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Methanol synthesis from sustainable feedstocks will play an important role in the future’s energy system. To enable an
accurate design of crude methanol distillation systems, detailed knowledge about the amounts of side products in crude
methanol is required. In this study, crude methanol samples obtained from four experimental setups covering a wide range
of process conditions were analyzed for their main and side compounds. By means of a Spearman correlation analysis, the
amount of carbon oxides in the reactor feed was identified as determining for the formation of side products. Trend lines
describing the amount of side products were derived from the experimental data to enable studies on the downstream

treatment of crude methanol.
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1 Introduction

Methanol from sustainable feedstocks, i.e., atmospheric or
biogenic carbon dioxide (CO;) and carbon-neutral hydro-
gen (H,), is predicted to be a key molecule in green energy
transition due to its ability to substitute fossil resources
such as coal, oil, and gas [1-3]. Currently, methanol and its
derivates are discussed as fuels for so-called hard-to-abate
sectors such as shipping and aviation [4]. Moreover, tomor-
row’s chemical industry will continue to rely on methanol
for carbon-based products such as polymers, solvents, or
organic acids [5].

To address the transformation of methanol produc-
tion from fossil feedstocks towards sustainable resources,
methanol synthesis from CO,-rich gas streams has been
studied extensively in the last decades [6]. By collective
efforts of the scientific community, many technology-related
issues such as stable and active catalyst materials [7-12],
advanced process designs [13, 14], or dynamic process
description [15, 16] were tackled, improved, or even resolved.

Methanol synthesis over Cu/ZnO/AL,O; catalysts is
macroscopically described by a reaction network of CO,
hydrogenation and water-gas shift (WGS) reaction [17, 18]:

CO, + 3H, = CH;0H + H,OAHRO = —50 k] mol™" (1)

CO + H,0 2 CO, + H,AHRO = —41 kJ mol™* )

Both reactions are exothermic equilibrium reactions and
appear at a very high selectivity. Due to the complex inter-
play of the reactions, understanding of the reaction kinetics
remains a key challenge for an accurate description of the
methanol synthesis process [19, 20]. In a previous study,
Nestler et al. derived a new kinetic model applying differ-
ential temperature measurement delivering the largest set
of validation data for methanol synthesis from CO;-rich
synthesis gases [21, 22].
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Regarding overall process simulation and energy inte-
gration of the synthesis process including crude methanol
distillation, multiple studies can be found in the scien-
tific literature [13, 23-25]. Most distillation schemes involve
the removal of volatile compounds, such as dissolved
gases, dimethyl ether (DME) or acetone, overhead, and the
removal of compounds with a higher boiling point than
methanol, such as water or higher alcohols, in the sump of
the distillation column. To circumvent azeotropic mixtures
and to meet all required specifications, typically more than
one column is necessary, which is often referred to as the
topping and the refining section. To optimize the energy
integration, more than two columns can be employed. The
more side products are present in the distillation feed, the
more theoretical stages are needed to separate the com-
pounds due to their vapor-liquid equilibrium properties.
This directly relates to the height of the distillation column
and thus to the costs. Thus, a reduction in the distribu-
tion and amount of side products in crude methanol can
significantly decrease the number of stages in the distilla-
tion section and thus optimized equipment size and energy
consumption figures.

Zhang and co-workers executed a comprehensive analysis
of multicolumn distillation setups by means of energy sav-
ings and plant economics [26]. Moreover, the authors pro-
vided a comprehensive analysis of crude methanol obtained
from a conventional methanol synthesis process in their
study. Recently, Shen et al. discussed the distillation system
of methanol synthesis using different process configurations
ranging from a single column up to an energy-integrated
five-column setup with regard to energy efficiency, prod-
uct purity, and heat recovery as well as design, optimization,
and control strategies [27]. However, in their study no infor-
mation on the amount and separation of side products is
provided.

Anicic and co-workers applied a three column distilla-
tion scheme when they compared the CAMERE process, i.e.,
a process configuration including a reverse WGS (rWGS)
pre-reactor [28], to a direct CO, conversion process using
a synthesis loop including two reactors [29]. In their work,
a three-column system was applied due to the possibility
of an improved heat integration [23, 30]. As side products,
methane (CH4), DME, ethanol, and propanol were con-
sidered, however, without any information regarding the
influencing parameters of their formation.

