Exploiting the effects of mass transfer to boost the performances of
Co/vy-Al203 eggshell catalysts for the Fischer-Tropsch synthesis
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In this work, the performances of a spherical Co/[1-A1203 eggshell catalyst characterized by a diameter of 600 [Jm and an active shell region
75 [0 m thick are assessed in a lab-scale fixed bed reactor operated at industrially relevant Fischer—Tropsch process conditions. Such
performances are compared to those of a powder catalyst obtained by grinding and sieving a fraction of the eggshell catalyst so to obtain
powders with a particle size distribution centered in the range 75-100 ['m. It is shown that, thanks to the presence of modest mass transport
restrictions, the eggshell catalyst outperforms the corresponding powder in terms of C]5+ specific yield. We explain these results by
considering the effect of mass transport on the olefin re-adsorption probability and on the H2/CO ratio in proximity to the active sites. The
former is increased, and results in greater selectivity to heavy hydrocarbons. The latter is also increased, due to the negative order of CO

conversion kinetics with respect to CO, and results in augmented reaction rate.
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1. Introduction

The low temperature Fischer-Tropsch (LTFT) synthesis aims at
converting synthesis gas, the mixture of carbon monoxide and
hydrogen derived from natural gas, coal, biomass or waste, into
long-chain hydrocarbons. The process is carried out at tempera-
tures below 250°C and pressures over 20 bar in the presence of a
heterogeneous catalyst. The catalysts used at the industrial scale are
based on cobalt and iron [ 1], usually promoted with other elements
such as noble metals or potassium. Cobalt is usually adopted for gas
to liquid (GTL) applications, while iron is used in coal, biomass and
waste to liquid (CTL, BTL, WTL) plants. Indeed, when the H,/CO
ratio in the available syngas is close to the stoichiometric value
(~2), such as in GTL applications, Co-based catalysts supported on
high surface area oxides are preferred for their greater intrinsic
activity, higher selectivity to linear long-chain paraffins, and neg-
ligible water-gas shift activity. On the contrary, for Hy-deficient
syngas, like in CTL, BTL and WTL applications, iron based catalysts
are preferred because their intrinsic water-gas-shift activity allows
to increase the H,/CO ratio in the reactor.
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The Fischer-Tropsch synthesis (FTS) is a surface-catalyzed poly-
merization involving the chain growth monomer CH, " and growing
alkyl species [2]. The stepwise addition of C; monomer to a surface
alkyl may terminate by adding or eliminating a hydrogen atom to
the growing species, which hence desorbs as paraffin or a-olefin,
respectively [3,4]. While the former species is terminal, the a-olefin
may re-adsorb on the catalytically active sites and give secondary
reactions including the hydrogenation to the corresponding paraf-
fin, the chain growth or the reaction with a CO molecule to form
an oxy-species. The occurrence of secondary reactions depends on
the olefin diffusion rate within the pores of the pellets, which are
full of liquid hydrocarbons at typical Fischer-Tropsch (FT) process
conditions [5,6]. The slower is the olefin diffusion, the higher is the
probability for an olefin to be readsorbed and undergo secondary
reactions. This is the reason why the olefin to paraffin ratio (O/P) in
the Fischer-Tropsch product decreases upon increasing the carbon
number. Also, the occurrence of secondary reactions is a function
of the characteristic length of intraporous diffusion, i.e., of the size
of the catalyst pellet. The higher this is, the greater is the possibility
for the secondary reaction of olefins to occur.

Although CO and H, diffusion rates are much faster than those
of olefins, it has been reported that the FT activity and selectivity
may be also affected by their diffusion rate within the pores of the
pellets. Indeed, hydrogen molecular diffusivity in the liquid waxes
is twice as high as that of carbon monoxide [7]. Accordingly, in the
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presence of strong mass transfer limitations, the local H,/CO ratio
in close proximity of the catalyst active centers may be significantly
higher than in the bulk phase.

A comprehensive review paper by Iglesia et al. [2] discusses
the effect of the characteristic length of diffusion (§) on the LTFT
reactivity. By comparing the performances of Co/SiO, spherical cat-
alysts with different diameters (from 130 to 1500 vm), the authors
observe that by increasing the pellet size, the selectivity to Cs. goes
through a maximum, achieved in correspondence of a pellet size
of 360 wm (6 =60 wm). According to their interpretation, the Cs.
selectivity initially increases as a result of the favored a-olefins
readsorption, which results in increased chain growth probability.
Ultimately, however, larger pellets become depleted of CO (i.e., rich
in Hy), leading to enhanced hydrogenation reactions and hence to
a decreased Cs. selectivity. For the same reason, increasing pel-
let diameter until 360 wm lowers the selectivity to methane; then,
for bigger pellets, the methane selectivity increases with growing
pellet size. Interestingly, the authors notice that the olefin content
in FT products decreases monotonically on increasing the pellet
size. The initial decrease of olefins is explained by considering
their enhanced readsorption. Then, the unsaturation of the prod-
ucts further decreases because of the combined effect of the longer
intrapellet “residence time” of the olefins and the higher H, con-
centration near catalytic sites.

