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Design and operation of a “six-flow fixed-bed microreactor” setup for Fischer-Tropsch synthesis
(FTS) is described. The unit consists of feed and mixing, flow division, reaction, separation, and
analysis sections. The reactor system is made of five heating blocks with individual temperature con-
trollers, assuring an identical isothermal zone of at least 10 cm along six fixed-bed microreactor in-
serts (4 mm inner diameter). Such a lab-scale setup allows running six experiments in parallel, under
equal feed composition, reaction temperature, and conditions of separation and analysis equipment.
It permits separate collection of wax and liquid samples (from each flow line), allowing operation
with high productivities of C5+ hydrocarbons. The latter is crucial for a complete understanding of
FTS product compositions and will represent an advantage over high-throughput setups with more
than ten flows where such instrumental considerations lead to elevated equipment volume, cost, and
operation complexity. The identical performance (of the six flows) under similar reaction conditions
was assured by testing a same catalyst batch, loaded in all microreactors. © 2013 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4834895]

I. INTRODUCTION

The key principle of high-throughput experimentation is
parallelization,1–3 an approach to run several tests simultane-
ously rather than carrying them out one after another.4 This is
a valuable tool to conduct cost efficient research and develop-
ment. While parallelization of experiments increases the re-
search load without subsequently increasing the development
time, small scale testing results in a reduction of materials and
feed, ultimately decreasing the total cost per experiment.5

When it comes to catalyst development, much care has
to be taken when parallelizing kinetic experiments to avoid
missing valuable information. Increasing catalyst screening
throughput may lead to partial or even wrong conclusions, es-
pecially in case of complex reactions such as Fischer-Tropsch
synthesis (FTS).

FTS is an alternative process for the sustainable produc-
tion of key chemical building blocks from non-petroleum-
based resources such as natural gas, coal, or biomass. The
scientific community has devoted a great deal of efforts to
FTS-related technologies during the last few decades due to
the increasing price of crude oil, the rapid increase of natural
gas reserves, and environmental concerns.6

When liquid fuels such as diesel are aimed, FTS pro-
cess conditions and catalysts are designed to maximize the so-
called chain growth probability (α), i.e., to increase the pro-
duction of liquid (C5–C20) and wax (C21+) fractions. Long
chain hydrocarbons are further hydrocracked to narrow the
product distribution to the desired hydrocarbon cut.7, 8

a)Authors to whom correspondence should be addressed. Electronic
addresses: S.Sartipi@tudelft.nl and J.Gascon@tudelft.nl. Fax: +31 15
2785006. Tel.: +31 15 2786733.

Since its discovery (almost one century ago), many stud-
ies dealing with FTS catalyst development have been pub-
lished. Nevertheless, hazardous nature of the reactants (H2

and CO) and on the other hand, complexity of the products
(hydrocarbons in a wide range of boiling points, oxygenates,
etc.) has been an obstacle for relevant catalyst performance
evaluations in many occasions. In this respect, advances in
laboratory instrumentation, operation atomization, data ac-
quisition and treatment, etc., in the last couple of decades have
allowed meeting the high demand for accurate and efficient
catalyst performance evaluation methods.

In an early course of FTS reaction, the initial chemical
and structural properties of a freshly activated catalyst change,
resulting in evolution of activity and product selectivity as the
reaction proceeds. Catalyst stabilization under reaction con-
ditions may take more than 100 h.9 On the other hand, long
chain hydrocarbons formed over the FTS active phase have
to fill the catalyst porosity and liquid reactor effluents will
wet the internal surface of the equipment. Depending on the
setup volume, its stabilization period might be shorter than
that of the catalyst. Yet, sufficient time is required in order
to substitute (wash off) the products of a preceding reaction
from the tubing and equipment’s internal volume by the new
effluents. Consequently, experiments related to FTS catalyst
evaluation are time demanding and thus reaction paralleliza-
tion is highly advantageous. We were among the first research
groups that proposed the concept of such high-throughput ex-
perimentation, under realistic FTS process conditions.2, 10–12

To date high-throughput FTS setups with up to 64 parallel re-
actors are reported and marketed.13

