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The multifunctional applicability of a gas mixing system is presented within the scope of Carbon2Chem� for the simula-

tion of steel mill flue gases and their application in downstream processes. A special focus is set on the parallel operation

of the gas mixing system to enable PTR-MS method optimization and methanol synthesis with simulated real gas matri-

ces. Information is gathered for the design of downstream processes and their application, where methanol synthesis is

chosen as a model reaction. A proof-of-principle study is presented where operation of a catalytic reactor setup in combi-

nation with the gas mixing system and a compressor generate reproducible results. The addition of potential trace compo-

nents in methanol synthesis is exemplarily demonstrated using ammonia. With respect to the PTR-MS application, the

dosing of two calibration gas standards, toluene and carbonyl sulfide, via the gas mixing system were analyzed in detail.

The obtained results give insight into its applicability to simulate traces and enables the further development of analytical

methods for the analysis of trace impurities in the ppb and ppt range in complex gas mixtures.
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1 Introduction

The increasing energy demand and the related shortage of
fossil fuels require ecologically friendly alternatives on the
background of the ongoing climate change [1–3]. Thus, not
only the development of renewable energy sources has to be
promoted but also the transformation of existing technolo-
gies applying suitable carbon capture and utilization (CCU)
strategies regarding their contribution by emission, e.g.,
steel production plants, which emit large amounts of
CO2-rich gases [4, 5]. Within the scope of the project
Carbon2Chem� the process gases of steel production plants
serve as the starting point. Prior to application an appropri-
ate preconditioning has to be configured in order to utilize
the flue gases as a chemical feedstock, which is demanding
as demonstrated in [6] discussing the variability of the orig-
inating process gases. Beside main components the compo-
sition of the included trace components play a crucial role
and so far, there is only limited information in the ppb or

ppt concentration range in the entirety of the steel mill flue
gases. [7–9]

Beside the main components, the steel mill flue gases
contain numerous traces [10, 11]. Thus, an elaborate gas
cleaning is needed to remove typical trace components, es-
pecially sulfur-containing components and other potential
components that may act as a selective catalyst poison in a
downstream application depending on the desired catalytic
reaction and the nature of the catalytically active sites
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[12–15]. Since a complete removal is cost intensive,
research is conducted on the types of trace impurities and
their effect on a potential downstream application.

Online monitoring of traces in the concentration ranges
of ppb and ppt is of great importance since offline measure-
ment may induce fluctuations in gas composition. It has
been previously shown that a time-resolved information on
trace compounds can be achieved applying a highly sensi-
tive proton transfer reaction mass spectrometer (PTR-MS)
[16]. The advantage of this technique is the possibility to
quantify compounds without the need of a prior calibration.
As a semi-quantitative technique, it enables online monitor-
ing of volatile organic compounds (VOCs) using chemical
ionization, and most important without the need of a prese-
paration by, e.g., gas chromatography. This technique usu-
ally uses hydronium (H3O+) cations as reagent ionization
ion and supports the ‘‘soft’’ ionization method. A more
detailed description can be found in the Supporting Infor-
mation. [9, 16–26]

Due to the soft ionization molecules do not undergo a
high fragmentation, leading to the fact that molecules can
be detected by their molecular mass plus H+ [27]. Further
advantages of PTR-MS are that no sample preparation is
needed, a higher mass range is available compared to con-
ventional mass spectrometers, a complete mass spectrum is
detected within a second and a higher mass resolution and
sensitivity is given, which multiplies the analytical informa-
tion contained in the spectra. [28]

Although complex gas mixtures can be analyzed with this
technique, it has to be considered that the detection of iso-
mers is not possible and the determination of isobars is
extremely challenging depending on mass resolution and
additionally, the presence of parasitic ions such as NO+ and
Oþ�2 can enable undesired reactions [29]. The application
within this work is to combine PTR-time-of-flight(TOF)-
MS with a gas mixing system to identify effects of the com-
position of gas matrices. Since PTR-TOF-MS is a new type
of technique and mostly used for air measurements, there is
no database available to compare the resulting spectra with.
Therefore, calibration of measurement instruments as well
as the validation of analytical procedures have to be consid-
ered constantly.

Since the carbon content of steel mill flue gases provides
a suitable feedstock for methanol synthesis by the addition
of hydrogen from electrolysis the reaction represents a suit-
able industrial downstream application that is well-estab-
lished. Regarding the industrial application there is an opti-
mum in synthesis gas composition for the application of the
commercial Cu/ZnO catalyst containing both, CO and
CO2, leading to a formate-based reaction pathway starting
from CO2, while CO serves as a scavenger via the water-gas
shift reaction (WGSR) effectively reducing the water con-
tent. In contrast, in pure CO2 hydrogenation water forma-
tion is of higher significance due to the reaction stoichiome-
try and is also depending on the recycle introducing CO
formed via reverse water-gas shift (RWGS). [30–32]

Beside a complex reaction pathway, studies regarding
potential catalyst poisons in the industrial case mainly focus
on S-compounds leading to irreversible poisoning effects
due to the formation of sulfides. Nevertheless, studies on
different catalyst poisons are available for liquid phase
methanol synthesis focusing on sulfur species such as COS,
CS2 and thiophene leading to irreversible catalyst degrada-
tion while apparently HCN and ammonia-related derivates
show no influence. [33]

New studies demonstrate the pulse dosing of such N
compounds at high pressure but do not investigate the
effects on a long-term scale [34]. At the short-term scale, no
significant influences are apparent, which is related to the
observation that only surface sites related to methanol for-
mation and the stabilization of related intermediates are
involved, while hydrogenation sites are not affected, and
thus methanol yield is only temporarily diminished. Experi-
ments that exceed short time scales have been conducted by
Schühle et al. [35], however an indium-based catalyst sys-
tem was used, which does not allow direct correlation com-
pared with the Cu/ZnO catalyst.

