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ABSTRACT: Here we report on the preparation of Co/TiO, catalysts (8 and
16 wt % Co) using deposition precipitation by ammonia evaporation (DPA)
and incipient wetness impregnation with subsequent static drying (IWI-S) and
fluidized bed drying (IWI-F). Although the initial cobalt oxide dispersions were
similar for catalysts with the same metal loading, the distribution of the
nanoparticles over the support surface was found to increase in the order IWI-S
< IWI-F < DPA. Initial activities during Fischer—Tropsch synthesis at 493 K, 20
bar were found to increase in the same order, whereas the Cg, selectivities were
significantly higher for catalysts prepared by DPA. After 200 h of Fischer—
Tropsch synthesis at 35% X, all systems studied had lost about 20% of their
initial activity, which could be completely attributed to a loss in active metal
surface area, as shown by TEM histogram analysis. Deactivation constants
determined using second-order deactivation kinetics were in the same order of
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magnitude as for Co/SiO, catalysts studied previously, but surprisingly, they were not affected by the distribution of cobalt.
Catalysts tested at higher X were found to show significantly faster deactivation, which could also be attributed to cobalt

particle growth.
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Bl INTRODUCTION

The Fischer—Tropsch reaction involves the catalytic conversion
of synthesis gas into higher hydrocarbons and is a promising
route to ultraclean fuels, lubricants, and chemicals. Different
feedstocks can be used for the generation of the synthesis gas,
such as coal, biomass, or natural gas, the latter being most
interesting from an economic perspective in the context of
stranded natural gas and shale gas.'® Besides the choice of
feedstock for synthesis gas generation, investment and operating
costs, reactor technology, and oil and gas price development, the
performance of the catalyst system is a key factor for the
economic viability of Fischer—Tropsch plants.”® Catalyst
performance can be divided into three aspects: activity,
selectivity, and stability. High activities per unit volume are
favored, although mass transfer limitations may occur in
industrially used catalyst pellets. More importantly, a high
selectivity to heavier hydrocarbons (Cs,) is desired. Further-
more, the catalyst should feature a high stability under operating
conditions. This criterion is especially important for fixed bed
processes, in which exchanging catalysts is a more complex and
time-consuming operation compared to slurry bubble column
processes.”~

The problem of cobalt Fischer—Tropsch catalyst deactivation
has been reviewed extensively.'”"" The deactivation mechanisms
discussed in literature include poisoning, carbon effects (e.g,,
coking, carbidization, and fouling), reoxidation, formation of
cobalt-support compounds, cobalt surface rearrangement,
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mechanical disaggregation, and loss of cobalt surface area by
particle growth. Bulk oxidation has been found to be unlikely
under typical Fischer—Tropsch process conditions, although
surface oxidation at high water partial pressures may be
possible."""? Poisoning effects are highly dependent on the
utilized feedstock for synthesis gas generation and the applied gas
purification technology, making it an extremely complex
phenomenon to be studied at laboratory scale.'* Cobalt particle
growth, however, has been a topic that has received attention
both from industrial and academic side and has been identified to
be a key factor in catalyst deactivation.'®'"4~"7

Because the Hiittig temperature of cobalt (526 K) is close to
the operating conditions of the low temperature Fischer—
Tropsch synthesis (typically 473—513 K),"® particle growth can
occur either via particle migration and coalescence or via Ostwald
ripening.'® Both the partial pressure of water and the formation
of cobalt carbonyl species can play a role in the extent of the
competing particle growth mechanisms.'®'¥?° Beside the
operating conditions, the structure of the catalyst might play
an important role for its stability against deactivation by particle
growth. It has previously been shown for different catalytic
systems that an enhanced spacing of supported nanoparticles can
have a distinct positive effect on the catalyst stability against
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particle growth.”' = For the synthesis of catalysts with well-
distributed supported nanoparticles, different techniques can be
applied, such as improved drying and heat treatment
protocols,*"** including freeze-drying™ for impregnated cata-
lysts, or using deposition precipitation as an alternative catalyst
preparation method.”*~>