Although high-throughput experimental setups are very
suitable for exploratory screening of catalysts, they are
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often limited to analysis of the gas phase products.14–16 Bring-
ing the higher hydrocarbons to the gas phase is to some ex-
tent possible by diluting the reactor effluents. However, the
separation of such mixture by an online gas chromatograph
(GC) will become demanding due to significant differences in
the hydrocarbons boiling points. In this contribution, the “six-
flow fixed-bed microreactor Fischer-Tropsch synthesis” setup
concept is introduced for lab scale catalyst performance as-
sessments. The detailed equipment design and configuration
is reported and linked to operation modes which lead to per-
forming six parallel reactions with an extensive evaluation of
the product spectrum. Furthermore, the accuracy of obtained
data is assessed and discussed by screening the same catalyst
batch in the six reactors (flows).

II. SETUP CONFIGURATION

The overall design of the lab-scale unit for FTS reaction
is shown in Figure 1. This setup consists of the following sec-
tions: (1) feed and mixing, (2) flow division, (3) reaction,
(4) separation, and (5) analysis. The detailed process flow
scheme with respect to the above-mentioned five sections is
presented in Figure 2 (for description of used symbols and
acronyms, see Fig. 3).

A. Feed and mixing/flow division

In the feed and mixing section, flows of pure N2, H2, and
CO are set by individual mass flow controllers (MFC 1, 2,
and 3, respectively, Figure 2) after they are purified from pos-
sible traces of particular matter, H2O, and O2 by a set of filters
(1–3) and traps (OWT 1–3). Moreover, an additional supply
line is implemented in this section. A fourth gas may be in-
troduced to the setup by MFC 4 via this extra line for dif-
ferent purposes (e.g., an already prepared (model) mixture as

FIG. 1. Overall process flow scheme of the six-flow fixed-bed microreactor
FTS setup.

feed, He for leak detection, etc.). CO can react with metals
such as Fe, Ni, and Cr at a high pressure to form highly toxic
metal carbonyls. Therefore, the tubing material is either fused
silica coated SS 304 or titanium where it is in contact with
CO (at high pressures and/or temperatures). Furthermore, an
electrical heater (EH), operated at 473 K, followed by a wa-
ter cooling unit (WCU) is placed downstream of the CO mass
flow controller to decompose the carbonyls that were possibly
formed in the gas network.

By means of a set of three-way valves (TWV 1–3), flows
of pure gases can be switched to a “reactor manifold” and thus
mixed to produce the desired feed composition. In the flow
division part, six flows are tapped from the reactor manifold,
each connected to an individual mass flow controller (MFC 5–
10, Figure 2). The excess flow mixture leaves the manifold via
the backpressure controller BPC 2 and maintains a constant
feed pressure for these mass flow controllers.

B. Reaction

The reaction section is surrounded by a large heating
box (oven) which is shown in Figures 4(a) (marked with
�) and 4(b). The temperature of this oven is set at 448 K
in order to prevent solidification of FTS products in tubing
and other equipment. A “six-flow fixed-bed microreactor”
(marked with � in Figure 4(b)) is located inside the oven
with equal distances from the oven walls where heating el-
ements are mounted. The reactor system consists of five heat-
ing sections (Figure 5(a)) with individual temperature con-
trollers (Figure S1 in the supplementary material17). Six tubes
fit in this reactor system, each including a glass-lined insert
(4 mm inner diameter), where catalyst particles can be loaded
(Figure 5(b)). The isothermal zone along the six fixed-bed
microreactors (FBM 1–6) is identical and at least of 10 cm
(Figure 5(c)).

As mentioned in Sec. II A, the feed flow rate to each FBM
is set by an independent MFC. Additionally, a flow of N2 is
introduced to the top-side part of each FBM (Figure 5(b)) by
separate MFCs (11–16, Figure 2). The N2 stream flushes the
gap between the outer and insert tubes and mixes with the re-
actors effluents downstream of the FBMs (Figure 2). In this
way, N2 will not dilute the reaction environment. The pres-
sure of the FBMs is set by separate back pressure controllers
(BPC 3–8, Figure 2) which are located inside the oven and
controlled from outside. A continuous flow of gas, assured by
N2, results in a stable process pressure at high conversion lev-
els and α values where most of the syngas feed is converted
into liquid products. The N2 inert can also be used as an inter-
nal standard for the online gas analysis (see Sec. III A).

