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ARTICLE INFO ABSTRACT

Keywords: Different reaction conditions were evaluated in the synthesis of higher alcohols over an 11 %-CuFeCoK/SiO5
Higher alcohols catalyst. The temperature range tested was 250-300 °C, pressure 10-30 bar, and the gas hourly space velocity of
Syngas 1000-3000 mL h~ g1 all under a constant H,:CO ratio of 2. At low CO conversions it was possible to achieve

Process design high selectivity to alcohols, while at high conversions side reactions forming CO, and alkanes became more

dominating. Based on the experimental work, conceptual process design for alcohol production was conducted
considering the main product, the aqueous alcohol mixture, and a gaseous by-product. The composition of the
gaseous by-product had a Hp:CO molar ratio of 2, making it suitable for downstream Fischer-Tropsch and/or
methanol synthesis, and a low content of other compounds. Due to high alcohol selectivity only at low CO
conversion, recycling of the gases was taken into account in the conceptual process design and it was found that
by recycling 98 % of the absorbed CO2 and 70 % of the gaseous by-products a 50 % electricity demand and 20 %
reactor volume decrease could be achieved.

1. Introduction
CO + H20 < CO3 + Hy, water gas shift reaction

Higher alcohols, typically defined as alcohols with two or more
carbon atoms in the structure (Luk et al., 2018), can be applied in the
fine chemistry and energy sectors. Ethanol and isobutanol are usually
produced through fermentation of glucose (Luk et al., 2017), while al-
cohols with more carbon atoms than in ethanol and isobutanol are on

Several different types of catalysts have been evaluated for the HAS
from syngas. Typically four families of catalysts are active in HAS,
namely Rh-based, Mo-based, CuCo and CuFe modified Fischer-Tropsch
(FT) and methanol synthesis catalysts (Lind et al., 2024; Liu et al.,
2019; Luk et al., 2017; Maki-Arvela et al., 2022). Out of these types the

the other hand generally obtained through acid catalysed hydration of
the corresponding alkenes (Luk et al., 2017). Higher alcohols can also be
produced via the syngas route (Luk et al., 2017), however, not only al-
cohols are formed in higher alcohol synthesis (HAS) but also alkanes,
alkenes and CO5 through the water gas shift reaction (WGSR) according
to the reactions below:

n-CO + 2n-Hy — CyHa,10H + (n-1)-H»0, alcohols
n-CO + (2n+1)-Hy —» CyHop 2 + n-Hy0, alkanes

n-CO + 2n-Hy — C,Hy, + n-Hy0, alkenes

* Corresponding author.
E-mail address: dmitry. murzin@abo.fi (D.Yu. Murzin).
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CuFe-modified Fischer-Tropsch catalyst is considered the most prom-
ising catalyst due to the lower price of the active metals, high activity
and selectivity to higher alcohols (Liu et al., 2019; Lu et al., 2012).
Typical reaction conditions for HAS are (Luk et al., 2017): temper-
ature 130-360 °C, pressure 1-100 bar, gas hourly space velocity (GHSV)
1700-12000h~! and Hy:CO ratio 1.0-2.9 depending on the catalyst
used, i.e. extremely wide range of conditions have been reported. For the
Cu-modified FT catalysts the conditions are more narrow, being for
temperature 200-350 °C, pressure 20-70 bar, GHSV 3000-10000 h!
and Hy:CO = 1-2 (Luk et al., 2017). The literature is scarce on papers
reporting HAS results obtained at wide reaction conditions viz. at
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different temperatures, pressures, GHSVs and Hj:CO ratios (Gobel et al.,
2021; Luk et al., 2018). Typically, catalyst screening results are pub-
lished just at singular reaction conditions (Chen et al., 2022; Hong et al.,
2024; Liu et al., 2021; Xiao et al., 2013). Comparison of screening results
is therefore, not straightforward as the selectivity to the possible HAS
products can be strongly affected by the CO conversion, as has been
shown earlier (Aho et al., 2024).

The effect of reaction temperature has been investigated in a number
of papers (Aho et al., 2024; Gobel et al., 2021; Maximov et al., 2020).
Maximov et al. (2020) performed HAS at four different temperatures
namely, 300, 320, 340 and 360 °C at a constant 5 MPa pressure and
760 mL h™? g{alt using several metal-modified (Fe, Co, Ni) MoSy/Al;03
catalysts in both un-promoted and K-promoted states. The authors
(Maximov et al., 2020) reported that CO conversion was enhanced at
higher reaction temperatures, as expected, however, an in-depth selec-
tivity break-down of the different products formed at all tested tem-
peratures was not provided. Potassium promotion had a retarding effect
on the CO conversion for the MoS,/Al,03 and FeMoS,/Al;03 while an
increase in conversion was observed for the Co and Ni modified
MoS,/Al,03 catalysts. The catalyst promotion with potassium had a
positive effect on the HAS product distribution in a way that less hy-
drocarbons were formed and more of the liquid product. Moreover, the
distribution of alcohols changed with decreasing significantly selectivity
to the undesired methanol while improving selectivity to Cy. alcohols
(Maximov et al., 2020).

The influence of reaction pressure has been studied in refs. (Gobel
et al., 2021; Li et al.,, 2020; Luk et al., 2018). Gobel et al. (2021)
investigated the influence of the reaction pressure by carrying out ex-
periments at 15, 30, 45 and 60 bar. The authors (Gobel et al., 2021)
observed that the CO conversion increased linearly with increasing
pressure. Interestingly, the product distribution was only slightly
influenced within a higher, 30-60 bar, pressure range in a way that the
selectivity to olefins decreased (Gobel et al., 2021). At the lowest pres-
sure tested, 15 bar, the selectivity to hydrocarbons and CO5 increased
compared to higher pressures, simultaneously decreasing the corre-
sponding values of the alcohols (Gobel et al., 2021). In Gobel et al.
(2021) also the effect of partial pressure of CO and H; in the H»:CO range
of 0.50-2.67 at a constant 60 bar pressure including 12-27 bar of N, was
studied. It was reported (Gobel et al., 2021) that CO conversion
increased with an increased Hy:CO ratio and that the selectivity to
methanol increased at a lower CO partial pressure.

