Even though
both options are possible, CO- conversion via rWGS has often been found to be prevailing in
co-electrolysis operation [3,5-7]. In contrast to pathway 1 from Figure 1, the reactions given in
Egs. 1 and 2 occur in parallel in one apparatus and not subsequently in two. Thus, a higher
conversion of CO; can be reached applying co-electrolysis in comparison to the two-step low-
temperature electrolysis-based approach.

Additionally, co-electrolysis also offers the advantage of a higher energetic efficiency of syngas
generation which is offered by the high operating temperatures. While the energy demand of
the phase transition from liquid water to gaseous hydrogen has to be provided in form of elec-
tric energy for low-temperature electrolyzers, phase transition and reduction can be decoupled
with high-temperature electrolyzers. Thus, generating steam by waste heat of an associated
process allows to reduce the electric energy demand considerably. As the synthesis step of a
Power-to-X process is generally an exothermal, boiling water-cooled process, efficient heat
integration of high-temperature co-electrolyzers is possible.

Another advantage of high-temperature co-electrolyzers is the activity of Ni — as the active
cathode material — for reforming reactions. Thus, to a certain amount of short-chained hydro-
carbons that might be available as by-products, e.g. of a Fischer-Tropsch synthesis, can be
converted within the electrolyzer. This might be an interesting option for small-scale systems
where the gas phase products of Fischer-Tropsch synthesis cannot be utilized and valorized.
To allow for an assessment of co-electrolysis and its potential, a comparison of the two ap-
proaches given in Figure 1 is presented in Figure 3. The performance of the syngas production
step of a Fischer-Tropsch-based Power-to-X process, as described in Ref. [8], was calculated
for the low-temperature electrolysis-based approach and for the one based on co-electrolysis.
For the low-temperature electrolysis, a polymer electrolyte membrane electrolysis (PEMEL)
was chosen. In order to assess both technological options, the energetic efficiency of the syn-
gas generation step within the Power-to-X process was calculated according to:

Pch,syngas

Eq. 4

Nen,syngas =
Pel,electrolyzer + Pel,compression + Pel,pre—heating + Pch,purge gas(+Pel,evaporation)
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The chemical power was calculated on the basis of the lower heating value (LHV). For the
electric energy demand of the electrolyzer losses due to AC/DC conversion were included.
Additional assumptions can be derived from Refs. [8,9]. As syngas generation is most often
directly coupled with a synthesis step, it is beneficial to integrate both processes as effectively
as possible. For the exemplary case presented in Figure 3, combustion of the purge gas of the
considered Power-to-X process was integrated into the syngas generation step. The chemical
power of the purge gas, which is converted into thermal power, was integrated into the calcu-
lation of efficiency according to Eq. 4, as the energy would else have to be provided in form of
electric energy.

For the Fischer-Tropsch synthesis an operating pressure (per) of 20 bar was assumed. Thus,
for the PEMEL-based syngas generation pressurized operation of the electrolyzer was as-
sumed, which leads to a negligible energy demand for water compression and only a compa-
rably small energy demand for CO, compression. In case of co-electrolysis the produced syn-
gas has to be compressed, as pressurized operation is technically and economically not fea-
sible [8]. This leads to a higher energy demand for that purpose, as can be seen in Figure 3
a). However, co-electrolysis benefits from the fact that in high-temperature electrolysis the en-
ergy demand of evaporation can be decoupled from the electrolysis step, as discussed above.
Thus, if waste heat at a temperature level sufficient for steam generation is available, the elec-
tric energy demand can be significantly decreased, and energetic efficiency of the syngas pro-
duction can be increased according to Eq. 4. As especially Fischer-Tropsch synthesis is highly
exothermal and generally cooled with boiling water [10,11], steam is frequently available in
such a Power-to-X process.

Figure 3 b) highlights that in case of electric evaporation of the necessary water comparable
energetic efficiencies for syngas generation of approx. 66 % (PEMEL+rWGS) and 69 % (co-
electrolysis) can be reached for both pathways. However, if waste heat from the synthesis
reaction is utilized, energetic efficiency (nensyngas) Of the co-electrolysis approach can be in-
creased to values close to 80 %.

1.0

I Electrolyzer [ Evaporation evaporation with
15% ggop I cO, compression 2.79% 37% 11.1% Electric pre-heating waste heat

I Purge gas \ Il Electrolyzer

I Purge gas
89.7% 75%
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®

evaporation with
electric energy

o
5% I syngas compression

o
=2}
L

Energetic efficiency Ne, syngas
o
=
"

o
[N}
h

a) PEMEL+Ir'WGS Co-electrolysis b) 0.0- PEMEL+IrWGS Co-electrolysis
Figure 3: Comparison of PEM electrolysis and subsequent reverse water-gas shift reaction with co-electrolysis for
syngas generation within a Fischer-Tropsch-based Power-to-X process: a) energy input to the electrolysis system;
b) energetic efficiency.

Co-electrolysis systems
Concepts and process integration

To yield sufficient syngas production capacity co-electrolysis systems have to be build based
on the available high-temperature electrolysis cells. As the scales differ considerably, it needs
several steps to come from a cells to systems (Figure 4). At first, several cells — generally a
number of less than 50 — are stacked with interconnects separating the anode and cathode
compartments of different cells but allowing for electric in-series connection along the stack.
In order to reach a gas-tight connection, glass sealants between the cells are applied. After
assembly of all components, the stacks are joined at high temperatures, generally in the range
of 8 > 900 °C. The joining step is an additional process step in comparison to the manufactur-
ing process of low-temperature electrolyzers, leading to the stack being one single gas-tight
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unit. Therefore, in comparison to low-temperature electrolyzers, single cells within a stack can-
not be replaced. For the current stack technology, the nominal power input to a co-electrolysis
stack is generally less than 10 kW.

In order to reach sufficient system scales to combine the electrolysis with a subsequent syn-
thesis step, it is state of the art to build modules containing several stacks as well as the nec-
essary gas processing apparatuses (heat exchangers, electric heaters). Parallelization of sev-
eral modules allows for reaching appropriate system sizes (Figure 4).

Cell Stack System
125 kW e 3.7 kW o "o 2.7 MW
e
0=—"- o ‘
—o -2y o
0 (1)
(5)

embrane electrode assembly @) € © stack @ Block (=4 modules)
155 sealing © cel @ Gas processing unit (GPU) © rluid interface unit (FIU)
foam © sta © supi discharge unit (SDU) @) Pow

ot

Cathed Atact
Cathoaqe ¢ ac

Figure 4: Different scales of co-electrolysis development (© Sunfire).

A flow sheet of a co-electrolysis system consisting of m modules with n stacks each is given
in Figure 5. CO; and water are fed to the system (1,2). The necessary steam can be produced
from waste heat of an associated process or via electric heating (3). As outlined above, the
option to utilize waste heat offers a considerable reduction in electric energy demand. Down-
stream of the evaporation step, the cathode feed gases have to be distributed to the m modules
(4-6) of the electrolysis system. Within a specific module, the cathode feed gases are heated
against the produced syngas in a counter-current heat exchanger (4). Due to heat losses and
limited exchanger efficiency the inlet gases cannot be heated up to the operating temperature
of the n stacks. To compensate these losses, an electric pre-heater (5) is often applied down-
stream of the heat exchanger to heat up the gases to the temperature of the electrolysis stacks
or above. The electric heater is also necessary during startup, in order to heat up the system
to operation temperature. After conversion of the feed gases on the cathode of the cells within
the stack unit (6), the produced syngas is cooled down via a counter-current heat exchanger.
The conversion within the cells is limited. This is due to a considerably increasing voltage at
high conversion. Additionally, at the resulting high current densities degradation rate increases
considerably [12]. Thus, the conversion within the electrolyzer is generally limited to values in
the range of approx. 80 %. Unconverted water is condensed in the syngas cooling step (7,8)
prior to compression of the produced syngas (10) to the desired operating pressure of the
downstream synthesis process. The condensed water can be recycled to increase the utiliza-
tion of water.

High-temperature electrolyzers in general need a certain amount of reducing gases at the inlet
of the cathode to prevent oxidation of the electrode material [5,13,14]. Therefore, part of the
produced syngas is recycled (9) to achieve a fraction of reducing gases (H2, CO) at the inlet of
the cathode, generally in the range of approx. 5 %.

The generation of pure oxygen (O2) in high-temperature electrolyzers is challenging [12,15-
17]. Thus, the anode is often purged with a gaseous medium, most often air. The purge me-
dium is also heated up in a counter-current heat exchanger (4) and an electric pre-heater (5).
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Figure 5: General process scheme of a high-temperature co-electrolysis system (MFC: mass flow controller; SOEL:
solid oxide electrolysis).

As outlined above, there are several advantages of a deep integration of the co-electrolysis
step into the associated Power-to-X process. A simplified process scheme highlighting these
options is given in Figure 6. The most important option — determining the potential for highly
efficient syngas production via high-temperature co-electrolysis — is the utilization of waste
heat from the exothermal synthesis reaction for water evaporation and, thus, for a decrease in
electric energy demand. Another mentioned integration option is the recirculation of less valu-
able short-chained hydrocarbon products into the co-electrolyzer for internal reforming into
syngas.

CH, (9).
H,, CO Off-gas_
Electricity g
| A 4
> CH,, H,,
CO, Syngas H,, CO . CO, H,0 Product CyHy (1.s)
production SPTILEES separation
H,O _
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Figure 6: Simplified process scheme of a Fischer-Tropsch-based Power-to-X process highlighting potential means
of process integration.

As already shown in Figure 3 there is a huge potential for increasing the efficiency by utilizing
waste heat, which also transfers to the overall Power-to-X process applying a co-electrolyzer.
In Figure 7, literature data on the overall energetic efficiency of such a process are compared
depending on the applied syngas generation technology. The energetic efficiency applied for
this comparison is based on the chemical power of the synthesis products (LHV), e.g. methanol
or Fischer-Tropsch hydrocarbons, and the electric energy input to the overall process, also
including the synthesis step.

The results in Figure 7 depict that the increase in efficiency, when a applying a co-electrolyzer,
is mainly due to the waste heat integration for steam generation, as concepts based on the
two-step approach applying high-temperature water electrolysis and an rwWGS step also yield
nearly comparable process efficiencies as co-electrolysis-based concepts allow for. However,
when it comes to the operational implementation applying co-electrolysis allows to omit one
costly process step in the overall process — the rWGS reactor.
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Figure 7: Literature data on the energetic efficiency of Power-to-X processes based on different syngas generation
schemes [18-41] (IQR: interquartile range; LTEL: low-temperature electrolysis; HTEL: high-temperature electroly-

sis).

Thus, there are several advantages of high-temperature co-electrolysis. However, besides
technical aspects, for implementation and utilization at industrial scale also economics are of
major importance. Currently, cost for high-temperature electrolyzers are considerably higher
than for low-temperature electrolyzers (Figure 8). Therefore, the effect of decreased opera-
tional expenditures in form of electric energy could be offset by the higher capital expenditures.
It is expected that the differences in cost between the technologies decrease in future with
increasing maturity of the technology. Improvements in cell technology, increased stack foot-
prints and especially more automation in the manufacturing process are expected to drive the
cost degradation.
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Figure 8: Expected cost degradation for the different electrolysis technologies (AEL: alkaline electrolysis; PEMEL.:
polymer electrolyte membrane electrolysis; SOEL: solid oxide electrolysis) (adapted from [42]).

Technical realization

Even though co-electrolysis offers huge potential for the application in Power-to-X processes,
experimental results on stand-alone plants are rather scarce [43,44]. Therefore, experimental
data on a small-scale co-electrolyzer consisting of a single module with four 30-cell stacks and
a nominal input power of Peinompoc = 12 KW have been presented by the authors in Ref. [45].
To give some insights on the performance of co-electrolyzers, a short overview of the results
will be given in the following.
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Figure 9: a) CAD model of the containerized electrolysis plant; b) Co-electrolysis container at operational site [45].

In Figure 9 a) a CAD model of the containerized plant is given. The thermally isolated stacks
(SOEL hotbox) are placed in close proximity to the peripheral hotbox containing both the nec-
essary heat exchangers as well as the electric heaters. The automated and fully self-sustained
plant was operated remote at a biogas facility in Thallwitz, Germany. In Figure 9 b) the co-
electrolysis container is shown at its operational site.

The plant was operated in steam electrolysis and co-electrolysis mode under different loads at
atmospheric pressure (Figure 10). The small-scale plant could be operated highly dynamic —
when at operation temperature — over a wide range of operating conditions. Part-load operation
was possible down to approx. 10 % of the nominal load. Given the fact that the system was
rather small and, thus, heat losses of the hotbox to the surrounding are more significant than
for large-scale systems, smaller values should be achievable for systems of industrially rele-
vant size.
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Figure 10: Overview of the trend of key parameters during the conducted tests. Data on stack voltage Ustackmeas,
current I, anode outlet temperature Janode out and electric power Peistack is given. Operation in H20 electrolysis mode
is highlighted by a white background, co-electrolysis mode is represented by light grey. Startup and shutdown
operation is highlighted by dark grey. The dotted line at approx. 280 h represents a longer shutdown period due to
maintenance work at the site [45].

o

A Sankey diagram depicting the energy flows within the small-scale co-electrolyzer is given in
Figure 11. Due to the high operating temperature large parts of the energy intrinsic to the
streams are thermal energy. A significant share of this thermal energy can be reutilized within
the system to decrease overall energy demand. The importance of heat recuperation within
such a system as well as the high energetic efficiency that can be reached by applying co-
electrolysis for syngas generation is highlighted by the data. For operation under full load in
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co-electrolysis mode the small-scale electrolyzer reached an energetic efficiency (LHV) of 76.2
% with electric evaporation of the feed water. If the energy for evaporation would have been
supplied in form of waste heat, an efficiency (LHV) of 88.1 % would have resulted. However,
it has to be mentioned that in comparison to the values given in Figure 3 no losses for AC/DC
conversion as well as no compression of the syngas have been considered. Applying valid
assumptions for these two energy consumers leads to comparable and, thus, still very high
values for energetic efficiency of syngas generation.
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Figure 11: Sankey diagram on the energy balance of the electrolyzer in co-electrolysis mode at Peistack = 12 kW

[45].

In order to gain insights into system integration, a co-electrolyzer and a small-scale Fischer-
Tropsch reactor were coupled on laboratory scale (Figure 12). The results of this work are
given in detail in Ref. [46]. Within this plant, a ten-cell stack (Pei,nom,pc = 1 kW) was applied for
co-electrolysis. For the Fischer-Tropsch synthesis, a fixed-bed reactor loaded with an industrial

Co catalyst was applied.

Figure 12: Lab-scale Power-to-X plant [46].
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Focus of the tests was to assess the influence of a recycle of the gaseous hydrocarbons prod-
ucts as well as of the unreacted syngas. During the course of the experiments, the recycle
ratio was increased step-wise. In order to hold the syngas composition constant, with every
increase in recycle ratio the operating conditions of the electrolyzer were adjusted. The results
presented in Figure 13 highlight that this adjustment worked out well as the product composi-
tion and the per-pass conversion for the Fischer-Tropsch synthesis were comparable for all
tested recycle ratios.
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Figure 13: Product composition and per-pass conversion of the Fischer-Tropsch synthesis for varying recycle ratios
R [46].

However, the recirculation had considerable influence on the performance of the overall sys-
tem, as can be derived from Figure 14 a). By increasing the recycle ratio the carbon efficiency
of the process could be increased, because carbon bound in CO, CO; and hydrocarbons could
be used again. It has to be noted that the overall values for carbon efficiency, especially in
once-through operation were quite low. This is due to the fact that conversion in the Fischer-
Tropsch reactor was chosen to be rather low to offer some leeway in the conducted variations.
For more information it is referred to Ref. [46].
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RL; b) Specific energy demand &gy, for varying recycle ratios Ry [46].
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Figure 14 b) highlights how the electric energy demand decreases by increasing the recycle
ratio. As not only unreacted H, and CO as the relevant components of syngas but also hydro-
carbons — that can be converted to syngas within the co-electrolyzer via internal reforming —
are recycled and the overall syngas stream is held constant, the electric energy demand for
syngas production is reduced considerably.
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The results of the two realized small-scale plants highlight that the advantages of high-temper-
ature co-electrolysis cannot only be shown in theoretical works [8,9] but also on a technical
scale. A demonstration plant with a nominal input power of Pej, nompc = 12 kW combining co-
electrolysis and Fischer-Tropsch synthesis is currently under construction.