C. Separation/analysis

Due to differences in boiling points, FTS products may
be in the form of either gas, liquid, or solid at ambient con-
ditions. Separation of these fractions is of importance since:
(i) heavy components may solidify in tubing and equipment at
(possible) cold spots, and (ii) revealing the product composi-
tion asks for analysis strategies which may vary for different
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FIG. 2. Detailed process flow scheme of the six-flow fixed-bed microreactor FTS setup. Description of used symbols and acronyms is included in Figure 3 and
Table S1 of the supplementary material.17

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

131.180.113.79 On: Tue, 14 Jan 2014 09:20:20



124101-4 Sartipi et al. Rev. Sci. Instrum. 84, 124101 (2013)

FIG. 3. Description of the symbols and acronyms used in Figure 2 (see Table S1 of the supplementary material17 for equipment models and more details).

hydrocarbon ranges. FTS wax which is mostly in the liquid
phase at 448 K and typical reaction pressures (≥10 bar)11 is
collected by gas/liquid separators (“hot traps”) located in the
oven (HT 1–6, Figures 2 and 4(b)). HTs are regularly drained
into liquid collection vessels (LCV 1–6) by assistance of two
sets of air-operated on/off valves (AOV 1–6, set A and B). The
system pressure allows discharging the wax, first from HTs
into a piece of tube (that connects AOVs A to B) and, conse-
quently, in LCVs through a subsequent sequence of opening
and closure of the two sets of valves (see Figure S2 in the
supplementary material17 for complete description). An inert
environment is kept inside LCVs by ∼100 cm3 min−1 flow of
N2 at atmospheric pressure.

After expansion to atmospheric pressure (by BPC 3–
8), the products flow out from the oven via heated lines
to a refrigerator where “cold traps” are located (CT 1–7,
Figures 2 and 4(c)). Water and lighter hydrocarbons are sep-
arated from unreacted feed, gas phase hydrocarbons, and in-
ternal standard in CTs at ∼278 K. To collect the liquids, a
vial (marked with © in Figure 4(c)) can be inserted in CTs
while they are bypassed by a set of four-way valves (FWV
1–6). (Note that precautions must be considered while re-

moving the HTs and CTs since they may contain hazardous
gases.)

Samples collected in LCVs and CTs may be analyzed
offline, while the gas phase is analyzed by an online GC
(see Sec. III). By means of two eight-way selection valves
(EWSV), one located upstream of the CTs (in the oven,
EWSV 1) and the other at their downstream (EWSV 2), two
different analysis modes can be followed: (mode i) C1–C20
can be analyzed online, when the targeted flow (i.e., effluents
of FBM 1–6) is selected by EWSV 1, before separation of
the liquid fractions. This mode is preferred at low conversion
levels and/or low α values, when a low production of liquid
hydrocarbons is expected. (Mode ii) Once separated from the
liquids, gas phase hydrocarbons can be analyzed online upon
flow selection by EWSV 2. This mode is preferred at high
conversion levels and high α values when a high concentra-
tion of heavy hydrocarbons and H2O may damage the GC
columns. If a thorough product analysis is aimed for in the
latter case, the online analysis should be supplemented by of-
fline measurements of the collected samples (see Sec. III B).

A volumetric gas flow meter (FM) is installed down-
stream of the GC (sample loop) which can be used
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(a)(b)

(c)

FIG. 4. Photographs of the six-flow fixed-bed microreactor FTS setup (a), the oven (�) where the five heated zones six-flow fixed-bed microreactor (�) is
located at the center and hot traps beside the wall (as illustrated by the white oval) (b), and the cold traps with a collection vial (©) inside (c).
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FIG. 5. Schematic figure of the five heated zones fixed-bed microreactor (a), and reactor insert and outer tubes (b). Temperature profiles of the six fixed-bed
microreactors (FBM 1–6) at 533 K (c).
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FIG. 6. Compact GC chromatograms of reactor effluents in the gas phase, analyzed on-line after 20 h on-stream over 10 wt. % Co/SiO2 at 533 K, 10 bar total
pressure, feed composition H2/CO = 2, and GHSV = 2.4 m3

