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Abstract

The effect of phosphorus on a cobalt-based catalyst for Fischer-Tropsch Synthesis (FTS) has been investigated. Phos-
phorus is an impurity present in biomass and, in this work, its deposition on the catalyst during biomass to liquid (BTL)
operation, based on gasification and FTS, has been mimicked. For this purpose, four different cobalt-manganese-rhenium
catalysts supported on alumina were prepared by incipient wetness impregnation with different phosphorus loadings. The
results showed that below 800 ppm of phosphorus, the catalysts performance was not significantly affected, possibly
because the interaction of phosphorus mainly was with the alumina support. However, above this threshold, the effect of
phosphorus was noticeable with a decrease in intrinsic activity. The reduced performance can be attributed to a physical
blocking of cobalt sites. But, in all poisoned catalysts, the product distribution was affected and shifted towards less valu-
able products as methane and light paraffins. The electronegativity of phosphorus might be the cause for this effect, as the
effective H,/CO ratio on the catalyst surface may be increased due to a weakened metal-CO bonding and consequently,

the selectivity of the hydrogenated products increased.
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1 Introduction

The exponential growth of the global industry demands
improvement and development of new technologies for
the production of fuels and chemicals. The main source of
energy is fossil fuels, and their use has steadily increased
over the decades. In 2020, more than 80% of the primary
energy in the world was provided by fossil fuels. However,
in light of climate change, international agreements and
increased prices of fossil fuels, the demand for clean and
sustainable fuels is rapidly rising, requiring alternative fuel
and chemicals production [1]. In this context, biomass has
the potential to be a source for hydrocarbon products, due
to feedstock flexibility and the possibility to reduce net CO,
emissions by using sustainable sources of carbon. One of
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the processes to valorize biomass is via biomass to liquids
(BTL), in which the biomass is transformed to synthesis gas
and subsequently to liquid fuels.

Synthesis gas can be converted to chemicals or fuels via
a range of different processes. An interesting alternative is
Fischer-Tropsch synthesis (FTS), a catalytic reaction by
which syngas is transformed into a wide range of hydrocar-
bons. The reaction can be catalyzed by group VIII elements,
but in commercial applications only Fe and Co are currently
employed. Cobalt is interesting due to its high activity at
low temperature (200 —300 °C), high selectivity towards
long chain hydrocarbons, low production of oxygenates and
alkenes and high durability. However, by optimizing the
synthesis method and operation conditions, it is possible to
tune the selectivity towards different products. To increase
the profitability of the BTL and FT process, it is possible to
adjust the product distribution to more valuable products.
Among the FT products, light olefins represent added value
compared to fuels, which always will be the main product
[2]. The demand for these products has been increasing
every year. Ethylene, propylene and olefinic C, fractions,
mostly produced by steam cracking or recovered from
oil refineries, are key building blocks in the petrochemi-
cal industry. In the case of propylene, the gap between the
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demand and the capability of production has been broaden-
ing since 2011 [3]. This scenario opens the possibility for
new and renewable processes for the production of these
products. FTS to olefins, also called FTO, has the poten-
tial of reducing the overall cost by the direct production of
light olefins without intermediate steps [4][5]. Translated
to operation conditions, a higher temperature, lower pres-
sure, and a hydrogen deficient syngas would increase the
product distribution towards these chemicals [6]. Further-
more, the addition of the right promoters to the cobalt cata-
lysts can also improve the selectivity towards light olefins.
Rhenium has been studied widely as a promoter for the FT
cobalt catalysts due to the improvement in reducibility and
metallic dispersion of the catalyst by hydrogen spillover [7].
Manganese promotion has been also studied due to its influ-
ence shifting the product distribution to lighter olefins and
decreasing methane selectivity [8], as well as increasing the
intrinsic activity of the catalyst [9].