Conclusion

The presented results show the advantages of co-electrolysis in high-temperature electrolyz-
ers. The demonstration plants that were applied to generate the presented results were real-
ized on a rather small-scale. However, as the important features for integration into Power-to-
X processes were included, it is possible to transfer these concepts to larger scale plants. This
upscaling is a current focus of engineering and construction work at Fraunhofer IKTS. This
focus is in line with the current efforts of commercial co-electrolyzer manufacturers.
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Combining Fischer Tropsch and Hydroformylation for long Chain Alcohols
from Syngas

K. Jeske, T. Rosler, M. Belleflamme, W. Leitner, A. J. Vorholt, G. Prieto

Max Planck Institute for chemical energy conversion

Abstract

The selective conversion of syngas to higher alcohols is an attractive albeit elusive route in the
guest for effective production of chemicals from alternative carbon resources. We report the
tandem integration of solid cobalt Fischer—Tropsch and molecular hydroformylation catalysts
in a one-pot slurry-phase process. Unprecedented selectivities (>50 wt%) to C2 + alcohols are
achieved at CO conversion levels >70 %, alongside negligible CO2 side-production. The
efficient overall transformation is enabled by catalyst engineering, bridging gaps in operation
temperature and intrinsic selectivity which have classically precluded integration of these
reactions in a single conversion step. Swift capture of 1l-olefin Fischer—Tropsch primary
products by the molecular hydroformylation catalyst, presumably within the pores of the solid
catalyst is key for high alcohol selectivity. The results underscore that controlled cooperation
between solidaggregate and soluble molecular metal catalysts, which pertain to traditionally
dichotomic realms of heterogeneous and homogeneous catalysis, is a promising blueprint
toward selective conversion processes.1

1K. Jeske, T. Rosler, M. Belleflamme, T. Rodenas, N. Fischer, M. Claeys, W. Leitner, A. J. Vorholt, G.
Prieto, Ange Chem., 2022, 61, 31, €202201004 DOI: 10.1002/anie.202201004
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Promotor Effect on Fe-based Catalysts for CO2-FTS: A XAS Study

E. Saraci?, Q. Yang?, E. Fedorova?, D. Doronkin!, E. Kondratenko?

Institute for Catalysis Research and Technology (IKFT), Karlsruhe Institute of Technology
(KIT), Karlsruhe

2Leibniz Institute for Catalysis e.V. (LIKAT), Rostock

Abstract

Processes that store renewable H,, from wind and solar power, in energy-dense molecules,
like the Fischer-Tropsch synthesis (FTS) are in the core of a successful energy transition.*
While the classical CO-FTS is more common?, the CO,-FTS that utilizes atmospheric CO, and
green Hz is highly desirable and also feasible.® Fe-based catalysts have the ability to catalyze
this reaction and are the most industrially relevant catalysts. Iron carbides, formed in situ, are
considered the catalytically active species in the CO-FTS.* These catalysts are often modified
by alkali metal dopants, which act as electronic and/or structural promoters for improving
product selectivity/activity. In addition, these promotors are assumed to enhance catalyst
basicity required for CO/CO. adsorption and to stabilize iron carbides against oxidants (H.O
and CO,). However, their function is still under -

debate and their role remains unclear.
Therefore, it is of eminent importance to
understand effect of these dopants on the
formation of Fe-carbide species during
activation and reaction. Therefore, in this o
collaborative study we used in-situ X-ray reducedn
absorption spectroscopy (XAS) to identify the - _FL Mo
structure of alkali-promoted iron catalysts i

during reduction and under CO,-FTS reaction

conditions®. Insights on its reducibility and

carbide formation aid the knowledge-based  gcheme 1. xAS study of alkali metal (AM)
optimization of FTS catalysts as well as other  promoted Fe-based catalyst in fresh, reduced and
catalytic processes where alkali promotors are  spent state.

used.

ﬁ “H; activation

AM | Fe,0,
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Controlling the Complex Reaction Network of the Hydrogenation of CO to
Higher Alcohols Using Co-based Catalysts Derived from Prussian Blue
Analogues

P. Diehl, P. Telaar, M. Muhler

Laboratory of Industrial Chemistry, Ruhr University Bochum, Bochum, Germany

Abstract

Higher alcohol synthesis (HAS) can play an important role in the development towards reducing
CO. emissions since the obtained product mixtures containing higher alcohols as well as
olefins can be applied as climate-neutral fuels and bulk chemicals, provided that the synthesis
gas is obtained using renewable electricity to produce H, and industrial exhaust gases as
carbon source.! Recently, a new promising class of catalysts derived from prussian blue
analogues (PBAs) was reported for the heterogeneously catalyzed CO hydrogenation to higher
alcohols.? Pyrolysis of the K-promoted Co- and Mn-containing PBAs resulted in the metal
atoms being embedded in a unique functionalized carbon matrix, which enabled a facile
carbidization of Co to Co.C, which is the crucial phase for HAS.B4 In contrast to established
HAS catalysts,>8 a rather unusual product spectrum was obtained including primary and
secondary alcohols, aldehydes, acids, and olefins. Consequently, a complex reaction network
was proposed for this catalyst including the carbide-based mechanism, carbonylation of
primary alcohols, reductive hydroformylation of olefins, and hydration of olefins.?!

Due to this plethora of occurring reactions, this network offers various opportunities to influence
the obtained product spectrum by modification of the catalyst preparation and implementation
of suitable promoters. One example is the addition of different amounts of Cu to the PBA-based
catalysts aiming at the acceleration of the carbonylation reaction, which was deemed the most
important mechanism,”? by increasing the amount of methanol. Another example is the
adjustment of the K content by intensive washing after the synthesis of the PBA precursor.
Besides catalytic long-term testing, the different catalysts were thoroughly characterized by
XRD, TG-MS, N; physisorption, ICP-MS, TEM-EDX, XPS, and N.O-RFC, thereby providing
comprehensive information about the capabilities of PBA-based HAS catalysts and the reaction
network. Finally, the relevance of the choice of the reaction conditions will be addressed taking
the dependance of the selectivities on conversion and the strong exothermicity of the involved
reactions into account.
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About the Art to Prepare Mixed SAPO-CHA/MFI Catalyst Materials for
Methanol-to-olefins Reaction

M. Seifert?, L.A. Haufe!, R. Shiyanova?!, F. Ahmadi', H. Rahimi', J.J. Weigand*
Technische Universitat Dresden, Faculty of Chemistry and Food Chemistry,
Inorganic Molecular Chemistry, Dresden, Germany

Abstract

Since the start of the millennium, efforts to use alternative and sustainable hydrocarbon
sources for essential chemical supplies have driven the growing commercialization of the
"methanol-to-olefins” (MTO) process. Current research endeavours a predominantly rely on
established systems, yet the refinement of catalyst stability and olefin selectivity remains a
critical pursuit. Notably, industrially significant materials including SAPO materials featuring
the CHA structure (SAPO-34) and aluminosilicates with the MFI structure (ZSM-5), which have
emerged as good performing contenders. Depending on the density of the active site, the
higher selectivity of SAPO-34 is attributed, among other things, to generally milder acid centers
due to framework phosphates. The long-term stability of ZSM-5 is attributed to lower transport
limitation despite stronger acid centers.

Consequently, an ideal MTO catalyst amalgamates ZSM-5’s transport properties with the mild
acid centers of SAPO-34, necessitating a delicate charge balance of framework phosphates,
silicates, and aluminates to uphold structural integrity.

The study comprehensively assesses divers synthetic pathways for mixed-phase SAPO-
CHA/MFI materials, encompassing (a) distinct hydrothermal crystallization coupled with
grinding, (b) a sequential hydrothermal synthesis approach, and (c) a combination through
spray crystallization. The results show that the interfaces between both structures and contact
points are crucial for flexible tuning the performance in MTO process from the material
crystallization perspective, but also from the proximity perspective.

Introduction

The ongoing surge in the commercialization of more sustainable industrial processes within
the oil refining, petrochemistry, and the energy sector has spurred the development and
advancement of novel catalysts as integral component of the methanol economy. [1] Emerging
from diverse carbon sources such as organic waste (biomass), CO- from carbon capture and
utilization (CCU) strategies,[2] as well as lingering fossil resources (e.g., coal) in the “coal to
liquid” (CtL) process [3], the conversion of synthesis gas (a blend of carbon monoxide and
(green) hydrogen) via Fischer-Tropsch synthesis (FTS),[4] or through the utilization of small
alcohols using Mobil alcohol conversion processes, offers a flexible interim technology to
establish a sustainable hydrocarbon supply within the existing petrochemistry infrastructure.
[5, 6] Presently, industrial facilities and complexes are already capable of producing olefins,
with annual capacities reaching 1,600,000 tons through methanol conversion (coal-based) in
China (e.g., Baofeng Group), and by employing natural gas (via methanol) in United States
(e.g., UOP/Hydro). Forecasts predict a doubling of these capacities every two years for the
escalating energy, transportation, and basic materials self-reliance.[6-8]

The aim of this research is to unravel the intricacies behind various preparation methodologies
employed for crafting mixed-phase catalyst materials. This pursuit seeks to offer a
comprehensive overview of prospects and challenges associated with research catalyst
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produced via hydrothermal synthesis, as well as an industry-oriented catalyst structures
showcased in spray crystallization. From distinct perspectives, the synthesis of mixed-phase
materials unveil not only added challenges and adaptability within the context of sustainability
paradigms, but also unexpected structural elegance that can be seen through microscopy.

Experimental

The chemicals employed for this investigation include sodium silicate solution (Na;SiOs,
Supelco), silicic acid (referred to as “heavy”, SiO,, Grissing), sodium aluminate (NaAlO,,
technical grade, Sigma-Aldrich), aluminium oxide (Al.Os, PURAL SB), orthophosphoric acid
(85%, Fisher Scientific), sodium hydroxide (analytical grade, Fisher scientific),
tetrapropylammonium bromide (TPAB, > 98.0 %, TCI), sulfuric acid (H2SOa, 95-97 %, VWR),
ammonium nitrate (NH4NOs; 99 %, Grissing), morpholine (purum, USSR), kaolin (Sigma-
Aldrich), aluminium chloride (AICIs*6H.0, Alfa Aesar), and methanol (CHsOH 99.9 %, TCI). All
chemicals were used as received. Additionally, commercial reference catalysts NH4-ZSM-5
(with a Si/Al ratio of 25, designated as CBV-5524G, Zeolyst Inc.) and H-SAPO-34 (from SKU:
MSSA3421, ACS Material, LLC) were used as received as well.

Synthesis of Catalyst Materials: The synthesis of Na-ZSM-5 was performed with sodium
silicate solution as the source of silicon, sodium aluminate for aluminum, sodium hydroxide
and sulfuric acid for pH and sodium adjustment, deionized water, and TPAB as an organic
template. Subsequent to synthesis, calcination was performed in an air flow until reaching
540°C, with a dwell time of 12 hours. To acquire H-ZSM-5, ion exchange was performed three
times with 0.1 M solution of NH4NOs3, followed by calcination after synthesis at 450°C for 12
hours. This procedure was akin to preliminary work.[9] The synthesis of H-SAPO-34 materials
was achieved through the combination of orthophosphoric acid, aluminum oxide, silicic acid,
morpholine, and water in the molar ratio 1 Al : 1 P : 0.5 Si: 1.5 morpholine : 30 water.[10] The
synthesis was performed by adding all ingredients together, aging at room temperature for 24
hours, and subsequent hydrothermal synthesis conducted at 183°C for 3.5 days, with a stirring
rate of 180 rpm. This was executed in a stainless steel autoclave with PTFE inlet (E2500 by
Berghof). After washing with water, the materials were subjected to calcination 540°C for 12 h
in air. The process of physically mixing SAPO-34 with ZSM-5 entailed carful balancing and
grinding with a mortar, followed by overnight drying at 65°C. For the autoclave synthesis of
mixed-phase SAPO-34 / ZSM-5, the initially crystallized H-SAPO-34 served as addition to the
aged gel of Na-ZSM-5, 10 minutes prior to transferring to the autoclave for hydrothermal
crystallization. Grains of SAPO-34/ZSM-5 from spray crystallization were prepared by
blending 30 wt.% kaolin (dry weight), 20 wt.% aluminum chloride (solid), and 50 wt.%
zeolite/zeolite-like material as solid constituents. Additionally, an excess of 230 % water was
introduced to form a homogeneous slurry at pH 3 with 8 min of ultrasonication. The materials
were subsequently processed using a Blchi B290 spray drying equipped with 2 feed nozzle
(slurry and compressed air), operating at 200°C as per recent reports.[11]

Materials Characterization: The morphology of the synthesized samples was analyzed utilizing
a scanning electron microscopy (SEM) on a SU8020 from Hitachi HTE. For this purpose,
samples were mounted on carbon pads afixed to an aluminum sample holder. A coating of
gold was applied using rotary-pump coating system Q150R ES from Quorum. The accelerating
voltage was set to 2 kV, with magnification varying between x1,000 and x10,000.

Further analytical methods and catalytic properties will be demonstrated during the oral
presentation. Worth mentioning are dynamic nitrogen physisorption measurements,
conducted to ascertain the specific surfaces of the samples. The measurements were
performed using a ThermoScientific specific surface analyser (Surfer). Prior to measurement,
samples were pre-dried at 250°C under vacuum for 8 hours to remove all adsorbed molecules.
The outcome of the surface analysis, based on physisorption of nitrogen, were assessed using
the B.E.T. theory and the B.J.H. method. For examining changes in long-range crystalline
order, X-ray powder diffraction experiments were undertaken using STADI P X-ray powder
diffractometer from STOE. Diffractograms were recorded through transmission measurement
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of the solid samples using Cu-Kq1 radiation (1.5406 A) at room temperature within the range
between 5 to 90° 206. Dynamic laser scattering was used to deduce particle size distribution,
utilizing a Bettersizer S3 Plus by 3P Instruments. The wet dispersion procedure involved
stirring at 2000 rpm and ultrasonication at 200 W (26 kHz) for 2 min. Data acquisition and
processing were done in accordance with 1ISO 13320:2009, and calculation of particle size
distribution was conducted using the Mie theory. For determining the water content of
saturated samples, thermogravimetric analysis was carried out using the TG50 instrument
from Mettler Toledo. For this purpose, 20 to 40 mg of sample were heated from 35°C to 850°C,
within a nitrogen stream at a heating rate of 10 K/min.

Results and Discussion

The hydrothermal synthesis of ZSM-5 yielded agglomerated crystals of small but irregular
shape (Si/Al = 50), whereas SAPO-34 typically exhibited cubic-shaped crystallites (see Figure
1). Apart from the Si:Al:template (TPAB, Na) ratio for ZSM-5 [9] and the
P : Si: Al: template (morpholine, triethyl amine) ratio for SAPO-34, [10, 12] the morphology
and size of the final product from hydrothermal crystallization were influenced by crystallization
parameters as well as the sources of P, Si and Al. An option for producing mixed-phase
materials is through physical mixing, which includes grinding and ultrasonication. However,
this approach does not result in a stable proximity between the crystals.

Figure 1. SEM images at magnification of x10,000 of (a, b) ZSM-5 and x5,000 of (c, d)
SAPO-34 from hydrothermal crystallization and purchased from commercial enterprises
(Zeolyst Inc. and ACS Material, LLC).

In 2017, Liu et al. proposed a method to grow ZSM-5 by impregnating TPAB on a previously
grown SAPO-34 material. [5] Although microwave-assisted crystallization is challenging to
scale up for industrial purposes, the crucial challenge of step-wise batch-mode hydrothermal
crystallization in steel autoclaves is the extended crystallization time required for ZSM-5
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(> 4 days) depending on the Si/Al ratio. [9] This often leads to decomposition of the previously
formed SAPO-34. Instead of impregnating the organic template TPAB to SAPO-34 while
adding other ingredients stepwise, an alternative approach involves introducing H-SAPO-34
to ZSM-5 gel shortly before transferring to the autoclave vessel. This results in a gradual
growth of ZSM-5 on the expense of SAPO-34 decomposition and gel transformation (see
Figure 2). To prevent complete amorphization of SAPO-34 with crystallization time, the
crystallization speed of ZSM-5 needs to be enhanced by raising the temperature. This has
been previously achieved on small scale using microwave synthesis at 180°C, [5] as opposed
to the standard 150°C in autoclave vessels [9]. With the addition of Si and Al sources to the
SAPO-34 material, a silica-rich gel readily forms, causing a decrease in SAPO-34 fraction and
the initiation of ZSM-5 growth. However, even after 4 days SAPO-34 still exists and
crystallization of amorphous gel to ZSM-5 is not complete (see Figure 2).

Figure 2. SEM images at magnification of x1,000 (a,c,e) and x5,000 (b,d,f) of two-step mixed-
phase synthesis of SAPO-34 / ZSM-5 (a,b) initially produced SAPO-34, (c,d) subsequently
grown ZSM-5 and synthesis gel on SAPO-34 material after 2 days; (e,f) mixed material after 4
days.
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However, the zeolite (ZSM-5) and zeolite-like materials (SAPO-34) described earlier are
primarily employed as research catalysts due to their limitations. These include their packing
density, high pressure drop in fixed-bed reactors, or their unfavorable rheological behavior in
fluid bed reactors, as highlighted in the context of the methanol conversion reaction. [13]
Consequently, further efforts for industrial-scale applications are hindered. Depending on the
deactivation speed in methanol-to-olefins reaction and the necessary regeneration through
coke combustion in air, extrudates [14] or pellets for fixed-bed reactor configuration (for slow
coking, ~24h) are recommended. Alternatively, spherical grains from spray crystallization [15,
16] are suggested for fast coking scenarios.