In order to compare different HAS catalysts in a fair way Luk et al.
(2019) adjusted the GHSV, between 4000 and 34000 mL h! gc_alt, to
obtain a CO conversion of 4 % keeping the reaction temperature at 270
°C, pressure at 5 MPa and Hy:CO ratio equal to 2. The authors (Luk et al.,
2019) studied the influence of carrier acidity of CuFe catalysts by using
MEFI as the support with different Si/Al ratio, namely, 15, 40 and 140 as
well as the pristine silicalite. The impact of potassium promotion was
also included in the scope of Luk et al. (2019). The least acidic materials,
i.e. MFI with the highest Si/Al ratio and the silicalite itself, afforded the
highest selectivity to primary alcohols while more acidic supports
generated also secondary alcohols as well as dimethyl ether. However,
roughly 60 % of alkanes, alkenes and CO, were formed at a considerably
low CO conversion (Luk et al., 2019).

Our group recently studied the influence of Cu:Fe ratio of CuFeCoK/
attapulgite catalysts in synthesis of higher alcohols from syngas (Aho
et al., 2024) at different reaction temperatures, ranging from 225 to 300
°C, and at two different H,:CO ratios, namely 1 and 2, while the pressure
was kept constant at 30 bar. It was reported (Aho et al., 2024) that the
Cu:Fe ratio influenced the reaction in a way that a higher iron content
catalyst was more active in syngas conversion and had a higher selec-
tivity to higher alcohols than the other catalysts. Moreover, a higher Hy:
CO ratio and higher reaction temperature increased the conversion.
However, it was found that the selectivity to the liquid products
decreased as the conversion of CO increased and furthermore, a higher
selectivity to COy and alkanes was obtained (Aho et al., 2024).
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In this work the influence of process parameters, such as tempera-
ture, pressure, gas hourly space velocity, on the syngas transformation to
higher alcohols was studied over an affordable 11 % CuFeCoK/SiO,
catalyst. Generation of such data allowed development of a conceptual
process design for producing higher alcohols from carbon dioxide and
renewable hydrogen via synthesis gas. The conceptual process design
here concentrates on evaluating the effect of gas recycling to technical
performance, thus differing from our previous work (Vikram et al.,
2025) where the syngas was derived from biomass gasification and the
main focus was on sensitivity analysis and predominantly separation of
alcohols. Herein technical feasibility of the designed alcohol production
concepts was assessed based on calculated mass and energy balances.
Further processing options of both main product stream and by-product
stream were discussed.

2. Experimental
2.1. Catalyst preparation

The 11CuFeCoK/SiO; catalyst used in this work was containing 6 wt
% Cu, 4 wt% Fe, 0.5 wt% Co, 0.5 wt% K and was synthesized by the
incipient wetness impregnation of silica (Sigma Aldrich, Davisil Grade
62). An aqueous mixture of active phase precursors such as Cu
(NO3)2-3 HyO (Reachim, 98 %), Fe(NO3)3-9 H,0 (Sigma Aldrich, 99 %),
Co(NO3)2-6 Ho0 (Reachim, 98 %) and KNO3 (Reachim, 98 %) was added
to the preliminary dried silica powder (100 °C, 17 h) at room temper-
ature. Thereafter, this sample was dried in oven under at 100 °C (17 h)
and calcinated in air flow at 450 °C (6 h) with the temperature ramp
2 °C/min.

2.2. Catalyst characterization

Ny-physisorption to determine the specific surface area and pore size
distribution was performed with a Micromeritics 3D-Flex instrument.
Prior to the measurements the catalyst samples were dried ex-situ at 180
°C over-night and in-situ at 250 °C for 4 h. The BET equation was used
for calculating the specific surface and Horwath-Kawazoe method for
the pore volume and size distribution.

CO DRIFTS measurements were performed with a Shimadzu
IRTracer-100 spectrometer equipped with a high-temperature environ-
mental chamber and DRIFTS collector (Spectra-Tech Inc.). Gas lines for
Ng, Hy and CO were connected to the water-cooled cell. The experiments
were carried out by placing a small amount of the catalyst powder in the
sample holder of the cell, thereafter, the lid of the cell was attached and
after a short N-flush the cooling of the cell wall was started. The catalyst
sample was reduced at 300 °C in a 10 mL/min flow of hydrogen (Woi-
koski, N50) for 30 min. After the reduction, the cell was flushed with
10 mL/min flow of nitrogen (Woikoski, N50) before cooling down to the
desired temperature. A background spectrum was recorded at room
temperature and thereafter the gas composition was changed to include
10 % CO (Air Liquide, 3.7) in nitrogen (Woikoski, N50) keeping the
same 10 mL/min total flow. The catalyst surface was saturated with CO
for 15 min and then the flow of CO was discontinued. The spectrum was
recorded immediately at 0 min when starting CO adsorption and
thereafter at 5, 10, and 15 min and continued during desorption at 5, 10,
20 and 30 min.

Temperature programmed reduction (TPR) was studied with a
Microtrac MRB, Belcat II device. The catalyst sample (50 mg) was dried
in the sample holder tube at 300 °C in a 30 mL/min flow of argon. TPR
was carried out from 35 °C to 800 °C with a heating rate of 10 °C/min in
a 30 mL/min flow of 5 % hydrogen in argon.

The powder X-ray diffraction data were collected with Malvern
PANalytical Aeris Research Edition diffractometer, equipped with PIX-
cellD detector, by using Cu Kg1,q2 radiation (40 kV, 7.5 mA). The
samples were prepared onto Si zero-background disc and were rotated
60 rpm during the data collection. Pulse Height Discrimination (PHD)
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settings of 7.8 kV for the low and 11.3 kV for the high limit to alleviate
issues arising from X-ray fluorescence due to Cu X-ray source and
presence of Fe and small amount of Co in the samples. The phase
identification was done within HighScore Plus v4.9 software (Degen
et al., 2014) using PDF-4 + database (Gates-Rector and Blanton, 2019).

2.3. Reactor set-up and experimental procedure

A stainless steel tube with an inner diameter of 6 mm and a total
length of 35 cm was used as the higher alcohols synthesis reactor. The
tube was placed in an aluminium block inside the oven (Carbolite) to
ensure better heat transfer. K-type thermocouples monitored the tem-
perature of the oven and the catalyst bed. The gas flows of hydrogen
(Woikoski N50), carbon monoxide (Air Liquide 3.7) and nitrogen
(Woikoski N50) were controlled by the Brooks Instrument mass flow
controllers (MFC). Nitrogen was used as an internal standard in the flow
calculations. The pressure in the set-up was controlled with a back-
pressure regulator (Equilibar). Downstream the regulator, the formed
alcohols were condensed at —15 °C and the gases eluting through the
condenser were analyzed by an on-line GC (HP 6890 Series) equipped
with both HP-PLOT-Q and HP-MOLSIV columns as well as TC and FI
detectors for separation and analysis of CO, Hy, N3, C1-C6 alkanes and
C2-C6 alkenes along with CO,. A scheme of the set-up is displayed in
Fig. 1.