STP kg−1
cat h−1. TCD signal (a) and FID signals (b) and (c). C2 =: ethylene, C3 =: propylene,

isoC4: isobutane, isoC5: isopentane, +C1–3: all C1–C3 hydrocarbons, +C4: all C4 hydrocarbons, and +C5: all C5 hydrocarbons.

occasionally to calibrate the MFCs or measure the gas flows
(Figure 2). Most of the setup equipment is computer con-
trolled through a dedicated LabVIEW code. Instrument mod-
els are reported in Table S1 in the supplementary material.17

III. PRODUCT ANALYSIS AND QUANTIFICATION

A. Online analysis of gas phase reactor effluents

The gas phase, containing light FTS hydrocarbons and
unreacted feed, is analyzed online by a Compact GC from
Interscience. The GC is equipped with three columns and
detectors in parallel, using He as carrier gas. In the first
column (Carboxen 1010, 10 m × 0.32 mm), H2, N2, CO,
CH4, and CO2 are separated at 333 K and analyzed by TCD
(Figure 6(a)). In the second column (Al2O3/KCl, 10 m
× 0.32 mm) and FID detection, separation between all C1–
C4 components is achieved at 434 K (Figure 6(b)). In the third
column (RTx-1 0.5 lm, 15 m × 0.32 mm), C5–C10 hydrocar-
bons are separated at 353 K and detected by FID (Figure 6(c)).
The analysis duration for each sample is less than 5 min.

Total flow rate of the reactor effluents in gas phase (νT,gas,
not including N2) can be calculated from Eq. (1) if the N2

molar fraction (yN2,loop) is measured

yN2,loop = νN2

νN2 + νT,gas
. (1)

It should be noted that νT,gas is not necessarily equal to the
total flow rate out of the corresponding FBM, due to (partial)
separation of reaction products in HTs and CTs. On the other

hand, since N2 is an inert gas, its flow rate is equal to what
was fed downstream of the reactors (νN2, see Sec. II B).

Response factors (rf) of the analysis equipment for the
different components are obtained upon calibration with a
mixture that contains H2, N2, CO, CH4, and CO2 (detected by
TCD, Figure 6(a)) as well as all the hydrocarbons shown in
Figure 6(b) (detected by FID). For higher hydrocarbons, rf of
all hydrocarbons with n carbon number (Cn) may be assumed
to be equal and calculated from Eq. (2)18

rfCn = n − 1

n
rfCn−1. (2)

Therefore, Eq. (3) will provide the flow rate of compo-
nent i in gas phase reactor effluents (ν i,gas)

νi,gas = yi,gasνT,gas = yi,loop(νT,gas + νN2), (3)

where yi,loop is the molar fraction of component i in the N2

diluted gas phase and is directly obtained from the GC analy-
sis. ν i,gas can be converted into molar flow rate, assuming the
ideal gas behavior.

B. Offline analysis of the collected samples

After separation from the aqueous phase, liquid hydro-
carbons (collected in CTs, Figure 7(a)) as well as the wax
(collected in HTs, Figure 7(b)) can be weighted and ana-
lyzed offline to identify the overall product spectrum. Cer-
tainly, various analytical methods may be applied in this case
such as simulated distillation (SimDis) chromatography, PI-
ONA analysis, two-dimensional chromatography, etc. In this
report, a SimDis GC (Hewlett Packard 5890, Series II) is
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(a) (b)

Organic Phase

Aqueous Phase

FIG. 7. Liquid FTS products (i.e., a biphasic mixture containing an organic phase over an aqueous phase), collected in the cold traps after 20 h on-stream at
533 K, 10 bar total pressure, feed composition H2/CO = 2, and GHSV = 2.4 m3

STP kg−1
cat h−1 (a). FBM 1–6 were loaded with the same catalyst batch of

10 wt.% Co/SiO2. FTS wax, separated in a hot trap and collected by the corresponding liquid collection vessel (b).

employed which is equipped with a FID and HP-1 column
(7.5 m × 0.53 mm, film thickness 2.65 μm), using He as car-
rier gas. During the analysis, the oven temperature is ramped
from 35 to 350 K (14 K min−1) and kept at the final tempera-
ture for 5 min. Before injection, samples are diluted with CS2.