For the demonstration of spray drying, akin to the production of FCC catalysts and additives,
[11] an additional level of flexibility is achieved the utilization of ZSM-5 and SAPO-34 in well-
defined ratio, positioned in close proximity on the surface of a catalyst grain (Figure 3). To
harness this inherent flexibility, the materials should be used without undergoing additional
destructive preparation steps, such as ion exchanges required to generate the active solid acid
sites. During the process of spray crystallization, the inclusion of Al-based, Na-free binder
serves a dual purpose: it prevents shelling or undesired surface coverage, while concurrently,
reactive porous materials like NHs-zeolite (or H-zeolite) are employed. This combination
enables the amalgamation of thermally induced binding together and the process of
deammonization or activation via the final calcination in an air atmosphere. Additionally, the
size of the porous components (ZSM-5, SAPO-34) resulting from ultrasonication with the spray
slurry plays a pivotal role in determining their accessibility within the subsequently formed
grain.

Figure 3. SEM images at magnification of (a,c) x1,000 and (b,d) x2,500 of composite materials
from spray crystallization with kaolin as filler material and aluminum chloride binder (ACH
binder), i.e. (a,b) grains produced with commercial ZSM-5 and (c,d) grains produced with
commercial ZSM-5 and commercial SAPO-34.
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Based on their distinct shape-selective properties and varying acid strength, ZSM-5, which
favors the generation of aromatics with reduced coking due to its broad 10-ring window
pores,[17] can be effectively combined with SAPO-34, known for its propensity to produce
preferred olefins and quicker pore blockage via its narrow 8-ring CHA pores. [18] The precise
ratio between these two materials requires careful calibration. [5]

Addressing Sustainability Aspects and Embracing Structural Elegance

When considering the application of these mixed-phase catalysts in the industrial methanol-
to-olefins reaction, it is very important to account for economic feasibility, practicality, and
sustainability aspects to guide their development. [19]

D Despite the use of expensive and toxic precursors like tetraethyl orthosilicate (TEOS)
for silicon, aluminum organyls for aluminum, or organophosphorus compounds for
phosphorus, adopting less hazardous alternatives such as silicic acid or water glass,
sodium aluminate, or phosphoric acid salts is advised. Moreover, the utilization of
methanol, despite its higher water by-product content during olefins production, should
be considered over the use of dimethyl ether which forms explosive mixtures in the
presence of air.

2) Reevaluating or avoiding the use of organic templates (TPAB, morpholine) during
catalyst synthesis is crucial, particularly in relation to waste generation during required
air calcination.

3) Option for sodium-free binder and ingredients during shaping offers the advantages of
circumventing additional ion-exchange, materials separation, and purification
steps, while also expediting catalyst synthesis.

4) The concept of continuous-mode production, achieved through standardized scaling
procedures for zeolite synthesis (e.g., in pulsed pipe reactors), facilitates an “output
pulled” synthesis approach.

(5) This approach is facilitated by employing lab-scale equipment (e.g., externally heated,
stirred tank reactors, extruders, spray dryers) rather than specialized apparatus (e.qg.,
lab-scale microwave ovens).

(6) In line with this perspective, the synthesis route has been intentionally designed to be
straightforward, relying on readily available materials instead of exotic porous
catalysts.

) While the ultimate aim of combining materials is to enhance durability and selectivity,

(8) a strategy for recycling spent materials should align with well-established FCC catalyst
recycling strategies.

9) Limited reliance on compounds (excluding heavy or rare earth metals)

(10) sourced from comparable FCC catalyst and oil refining catalyst production can
facilitate rapid development and subsequent recycling.

(11) Similar to how today’s oil refining catalyst residues become urban resources for rare
earth elements in electronics, alumina and silica for construction, and catalyst re-
synthesis, these catalyst materials hold potential for a comparable afterlife,

(12) rendering them (almost) renewable products.

While the inherent materials themselves possess a certain degree of structural beauty (see
Figures 1-3), the true artistry lies in the amalgamation of synthesis attributes to sidestep
interim synthesis steps (such as additional ion-exchange), sidetrack costly and hazardous
reactants (considering template-free synthesis as a possibility), and circumvent undesirable
catalyst characteristics by combining beneficial properties of distinct materials in close
proximity to each other.
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Conclusion

Individually synthesizing the frequently referenced active materials, ZSM-5 and SAPO-34 —
recognized as pivotal catalyst in the methanol to olefins reaction (MTO) — unveils a remarkable
degree of adaptability contingent upon diverse ingredient sources, types, and crystallization
parameters. [9, 10]

Nonetheless, the combination of both materials has demonstrated advantages pertaining to
olefins selectivity and catalyst stability, attributed to their close proximity stemming from
stepwise hydrothermal crystallization. [5]

Building upon this approach, the subsequent phase of this study entails the pursuit of a
development trajectory that underscores scalable hydrothermal crystallization processes,
alongside different catalyst shaping techniques such as spray crystallization. This effort may
result in catalyst manufacture for large-scale application. [20] Importantly, the principles of
Green Chemistry [21] and Green Engineering [19, 22] can aptly serve as guiding principles for
further advancements.
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Process Intensification Strategy Demonstrated by Innovative DME Synthesis
M. Semmel, O. Salem, A. Schaadt
Fraunhofer Institute for Solar Energy Systems ISE, Freiburg

Abstract

Dimethyl ether (DME) is a promising PtX energy vector with multiple applications in different sectors. Its
thermophysical properties promote DME as an additive and replacement for fossil LPG. DME is also an
oustanding and environmentally benign hydrogen carrier with an excellent hydrogen capacity of
26.1 wt.-%. The conventional DME production process has the disadvantage of a large number of
process steps and high external heat demand. A promising alternative is DME synthesis via reactive
distillation, where DME is removed in-situ from the chemical equilibrium, allowing complete conversion
of the feedstock and product purification in a single process step [1]. This process alternative results in
fewer unit operations and lower maintenance requirements and can also enable an energy self-sufficient
process without external heat requirements [2]. The DME reactive distillation implies a reaction in liquid
phase at significantly lower reaction temperatures than in the conventional gas phase synthesis.
Consequently, in a previous publication of our group several catalysts for the liquid phase DME synthesis
were screened and a kinetic model of DME synthesis on two different ion exchange resins was derived
based on fixed bed profile reactor measurements [3].

The target of this work was the transfer of the reaction kinetics from a laboratory scale reactor to the
actual process conditions in a reactive distillation column on a more industrially relevant scale in a DN50
pressure distillation column. Starting from both pure and crude methanol feed, the production of purified
DME in a single unit operation was succesfully demonstrated. Multiple experiments were carried out,
examining the influence of reflux ratio and WHSV and the gas phase composition was determined on
multiple positions along the column using FT-IR spectroscopy. By modeling the system and comparing
the theoretical reaction rate according to kinetic models with the actual measured distillate stream, the
transfer of the kinetic model from the laboratory reactor towards the process conditions of a reactive
distillation column could be succesfully validated.

With the validated kinetic model, industrial-scale reactive distillation process configurations were
simulated in Aspen Plus V12. Besides the stand-alone reactive distillation column, process
configurations with a complementing side- or pre-reactor were analyzed and optimized with regard to
minimum total production cost and it was shown that the best reactive distillation process can reduce
the production cost by 40 % compared to the conventional DME process.
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Directly Coupled Production of Methanol and Formaldehyde Based on CO:2

P. Miinzer, U. Arnold, J. Sauer

Karlsruhe Institute of Technology (KIT), Institute of Catalysis Research and Technology (IKFT),
Eggenstein-Leopoldshafen

Abstract

In order to enable the implementation of a circular economy, the use of CO, as chemical
feedstock is inevitable. Key element of this endeavor is H,, which is needed for a number of
CO;-based processes. Since the utilized H; should preferably be generated sustainably, e.g.
via electrolysis, the correlated production costs of CO»-based products are estimated to be
much higher than those of their fossil equivalents. Hence, it is essential to optimize not only
H.-production technologies but also the subsequent process chains to maximize overall
H.-efficiency. This goal then leads to the necessity to modify established industrial processes
so that any arising H.-rich waste gas streams that are currently only thermally exploited may
be used for chemical syntheses instead.

One example of an industrial process, which releases a Ha-rich flue gas, is the silver catalyzed
oxidative dehydrogenation of methanol (CH3;OH) for the production of formaldehyde (CHO).
Considering that the manufacture of CH;OH itself requires a large amount of H», especially
when CO: is deployed as carbon source, it is reasonable to recycle H; that is released during
CH-0 production to the preceding CH3OH synthesis.

This study therefore focuses on the concept of the directly coupled production of CH3;OH and
CH»0 based on CO». The direct connection of the two processes is realized by returning the
waste gas of CH.O production to the feed stream of CH;OH manufacture. For that purpose,
the silver catalyst process has to be modified, so that the N introduced to the system along
with atmospheric O is eliminated and cannot accumulate. Thus, it is suggested to substitute N2
with CO2, which can easily be fed to the input stream of CH3OH production together with Ha.
This is of particular interest when considering the CO,-based synthesis route. The schematic
flow diagram of the directly coupled processes is shown in Fig.1.

CO;-based CH;OH synthesis

 H,+ €O, CO,-modified CH,0 synthesis

~ < CH;0H = CH,0 +H;
CO;+3H, = CH;OH+H.0 | cH,0H H;+0.5 0; - H,0
. , R 2 —H; — CH,0 +H,0

[— C02+02

H,0 <«—

Fig.1: Schematic flow diagram of the directly coupled production of CH;OH and CH_O.

In a detailed evaluation of the concept it is shown that directly coupling the manufacture of
CH3OH and CH>0 does not only lead to an increase in overall H»-efficiency and CO, conversion
but also results in a reduction of the related CO, abatement costs of the process chain. In
addition, experimental investigations of the modified silver catalyst process will be discussed.
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Mobile Small-Scale Methanol Synthesis Pilot-Plant with Internal Recycle
Operated with COx from Waste Gasification
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1Technische Universitat Darmstadt, Ernst-Berl-Institut fir Technische und Makromolekulare
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Abstract

For the reduction of CO; emissions chemical recycling of carbon-containing residuals is of
increasing interest. The gasification of non-recyclable waste streams offers a way to convert
carbon into valuable base chemicals. One particular example is COx based methanol which
can be utilized in various ways as an energy storage, clean fuel and building block for chemical
industry.

At TU Darmstadt a mobile small-scale methanol pilot-plant was realized, with the aim to study
the methanol synthesis process from COy including a reactant/product separation through
condensation, high-pressure gas recycles and purge as well as different connection possibility
of two fixed bed reactors, the separation and recycle. Furthermore, the scale is this small that
catalysts can be tested on a pre commercial production scale and lower amount and that
approx. 50 mL h** of liquid product mixture are produced, allowing detailed product
characterization but avoiding huge amounts of storage and disposal. Through the small scale
the pilot-plant is also mobile and easy to transport to real COx sources. The composition of the
streams before and after each reactor can be analyzed by a gas chromatograph which detects
the permanent gases via TCD and the larger carbon compounds and oxygenates via FID. As
a part of the BMWi project VERENA real syngas is obtained from Hochtemperatur-Winkler-
gasification (HTW). The 500 kW pilot plant at TU Darmstadt operates at temperatures of up to
1000°C. A subsequent raw gas cleaning removes impurities such as dust, strong acids and
organic compounds. One part of the cleaned syngas is afterwards used for methanol synthesis
to study the full chain process.

First experiments were carried out with 30 g of commercially available CZA-catalyst (copper
zinc oxide on aluminum oxide), a reaction temperature of 230 °C and a pressure of 30 bar. The
stoichiometric feed stream of CO, and H, with 30 g h* was mixed from bottled gas. The results
show that a full conversion of the reactants is possible when increasing the recycle ratio. At the
same time a small accumulation of byproducts can be observed in the recycle stream.
Nevertheless, no detectible purge stream was necessary. Moreover, the start-up process of
the reaction including the recycle can be recorded. When increasing the reactor temperature
from RT to 230 °C a first decrease of the off-gas mass flow can be observed at a reaction
temperature of about 180 °C. Full conversion is reached at a specific combination of reaction
temperature and recycle ratio for the given point of operation. Investigation of dynamic plant
behavior shows a pressure dependence for the time until a new stationary point is reached.
Further experiments are planned with real COx mixtures from the HTW-gasifier to investigate
the influence of real syngas on the recycle ratio, the catalyst stability and the spectra and
accumulation of byproducts.
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An In-Depth Investigation: Surprising Effect of the Second Liquid Phase in
Homogeneously Ru-Catalyzed CO2 Hydrogenation to Formic Acid

K. R. Ehmann'?, K. Dinsing®3, C. Ribeiro Maier'3, A. J. Vorholt!, W. Leitner!?

IMax Planck Institute for Chemical Energy Conversion, Milheim an der Ruhr, Germany
2RWTH Aachen University, Aachen, Germany

3TU Dortmund University, Germany

Abstract

Carbon dioxide is an attractive C; building block for future chemistry, as it reduces the carbon
footprint not only by using the greenhouse gas itself as a raw material, but also primarily by
substituting fossil raw materials. Accordingly, the area has an increased focus in (academic)
research. In the field of homogeneously catalyzed conversion of CO,, academic research often
focuses on showing a proof of concept with the selected substrates or catalysts initially.
Aspects such as catalyst recycling or product separation often only play a subordinate role at
first and are mostly considered in the further process development. A frequently used strategy
for catalyst recycling in homogeneous catalysis is the use of liquid-liquid biphasic systems.
However, many monophasic gas-liquid reaction systems are barely understood before going
into multiphase systems. For this reason, we investigated the behavior of the homogeneously
catalyzed hydrogenation of CO, to formic acid in-depth. This understanding will aid the
transition to a multiphase reaction system for catalyst recycling approaches.

The model reaction system includes the organic solvent 4-methyl-2-pentanol, the additive
triethylamine (needed to stabilize the formed formic acid), a Ru dppm complex (dppm:
bis(diphenyl-phosphino)-methane) as a precursor for the homogeneous catalyst, and the
gaseous substrates CO, and H.. The addition of water as second, immiscible solvent transfers
the monophasic to a biphasic system.

The study was carried out in a miniplant with a 300 mL stirred tank reactor in batch mode. The
miniplant is equipped with mass flow meters for the substrates CO; and H, and an ATR-IR
probe for online detection of the product formic acid and the substrate CO,.

The recorded concentration-time profiles of the monophasic reaction show an expected
influence of the parameter total pressure as well as an unexpected inhibition of the catalyst
depending on the composition of the liquid phase. The inhibitory effect can be overcome by
using the second, immiscible solvent water, making the biphasic reaction system more
productive than the monophasic one.

This shows, that the understanding of the monophasic reaction system is essential for
identifying improvements in multiphase systems.

DGMK-Tagungsbericht 2023-2 88



DGMK/OGEW/SCI-Conference 'C1 Building Blocks for Future Chemistry'

A Review of the Fischer-Tropsch and Methanol Pathways for the Production of
Jet Fuel

R. Ali, L. Edenhofer, A. Schaadt, O. Salem

Fraunhofer Institute for Solar Energy Systems ISE, Freiburg, Germany

Abstract

Around 300 Mio. tons of kerosene are consumed for aviation each year. By 2050, the demand
is expected to reach 450 Mio. tons. While the use of renewable-based fuels is still being
discussed in other sectors, the decision has already been made in the hard-to-abate sectors
such as aviation. By 2050, the global demand for kerosene is expected to come from
sustainable and regenerative sources. On the one hand, in the Fischer-Tropsch pathway, the
production of jet fuel from water and air is powered by renewable electricity, where the H, and
CO; reactants are first heated and converted into syngas, followed by Fischer-Tropsch
synthesis to produce multifunctional hydrocarbons that can be further processed into
chemicals, oils and gas, subsequent product separation takes place in the distillation column.
On the other hand, the MeOH-to-jet pathway involves the conversion of methanol to light olefins
followed by oligomerization of the light olefins with hydrogenation. The process yields products
in both the distillate and gasoline ranges and can be adjusted to shift the yield to the desired
fraction range.