The reactor tube was filled by packing quartz wool in the bottom
followed by glass beads (Sigma, 425 — 600 um) to get the catalyst bed
approximately to the middle height of the tube. The catalyst (0.5 g, 125
— 250 um) was diluted with the equal amount of the glass beads and
finally the remaining part of the tube was filled with glass beads. Be-
tween every bed a thin layer of quartz wool was used to avoid mixing of
the materials.

The set-up was pressurized with nitrogen and carefully checked for
possible leakages. When it was ensured that no leakage was present, the
pressure was released to atmospheric one. The catalyst was reduced for
3 hin 10 mL/min (STP) hydrogen flow followed by carburization for 3 h
with 10 mL/min (STP) CO flow at 300 °C before starting the synthesis of
higher alcohols. It has been reported (Luo et al., 2009) that carburiza-
tion with CO increases the CO conversion in FT synthesis with a low
alpha iron catalysts as the transformation of iron into y-FesCy is
enhanced compared to other pretreatment methods. Iron carbides have
been reported to act as the active sites for CO dissociation and chain
propagation (Zeng et al., 2021). After carburization the gas was
switched to nitrogen and the temperature was lowered to 250 °C.

After the pretreatment, different reaction condition were tested

1

N

Reactor

co
H,
N,
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namely, GHSV of 1000, 2000 and 3000 mLgss h™* geit, pressure of 10, 20
and 30 bar at GHSV 2000, temperature of 250, 275 and 300 °C at all
pressures and GHSV, the H5:CO ratio was kept constant at 2 and the
concentration of Ny used as the internal standard constant, as well, at
6 %. The different reaction conditions are displayed in Fig. 2 as a
function of time-on-stream.

3000 PN
2500 + 1 vt
] GHSV (mL g, " h)
1500
1 temperature (°C
290
280
270
260
250 —— — — — —-— —
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20 1P (bar)
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Fig. 2. Reaction conditions tested, including pressure (bar), temperature (°C)
and gas hourly space velocity (mL ge. h™!) as a function of time-on-stream.

GC
Gas samples

Condenser

GC
Liquid samples

Fig. 1. Reactor set-up scheme.
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2.4. Product analysis

Online analysis of the eluting gas stream was done with the GC
described above. The responses from TC and FI detectors were calibrated
for CO,, n-alkanes ranging from methane to hexane and linear a-olefins
ranging from ethene to hexene.

The collected liquid product was analysed by GC (HP 6890 Series).
Separation of the alcohols was done in a FFAP column using the
following temperature program, 2 min at 50 °C, heating to 220 °C with
5 °C/min and holding for 10 min. The flame ionization detector was
calibrated for linear primary alcohols starting from methanol all the way
up to 1-decanol.

2.5. Conceptual process design

A concept for producing alcohols from CO; and renewable hydrogen
via synthesis gas based on experimental data was developed. Mass and
energy balances were calculated using Aspen Plus simulation software
for the developed process concept, based on the selected results from the
experimental data. Property method used in simulation was Soave
Redlich Kwong (SRK) equation of state, except for the solid liquid sep-
aration, which was modelled using cubic-plus-association (CPA). When
no experimental data were available, operation and performance pa-
rameters were based on the literature or in house experience.

3. Results and discussion
3.1. Catalyst characterization results

The nitrogen physisorption isotherm for the fresh catalyst displayed
in Fig. 3, gives the specific surface area as calculated with the BET
equation equal to 156 m?/g. The total pore volume was 0.62 mL/gca;,
calculated with the Horvath-Kawazoe method, and the pore size distri-
bution showed the presence of both micropores, < 2 nm, and mesopores
2 - 50 nm.

Fig. 4 shows the DRIFTS spectra during CO adsorption 0-15 min and
CO desorption 0-30 min. The absorbance peaks at 2171 and 2119 cm ™!
are most likely due to the gas-phase CO as reported by refs. Sonal et al.
(2020) and Wu et al. (2015). CO can adsorb linearly on Cu™ sites
forming a Cu"-carbonyl, visible after flushing away the gaseous CO with
an inter gas, at the principle band 2120-2136 cm™! as reported by
several authors (Hornés et al., 2009; Subramanian et al., 2012). CO can
also be adsorbed on highly dispersed Cu® sites at the same frequency as
the Cu'-CO, however, the stability of this bond is usually weak and
easily broken during desorption (Subramanian et al., 2012). No peaks
could be observed during desorption of CO indicating that CO is very
weakly bound to the surface and that the copper is probably mainly
present as metallic copper, as reported earlier based on XPS analysis of a
similar type of catalyst (Aho et al., 2024). Moreover, it has been sug-
gested (Gong et al., 2023) that a weakened CO adsorption on metal
surfaces suppresses the C-O cleavage which could be beneficial for CO
insertion reactions as they are essential for formation of higher alcohols
from syngas.

Fig. 5 shows the reduction behaviour of the tested 11 %-CuFeCoK/
SiOs catalyst. Three different peaks can be observed, the peak below 300
°C originates probably from the reduction of highly dispersed CuO,
while the peak above 300 °C is most likely due to reduction of larger
CuO particles as reported in Aho et al. (2024) and He et al. (2006). The
last peak with a maximum TPR signal at approximately 550 °C corre-
sponds to the reduction of Fe (Khunphonoi et al., 2022).

The recorded powder X-ray diffraction patterns of reduced (3 h 300
°C in hydrogen atmosphere), as prepared (calcined) and spent 11 %-
CuFeCoK/SiO5 catalyst are shown in Fig. 6. The reduced catalyst
(Fig. 6a) shows broad amorphous features of the supporting material
while peaks with weak intensity can be distinguished from the recorded
pattern that can be attributed to different metal (MO) and metal oxide
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Fig. 3. Textural properties characterization: a) nitrogen adsorption isotherm
for the 11CuFeCoK/SiO, catalyst with closed and open symbols representing
respectively adsorption and desorption, b) pore size distribution.