The use of biomass as source of syngas has its own
advantages and drawbacks. On one hand, this renewable
energy source is abundant and opens the possibility to
improve the total yield of different industries by using waste
as a feedstock for the BTL. As an example, the total fish pro-
duction in Norway in 2019 was 2.309.319 tons, with 68%
of the amount being edible [10]. The waste formed, includ-
ing the sludge, is rich in carbon and represents an opportu-
nity for valorization by gasification in order to reduce the
economic losses and improve the efficiency of the indus-
try [11], [12]. Forest residues represent another sustainable
source of carbon that can be utilized this way [13]. On the
other hand, BTL is a difficult process. It is characterized by
several steps, consisting of the reception and handling of
biomass, the biomass gasification to produce synthesis gas,
the syngas cleaning and adjustment and finally, the hydro-
carbon synthesis followed by refining to produce the fuel
according to specifications. Gas cleaning is one of the most
difficult challenges to overcome in order to make BTL fea-
sible [14]. The syngas composition depends on the type of
biomass selected and type of gasifier [15] but it mainly con-
tains H, and CO. The biomass is mainly composed by C, O
and H, with traces of N and S and a range of other elements.
The main contaminants in biomass-based syngas are sulfur
(H,S, COS and organically bound sulfur), ammonia and
HCN, condensable hydrocarbons like tars, and ash compo-
nents, mainly as particulates or in case of high-temperature
gasification (entrained flow) also as vapors.

These components must be removed before any catalytic
syngas upgrading. Depending on the plant for fuel synthe-
sis process, catalysts, etc. the requirements of the syngas
are different. The effect of sulfur, alkali metals and nitroge-
nated compounds on the FT catalyst has been extensively
documented. However, biomass has a wide range of other
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inorganic species present in the ashes and their effects have
not been entirely investigated. The ashes are the non-com-
busted inorganic species with a particle size ranging from 1
to 100 um. These components vary in composition, but it is
formed mainly by alkali and alkaline earths metals (Na, K,
Mg, Ca) and other elements (Ti, Mn, Fe, Al, Si, P, Cl). Most
of these inorganic species will end up in different amounts in
the gas phase following gasification [16]. For the utilization
of the syngas, most of the applications requires a 99% arti-
cle removal [17]. There are different technologies to remove
the contaminants present in the syngas and the degree of
removal will set the final operation cost of the whole pro-
cess. Understanding the acceptable level of contamination
in the catalysts can lead to a reduction in the overall cost
of the syngas clean-up. In addition, is also interesting to
understand the behavior of the catalyst in the reaction due
to the contaminants, as the knowledge can improve the BTL
technologies. As mentioned before, one major inorganic
component of the animal biomass are phosphoric species
[17], [18], mostly in form of P,O,, after the gasification,
reaching more than 40% the content in the ashes for certain
types of biomasses. Some of the P will also be present in
the gas phase, with concentrations above 25 ppmw being
reported following fluid bed gasification [19]. The effect
of phosphorus as a contaminant for further applications of
the syngas has not received much attention. There are some
studies of phosphorus promotion [20], [21], but the addition
has been during the catalyst preparation before the addition
of cobalt as a promoter and used to modify the support. The
main objective of these studies was to form mixed oxides
with the phosphorus and the support, in order to modify the
surface of the support to enhance different properties as the
metallic dispersion and suppress metal-support interactions
[22][23][24]. In this study, we explore the effect of phos-
phorus deposition on a cobalt-based FT catalyst after the
preparation of the catalyst, as an attempt to better mimic the
interaction between the phosphorus and the catalyst. There-
fore, this study will contribute to the understanding of the
deactivation of the active phase that phosphorus could lead
to if it is deposited on the catalyst during FTS while using a
cobalt-based system promoted by manganese and rhenium
to maximize olefin production.

2 Experimental

2.1 Catalyst Preparation

To investigate the effect of phosphorus in the FTS, four
different cobalt-manganese-based catalysts supported on

y-alumina were prepared with increased phosphorus con-
tent, from 0 ppm to 6700 ppm. The reference catalyst was
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loaded with 15 wt% Co, 3.75 wt% Mn and 0.5 wt% Re,
supported on y-alumina (Sasol Puralox SCCa 45/190). The
catalyst was prepared by two step incipient wetness impreg-
nation following the work of Pedersen et al. [25]. First, the
manganese was deposited in the y-alumina by means of an
aqueous solution of Mn(NO;), 4H,0. After the impregna-
tion, the solid was dried in a stationary oven at 383 K for
12 h. The dried catalyst was calcined in air at 573 K (1 K/
min) for 10 h. Subsequently, the cobalt and rhenium were
added to the solid by a solution containing Co(NOs),-6H,0
and HReO,. The drying and heat treatment followed the
same procedure mentioned before. To prepare the poisoned
catalysts, the phosphorus was added to the reference cata-
lyst by means of incipient wetness impregnation by a water
solution of H;PO,. The catalysts were dried at 383 K and
calcined in air at 573 K (1 K/min) for 4 h. The reference cat-
alyst is named CoReMn/Al,O; and the poisoned catalysts
8P — CoReMn/Al, 05 (800 ppm of P), 17P — CoReMn/Al, O,
(1700 ppm of P) and 67P— CoReMn/Al,O; (6700 ppm of
P). Prior to all experiments, the catalysts were sieved to a
particle size of 54 —90 pum.