The focus is on presenting a comprehensive knowledge base on the pathways and in particular
on the evaluation under the criteria of process design, material and energy efficiency. Last but
not least, a potential assessment on the technology pathways in terms of technology
bottlenecks, advantages and disadvantages and technology readiness level.
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Liquid-phase Co-Reagent Free Hydrogenation of Carbon Monoxide to Methanol
Using Molecular Manganese Catalysts

S. Stahl*?, A. J. Vorholt!, W. Leitner'?

Max Planck Institute for Chemical Energy Conversion, Mulheim an der Ruhr, Germany.
?Institute for Technical and Macromolecular Chemistry, RWTH Aachen University, Aachen,
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is mainly based on coal and natural gas as primary feedstocks. Syngas from renewable carbon
sources as the raw material can make methanol a central pivot point of a sustainable chemical
value. The syngas conversion to methanol over heterogeneous catalysts is well established.?!
While these processes benefit strongly from the economies of scale they are not ideal for a
decentralized small scale methanol production. Homogeneous molecular complexes in
contrary, offer the possibility of small scale production. Unfortunately, the direct CO
hydrogenation by homogenous catalysts has proven inefficient until the groups of Prakash and
Beller employed the use of amines as co-reagents.*® These systems, however suffer from
incomplete conversion of the formamide intermediates and trace amounts of N-methylated
products leading to undesired side products.

Recently, a system to produce methanol from CO alcohol-assisted catalysed by a manganese
pincer complex in an effective and clean way was developed at our institute.! This process
yields only methanol and formate ester as detected products in the liquid phase with an high
activity (TON>4000) under relatively mild conditions (150°C, 60 bar). However, this system still
comprises of ethanol as a co-reagent and lacks the possibility for easy product separation.

In this work, we present a co-reagent free system using the product methanol itself as the
activating agent. By optimizing of various process parameters, the catalytic activity was
improved while the complexity of the system was reduced. Additionally, it enables facile product
separation opening the possibility for continuous operations.
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Biogenic Residues as Potential Feedstock for Green Energy Carriers in Urban
Areas — Gasification and Synthesis Demonstration in Vienna

T. Schubert, P. Krobath, S. Egger, M. Holler

Wien Energie GmbH, Vienna, Austria

Abstract

Wien Energie is Austria’s leading energy supplier, providing 2 million people with power, gas
as well as district heating and cooling energy in the urban area of Vienna. Furthermore, Wien
Energie thermally utilizes 1 million tons of waste (MSW, sewage sludge and hazardous) each
year.

The successful energy transition is one of the main challenges to reach climate neutrality.
Especially in urban areas, since cities with their high population density pose a particular
challenge for renewable and CO.-free energy supply for all sectors. To achieve the CO; net
zero 2040 target of the City of Vienna, new technological options and pathways have to be
developed and implemented into the energy system and the existing infrastructure. For this
purpose, close cooperation and a shoulder-to-shoulder approach with mutual understanding
of the different points of view between research and industry is required. This includes for the
example of green energy different carriers like hydrogen and sustainable methane, as well as
COq; utilization and energy storage.

One example for such an application-oriented collaboration is the multi-firm research project
Waste2Value, a consortium led by BEST — Bioenergy and Sustainable Technologies. The
ambition is to develop and demonstrate an innovative process chain, converting biomass and
waste via gasification into syngas and subsequently into green liquid fuels and platform
chemicals.

The first pathway to be demonstrated is the gasification of different biogenic residues like waste
wood, sewage sludge or rejects from wastepaper recycling in a 1 MW dual fluidized bed
gasification unit. The gasification is followed by a multi-step syngas cleaning process, a
Fischer-Tropsch synthesis in a slurry reactor and finally a product separation into a wax, a
middle distillate and a naphtha fraction. Since commissioning of the demonstration plant in
early 2022 several testing campaigns have been performed, providing numerous data for
balancing and simulation purposes of the gasifier as well as the whole process chain. Main
research aspects, from the point of view of Wien Energie, are generating know-how, especially
regarding the challenges of continuous process operation like ash handling or syngas cleaning
as well as obtaining data for techno-economic assessment for future upscaling considerations.
The mid-term perspective of Wien Energie is the commercialization of this innovative
technology for different synthesis product applications — for example green fuels, methane and
methanol — which can be used in the energy and mobility sector.

Introduction

Climate protection has a long history in Vienna. In 1999, the City of Vienna adopted its first
Climate Protection Program [1]. 21 years later, in 2020, Vienna as first federal province in
Austria set its goal to become climate-neutral by 2040 [2]. Therefor the Smart City Wien
Strategy [3] and the Vienna Climate Guide [2] together provide the necessary framework and
show the way towards reaching that objective.

In Vienna, as a population-dense and large city with a well-developed public transport network,
modern buildings and significantly lower heating demands due to many apartment buildings,
per capita energy consumption (18.140 kwh) is only 55% of the average for all of Austria [4].
Nevertheless, in 2022, Vienna'’s gross inland consumption amounted 40 TWh, whereas 19.2
TWh stem from natural gas and 11.3 TWh are provided by (almost exclusively) liquid and solid
fossil fuels [4]. The share of renewable energy was below 15 % and up to 88 % of the energy
had to be imported from outside the city borders [4].
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A recent study [5], conducted in 2021, modelled how the energy system of Vienna has to be
redesigned to reach the ambitious goal of climate neutrality by 2040. Following major changes
contribute to the drastic decrease of CO, emissions:

- Energy for mobility purposes is provided by electricity almost exclusively;

- District heating and electricity-based systems (heat pumps) supply space heating and
hot water;

- Geothermal energy and large heat pumps to harvest off-heat from various sources feed
the district heating system instead of gas-powered CHP plants;

- The increased electricity demand is covered by an increased renewable electricity
production within the area of Vienna but mainly depends on imports from outside the
city.

As illustrated in Figure 1, the total energy consumption will decrease due to increases in energy
efficiency and the contribution of energy generation which will shift towards renewable
electricity. Nevertheless, 0.8 TWh of hydrogen and synfuels as well as 1.7 TWh of heat from
gas-CHP and peak load boilers require chemically bounded energy in form of green gases and
fuels. The modelled overall demand of green energy carriers in 2040 is estimated to be
4.0 TWh. This is much lower than the 30 TWh fossil fuel and natural gas consumption in
Vienna in 2019, but still has to be covered. [5]
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Figure 1: Changes in the final energy consumption, district heating and electricity praduction
in Vienna 2019-2040 (adapted from [5]).

One of the major challenges, which is addressed by flexible energy provision by green energy
carriers, is the flexibilization of energy production in the heating sector. Geothermal energy
sources, as well as waste-to-energy plants and certain shares of off-heat utilization, provide
constant heat amounts all year, whereas the heating demand during winter is much higher
than in summer. This leads to an excess heat production in summer and a gap to cover the
heat demand in cold months. To close this gap between need and coverage, large storage
capacities are needed as well as new, more flexible solutions, which enable the seasonal shift
of heating energy.
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One technological approach, which offers an alternative to incineration and bears the
opportunity to shift energy supply seasonally is the pathway via gasification and subsequent
syntheses. This means transforming chemical energy of residual biogenic materials into
storable carriers. By converting waste fractions from municipal waste management systems
and forestry into syngas (mainly CO, Hz, CHi, COy) instead of heat and power offers the
opportunity to add a subsequent synthesis to produce standardized hydrocarbons. This bears
different advantages for a sustainable and reliable energy system of the future like illustrated
below in Figure 2. On the one hand a broad range of various hydrocarbons as well as hydrogen
can be produced for different applications in energy resource supply as well as material
recovery. On the other hand, time-independent sector coupling between waste management

and energy provision is possible.
EE——) ‘ ‘ storable o}
homogeneous ®

energy density

storable
= Gj flexible application [
J

homogeneous

flexible application

Gasification and synthesis

Figure 2: Gasification and synthesis offer a great opportunity to obtain energy carriers and
resources from residual materials.

Although this approach is not entirely new, there are no commercially available technologies,
processes or equipment yet. Increased urgency to reduce CO; emissions from utilizing fossil
fuels and eagerness to promote circular material utilization, as well as recent attention to
ensure local energy provision opens social tailwinds and economic opportunities for such
emerging technologies.

Waste2Value — The technology and the research project

Within the course of the research project Waste2Value a revolutionary research infrastructure
was erected at Simmeringer Haide, a site of Wien Energie. The research project has received
funding from BMK, BMDW and the Federal States Vienna, Lower Austria and Styria within the
scope of the Austrian COMET Programme (Competence Centers for Excellent Technologies
- Grant Agreement no 892426) . The COMET Programme is managed by the Austrian
Research Promotion Agency (FFG).

The consortium, led by BEST — Bioenergy and Sustainable Technologies [6, 7], set up
resources and expertise to build the Syngas Platform Vienna (Figure 3). A demo site to
investigate the potential of gasification of residues and waste materials and subsequent
synthesis as an essential building block of the energy system and circular resource utilization
was realized within the framework of the project.
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© Wiener Stadtwerke
Figure 3: Syngas Platform Vienna at Wien Energie's site Simmeringer Haide.

The site Simmeringer Haide offers a unique location for such a research facility. At this site,
Wien Energie operates Austria's only hazardous waste incineration plant as well as several
lines for the thermal utilization of municipal and commercial waste and sewage sludge. Due to
the existing infrastructure, several synergies can be exploited, for example media supply,
usage of the off-gas treatment system and permits for the treatment of waste of different types.

Residual biomass and waste fractions

Residues from

‘Waste Wood paper recycling

Synthesis

steam gasification synthesis Refining and

Dual fluidized bed Fischer-Tropsch -
upgrading

Figure 4: Schematic illustration of the Waste2Value process chain (demonstrated at the
Syngas Platform Vienna).

The research facility consists of a 1 MW dual fluidized bed (DFB) steam gasification unit,
several gas cleaning steps (coarse gas cleaning and fine gas cleaning) and a 250 kW Fischer-
Tropsch synthesis based on a slurry reactor. The DFB gasifier represents one of the core
technology equipment for research activities at the Syngas Platform Vienna. Its advanced
DFB design (schematically illustrated in Figure 5), which was developed and implemented in
pilot-scale at TU Wien [8], consists of two fluidized bed reactors, which are interconnected via
a circulating bed material. In a bubbling fluidized bed reactor, the fuel is dried, pyrolyzed and
gasified with steam and thereby converted to product gas. The product gas leaves the system
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by passing a counter current column on top of the gasification reactor. The bed material and
fixed carbon contents of the fuel are transported to a second, fast moving fluidized bed reactor,
where the combustion of the remaining char heats up the bed material. The hot bed material,
which is separated from the flue gas via a cyclone, moves back to the gasification reactor and
provides the necessary energy for the drying, pyrolysis and gasification reactions.

wvi
&
g 3
%" e
>
o
2
o
Tar
cracking +
reforming Combustion
~900°C 900-970°C
Gasification
750-850°C

Char + bed material

Figure 5: Principle of the advanced dual fluidized bed steam gasification (adapted from [8,

a)).

The applied steam gasification leads to a product gas without additional nitrogen from air,
which is highly beneficial in subsequent syngas utilization via catalytic syntheses. Furthermore,
also its high hydrogen content is advantageous in subsequent conversion processes to
hydrocarbons as well. A typical syngas composition of the DFB system can be found in Table
1.[8, 10]

Table 1: Typical syngas composition from DFB steam gasification (wood pellets as fuel,
olivine as bed material) [10].

Component Unit Typical range
H> VO|.%db 36-42

cO vol.%qp 19-24

CO, vol.%db 20-25

CHas vol.%db 9-12

CoHa vol.%p 2.0-2.6

Csz VO|.%db 1.3-1.8
Cs-fraction vOl.%db 0.3-0.6

H.O vol.% 30-45

The product gas from gasification contains several contaminants and impurities, which have
to be removed before utilizing the syngas.For this reason different gas cleaning steps are
installed to ensure that the necessary gas quality is achieved at the Syngas Platform Vienna.
The coarse gas cleaning, which provides a gas quality sufficient for gas motors, is illustrated
in Figure 6, which also illustrates the flue gas treatment system. After product gas cooling in a
radiation cooler, dust and the particulate matter in the product gas are removed via cyclone
and hot gas filter. Filtration at a higher temperature is necessary to prevent tar condensation
in the product gas stream. In A two-stage liquid scrubber, the product gas is afterwards
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guenched, and finally tars are removed by absorption in rapeseed oil methyl ester (RME). Flue
gas on the other hand can be cooled down without the risk of tar condensation before removing
dust via a fabric filter.

RME

Raw product gas Radiation cooler Cyclone Hot gas filter Water quench scrubper Troductgas
e
Flue gas
— -~
Air
——[— Product gas redruclation
- | —
Radiationcodler  Cyclone Alr preheater  Redundancecooler  Fabricfiter  Flue gas
Feedstock DL g >
Auxiliary f
fuel
——
[\ Air
T
Fly ash
Bed material .
-
Steam Bed material

Figure 6: Basic flow sheet of the gasification and coarse gas and flue gas cleaning
infrastructure [11].

Further gas cleaning and conditioning is necessary to provide a syngas quality which is
applicable for catalytic synthesis. For this purpose, a fine gas cleaning system similar to the
process chain illustrated in [12], is used. It's consisting of a cold RME scrubber to reduce
further tars, a NHz scrubber and activated carbon adsorbers as well as a ZnO adsorber to
remove catalyst poisons.

In the final step, a slurry bubble column reactor for Fischer-Tropsch synthesis with a capacity
of one barrel per day is utilized to convert a part of the conditioned syngas into syncrude. This
liquid hydrocarbon mixture with similar properties like crude oil is separated into fractions (wax,
middle distillate and naphtha) and can be processed further to obtain green fuels and
chemicals.

Next to the demonstration plant, BEST implemented a technicum and lab infrastructure for
accompanying research activities like alternative gas cleaning steps, water treatment and
synthesis optimization in smaller scale [12, 13, 14] and to perform necessary process analytics.

With an overall project budget of about 9 Mio. EUR, the Syngas Platform Vienna was erected
and commissioned in March 2022 within the Waste2Value project. A strong consortium from
science and industry (among others BEST, Wien Energie GmbH, SMS Group, Heinzel Paper,
Wiener Linien GmbH, Wiener Netze GmbH, Osterreichische Bundesforste, OMV Downstream
GmbH, TU Wien, Luled University of Technology) bundled its competencies to drive
technology development forward [6]

This unique research infrastructure provides the basis for detailed experimental investigations
on the performance, flexibility as well as long-term behaviour in close-to-industrial scale.
Fundamental questions about the further commercialisation of the technology are now being
answered within the framework of in-depth and continuing research projects.
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Wien Energie’s interests in the research project

From the perspective of Wien Energie, relevant information towards a commercial, large-scale
implementation will be generated. As a potential technology adopter and future plant operator,
the behaviour and performance of different feedstocks from waste materials (fractions from
municipal and commercial wastes, sewage sludge, waste wood, plastic rejects from paper
industry) need to be tested in detail to identify technically and economically feasible fuel inputs.
In this context, it is particularly interesting to determine experimentally, where the optimum lies
between lowest-quality fuels possible, which are available on the market and can be obtained
by low prices or even gate-fees, and lowest possible effort (CAPEX, OPEX) for operation,
especially gas conditioning. For this purpose, the selection according to technical criteria and
economic perspectives like market prices and availabilities will be complemented by systemic
considerations, for example available alternative material recovery pathways, which should not
be in competition with each other.

A reliable data base and in-depth knowledge on optimal plant design and process operation
are crucial for a successful technology rollout. To gain this information for future plant
engineering and process operation, experimental investigations are accomplished on the 1
MW demonstration plant. This should provide a solid data base over a broad spectrum of
operating parameters and potential fuels. Future technology deployment always necessitates
deep understanding of how core components. The scale-up of components like the DFB
system, the gas cleaning process chain or single equipment parts is relying on a valid data
base for engineering. Wien Energie as energy provider will not engineer and build the
necessary plant and equipment by itself but will enable companies from engineering industry
to do so. The project details are highly valuable to Wien Energie to enable technically qualified
tendering and contracting for commercial implementation.

It is not only the process chain that needs to be engineered and developed considerately, also
technology integration in existing infrastructure plays an important role, which will be facilitated
by the results of the project. Due to its nature as high-temperature process, heat integration
like for example coupling with existing district heating systems will be considered based on
experiences with the demonstration plant. Furthermore, valuable data and requirements for
potential sites can be identified to promote technology development and deployment., This
includes for example auxiliary electricity and water demand, possible synergies with other
waste management facilities like existing flue gas treatment units or sorting plants.

Besides engineering and design for the technology scale-up, substantiated experiences how
to operate and maintain such a novel technology chain can be gathered during the
experimental test runs of the 1 MW demonstration plant. This knowledge is essential to provide
staff with a deep process understanding of the future industrial plant and estimate the operation
and maintenance effort, that can be used to develop sufficient operation and maintenance
strategies.

Finally, based on the generated experimental results, it is possible to determine or estimate
necessary equipment parts like requirements in fuel preparation and gas cleaning steps. This
also allows to predict the consumption of utilities as well as realistic yields and product qualities
for different fuels on a larger scale. These insights provide a reliable basis for capital and
operational cost estimations, informed techno-economic assessments and subsequent
business case development, which enables data-based invest decisions for further scale-up
steps and commercialization.