phases. The material possibly contains both Cu® (PDF 00-004-0836)
and o-Fe® (PDF 04-007-9753) as metallic phases although their iden-
tification is based on very weak peaks at 43.3° and 50.4° (20), and 44.7°
(2 0), respectively. With regards to the oxide phases, the calculated
peaks of Cuy0 (PDF 03-065-3288), FeO (PDF 01-089-0687) and Fe304
(PDF 01-078-6086) fit the barely distinguishable features in the dif-
fractogram of reduced 11 %-CuFeCoK/SiOy catalyst as pointed in
Fig. 6a. The calcined sample (Fig. 6b) shows peaks of two different
crystalline phases. These are assigned as CuFe;04 (PDF 04-026-3795),
which is a spinel phase with a smaller unit cell (a = 8.21 A) compared to
Fe304 (a = 8.49 A), and o-Fe,O3z (PDF 04-008-8479). Cobalt is not
observed as a separate phase as it is most likely mixed into the two metal
oxide phases or is undetectable due to its small amount in the sample.
The XRD pattern of the spent catalyst (Fig. 6¢) contains peaks of cu®
phase (PDF 00-004-0836, a = 3.62 i\) which is also consistent with the
y-Fe® (austenite) phase. The presence of pure Fe® in this phase is highly
unlikely due to its phase transition to a-Fe below 912 °C. Therefore, Fe®
either exists as a Fe-Cu solid solution or is stabilized by a small amount
of carbon resulting from the catalytic reaction. The crystallite size of the
metal phase was calculated using the Scherrer equation being ca. 15 nm.
It is worth noting that the diminutive peak at 59.82° 20 emerges in the
diffractogram during the last repetition of the data collection and is most
likely a spurious peak rather than oxidation of the sample due to at-
mospheric oxygen.
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Fig. 4. CO DRIFTS results for 11 %-CuFeCoK/SiO, catalyst.
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Fig. 5. Temperature programmed reduction profile of the 11 %-CuFeCoK/
SiO, catalyst.
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3.2. Catalytic results

The total duration of testing of different reaction conditions was over
500 h. The CO conversion as a function of time-on-stream at the various
reaction conditions is displayed in Fig. 7.

From Fig. 7 it can be observed that the steady state was not reached
at the highest reaction temperatures, showing a decline in CO conver-
sion. Moreover, comparing the last reaction cycle starting at 434.5 h,
having the same reaction conditions as in the beginning of the experi-
ment (30 bar, 2000 h™! g{alt), it can be noted that the conversion of CO is
higher in the beginning of the experiment at 250 °C than at 434.5 h.
However, comparing the 5 last CO conversion points at 300 °C the
average conversion was 75.4 % in the first cycle and 75.0 % in the
second cycle, the results reported later in the paper are based on the
average from 10 last data points before changing the reaction condi-
tions. It can be concluded that while some catalyst deactivation is
observed during the > 500 h of testing, a better picture of catalyst
deactivation would require prolonged testing at pilot conditions under
the influence of mass transfer for a significantly longer period than what
was applied in this work.

The conversion of CO and Hj at different GHSV (at a constant pres-
sure of 30 bar) and pressures (at a constant GHSV of 2000 mLgas h! g{alt)
as a function of reaction temperature is displayed in Fig. 8 and Fig. 9.

From Fig. 8 and Fig. 9 it can be observed that the conversions in-
creases with temperature, as expected, and with pressure, while it de-
creases upon increasing GHSV due to shorter residence time. The
pressure dependence on the conversion can be attributed to the resi-
dence time as the GHSV is defined at standard temperature and pressure
and thus the reaction pressure influences the residence time of the gases
in the reactor in a way that it is shorter at lower pressures and thereby
the conversion seems to be lower at lower pressures. A decrease in
conversion at lower pressures, in the tested range 2-4 MPa, has also
been reported in the Fischer-Tropsch (FT) synthesis using a Co/SiO;
catalyst changing also the product distribution in a way that more of Cg
products were formed at a higher pressure and higher CO conversion (de
la Pena O’Shea et al., 2005).

The reaction rates for CO and H- calculated from the conversions
shown in Fig. 8 and Fig. 9 are listed in Table 1. The apparent activation
energies calculated based on the reaction rates are plotted as a function
of pressure and GHSV in Fig. 10.

From Table 1 it is possible to calculate the ratio between the reaction
rates for hydrogen and CO giving the values ca. between 1.5 and 2.0,
which is not consistent with the reactions forming the alcohols, alkanes
and alkenes mentioned in the Introduction. However, by taking into
account the WGSR consuming CO and generating Hy the ratio falls in
most cases between 2 and 3, which corresponds well with the stoi-
chiometric factors for hydrogen in the reactions taking place.

Interestingly, it seems that the apparent activation energy plotted in
Fig. 10a increases with pressure while different GHSV, Fig. 10b, result in
a more or less constant apparent activation energy within the reaction
conditions tested. A possible reason for the increasing apparent activa-
tion energy with pressure could be presence of mass transfer constraints
at lower pressures, or a complex reaction mechanism for which the
apparent activation energy depends on the frequencies of steps. The
latter depend on the pressure as reported in for example (Murzin, 2019).

The reaction orders for CO and H; were determined from a power-
law model by varying the total pressure in the reactor. The linearized
logarithmic plots for the reaction rates for CO and Hj as a function of
their pressures are illustrated in Fig. 11. Based on the slopes in Fig. 11
the reaction order for CO is between 0.5 and 1 and for Hy between 0.8
and 1.1. The reaction order for Hj is comparable to the results reported
by Gobel et al. (2021), while the order for CO differs significantly as in
Gobel et al. (2021) a zero order on CO pressure was reported with an
apparent activation energy of 140 kJ/mol, which is slightly higher than
the value reported here.

The water gas shift reaction is considered to be a side-reaction in the
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Fig. 6. XRD patterns (in black) of 11 %-CuFeCoK/SiO; catalyst recorded from a) reduced, b) calcined and c) spent catalyst samples.
Table 4 that the selectivity to alcohols decreases with temperature (CO
3000 Aes— conversion) and that a lower reaction pressure yields higher selectivity
2500 . compared to a higher pressure, moreover, a small increase in selectivity
5 GHSV = 2000 (mL gy h7™) can be observed at higher GHSV compared to the lower one, here again
000 the CO conversion is higher at lower GHSV. Similar trends for the
1500 selectivity dependence were observed, namely the selectivity to alkanes
1000 & temperature (°C) J— increases with CO conversion, while selectivity to alcohols and alkenes
300 ] —_— —_— —_— —_— —_— —_— decreases with elevation of CO conversion using slightly different cat-
— — — — — — alysts in the previous work of the authors (Aho et al., 2024).

250 T B - _— - - The Anderson-Schulz-Flory (ASF) distribution was used to calculate
100 e a-values for the formed alcohols, alkanes and alkenes with the carbon
CO conversion (%) ~ . .

A . . \ numbers higher than two or three for the alkenes, with the a-values

\ v\ \ listed along with the coefficient of determination, R?, in Table 5. The

504 7 . b reason for evaluating the a-value for compounds with more than two or

. Pressure (bar) . .