Haghighatjoo et al. performed a similar process compari-
son using two distillation columns, however, only consider-
ing the components water and methanol [31]. Comparing a
Lurgi two-stage process concept to a single-stage concept,
Rahmat et al. carried out a techno-economic and exergy
analysis using a two-column distillation configuration [32].
In their simulation, the first column was used for the sep-
aration of crude methanol from dissolved gases, while the
second column supposedly separated methanol and water
without the presence of side products.

Because of the feed specifications from off-takers and
downstream processes, the crude methanol from the syn-
thesis section needs to be refined in most cases. On the one
hand, the water content due to the synthesis of methanol
from CO, is critical especially for the energy demand of
downstream process and for thermal applications such as
fuels. On the other hand, side products such as oxygenates
are not tolerated due to the potential change of physical
properties, such as color, smell, or reactivity.

The purity of methanol is defined by American Soci-
ety for Testing and Materials (ASTM) and International
Methanol Producers and Consumers Association (IMPCA)
standards limiting the amount of water, acidic compounds,
acetone, ethanol as well as other side products by indirect
analytical parameters as, e.g., boiling point, color, odor, or
density [33-35]. In order to achieve the product purities
defined there, the distillation process needs to be adjusted
depending on the amount of side products formed in
methanol synthesis [30]. Moreover, downstream processes
aiming to directly utilize crude methanol critically depend
on a good understanding of side products obtained [36].
However, only few quantitative data on the composition of
crude methanol exist in scientific literature.

In 1994, G6éhna and Konig indicated a relation between
the composition of the synthesis gas (syngas) and the
amount of side products by means of a comprehensive anal-
ysis of crude methanol [37]. In their work, they tested a
two-reactor setup fed with a CO,-based syngas against a
commercial plant fed with a syngas produced by natural gas
steam reforming. The authors concluded that less trays and
a lower heat demand would be necessary for the purifica-
tion of CO,-based methanol compared to its conventional
counterpart. Their findings were supported by the work of
Ushikoshi and co-workers analyzing the performance of a
multicomponent Cu-based catalyst at reaction temperatures
of 230 °C, 250 °C, and 270 °C with a pure CO,/H, feed [38].
Compared to that, increased side product amounts were
reported by other literature references considering synthesis
gas based on conventional, CO-rich syngas [24, 26].

This publication aims to present detailed quantitative data
of raw methanol samples produced using four different
experimental setups over a wide range of operating condi-
tions with a Cu-based catalyst. By means of a comprehensive
correlation analysis of different process parameters towards
side product formation, a basis for detailed design studies of
the methanol distillation system in future work is provided.

2 Methods
2.1 Common Definitions
To characterize the composition of the make-up gas (MUG)

entering the conversion process and the feed gas mixture
entering the reactor (feed), the carbon oxide ratio (COR),
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Table 1. Process data available for references providing information on the side product composition of crude methanol.

Work No. MUG properties Process details Psyn T Other comments
Gohna et al. [37] 1 CORyMuG = 1.00 Adiabatic pre-reactor 80 bar 250.2 °C Stidchemie catalyst
2 with standard loop 255.0 °C
3 260.1 °C
Ushikoshi et al. [38] 4 CORpuyG = 1.00 Loop process with 50 bar 230 °C Tailor-made Cu/Zn0O/Zr0,/Al;03/Ga, 03
5 SNmug = 2.0 oil-cooled reactor 250 °C catalyst; Purge rate of 1 % of inlet gas
6 270 °C
Gohna et al. [37] 7 CORpuG = 0.499 Standard loop with 80 bar 250.0 °C Stidchemie catalyst
Lurgi-type reactor
Zhang et al. [26] 8 CORMuG = 0.28% - - - -
Supp et al. [24] 9 CORyquG = 0219 - - - -

a) Estimated using the crude methanol composition with Eq. (8).

stoichiometric number (SN), and inert gas content (Vinert)
are defined by the molar fractions (y;) of the respective gas
components as follows [14]:

COR = 20 3)
yco, + yco
SN = YH, — Jco, (4)
Yyco, + Yco
Yinert = YN, +yCH4 +)’Ar (5)

