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A B S T R A C T   

The complex reaction mechanism of iron-based Fischer-Tropsch synthesis comprises of manifold primary and 
secondary reaction pathways. Within this work, an experimental setup for spatially-resolved measurements on 
promoted iron-based Fischer-Tropsch catalysts is presented, allowing for a general study of the influence of 
operating conditions and promotion as well as of the influence of secondary reactions on product selectivity. It 
was found that, depending on catalyst composition, considerable hydrogenation of 1-alcohols and olefins occurs, 
while no considerable influence of reinitiation of chain growth on product distribution could be found.   

1. Introduction 

Conversion of syngas derived from renewables into valuable chem
icals via Fischer-Tropsch (FT) synthesis represents a key process step of 
Power-to-X technologies allowing for the production of synthetic fuels 
and valuable chemical products [1,2]. Due to its eco-friendliness, low 
price level and versatility, iron is recognized as a suitable material for FT 
catalysts and a considerable number of respective studies was published 
over the last decades [3,4]. The FT reaction is well-known for its multi- 
faceted polymerization mechanism. Even though the first studies of 
Fischer and Tropsch can be dated back to the 1920s, the underlying 
mechanism as well as the active catalyst phases – especially in iron- 
based FT synthesis – are not completely understood so far [5–8]. In 
detail, FT mechanism comprises a high number of main and side re
actions, which are affected by reaction kinetics and transport charac
teristics [9,10]. There is a consensus in literature that Fischer-Tropsch 
synthesis cannot be described by a single mechanism. Among the pro
posed mechanisms, the carbide mechanism – allowing to explain the 
formation of paraffins and olefins – and the CO insertion mechanism – 
also allowing to describe the formation of oxygenates – are most 
frequently discussed [8,11]. 

Several efforts regarding deeper insights into the complex FT reac
tion were made. Especially, in order to elucidate the structure-activity 
and structure-selectivity relationships, in-situ analytics were applied 

[12]. To measure the catalyst phase composition, experimental setups 
for structural analysis, e.g. in-situ X-ray diffraction spectroscopy (XRD) 
or in-situ Mössbauer spectroscopy (MES) were developed and applied 
[13,14]. Additionally, methods based on absorption of X-ray radiation, 
e.g. in-situ X-ray absorption fine structure measurements (XAFS) or in- 
situ wide angle X-ray scattering analyses (WAXS) were presented [15]. 
Another applied approach were microscopic methods, e.g. in-situ envi
ronmental transmission microscopy combined with electron energy loss 
spectroscopy (ETEM-EELS) [16]. 

However, these methods are only addressing the in-situ observation 
of changes in the catalyst structure. Additionally, in many of the 
mentioned in-situ setups, the applied reaction conditions are far from 
the industrial relevant requirements. Thus, the available in-situ ana
lytics so far do only allow for limited insights into the reaction mecha
nism of the FT reaction. 

In-situ measurement of the reactant composition under relevant 
operating conditions offers direct access to several aspects of the actual 
reaction mechanism and kinetics. Especially for the derivation of reac
tion and degradation kinetics, spatially-resolved in-situ measurements 
allow to gain considerably more information than accessible in classical 
integral reactor setups. Among others, Horn et al. developed a profile 
reactor technology that was so far applied to basic gas phase reactions 
[17]. Within this study, it was adapted to the in this regard more chal
lenging multi-phase Fischer-Tropsch synthesis at relevant operating 
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conditions, opening the way to a more comprehensive understanding of 
this reaction. In this very first work, the reaction setup was applied in a 
study of the influence of reaction temperature, pressure, and promotion 
on the spatial development of product distribution. 

In detail, it is well-known that increasing reaction temperature T 
leads to an increase in overall reaction rate and conversion level at the 
expense of average chain length [11]. Additionally, accelerated hydro
genation rate at elevated temperatures leads to increased CH4 formation 
[18]. For elevated pressure levels, increasing selectivity towards long- 
chained hydrocarbons and increased CO conversion is reported [19,20]. 