We have previously demonstrated that in the synthesis of Co/
TiO, catalysts, the use of deposition precipitation via ammonia
evaporation (DPA)?® leads to an improved distribution of cobalt
over the support material at similar cobalt particle sizes compared
to a standard incipient wetness impregnation protocol with
subsequent static drying (IWI-S). The more uniform distribution
of cobalt was shown to lead to less particle growth during
reduction of the catalyst and higher activities in the Fischer—
Tropsch reaction under industrial conditions. It was also shown
that the catalysts prepared by deposition precipitation feature
distinctly higher selectivities to heavy hydrocarbons for a broad
metal loading range (4—24 wt % Co), which is important for
industrial applications.*®

Here we report on the deactivation behavior for the first 200 h
on stream under industrially relevant conditions of the catalytic
systems mentioned above. Furthermore, we apply incipient
wetness impregnation with subsequent fluidized bed drying
(IWLF) in order to obtain an improved cobalt distribution
without observing the selectivity effects present in catalysts
prepared via deposition precipitation. We study the influence of
the preparation methods on the cobalt distribution using
transmission electron microscopy. The relative loss of activity
of the catalysts at comparable CO conversion levels is discussed
and the average cobalt particle sizes before and after the catalytic
testing experiments are measured using transmission electron
microscopy in order to determine the turnover frequencies
(TOF) of the catalysts at the start and at the end of the catalytic
tests. These values can be used in order to draw conclusions on
the main reasons for catalyst deactivation on the time scale of the
experiments carried out.

B MATERIALS AND METHODS

Catalyst Synthesis. Two methods were applied for the
preparation of Co/TiO, catalysts by incipient wetness
impregnation (IWI). TiO, (Aeroxide P2S, Evonik Degussa,
pore volume 0.3 mL/g, BET surface area 50 m?/ g, 70% anatase,
30% rutile) was presieved to particles of 75—150 um and dried
under vacuum (SO mbar), before the support material was
impregnated with an aqueous solution of Co(NO;),-6H,0
(Acros, p.a.). The material was then dried in an oven under static
air at 333 K overnight. After that, the catalyst was heat treated at
623 K (2 h, ramp 2 K/min) in a fluidized bed under a flow of N,.
These catalysts are labeled IWI-XXS, XX being the weight
percentage of Co, assuming Co to be in the form of Co;0,.
Alternatively, the material was dried in a fluidized bed under a
flow of N, at 353 K, before the heat treatment was carried out at
623 K (2 h, ramp 2 K/min) in a fluidized bed under a flow of N,.
These catalysts are labeled IWI-XXF. It should be noted that
metal loadings of 8 wt % Co (assuming Co to be in the form of
Co;0,) were achieved with a single impregnation, while for
catalysts with 16 wt % Co a second impregnation cycle was
carried out after the heat treatment of the sample after the first
impregnation.

The preparation method*® of Co/TiO, catalysts by ammonia
evaporation deposition precipitation was described before.”®
Initially, 24.75 g of CoCOj; (Acros, p.a.) was dissolved in 255.6 g
of 25 wt % ammonia solution (Merck, p.a.); subsequently, 24.75
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g of (NH,),CO; (Acros, p.a.) was added, and the mixture was
diluted to give a total of S00 mL. Eight milliliters of this stock
solution was mixed with 70 mL of 9 wt % ammonia solution and
used to suspend an appropriate amount of TiO, powder (0.5—
4.0 g) in a PTFE round-bottom flask. The flask was equipped
with a reflux cooler and the suspension was stirred and heated to
373 K for 3 h while air was not excluded. After cooling to ambient
temperature, the material was filtered off, washed thoroughly
with water, and dried at 333 K overnight. The obtained filter cake
was crushed and sieved to 75—150 pm and then heat-treated in a
flow of N, at 673 K (4 h, ramp S K/min). The catalysts are
labeled DPA-XX.

Catalyst Characterization. X-ray powder diffraction
(XRD) was performed on a Bruker D2 Phaser with a Co Ka
(A = 1.789 A) source. Co;0, crystallite size estimation was
performed using the Co;0, peak at 37° 2Q with an automatic
calculation routine in DiffracEvaluation V2.0 software by Bruker,
which is based on the Debye—Scherrer-equation.