Within this study a process combination is demonstrated,
where gases mixed at atmospheric pressure simulate the
preprocessed steel mill flue gas which, subsequently, are
compressed and utilized in a lab-scale methanol synthesis
plant (Fig. 1). A proof-of-principle study is supported by a
measurement using the selective addition of ammonia to
the premixed synthesis gas revealing their effect on the cata-
lyst activity at a first glance. [34]

In addition, the complex gas mixing system is used to
introduce trace components evaluated by PTR-TOF-MS to
enhance method optimization such as organic (e.g., toluene)
or sulfur components (e.g., COS). Furthermore, method op-
timization is demonstrated considering suitable background
measurements including the influence of setup parameters
and atmospheric moisture contents, which can be effectively
controlled with the gas mixing system. This procedure is
necessary to identify and quantify trace components while
measuring real gas matrices. Overall, this study supports
the complementary real gas measurements. [12, 36]

2 Experimental

2.1 Gas Mixing System

The gas mixing system was introduced thoroughly in [9]
demonstrating the basic layout and potential application. In
the following, modifications are described to equip the
existing design with additional features in order to connect
the setup with a compressor unit and attached downstream
applications.

Since flow ranges needed to be adapted for the main
components, additional mass flow controllers were added
to provide an enhanced variability of the gas mixture. The
modifications are shown in Tab. 1, where an overview over
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the gas types and corresponding
flow ranges is given. Thus, a syn-
thesis gas of a standard composi-
tion required for methanol syn-
thesis can be mixed and delivered
at a flow rate of 1 L min–1. The
synthesis gas composition ap-
plied here comprises 13.5 % CO,
3.5 % CO2 and 73.5 % H2 with
9.5 % N2 added for balance and
internal standard reference. The
chosen composition originates
from agreements with the indus-
trial partners to establish indus-
trially relevant conditions. Fig. 2
illustrates the modular character
of the setup composed of skid 1
and 2 for main and minor compo-

nents. Skid 3 houses the HovaCal�-N 17837-VOC setup for
gas dosing and the addition of liquid components. Skid 4 con-
tains the gas distribution unit, which enables multiple
options. Herein, skid 1+2, skid 3, the permeation device and
the oxygen feed line can be controlled separately and used for
the two mixing sections, namely analytic section (blue) and
compressor line (black). Both circuits can be switched to a
shared exhaust line for flushing options. The analytic line fea-
tures the connection of the PTR-TOF1000 in series with a GC
(Agilent 7890B), which is used for the main component gas
analysis. The compressor line leads to the air-driven two-
stage gas compressor. This layout of the mixing section
enables the option of operating both, the compressor line and
the analytic circuit, independently in parallel with the re-
quired devices. Practically, in most cases this means operation
of the PTR-TOF-MS using the HovaCal�-N 17837-VOC
while using skid 1+2 to feed the compressor line.

The coupling of the gas mixing system to the compressor
was a challenging task since the mass flow controllers

Chem. Ing. Tech. 2022, 94, No. 10, 1–15 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 1. Schematic block chain of the process concept described in this study.

Table 1. Flow option for the main components (skid 1) of the
modified mixing system. Composition ranges given in percent
referred to a total flow of 1 L min–1.

Gas Flowa) [cm3min–1] Vol%min Vol%max

He 6–300 0.6 30

H2
b) 14–1000 1.4 100

N2
b) 4–1000 0.4 100

COb) 1.4–500 1.4 50

O2
b) 0.02–30 0.002 3

CO2
b) 0.4–400 0.04 40

CH4 7–350 0.7 35

a) MFC setpoint 2–100 %; b) multiple flow controllers used.

Figure 2. Schematic illustration of the gas mixing system for the dosing of gaseous, liquid and solid trace components into a main gas
feed and mixing section located in skid 4 for the selection and distribution of different devices and corresponding gas streams.
A declaration of symbols can be found in Fig. S1.
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require a continuous flow environment for a stable opera-
tion. Thus, a transfer unit (Fig. 3) was designed which fea-
tures a 20-L stainless-steel vessel constantly fed by the
mixed gas stream. A bypass outlet of the container is
attached to the exhaust line including a 0.7-barg check valve
(10 psi, Swagelok), which provides a slight overpressure in
the storage vessel. This ensures the availability of the
required amount of mixed gas for compression since it is
achieved in cycles on demand.

The air-driven synthesis gas compressor unit (Swagelok/
RAiTec Anlagenbau, Neuss, Germany) is illustrated sche-
matically in Fig. 3 indicating a two-stage design using gas
boosters (Haskel, USA) with different compression ratios.
The first stage compresses the feed from atmospheric pres-
sure to about 5–7 bar of working pressure for the second
stage. A 1000-cm3 storage volume between both enables the
effective decoupling of the stages and ensures a sufficient
gas volume in the system. Control of the stages is achieved
by electronically actuated needle valves effectively regulating
the compressed air supply for both stages. The interplay of
both pressure stages is adjusted by a set of parameters with-
in the compressor control panel (WinCC, Siemens). Any
occurring failure in the feed section or the receiving installa-
tion, which would lead to a drop in the desired working
pressure, automatically forces the system into an auto shut-
down due to a programmed timeout for reaching the set
working pressure. The system is automatically vented be-
cause a valve in normally open position is actuated upon
shutdown of the compressed air supply.