Especially for iron-based FT catalysts, promoting elements are 
applied to affect product selectivity. Among the studied elements, K is 
often applied due to the resulting increase in chain growth probability 
and olefin selectivity, however, at the expense of decreased CO con
version [21]. Among the multiple effects of Mo on selectivity of iron- 
based FT catalysts reported in literature, increased selectivity towards 
CH4 and improved long-term stability are the most relevant [22]. 
Furthermore, improved selectivity towards oxygenates were found for 
Mo-promoted iron catalysts [23,24]. 

The chain length distribution of the obtained FT products can be 
described utilizing the Anderson-Schultz-Flory (ASF) model, according 
to which the molar fraction xj of hydrocarbons with a specific carbon 
number j decreases for higher chain lengths. Molar fraction and carbon 
number are connected via the so-called chain growth probability α as 
follows: 

logxj = j log α+ log(1 − α)α− 1 (1) 

For ideal chain growth according to the ASF distribution, α is inde
pendent of chain length, yielding a linear correlation. For real FT 
product mixtures, characteristic deviations from ideal ASF chain length 
distribution are found, caused by specific aspects concerning reaction 
mechanism, mass transfer limitations and readsorption [25,26]. Dis
cussed causes for increased selectivity towards CH4 are an increased 
probability of termination as well as special active sites for CH4 for
mation on the catalyst surface [11]. Since according to the carbide 
mechanism, the precursor species for products with j = 2 exhibits two 
active sites for monomer addition, probability for propagation to com
ponents with j = 3 is increased, yielding decreased selectivity towards 
C2H6 and C2H4 [27]. This deviation from ideal ASF distribution also 
highlights that the product distribution of FT presumably cannot be 
explained by a single mechanism, as a comparable C2 species does not 
occur within the CO insertion mechanism. 

The aim of this paper is to target first insights into spatially-resolved 
measurement on iron-based FT synthesis utilizing a compact profile 
reactor, giving access to experimental data respective the reactant 
composition in a scalable reactor at relevant operating conditions. 
Initially, general aspects of the derived reaction profiles of an unpro
moted iron-based FT catalyst will be discussed. A specific focus is given 
to the influence of secondary reactions of alcohols and olefins for 
unpromoted and promoted iron catalysts. 

2. Experimental 

2.1. Reactor setup and analytics 

In this section, the basic functionalities of the applied Compact Profile 
Reactor (CPR) are described. The actual device was supplied by Reac
nostics GmbH and entitles a reactor setup, where a tubular fixed-bed 
reactor (di = 4.0 mm) and the enclosed catalyst bed – in case of this 
study with mcat = 820–850 mg and Lbed = 50 mm – are traversed by a 
capillary, which is equipped with four radially oriented orifices at a 
specific position. Via these orifices gaseous reaction mixture can be 
sampled at operating conditions. By moving the fixed-bed reactor 
including heating unit in spatial direction, the gas phase can be analyzed 
along the catalyst bed. For this purpose a μ-GC (3-column Inficon Fusion; 

RT-MS 5A, RTQ-Bond, RXI-1MS; TCD) was applied. The maximum scan 
range of the setup covered L = 60 mm. A flow scheme of the overall 
experimental setup is given in Fig. 1. 

Feed components were supplied via gas cylinders. Mass flow con
trollers (Bronkhorst Hightech BV) were applied to adjust the actual 
volumetric flow rates. Downstream of the fixed-bed reactor, the multi- 
phase product flow was separated by using a hot and a cold trap (THT 
= 453 K, TCT = 273 K). For analysis of the gaseous components leaving 
the CPR via the gas probing capillary, respective product mixture was 
depressurized applying a back pressure regulator. The connecting tubes 
were heated to T = 453 K. A trap allowed to check for condensed 
products. The connection to the μ-GC was heated to T = 353 K. A second 
trap was included to ensure that any possible condensate was removed 
prior the μ-GC inlet. Besides the measurement of permanent reactant 
gases H2 and CO plus internal standard N2, the μ-GC measurement 
offered access to Cj paraffin and olefin species (1 ≤ j ≤ 9), while alcohols 
could be detected for j ≤ 5. Additionally, the byproduct CO2 was 
quantified. 