A representative chromatogram of the organic phase (as
indicated in Figure 7(a)) shows that it contains C5–C20 hy-
drocarbons (Figure 8). Comparison between Figure 6(c) and
8 reveals that some C5+ hydrocarbons are noticeably present
in both gas and liquid phases. Therefore, offline measure-
ments are necessary for analysis of C5+, when flow selection
is done by EWSV 2 (operation mode (ii), see Sec. II C). At
the same time, such integration of offline and online data may
lead to overestimation (or underestimation) of the fractional
molar distributions for hydrocarbons that are present in both
gas and liquid phases. This is due to temperature fluctuations
of the refrigerator (Figures 2 and 4(c)), which may result in
a lower (or higher) average temperature of CTs during the
collection period, as compared with their temperature at the
instant of the online analysis. So to demonstrate, a flash sepa-
ration of FTS product mixture (at α = 0.9) was simulated by
Aspen Plus, employing the Peng-Robinson thermodynamic
model. The simulation integrated the gas phase composition
at different flash separation temperatures with that of the liq-
uid phase for a flash separation at 273 K. Figure 9 shows that
such temperature variations lead to artifacts in the form of a

“bump” in fractional molar distribution of FTS hydrocarbons
above C5.

IV. CASE STUDY: ASSESSMENT
OF SIX-FLOW OPERATION

A. Catalyst

Co/SiO2 FTS catalyst was prepared by incipient wet-
ness impregnation in one step, using a Co nitrate aqueous
solution. Spherical particles of SiO2 (CARiACT Q-10, Fuji
Silysia Chemical Ltd.) were loaded with 10 wt. % of Co in a
rotating vessel. The impregnated sample was kept under ro-
tation for ∼0.5 h at room temperature and, subsequently, at
323–333 K for more than 2 h. The catalyst was then dried
overnight at 393 K and calcination was followed at 673 K for
2 h in static air conditions.

Textural and chemical properties of SiO2 support and
Co/SiO2 catalyst are summarized in Table S2 in the supple-
mentary material.17 The temperature-programmed reduction
profile in H2 of Co/SiO2 is presented in Figure S3 in the sup-
plementary material.17

B. Setup operation

0.5 g of fresh Co/SiO2 (from the same catalyst batch)
was fixed in the six reactor inserts, using quartz wool plugs.

0 2 4 6 8 10 12 14 16 18 20 22

t / min

Sample

Reference (a mixture of n-paraffins)
n = 6,7, 8,     9,    10,   11,   12,           14,        16,       18,       20,              24,            28,          32, 36,      40,      44

FIG. 8. SimDis GC chromatogram of liquid FTS hydrocarbons, collected after 20 h on-stream over 10 wt. % Co/SiO2 at 533 K, 10 bar total pressure, feed
composition H2/CO = 2, and GHSV = 2.4 m3

STP kg−1
cat h−1. n: carbon number.
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FIG. 9. Fractional molar distribution of FTS hydrocarbons (α = 0.9) ob-
tained after a flash separation of liquid and gas phases. Composition of the
gas phase at different flash separation temperatures was integrated with that
of the liquid phase for a flash separation at 273 K.

Samples were first activated in situ by 80 cm3
STP min−1 of

H2 at 673 K for 12 h at atmospheric pressure followed by
cooling down to 453 K under H2 flow. After setting the to-
tal feed flow rate to each reactor (by MFCs 5–10), the pres-
sure was increased to the process value (10 or 15 bar total
pressure) and CO was gradually introduced to the feed stream
(via MFC 3) at 453 K in order to reach its final concentration
(5.0 μmolCO s−1, H2/CO = 2) in 1 h. Subsequently, the reactor
system was heated to the process temperature (513 or 533 K).
A rate of 2 K min−1 was applied for all the heating/cooling
steps. During the experiment at 513 K, heavy hydrocarbons
(wax) were collected by HTs at 448 K and reaction pres-
sure. After expansion of the product flow to atmospheric pres-
sure, lighter hydrocarbons and water were collected in CTs
at ∼278 K. Product analysis was done in operation mode (ii)
as explained in Sec. II C and following the methodology de-
scribed in Sec. III.