The receiving side is located in the reactor setup contain-
ment and consists of a 1-L stainless-steel container leading
into a pressure reducer attached to a Coriolis flow meter. A
series of strategically located check valves along the synthe-

sis gas line ensures the forward flow direction and retention
of system pressure in case of events that lead to a pressure
drop in a subunit.

2.2 Catalytic Reactor Setup

Methanol synthesis was conducted in a lab-scale flow setup
equipped with a fixed bed reactor. The commercial setup
was modified regarding the feed gas section. This leads to
the option of either mixing the desired synthesis gas with
the individual gas lines (CO, CO2 H2, N2) fed by the labora-
tory gas grid (high pressure) or using the compressor to uti-
lize gas mixtures provided by the gas mixing system (low
pressure). The flow scheme of the modified setup is shown
in Fig. 4.

Both gas feeds can be switched during the measurement
by a three-way gas selector valve. The feed gas flows are
optimized to a maximum flow rate of 500 mL min–1. The
internal gas mixer contains mass flow controllers for the
individual gases, while the compressor line features a Corio-
lis flow meter which can be calibrated more easily regarding
different synthesis gas compositions. The 0.5-inch reactor is
housed in a single zone laboratory furnace with an isother-
mal zone of approx. 5 cm. Temperature control is provided
by a thermocouple located in the axial center of the catalyst
bed. The used reactor type can hold 1 g of catalyst loading
leading to a bed length of approx. 1.2 cm. For the experi-
ments conducted within this work the amount of catalyst
was reduced to 500 mg, where inert SiC was used (700 mg)
to retain the original catalyst bed length for a correct place-
ment of the thermocouple. The catalyst bed is fixed in the
reactor using quartz glass rods of a defined length and a
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Figure 3. Transfer unit for continuous flow operation and flow scheme of the compressor unit. A declaration of symbols can be found
in Fig. S1.
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defined amount of quartz wool. This effectively reduces the
dead volume and enables the reproducible packing of the
reactor for each experiment. The procedure and parts used
for the stabilization of the catalyst bed are shown in a sche-
matic drawing in Fig. S2 (Supporting Information). Product
gas analysis is achieved using a combination of fast IR gas
analysis (Emerson X-Stream) and gas chromatography. The
IR detector has four channels analyzing CO, CO2, methanol
and water. It has to be considered that the indicated con-
centrations are not volume corrected. In addition, gas chro-
matography is used for quantification due to the possibility
of volume correction. The used instrument (Agilent 7890B)
is equipped with two main gas paths leading to analysis by
thermal conductivity detector (TCD) and TCD/FID combi-
nation (flame ionization detector). The flow sheet indicating
the column interconnection and corresponding chromato-
grams are presented in Figs. S3–S5.

2.3 Methanol Synthesis

Methanol synthesis was conducted using a commercial cat-
alyst based on a Cu/ZnO system, which was provided by
project partner Clariant. Catalyst activation was performed
according to a standard procedure [32] consisting of a
two-step activation where in a first step the catalyst was
heated in a flow of diluted hydrogen of 100 mL min–1

(2 % H2 in Ar) to 175 �C using a heating ramp of 1 K
min–1 and a hold time of 15 h. In the second step the cat-
alyst is heated further to 240 �C utilizing the same heating
ramp and a hold time for 30 min. First tests were con-
ducted using benchmark conditions, which were defined
to 250 �C, 50 bar and 1000 mL min–1gcat

–1. As a synthesis

gas mixture, a feed of the composition 13.5 % CO, 3.5 %
CO2, 73.5 % H2 and 9.5 % N2 was used, where nitrogen
represents the internal standard. This composition ensures
the establishment of industrially relevant conditions. The
experiment conditions further include a mass related flow
of 1000 mL min–1gcat

–1 (0.5 g catalyst loading) to avoid
overheating of the catalyst bed. Otherwise, potential over-
heating may severely aggravate the kinetic analysis. The
test sequence comprises an induction period of 100 h,
which will lead to a certain degree of catalyst deactivation.
Since the induction period is limited to 100 h, it has to be
considered that further deactivation underlies the derived
results. In the following, initial conditions are established
for comparison until the gas atmosphere is switched from
the internal gas mixer of the setup to the premixed syn-
thesis gas from the compressor unit. Raw gas measure-
ments were performed in advance and after the sequence,
respectively.