Due to the equilibrium limitation of methanol synthe-
sis under technologically applied working conditions, i.e.,
at temperatures between 200 °C and 280 °C and pressures
between 50 bar and 80 bar, unreacted gases are recycled to
the reactor after crude methanol has been condensed and
separated [19, 39]. The mole flow of recycled gas divided by
the mole flow of MUG is defined as recycle ratio (RR) [14]:
flloop

RR = (6)

AMUG
To balance the amount of gas cycled in the process loop
and prevent the accumulation of inert gases, purge gas is
released through a pressure control valve. The purge fraction
(PF) can be expressed by the amount of purge gas divided by
the total amount of recycled process gas as follows:

PF = @ 7)
’;lloop

2.2 Available Literature Data

In Tab. 1, available literature references providing infor-
mation on the composition of crude methanol for both,
CO,-based [37, 38] and conventional syngas [24, 26, 37],
are listed together with the available details on the pro-
cess layout and conditions. These studies will be used as
external references throughout this work and are there-
fore considered to complement the experimental data set
provided within this study. However, details on process lay-
out and operating conditions were not entirely published

www.cit-journal.com
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by the authors. While COR\iyg was provided for the pro-
cesses operated with pure CO, [37, 38], CORyyG of the
conventional processes was not published. Thus, for the con-
ventional processes, this parameter was estimated using the
molar fraction of methanol (yyeon) in the crude product
using the following correlation:

CORMuG =2 (1 — YMeOH. crude) (8)

Except for Ushikoshi et al., SNy was given by none
of the literature studies for the side product data sets. yinert
was provided by none of the references, however, in case
of a CO,-based MUG, yipermuc = 0 can be assumed [14].
While G6hna et al. [37] and Ushikoshi et al. [38] offered
further details about their process configurations, synthe-
sis pressures (pgyn), synthesis temperature (Ty,) as well as
the respective catalyst utilized, these data were not given by
Zhang et al. [26] and Supp [24].

As none of the references provided more details on the
process working conditions as, e.g., the feed gas parame-
ters CORfeed> SNfeed> and Yinert feed> these data were calculated
using a process model in accordance to the information
provided in the respective publications. Due to missing
details on the reaction conditions, equilibrium conversion
was assumed and calculated with the equilibrium constants
provided by Graaf and Winkelman [40]. With exception of
the CO,-case in G6hna et al., where an adiabatic pre-reactor
was utilized, a simple loop process using one reactor was
presumed. Moreover, the reaction temperature provided by
the authors was taken as inlet temperature for both, the adi-
abatic pre-reactor in case of Gohna et al. and the equilibrium
reactor in the loop. Simplified flow sheets of these processes
are given in Fig. S1 of the Supporting Information.

If no detailed data was provided by a reference, assump-
tions were made for the gas compositions in the MUG as
well as the process working conditions. SNyyg was set to
2.0 for all cases, while yinertmuG Was set to 0 % for the CO,-
based and to 5 % for the conventional processes. Unless
specified otherwise, reaction pressure and temperature were
set to 80 bar and 250 °C. In case of Ushikoshi et al., RR was
tuned to obtain the given purge rate, i.e., amount of purge
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Table 2. Specification of the experimental setups during crude methanol production by means of synthesis temperature (7) and pressure

(psyn) as well as gas composition (CORmu, SNmuG: Yinert,MuG)-

Setup Process T [°C] Psyn [bar] CORMuUG SNMmuG Yinert, MUG

(A) Adiabatic, loop 207 < X <266 51 0.45 < X <1.00 2.05 < X <5.60 0.00 < X <0.24
(B) Polytropic, loop 220 < X <273 80 0.09 < X <100 2.05 < X <2.08 0.00 < X <0.22
(®) Isothermal, once-through 240; 250 70; 80; 85 0.20 < X < 0.50 229 <X <313 0.04 <X <021
(D) Isothermal, once-through 250 85 0.48 < X < 0.91 250 < X < 3.46 0.05 < X < 0.20

gas related to the MUG, of 1 % as stated by the authors
[38]. For the other simulation cases, RR was fixed to a value
of 4.0. Finally, the flash temperature inside the gas/liquid
separator was set to 30 °C and calculated using the Peng-
Robinson equation-of-state [41] with the binary interaction
parameters taken from one of our previous studies [42].

2.3 Experimental Setups and Process Conditions

Four different experimental setups (A-D) were utilized
to generate crude methanol samples for analysis of trace
compounds, enabling a wide range of working conditions
and the interpretation of possible relations between process
layout and side product formation.