2.2 X-ray Diffraction

X-ray diffraction (XRD) studies were performed in a Bruker
D8 DaVinci X-ray diffractometer instrument with CuKa
radiation. The experiments were performed in the calcined
catalysts and the crystal size was obtained from the most
intense peak by using the Scherrer equation. The cobalt
oxide crystal size was corrected to metallic cobalt accord-
ing to the relative molar volumes resulting in the following

Eq. (1) [26]:

d=0.75-dco0, (1

Where d is the metallic cobalt crystal size and dco,0, is the
cobalt oxide crystal size. The metallic dispersion was calcu-
lated by the following Eq. (2) assuming spherical and uni-
form cobalt particles with a site density of 14.6 atoms/nm?
[27].

D= 2
Where D is the metallic dispersion (%) and d is the cobalt
particle size (nm).
2.3 N, Volumetric Adsorption
The surface area, average pore size and pore volume mea-

surements were performed in a Tristar 3000 by volumetric
nitrogen adsorption-desorption. Before the experiments, the

samples (~150 mg) were degassed in vacuum overnight
at 200 °C. For calculating the surface area, the Brunauer-
Emmet-Teller (BET) isotherm was used. For the pore
volume and average pore size, the Barret-Joyner-Halenda
(BJH) method was utilized.

2.4 H, Chemisorption

H, chemisorption was measured in a Micromeritics Asap
2010 instrument. A quartz U-shaped tubular reactor was
loaded with ~200 mg of catalysts and reduced with H, at
623 K (1 K/min) for 16 h. After the reduction, the sam-
ples were evacuated for 1 h at 603 K and then cooled to
313 K. The adsorption isotherm was measured between
0.01—0.67 bar. The volume of chemisorbed hydrogen was
obtained by the extrapolation to zero pressure of the linear
part of the isotherm. For the calculation of the metallic sur-
face area, it was assumed that only the cobalt contributes to
the chemisorption of hydrogen and that one atom of hydro-
gen bonds to one atom of cobalt.

2.5 Temperature-programmed Reduction

Temperature-programmed reduction (TPR) experiments
were carried out in an Altamira-300RHP. The catalyst
(~100 mg) was loaded in a U-shaped tubular reactor con-
structed from quartz and heated to 973 K (10 K/min) in 50
ml/min gas flow consisting of 7% hydrogen in Argon. The
temperature was held for 1 h and then the sample was cooled
to room temperature. The H, consumption was measured by
a thermal conductivity detector.

2.6 H, Temperature-programmed Desorption

Temperature-programmed desorption (TPD) experiments
were carried out in an Altamira-300RHP. The catalyst
(~ 100 mg) was loaded to a quartz U-shaped tubular reactor
and reduced with 50 ml/min of H, at 623 K (1 K/min) for
16 h. Two different experiments were performed depending
on the temperature of the sample. The sample temperature
was adjusted to 313 or 483 K and then calibrated pulses of
H, were added to the sample until no further consumption
of H, was detected. In both experiments, the sample was
then purged for 20 min in helium to remove hydrogen that
was not chemisorbed and heated to 973 K (10 K/min) with
50 ml/min of argon. The TPD spectra was measured by a
thermal conductivity detector.