— = = three carbon atoms in them is a poor correspondence of these com-

l = __b“‘"- - - pounds with the linear ASF plot, opposite to the C1 compounds, namely,

0 T T T T T methanol, methane and ethene as seen in a typical ASF plot illustrated in
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Fig. 7. Conversion of CO as a function of time-on-stream at different reac-
tion conditions.

synthesis of higher alcohols. The selectivity to CO; as a function of CO
conversion (temperatures 250, 275 and 300 °) is plotted in Fig. 12. The
reaction conditions 30 bar and GHSV 2000 g{alt h! were repeated,
denoted as “rep” in Fig. 12.

From Fig. 12 it can be concluded that the selectivity to CO; is
essentially independent on reaction temperature, pressure and GHSV,
increasing with CO conversion and reaching selectivity of over 40 % at
almost complete conversion. Consequently, at low CO conversion levels
the selectivity to CO5 is almost negligible being as low as approximately
4 % at 12 % conversion at the lowest reaction pressure. It has been re-
ported that CO; selectivity is increasing with metal particle size (Luk
et al., 2018).

Selectivity to the gas phase alkanes and alkenes at different reaction
conditions along with the CO conversion is listed in Table 2 and Table 3.

From Table 2 and Table 3 it can be concluded that the selectivity to
gas phase alkanes increases with temperature, i.e. increased CO con-
version, and pressure, while the GHSV has only a minor effect on the
selectivity, however, an increasing trend can be observed for ethane and
propane. The selectivity behaviour is opposite for the alkenes compared
to the alkanes, as at higher reaction temperature and higher CO con-
version levels less alkenes are generated.

The liquid product selectivity was calculated based on the difference
from the sum of products in Table 2 and Table 3 taking into account the
formation of CO; plotted in Fig. 12. The selectivity to alcohols calculated
based on selectivity to both liquid products as well as concentrations
from GC analysis is listed in Table 4.

Opposite to the alkane selectivity trends it can be observed from

Fig. 13.

From Table 5 it is possible to calculate the average a-values for the
alcohols (0.27), alkanes (0.46) and alkenes (0.39). Clear differences can
be observed between the a-values for the different products indicating
that they are formed through different reaction pathways. Deviations
from the linear fit for the C; and C, products are also related to different
mechanisms for synthesis of compounds with high carbon numbers
through chain propagation, compared to C;-C3 products. Based on the
a-values listed in Table 5 it can be observed that for the alcohols the
a-value decreases with temperature independently on GHSV, no main
trends can be observed at different reaction pressures. A reason for this
dependency is that the rate constants for propagation and termination of
alcohol formation are only dependent on the temperature and not
pressure contrary to FT synthesis where not only temperature influences
the a-value in the same way as in the current study but also pressure has
an impact increasing it (Chen and Yang, 2019). For the alkanes the
a-value can be considered more or less constant independent on pressure
and GHSV at the tested temperature range. The clearest trend can be
seen for the alkenes at different reaction pressures, displayed in Fig. 14,
showing that at lower pressures more alkenes with a higher a-value are
formed compared to higher pressures, a small decrease in the a-value
with temperature can also be observed for all pressures tested.

The influence of reaction pressure on the a-value for alkenes has
been observed previously in Fischer-Tropsch synthesis (Zheng et al.,
2007). Zheng et al. (2007) studied the effect of pressure in FT synthesis
using a 15 % Co/SiO; catalyst and varied the reaction pressure from 0.2
to 2.0 MPa. It was reported (Zheng et al., 2007) that the a-value linearly
increased from ca. 0.83 to ca. 0.90 at 0.2-1.5 MPa, consistent with a
decreased methane selectivity. Between 1.5 and 2.0 MPa only a slight
increase in the alkene a-value was observed. The authors (Zheng et al.,
2007) also reported that a higher reaction pressure increased the con-
version and CO and Hj similarly to results in Fig. 8 and Fig. 9. A probable
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Fig. 8. Conversion of CO at different reaction pressures and GHSV as a function of temperature.
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Fig. 9. Conversion of H, at different reaction pressures and GHSV as a function of temperature.

reason for the improved a-value in Zheng et al. (2007) was speculated to
be a higher formation of C; intermediates at higher CO conversion
which could increase the rate of propagation. The a-value results pre-
sented in Fig. 14 and CHy4 selectivity in Table 2 are opposite to the results
of Zheng et al. (2007) and instead of chain propagation at higher

pressure complete hydrogenation to alkanes occurred over the CuFe-
CoK/SiOg catalyst used in this work.
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Table 1
Reaction rates for CO and H, at different reaction conditions.
Temperature Pressure GHSV -dnco/dt -dny,/dt
()] (bar) (mL/h gear) (umol/gcat 5) (UmOL/gear S)
250 30 2000 0.79 1.49
20 ” 0.61 1.13
10 ” 0.45 0.65
275 30 ” 2.20 3.98
20 ” 1.38 2.82
10 ” 0.75 1.23
300 30 ” 3.03 5.05
20 ” 2.41 4.09
10 ” 1.39 2.23
250 30 3000 0.35 0.53
7 2000 0.79 1.49
1000 0.50 1.05
275 ” 3000 1.65 3.12
7 2000 2.20 3.98
1000 1.62 2.94
300 ” 3000 3.63 6.34
” 2000 3.03 5.05
1000 1.77 3.08
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Fig. 10. Apparent activation energy as a function of a) pressure and b) GHSV.

3.3. Conceptual process design

The flowsheet of the developed concept for producing higher alco-
hols from CO; and green hydrogen via synthesis gas is presented in
Fig. 15. Pressurised hydrogen and oxygen are produced from water by
alkaline electrolyser (AEL). All of the AEL output hydrogen and part of
the oxygen are utilized in the RWGS/CPOX process. CO3 is compressed
to the process pressure of 10 bar. Gases are heated up to 700 °C and
directed to the RWGS/CPOX reactor, which operates at 850 °C and
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Fig. 11. Linearized logarithmic plots for CO and H; reaction rates as a function
of their partial pressures.
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Fig. 12. Selectivity to CO, as a function of CO conversion at different reac-
tion conditions.