For Transmission Electron Microscopy (TEM), the heat-
treated catalysts were ground with a mortar, suspended in
ethanol using an ultrasonic bath and dropped onto a copper grid
with holey carbon film. Spent catalysts were prepared in the same
way. The samples were analyzed using a Tecnai T10 or Tecnai
T12 microscope, with electron beam voltage of 100 kV or 120
kV, respectively. Equivalent cobalt particle sizes are calculated
from average Co;0, particle sizes based on analysis of typically
200 particles by using the relation d(Co) = d(Co;0,) * 0.75.
Spent catalysts showed metallic cobalt particles covered with a
thin wax layer, and therefore, no correction factor was used.

Catalytic Testing. Fischer—Tropsch synthesis was carried
out in a 16 reactor catalytic setup (Flowrence, Avantium). The
catalysts were diluted with SiC (200 ym) to arrive at the same
amount of Co in every reactor, giving a catalyst bed volume of
200 pL. The catalysts were dried in a flow of He for 2 h and then
reduced in situ in a flow of H,/He (1:3v/v) at 623 K (8 h, ramp 1
K/min). Subsequently, the reactors were cooled to 453 K and
pressurized to 20 bar under a flow of H,. After switching to H,/
CO/He (190:95:15 v/v, GHSV 3450—5850 h™") the temper-
ature was increased to 493 K (ramp 1 K/min). At the end of the
experiment, most of the products remaining in the catalyst bed
were removed under a flow of H, at 473 K, before the setup was
cooled to room temperature under a flow of He. The products
were analyzed using online gas chromatography (Agilent
7890A). The permanent gases were separated on a Shincarbon
column and quantified against He as an internal standard using a
TCD detector. CO conversions were calculated as

molqq out) /molcq;,

(1)

Hydrocarbons (C1—C9) were separated on a PPQ_column,
detected using an FID detector and quantified against the TCD
signal of the internal standard He, making use of the
corresponding areas A, the He flow f and the response factor RF.

Yo, = App(Cx)/Arcp(He)*RF(Cy/He)/f (He) (2)

Selectivities to the lower hydrocarbon fractions S were

Xco = (m°lco in —

calculated from converted CO and the corresponding yields as

©)

The selectivities to products with 5 and more carbon atoms are
calculated from the yields to lower hydrocarbons as

SCX = YCX/ (molcgj, — moleg gu)

4)

Scs+ =1 = Sci—c4
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CO conversion levels during the experiments were between 25
and 35%. Activities are reported as cobalt time yields (CTY,
molco/(gc,s)) and weight time yields (WTY, molco/(gcars))-
In order to analyze the deactivation of the catalysts, the activities,
a, were determined by assuming first-order kinetics in hydrogen
according to

a = GHSV*log(1 — Xy ) (s)

These activities were then normalized (a,,,,, = /@) s
done previously. Although the activity loss in the first 24 h is
assigned a.o. to pore filling of the catalyst with FT liquid
products, the data point for normalization (t = 0, @) is
selected 24 h after reaching FTS conditions (Figure 1). The data
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Figure 1. Normalization for deactivation curve of DPA08 during FTS at
493 K, 20 bar, H,/CO 2.0 v/v.

was then fitted according to a linearized form of second order
deactivation kinetics as demonstrated previously for the
quantification of deactivation data for Co/SiO, Fischer—
Tropsch catalysts®® and CuZn/SiO, catalysts for methanol
synthesis.*"

1/(anorm(t)) = kd*t +1 (6)

B RESULTS AND DISCUSSION

The results for the Co;0, particle size of the catalysts obtained
after heat treatment determined from XRD and TEM (Table 1)