To ensure comparability of the experiments between the CPR and a 
classical integral reactor with regards to product composition and con
version, reference measurements were performed with a fixed-bed 
reactor. Details of the applied experimental setup are described else
where [28]. The actual reference tubular reactor had an inner diameter 
of di = 15.3 mm, the mass of the catalyst bed was mcat = 6.8 g. On-line 
analysis of gaseous products was conducted via μ-GC (3-column Inficon 
Fusion; RT-MS 5A, RTQ-Bond, RXI-1MS; TCD), liquid products were 
analyzed off-line with an Agilent 7890B gas chromatograph (HP-1, FID). 
Reaction conditions for the evaluation experiments were adjusted to the 
standard operating conditions of the CPR (T = 473 K, p = 2.1 MPa, Ψ =
0.18 ml gFe

− 1 s− 1, H2/CO = 2/1). While temperature T, pressure p and H2/ 
CO ratio represent standard values for low temperature Fischer-Tropsch 
synthesis, the space velocity Ψ was chosen to achieve rather low CO 
conversion, allowing for the detailed study of the reaction start and, 
therefore, especially of the influence of secondary reactions on primary 
products. 

2.2. Catalyst preparation 

Preparation of the catalysts was conducted via precipitation of 
aqueous Fe(NO3)3 solution at T = 343 K, holding pH = 9 with help of 
aqueous ammonia solution. After stirring, drying, calcination (T = 773 K 
for t = 10 h) and fractionation (25 μm ≤ dp ≤ 100 μm), the obtained 
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Fig. 1. Flow scheme of the catalytic testing unit applied for CPR experiments.  
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hematite powder was promoted applying incipient wetness technique. 
By adding specific volumes of aqueous solutions of KNO3, Cu 
(NO3)2∙3H2O and (NH4)6Mo7O24, the amount of promoting elements 
was adjusted. Calcination of the catalysts was conducted at T = 500 K for 
t = 10 h. The resulting catalysts are designated as Fe, FeK0.1, FeMo1 and 
FeK0.1Cu1Mo1. The subscripts represent the mass fraction of the pro
moter in relation to the amount of reduced iron within the catalyst. 

2.3. Catalytic testing 

Initial reduction of the oxidized catalysts was performed with 
hydrogen (T = 673 K, t = 10 h, H2/N2= 1/9, p = atm.), followed by an 
activation period for t > 48 h at reaction conditions (H2/CO = 2:1, abs. 
pressure p = 2.1 or 2.6 MPa) to ensure stationary catalytic behavior. The 
measurement routine for scanning the catalyst bed included five μ-GC 
analyses per position, resulting in approx. t = 12 h of measurement time 
for the whole experimental run. As mentioned, a total length of L = 60 
mm could be analyzed. The catalyst was fixed in its position by two 
layers of inert glass wool (L = 5 mm), yielding an actual active bed 
length of Lbed = 50 mm. Movement of the fixed-bed reactor was con
ducted semi-automatically via an external recipe control. The actual 
resolution respecting the distance between two positions for gas phase 
analysis was varied to ensure detailed analysis of regions of interest, 
especially of the catalyst bed inlet. The axial position within the bed 
could be converted to a residence time by help of the space velocity Ψ 
applied in the respective experimental run (Table 1). Over the whole 
duration of the experiment, the flow of reactant mixture leaving via the 
capillary was kept constant at approximately 25% of the inlet flow. The 
local temperature at the actual sampling position was analyzed by using 

a thermocouple within the capillary. Thermal conductivity of the metal 
capillary influenced the measured temperature such that pseudo- 
isothermal conditions were found. However, the results discussed in 
Section 3 might indicate the occurrence of local temperature maxima. 
Therefore, the temperature measurements could only be used to deter
mine the average bed temperature. 

To address the applicability of the CPR and especially also of the 
applied analytics, the product compositions at the outlet of the catalyst 
bed were compared to results from a fixed-bed integral reactor (IR). In 
Fig. 2 the productivity in dependence of product fraction and chain 
length is compared for the CPR and the IR setup at similar reaction 
conditions for an unpromoted Fe catalyst. The comparison is conducted 
with productivity instead of selectivity, as inaccuracies in gas chroma
tographical analysis of CO at the achieved low conversions during the 
experimental runs (Table 1) would also cause inaccuracies in the 
calculated values for selectivity. 