2.7 Fischer-Tropsch Synthesis

The Fischer-Tropsch synthesis was performed in a stainless-
steel fixed bed reactor (i.d. 10 mm) at 513 K and 5 bar. The
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Table 1 Surface properties of the Al,0; and CoReMn/Al,O, with increasing phosphorus loading including BET surface area, pore volume and
pore size and metallic dispersion (D) and particle size (D,) by H, chemisorption (a) and XRD (b)

Catalyst BET surface Pore volume Pore size D (%)* D, (nm) * D (%)° D,
area (m%/g) (ecm’/g) (nm) (nm)
b
Al,O4 182 0.73 124 - - - -
CoReMn/Al,O4 143 0.49 11.4 7.8 12.3 8.3 11.5
8P-CoReMn/Al,O; 142 0.49 11.5 7.7 12.5 8.3 11.5
17P-CoReMn/Al, 04 140 0.49 11.4 6.7 14.2 8.0 12.0
67P-CoReMn/Al,O, 134 0.49 11.6 6.5 14.6 8.0 12.0
Fig. 1 X-ray diffraction pat-
terns of the Mn/Al,0O5 and ° ° A oA © oA ¢ Cos04
CoReMn/Al,O5 with increasing a AlLOs
phosphorus loading e 67P-CoReMn/A1203
<
é’ | 17P-CoReMn/A1203
=
E —_A_____~/\.J\- /N N M\ ——— 8P-CoReMn/A1203
%—_—___J\.__/A\__f\ A M\ CoReMn/A1203
" N — A Mn/A1203
15 25 35 45 55 65 75
20 (degrees)

catalyst (1 g, 54-90 um) was diluted with of SiC (19 g,
90-250 pm) to improve the heat distribution along the cata-
lyst bed. In addition, to further reduce possible hotspots in
the bed, the reactor was placed inside an aluminum block
and mounted in an electrical furnace. Before the FTS, the
catalyst was activated by the reduction in a flowing mixture
of 125 — 125 ml/min of H, — He for 10 h at 623 K (1 K/min).
After the reduction, the catalyst was cooled down to 443 K
and pressurized to 5 bars in Helium flow. For the FTS, 250
mly/min of synthesis gas with a H,:CO ratio of 1.7 and 3%
of N, as internal standard was introduced to the reactor. The
temperature was then increased to 503 K (20 K/min) and,
slowly to the reaction temperature of 513 K (5 K/min). The
liquid FT products were condensed in a hot trap (~363 K)
and a cold trap kept at ambient temperature. The remaining
gas products were analyzed using an Agilent 6890 N gas
chromatograph equipped with two columns: a Carbosieve
with a thermal conductivity detector (TCD) for permanent
gases and an Al,0;-PLOT with a flame ionization detector
(FID) for light hydrocarbons. The activity of the catalyst
was compared in terms of CO conversion and Site-Time
Yield (STY) (defined as moles CO converted per surface
cobalt atom and second) during the first 24 h. To compare
the selectivity, the CO conversion was adjusted to 50% by
modifying the space velocity. The selectivity is reported in
terms of CHy, C, _, alpha olefins and C, _ , paraffins and Cs_,
based on the assumption that C;-C, hydrocarbons are recov-
ered in the gas-phase following condensation of the liquids.
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3 Results and Discussion
3.1 Catalyst Characterization

The elemental bulk composition of the catalysts was stud-
ied by means of X-Ray fluorescence, confirming the desired
loadings of the different elements (not showed). In Table 1,
the main properties of the catalysts, including the results
from the N, volumetric adsorption, H, chemisorption and
XRD are summarized.

X-ray diffraction was used to identify the crystalline
phases present in the catalysts. The diffractograms are
shown in Fig. 1. The manganese oxide signal can be seen
at 28, 37, 43 and 56 degrees. However, these reflections are
not visible on the catalyst containing cobalt indicating that
the manganese might be well dispersed on the support or
incorporated into the cobalt oxide lattice. The character-
istic cobalt oxide (Co;0,) signal is visible at 37 degrees.
However, there is no visible signal for phosphorus impeding
the identification of any cobalt-phosphorus species. At this
resolution, the lower loadings of phosphorus do not seem
to have an impact on the cobalt crystallinity. Still, as pre-
sented in Table 1, the addition of higher loadings led to a
slightly increase in the cobalt crystal size. This suggests that
the phosphorus particles are smaller than 3 nm and thus, are
not detected by XRD or incorporated into the cobalt oxide
lattice.