Setups (A) and (B) were operated including a recycle
loop for high overall syngas conversions using an adiabatic
and polytropic reactor, respectively. In contrast, (C) and
(D) were isothermal setups in once-through operation. All
setups included a condenser to separate crude methanol
from unreacted gases. Crude methanol separation from the
unreacted gases was carried out at process pressure for (A)
and (B), at 10 bar of pressure for setup (C), and at ambi-
ent pressures for setup (D). The liquid samples were taken
from flash vessels at slightly elevated pressures and temper-
atures between 10 °C and 20 °C into glass sample containers
at atmospheric pressure. The pressure decrease during liquid
sampling could have led to losses of volatile side products.
Thus, this influence needs to be considered in the discussion
of the analytical results.

All experimental setups were operated with a Cu-based
catalyst. Details on the process conditions during the pro-
duction of the crude methanol samples considered in this
work are provided in Tab. 2 for the respective experimental
setups.

2.4 Sample Analysis

The crude methanol samples were analyzed by two part-
ners applying different and complementary methods. This
enables the range of detectable by-products to be increased
and allows cross-checking of the different methods for val-
idation based on compounds quantified in the correspond-
ing analyses. The main compounds water and methanol
of the raw methanol samples were determined by density

measurement (Densito, Mettler Toledo). Binary mixtures
with different proportions of methanol and water were pre-
pared to determine the content of both substances based
on density. The density meter recorded the temperature
and density of the solutions. A correlation was established
between these two parameters and the methanol content of
the standard mixtures. The density and temperature of the
samples were measured in the same way. The methanol con-
centration in the raw methanol samples was determined in
comparison with the defined correlation. The water content
resulted from the difference to 100 %.

By-products in the ppm range were analyzed using
two different gas chromatographs coupled with a mass
spectrometer (GC-MS) and high-performance liquid chro-
matography (HPLC). The separation on the GC system
(6890N, Agilent Technologies) was performed using the
capillary column DB-Wax, 60 m x 0.25 mm coated with
0.5 pm film thickness (Agilent Technologies). The oven tem-
perature was set initially to 40 °C, held for 10 min, then
increased at 10 K min! to 240 °C. The injector tempera-
ture was 230 °C. Helium was used as carrier gas at a flow
rate of 3.0 mL min™ in constant flow mode. The split ratio
was 10:1, and 0.5 pL of sample was injected by an autosam-
pler into the GC system. Part of the carrier gas flow was
directed after the column to a quadrupole mass spectrom-
eter (MS 5975, Agilent Technologies) and the other part to
a flame ionization detector (FID). The electron impact ion
source of the MS was operated in a positive mode with
collision voltage and source temperature set to 70 eV and
230 °C, respectively. The data was recorded in scan mode
with a mass range of 14-350 amu. The FID temperature
was 250 °C. Standard solutions of different concentrations
of the identified substances (dimethyl ether, methyl formate,
alkanes, and alcohols) were prepared for calibration. Quan-
tification of the analytes was done by the FID. In some cases,
analytes were quantified using the calibration function of
similar compounds due to the comparable FID response; as
an example, 3-pentanol was evaluated via 2-pentanol.

The by-products in the crude methanol samples were fur-
ther analyzed applying a Shimadzu GCMS-QP2020. 1.00 pL
of the raw methanol was injected via a Shimadzu AOC-20i
autosampler into an Agilent J&W CP-Wax 52 CB fused sil-
ica column (60 m x 0.25 mm X 0.25 um) through a GC
inlet at 200 °C in split mode with a split ratio of 1:50. Helium
(99.999 %) was used as carrier gas at a constant column
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flow of 1.50 mL min™. The GC oven
temperature program was held initially
at 35 °C for 4 min. Then, the temper-
ature was increased to 220 °C with a

Table 3. Feed gas compositions (CORfeed, SNieed: Yinert feed), recycle ratios (RR), purge frac-
tions (PF) as well as the adiabatic temperature rise (AT,q) in the pre-reactor calculated
by the process simulation. Values in brackets represent the feedgas composition of the
adiabatic pre-reactor applied by Géhna et al. [37]. The simulation numbers refer to Tab. 1.