2.4 Method Optimization for PTR-MS

Within the scope of the Carbon2Chem� project this work
will be focused on testing the PTR-TOF1000, which is com-
bined to the previously described gas generating system.
Calibrations are performed for two gas standards, toluene
and carbonyl sulfide, which are possible traces in steel mill
flue gases. In addition, the importance of humidification for
toluene is investigated and compared to the dry calibration
gas standard measurement. To further compare the repro-
ducibility of the system, toluene is in addition to the gas cal-
ibration standard injected as liquid, and likewise measured
dry as well as humidified.
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Figure 4. Flow scheme of the modified reactor flow setup for methanol synthesis. A declaration of symbols can
be found in Fig. S1.
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The herein used instrument for the PTR-TOF-MS mea-
surement is the PTR-TOF1000 mass spectrometer acquired
by Ionicon Analytik GmbH, Innsbruck, Austria. It has a res-
olution of 1000 m/Dm. A detailed description of the instru-
ment is given by Jordan et al. [28] and Lindinger et al.
[28, 37]. In this work, the measurements for toluene (proton
affinity 784 kJ mol–1) were proceeded with H3O+. The ions
are generated in the hollow cathode ion source using water
vapor. The parameters for the drift tube were set to 600 V,
2.30 mbar and 80 �C, which gives an E/N value of 131 Td
(Townsend, equals 10–17 V cm2). The inlet temperature
was set to 80 �C. For carbonyl sulfide (proton affinity
628.5 kJ mol–1) measurements were performed with Oþ�2 .
The drift tube was set to 600 V, 2.30 mbar and 60 �C with a
resulting E/N value of 129 Td. In the detection region an or-
thogonal acceleration in the V-mode is used. For mass range
m/z 15 up to 738 was applied. For mass calibration, the
internal standard (PerMaSCal, 1,3-diiodobenzene, C6H5I+,
m/z 203.943 and [C6H4I2]H+, m/z 330.848) and the masses
of the second isotope of H3O+ (H3

18O+, m/z 21.022) and of
NO+ (m/z 29.997) were used for measurement of toluene.
For mass calibration within the carbonyl sulfide measure-
ment the internal standard of PerMaSCal and the masses of
NOþ2 , m/z 45.992 and the second isotope of Oþ2 (18Oþ2 , m/z
33.994) were used, respectively. Data acquisition was per-
formed applying the Ionicon software IoniTOF 3.0.55, and
for data analysis the PTR-MS Viewer 3.4.2 was used (all
measurement parameters are summarized in Tab. S5).

For the generation of different concentrations of the cali-
bration gas (and also humidified gases) the HovaCAL� in
skid 3 was used. This instrument can dynamically generate
gas standards of typical VOCs from a few ppt up to ppm
level under dry and humid conditions. Therefore, the ad-
vantage is the possibility to prepare gas mixtures from sub-
stances that are not in the pool of available substances and
allows the optimization of measurement parameters of indi-
vidual substances under controlled conditions (e.g., relative

humidity, concentrations). It consists of an evaporation
chamber, a dosing and temperature control as well as a dilu-
tion part. The liquid of interest, e.g., water in case of humid-
ifying the gas, is injected into the evaporator via a syringe
pump module and mixed with a defined carrier gas flow.
The dosing range depends on the used syringe, which was
in this experiment 25 mL and 250 mL for toluene and water,
respectively. During the measurements the evaporators were
kept at 120 �C to avoid condensation and guarantee com-
plete evaporation inside the instrument or lines. Humidifi-
cation was carried out using HPLC-grade water stored in
DURAN� glass bottle reservoirs, which were connected to
the gas mixing system via a tubing of few millimeters. This
instrument, a multicomponent gas generating system for
the injection of liquid and gaseous components is based on
a 3-stage dilution concept. [38] With this dilution concept
dilution ratios of up to 1:106 can be accomplished. An addi-
tional heating line was connected between the HovaCal gas
generator and the PEEK� line of the PTR-TOF1000 and
kept constant at 120 �C. The control software is based on
LabVIEW (National Instruments) and allows to regulate
parameters like evaporator temperature, gas flow of the cali-
bration gas as well as of matrix gas (N2, usually kept at
2500 mL min–1), valve switching, level of humidity (in %
RH), injection rates and concentration adjustment.

3 Results and Discussion

3.1 Methanol Synthesis

To verify the suitability of the gas mixing system for the
combination with a subsequent high-pressure process appli-
cation, methanol synthesis was investigated with both, the
internal gas supply of the catalytic reactor setup as well as a
gas mixture provided by the gas mixing system via the com-
pressor unit. Fig. 5 shows the induction period using the
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Figure 5. a) Normalized COx conversion and normalized methanol mole fraction for the first 100 h TOS. b) Compari-
son of induction period under initial and optimized conditions. Reaction conditions: 250 �C, 50 bar and
1000 mL min–1g�1

cat.
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internal gas mixer of the lab-scale flow setup. A significant
deactivation can be observed within the first 100 h time on
stream (TOS), which amounts to about 85 % of the initial
activity.

The similar progression of the COx conversion as well as
the methanol mole fraction indicate a well-working system,
which is supported by the determined closed carbon bal-
ance. Such a strong initial deactivation predominantly in-
duced by thermal sintering is typical for Cu/ZnO catalysts
under these conditions. [39]

However, it has to be considered that a further deactiva-
tion is observed. This is of interest for kinetic investigations,
where an underlying deactivation may influence the ob-
tained results significantly. Accordingly, an induction peri-
od of 100 h is an approach to a fast induction, where further
deactivation can be accepted.

A preceding experiment was considered to estimate the
reproducibility of measurements in the lab-scale synthesis
setup (Fig. 5b). The experiment was conducted under the
identical conditions, but in between an optimization of the
regulating parameters was realized to significantly improve
data quality. By enlarging the regulation cycles of the pneu-
matically actuated pressure regulator valve the short-term
pressure and flow fluctuations could be reduced leading to a
significantly smoothed trend of the measured values.
Despite the high fluctuations for the preceding measure-
ment this comparison indicates a similar progression of the
deactivation in both experiments proving the downstream
methanol flow setup as reproducible in standalone opera-
tion. Furthermore, the adjustment of parameters led to an
acceptable data quality.