N, volumetric adsorption was used to study the morpho-
logical properties of the catalysts. The BET surface area,
pore volume and average pore size obtained by the BJH
method are shown in Table 1. There is some decrease in
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Fig. 2 Temperature-Programmed
Reduction profile of the
Mn/Al,O; and CoReMn/Al,O4
with increasing phosphorus load-
ing from 100 °C to 700 °C
= 67P-CoReMn/A1203
=
&
§
E=) 17P-CoReMn/A1203
Z
=
S
) 8P-CoReMn/A1203
CoReMn/A1203
} t Mn/A1203
100 300 500 700

Temperature (°C)

the surface area, pore volume and pore size with the addi-
tion of cobalt to the alumina support. However, the addition
of phosphorus to the catalyst did not significantly affect the
morphological characteristics, with only a slight reduction
in the surface area. This suggests the deposition of highly
dispersed phosphorus entities without physically obstruct-
ing the pores of the support, and therefore, keeping the
cobalt particles accessible.

Similarly, the results for the metallic dispersion and the
particle size obtained by hydrogen volumetric chemisorp-
tion and by XRD are shown in Table 1. The results revealed
a decrease in metallic dispersion from 7.8 to 6.5% based
on H, chemisorption with increased content of phosphorus.
Equally, the calculated particle size increased from 12.3 to
14.6 nm. These particle size values are above the threshold
of approximately 6—8 nm which is known to influence the
activity of the catalyst [28]. However, based on XRD, the
dispersion and particle size remained relatively constant.
This disparity in the results suggests that the difference
in H, consumption per cobalt atom for the reference and
poisoned catalysts are not caused by an increase in particle
size. The most likely explanation is the blocking of hydro-
gen chemisorption on the cobalt particles by the phosphorus
deposition, already described by other studies [21], [29].
This supports the theory that the phosphorus is deposited on
top of the cobalt particles inhibiting the H, adsorption and
therefore, reducing the measured metallic dispersion.

The temperature-programmed reduction was performed
to study the effect of the addition of phosphorus on the
reducibility of the catalyst. The TPR profiles are shown in
Fig. 2. The first profile corresponds to the reduction of man-
ganese oxide. The catalyst showed one large peak attributed
to the reduction of Mn,0; and MnO, to Mn;0,, at 330 °C
and a smaller peak attributed to the reduction to MnO at 400
°C [30]. The first shoulder, at around 250 °C, is attributed
to the manganese nitrate precursor residue. The next profile
corresponds to the reference catalyst with cobalt rhenium
and manganese. The results showed a typical cobalt sup-
ported on alumina TPR profile [7], with the reduction from
Co0;0,4 to CoO at 320 °C and then, to metallic cobalt starting
at 430 °C. The addition of 800 ppm of P did not significantly
affect the reducibility of the catalysts, with only a small
shift of the first peak to slightly higher temperature (330
°C). This small change can be attributed to the phosphorus
interacting mostly with the alumina and not with the cobalt
and therefore, not affecting the reducibility of the cobalt
particles. However, above 800 ppm, the double peak profile
is lost. The profile shows one big shoulder formed by two
peaks, one at 330 °C and the other at 360 °C. If we com-
pare the poisoned catalysts TPR profiles with the Mn/Al,O,
profile, we can see that the peak at 330 °C, attributed to the
manganese reduction, is maintained while the cobalt peak is
altered. This shifting towards higher temperatures suggests
that phosphorus interacts strongly with Co;0, particles,
resulting in a decreased reducibility. It is also possible that
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Fig.3 H,-TPD with pulses
at 40 °C (A) and 210 °C (B) A [ 800
of the CoReMn/Al,O; and 67P-CoReM1/AI203
67P-CoReMn/Al, 0, 3 ——CoReMwAR203 | 699 5
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less reducible cobalt-phosphide species could be formed
in P-doped catalysts. With respect to the second peak and
with the total hydrogen uptake, there are no significant dif-
ferences between the poisoned and reference catalysts, sug-
gesting that the reducible fraction of cobalt is not altered by
the presence of phosphorus.

A comparison of the H,-TPD of the -catalyst
CoReMn/Al,O; and 67P-CoReMn/Al,O; is depicted in
Fig. 3. In Fig. 3-A, the experiments in which the pulses were
carried out at 40 °C are represented, while in Fig. 3-B the
pulses were performed at 210 °C. Both H,-TPD curves fol-
low the same trend consisting of a two-peak profile, with a
first peak at 185 °C and 285 °C in Fig. <link rid="fig3”>3</
link>-A and 3-B, respectively, while a second peak was
detected in both experiments at a temperature around 815
°C. No major differences were observed on the amount of
H, adsorbed during the pulsing or H, desorbed during the
TPD on the reference and poisoned catalyst. This implies
that the phosphorus does not affect the hydrogen desorption
in our case, in contrast to the study performed by Marti-
nelli et al. who reported that phosphorus might inhibit the
H, desorption [21].