heating rate of 20 K min~'. The final No.  CORped SNfeed Vinert feed RR  PF AT,y Original ref.
temperature was held for 5 min. The
: 1 0.83 (1.00)  10.33 (2.00)  0.00 (0.00) 4 074% 353K  [37]

GC column was connected directly to
the single quadrupole MS where mass 2 0.82 (1.00) 9.55 (2.00) 0.00 (0.00) 4 0.81 % 321K [37]
spectra of separated by-products in the 3 0.82 (1.00)  8.71(2.00)  0.00 (0.00) 4 090 % 287K  [37]
range of m/z10.00 and 300.00 were fully 4 0.94 10.29 0.00 49  020% na. [38]
scanned. The temperature of the 1ntf-‘:r— 5 0.87 1078 0.00 65 015% na (38]
face between GC and MS was main- ,
tained at 220 °C. Electron ionization 6 0.76 10.76 0.00 87 0I%  na. (38]
(EI) mode was used in the MS source at 7 0.69 3.10 0.30 4 328%  na. (371
a temperature of 220 °C. 8 0.54 313 0.34 4 284 % na [26]

The chemical compositions of the 9 047 036 4 265%  na [24]

detected by-products were qualitatively
identified by comparing their mass
spectra to the NIST mass spectral
database (National Institute of Standards and Technology,
USA). The identification of major by-products, namely,
ethanol, 1-propanol, 2-propanol, 1-butanol, 2-butanol, 1-
pentanol, 1-hexanol, 1-heptanol, and 1-octanol, were further
confirmed by comparing their retention times to those of
authentic compounds. Three replicates were measured for
each sample. The compounds not detected in any of the
three replications or showing above 50 % uncertainty of
total ion chromatogram (TIC) peak area were excluded
from the by-product list. Ethanol was quantified using an
external standard calibration correlating the ethanol con-
centrations to the integrated TIC peak areas of ethanol.
The concentrations of the other by-products were esti-
mated by their TIC with the external standard calibration
for ethanol. This method is described in detail elsewhere
(43, 44].

The analysis of organic acids as further by-products of
methanol synthesis was carried out using HPLC-diode array
detector (DAD). The HPLC system (1200 series, Agilent
Technologies) was equipped with a binary gradient pump,
a micro-vacuum degasser, an autosampler, a column oven,
and a DAD. A Rezex ROA-Organic Acid column with
hydrogen ionic form (4.6 x 250 mm, Phenomenex) was
used for separation. The oven temperature was set at 60 °C.
The mobile phase used was 5 mM sulfuric acid isocratic
at a flow rate of 0.2 mL min'. The injection volume was
20 pL and detection with DAD was done at 210 nm. As
with GC, calibration was performed using standard solu-
tions of different concentrations. Due to the acidic eluent of
the HPLC, methyl formate content of the samples was con-
verted to formic acid during the analysis. The formic acid
concentration, which arises mathematically from the methyl
formate content of a sample, was therefore subtracted from
the measured formic acid concentration. A complete con-
version of methyl formate to formic acid was assumed for
the calculation.

www.cit-journal.com
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2.5 Evaluation Methods

Numerous process parameters have been varied among
the four experimental setups used in this study (compare
Tab. 2). In order to identify correlations of these parameters
to the formation of side products, a Spearman correlation
analysis [45] was executed using the Correlation Plot app
of OriginPro. As many experimental parameters, e.g., RR or
weight hourly space velocity, were linked to certain exper-
imental setups, a selection of influencing parameters was
defined. These accounted to the gas composition at the reac-
tor inlet, i.e., CORfeed> SNgeed> a0 Yinert feed> @ Well as to peyn,
hotspot temperature (Tjopot), and the catalyst’s time-on-
stream (ToS). A positive correlation coefficient describes an
increase of a respective side product by increasing numerical
parameter value and vice versa.

3 Results and Discussion
3.1 Re-simulation of Literature Data

To obtain the relevant data on the composition of the feed
gas, re-simulations of the literature processes were carried
out as described in Sect. 2.1. Tab. 3 lists the results obtained
for the feedgas composition, recycle ratio, purge fraction as
well as adiabatic temperature rise in the pre-reactor in case
of working points 1-3.