converts COy to CO by reverse water-gas shift reaction (RWGS). The
other possible reactions that may occur in the reactor (methane for-
mation, methanation, hydrocarbon reforming, solid carbon formation)
are considered by identifying all potential products and allowing the
reactor to reach chemical equilibrium based on minimizing the Gibbs
energy. The heat required for the endothermic RWGS reaction and final
heating of the gases is provided by adding sufficient amount of oxygen in
the feed, causing partial oxidation of hydrogen. After the RWGS/CPOX
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Table 2
Selectivity to different alkanes at different reaction conditions.
Temperature Pressure GHSV Xco methane ethane propane butane pentane hexane
[§9)] (bar) (mL/h geat) (%) (%) (%) (%) (%) (%) (%)
250 30 2000 20.3 22.0 6.8 3.4 2.4 1.6 0.9
20 ” 15.7 11.3 2.6 1.2 1.0 0.6 0.4
10 ” 11.7 6.8 0.9 0.5 0.5 0.0 0.0
275 30 ” 56.6 22.3 9.0 3.7 2.4 1.7 1.1
20 ” 35.6 18.2 6.0 2.1 1.6 1.1 0.7
10 ” 19.4 14.4 3.2 1.0 0.9 0.6 0.5
300 30 ” 78.1 25.2 8.9 4.1 2.1 1.9 1.2
20 ” 62.2 21.3 7.1 2.8 1.7 1.6 1.1
10 ” 35.7 18.8 5.0 1.5 1.1 1.1 0.8
250 30 3000 6.0 22.6 4.8 2.5 2.0 1.1 0.3
” 2000 9.2 23.7 6.1 2.9 2.3 1.5 0.9
” 1000 26.0 24.1 9.5 4.0 2.8 1.8 1.0
275 ” 3000 28.2 23.9 8.6 3.0 21 1.4 0.8
” 2000 39.3 23.6 9.1 3.3 2.4 1.6 1.0
” 1000 83.4 23.6 10.4 6.0 3.0 2.4 1.1
300 ” 3000 62.3 25.2 9.1 3.7 2.2 1.8 1.1
” 2000 77.2 25.6 9.2 48 2.6 2.1 1.2
» 1000 91.4 28.2 10.3 6.9 3.1 2.4 1.2
Table 3
Selectivity to different alkenes at different reaction conditions.
Temperature Pressure GHSV Xco ethene propene butene pentene hexene
[§9)] (bar) (mL/h gea) (%) (%) (%) (%) (%) (%)
250 30 2000 20.3 3.4 7.2 3.7 1.9 0.9
20 ” 15.7 2.4 3.6 2.2 1.0 0.6
10 ” 11.7 1.8 21 1.6 0.8 0.5
275 30 ” 56.6 0.8 5.8 2.8 1.4 0.6
20 ” 35.6 1.5 5.2 2.9 1.5 0.8
10 ” 19.4 2.3 4.4 2.8 1.5 0.9
300 30 ” 78.1 0.3 4.0 1.6 0.8 0.2
20 ” 62.2 0.6 4.4 21 1.1 0.5
10 ” 35.7 1.5 5.3 3.1 1.8 0.9
250 30 3000 6.0 5.9 7.0 4.3 1.9 1.1
” 2000 9.2 4.8 7.5 4.6 2.3 1.4
” 1000 26.0 2.3 7.8 4.3 21 1.0
275 ” 3000 28.2 2.0 7.0 3.9 2.0 1.0
” 2000 39.3 1.2 6.5 3.6 1.9 0.9
” 1000 83.4 0.2 3.7 1.6 0.7 0.2
300 ” 3000 62.3 0.5 5.0 2.4 1.2 0.5
” 2000 77.2 0.2 3.6 1.6 0.8 0.2
” 1000 91.4 0.1 1.7 0.7 0.3 0.1
Table 4
Selectivity to alcohols at different reaction conditions.
Temperature Pressure GHSV Xco methanol ethanol propanol butanol pentanol hexanol heptanol
[§9) (bar) (mL/h gear) (%) (%) (%) (%) (%) (%) (%) (%)
250 30 2000 20.3 4.9 13.3 6.2 3.5 1.8 0.5 0.0
20 ” 15.7 10.5 29.4 13.2 8.5 3.3 1.3 0.3
10 ” 11.7 12.0 33.4 13.0 10.5 7.2 3.3 0.5
275 30 ” 56.6 4.1 9.3 3.4 1.4 0.4 0.1 0.1
20 ” 35.6 8.0 18.7 6.6 3.8 1.5 0.4 0.1
10 ” 19.4 11.4 25.0 6.5 5.0 4.1 1.7 0.5
300 30 ” 78.1 2.2 6.3 2.2 0.9 0.3 0.1 0.0
20 ” 62.2 4.7 12.6 4.2 1.8 0.7 0.2 0.0
10 ” 35.7 6.7 16.7 4.5 2.3 1.9 0.7 0.2
250 30 3000 6.0 5.4 16.0 5.7 4.1 3.4 1.3 0.2
” 2000 9.2 5.3 13.0 5.1 2.9 1.7 0.5 0.0
” 1000 26.0 4.3 8.2 2.8 1.4 0.6 0.2 0.1
275 ” 3000 28.2 5.3 11.3 4.1 2.1 0.8 0.2 0.1
” 2000 39.3 4.4 9.5 3.4 1.6 0.6 0.2 0.0
” 1000 83.4 2.0 4.2 1.4 0.5 0.2 0.0 0.0
300 ” 3000 62.3 3.2 7.6 2.5 1.0 0.4 0.1 0.0
” 2000 77.2 2.2 5.6 1.8 0.7 0.3 0.1 0.0
” 1000 91.4 0.8 2.5 0.9 0.4 0.1 0.0 0.0
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Table 5
a-values and coefficient of determination R? for alcohols, alkanes and alkenes at different reaction conditions.
Temperature Pressure GHSV Alcohols Alkanes Alkenes
(°C) (bar) (mL/h gea) o R? o R? « R?
250 30 2000 0.24 0.974 0.46 0.989 0.40 1.000
20 ” 0.29 0.991 0.47 0.982 0.44 0.996
10 0.30 0.968 0.52 0.855 0.48 0.991
275 30 0.28 0.994 0.46 0.967 0.37 0.999
20 0.27 0.998 0.46 0.949 0.42 1.000
10 0.31 0.970 0.49 0.922 0.46 0.999
300 30 0.27 0.993 0.46 0.956 0.31 0.997
20 0.25 0.994 0.50 0.921 0.38 0.999
10 0.32 0.982 0.51 0.874 0.44 1.000
250 30 3000 0.31 0.962 0.39 0.964 0.41 0.996
” 2000 0.31 0.953 0.48 0.978 0.44 0.998
1000 0.29 0.997 0.45 0.978 0.41 1.000
275 ” 3000 0.26 0.998 0.44 0.964 0.41 1.000
2000 0.25 0.997 0.45 0.965 0.40 0.999
1000 0.25 0.993 0.44 0.988 0.31 0.996
300 3000 0.25 0.996 0.46 0.959 0.37 0.998
” 2000 0.25 0.997 0.47 0.978 0.33 0.995
” 1000 0.24 0.993 0.44 0.989 0.31 0.999
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Fig. 13. ASF plots for alcohols, alkanes and alkenes produced at 250 °C, 30 bar
and GHSV 2000 g h™L.

reactor, the water in the syngas stream is removed by cooling and
condensation. The dried gas stream is heated up to the operation tem-
perature of the alcohol synthesis reactor, 250 °C, before it is fed to the
reactor. The model was designed to adjust AEL to provide H:CO molar
ratio of 2 to the inlet stream to the alcohol synthesis reactor. In the
alcohol synthesis reactor, the exothermic reactions forming alcohols,
alkenes and alkanes occur. CO conversion and product yields in the
process model were based on a selected experiment reported in this
study. The operating conditions of the selected experiment were 250 °C
and 10 bar, and the resulted CO conversion was 11.7 %. Selectivity of

10

more energy efficient solvents like activated methyldiethanalamine,
providing, however, reasonable initial estimates for mass balances.