3.2 Activity Measurements

The CO conversion over the first 24 h on stream is shown
in Fig. 4 —A (the first hours until the CO conversion was
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stabilized are not shown). The CO conversion slightly
decreases for all the catalysts during the first 24 h, yet all of
the samples displayed significant stability. The conversion
displayed by the 8P-CoReMn/Al,0O; and reference catalysts
were almost equivalent with no reduction in the activity
of the poisoned catalysts. These results are in agreement
with the characterization results, and this behavior can be
explained by the phosphorus being mostly interacting with
the support and not in contact with the active phase, as also
indicated by the TPR experiments. However, once the load-
ing of phosphorus increases, there is a notable decrease in
conversion. These results are in disagreement with previous
studies, where it was found that more than 1% of phospho-
rus was necessary in order to see significant deactivation
[20]. However, the preparation method as well as the sup-
port employed in the study was different. In the study per-
formed by Gnanamani et al. SiO, support was used and it is
possible that the different support-metal interactions as well
as the ability and capacity of the support surface to adsorb
the P-species on SiO, and Al,O;, respectively play a role
and modify the effect of phosphorus during the reaction.
The CO conversions at fixed conditions is reduced from
51% to 40% nd 36% ith the addition of 0.17% nd 0.67%
f phosphorus respectively, indicating that there is a thresh-
old in phosphorus loading, above which the performance of
the catalyst is affected. However, this effect appears not to
be proportional with the P loading, since a reduction in CO
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Fig.4 CO conversion, at 240 70
°C, 5 bar and 15 L/gcat*s, dur- A == 67P-CoReM1/AI203 lB
ing the first 24 (A) h on stream 65 p— 17P-CoReMn/AI203 1 @
d the Site-Ti ield (B) at
an © SIte-1Ime yie ( )a ~ 60 == 8P-CoReMn/A1203 -
24 h on stream conversion of N g A
CoReMn/Al,O; with increasing £ —@— CoReMw/A203 = o9l
phosphorus loading 7 S
b > O
Zz )
s £
o e
o) 2 08 T
@] @n
' ' ' ' ' 0.7 + + t
4 9 14 1 24 0 2000 4000 6000 8000

Time on stream (h)
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Table 2 GHSV required to achieve 50% of CO conversion for the different catalysts and selectivity (%) to the different product fractions, from
CH, to Cs,. The paraffinic products are represented by -, while the olefins are represented by =

Catalyst GHSV CH, C,_ Cy (O (O Cy_ Cy Cy_yo Cy_ye Cs,
(L/gh)

CoReMn/AlL, 0, 15.0 13.5 1.9 0.2 1.8 39 2.4 2.7 6.1 6.8 70.8

8P-CoReMn/Al,O; 15.0 14.0 2.0 0.1 2.0 3.7 2.6 23 6.6 6.3 70.2

17P-CoReMn/Al,O4 12.0 16.2 2.1 0.1 2.6 3.6 3.1 2.0 8.1 5.8 66.4

67P-CoReMn/Al, O, 11.1 17.7 2.6 0.1 3.5 2.8 3.8 1.3 9.4 4.3 64.3

conversion from 51% to 40% 22% eduction) is seen with an
addition of 1700 ppm of P, but a further increase of the load-
ing to 6700 ppm only leads to a minor additional reduction
of the conversion to 36% 30% eduction).

The normalized STY, based on the H, chemisorption, at
24 h on stream is represented in the following Fig. 4 —B.
STY depicts the activity per cobalt active site and the same
trend is observed as in the CO conversion, with an insig-
nificant effect at the lowest loading and an increased effect
with more phosphorus content. Based on previous studies,
the STY is independent on the cobalt dispersion and nature
of the support [31], therefore the differences in dispersion,
based on H, chemisorption, should not influence the cata-
lytic activity.