Table 1. Co;0, Crystallite Sizes Determined from Scherrer

Analysis of the XRD peak at 37° 20 and Surface-Average

Co;0, Particle Sizes Determined by TEM

IWI08S IWI16S IWIOSF IWII6F DPA08 DPAL6
8.4 12 6.9 12 8.5 13

catalyst

XRD Co;0,
crystallite size
\ nm

TEM Co,0,
particle size \
nm

8.2 11 7.8 10 7.0 11

showed that for comparable metal loadings similar particle sizes
were obtained for all applied preparation techniques. As expected
and in accordance with results reported previously,” the average
particle sizes were found to be larger for the catalysts with higher
metal loadings. TEM revealed that the supported Co;0, particles
were strongly clustered for the catalysts dried in static air.
Distinctly less clustering was obtained for catalysts dried under a
flow of nitrogen and uniform distributions were found for the
catalysts prepared by deposition precipitation.(Figure 2) These
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large Co,0, clusters

small Co,0, clusters

isolated Co,O, particles

Figure 2. Representative TEM figures of Co;0,/TiO, catalysts (8 wt %
Co) showing larger numbers of agglomerated Co;0, particles for IWI-S
catalysts (top), smaller numbers of agglomerated Co;0, clusters for
IWLF catalysts (middle), and more uniformly distributed isolated
supported Co;0, particles for DPA catalysts.

results are in accordance with results reported previously
indicating improved distributions of supported metal nano-
parti%es for fluidized bed drying®* and deposition precipita-
tion.

The performance of the catalysts was studied at 20 bar and 493
K and at similar CO conversion levels (Table 2). For low and
high metal loadings, the lowest cobalt time yields (CTY) were
obtained for catalysts prepared by incipient wetness impregna-
tion with subsequent static drying. Higher activities were found
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Table 2. Results for Fischer—Tropsch Synthesis at 493 K, 20 bar, H,/CO 2.0 v/v*

catalyst Xco initial (%) Xco final (%) CTY initial (107> molco/(gco™s)) CTY final (107° molco/(gco*s)) Scx, (%) Sc,, (%)
TWI08S 35.3 30.6 7.0 6.2 8 85
IWI16S 36.2 28.7 8.3 6.8 10 83
IWIO8F 36.5 29.2 10.4 8.2 8 85
IWI16F 36.4 30.2 9.1 74 9 83
DPAO08 36.1 30.7 11.2 9.0 6 90
DPAl6 29.0 26.1 10.1 9.0 6 90
“Initial data for Xco, Scy, and Sc_ and CTY after reaching synthesis conditions, final data after 200 h.
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Figure 3. Histograms for TEM cobalt particle size analysis of fresh and spent catalysts.

for catalysts prepared by incipient wetness impregnation with
subsequent fluidized bed drying, and even higher activities were
determined for the catalysts prepared by deposition precip-
itation. These values correlate with the degree of cobalt oxide
clustering prior to reduction and can be rationalized by a stronger
tendency for particle growth during reduction in the case of the
clustered catalysts as reported previously.”> Although for the
static drying method, a higher cobalt time yield was found for
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higher metal loading, the opposite was the case for the catalysts
prepared by fluidized bed drying. The Cg,-selectivities of all
impregnated catalysts were similar between 83 and 85 wt %,
whereas the results showed distinctly lower methane selectivities
and higher Cg,-selectivities of 90 wt % for the DPA catalysts at
very similar conversion levels, which has been reported before.”®

In order to obtain information on the cause of the activity loss
of the catalysts, particle size analysis of the fresh and spent
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Table 3. Turnover Frequencies (TOF) during Fischer—
Tropsch Synthesis at 493 K, 20 bar, H,/CO 2.0 v/v*

catalyst

TWI08S
IWI16S
IWIO8F
IWI16F
DPAO8
DPA16

“Initial Xco 35% for the catalysts in the beginning of the catalytic

dc, fresh

(nm)
6.1
8.3
57
7.3
52
8.0

Table 4. Fitting of Deactivation Curves during Fischer—
Tropsch Synthesis at 493 K, 20 bar, H,/CO 2.0 v/v*

dc, spent  TOF ini_t}al (10 TOF ﬁr_)lal (1073 catalyst
(nm ) s) TWI0SS
79 24 24 TWI16S
8.5 39 34 IWIOSF
64 33 30 IWIL6E
7.8 37 33 DPAOS
6.6 33 34 DPA16
8.1 43 37

“Fitting is

kg (107*h7") R CT Y4/ CTY i
5.9 0.99 0.89
11.1 0.99 0.82
12.8 0.99 0.79
11.5 0.99 0.81
134 0.99 0.80
10.8 0.99 0.89

according to 1/(apom(t)) = kg * t + 1.