A pseudo-steady-state condition was attained after 20 h
on-stream when the internal volume of the experimental setup
was thoroughly flushed by the (liquid) reaction effluents and
the decrease in CO conversion (with time) contracted (see
Sec. IV C). CO conversion, carbon selectivity, and molar frac-
tion of each product were defined by Eqs. (4)–(6), respec-
tively, where XCO stands for CO conversion (%), F indicates
the molar flow rate, S is the carbon selectivity (%) toward a
product with n carbon atoms, and y is the molar fraction of a
hydrocarbon Cn

XCO = Fin,CO − Fout,CO

Fin,CO
× 100, (4)

SCn = nFCn

FCO2 +
N∑

n=1
nFCn

× 100, (5)

yCn = FCn

N∑

n=1
FCn

. (6)
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FIG. 10. Time-on-stream (TOS) evolution of the CO conversion during FTS
at 533 K, 10 bar total pressure, feed composition H2/CO = 2, and GHSV
= 2.4 m3

STP kg−1
cat h−1. FBM 1–6 were loaded with the same catalyst batch

of 10 wt. % Co/SiO2.

The α value was defined in terms of the rate of polymer-
ization (rp) and the rate of termination (rt) of the growing hy-
drocarbons, according to Eq. (7)

α = rp/(rp + rt). (7)

Therefore, Eq. (8) represented the Anderson-Schulz-
Flory (ASF) product distribution in terms of molar fractions

yCn= (1 − α)αn−1 (8)

and α value was calculated from the slope of ln(yCn) as a func-
tion of n (i.e., expecting a first order function based of Eq. (8),
the slope will be equal to ln(α).)

C. Results

Time-on-stream (TOS) evolution of CO conversion in
FBM 1–6 is depicted in Figure 10. ∼98% conversion of CO
is measured after 1–2 h of reaction. CO conversion decreases
with TOS by ∼14% after 27 h on-stream. The maximum devi-
ation from the average conversion value (between FBM 1–6)
is ±2%, observed in case of FBM 2 and 6.

The collection period of liquid fraction (in CTs) was
during 20–28 h TOS, when CO conversion decreases 3%
(Figure 10). Molar flow rates of liquid hydrocarbons, as av-
eraged based on the collection duration and offline analysis,
were added to their corresponding values obtained from the
online analysis at ∼20 h TOS. The added flow rates were used
to calculate the carbon selectivity (Eq. (5)) and molar fraction
(Eq. (6)) of hydrocarbons that were present in more than one
phase (see Sec. III B).

FBM 1–6 display very similar product selectivities
(Figure 11(a)). Under the applied process conditions, the
highest carbon selectivity is obtained for the C5–C11 frac-
tion, while a minor amount of C21+ is formed over Co/SiO2.
The very low production of C21+ is observed in HTs as al-
most no wax sample could be collected for offline analysis.
The olefin to paraffin ratio in C2–C4 fraction (O/P (C2–4))
is ∼0.4 (inset in Figure 11(a)) which points to prevalence of
saturated hydrocarbons throughout the product spectrum (O/P
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FIG. 11. Carbon selectivity of FTS products after 20 h on-stream (a). Rel-
ative errors associated with carbon selectivities to each product range with
respect to the average value (between FBM 1–6) (b). In each carbon num-
ber group from left to right: FBM 1 to FBM 6. �: n-paraffins; �: sum of
isoparaffins and olefins; SCO2: CO2 selectivity; O/P (C2–4): olefin to paraffin
ratio of C2–C4. Experiment was performed at 533 K, 10 bar total pressure,
feed composition H2/CO = 2, and GHSV = 2.4 m3

STP kg−1
cat h−1. FBM

1–6 were loaded with the same catalyst batch of 10 wt. % Co/SiO2.

ratio decreases for larger hydrocarbons due to their stronger
adsorption19 followed by hydrogenation).20 The CO2 selec-
tivity is above 10% suggesting a considerable contribution of
water-gas-shift (WGS) over the studied Co-catalyst at 533 K.