The results indicate a complicated relationship between
the amount of P deposited on the catalysts and the decrease
in dispersion and activity. This indicates that the effect of
P is both due to blocking of cobalt active sites as well as
an influence, typically electronic, on the activity. If it is
considered that the site blocking due to the P is the only
cause for the deactivation, for the 17P —CoReMn/Al,O;,
1 atom of P would be blocking 3 cobalt sites, while for
67P— CoReMn/Al,O4, 1 atom of P would be blocking 1.6
cobalt sites. This difference suggests that there are other
mechanisms of the deactivation rather than just physical
blocking of cobalt particles. The electronegativity of the P
might play a role in the deactivation of the catalyst [32]. Pre-
vious studies on the effect of promoters based on the Lewis
acidity [33] showed that the CO adsorption can be weak-
ened due to electron withdrawal from the cobalt resulting in

a lower adsorbed CO/H ratio on the Co surface, leading to a
decreased activity.

3.3 Selectivity Measurements

To consistently compare the product distribution, the CO
conversion was adjusted to 50%, by means of modifying the
space velocity, after the first 24 h on stream. In Table 2, the
required space velocity to achieve 50% of CO conversion
is described. In addition to the specific selectivity towards
methane, Cs, products and the light paraffinic and a-olefinic
products are reported.

In Fig. 5, the selectivity to Cs, products (5—-A), C,—C,
a-olefins (5 —B), CH, (5—C) and C, —C, paraffins (5—D)
are shown. As expected with the cobalt-based catalysts,
the selectivity to ethylene is very low due to readsorption
and further reaction (chain growth). However, the selectiv-
ity towards propylene is the highest among the light olefins
[34]. On the other hand, the effect of the phosphorus on the
selectivity to all product fractions is appreciable, with an
increase in methane and light paraffins and a reduction in
light a-olefins and chain growth. This effect on the catalyst
suggests that there is an increase in the rate of hydrogena-
tion reactions and a reduction in the chain growth probabil-
ity. This effect is more noticeable with increased phosphorus
loading in the catalysts. It is interesting to note that the addi-
tion of 800 ppm of phosphorus did not affect the activity of
the catalyst, but it did influence the selectivity, suggesting
that the mechanism of the influence on activity and selectiv-
ity is different.
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Figure 6 shows the olefin to paraffin (O/P) ratio based
on the carbon number for the different catalysts. The ratio
decreases as the carbon number increases with propene
being the largest fraction of the light olefin products. As
expected, the O/P ratio decreases with the addition of phos-
phorus due to the increase in the hydrogenation products
[35].

The effect of phosphorus on the selectivity cannot be
explained by the hydrogen desorption as there were no differ-
ences in the H,-TPD between the reference and the poisoned
catalysts. Consequently, a different reaction mechanism or
electronic effects due to the phosphorus addition might be
the cause of this increase in hydrogenation activity, as also
mentioned in the activity measurement section. Previous
studies [36] showed that the addition of phosphorus leads
to a decrease in Cs,. However, this effect was not explained
in the analysis. In the same work, they studied the effect of
alkali metals on the cobalt catalyst and the result showed an

@ Springer
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opposite effect on the selectivity, with an increased Cs_. pro-
duction and lower methane and short chain olefins selectiv-
ity. It is explained that the electronegativity of the promoters
and supports can play a role in the electronic density of the
cobalt catalyst. Equally, as supported by Tatsumi et al. [32],
the CO-metal bond strongly depends on the electron back-
donation from the metal to CO, therefore electronegative
oxides, as phosphorus oxide, decreases the electron density
due to electron withdrawal and therefore, it weakens the
bond between the metal and the CO. This reduction in the
CO bond energy could imply that CO is adsorbed weaker
on the cobalt particles and this in turn influences the H/CO
ratio on the catalyst surface, favoring chain termination by
hydrogenation. This increased effective surface H/CO ratio,
as explained before, might also contribute to the decrease in
the catalyst activity due to the weakened CO bond energy.
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4 Conclusion

The effect of different loading of phosphorus has been
investigated in a cobalt-based catalyst. The activity of the
catalysts decreased with increased loading of phosphorus.
However, this decrease did not appear to be linear with
the amount of poison. These results showed that there is a
threshold amount, somewhere above 800 ppm, where the
phosphorus loading starts to affect the catalytic activity.
This limit was also visible in the reducibility of the catalyst
and the metallic dispersion, with a reduction with increased
content loading. At the same time, the effect on the selectiv-
ity is noticeable also at the lowest loading as seen from an
increase in hydrogenated products as methane and paraffins
and a reduced chain growth probability. This knowledge can
be translated to requirements for cleaning the syngas, which
in turn can lead to more economic and more viable BTL
process.
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