The results in Fig. 2 show that productivity for the individual com
ponents is comparable. However, a tendency to a higher productivity for 
short-chained products and CO2 for the IR can be deduced. This might be 
due to the poorer radial heat transfer in the IR. Formation of hot spots 
leading to increased production of the mentioned compounds is more 
likely in reactors with higher diameter. However, for the very first 
assessment of Fischer-Tropsch reaction in such a setup, the resulting 
agreement allows for the application of the results for a discussion of 

Table 1 
Reaction conditions, CO conversion and productivity for the conducted experiments.  

Catalyst Temperature T 
/ K 

Pressure p / 
MPa 

Space velocity Ψ / 
ml gFe

− 1 s− 1 
Conversion 
XCO / - 

Paraffin 
productivity Ppar 

/ 10− 7 mol gFe
− 1 s− 1 

Olefin 
productivity Pole 

/ 10− 7 mol gFe
− 1 

s− 1 

Alcohol 
productivity Palc 

/ 10− 7 mol gFe
− 1 s− 1 

CO2 

productivity 
PCO2 

/ 10− 7 mol gFe
− 1 

s− 1 

Fe 473 2.1 0.18 0.06 2.60 1.11 1.06 0.24 
Fe 463 2.1 0.18 0.03 1.11 0.41 0.75 0.06 
Fe 453 2.1 0.18 0.02 0.58 0.22 0.41 0.03 
Fe 473 2.6 0.18 0.06 2.41 0.85 1.07 0.16 
FeK0.1 473 2.1 0.18 0.02 0.48 0.40 0.15 0.45 
FeCu1.0 473 2.1 0.18 0.04 2.33 0.73 1.43 0.21 
FeMo1.0 473 2.1 0.18 0.04 4.12 1.60 1.25 0.77 
FeK0.1Cu1Mo1 473 2.1 0.18 0.04 1.27 0.91 0.51 0.87  
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product fractions and carbon numbers for an unpromoted Fe catalyst at T =
473 K, p = 2.1 MPa, Ψ = 0.18 ml gFe

− 1 s− 1, H2/CO = 2. 

Fig. 3. Development of molar flow rate of individual species of the main 
product fractions paraffins, olefins, and alcohols over residence time for an 
unpromoted Fe catalyst at T = 473 K, p = 2.1 MPa, Ψ = 0.18 ml gFe

− 1 s− 1, H2/CO 
= 2. On the top x-axis, the corresponding position within the catalyst bed 
is given. 
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some basic findings. 

3. Results and discussion 

While characteristic properties of FT catalysts strongly depend on 
both reaction conditions and applied promoting elements, fundamental 
attributes can be found commonly. They can be derived from the basic 
molar flow profiles of the main product fractions of an unpromoted iron- 
catalyst, which are shown in Fig. 3. 

From the reaction profiles for paraffins, olefins and alcohols, the 
polymerization character of Fischer-Tropsch reaction becomes obvious. 

Longer hydrocarbons are generated by consecutive addition of monomer 
units to active chains on the catalyst surface. Consequently, the indi
vidual molar flow rate is inversely proportional to carbon number, 
yielding the characteristic ASF distribution. However, several deviations 
can be found. For alcohols, decreasing slopes for higher residence times 
indicate subsequent derivatization. Additionally, the molar flow rate of 
produced C2H4 is lower than for C3H6. In contrast, paraffin molar flows 
indicate chain growth following the ASF model. These effects will be 
discussed below. 

Fig. 4 shows the reaction rate for selected product fractions for the 
experimental run also shown in Fig. 3. The results show a peak for the 
formation rates of all product fractions at τ = 2 s. Increased reaction 
rates at the entrance of the fixed bed are a common observation, which 
are connected to increased conversion and temperature levels [29]. 
However, a considerable increase in temperature could not be detected 
during the measurement, probably also due to the influence of the 
capillary heat conductivity discussed above. The fact that the reaction 
not directly starts at the inlet of the catalyst bed (τ = 0 s), but rather for τ 
> 1 s indicates that sufficient temperature for the reaction to start was 
not reached at the entrance of the catalyst bed. For the applied setup, the 
feed gases could only be preheated to T = 403 K before entering the 
reactor. Therefore, the preheating zone consisting of glass wool might 
have been too short to reach T = 473 K at the entrance of the bed. 
Increasing reaction rates at the outlet of the bed might be due to an 
underlying temperature profile or due to inaccuracies in measurement. 