First experiences and preliminary results

The gasification and coarse gas cleaning subsystems of the demonstration plant were
successfully commissioned with wood chips as reference fuel in March 2022. Valuable
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information and insights were already gained during these commissioning tests. First
experiences in partial load operation, which can be found in more detailed in literature [15, 16],
helped to identify crucial points to ensure stable test runs and showed several optimization
potentials of the research infrastructure. One was the identification of necessary equipment
adaptions at the research site including continuous trace heating, stronger motors for the bed
material outlet system, replacement of temperature sensors and additional gas cleaning before
inserting it into analysis equipment. Furthermore, several crucial factors during operation were
identified, which include stable and low fuel water contents as well as reliable fuel calibration.
Due to an operating point not congruent with design values, especially in regard of too low
temperatures and too high steam-to-fuel ratios, a lower cold gas efficiency (65.3%) and product
gas yield (0.98 Nm3u,/Kgreldar) than expected were obtained.

After commissioning, the plant was operated within several test campaigns for several weeks
with different fuels, as indicated in [17]. The adaptions and recalibrations, which were deduced
from commissioning, led to a stable operation point with the reference fuel, which met the
performance expectations in the first test campaign after the commissioning. Fuel input of
1 MW produced 765 kW, leading to a cold gas efficiency of 76.5 % and a product gas yield of
1.18 Nm3gu/Kgfuel at-

Besides the evaluation of the general performance of the DFB system, different fuels already
were tested in the gasification and coarse gas cleaning subsystem. For example, as discussed
in detail in [11], a mixture of wood chips with 50 wt.%, plastics reject with high content of
volatiles and a lower heating value of 26.9 MJ/kga, was successfully converted into syngas.
During this test campaign, detailed measurements along the coarse gas cleaning chain were
performed, tracking the succession of tars and inorganic impurities like H>S, NH3, HCl and HF
in the product gas. The results showed that the presented coarse gas cleaning was capable
to reduce GCMS without BTEX tars down by 90 % (11 g/Nm? initial concentration after the
reactor), HCI by 97 % (37 ppm initial concentration after the reactor) and NHs; by 70 % (293
ppm initial concentration after the reactor). In addition, a detailed analysis of the flue gas
provided information on how flue gas is composed, and which components need to be removed
further in order to meet the legal requirement for waste incineration plants. Other fuel tests with
biogenic residues from forestry in different categories and bark were performed successfully
as well.

At the end of 2022, extensive refining and upgrading of the obtained syncrude by OMV
Downstream GmbH yielded the first litres of renewable, wood-based diesel fuel. To investigate
the performance under realistic conditions, two test runs with a bus from Wiener Linien GmbH
were carried out on a vehicle roller dynamometer in Graz. Two different blends, 15 and 25 %
of Fischer-Tropsch diesel, were tested by measuring engine emissions and fuel consumption
[18].

Conclusion and outlook

The FFG-funded research project Waste2Value enabled the erection and commissioning of a
unique demonstration facility at the Syngas Platform Vienna. Within the framework of the
project, the consortium was able to gain valuable know-how in design and engineering as well
as first operation experiences. The implemented research infrastructure is a major
achievement to promote the technology development and future deployment of DFB
gasification, gas cleaning and subsequent synthesis.

From technology user’s perspective, Wien Energie gathered first insights in the engineering,
construction, and operation as well as performance of the demonstrated process chain. The
stable operation of the DFB system as core element of the project with the reference fuel as
well as already tested alternative feedstocks convinced that the technology is viable, fuel-
flexible and promising for future, industrial applications. Furthermore, first experiences showed
the significance of fuel properties and operating parameters on the syngas quality and quantity
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but also on the process handling. Due to the quite complex nature of this system, profound
understanding of the occurring effects and interdependencies is essential and has to be
deepened further with additional research activities.

For more detailed investigations, and the exploitation of the full potential of installed research
infrastructure, further projects and ongoing complementary commercialization activities will be
performed, following Waste2Value. For this purpose, the FFG-funded the follow-up projects
“Waste2Value-LevelUp” and “Green Fuel and Chemicals” to continue research work. The two
projects enable Wien Energie to work on further essential research aspects like in-depth
investigations of the gasification of different fuels, the optimization of gas cleaning and Fischer-
Tropsch synthesis units and alternative syngas utilization routes like alcohol synthesis and
hydrogen production. The research program is complemented with additional projects. For
example, is the research project “KLAR”, which is funded by the Vienna Business Agency [19],
aims at investigating the conversion of sewage sludge into syngas and simultaneous recovery
of inorganic nutrients of the residues from the process.

The major aim of Wien Energie in the next steps is to identify the most suitable fuel and product
combinations from all possible options (see Figure 7), regarding technical, economic and
strategic aspects.

Alternative fuels Alternative

products

Sewage sludge i i ]
b Methanol synthesis -ﬂ@m»

Waste wood

Gasification Gas cleaning FT-Synthesis

Figure 7: Gasification and subsequent synthesis gas utilization offer different fuel-product
combinations for further commercialization steps.
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More extensive and broad fuel conversion experiments in the future will provide necessary
information to enable modelling of potential large-scale implementations. Data-driven
estimation of cost structures, risk and ecological assessments and the deduction of further
research and development demands should guarantee a successful scale-up and comparison
of the different fuel options. To enable continuous commercial operation in the future, this
knowledge is essential. Additional research infrastructure in form of alternative syntheses and
hydrogen separation plants will be implemented in the future between lab-and demo-scale to
evaluate alternative product options and assess the syngas’ suitability for these utilization
routes.

Furthermore, long-term operation of the whole process chain with promising fuels is necessary
to make long-term effects visible. The obtained knowledge is essential to understand, which
technical challenges can arise during stationary long-term operation. Constructional and
operational requirements as well as maintenance routines, reliable utility consumption and
lifetimes for continuous operation in a commercial plant are investigated and evaluated.
Within the research project “Waste2Value”, a major step already was accomplished to advance
the technology. Continuing work will build on it to ensure successful technology development
and obtain a reliable basis for decision making. These research activities will enable the
production of residual-based energy carriers and resources for the future’s urban energy
system of Vienna and generate higher value from waste.
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The Influence of the Support on Pd-based Catalysts in direct DME Synthesis
B. Wang, M. Zimmermann, S. Behrens
Institute for Catalysis Research and Technology, Karlsruhe Institute of Technology

Abstract

The syngas to dimethyl ether (STD) process on bifunctional catalysts is of great interest for the
valorization of CO, and syngas from biomass gasification. Dimethyl ether (DME) economics
(conventionally based on fuel use) is attracting growing interest, in parallel with the
development of various pathways for conversion to hydrocarbons (fuels and chemicals such
as olefins, oxygenates, aromatics, and liquefied petroleum gas) and H» production. DME is
commercially produced from syngas (CO / H,) in a two-step process via dehydration of
methanol. This two-step process typically employs Cu/ZnO/Al,O; catalysts for methanol
synthesis in combination with a solid acid (for example, y-Al,O or zeolites) for its dehydration.
Taking advantage of favorable thermodynamics, the single-step STD process leads to higher
syngas conversions and entails further economic and technical advantages. This necessitates
the design of specific bifunctional catalysts with high methanol synthesis and dehydration
activity as well as high stability against deactivation. Recently, Pd-based compounds have
emerged as interesting alternatives providing improved reaction rates, methanol selectivity or
thermal stability [1, 2, 3]. For example, Pd/ZnO in combination with a solid acid was shown to
be a suitable catalyst for hydrogenation of CO or CO, to DME [3]. The activity of these catalysts
was ascribed to the formation of an intermetallic PdZn phase during reductive catalyst
pretreatment [3].

In this study, a series of Pd/Zn nanoparticles with different Pd/Zn ratio were obtained by
reductive stabilization [3] and anchored on a hierarchical H-ZSM-5 zeolite for bifunctional
PdZn/zZnO-based STD catalysts. We demonstrate the influence of the Pd/Zn ratio and the
dehydration catalyst on the catalytic performance in the hydrogenation of CO to DME.
Alternatively, Pd/CeO, was obtained by colloidal, liquid-phase synthesis providing a catalyst
with high reaction rates in the STD process when combined with y-Al,Os. The reaction rates
were highly dependent on the preparation procedure and catalysts supported on commercial
ceria revealed much lower reaction rates. Nanoparticles and catalysts were characterized by
various analytical tools including powder X-ray diffraction, inductively coupled plasma optical
emission spectroscopy, electron microscopy (SEM/EDS, STEM-HAADF/EDS), and N
physisorption. Catalytic tests were carried out in a continuous, fixed-bed laboratory reactor
employing CO-rich syngas (CO/H; 1 : 1).

[1] T. Pinheiro Aradjo, C. Mondelli, M. Agrachev, T. Zou, P. Willi, K. Engel, R. Grass, W. Stark, O. Safonova, G. Jeschke, S. Mitchell, J Pérez-
Ramirez, Nature Commun. 13, 5610 (2022) 13; [2] M. Gentzen, D. Doronkin, T. Sheppard, J.-D. Grunwaldt, J. Sauer, S. Behrens, Applied Catalysis
A 562, 206 (2018); [3] M. Gentzen, D. Doronkin, T. Sheppard, A. Zimina, H. Li, J. Jelic, F. Studt, J.-D. Grunwaldt, J. Sauer, S. Behrens, Angew.
Chem. Int. Ed. 58, 15655 (2019).

DGMK-Tagungsbericht 2023-2 102



DGMK/OGEW/SCI-Conference 'C1 Building Blocks for Future Chemistry'

Multiphasic Hydroformylations of long Chain Alkenes and the Liquid-liquid
Interface

K. E. NaRe,! M. Schrimpf,! F. S. Heinen,! N. Pawlowsky,! Andreas J. Vorholt,! W. Leitner!?
IMax Planck Institute for Chemical Energy Conversion, Mulheim an der Ruhr, Germany
2Institute of Technical and Macromolecular Chemistry, RWTH Aachen University, Aachen,
Germany

Abstract

Multiphase catalysis in hydroformylation are well known by the Ruhrchemie/Rhéne-Poulenc
process. In here the water-soluble catalyst is dissolved in the polar aqueous phase. The
product forms a second organic, non-polar phase, which allows an easy separation of both
phases. Nevertheless, the substrate in the Ruhrchemie/Rhéne-Poulenc process is quite water
soluble. In contrast, for long chain alkenes this easy separation technique is accompanied with
transport limitations during the reaction and still the exact steps for the reaction are discussed.

With borescope measurements we investigated the steps for
multiphase hydroformylation of long chain substrates. This
technique allows us to investigate interfaces during the
reaction in situ, even with enhanced pressures. It takes
pictures of the reaction solution under reaction conditions.
Afterwards, an algorithm evaluates these pictures for

Figure 1: Emulsion of the biphasic . 9 .
reaction mixture recorded and analysed calculating the liquid-liquid interface size or the Sauter

by the SOPAT borescopy technique diameter and is able to distinguish between liquid droplets
and gaseous bubbles.

We investigated the liquid-liquid interface of the hydroformylation of 1-octene with the water
soluble Rh/TPPTS. In artificial samples TPPTS concentration from 0 mol maq~3 to 100 mol maq~3
in the aqueous phase lead to an increase of the liquid-liquid interface of 48%. An addition of
40 mol% nonanal into the organic phase resulted in an increase of the interfacial area of 322%.
Of more significance is the relationship between catalytic activity and the interfacial area during
the reaction. Opposing the assumption that the catalyst accumulates in the liquid-liquid
interface, our results show that this is unlikely. A non-linear relationship between the interface
and the catalytic activity was observed. On basis of these results, the effective available
interface for the catalyst seems to be reduced by the amphiphilic nonanal.

0 mol-% Nonanal. O 20 mol-% Nonanal.

—organic . ®

In actually research projects we investigate the
liquid-liquid interfaces by assisted
hydroformylation with cyclodextrins and the .

interfacial area in multiphasic enzymatic systems. SR Rezg merachl @® o [/Fr S
® ®
R R4
[1] M. Schrimpf, P. A. Graefe, A. E. Kaczyna, A. J. Vorholt,

W. Leitner, Ind. Eng. Chem. Res. 2022, 61, 2701-2713. _ futesy = sy < u
[2] M. Schrimpf, P. A. Graefe, A. Holl, A. J. Vorholt, W Figure 2: Proposed effect of the accumulation of
Leitnér ACS Ca’tal '20'22 12 7;350'—786’1 Y " " nonanal with the reduction of the available interfacial

area for the catalyst.
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Different Exfoliation Procedure of Carbon Nitride-Based Catalysts for CO2
Photoreduction

|. Rossetti’2, Simge Naz Degerli?, M. Tommasi?, G. Ramis®*,

!Chemical Plants and Industrial Chemistry Group, Dip. Chimica, Universita degli Studi di
Milano, Milan, Italy, 2INSTM Unit Milano-Universita, Milan, Italy, *Dip. Ing. Chimica, Civile
ed Ambientale, Universita degli Studi di Genova and INSTM Unit Genova, Genoa, Italy

Abstract

In this work we focus on the comparison of different approaches for the preparation of g-CsN4
photocatalysts for the photoreduction of CO,. After preparation of the bulk material by thermal
condensation, exfoliation has been realised by thermal treatment or by ultrasound sonication
at tuneable power. The metal-free polymeric catalyst, graphitic carbon nitride (g-CsNy), is a
relatively novel material, characterized by a wide absorbance in the visible region and
demonstrating a superior performance compared to the commercial titania P25 benchmark,
the most used photocatalyst for this application. We used an innovative photoreactor operating
at high pressures of up to 20 bar, which is unprecedented in photocatalytic applications where
transparent windows are needed. This enabled a boost in the solubility of CO, in water when
operating the reactor as a tri-phase liquid/gas/solid device and improved the surface
adsorption over the catalyst. The materials were characterised to correlate the main textural,
structural and optical properties with the activity. The best productivity for HCOOH was
observed at 18 bar, with 6 h of irradiation, while the better energy storage capacity after 2 h of
irradiation at 8 bar using a sample exfoliated by ultrasound.

Introduction

Artificial photosynthesis is a process that aims to mimic the natural photosynthesis process by
harnessing sunlight to convert carbon dioxide (CO.) into useful fuels such as hydrogen and
carbon-based compounds. Although artificial photosynthesis is still in its early stages and
large-scale implementation is not yet feasible, ongoing research focuses on developing
artificial leaves and photoelectrochemical cells that efficiently convert solar energy into various
fuels and chemicals. By replicating the natural processes of photosynthesis, artificial
photosynthesis has the potential to reduce anthropogenic CO, emissions, enhance fuel
security and contribute to a sustainable global economy. Further advancements and research
are necessary to optimize efficiency, cost-effectiveness and scalability.

Various materials can efficiently convert CO; into valuable chemicals using solar energy.
Among these TiO: is the most studied but allows only limited efficiency under solar light since
it exploits the UV portion of the spectrum, only [1]. Alternative visible responsive materials are
made on chalcogenides, but they are poorly stable due to photocorrosion. Alternatively, single
or mixed transition metal oxides (e.g. In203, BiVO., WO3, Cu0) or ordered mesoporous
materials (OMMSs) can be used [2—6].

The efficiency and performance of these semiconductors can be further enhanced through
various strategies, including structural modifications, surface modifications, and co-catalyst
integration [7,8].

Among the different options, graphitic carbon nitride (g-CsNa4) is a two-dimensional rather
inexpensive nanomaterial that has gained significant attention as a semiconductor
photocatalyst. It is an earth-abundant metal-free semiconductor with tuneable optical and
electronic properties, making it suitable for harvesting visible light. The unique properties of g-
CsNy4, such as its bandgap energy of 2.7 eV (460 nm), good visible-light harvesting capabilities,
and appropriate conduction band and valence band edge positions, make it a promising
material for CO, photoreduction.

The synthesis of g-CsNa4 typically involves the polymerization of precursors such as melamine,
cyanamide, urea, thiourea, or dicyandiamide using techniques like chemical vapor deposition,
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solid-state reaction, or thermal nitridation. However, bulk g-CsNa tends to exhibit poor
optoelectronic properties. To overcome this limitation, nanostructured forms of g-CsN4, such
as ultrathin nanosheets, hollows, nanorods, or nano-leaves, have been developed with
improved optical and electronic properties.

Nanocomposites and nanostructured g-CsNs have shown enhanced properties like low
electron-hole recombination rate and large surface area, which are beneficial for the target
reaction [9].

g-CsN4 can be synthesized through various methods. Here are summarised the most common
synthetic approaches [10]:

1. Thermal Polymerization of a precursor. The polymerization process involves heating
the precursor at temperatures ranging from 400°C to 700°C in air for a specific duration. This
method allows for the controlled formation of graphitic carbon nitride [11];

2. Electrodeposition of g-CsNs on a substrate from a saturated acetone solution of
cyanuric trichloride and melamine at room temperature.
3. Solid-State Reaction. In this method, a mixture of melamine and cyanuric acid, or

melamine and urea, is heated to high temperature (often above 550°C) under an inert
atmosphere [12].