In the next step the focus was put on the air-driven syn-
thesis gas compressor and its regulating behavior. This is
more complicated compared with the internal gas supply
since more flow control devices and storage volumes are
involved. The complication is further expressed by the resi-
dence time behavior, which was experimentally determined
as shown in Fig. S7. The residence time behavior is similar
to a cascade of ideal CSTRs with N = 3 and a mean resi-
dence time of q = 12 800 s according to Eq. (S6). Thus, a
complete change of the atmosphere without intermediate
flushing takes approximately 12 h. As a consequence, fast
atmosphere changes are hampered as a proper flushing of
the subunits is required. However, atmosphere changes can
be performed by an interplay of both synthesis gas sources,
the internal gas supply of the catalytic reactor setup and the
gas mixing system, which is discussed in the following.

Both synthesis gas sources were evaluated regarding the
reproducibility and the stability of their composition by
comparing the measurements of several raw gas sequences
and compressor test runs applying the same nominal com-
position (Fig. S8, S9). The overlay of chromatograms from
both gas supplies indicates that not only the compositions
of both mixtures are similar in the range of a reasonable
measurement error but also that no oxygen is introduced by
the air-driven compressor unit. Oxygen, which would

appear as a peak between H2 and N2 in the chromatogram,
would lead to a catalyst degradation, because the active state
of the methanol synthesis catalyst is sensitive to oxygen
traces. [14]

As a consequence, the methanol yield would drop severely
as oxygen would induce an accelerated deactivation com-
pared to the naturally occurring induction behavior. The sta-
bility of the compressor synthesis gas was further monitored
over two days where multiple measurements were con-
ducted. The results of this experiment are given in Tab. 2 and
Fig. S9b. The measured average composition is similar to the
desired standard composition and the standard deviation is
comparably small for the single components.

Thus, both synthesis gas sources are comparable while
taking the potential error sources into account. Small devia-
tions have to be tolerated since fluctuation of the mass flow
controller have to be considered as well as the measurement
and integration accuracy and the occurring error thereof.
Furthermore, beside the multiplicity of components regard-
ing flow control, which is different for both synthesis gas
sources, it has to be considered that the systems work at dif-
ferent feed pressures.

As a follow-up to the induction period shown in Fig. 5a, a
temporal switch to the compressor synthesis gas source was
performed to verify the consistency of both gas supplies
(Fig. 6a). Despite small fluctuations in the transition range
induced by pressure differences in the setup the switch be-
tween the synthesis gas sources has only a small influence
on the COx conversion and the methanol mole fraction.
The evenly ongoing deactivation indicates that the compo-
sition of both mixtures matches the desired composition as
demonstrated in the previous synthesis gas comparison and
does not carry significant amounts of oxygen, since any
unexpected deactivation is absent. In addition, the carbon
balance remains stable and the return to initial conditions is
achieved without disturbance.

The results of a stable and reproducible compressor
application led to the first dosing experiments using NH3 as
a literature-related reversible poison for test purpose. The
desired amount of NH3 was dosed via the gas mixing sys-
tem into the synthesis gas stream fed to the compressor.
The catalyst used for this dosing experiment was similarly
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Table 2. Synthesis gas provided by the gas mixing system/com-
pressor combination. Average values from data collected over
two days shown with corresponding standard deviation.

Component Ø mixer [%] SD [%] Ø setup [%] SD [%]

H2 73.79 0.37 74.29 0.45

N2 9.55 0.18 9.28 0.16

CO2 3.44 0.05 3.33 0.06

CO 13.22 0.20 13.10 0.23
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induced for 120 h before the compressor synthesis gas was
switched online. Fig. 6b shows the dosing experiment re-
corded with the fast response IR detector. The observed
spikes shortly after the switch to compressor gas result from
short pressure fluctuations and flow interruptions. A
relatively fast response indicates that the dosed NH3

(3000 ppm) diminishes the methanol concentration by
approx. 20 % compared to the initial value accompanied by
a subsequent increase in CO concentration as a result of a
reduced conversion. A new steady state is achieved after
about 1 h of dosing as the methanol concentration stabil-
izes. Under these conditions surface sites related to metha-
nol formation and the stabilization of intermediates thereof
are involved where NH3 is converted into methyl amines,
reducing the amount of methanol formed [34]. The return
to initial conditions and a clean synthesis gas by the internal
gas supply of the catalytic reactor setup features a complete
recovery to the initial concentration.

This experiment proves the feasibility of a selective addi-
tion of desired catalyst poisons and the effortless switching
between the synthesis gas sources. Thus, long-term dosing
experiments are in the range of possibilities while investi-
gating the recovery under clean conditions is another at-
tractive option. Overall, the process concept is a promising
tool for further investigations on these topics. The investi-
gations on methanol synthesis lead on to the second task to
be achieved with the gas mixing system, namely the simula-
tion of real gas matrices and their analysis with PTR-MS.