Surprisingly, although marked selectivity changes occur by
increasing the pellet size, the authors note that the FT rate,
expressed as cobalt time yield, is not influenced by the pellet size
[2].

The effect of the catalyst pellet size on FT catalytic performances
has been also studied by Post et al. [8], working with both iron and
cobalt supported catalysts. In partial disagreement with the results
shown in [2], these authors show that upon decreasing the pellet
diameter from 2 mm (6 =333 wm) to less than 1 mm (8 < 166 pm)
both the synthesis gas conversion and the catalyst productivity
(expressed as space time yield, kgc1+/m3 ¢4 /h) increase.

The effect of the average diffusion length on FT catalyst perfor-
mances has been also studied on structured monolithic catalysts by
varying the thickness (t=§) of the washcoated catalytic layer[9,10].
In these works it is shown that diffusive lengths below 50 wm are
exempt from diffusive limitations, while monoliths with thicker
washcoats suffer from internal diffusion limitations which cause
lower CO conversion rates and lower Cs. selectivities [9,10].

In summary, even though the real effects of “weak” mass trans-
fer restrictions on the catalyst activity and selectivity are not clear
so far, there is a general consensus on the fact that in order to
avoid the onset of mass transport limitations, it is important not to
exceed the diffusion characteristic length of 50-60 m [2,10]. This
requires to operate with monolithic honeycombs washcoated with
thin active layers (50-60 pm thick) or with small evenly impreg-
nated pellets (with diameters of 300-360 wm if spherical). This
catalyst size is unsuitable to be applied in industrial fixed-bed reac-
tors. Indeed, packed beds would suffer of unacceptable pressure
drops, while structured reactors would be limited by the insuf-
ficient catalyst inventory [11,12]. In fixed bed reactors, a smart
solution to prevent the onset of strong mass transfer limitations
while granting low pressure drops at the same time is represented
by eggshell-type supported catalysts [13-19]. Such catalysts are
characterized by the presence of the active phase only in the periph-
eral region of the pellet, which is referred to as “active shell”. In
this way, the pellet diameter and the diffusion characteristic length
become two decoupled parameters, which can be optimized inde-
pendently. Indeed & does not correspond anymore to one sixth of
the pellet diameter (as in the case of evenly impregnated spherical
pellets), but is calculated by using the following Eq. (1), where ¢,

V and S are the active shell thickness, volume and outer surface,
respectively, and R is the pellet radius [19]:
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The development of compact FT reactors, which are particu-
larly interesting for stranded and off-shore GTL applications, or
for BTL (biomass-to-liquid) plants, led, in the last decade, to look
for intensified reactor technologies. As a result, microchannel and
structured fixed-bed reactors [20-23] with improved heat transfer
performances have been proposed. In order to make such technolo-
gies economically sustainable, these reactors have to grant high
productivity per unit catalyst volume. Accordingly, the develop-
ment of catalysts with exceptional level of activity, but not limited
by strong mass transfer restrictions, is mandatory. In this per-
spective, the development of eggshell pellets with diameter below
1 mm is of particular interest.

In a recent work by some of us [19], a new procedure to prepare
“small” eggshell Co/y-Al,03 catalysts (with diameters as low as
600 wm) suitable for compact Fischer-Tropsch reactors has been
proposed. By using a new impregnation method based (i) on the
“protection” of the support pores with an organic solvent, (ii) on the
adoption of a polar impregnating solution containing the catalyst
precursor, and (iii) on the contact of the support with the precursor
solution for a controlled time, we have shown that eggshell cata-
lysts with a diameter as low as 600 um, impregnated with 16 wt.%
cobalt in a thin external region as thin as 75 pm, can be prepared.
The diffusive length of this eggshell catalyst, calculated by Eq. (1),
is 58 wm. In this work, in order to gain more insight in the effects
of the characteristic length of diffusion, and to verify the possibil-
ity to enhance the performances of a Co/y-Al,03 catalyst by taking
advantages from the consequences (i.e., the increased Cs. selectiv-
ity and CO conversion rate) of weak mass transfer restrictions, the
performances of such an eggshell catalyst have been assessed, and
compared to those of a powdered sample working in a kinetically
controlled regime.