The exfoliation of g-CsNa4 is a relatively novel area of research compared to other 2D materials.
One possible approach involves the intercalation of organic molecules, such as alkylamines or
solvents like dimethylformamide, into layered carbon nitride structures, followed by sonication
or other mechanical agitation methods to promote exfoliation. This method aims to disrupt the
weak van der Waals forces between the carbon nitride layers and achieve exfoliation into
nanosheets [13-18].

The aim of this work is the comparison of different approaches for the preparation of g-C3sNa
photocatalysts for the photoreduction of CO,. After preparation of the bulk material, exfoliation
has been realised by thermal treatment (TE) and by ultrasound (US) sonication at tuneable
power.

The materials were characterised to correlate the main textural, structural and optical
properties with the activity. They were tested for the photoreduction of CO, through an
innovative high pressure photoreactor using a UVA lamp (365 nm, 250 W, irradiance ca. 150
W/m?), at 80°C and up to 20 bar pressure. These unconventional operating conditions allowed
us to improve CO: absorption in liquid phase even by using high temperature, which in turn
speeds up the kinetics of transport and of some possibly limiting non-photocatalytic steps.

Materials

The g-CsN4 bulk catalyst was prepared in a tubular furnace by thermal condensation of
melamine over the continuous flow of air at desired temperature according to [19,20]. In a
typical procedure, melamine was placed in a covered ceramic crucible and heated to the target
temperature. After cooling down the furnace to ambient temperature, the sample was removed
and crushed to powder.

The resulting yellow powder was then exfoliated by successive thermal (TE) or ultrasound (US)
treatments in order to obtain the exfoliated material. In particular, for the thermal exfoliation,
the yellow g-CsN4 was heated by 3°C min' in a static air atmosphere at 550°C, maintained for
2 h before cooling down. The US treatment was performed at different input power for a fixed
time of 3 h (5 h with 3 sec on and 2 sec off). We have applied US energy in the range of 0.32-
1.3 MJ which corresponds (at fixed time) to an input power of 30W-120W, by keeping 3 hours
sonication time constant. The data reported in this work refers to sonication power of 120W for
the sake of brevity.

Characterization

X-ray diffraction (XRD) analyses were performed with Rigaku Miniflex-600 horizontal-scan
powder diffractometer (Tokyo, Japan) using Cu-Ka radiation with a graphite monochromator
on the diffracted beam. Crystallite size was calculated according to the Scherrer equation (1).
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D= (K-2)/(B-cosb) )

where D is the crystal size, A is the X-ray wavelength (0.154 nm with Cu Ka generator), K is
the shape factor (0.9), B is the width at half maximum of the peak (i.e., FWHM) and 8 is the
Bragg angle.

N2 adsorption and desorption isotherms of samples were measured with a Micromeritics
ASAP2020 apparatus (Norcross, GA, USA). The BET SSA (Brunauner-Emmett-Teller Specific
Surface Area) and pore volume have been calculated from N. adsorption/desorption
isotherms, collected at -196 °C for the samples previously outgassed at 150 °C for 4 h.
Micropore volume was calculated according to the t-plot method [21]. BET linearization was
used in the range 0.05-0.30 P/P° to calculate the specific surface area (SSA). Barrett-Joyner-
Halenda model (BJH) was used to determine pore-size distribution from the adsorption branch.

Scanning Electron Microscopy (SEM) images and Energy Dispersive X-ray Analysis (EDX)
were obtained using a JSM-7900F Schottky Field Emission Scanning Electron Microscope
(JEOL, Tokyo, Japan) operating at an accelerating potential of 20 kV. The 3D analysis of the
surface has been elaborated by using the Image J software.

Diffuse Reflectance (DR) UV-Vis spectra of samples were recorded on a Shimadzu UV-3600
Plus (Kyoto, Japan), using an integrating sphere and BaSO. as reference standard.
Measurements were recorded between 190 and 800 nm with 1 nm intervals and spectral
bandwidth of 20 nm. The results were processed according to the Kubelka-Munk elaboration
and with the equation (2, 3), using the reflectance spectra as input data.

(F(R)hw)n = B(hv — E,) 2)

Where, h represents the Planck constant, v the light frequency, n is a coefficient that is
considered equal to ¥2 when referring to the direct transition and equal to 2 when referred to
the indirect transition [22,23]. Eq is the band gap expressed in eV and B represents the
absorption constant corrected for a proportional factor between F(R) and the molar extinction
coefficient.

F(Ro) = (1 —Ro)"2/2Rq ©)

Tauc plot method was applied to evaluate band gap energy (E,) of the samples. The calculated
(F(R)hv)¥" (with r = 2 or ¥ for direct and indirect band gap) was plotted versus hv to obtain the
band gap of each sample [24]. Due to the strong absorption of the materials, the g-CsNswas
mixed with BaSO. (50 wt%) with a mortar-pestle prior to recording the spectra in order to
prevent saturation in the case of samples absorbing strongly. Therefore, the shape of the
curves was not affected by the blending, but the absolute value of reflectance cannot be
compared.

Photocatalytic tests

Photocatalytic studies were performed according to our previous report [25-27], All the tests
were performed using an innovative pressurized batch photoreactor (Figure 1), whose detailed
description has been reported elsewhere [19]. Briefly, it has a cylinder shape and it is
surrounded by a cooling/heating jacket where circulates water. The temperature is regulated
thanks to a thermostatic system. The reactor is provided with an axial quartz window which
allows the introduction of a lamp. The apparatus is designed to work under pressure up to 20
bar and temperatures not higher than 90 °C. The internal volume (with the cap secured) is
about 1.3 L and 1.2 L of liquid was used for each experiment. A magnetic stirrer set at 400 rpm
and placed under the reactor ensures the catalysts dispersion and mixing.

DGMK-Tagungsbericht 2023-2 106



DGMK/OGEW/SCI-Conference 'C1 Building Blocks for Future Chemistry'

The photons are supplied by means of a 125 W medium pressure Hg vapour lamp made of
two bulbs which emits in the range of 254-364 nm. The average irradiance during the reported
tests was 152.63 W/m? as measured in the UVA range by a delta OHM HD 2102.2
photoradiometer. The optimal catalyst and hole scavenger (HS) concentration were 31 mg L*
of photocatalyst and 1.67 g L of HS. Each test lasted for 24 h if not specified differently. The
productivity was expressed as mmol/h kgca dividing the whole amount of product produced by
the duration of the test.

Na.SO; was used as inorganic HS and no products of any type were detected without its
addition. The suspension containing both HS and the photocatalyst was saturated overnight
with CO; at the desired pressure and room temperature. Hence, the resulting pressure is taken
as the starting value. The reaction starts when the lamp is switched on and the temperature
into the reactor reaches 80°C (measured with a thermocouple). In order to determine the
composition of the reacting suspension, 3 aliquots of 10 ml each are taken at the beginning
and the end of the reaction, centrifuged in order to remove the catalyst and analysed with an
HPLC (LC-4000 series, Jasco) The latter was equipped with both UV (UV-4074, Jasco) and
refractive index (RI-4030, Jasco) detectors. The column was a 2000-0 BP-OA, Benson
Polymeric and the eluent an aqueous H,SQO4 solution (0.5 mmol L ). Multiple injections of the
same sample gave reproducible results, given that the maximum error on chromatographic
analysis was ca. 5% and repetition of the same test under identical conditions led to an
experimental error up to 10%. The residual HS amount has been evaluated via iodometric
titration. To a precise volume of sample excess acid was added (1 M HCI) and potassium
iodide (0.02 M) and the proper amount of potassium iodate solution (0.002 M). Then, the
mixture was titrated with sodium thiosulfate (0.002 M) until discoloration.

The gas products were collected in the headspace of the photoreactor and analysed by a gas
chromatograph (Agilent 7890, Palo Alto, CA, USA) equipped with a TCD detector and a two
columns in series (HPplot Q and HP Molsieves), with the proper set of configurations for the
quantification of H,, CH4 and both polar/non-polar light gases.

2 L= =4
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Figure 1. Scheme of high-pressure photo-reactor, reproduced from [19].

Proper blank tests in absence of catalyst, or irradiation and of hole scavenger evidenced
negligible products formation.
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Results and discussion

The XRD patterns of powder g-CsN4 showed the characteristic diffraction peaks of conjugated
aromatic system at ~28° and ~13° which correspond to (002) and (100) crystal planes,
respectively [28,29]. The observed low intensity peak at 13.1° was attributed to the in-plane
structural packing motif. Moreover, is very evident a significant decrement in the intensity of
(002) peak after exfoliation, which is remarkable to demonstrate successful exfoliation of
layered carbon nitride [29]. Moreover, the two consistent reflections with exfoliated g-CsNa
suggest that the nanosheets essentially have the same crystal structure as their parent bulk
counterpart, i.e. the layers of g-CsN. phase. Such diffraction peaks were observed with all the
samples, irrespective of the calcination temperature, which only affected the intensity of the
reflection. They have become less pronounced, but most of all widened, in the nanosheets
mainly due to concurrently reduced plane size of the layers following the exfoliation treatment
[30].

In order to determine the textural properties and physical-chemical features, N. adsorption-
desorption technique was applied. All the samples returned a type IV isotherm, which
corresponds to mesoporous materials. Brunauer—-Emmett—Teller (BET) elaboration for specific
surface area resulted in <10 m?/g for the as-synthesized g-CsN4 and ca. triple values for the
exfoliated samples at the highest US power tested. The BET surface area and BJH pore size
have been detailed in Table 1. US input power showed a direct correlation with the surface
area of the materials. Increasing the probe ultrasound power led to an increase of specific
surface area, indicating more accessible layers structure with reduced thickness with respect
to the bulk precursor. Furthermore, separation efficiency of photogenerated electrons and
holes can be improved upon exfoliation, limiting recombination phenomena between stacked
layers and favouring the interaction of charge carriers with more abundant adsorbed reactants
rather than with recombination sites.

The sample G550US had higher surface area and pore size with respect to G600US, which
correlates well with the XRD pattern (broader and less intense reflections for the sample
calcined at lower temperature, i.e. smaller crystallites). The higher surface and porosity provide
more active sites for adsorption of the reactant, as a result, higher performance is expected.

Sample BET Surface | Total pore | BJH Band gap

Area (m?/g) volume Adsorption (eV)

(cm?3/g) pore width
(hm)

G550 9.0 0.032 47.1 2.65
G600 6.1 0.027 32.2 2.66
G550US 27.7 0.166 29.3 2.78
G600US 19.8 0.083 15.7 2.69
G550TE 113 0.019 26.8 2.80

Table 1. Textural properties and physical-chemical features of different g-CsNa.

The morphology of the G550TE material deduced from SEM images showed the appearance
of nanosheets with a thickness of few nanometers, partially twisted on themselves.

The FE-SEM images of G550US and G600US depict an overlap of multiple nanosheets which
demonstrate exfoliation of the material into thin pseudo-lamellar form. The 3D analysis of the
surface has been elaborated by using the Image J software. The sample G550US showed a
slit-shaped surface, with 30 nm deep valleys, while the sample G600US evidenced a rougher
surface with ca. 30% lower valley depth (ca. 20 nm). We also observed a few layers thin sheet-
like morphology [31].

The band gap, as measured by diffuse reflectance UV-Vis, was 2.65-2.80 eV, compatible with
visible light harvesting. This parameter was smaller for the bulk as synthesised sample and
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increased upon exfoliation, likely due to nanostructuring which is known to induce blue-shift in
the absorption edge.

Photocatalytic Activity

Activity tests for the photoreduction of CO, have been carried out on the prepared samples to
check the effect of the exfoliation procedure on the performance of the catalysts. On the most
interesting samples we also checked the effect of reaction time and operating pressure. The
results are reported in Table 2.

Sample Time (h) P (bar) H. co HCOOH Energy stored (J))  Eff. on lamp (%) Eff. on irradiance (%)
G550 24 8 1587 43 5121 1260 0.0058 0.17
G600 24 8 1254 51 5527 1278 0.0059 0.17
G550US 24 8 3518 28 7930 2132 0.0099 0.28
G600US 24 8 1243 62 8203 1784 0.0083 0.24
G550US 24 20 864 16 10005 2047 0.0095 0.27
G550US 2 8 3776 25798 462 0.0257 0.73
G550US 5 8 24664 970 0.0216 0.62
G550US 6 8 24167 1141 0.0211 0.60
G550US 24 8 3518 28 7930 2132 0.0099 0.28
G550US 6 18 2287 39297 1957 0.0362 1.04
G550TE 24 8 1300 7500 1648 0.0076 0.22
G550TE 24 18 4000 6000 1847 0.0086 0.24
G550TE 6 18 500 16000 778 0.0144 0.41

Table 2. Productivity to the main products expressed in mmol/h kgca:, energy stored (calculated
on the LHV of the compounds produced), efficiency based on the lamp power consumption
(250 W) and efficiency calculated based on the measured irradiance and the mean exposed
surface.

The samples prepared of g-C3sN. showed promising for the selected application, compared to
literature data. The selected main product was HCOOH, whose formation is favoured under
basic conditions. Productivity ranges between 5 and 40 mol/h kgca, which correspond to 0.23-
1.85 kg HCOOH per h per kg of catalyst or 5-45 kg per day per kgca. Since depending on the
reaction conditions and duration, different products distribution can be expected, additional
quantitative parameters may be used. For instance the energy stored can be calculated from
the moles of product overall obtained during the tests multiplied by the Lower Heating Value
(LHV) of each of them. This amount of energy chemically stored into the products can be
compared with the energy supplied by the lamp (niamp) Or to the energy effectively reaching the
sample (nirad), quantified by multiplying the measured irradiance and the mean exposed
surface (equations 4 and 5).

Niamp [%] = (Eprod [J]) / (Eiamp [W] - time [s]) - 100 (4)

Nirrad [%0] = (Eprod [J]) / (Eirradiance [J h™: m2]] - time [h] - mean irradiated surface [m?]) - 100 (5)
Due to extinction of the radiation and dissipative phenomena, only a portion of the consumed
energy is available for the reaction, as measured through a photoradiometer. Overall, the 1amp

values range from 0.0058% and 0.036%, which demonstrates that the use on purpose of lamps
for this application is not feasible, even in the case of renewable energy supply for their
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functioning. When calculating the efficiency on the available radiation, instead, higher values
are achieved, reaching 1% efficiency in the best case. This allows to conclude that there is
room for improvement of the materials and the process, but the availability of a free direct
irradiation source, e.g. solar power, is the only effective route for this application.

The comparison between the samples evidenced negligible difference between the bulk
samples prepared by thermal polymerisation at 550 or 600°C, therefore the former lower
temperature was selected. The exfoliation procedure positively affected the catalytic
performance (Figure 2). In spite of the much higher surface area, the thermally exfoliated
sample GC550TE was slightly less active with respect to the samples delaminated with
ultrasounds (Figure 3).

The increase of pressure from 8 to 18 bar further improved the performance, boosting the
amount of HCOOH or H; for the samples G550US and G550TE, respectively (Figure 4 and 5).
Nirrad iINCreased from 0.24% to 0.27% for sample G550US and from 0.22% to 0.24% for sample
G550TE (Table 2). This is explained with the higher solubility of CO at increasing pressure
and the higher adsorption over the catalyst surface.

The effect of reaction time was also deepened for the most interesting sample, i.e. GC550US.
At the beginning of the reaction much higher productivity of HCOOH was observed, declining
after 24 h. This was explained based on the consumption of the hole scavenger: when the
scavenger is present in the reaction medium, the reaction product is predominantly HCOOH.
When the hole scavenger is consumed, the photoreforming of the produced HCOOH, which
produces significant amounts of H, becomes competitive with the main reaction. By looking at
the activity data it is evident that the productivity of HCOOH is ca. 25 mol/h kgca: during the first
hours of reaction, while it drops to ca. 8000 mol/h kgca: after 24 h, when the conversion of the
sodium sulphite (used as hole scavenger) is complete (Figures 4 and 5).

Overall the highest HCOOH productivity has been achieved with G550US, leading to 40 mol/h
kgcar With an efficiency over the available irradiance of ca. 1%.

These results open the way to a further application of solar light to drive the reaction so to
exploit a free and widely available light source.
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Figure 2. Productivity of H2, CO and HCOOH for the prepared samples tested at 80°C, 8 bar,
for 24 h reaction time.
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Figure 3. Productivity of H,, CO and HCOOH for the prepared samples tested at 80°C, 18 bar,
for 24 h reaction time.
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Conclusions

In the present work, samples of g-CsN4 have been produced as candidate solar harvesting
materials for the photoreduction of CO.. In order to improve the surface area of the materials,
bulk synthesised samples from thermal polymerisation of melamine at 550 or 600°C were
exfoliated by using thermal treatment or by applying 120W US power.