The main operation and performance parameters used in modelling
are presented in Table 6. Parametrisation of multistage compressors,
other compressors, pumps and heat exchangers were taken from ref.
Hannula (2015). CO4 absorption was performed by monoethanolamine
(MEA) absorption process assuming 98 % CO5 recovery (Tan et al.,
2012). For the heat demand of stripping, in-house estimate of 3.5 MJ/kg
CO5 at 120 °C was used, similar as in refs. Knudsen et al. (2009) and Li
etal. (2011), and electricity demand of the absorption/stripping process
was estimated to be 18 kWh/t CO5. MEA consumption was assumed to
be insignificant in this conceptual study. Electricity demand required for
the cooling in the flash separation was estimated assuming the coeffi-
cient of performance (COP) of 3.

For the developed concept, 3 different cases were assessed. Case 1
included no by-product gas recycling and no CO, removal from the by-
product stream. Case 2 included capturing and recycling 98 % of CO»
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Fig. 15. Flowsheet of the developed concept for alcohol production from CO, and water via synthesis gas (AEL refers to alkaline electrolyser, HEX to heat exchanger,

MEA to monoethanolamine).

Table 6 Table 7
Main parameters used for the process model. Mass balances for different cases.
Unit Modelling parameters Reference Case 1 2 3
Reverse Water-Gas Shift Operating conditions 850 °C, (Kaisalo et al., 2021; Recycling of COy 0 98 98
(RWGS)/ Catalytic at process pressure. Model Simell and Hannula, By-product gas recycling % 0 0 70
Partial Oxidation RGibbs reactor, with possible 2023) IN
(CPOX) reactor products defined as CO, COo, CO, t/h 37 25 10
Ha, Hy0, CH,4, N5 and solid WATER t/h 32 32 13
carbon). Monolith catalyst, Total t/h 69 57 23
Rhodium content 0.5 wt%, ouT
carrier Al,O3 Main product alcohol/water mixture t/h 1.7 1.7 1.7
Alcohol synthesis reactor Operating conditions 250 °C, ~ Experimental data By-product gaseous stream t/h 28 16 5.0
10 bar. Water condensed after CPOX t/h 13 13 5.4
H>/CO molar ratio in inlet By-product Oy t/h 27 27 11
2.00 Water condensed from CO, compressor t/h 0.2 0.1 0.02
Alcohol separation Gas-liquid separation Total t/h 69 57 23
modelled by a flash, Intermediate streams
temperature 5 °C Produced Hy t/h 3.6 3.6 1.5
Property method CPA Syngas to alcohol reactor t/h 30 30 24

Alkaline electrolyser
(AEL)

State-of-the art electricity
demand 50 kWh/kg Hy

(Clean Hydrogen, n.

d)

from the by-product stream, using monoethanolamine (MEA) absorp-
tion. Case 3 consisted of capturing and recycling 98 % of CO, from the
by-product stream and 70 % recycling of the rest of the by-product gas.

The Aspen model resulted in a main product, aqueous liquid stream
containing water and alcohols, and a by-product, gas stream containing
unreacted raw materials CO,, CO and Hy, some moisture, alkanes and
alkenes. Mass balances for the production of 1 t/h alcohols are presented
in Table 7. The main product, aqueous solution containing alcohols was
similar in all three cases, resulting in total 1.7 t/h alcohol/water mixture
and containing approximately 42 wt% of water and approximately
58 wt% of alcohols (Fig. 16). However, the composition of the gaseous
by-product stream was different from case to case (Fig. 17). With no
recycling, COy content was significant (49 wt%). With CO, removal

11

process added, CO, content in the product gas stream reduced to
insignificant values. Methane content increased with an increasing
recycling rate, from case 1 without any recycling (CH4 1.9 wt%), fol-
lowed by case 2 with only CO» recycling (CHy4 3.5 wt%), to case 3 with
recycling both CO2 and 70 % of the rest gas (CH4 10 wt%). However, the
molar Hy:CO ratio in the by-product gas stream was in all cases equal to
2.

Hydrogen demand was similar for cases 1 and 2, because only CO,
was recycled (Table 7). However, in case 3 the hydrogen demand was
significantly lower due to purge gas recycling to RWGS/CPOX. In
addition to recycled unreacted hydrogen, also some hydrogen was
formed in steam reforming of recycled hydrocarbons. The mass flow rate
of the syngas stream to alcohol reactor was also significantly smaller in
case 3 in comparison to cases 1 and 2, although the decrease in the molar
flow rate of the same stream in case 3 compared to cases 1 and 2 was
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Fig. 16. Weight based composition of the main product (liquid) for the 3 cases.
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Fig. 17. Molar composition of the by-product (gases) for the 3 cases.

only 4 %, mainly due to a slightly increased CO content (from 28 to
29 mol%). The lower mass flow rate in case 3 derived mainly from lower
CO5 content (15 mol% in case 1 and case 2, 7 mol% in case 3) and
increased CH4 content (2 mol% in case 1 and case 2, 6 mol% in case 3).

The electricity demand was 181 MW for cases 1 and 2, and 77 MW
for case 3 due to lower hydrogen demand. In all cases 99 % of the
electricity demand was related to the electrolyser emphasizing that
more efficient electrolysis will drive the costs significantly down. Pinch
analysis showed for case 1 cold utility of 14 MW and hot utility of 0 MW.
In case 2 cold utility demand decreased to 4 MW and hot utility
increased to 2 MW due to the heat demand of CO. stripping after
adsorption. In case 3, the heat demand of CO; stripping was significantly
lower compared to case 2 due to purge gas recycling, with the pinch
analysis resulting in hot utility demand of 0 MW and cold utility demand
of 2 MW.