For the process described by Gohna et al., the feed com-
position of the adiabatic pre-reactor was equal to the MUG
composition (Tab. 3, No. 1-3). However, the composition
of the loop reactor feed was defined by both, outlet com-
position of the pre-reactor and the interplay of reaction
temperature and rWGS reaction in the loop. In any case,
the temperature rise in the adiabatic pre-reactor was less
or equal to 35 K. This result agrees with the values pro-
vided in the original publication. It is to be denoted that
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Significance level: * p<=0.05 ** p<=0.01 *** p<=0.001

Methanol -0.86. b *
Water 0.88. e * 0.8
DME |-0.63@ * 064@ ** 040 @ ** *
Formic acid [043 @ * 050@ ** 059 @ *** * 0.6
Methyl formate |-0.58 @ ** -053@ *** * 044 @ * 0.4
Methyl acetate |-0.74@) ** -0.66@) ***
Acetone 087 @ = 049 @ 0.2
Methyl propyl ketone |-0.92(ff) ** 040 @
n-paraffins -0.81. il 0.82. bl 0
c2 —0.83. w041 @ *** *k L 02
n-C3 |-0cs@ ** -052@ **
i-C3 |-066 @ *** * 041 @ * 055 @ ** 04
Higher alcohols n-C4 [053@ ** -0.60@ *** 06
i-C4 [-057@ ** -048@ ***
s-C4 |-0.77@) 08
C5+ |-057@ *=* o 045 @ ** ]
OQ“’& ‘%%@Db a&‘b& ,\@*& <°

O g

Figure 1. Correlation plot of the experimental conditions regarding the side products analyzed using the Spear-
man correlation. Marker sizes, colors, and values indicate the correlation coefficient obtained. Symbols (x)

denote the significance level of the correlation.

the lowest purge fraction and, hence, best conversion was
achieved at the lowest reaction temperature of 250.2 °C. This
can be explained by the performance of the adiabatic pre-
reactor, which was highest at the lowest inlet temperature
and the high equilibrium conversion of the loop reactor at
this temperature.

For the re-simulation of the process proposed by
Ushikoshi et al. (Tab. 3, No. 4-6), the purge rate could be
held below 1 % of the inlet gas by increasing RR as stated in
their study [38]. With respect to the purge fraction defined
in Eq. (7), these simulations led to the lowest losses of
purge gas among all simulations carried out. However, to
achieve this, RR was increased from 4.9 to 8.7 as the reac-
tion temperature was raised from 230 °C to 270 °C due to
the equilibrium limitation of CO, hydrogenation.

The three conventional simulation scenarios (Tab. 3,
No. 7-9) led to an increase of COReeq compared to CORyuG
due to the WGS activity of the catalyst at high CO contents.
The purge fractions in these cases were higher compared to
the CO,-based scenarios due to the inert gases accumulating
in the loop.

The feed gas compositions for all literature references
were calculated successfully. However, it is to be denoted
that these values carry uncertainties due to missing pro-
cess data in the original publications and the consequential
assumptions necessary for the simulations (see Sect. 2.1).
Thus, the re-simulated literature values provide a rough esti-
mate rather than exact values. Still, this data will be used in

this work as reference for the side products measured during
the experimental campaign in this work.

3.2 Correlations of Side Product Analyses

To evaluate the influence of the process working condi-
tions to the formation of methanol and water as well as
side products, a calculation of Spearman correlation coeffi-
cients was carried out. In Fig. 1, a correlation plot including
all compounds detected in the crude methanol samples
with more than ten quantitative measurements is shown
over gas composition, reactor pressure, hotspot temperature,
and ToS. The graph indicates a strong correlation between
CORf.eq and the amount of methanol and water with a
correlation coefficient of —0.86 and 0.88, respectively, at a
high significance (p < 0.001). This finding underlines the
increase of water formation at increased COR and proves the
plausibility of the experimental data obtained.