3.2 Trace Analysis with PTR-MS

To test the gas mixing system with the combined PTR-
TOF1000 setup, a toluene calibration gas standard was used
as it serves as a good benchmark compound. To validate the
results of the calibration gas standard, toluene was after-
wards also injected via the liquid phase to compare the

reproducibility of generating the toluene vapor from the
two different aggregates. Toluene belongs to the group of
VOCs and has a nonpolar character and a proton affinity of
784 kJ mol–1 [40]. This lies in between the proton affinity of
H3O+ (691 kJ mol–1) and the first water cluster [H2O]H3O+

(808 kJ mol–1) [41]. Protonation from only the H3O+ ion
should, therefore, be experienced without any problem.
First, toluene (AirLiquide, 100 ppb in N2 ± 10 %) was mea-
sured under dry conditions, which is principally the stan-
dard approach while mixing gases. However, to validate the
herein simulated data with real gas mixtures from steel mill
emissions, compounds or moreover gas mixtures also have
to be remeasured under humid conditions, since only in
this way impurities and reasons for the deactivation of cata-
lysts can be detected in detail. [29, 42, 43]

Before analyzing the obtained data, the signal has to be
normalized to the obtained values of the reagent ion. There-
fore, the ion signal of RH+ is normalized to the primary ion
(H3O+) signal of 106 counts per second (cps) (Eq. (1)) [44].
The respective PTR-MS sensitivity towards a VOC is usu-
ally defined as the signal intensity per known volume mix-
ing ratio.

ncps C7H8ð Þ ¼ Corrected Counts C7H8ð Þ
Corrected Counts H18

3 O
� �� �

" #
� 106 (1)

Fig. 7 shows the results of the time series of the recorded
spectra of toluene ([C7H8]H+, m/z 93.082) calibration gas
standard under dry conditions. Every change of concentra-
tion equilibrates rapidly and for the measurement cycles
a stable signal of the substance could be determined
(Fig. S10). The resulting calibration points show with an
error of only 2 % almost no deviation and the points from
going up (0 ppb to 100 ppb) and down (100 ppb to 0 ppb)
are mostly overlapping. This means that the concentration
of toluene given through the gas mixing system is very
stable and reliable. Furthermore, memory effects of
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Figure 6. a) Normalized COx conversion and methanol mole fraction for the compressor switching experiment in-
cluding induction period and return to initial conditions. Methanol mole fraction shown with offset. b) First experi-
ment of ammonia dosing (3000 ppm in synthesis gas) using the fast response of the IR detector.
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accumulated toluene on the surface of the lines, which
could falsify the concentration, can be excluded. The
respective fitted curves allow a linear approximation for the
whole range, which can be also seen in Fig. 7a (further
details are given Fig. S11, S12 and Tab. S1). Fig. 7b shows a
parity plot comparing the experimentally obtained concen-
tration by applying the software PTR-MS Viewer for quan-
tification to the nominal concentration. The lines are almost
on top of each other showing that the error with an average
of ~5 % is quite small for PTR-MS as a semi-quantitative
method.

For the investigation of toluene under humid conditions,
it was remeasured under identical experimental parameters
but with changing the level of relative humidity. First, a new
measurement series of dry toluene was carried out and
directly after, 50 % RH were added in form of water via the

gas mixing system. The corresponding results are shown in
Fig. 8a.

In both cases (0 % RH and 50 % RH), the response of the
instrument in normalized counts per second (normalized to
the primary ion H3O+) is linear in the whole concentration
range from 0 up to 100 ppb (see also Fig. S13–S16 and
Tab. S2). It is important to mention that, similar to the dry
measurement shown before, also during the humid mea-
surement the signals obtained at various concentrations
show only little deviation independent of the direction of
concentration change (Fig. S13). Comparing both curves
(toluene 0 % RH and 50 % RH, Fig. 8) with each other
shows that while adding humidity the sensitivity of the
PTR-MS decreases slightly. As the proton affinity of toluene
is between H3O+ and H3O+[H2O], toluene reacts via
proton transfer with H3O+ but not with the latter one.

Chem. Ing. Tech. 2022, 94, No. 10, 1–15 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

a) b)

Figure 7. a) Calibration curve of toluene gas standard (dry) at different concentrations, first going up from
0–100 ppb, then down from 100–0 ppb (including linear fit). b) Parity plot of toluene gas standard (dry) measure-
ment showing the software quantified concentration and the nominal concentration.

a) b)

Figure 8. a) Calibration curve of toluene gas standard (dry, black star) at different concentrations going up from
0–100 ppb, toluene (50 % RH) going up from 0–100 ppb (black square) and going down 100–0 ppb (50 % RH, red
cross). b) Parity plot of toluene gas standard dry (black star) and humid (squares/cross) measurement showing the
experimental concentration and the nominal concentration.
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Furthermore, cluster ions would complicate the spectra in-
terpretation, which is suppressed by the use of PTR-MS due
to the applied electric field, which enhances the ion kinetic
energy and therefore lowers the formation of clusters. Thus,
a sensitivity drop of the PTR-MS adding humidity is
expected, which is defined by the slope of the linear fit of
the calibration curve given in ncps ppb–1. A detailed analysis
of toluene regarding different levels of humidity was already
carried out by Warneke et al. [42] covering the range from
20–100 % RH. Although the study presented here only
focusses on 50 % RH the results are principally showing a
similar trend. Nevertheless, the sensitivity itself is signifi-
cantly lower. While Warneke et al. [42] obtained a sensitiv-
ity of 71 ncps ppb–1 for dry and around 28 ncps ppb–1 for
humidified toluene the herein presented study only shows a
sensitivity of 9.9 ncps ppb–1 and 8.5 ncps ppb–1, respectively.
The deviation in terms of sensitivity can most likely be
related to the use of different instruments and instrument
parameters. This is supported by the work of Beauchamp
et al. [45], who used a comparable instrument as it was
applied in this study and determined values in a similar
range as our results.