Relative errors (E) between reactors associated with car-
bon selectivities to each product range, with respect to the
average value (between FBM 1–6, SCn,average) was calculated
by Eq. (9) and is presented in Figure 11(b)

ECn = SCn − SCn,average

SCn,average
× 100. (9)

Note that for each group, the error associated with
isoparaffins and olefins is separated from that related to n-

paraffins. E is maximum 6% for hydrocarbon fractions up to
C11 and 10% for C12+.

The molar fraction of FTS hydrocarbons versus their
carbon number follow a fairly (log)linear trend up to C17
(Figure 12(a)). C1 and C2 are exceptions which show, respec-
tively, higher and lower values than what is anticipated by
extrapolating the linear distribution to n = 1 and 2. In order to
assess the performance of the setup when working at a higher
α values (cf. insets in Figures 12(a) and 12(b)), additional
experiments were performed at lower temperature (513 K).
Figure 12(b) shows that the linear trend continues for
n > 17.

V. DISCUSSION

The lab-scale six-flow FTS setup, introduced in this re-
port, includes six fixed-bed microreactors of which feed flow
rate and process pressure may be adjusted independently.
Moreover, each flow is equipped with phase separators aid-
ing an independent collection of solid and liquid samples. At
the same time, the six-flow unit benefits from operation un-
der similar feed composition, reaction and product separation
temperatures, and conditions of the online analytical equip-
ment (e.g., calibration, etc.). While the former independent
parameters increase the experimentation throughput, the latter
similarities will certainly improve its accuracy. Enhancements
in both throughput and accuracy are the advantages of such a
system over six independent units. The condition is that all the
reactors (flows) should behave identical, i.e., provide similar
results employing the same catalyst.

Testing the same batch of Co/SiO2 catalyst in the six-flow
setup confirms that the six FBMs operate almost identical in
terms of activity and selectivity measurements. With respect
to the average CO conversion, FBMs 2 and 6 show about 1%–
2% lower and higher values, respectively (Figure 10). Carbon
selectivity to C1–C4 and CO2 are lowest in FBM 2 and high-
est in the case of FBM 6 (Figure 11). At the same time, se-
lectivity to C5+ and O/P (C2–4) are highest in FBM 2 and
lowest for FBM 6. Slight fluctuations in local temperatures
can potentially lead to such observation since Co-based FTS
catalysts are very sensitive to changes in the process temper-
ature in terms of their product selectivity.21 The construction
of the six-flow FBM with five separate heating zones and very
narrow reactor inserts results in an identical temperature pro-
file in FBM 1–6 in absence of reaction (Figures 5(c) and S1 in
the supplementary material17). On the other hand, all catalyst
beds were carefully packed in the 10 cm isothermal region of
FBM 1–6 by means of a dedicated rod followed by tapping.
Therefore, the above-mentioned alterations cannot originate
from the reactor oven temperature. Indeed, deviations in the
obtained results are expected when catalytic measurements
are duplicated (even with the same reactor). Variances such
as those in packing the catalyst beds, inhomogeneity in a cat-
alyst batch, etc., may significantly contribute to experimen-
tal errors in addition to other sources (e.g., analytical, mass
and flow measurements, etc.).10 The FTS reaction is highly
exothermic22 and the aforementioned catalysts’ performance
results suggest that small differences in heat dissipation from
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FIG. 12. Fractional molar composition of FTS hydrocarbons after 20 h on-stream over Co/SiO2 at 533 K, 10 bar total pressure (a) and 513 K, 15 bar total
pressure (b), feed composition H2/CO = 2, and GHSV = 2.4 m3

STP kg−1
cat h−1. In (a), FBM 1–6 were loaded with the same catalyst batch. Chain growth

probability (α) is calculated in the range of C5–C16.

the catalyst beds and/or occurrence of hotspots may have an
important role in this case.