With exception of formic acid, a negative correlation
to CORfeeq was calculated for all side products. The com-
pounds acetone and formic acid showed low correlation
coefficients of —0.37 and 0.43, respectively. Stronger corre-
lations (>0.53) with a high significance level (p < 0.001)
appeared for the other side products. The positive influence
towards the selectivity in methanol synthesis on Cu-based
catalysts was already documented by other researchers
[37, 46, 47]. Thus, this finding is in line with available
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scientific literature. The positive correlation between
CORg.eq and the amount of formic acid in the crude
methanol indicates a possible enhancement of this com-
pound at increased CO, contents in the reactor feed. This,
however, should be verified by further measurements, as a
high scattering of the data was observed, especially at high
CORfeed. The amount of formic acid ranged between 0 and
410 ppm with a mean value of 90.1 ppm among all samples
where this compound could be analyzed. Due to the high
variation of the experimental data regarding formic acid, no
strong correlation was found between CORgeq and formic
acid content in the crude methanol. Nevertheless, formic
acid should be considered for crude methanol handling
and purification [33, 35]. One possibility could be to con-
sider the mean content of formic acid independently of
COReeq. Future experimental work could be carried out to
identify a better correlation of formic acid formation and
the reaction conditions. Besides formic acid, no detectable
amount of other acid compounds as, e.g., acetic acid was
found.

In case of acetone, only concentrations below 12 ppm
were detected. As acetone was found only in a minority of
the samples, further data would be necessary to provide a
profound correlation for this side product.

While a strong correlation between side product forma-
tion and COR.q was noticed, weaker correlations were
found regarding SNfeeq and Yinertfeed- The results of the
analysis suggest that more side products are formed at
lower stoichiometry and higher inert gas fractions. However,
due to the multidimensional variation of process condi-
tions, more experimental data are required to verify these
influences. Similar conclusions were drawn regarding peyn,
Thotspot» and ToS, as only weak correlations at low signif-
icance levels could be obtained. In the next section, the
experimental data will be analyzed with a focus on CORgeq
to derive trends for side product formation depending on
this parameter.

In Fig. 2, the molar fractions of methanol and water
obtained from the experiments are plotted over CORyyG,
color-coded for the respective experimental setups with the
dashed lines providing the theoretical level of methanol and
water inside the crude methanol at stoichiometric conver-
sion (compare Eq. (8)). Experimental data for the molar
fractions of methanol and water show some deviations from
the theoretical values indicating possible effects due to non-
equilibrium reaction conditions, losses of CO, in the raw
methanol, purge gas losses of the setups including recycle
loop as well as inaccuracies due to evaporation of volatile
compounds during crude methanol sampling. The latter
effect is likely to be observed in case of Setup D, consistently
showing too low methanol molar fractions compared to the
theoretical level. However, these low methanol molar frac-
tions in the crude methanol could also be based on kinetic
effects.
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Figure 2. Molar fraction for methanol (x) and water (o) in the
crude methanol samples over CORyyg. Markers indicate the
experimentally obtained data, while dashed lines show the the-
oretical composition of the crude methanol depending on the
stoichiometry of the MUG.

3.3 COR Correlation of Carbonaceous Side
Products

As a strong correlation between the formation of carbona-
ceous side products and CORgeq was identified from the
data obtained from the experiments and literature, these
correlations are further investigated within this section. In
Fig. 3, the side products associated to CORg.q by a correla-
tion coefficient greater than 0.5 at a high significance level
(p < 0.001, compare Fig. 1) are plotted over CORgq. The col-
ors of the markers in the diagrams indicate, whether the data
was obtained with one of the experimental setups or from
literature, respectively. While CORg.q for the experimental
data was directly measured, this parameter was calculated
with respect to Sect. 3.1 for the literature data. Overall,
the experimental data show a decreasing trend of the side
products with increasing CORgeq. Besides some outliers,
all experimental data are within the range obtained from
scientific literature (yellow markers). Although the experi-
mental data indicate trends over CORy..q, SOme noise can be
identified. This is explained by multiple influences such as
different experimental conditions, sampling procedures, and
analytical methods (compare Sect. 2.2). More experimental
data would be necessary to identify the mechanisms of side
product formation.

With the aim to provide a rough correlation to the forma-
tion of the side products, an exponential function with the
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Figure 3. Side product content in the crude methanol for dimethyl ether (DME, A), methyl formate (B), methyl
acetate (C), methyl propyl ketone (D), n-paraffins (E), ethanol (F), n-propanol (G), i-propanol (H), n-butanol
(1), i-butanol (J), s-butanol (K) as well as C5+ alcohols (L). Marker colors indicate the experimental setups,
the dotted lines indicate an exponential fit for the side product over CORyceq. Trend lines were fitted to an
exponential equation with the structure Xgige product = @ - €Xp (b + CORfeeq)-

following structure was fitted to the data:
Xside product = a- exp (b . CORfeed) (9)