The physical chemical characterisation confirmed that exfoliation took place with increase of
surface area and of the band gap.

Activity testing was carried our using an innovative high temperature and high pressure
apparatus fed with UVA lamps, with a 1.2 L volume with is significant with respect to most
literature. Exfoliation proved effective to boost the reactivity of the samples and operation at
high pressure (18 bar) confirmed useful to achieve practically relevant productivity of the main
product, i.e. formic acid. The highest productivity was 40 mol HCOOH/h kgca:, corresponding
to an efficiency over the measured irradiance of ca. 1%. Therefore, this application is amenable
for improvement, but it makes sense if direct solar irradiance (free) is available for the reaction.

Acknowledgements

The authors gratefully acknowledge the financial contribution of Fondazione Cariplo through
the grant 2021-0855 — “SCORE - Solar Energy for Circular CO2 Photoconversion and
Chemicals Regeneration”, funded in the frame of the Circular Economy call 2021.

I. Rossetti acknowledges Universita degli Studi di Milano for support through the grant PSR
2021 - GSA - Linea 6 “One Health Action Hub: University Task Force for the resilience of
territorial ecosystems”.

This study was carried out within the Agritech National Research Center and received funding
from the European Union Next-Generation EU (PIANO NAZIONALE DI RIPRESA E
RESILIENZA (PNRR) — MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4 — D.D. 1032
17/06/2022, CN00000022). This manuscript reflects only the authors’ views and opinions,
neither the European Union nor the European Commission can be considered responsible for
them. I. Rossetti and M. Tommasi acknowledge specifically the participation and funding of
Tasks 8.2.3, 8.3.2 and 8.4.1.

References

[1] https://www.iea.org/data-and-statistics/charts/current-limits-on-hydrogen-blending-in-
natural-gas-networks-and-gas-demand-per-capita-in-selected-locations, (n.d.).

[2] A.-Y. Lo, F. Taghipour, Ordered mesoporous photocatalysts for CO 2 photoreduction,
J. Mater. Chem. A. 9 (2021) 26430-26453. https://doi.org/10.1039/D1TA05643C.

[3] Y. Zhang, G. Zhang, J. Di, J. Xia, Bismuth-based materials for CO2 photoreduction,
Curr. Opin. Green Sustain. Chem. 39 (2023) 100718.
https://doi.org/10.1016/j.cogsc.2022.100718.

[4] D. Li, M. Kassymova, X. Cai, S.-Q. Zang, H.-L. Jiang, Photocatalytic CO2 reduction
over metal-organic framework-based materials, Coord. Chem. Rev. 412 (2020)

DGMK-Tagungsbericht 2023-2 113



DGMK/OGEW/SCI-Conference 'C1 Building Blocks for Future Chemistry'

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

213262. https://doi.org/10.1016/j.ccr.2020.213262.

X. Li, Y. Sun, J. Xu, Y. Shao, J. Wu, X. Xu, Y. Pan, H. Ju, J. Zhu, Y. Xie, Selective
visible-light-driven photocatalytic CO2 reduction to CH4 mediated by atomically thin
Culn5S8 layers, Nat. Energy. 4 (2019) 690—699. https://doi.org/10.1038/s41560-019-
0431-1.

Q. Mou, Z. Guo, Y. Chai, B. Liu, C. Liu, Visible-light assisted photoreduction of CO2
using CdS-decorated Bi24031Br10, Mater. Sci. Semicond. Process. 134 (2021)
106011. https://doi.org/10.1016/j.mssp.2021.106011.

E. Bahadori, A. Tripodi, A. Villa, C. Pirola, L. Prati, G. Ramis, N. Dimitratos, D. Wang,
I. Rossetti, High pressure CO 2 photoreduction using Au/TiO 2 : Unravelling the effect
of co-catalysts and of titania polymorphs, Catal. Sci. Technol. 9 (2019) 2253—-2265.
https://doi.org/10.1039/c9cy00286c.

E. Bahadori, A. Tripodi, A. Villa, C. Pirola, L. Prati, G. Ramis, |. Rossetti, High
pressure photoreduction of CO2: Effect of catalyst formulation, hole scavenger
addition and operating conditions, Catalysts. 8 (2018) 430.
https://doi.org/10.3390/catal8100430.

N. Lakshmana Reddy, V.S. Kumbhar, K. Lee, M.V. Shankar, Graphitic carbon nitride—
based nanocomposite materials for photocatalytic hydrogen generation, in:
Nanostructured, Funct. Flex. Mater. Energy Convers. Storage Syst., Elsevier, 2020:
pp. 293-324. https://doi.org/10.1016/B978-0-12-819552-9.00009-9.

P. V. Sarma, Synthesis, structure, and properties of graphitic carbon nitride, in: Synth.
Charact. Appl. Graph. Carbon Nitride, Elsevier, 2023: pp. 15-41.
https://doi.org/10.1016/B978-0-12-823038-1.00006-4.

Z. Zhao, Y. Ma, J. Fan, Y. Xue, H. Chang, Y. Masubuchi, S. Yin, Synthesis of graphitic
carbon nitride from different precursors by fractional thermal polymerization method
and their visible light induced photocatalytic activities, J. Alloys Compd. 735 (2018)
1297-1305. https://doi.org/10.1016/j.jallcom.2017.11.033.

P. Praus, L. Svoboda, M. Ritz, |. Troppova, M. Sihor, K. Ko&i, Graphitic carbon nitride:
Synthesis, characterization and photocatalytic decomposition of nitrous oxide, Mater.
Chem. Phys. 193 (2017) 438-446.
https://doi.org/10.1016/j.matchemphys.2017.03.008.

X. Gao, J. Feng, D. Su, Y. Ma, G. Wang, H. Ma, J. Zhang, In-situ exfoliation of porous
carbon nitride nanosheets for enhanced hydrogen evolution, Nano Energy. 59 (2019)
598-609. https://doi.org/10.1016/j.nanoen.2019.03.016.

Z.Wang, X. Yan, Q. Hou, Y. Liu, X. Zeng, Y. Kang, W. Zhao, X. Li, S. Yuan, R. Qiu,
M.H. Uddin, R. Wang, Y. Xia, M. Jian, Y. Kang, L. Gao, S. Liang, J.Z. Liu, H. Wang, X.
Zhang, Scalable high yield exfoliation for monolayer nanosheets, Nat. Commun. 14
(2023) 236. https://doi.org/10.1038/s41467-022-35569-8.

J. Xu, L. Zhang, R. Shi, Y. Zhu, Chemical exfoliation of graphitic carbon nitride for
efficient heterogeneous photocatalysis, J. Mater. Chem. A. 1 (2013) 14766.
https://doi.org/10.1039/c3ta13188b.

J. Zhu, P. Xiao, H. Li, S.A.C. Carabineiro, Graphitic Carbon Nitride: Synthesis,
Properties, and Applications in Catalysis, ACS Appl. Mater. Interfaces. 6 (2014)
16449-16465. https://doi.org/10.1021/am502925;.

F.K. Kessler, Y. Zheng, D. Schwarz, C. Merschjann, W. Schnick, X. Wang, M.J.
Bojdys, Functional carbon nitride materials — design strategies for electrochemical
devices, Nat. Rev. Mater. 2 (2017) 17030. https://doi.org/10.1038/natrevmats.2017.30.
Y. Li, Z. He, L. Liu, Y. Jiang, W.-J. Ong, Y. Duan, W. Ho, F. Dong, Inside-and-out
modification of graphitic carbon nitride (g-C3N4) photocatalysts via defect engineering
for energy and environmental science, Nano Energy. 105 (2023) 108032.
https://doi.org/10.1016/j.nanoen.2022.108032.

F. Conte, E.l. Garcia-L6pez, G. Marci, C.L.M. Bianchi, G. Ramis, |. Rossetti, Carbon
Nitride-Based Catalysts for High Pressure CO2 Photoreduction, Catalysts. 12 (2022)
1628. https://doi.org/10.3390/catal12121628.

I. Krivtsov, E.I. Garcia-Lépez, G. Marci, L. Palmisano, Z. Amghouz, J.R. Garcia, S.
Ordéfiez, E. Diaz, Selective photocatalytic oxidation of 5-hydroxymethyl-2-furfural to

DGMK-Tagungsbericht 2023-2 114



DGMK/OGEW/SCI-Conference 'C1 Building Blocks for Future Chemistry'

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

2,5-furandicarboxyaldehyde in aqueous suspension of g-C3N4, Appl. Catal. B Environ.
204 (2017) 430-439. https://doi.org/10.1016/j.apcatb.2016.11.049.

H. Marsh, F. Rodriguez-Reinoso, Characterization of Activated Carbon, in: Act.
Carbon, Elsevier, 2006: pp. 143-242. https://doi.org/10.1016/B978-008044463-
5/50018-2.

T. Wang, B. Daiber, J.M. Frost, S.A. Mann, E.C. Garnett, A. Walsh, B. Ehrler, Indirect
to direct bandgap transition in methylammonium lead halide perovskite, Energy
Environ. Sci. 10 (2017) 509-515. https://doi.org/10.1039/c6ee03474h.

M. Bedendi, I. Rossetti, G. Ramis, Design of photocatalytic processes for solar fuels
production through CO2 photoreduction, University of Milan, 2019.

J. Tauc, R. Grigorovici, A. Vancu, Optical Properties and Electronic Structure of
Amorphous Germanium, Phys. Status Solidi. 15 (1966) 627—637.
https://doi.org/10.1002/pssh.19660150224.

M. Compagnoni, G. Ramis, F.S. Freyria, M. Armandi, B. Bonelli, I. Rossetti, Innovative
photoreactors for unconventional photocatalytic processes: the photoreduction of CO2
and the photo-oxidation of ammonia, Rend. Lincei. 28 (2017) S151.
https://doi.org/10.1007/s12210-017-0617-z.

F. Conte, A. Villa, L. Prati, C. Pirola, S. Bennici, G. Ramis, |. Rossetti, Effect of Metal
Cocatalysts and Operating Conditions on the Product Distribution and the Productivity
of the CO 2 Photoreduction, Ind. Eng. Chem. Res. 61 (2022) 2963—-2972.
https://doi.org/10.1021/acs.iecr.1c02514.

F. Galli, M. Compagnoni, D. Vitali, C. Pirola, C.L. Bianchi, A. Villa, L. Prati, |. Rossetti,
CO2 photoreduction at high pressure to both gas and liquid products over titanium
dioxide, Appl. Catal. B Environ. 200 (2017) 386—391.
https://doi.org/10.1016/j.apcatb.2016.07.038.

V.M. Gowri, A. Ajith, S.A. John, Systematic Study on Morphological, Electrochemical
Impedance, and Electrocatalytic Activity of Graphitic Carbon Nitride Modified on a
Glassy Carbon Substrate from Sequential Exfoliation in Water, Langmuir. 37 (2021)
10538-10546. https://doi.org/10.1021/acs.langmuir.1c01550.

S. Yang, Y. Gong, J. Zhang, L. Zhan, L. Ma, Z. Fang, R. Vajtai, X. Wang, P.M. Ajayan,
Exfoliated graphitic carbon nitride nanosheets as efficient catalysts for hydrogen
evolution under visible light, Adv. Mater. 25 (2013) 2452-2456.
https://doi.org/10.1002/adma.201204453.

P. Niu, L. Zhang, G. Liu, H.M. Cheng, Graphene-like carbon nitride nanosheets for
improved photocatalytic activities, Adv. Funct. Mater. 22 (2012) 4763-4770.
https://doi.org/10.1002/adfm.201200922.

Y.J. Yuan, Z. Shen, S. Wu, Y. Su, L. Pei, Z. Ji, M. Ding, W. Bai, Y. Chen, Z.T. Yu, Z.
Zou, Liquid exfoliation of g-C3N4 nanosheets to construct 2D-2D M0S2/g-C3N4
photocatalyst for enhanced photocatalytic H2 production activity, Appl. Catal. B
Environ. 246 (2019) 120-128. https://doi.org/10.1016/j.apcatb.2019.01.043.

DGMK-Tagungsbericht 2023-2 115



DGMK/OGEW/SCI-Conference 'C1 Building Blocks for Future Chemistry'

The Change of Product Selectivity in the Electrochemical Methanol Oxidation
Reaction with Decreasing Water Content in the Nafion Membrane

S. Lechler, M. Deitermann, Z. Huang, W. Schuhmann, M. Muhler

Ruhr University Bochum

Abstract

The electrochemical methanol oxidation to valuable products like formaldehyde (FA) or
dimethoxymethane (DMM) offers several advantages compared with the established thermal
production routes such as the opportunity to use renewable energy sources and to produce
hydrogen in a separated cathode compartment.

Already in 1992 Fedkiw et al.l¥ presented a gas-phase electrolyzer system that selectively
oxidized methanol to products like DMM, FA and methylformate at the anode. The anode
consisted of a porous Pt film, which penetrated 0.5 um deep into in a Nafion 117 membrane.!*2
The cathode was filled with 85 wt.%H3sPO, to achieve high FA and DMM selectivities. In this
cell methanol vapor entered the anode through a gas diffusion layer, and the products and
unreacted methanol also left the anode compartment in the gas phase. At the cathode
hydrogen evolution reaction occurred: 2 H* + 2 e — Ha, while the electrochemical reactions at
the anode were assumed to be: (1) CH;OH — CH,O + 2 e + 2 H*, (2) CH.O + H,O — HCOOH
+2e +2H* (3) HCOOH — CO; + 2 e + 2 H" and additionally the following reversible thermal
side reactions at the anode were assumed: (4) CH;OH + HCOOH < H,O + HCOOCHs3, (5) 2
CH3OH + CH20 < H20 + CH2(OCHgs)2, (6) CH30H + CH3OH <« H,0 + CH3OCHs.

The electrolyzer design was claimed to have the advantage of having FA production with low
water content and therefor low energy input for the subsequent separation of water and FA. In
our work we adapted the cell design by Fedkiw et al.l! and initially planned to increase the
production rate of FA. The FA production rate and the applied current were limited for high FA
selectivities, as low methanol mole fractions of 1 % in the anode gas stream had to be used.™
Upon using the same conditions as Fedkiw et al.li for high FA selectivity, which included
100 °C cell temperature and a potential of 1 V vs RHE, a dilemma was identified regarding FA
production with low water content. When keeping the cell temperature for many hours at
100 °C, the amount of gas-phase water leaving the anode decreased from initially around 5 %
to 0.25 % after ca. 95 h of heating. This gas-phase water originated from water diffusing though
the membrane and evaporating. Therefore, a decrease in the amount of gas-phase water
indicated a decrease in the water content in the membrane. With the water vapor content in
the anode effluent decreasing from 0.71 to 0.32 %, the product distribution towards FA
decreased from 40 % to 25 %, while the product distribution towards DMM increased from 7 %
to 41 %. DMM is formed from methanol and formaldehyde with water as coupled product (see
anode reaction (5)) in the presence of an acid catalyst in a reversible condensation reaction.
Therefore, at the desired low water content in the membrane for FA production the equilibrium
is shifted towards the DMM formation rather than FA formation.

These insights can help to improve the conditions for high DMM selectivity and also show that
the synthesis of water-free FA is not possible electrochemically in the used electrolyzer with a

Nafion membrane.

[1] R. Liu, P. Fedkiw, J. Electrochem. Soc., 1992, 139, 3514
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Operando ATR-IR Assisted Mechanistic Study of the Electrocatalytic Methanol
Oxidation over a Platinum Catalyst in Acidic Medium

Z. Huang, S. Lechler, S. Cychy, M. Muhler

Lehrstuhl fiir Technische Chemie, Ruhr-Universitat Bochum

Abstract

The advantage of methanol as fuel lies in the high energy density (15.6 MJ/L) and the readily
used infrastructure for transportation and storage.!>? Possessing the highest catalytic activity
among all the pure metals and outstanding resistance against harsh reaction conditions that
are typically used in industry, platinum is still one of the most important catalysts applied in
direct methanol fuel cells (DMFCs).B-% However, oxidation of methanol to CO, (CH3OH + H.O
— CO, + 6 H* + 6 ) to fully release the energy cannot be achieved, rather intermediates like
formate and CO are formed, which could poison the catalyst. The role of these intermediates
remains disputable, and the limited understanding of the mechanism impedes the broader
application of the catalyst. Therefore, studies regarding the mechanism of the methanol
oxidation reaction (MOR) still need be carried out to uncover the performance-determining
factors. The project aims to shed light on the reaction mechanism of the MOR over Pt in acidic
media by means of operando attenuated total reflection infrared (ATR-IR) spectroscopy, which
allows fast product identification similar to differential electrochemical mass spectrometry.
Downstream HPLC is also to be applied for the quantitative analysis of the species involved in
the effluent of the applied borehole ring electrode (BHE).