In conclusion the herein obtained results are in agree-
ment with the expectations. Toluene is not supposed to
form clusters during the addition of water, which could be
underlined here with a small sensitivity drop. A significant
fragmentation of toluene could also not be observed, mean-
ing that the humidity and the formation of water clusters
did not have an influence on the fragmentation pattern,
which otherwise could affect the sensitivity. [29]

After switching off the injection of toluene as well as the
water injection, a signal drop is observed within less than
50 cycles, showing a low memory effect of toluene and
water (Fig. S13). Fig. 8b shows the corresponding parity plot
for toluene at both humification stages. The error of the
experimental versus the nominal concentration is given in

Tab. S2. In this second measurement series (toluene, 0 %
RH) carried out under identical conditions as the first series
the averaged error is with 4 % almost identical to the error
of 5 % described above. This error is completely in line with
the error for humid toluene (toluene, 50 % RH), which is
calculated to ~5 % with respect to the ratio of experimental
and nominal concentration. This shows that the measure-
ments are reproducible and the error with being below 10 %
is low for PTR-MS as a semi-quantitative method.

To further check the reproducibility and reliability of the
system, toluene was additionally injected into the gas mix-
ing system from liquid phase (toluene purchased from Sig-
ma Aldrich, anhydrous 99.8 %) to generate the vapor in the
corresponding concentrations. Likewise, the humidification
was also investigated and compared in Fig. 9 similar to the
previously shown results from the gas aggregate. Since the
liquid phase has no limitation in comparison to the gas
standard due to its concentration (calibration gas standard
100 ppb in N2), liquid toluene could also be measured at
higher concentration ranges (1000 ppb), while for the gas
standard the maximum was limited to 100 ppb. The higher
concentration ranges (> 100 ppb) are shown in Figs. S17–
S20 to simplify the direct comparison of the different aggre-
gates in Fig. 9.

The comparison directly shows a high reproducibility of
the results towards the previously obtained values from the
gas standard. The concentrations increase linearly resulting
in a consistent calibration line. The concentration point of
liquid toluene (50 % RH) at 100 ppb can be neglected in the
analysis, since it can be explained by an instrumental
change of the dilution stage and a too short equilibration
time. After this change, at higher concentrations everything
is back in the trend as can be seen in Fig. S18 and S19. The
difference in software quantification is with a deviation of
10 % (0 % RH) and 11 % (50 % RH) slightly higher than
from the gas standard, but still in a reasonable range. If
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Figure 9. a) Calibration curve of toluene (liq.) (dry, black star) ) and liq. (50 % RH, blue cross) at different concentra-
tions going up from 0–100 ppb, toluene gas standard (50 % RH) going up from 0–100 ppb (black square) and gas
standard (0 % RH, red cross). b) Parity plot of liq. toluene dry (black star) and from humid (50 % RH, red cross) and
from gas standard dry (blue cross) and humid (50 % RH, black square) showing the experimental concentration and
the nominal concentration.
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focused on the sensitivity of PTR-MS towards the humidifi-
cation of gases, toluene (0 % RH) generated from liquid
phase results in a sensitivity of 9.3 ncps ppb–1, while for
50 % RH a decrease to 8.5 ncps ppb–1 is observed. This sen-
sitivity drop for humidified toluene is in very good agree-
ment with the sensitivity values obtained from the gas stan-
dard (Tab. 3), since for both aggregates it is about 10 %.

The complementary experiments with the two different
aggregates, a gas standard and liquid phase, clearly prove
the functionality of the herein presented systems, and the
produced results are reliable no matter how the sample is
injected into the gas mixing system. A very low fragmenta-
tion is observed, and the obtained calibration line is stable
and follows a linear trend even at high concentrations
(1000 ppb). To further investigate samples of tremendous
interest for the analysis of industrial process gases, COS is
used as example for a sulfur-containing compound. A cali-
bration using a calibration gas standard (Westfalen Gas, car-
bonyl sulfide 1.00 vol % in N2 6.0) was performed as previ-
ously described for toluene. COS was introduced using the
defined experimental conditions for the PTR-TOF-MS
described in the corresponding section. Fig. S21 shows the
time series of the recorded spectra of COS+ (m/z 59.966) in
a nitrogen gas matrix under dry conditions for concentra-
tions in the range of 10 ppb to 1000 ppb (detailed values are

given in Tab. S4). Since COS is a strong adsorbing com-
pound, for each step a stable and equilibrated signal was
awaited to determine the counts. Due to its proton affinity
of 628.5 kJ mol–1 (NIST [46]), carbonyl sulfide has to be
measured with Oþ�2 , since it has a lower proton affinity
compared to water (~691 kJ mol–1).

Similar to toluene under dry and humid conditions, a
reliable calibration curve could be obtained (Fig. 10). The
corresponding linear curve fits can be found in Fig. S22. A
linear approximation was obtained for the whole concentra-
tion range from 0 to 1000 ppb. The parity plot for COS and
the resulting values are shown in Fig. 10b and Tab. S4.
According to the resulting averaged error a strong deviation
can be obtained for COS. The concentration, which is
entered into the gas generator is obviously almost doubled
in contrast to the monitored concentration with the PTR
mass spectrometer where only ~64 % are obtained resulting
in a deviation of around 36 %. However, it has to be noted
that toluene and COS are measured with different primary
ions, which might influence the reported error. While tolu-
ene was measured with H3O+ for protonation, Oþ�2 had to
be used for COS due to the proton affinity of the analyte.
Nevertheless, since PTR-MS is a semi-quantitative method
where a usual error of ~50 % (IONICON [47] Hands-On
PTR 2019) has to be considered, the here obtained error of
36 % is in an acceptable error range. Overall, the derived
calibration curves indicate a reasonable small deviation
when quantification is performed applying the PTR soft-
ware making in combination with its high sensitivity PTR-
MS a powerful tool for the analysis and quantification of
complex gas mixtures.