In Tab. 4, the parameters of the fitted exponential trend
lines are provided. Due to the missing consideration of other

influencing parameters such as SNged> Vinertfeed> Psyn» and
reaction temperature or ToS, the description of the experi-
mental data cannot deliver a final model, but rather a rough
estimation. Nevertheless, based on the data available from
the experimental campaign carried out within this study,
the exponential trend lines provide an improvement to the
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Table 4. Parameters for the exponential trend lines to describe
side product formation related to COR;eeq-

Compound Parameter Value

DME a 221.1 ppm-wt.
b -1.86

Methyl formate a 834.4 ppm-wt.
b -1.83

Methyl acetate a 83.7 ppm-wt.
b -4.37

Methyl propyl ketone a 25.5 ppm-wt.
b -4.13

n-Paraftins a 21.2 ppm-wt.
b -173

Ethanol a 1760.1 ppm-wt.
b -2.78

i-Propanol a 69.6 ppm-wt.
b -1.55

n-Propanol a 505.2 ppm-wt.
b -2.22

i-Butanol a 98.1 ppm-wt.
b -1.68

n-Butanol a 180.6 ppm-wt.
b -1.86

s-Butanol a 238.1 ppm-wt.
b -2.09

C5+4 alcohols a 255.3 ppm-wt.
b -117

current understanding of side product formation. These
could be considered in future studies dealing with the design
of methanol distillation systems. However, further experi-
mental points should be added to obtain a better description
of the data and derive multidimensional correlations com-
bined with the other influencing parameters. To provide a
platform for expansion of the experimental data set, the raw
data provided in Fig. 1 are listed in Tab. SI of the Supporting
Information of this publication.

4 Conclusion and Outlook

A systematic analysis of 96 crude methanol samples from
four experimental setups operated over a wide range of
working conditions was carried out by means of the main
and side products formed on a Cu-based catalyst. A com-
parison of the experimental results to available literature
indicated the validity of the analytical methods and the
experiments. By a Spearman correlation analysis, CORfeeq
was identified as the most relevant process parameter for the

www.cit-journal.com
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formation of carbonaceous side products. With exception of
formic acid, the amount of all side products decreased when
the CO, content in the reactor feed was increased, indicat-
ing a simpler purification of CO,-based crude methanol in
comparison to conventional crude methanol.

Trend lines describing side product formation related
to CORgeeq were fitted to the experimental data to provide
rough estimations on their formation over Cu-based metha-
nol synthesis catalysts. These trend lines can be applied
to improve the design of methanol distillation systems
and deliver an important step towards the description of
quantitative side product formation. In future studies, these
simplified models can be elaborated further by means of
the addition of more experimental data and the integration
of factors as stoichiometry, inert gas content, pressure, tem-
perature, or ToS. Furthermore, kinetic investigations could
be carried out to obtain an improved understanding of the
influencing factors of side formation in methanol synthesis
and to deliver more detailed models on their formation.

Supporting Information

Supporting Information for this article can be found under
DOI: https://doi.org/10.1002/cite.202400009.
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Symbols used

a [ppm-wt.] trend line parameter
AR [m?] cross-sectional area

b [-] trend line parameter
COR [-] carbon oxide ratio

m [kg] mass

Psyn [bar] synthesis pressure

p [-] p-value

PF [-] purge fraction

RR [-] recycle ratio

SN [-] stoichiometric number
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T [°C] temperature
x -] mass fraction
X [variable unit]  parameter
¥ [-] mole fraction

I Greek letters

A difference

I Sub- and Superscripts

ad adiabatic

Ar argon

cat catalyst

CH, methane

6[0) carbon monoxide
CO, carbon dioxide
crude  crude product
feed reactor feed

H, hydrogen
hotspot  hotspot

i component
inert inert component
loop recycle loop

MeOH methanol
MUG  make-up gas
N, nitrogen
purge purge gas

I Abbreviations

ASTM  American Society for Testing and Materials
DAD diode array detector

EI electron ionization
FID flame ionization detector
GC gas chromatograph(y)

HPLC  high-performance liquid chromatography

IMPCA International Methanol Producers and
Consumers Association

MS mass spectrometer

MUG  make-up gas

NIST National Institute of Standard and Technology

rWGS  reverse water-gas shift

TIC total ion chromatogram

ToS time-on-stream

WGS water-gas shift
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