In Fig. 5, molar flows of the C1 components CH4, CH3OH and CO2 are 
plotted over residence time for various reaction temperatures and re
action pressures in order to access the basic catalytic properties of the 
studied catalyst. As expected, increasing temperatures lead to elevated 
formation rates for all C1components. 

Once a distinct slope of CH4 molar flow rate is reached, the respective 
value remains constant in the covered range of residence time. In 
contrast to this, the effective rate of CH3OH formation, especially for 
elevated temperatures, tends to decrease. This is an evidence for a 
subsequent derivatization of CH3OH supported by higher temperatures. 
It is well-known that elevated temperatures support secondary reactions 
[21]. This will be discussed in detail later. The WGS rate, which can be 
derived from CO2 molar flow rate, accelerates over residence time. This 

Fig. 4. Local reaction rates for C1, C2–4, and C5+ product formation for an 
unpromoted Fe catalyst at T = 473 K, p = 2.1 MPa, Ψ = 0.18 ml gFe

− 1 s− 1, H2/CO 
= 2. 
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can be explained by increasing WGS activity with increasing conversion 
for higher residence times, leading to higher water partial pressures. 
Additionally, the involvement of oxygen-containing intermediates (e.g. 
formates) in WGS reaction [30] as well as secondary reactions of alco
hols [31] might also explain an increased formation of CO2. It must be 
noted that the collected data for CO2 molar flow rates for 3.5 s < τ < 4.5 s 
at T = 463 K are subject to measurement errors. 

Reviewing the influence of reaction pressure, a negligible impact on 
the selectivity towards all C1-components can be stated. As already 
mentioned, an increase of molar flow rates for CH4, CH3OH and CO2 at 
increased pressure level, caused by supported coverage of the catalyst 
surface by both CO and H2, could be expected. However, for the rela
tively low pressure difference of Δp = 0.5 MPa and the small conversion 
levels (Table 1) might explain the negligible pressure dependency. It 
must be noted that detected molar flow rates for CO2 at the entrance of 
the catalyst bed for p = 2.6 MPa are connected to measurement errors 
due to residual gaseous phase in the probing tube to μ-GC. 

The profiles given in Fig. 3 and Fig. 5 already gave an impression of 
the importance of secondary reactions of alcohols in iron-based FT. 
Besides alcohols, olefins are also expected to get converted via second
ary reactions. Even if alcohols are expected to be more exposed to sec
ondary reactions than olefins [9], a deeper look regarding the influence 
of these reactions is necessary. For this purpose, the olefin-paraffin ratio 

OPj =
ṅCjH2j

ṅCjH2j+2

(2)  

and the alcohol-paraffin ratio 

APj =
ṅCjH2j+1OH

ṅCjH2j+2

(3)  

were calculated from the experimental results. 
Spatially-resolved measurements provide insights into the de

pendency of these ratios on residence time, mainly targeting secondary 
hydrogenation. Fig. 6 shows OPj and APj values over residence time, for 
various iron-based FT catalysts. 

The catalysts considered in Fig. 6 can be divided into two subgroups. 

For the first subgroup, including the unpromoted Fe and the FeMo1 
catalyst, the respective values for OPj decrease over residence time, 
indicating secondary hydrogenation of primary olefins to paraffins. The 
extent of secondary hydrogenation, expressed by constant OPj values, 
significantly decreases once K is present as a promoting element, prob
ably due to supported CO coverage of the catalyst surface at the expense 
of hydrogen adsorption, lowering the hydrogenation activity. Addi
tionally, the reactivity of C2H4, as discussed above, seems to be 
decreased for catalysts promoted with K, which can be deduced 
comparing the ratios OP2 and OP3 to catalysts without K [25]. Assuming 
stationary conditions for both formation of primary FT products and 
their conversion into secondary derivates, an intermediate maximum of 
the productivity of primary FT product with a subsequent decrease of 
the respective species as well as an increase in secondary products can be 
expected. Consequently, the molar flow ratio of primary and secondary 
species, e.g. OPj, would decrease over residence time. This trend can be 
identified for the catalysts without K promotion, indicating the 
described olefin hydrogenation to paraffins. Reviewing the APj ratio to 
evaluate the extent of secondary conversion of primary alcohols to the 
respective paraffin analogues, a similar trend becomes apparent. While 
APj values for unpromoted Fe and FeMo1 catalyst decrease over resi
dence time, the ratio remains constant for K-promoted catalysts. 
Assuming stationary conditions with consecutive parallel formation of 
paraffins and alcohols, the APj ratio is expected to remain constant in the 
absence of secondary reactions. In contrast to OPj, a distinct chain length 
dependency of APj can be found, which can be attributed to the differ
ence in chain growth probabilities between alcohols and paraffins, 
leading to lower APj with increasing chain length. In detail, αPar = 0.57 is 
comparable to αOle = 0.56, while αAlc = 0.39. 