4 Conclusions

The herein obtained results are important steps towards the
analysis and application of steel mill flue gases. Within the
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Table 3. Overview of the different toluene injections and the
level of humidity with respect to the obtained sensitivity in
ncps.

Measurement type 0 % (RH) 50 % (RH) Change [%]

1st series: calibration gas std. 9.9 – –

2nd series: calibration gas std. 9.9 8.8 11

3rd series: liquid 9.3 8.5 9

a) b)

Figure 10. a) Calibration curve of COS (dry) at different concentrations, first going up from 0–1000 ppb (black
square) and down from 1000–0 ppb (red cross). b) Parity plot of COS measurement showing the experimental con-
centration and the nominal target concentration.
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here presented measurements the base was developed to
further investigate gas traces at the ppb- or even ppt-level in
gas matrices online and without the need of separation
methods. Furthermore, the performance of the gas mixing
system could be validated. Calibration curves for two com-
pounds, toluene under dry and humid conditions, and
carbonyl sulfide under dry conditions were obtained dem-
onstrating that the herein presented setup provides a rea-
sonable tool for method optimization in PTR-MS. In addi-
tion, the error of the used instrument (PTR-TOF1000) was
obtained with parity plots, showing that depending on the
analyte and measurement method (H3O+ vs. Oþ2 ) the error
is of about 5 % (toluene) and 36 % (COS), which is in a
good agreement with the error of ~50 % given by the
instrument supplier. It has to be noted that this method
allows a reasonable quantification with high sensitivity even
with a detailed calibration, which is not applicable with oth-
er analytical methods like gas chromatography or conven-
tional mass spectrometry. The presented gas mixing system
combines mixing of gases, evaporation of analytes and
water and the dilution of premixed gases to produce dry or
humid multicomponent test gases with defined trace con-
centrations. It offers a wide range of possibilities to simulate
gas mixtures also with toxic and corrosive analytes and to
study catalytic reactions or gas purification methods. A
future focus will also be directed to fragmentation patterns
of different compounds in terms of generating a spectral
database under controlled conditions (matrix, humidity,
concentration), which is unavailable so far. This will allow
to simulate and online monitor industrial process gases on
an industrial scale and, therefore, support the development
of gas cleaning strategies for the application of these gases
in catalytic processes for the production of, e.g., methanol.

In addition, the proof-of-principle study to use the gas
mixing system as a synthesis gas source for methanol syn-
thesis is established. The coupling of three subunits (gas
mixing system, compressor and catalytic flow setup) deliv-
ers comparable synthesis gas performance referred to the
internal gas supply and allows the selective addition of
potential catalyst poisons to the synthesis gas feed. The
deviation between both sources is comparably small, despite
the significantly different setups and multiplicity of compo-
nents involved. The air-driven compressor can compress
the synthesis gas without adding traces of oxygen, which is
especially important for the investigation in methanol syn-
thesis. Overall, a stable and reproducible operating perfor-
mance is observed for these initial experiments. This
enables beside short-term studies also long-term experi-
ments, which are rarely found in literature, while also
recovery studies can be performed. As a result of the modu-
lar integration in the overall process concept the design of
the gas distribution section allows the generation of synthe-
sis gas for methanol synthesis as well as for the method
optimization for PTR-MS analysis in parallel, which repre-
sents an efficient approach to contemporary laboratory
infrastructure on the larger scale. This is a key-step for

Carbon2Chem�: online gas characterization combined with
catalytic test setups to determine the use of steel mill flue
gases as raw material.
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Symbols used

Ai [Area units] GC area
E/N [Td] Reduced electric field
k [–] Collision rate
m [g] Mass
m/z [-] Mass to charge ratio
M [g mol–1] Molar mass
N [–] Number of reactors
_n [mol s–1] Molar flow
p [bar] Pressure
S [%] Selectivity
t [s] Time
T [�C, K] Temperature
X [%] Conversion
yi [–] Mole fraction
q [–] Reduced residence time
t [s] Residence time

Abbreviations

BFG Blast furnace gas
BOFG Basic oxygen furnace gas
CCU Carbon capture and utilization
COG Coke oven gas
COS Carbonyl sulphide
cps Counts per second
CSTR Continuously stirred tank reactor
FID Fame ionization detector
GHG Greenhouse gas
Liq. Liquid
MFC Mass flow controller
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MS Mass spectrometer
ncps Normalized counts per second
PAH Polycyclic aromatic hydrocarbons
PCB Polychlorinated diphenyls
PerMaSCal Permeation device for mass scale calibration
PTR Proton transfer reaction
RH Relative humidity
RMRi Relative molar response factor
RWGS Reverse water gas shift
SRI Selective reagent ionization
TCD Thermal conductivity detector
TOF Time-of-flight
VOC Volatile organic compound
WGSR Water-gas shift reaction
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[2] R. Schlögl, in CO2 und CO – Nachhaltige Kohlenstoffquellen für
die Kreislaufwirtschaft (Eds: M. Kircher, T. Schwarz), Springer,
Berlin 2020, 77–98.

[3] Climate Change 2014 Mitigation of Climate Change (Eds: O.
Edenhofer et al.), Working Group III Contribution to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change, IPCC, Geneva 2014.
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1419–1429. DOI: https://doi.org/10.1002/cite.201800017

[14] J. He, D. Laudenschleger, J. Schittkowski, A. Machoke, H. Song,
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