Further processing options were developed but not evaluated quan-
titatively (Fig. 18). However, they are discussed here. The alcohol
fraction in general may be utilized in many processes, but here it was
considered for production of sustainable aviation fuel (SAF). The pro-
cessing route would include alcohols (except methanol) dehydration to
olefins, followed by separation of water and methanol. The remaining
Co-Cg olefins would be first oligomerised and then hydrogenated
(hydrogen addition) (Chang et al., 1993; O’Connor and Kojima, 1990;
Wang et al., 2016). The resulting mixture would be fractioned to SAF
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and lighter hydrocarbons to be used as e.g. road gasoline. The design is
similar to the biobased alcohol to jet process (Vela-Garcia et al., 2020).

The experimental work showed that the fatty alcohol reaction had
low conversion combined with high selectivity and vice versa. If aiming
for higher conversion, the selectivity decreases. Obviously it will not be
economically feasible to have once-through operation with such a low
conversion. Recycling improves the overall yield, but reasonable yields
would require very high recycling rates. However, as the resulting gas
stream contains Hy:CO molar ratio of 2, it is a potential feed stream to
another processes (Fig. 17). Thus, the by-product gas stream could be
used as a feed stream for example to FT process or to a methanol syn-
thesis process.

The FT process produces alkanes and alkenes from syngas, and the FT
product stream could be fractionated and refined to fuels and/or
chemicals. Heating the by-product gas stream from ambient tempera-
ture to FT operation temperature (150-300 °C) would be required (de
Klerk, 2011). Pressurization may also be needed if the operation pres-
sure of the selected FT process is above 10 bar. The benefits of using the
by-product gas stream as a feed stream to FT synthesis include the often
desired H»:CO ratio in the feed, 2.0 (de Klerk, 2011), in all cases. Based
on the published kinetic studies regarding cobalt catalysed FT
(Keyvanloo et al., 2016; Lillebg et al., 2017) the reaction rate in the FT
inlet decreases due to increase in the inert content, whereas selectivity to
Cs. remains relatively the same and the selectivity to methane de-
creases. Thus, the low inert content emphasizes a potential to reach the
higher conversion of CO above 70 % (Steynberg and Dry, 2004; Wolf
et al., 2019). Both cases 2 and 3 have very low COy and other inert
content (below 8 mol%), however in case 1 the conversion may be
reduced due to a higher CO5 content (17 mol% CO5).

Methanol may be another option to be produced from the synthesis
gas. It may be used as a chemical intermediate or as fuel, but it may also
be converted to olefins and further for example to aviation fuel or
chemicals. Methanol synthesis is exothermic and equilibrium limited,
but efficient gas recycling results nearly in 100 % conversion (Basile and
Dalena, 2018; Sehested, 2019). The commercial operating conditions
are typically 200-300 °C and at 50-100 bar (Sehested, 2019). For
methanol synthesis from syngas, the optimal H5:CO feed ratio based on
the reaction equation would be 2:1. However, currently used copper
catalysts are active also for WGS reaction (formation of CO») and able to
convert some CO, to methanol (H,:CO5 reaction ratio is 3:1) (de Klerk,
2014). Thus, typically the preferred Hy:CO ratio is above 2 for copper
catalysts (de Klerk, 2014) or Module number (npz-nco2)/(nco+ncoz)
based on molar flow rates close to 2 (Sehested, 2019). Considering the
composition of the product gas, cases 2 and 3 would provide a suitable
feed stream to the methanol synthesis if minor additional Hy would be
added to increase the Hy:CO ratio. Case 1 could also give a suitable feed,
with the benefit that CO, is converted to methanol along with the syn-
gas, if a larger hydrogen addition is available. A higher additional
hydrogen stream would be needed to maximise the methanol yield for
case 1 compared to cases 2 and 3. The drawback of case 1 is that CO5
content in the feed stream results in a loss of some Hs, which forms water
according to the reaction equation.

4. Conclusions

An 11 %-CuFeCoK/SiO; catalyst was used for synthesis of higher
alcohols from syngas. Different reaction conditions were tested namely,
temperature 250 — 300 °C, pressure 10 — 30 bar, as well as different
residence times by varying the GHSV from 1000 to 3000 mL h™! gg1 the
H,:CO ratio was kept constant with a value of 2. It was found that the
selectivity to higher alcohols decreased with increasing CO conversion.
However, at low CO conversion it was possible to obtain ethanol as the
main product with a selectivity as high as 33.4 %.

The main outcome of the experimental work with CuFeCoK/SiO2 is
that while there are differences in selectivity to alkanes, alkenes and
higher alcohols for different catalysts reported in the literature, the main
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Fig. 18. Further processing options for both alcohol/water mixture and for the gaseous by-product.

trends remain, namely high selectivity to alcohols at low conversion, a
clear decline in selectivity to alcohols when the conversion increases,
the positive influence of pressure on reactivity as well as the reaction
orders in the reactants.

The experimental work was a starting point to design a process
concept to produce higher alcohols as the main product from CO, and
water. The designed concept was modelled using Aspen + steady state
modelling software, considering a gaseous stream as a by-product. The
modelling work utilized the experimental results of the alcohol synthesis
from the first part of this publication.

Process-wise, the main guiding conclusion from the experimental
work is that high selectivity to alcohols can be achieved at a relatively
low CO conversion, thus either gas recycling should be considered or in
the case of once-through production of higher alcohols, unconverted
syngas should be used for making valuable chemicals and fuels, e.g. in
the Fischer-Tropsch or methanol synthesis.

Due to the combination of high selectivity to alcohols with a rela-
tively low CO conversion, several syngas utilization or recycling options
were considered to maximize the carbon utilization efficiency. Recy-
cling both 98 % of CO4 by absorption and then 70 % of the gaseous by-
product resulted in over 50 % decrease in electricity demand and 20 %
decrease in the synthesis reactor volume, when comparing to once-
through operation. In addition to the concept development for the
alcohol synthesis, the conceptual design work addressed qualitatively,
how the produced alcohols could be converted to jet fuel and how the
gaseous by-product could be utilised. Regarding the downstream pro-
cess integration, the mass and energy balances showed that the by-
product gas had both a low content of the inert and a Hy:CO ratio of
2, which makes it a suitable feed for the Fischer-Tropsch synthesis.

When considering methanol synthesis, a minor hydrogen addition
would be required for high gas recycling, while a larger hydrogen
addition is required for the once-through operation. Thus, the Fischer-
Tropsch synthesis or methanol synthesis could be integrated as a
downstream process for the gaseous by-product stream in the higher
alcohol plant.
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