testing experiment and after 200 h based on TEM surface average
particle sizes of the fresh and spent catalysts.

catalysts was carried out using electron microscopy (Figure 3,
Table 3). The results show that all catalysts with low cobalt
loading show a significant extent of particle growth. For IWI08S,

this can be rationalized by the short interparticle distances,

whereas for IWIO8F and DPAOS, the low initial average particle
sizes may be a driving factor for particle growth. Smaller increases

of particle

sizes were found for the catalysts with higher metal

loadings, presumably due to the higher initial particle sizes.
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Figure 4. H, conversion curves during Fischer—Tropsch synthesis at 493 K, 20 bar, H,/CO 2.0 v/v for catalysts tested at initial X of 35%.
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Figure 6. H, conversion curves during Fischer—Tropsch synthesis at 493 K, 20 bar, H,/CO 2.0 v/v for catalysts tested at higher conversions.
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Figure 7. Histograms for TEM cobalt particle size analysis of fresh and spent catalysts tested at high X.

Table 5. Turnover Frequencies (TOF) during Fischer— Table 6. Fitting of Deactivation Curves during Fischer—
Tropsch Synthesis at 493 K, 20 bar, H,CO 2.0 v/v, GHSV Tropsch Synthesis at 493 K, 20 bar, H,/CO 2.0 v/v, GHSV
3450—5850 h™'* 3450—5850 h™'*
Xco catalyst X initial (%) kg (107*h7") R? CTYga/ CTY i
initial dc, fresh  dc, spent  TOF initial TOF final
e (%) C(nm) C(nm) (10 51) (10 571) IWIL6S 36.2 11.1 0.99 0.82
e 2 83 s ® S 0s st oo
TWI16S 70.4 8.3 9.4 39 42 DPALG 61‘4 24.7 0.99 0'72
DPAl6 29.0 8.0 8.1 43 37 w ’ : ’ ’
DPAI16 614 3.0 101 5 52 Fitting is according to 1/(a,om(t)) = kg * t + 1.

“Different initial X¢o for the catalysts in the beginning of the catalytic
testing experiment and after 200 h based on TEM surface average

Calculations of turnover frequencies for the beginning and for
particle sizes of the fresh and spent catalysts. d & &

the end of the catalytic experiment were carried out on the basis
of the surface average TEM particle sizes (Table 3). The results
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showed that for the catalysts with low cobalt loadings, no
significant change in turnover frequencies were observed,
indicating that particle growth explains the loss of activity
quantitatively. This is in accordance with the literature listing a
loss of active metal surface area the most important factor in the
deactivation of cobalt Fischer—Tropsch catalysts during the first
hundreds of hours for cobalt Fischer—Tropsch catalysts in
general'®'" and Co/TiO, in particular. For catalysts with high
metal loadings, somewhat lower turnover frequencies were
obtained at the end-of-run. The higher values observed at the
start for the highly loaded samples can be attributed to average
particle growth during reduction, which was not taken into
account in the calculations. Alternatively, the particle size of the
fresh catalysts may be underestimated because TEM analysis
might not be fully representative although large numbers of
particles were measured. The reason for the apparent TOF values
reported here being lower than results previously reported™
relates to the fact that the apparent TOF in this work were
calculated from TEM particle sizes rather than from hydrogen
chemisorption uptake. Due to SMSI effects the hydrogen
chemisorption is expected to be suppressed leading to higher
TOF values. Also, in these calculations the degree of reduction is
assumed to be high in line with literature,”® and little variation is
expected for catalysts with similar composition, activation, and
catalytic testing conditions.

To quantify the deactivation behavior over the time scale of the
catalytic experiment, the activity curves based on H, conversion
(Figure 4) were analyzed and fitted assuming second order
deactivation kinetics (Figure S1).

Similar deactivation rates k; were obtained for all catalysts,
with only the values obtained for one impregnated catalyst with
subsequent static drying being significantly lower. The relative
remaining activity for IWIO8S and DPAILG6 are the highest
obtained. The relative remaining activities for all other
impregnated catalysts were similar. It should be noted that the
ratio of final to initial CTY or WTY for all catalysts is similar and
appears to be independent of the catalyst preparation method or
the cobalt interparticle spacings of the systems studied in this
research (Table 4). The graphs of final CTY/WTY against initial
CTY/WTY shows this point even more clearly (Figure 5). The
slope of the linear fit for WTY is about 0.8 in line with the loss of
about 20% activity for most of the catalysts investigated for 200 h
at 35% CO conversion.