The ASF distribution implies a log-linear trend for frac-
tional molar composition of FTS hydrocarbons when plot-
ted versus their carbon number.23 Although this assumption
is fairly relevant for many catalytic systems, several reports
deal with non-ASF product distributions.24 Dissimilar sites
or (parallel) growth mechanisms in one catalyst,25 altered α

values in different carbon number regions,26 and the so-called
“bifunctional catalysts” that represent a “break” in ASF plot27

are among such exceptions. Moreover, the degree of satu-
ration (and/or branching) may vary at different hydrocarbon
ranges, even over an ASF-behaving catalyst. Thus, analysis
of the whole product spectrum is of crucial importance in or-
der to fully unveil the performance of a FTS catalyst. This
asks for running reactions with a sufficient production of liq-
uid and solid amounts in the case of studies dealing with gas-
to-liquid conversions (i.e., when high α values are aimed for).
Excluding the heavies from the analysis may lead to artifacts
in the form of deviation from ASF distribution (Figure 12(a))
and results in elevated errors in the selectivity data above C11
(Figure 11(b)).

If process conditions are fixed, productivity of a reaction
can be increased by loading more catalyst in the reactor while
keeping the space velocity constant. In this case, the neces-
sary amount of sample may reach above a gram, since FTS
catalysts in general are not highly productive. Conventional
“one-flow” setups can easily be adopted for such amounts
as they are less limited by space. However, upon number-
ing up the reactors (flows), a compromise should be made
between the equipment volume (/capital), operation complex-
ity, and extensive data acquisition. In this respect, a six-flow
equipment in the lab-scale bridges the gap between high-
throughput setups for primary screening of FTS catalysts
and conventional one-flow systems for their detailed perfor-
mance studies. As a show case, the current setup has been
employed for studying a number of zeolite-containing Co-
catalysts which are proven to combine FTS and acid catalyzed

reactions.27–31 The product compositions of these catalysts
above C11 cannot be described by an ASF distribution.27, 30

Therefore, an almost extensive analysis of liquid products was
essential (Figure S4 in the supplementary material17) in addi-
tion to a time efficient catalyst screening. This was offered by
the operation mode (ii) (see Sec. II C) of the six-flow fixed-
bed microreactor FTS setup.

VI. CONCLUSIONS

A relatively long catalyst stabilization period stresses the
necessity of high-throughput experimentation in research ar-
eas related to FTS catalyst developments. As long as activ-
ity and selectivity measurements are concerned, lab-scale six-
flow operations offer an increased experimental throughput
as well as accuracy. The latter is due to equal conditions (in
terms of process temperature, feed composition, equipment
conditions, etc.) under which the six parallel experiments are
performed and is ensured if the flows operate identically. De-
sign, construction, and operation of such an equipment con-
firm that indeed it is possible to obtain reproducible activity
and selectivity data within 6% relative error (with respect to
the average value between the six flows). Our results suggest
that minor differences in local temperatures may be the ma-
jor basis of slight deviation from the average activity and se-
lectivity values, in addition to other sources of experimental
error.

Incorporation of separate mass and pressure controllers
as well as product separation units in each flow allows run-
ning reactions with high production of solid and liquid frac-
tions. Including these fractions in the product analysis (as in
the case of conventional one-flow operations) is of great im-
portance to fully characterize the FTS product spectra. Since
the number of reactors is not as many as in high-throughput
setups (bearing more than 10 flows) such instrumental consid-
erations will not lead to a dramatic increase in the equipment
volume (and as consequence, in the associated capital cost).
Therefore, a six-flow fixed-bed microreactor unit combines
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the advantages of high-throughput and conventional FTS se-
tups at lab-scale.

APPENDIX: NOMENCLATURE

+C1–3 All C1–C3 hydrocarbons
+C4 All C4 hydrocarbons
+C5 All C5 hydrocarbons
α Chain growth probability
ν Volumetric flow rate
C2 Ethylene
C3 Propylene
Cn Hydrocarbon with n carbon number
E Relative error
F Molar flow rate
isoC4 Isobutane
isoC5 Isopentane
l Length
n Carbon number
O/P (C2–4) Olefin to paraffin ratio in C2–C4 fraction
r Rate
rf Response factors
S Carbon selectivity
T Temperature
t Time
TOS Time-on-stream
X Conversion
y Molar fraction
gas Gas phase
i Component index
loop GC sample loop
p Polymerization
T Total
t Termination
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