The ATR-IR spectrometer cell adopts an Otto configuration, which features approaching the
working electrode (WE) perpendicular to the internal reflection unit (IRE) and forming a thin
electrolyte layer at the interface. A z-approach micrometer screw allows the fine adjustment of
the thin layer thickness. Furthermore, a three-microelectrode-assisted tilt-correction system is
integrated in the spectrometer cell so that the WE moves parallelly relative to the IRE thus
securing the homogeneity of the electrolyte in the thin layer. Moreover, to overcome the limited
mass transport, a BHE connected to a peristaltic pump is adopted, which supplies the fresh
electrolyte to the thin layer and simultaneously withdraws the reacted electrolyte from the
center of the thin layer for HPLC analysis.

Though successful design of the spectrometer and application for the MOR in alkaline medium,
some challenges still remain such as the instable condition in the spectrometer cell in acidic
medium impeding the acquisition of reproducible and high-quality spectra.

[1] F. Schorn, J. L. Breuer, R. C. Samsun, T. Schnorbus, B. Heuser, R. Peters, D. Stolten, Advances in Applied
Energy 2021, 3, 100050.
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2021, 46, 31202.
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Improving the Selectivity to Liquefied Petroleum Gas by Combining Fischer-
Tropsch Synthesis with Zeolite Cracking

N. Oppmann, A. Jess

Universitat Bayreuth

Abstract

The Fischer-Tropsch synthesis (FTS) plays a major role in the large-scale production of
hydrocarbons (HCs) from syngas (CO + Hy) in the so-called gas-to-liquid process. By the use
of renewable hydrogen by water electrolysis and CO;, such a process can help to reduce
anthropogenic greenhouse gas emissions and thus mitigate the effects of climate change. In
Wunsiedel, a small city in Upper Franconia (Bavaria), one of the largest water electrolysers in
Europe was put into operation in Sept. 2022. In addition to direct use, the produced hydrogen
can be converted to HCs, especially liquefied petroleum gas (LPG) which is needed as fuel in
households or small businesses in this rural areas.

The kinetics of the FTS results in a statistical distribution of hydrocarbons, known as Anderson-
Schulz-Flory distribution, which limits the use of the reaction, since it is impossible to selectively
produce one hydrocarbon or a hydrocarbon cut with a narrow carbon number distribution. For
instance, the selectivity towards LPG (Cs; + C4 fraction) is therefore limited to a theoretical
maximum of = 32 wtc%. To overcome the limitations of FTS and increase the selectivity to
LPG, downstream processing of the primary longer-chain FT compounds by means of cracking
on an acidic zeolite is an option.

In this project, the optimal process parameters for the production of LPG by a
FTS/hydrocracking tandem process were determined. Furthermore, the influence of the gas
composition of FTS on the downstream hydrocracking reaction was investigated, i.e. non-
reacted carbon monoxide as well as the FT by-product water are present during hydrocracking.

The tested operation configurations and process parameters delivered the best results for a
separated two stage operation of FTS and hydrocracking, since both catalysts can operate
under optimal conditions. The FT reaction parameters ought to be selected in a way that the
lowest possible selectivity to C; and C, compounds prevails, as these compounds cannot be
further converted to LPG at the zeolite. Hydrocracking should be performed at a bifunctional
platinum doped H-ZSM-5 zeolite at a maximum of 350 °C, since a further temperature increase
leads to the formation of undesired short chain HCs (C1+Cy).

The product gas of FTS was deliberately simulated by using different mixtures of n-hexadecane
(model substance for Cs:-HCs typically formed by FTS), Hz, CO and H;O in order to study the
effect of each compound separately, independent of the upstream FTS. The results showed
that it is useful to modify the two stage process of FTS and subsequent hydrocracking by the
installation of a product separation downstream of FTS, since CO and water from FT reaction
negatively influences the cracking reaction to LPG components.
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Development and Enhancement of Iron-Based Catalysts to Boost the
Conversion of COz via Fischer-Tropsch-Synthesis

F. Mai, A. Jess

Universitat Bayreuth

Abstract

Major challenges for climate change are the sustainable production of liquid fuels from
renewable resources. One option is the use of CO, from various sources (power plants,
chemical industry, and potentially separated from air) and the subsequent conversion with
renewable hydrogen to higher hydrocarbons (HCs). For the activation and conversion of CO»
into higher hydrocarbons (HCs), conventional power-to-liquid (PTL) plants may be used. But
current PTL-systems include a two-stage system at which in the first step, CO, and H, are
converted into CO and H;O by the reverse-water-gas-shift reaction (RWGS). Only subse-
quently, higher HCs are synthesized via Fischer-Tropsch-synthesis (FTS).

At moderate temperatures (about 220 °C) the conversion of COz is limited to 10 to 20 % by the
endothermic RWGS reaction by thermodynamic limitations, depending on the Hy/COs-ratio.
Since the FTS reaction is strongly exothermic and may substantially convert CO from the
RWGS reaction, higher conversions of CO- are in principle possible. A suitable catalyst should
therefore have reaction rates high enough for RWGS and an even higher rate for the FTS
reaction. Furthermore, the catalyst should in general also have a low selectivity to methane.
Many studies have shown that one potential way to directly convert CO, with H; to higher HCs
is by the use of iron-based catalysts. These catalysts contain different active sites (iron oxides
+ iron carbides) which perform the two catalytic reactions (RWGS+FTS) simultaneously. The
FTS reaction takes place on the iron carbides and leads to the formation of a variety of
hydrocarbons following the Anderson-Schulz-Flory distribution (ASF).

In this study, iron-based sinter-catalysts were investigated for their activity and selectivity to
higher hydrocarbons. The catalysts were tested under Fischer-Tropsch conditions (T = 220 °C,
p = 20 bar, H2/CO, = 2). The results showed that iron-sintered catalysts are potentially able to
convert CO at moderate reaction conditions to higher hydrocarbons with still a low selectivity
to methane. Further studies on the modification of the catalyst composition as well as the
variation of the Ho/COg-ratios showed that the effectiveness of iron-sintered catalysts can be
selectively enhanced by the appropriate choice of promoters and reaction conditions.
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Hydrogen Production from Biomass via Formic Acid and Methyl Formate:

An Economic Comparison of Different Process Routes

F. Kroll*, M. Schérner?, P. Schiihle?

1Chemical Hydrogen Storage, Helmholtz Institute Erlangen-Nurnberg for Renewable Energy
(IEK-11), Furth, Germany

2l ehrstuhl fir Chemische Reaktionstechnik, Friedrich-Alexander-Universitat Erlangen-
Nurnberg, Erlangen, Germany

Abstract

In recent years, hydrogen has gained increasing importance as a key component in the fight
against climate change. One strategy to obtain sustainable hydrogen is its production from
diverse biomass wastes. In this study, we propose a new oo "el0amass

approach, that generates hydrogen from waste wet biomass (Rauts 24.3) s

via the intermediate formic acid (FA) or its derivative methyl LI v

formate (MF) under milder operating conditions. In the first o ey

catalytic step, wet waste biomass streams, such as algae, nee, ¥ o
beech wood or sewage sludge are selectively oxidized in 3 P D
aqueous solution to form formic acid. Recent studies on this "™ o
so-called OxFA-Process, have revealed that the introduction

of methanol as co-solvent effectively suppresses the

v v
Dehydrogenation| | | Decarbonylation
(80°C, 1 bar) (300°C, 1 bar)

formation of undesired COg, resulting in minimal carbon loss. co
Nevertheless, the incorporation of methanol triggers the -
subsequent transformation of FA into MF. The FA/MF ratio Hidiugee i i

is determined by the methanol/water solvent ratio and the
equilibrium of the esterification reaction. To extract hydrogen H

from the intermediates, individual process pathways are Hydrogen
required, depending on the MF/FA-ratio. Figure 1 o
demonstrates the diverse process pathways through which Figure 1: Schematic representation of
the resulting products, FA and MF, can be further converted ;he production of hydrogen via FAIMF

. . . . . rom the OxFA-process.

into hydrogen. In this study, we conducted simulations in

Aspen Plus® V12 to explore the impact of three different methanol proportions in the OxFA-
Process on the efficiency of the overall hydrogen production route. Our goal was to optimize
the process routes to achieve the highest possible hydrogen yield. Subsequently, we
performed an economic analysis by considering current data and compared the different routes
based on various characteristics. To further investigate the most promising route (OxFA-
Process with 10 wt-% methanol), a sensitivity analysis was performed, and the obtained results
were compared with alternative sustainable hydrogen production routes, such as biomass
gasification. The research findings indicate that the proposed approach can lead to a
competitive price for hydrogen production, given the underlying assumptions. Furthermore, this
method holds considerable appeal as it can directly apply wet biomass wastes, requires mild
operation conditions and generates hydrogen in high selectivity.
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Efficient Long Distance Hydrogen Transport Including DME as Hydrogen
Vector and CO2 Back-shipping

P. Schuhle?, R. Stober!, M. Semmel®, A. Schaadt®, R. Szolak?, S. Thill>, M. Alders?,
C. Hebling®, P. Wasserscheid!?, O. Salem?

Lehrstuhl fir Chemische Reaktionstechnik, FAU Erlangen-Nurnberg
2Forschungszentrum Jilich, Institute for a Sustainable Hydrogen Economy
SFraunhofer-Institute for Solar Energy Systems ISE

Abstract

This contribution introduces the DME/CO; hydrogen storage cycle, designed for efficient long-
distance transport of renewable hydrogen between specific harbor points. The process involves
bonding renewable hydrogen with CO; to produce DME and water at a location rich in
renewable energy (e.g. Australia). The liquefied DME holds excellent transport properties,
making it easily feasible to use existing tanker and port technologies for shipment and handling.
Upon arrival at the destination harbor in a rather energy scarce region (e.g. Europe), DME
steam reforming is employed to release H> and CO.. These two components are then
separated, with H» being distributed through a domestic pipeline infrastructure, while the CO-
is liquefied and transported back to the energy-rich location. This approach significantly
reduces the need for costly DAC (Direct Air Capture) technology, as it is only required to make
up for CO: losses that occur within the transport cycle.
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Figure 1: Sketch of the proposed hydrogen transport cycle using DME as vector and including CO2 back-shipping.

The back-shipping of CO; is made possible due to the similarity in physico-chemical properties
between DME and CO», which significantly enhances the economic competitiveness of this
hydrogen logistics technology. Additionally, the DME/CO.-cycle offers the advantage of
efficient water management. The poster will explain that by utilizing DME as a hydrogen carrier,
the need for costly and environmentally harmful seawater desalination at the hydrogen
generation site can be reduced.

In a direct comparison with ammonia and methanol, which are currently among the most
discussed hydrogen carrier molecules, DME exhibits superior technical hydrogen capacity,
higher gravimetric energy density, and lower toxicity. The proposed DME/CO: cycle also stands
out for its high energetic efficiency, as well as its relatively low heat demand and temperature
level required for H, release, further solidifying the advantages of this new concept.
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Abstract

Increasing global CO, emissions have resulted in more and more severe greenhouse effects,
causing environmental problems and climate changes, especially since CO2 concentration will
continuously grow. One appealing solution is to upconvert CO; into methanol (MeOH).[
MeOH is a highly valuable chemical with a worldwide demand of more than 110 million metric
tons in 2023.81 It can be considered a clean fuel, an excellent liquid energy carrier for fuel cells,
and an crucial building block for about 30% of other commaodity chemicals, such as dimethyl
ether, formaldehyde, methyl formate, acetic acid, methyl tert-butyl ether, or lower olefins.”! Cu-
based catalysts have been widely used in MeOH synthesis due to the high activity of a Cu
surface. Recently, various “photo-enhanced effects” over Cu-based catalysts have proven to
be beneficial for CO, conversion and product yields, which makes photothermal catalysis an
attractive alternative to thermal catalysis.®! Here we report a finding that the light wavelength
governs the selectivity and reactivity of an unmodified commercial Cu catalyst in MeOH
synthesis. It is found that visible light irradiation (400-500 nm) could lead to the promotion of
carbon monoxide (CO) production. Conversely, a significant photo-enhancement for
production of MeOH was found under the UV light irradiation (365 nm). This work provides
hints for understanding of the key elementary processes occurring on the surface of the Cu-
based catalyst under light-heat synergistic activation.
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Abstract

Converting carbon-consuming biomass and its derived-compounds into fine chemicals is a
promising solution for decarbonization. One of the promissing strategy for the conversion of
biomass-derived compounds is dehydration of (bio)ethanol to produce ethylene — the largest
consumed chemical for plastics manufacturing.® Typically, a high acidic zeolite offers excellent
ethylene yield from (bio)ethanol dehydration; however, maintaining stable ethylene production
remains challenging due to undesired side-reactions. To overcome this issue, the fine-tuned
textural property of the highly acidic HZSM-5 catalyst with a hierarchical structure is crucial to
improve diffusion restrictions and prevent undesired side-reactions. Herein,
tetrabutylammonium hydroxide as a meso- and micropore directing agent and the controlled
molar ratio of NaF-to-Al.Os were employed to fine-tune the texture of high acid catalysts using
the hydrothermal synthesis.!? The hierarchically designed HZSM-5 with the tiny nanosheet size
of 6.5 nm exhibits a high external surface area and mesoporosity, eventually enhancing the
catalytic performance of ethanol dehydration up to 95 % ethylene yield as well as inhibiting the
formation of heavy hydrocarbons. Insights into the mechanistic points of view by the in-situ
DRIFTS study revealed that ethylene could be produced through ethoxy-mediated mechanism
or decomposition of diethyl ether (DEE). The catalyst deactivation caused by polyaromatics
obtained from side-reactions is the main reason for low ethanol conversion and high DEE
selectivity. Reducing the crystal size of highly acidic zeolite to ultra-thin nanosheet can shorten
the residence time of ethanol, intermediates, and products in porous structures, substantially
suppressing the transformation of coke precursors into heavy hydrocarbons to achieve high
and stable ethylene yield. These findings open up perspectives for the development of a
heterogeneous catalyst for the alternative way of monomer production without CO2 emission.
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Abstract

In this work we present the highlights of two approaches for the photocatalytic conversion of
methanol into formaldehyde under mild conditions using a narrow peak UV-A LED light source
in a continuously operated reactor set-up (Figure 1). In the first study, we selectively oxidized
methanol to formaldehyde under aerobe conditions
using Titanium (IV) oxide (TiO.) Aeroxide® P25 as
photocatalyst. Next to the formation of formaldehyde
also methyl formate and CO; could be observed as by-
products. We evaluated the influence of the catalyst
temperature, the residence time, the catalyst load and
the irradiation intensity on the reaction selectivity and
activity. As a result, the formaldehyde selectivity
increased with higher temperature and lower
residence time, while the catalyst amount and the
irradiation strength did not affect the selectivity
significantly. A maximum formaldehyde selectivity of
80% could be achieved. The methanol conversion
increased with an increase of all varied parameters.

In the second part we added Pt nanoparticles as co-
catalyst to the photocatalyst Aeroxide® P25 and
conducted methanol dehydrogenation experiments. In
this process, methanol is converted into an equimolar
amount of formaldehyde and hydrogen. In a
consecutive reaction methyl formate is formed as the Figure 1: Explosion view of the continuous
only by-product in small amounts. As a result, no CO, photoreactor used in this work.

is formed in this process. In this study we varied the irradiation strength, the residence time
and the temperature. The formaldehyde selectivity increased with increasing temperature and
decreased with increasing residence time. Again, the irradiation strength did not affect the
selectivity significantly. At a temperature of 120 °C a carbon-based formaldehyde selectivity of
95% could be achieved showing the high potential of this promising approach for the formation
of formaldehyde from methanol.
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Abstract

The synthesis of isocyanates, which are essential building blocks for the production of
polyurethanes, has traditionally relied on the use of hazardous and environmentally unfriendly
reagents such as phosgene.l! However, recent advancements in catalysis and sustainable
chemistry have opened up new pathways for the production of isocyanates through more eco-
friendly means. In 2021, approximately 1,300,000 tons of polyurethane were produced in
Germany alone, underlining the immense demand for these materials.®

To date, there no research has been published on the dehydrogenation of formamides to
isocyanates via homogeneous transition metal catalysis. Herein, we address this gap by
employing homogeneous ruthenium-pincer catalyst systems to facilitate the direct conversion
of formamides into isocyanates.F! This ground-breaking approach not only eliminates the use
of toxic phosgene but also offers a sustainable alternative to conventional diisocyanate
synthesis.¥ By utilizing fermentation processes, amines can be accessed from biomass
sources, providing an eco-friendly source for the production.® Furthermore, an incorporation
of an oxidative carbonylation method for the formamide formation using CO;-derived methyl
formate as a feedstock, aligning with the principles of carbon neutrality and a potential circular
economy.® This research contributes to a new field in the synthesis of isocyanates by
formamide dehydrogenation, offering a cleaner and safer approach. Within this work, we
manage to synthesize isocyanates with a yield up to 48% and a selectivity up to 99%.
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