Two catalysts were tested at lower GHSV (1800—3000h™") in
order to study the effect of higher conversions (Figure 6) on the
activities and deactivation behavior. TEM histogram analysis of
the spent catalysts revealed that average particle growth took
place to a higher extent at higher conversions (Figure 7), which
can be explained with higher water partial pressures in the
reactors.’® A look at the initial and final TOF frequencies (Table
S) shows that the loss in activity can mostly be attributed to
average particle growth. Interestingly, the final turnover
frequencies at high CO conversion levels of IWI16S are slightly
higher and distinctly higher for DPA16 compared to the values
obtained at lower CO conversion levels. This can be explained by
the autocatalytic effect of water that has previously been
demonstrated to have a positive effect on reaction rates of Co/
TiO, catalysts.*

A look at the deactivation curves of catalysts tested at lower
GHSYV (Figure 6, Figure S2) showed higher deactivation rate
constants for INI16S and lower remaining activities in the end of
the catalytic testing experiment for DPA16 (Table 6). These
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results indicate that higher water partial pressures enhance
deactivation by particle growth as suggested previously.'®

B CONCLUSIONS AND OUTLOOK

The results show that the catalyst preparation method has a
strong impact on the cobalt distribution on the titania support
material. It was demonstrated that fluidized bed drying leads to
more uniform cobalt distributions compared to conventional
static drying, while the use of deposition precipitation led to even
largely homogeneous cobalt distributions. Results from Fischer—
Tropsch synthesis at 493 K and 20 bar revealed higher activities
for systems with more uniform distribution of cobalt, which can
be rationalized with the higher accessible cobalt surface area
during Fischer—Tropsch synthesis. The Cg,-selectivity was not
found to be affected by differences in cobalt distribution for the
impregnated catalysts, but superior selectivities were found for
the systems prepared by deposition precipitation, as has been
shown earlier.”® Catalytic testing experiments for 200 h showed
that all catalysts lose about 20% of their activity likely due to
average particle growth, as was shown by TEM analysis of the
fresh and spent catalysts and turnover frequency calculations.
Constant turnover frequencies calculated for the catalysts with
low metal loadings suggest that the loss in activity can be
attributed to a loss of cobalt surface area, which is in accordance
with results reported elsewhere.'” Tt should be considered that
other deactivation factors may also play a role in this study that
could not be experimentally observed, such as surface rearrange-
ment, surface oxidation as well as carbon deposition. The
deactivation curves for catalysts at similar CO conversion levels
showed that the relative loss in activity is comparable for all
catalysts studied in this research and that the cobalt distribution
over the support surface does not seem to play a crucial role in
the particle growth mechanism, unlike previously shown for Co/
SiO, Fischer—Tropsch catalysts® or other catalytic systems.”!
Being a reducible oxide, TiO, deserves special attention due to
possible SMSI effects that may be partly reversed during
Fischer—Tropsch synthesis, especially at higher conversion.
For catalysts with similar composition and particle sizes that are
activated and tested under the same conditions, such SMSI
effects and their impact on the catalytic properties is expected to
be comparable, too. The fact that interparticle spacings do not
play a significant role for deactivation makes particle migration
less likely as a mechanism for particle growth. Catalytic testing of
two catalysts at elevated CO conversion levels showed that the
deactivation proceeded faster; for example, higher deactivation
rate constants and a higher relative activity loss were observed for
IWI16S and DPA16. Also in this case, the loss in activity was
found to correlate well with the loss of cobalt surface area during
Fischer—Tropsch synthesis. In situ X-ray spectroscopy>’ might
be able to give more insight into the reasons of deactivation for
these catalysts in the future. In order to study the mechanism of
particle growth, for example, Ostwald ripening or migration and
coalescence and (quasi)-in situ electron microscopy techni-
ques’” can be applied in order to obtain further insights.
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