Besides hydrogenation, dehydrogenation to aldehydes as well as 
dehydration to olefins might be additional reaction pathways [31]. 
Dehydrogenation would also lead to a decrease in APj ratio. As with the 
current analytics, no information on aldehyde or ketone formation could 
be derived, the extent of this secondary reaction cannot be estimated. 
This would be a topic for studies with an updated setup. The dehydration 
of primary alcohols to olefins would lead to an increase in OPj ratio. This 
cannot be derived from the results shown in Fig. 6. The decreasing or 

Fig. 6. Olefin-paraffin (OPj) and alcohol-paraffin (APj) ratios over residence time for various Fe catalysts at T = 473 K, p = 2.1 MPa, Ψ = 0.18 ml gFe
− 1 s− 1, H2/CO = 2. 

For OPn, methane molar flow was not included in the calculation. 
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constant OPj ratios lead to the conclusion that the extent of dehydration 
of primary alcohols is negligible, which is in line with literature [31]. 

It must be mentioned that values for OPj and APj given for short 
residence times of τ < 2 s are subject to larger scatter due to the very low 
product concentrations at the inlet of the bed that causes a higher un
certainty of the μ-GC measurement. 

The discussion of Fig. 6 allowed for the assessment of the extent of 
secondary reactions of olefins and alcohols, but not of their influence on 
chain growth distribution. In Fig. 7 the ASF distribution log(xj) is plotted 
as a function of time. For residence times τ < 2 s, the conversion 
respecting CO is on a small level, associated with small molar product 
flow rates causing higher uncertainties in the analysis, as discussed 
above. Therefore, the plotted ASF distribution for the inlet of the bed 
show a considerable scatter. However, for τ > 2 s, ASF distribution re
mains constant, indicating a steady state of consecutive chain growth to 
FT products. For residence times τ > 2 s, where α can be calculated with 
sufficient certainty, the calculated value of α = 0.55 remains constant. 
Thus, the influence of secondary reactions leading to reinitiation of 
chain growth, e.g. caused by readsorption of short-chained olefins [27] 
or alcohols [9] is not pronounced enough to effect the chain length 
distribution for the studied conditions and for the applied catalyst. 

4. Conclusions 

Within this study, a compact profile reactor was applied to measure 
spatially-resolved reaction profiles for an iron-based Fischer-Tropsch 
catalyst. Initially, comparability of obtained experimental data to a 
common fixed-bed integral reactor at similar reaction conditions was 
proven. The derived molar flow rates of FT reaction products, respective 
reaction rates, olefin-to-paraffin, and alcohol-to-paraffin ratios as well as 
chain growth probabilities could be monitored in dependence of resi
dence time. The influence of secondary conversion of primary formed 
olefins and alcohols into derivatives as paraffins was shown and could be 
monitored over residence time. An overall trend of suppressed second
ary conversion of primary olefins and alcohols to paraffins could be 
shown for iron catalysts promoted with K, since both olefin-paraffin and 
alcohol-paraffin ratios remained constant throughout the catalyst bed. 
However, an influence of reinitiation of chain growth via readsorbed 
olefins or alcohols on ASF distribution could not be found. 

Based on these fundamental analyses, further experiments must be 
conducted to gain deeper insights into the complex reaction mechanism 
of Fischer-Tropsch reaction. The demonstrated experimental approach 

offers high potential in this regard. 
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