2. Experimental

Eggshell catalysts have been prepared by adopting the pro-
cedure reported in our previous paper [19], whose main steps
are listed in the following. At first, y-Al,O3 microspheres (Sasol
Puralox®, Sger=161m?2 g1, Vpore =0.41 cm3 g=1, Dpejer = 600 um)
have been soaked in n-undecane (Sigma-Aldrich, 99 wt.%) for
40 min; then, they have been drained from the excess hydrocar-
bon and placed into a fritted glass funnel mounted on a vacuum
flask. At this point, the impregnating solution, constituted by
Co(NO3);-6H,0 (Sigma-Aldrich, 98 wt.%) in ethanol (Carlo Erba,
97 wt.%; 1.27 mlgthanol/8sait)» has been poured onto the spheres
(5.6 mlgopution/€a2o3) and, after 2s, the excess solution has been
rapidly removed from the funnel by evacuating the flask. Eventu-
ally, the impregnated spheres have been dried in static air at 393K
for 2 h and then calcined at 673 K in static air for 12 h. By repeat-
ing nine times the procedure, eggshell pellets with a diameter of
600 pm (namely ES600) and with a Co loading in the active shell of
16 wt.%, corresponding to a Co loading of 9.3 wt.% calculated con-
sidering also the weight of the non-impregnated core, have been
obtained. As shown in Fig. 1(a), those samples are characterized by
a sharp and homogeneous shell layer 75 pm thick (§=58 p.m).

The eggshell catalyst has a BET surface area of 143m2g-! and
a pore volume of 0.27 cm3 g~!, corresponding to an average pore
diameter of 7.5 nm. The average Co304 crystallite diameter (dcry)
is 6.8 nm, from which an average Co® crystallite size of 5.1 nm can
be determined [24]. This value is close to the ideal crystallite size
granting the maximum active phase dispersion, without entering in
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Fig. 1. Optical micrographs of the (a) fresh ES600 sample (section) and of the used (b) ES600 (section in the inset) and (c) POW100 catalysts.

the area (d¢ry <6-8 nm [25]) where the Fischer-Tropsch synthesis
becomes a structure sensitive reaction.

A fraction of the eggshell catalysts has been ground and sieved
with a sieve having 150 wm opening so to obtain a powdered sam-
ple with the same chemico-physical properties of the unground
eggshell sample with the exception of the characteristic length of
diffusion. Indeed, in order to guarantee that the powdered sam-
ple had the same composition as the eggshell sample, grinding and
sieving processes have been prosecuted until the eggshell catalyst
has been entirely ground in powders below 150 pm.

In order to estimate the average size and shape of the powdered
particles, as well as to verify the integrity of the eggshell catalyst
after catalytic tests, microscopy analyses have been performed on
the used catalysts. To the scope, an optical microscope (Stereo Dis-
covery V12) and an image analysis software (Image-J) have been
used. Eventually, the approximate sphericity of the powdered par-
ticles has been estimated by applying the correlations reported in
Supplementary material.

Fischer-Tropsch activity tests have been carried out with both
the egg-shell and the powdered sample operating in a lab-scale
tubular packed reactor (1.1cm L.D., 85cm long) with plug-flow
hydrodynamics (Fig. S2). A sketch and a description of the adopted
lab-scale setup can be found elsewhere [26]. In order to prevent
axial temperature gradients caused by the strongly exothermic FTS,
adopted eggshell and powdered catalysts have been diluted with
a-Al,03 micro-spheres with 600 and 100 pm, respectively, so to
obtain beds 11 cm long.

Prior to the activity tests both the catalysts have been reduced
in situ by feeding 35.95 L(STP) h—'g¢,~! of H, (Sapio, 99.995 mol.%)
and keeping the catalyst at 400 °C (heating ramp from ambient tem-
perature to 400°C at 2°C/min) for 17 h. This procedure allows to
achieve an extent of reduction in the range 55-67% [19], which
is a value higher than those reported in the literature for sim-
ilar un-promoted Co/vy-Al,03 catalysts, suggesting an excellent
reducibility of the adopted samples [27]. After this treatment,
catalytic runs have been performed at process conditions rele-
vant to industrial operations: T=220-230-240°C, P=25bar, H,/CO
inlet molar ratio=1.7, GHSV=46.01 L(STP) h~1gc,~1, N, + Ar in the

feed =24 vol.%. Each time we changed the process conditions, we
collected data until steady-state conditions were reached both in
terms of CO conversion and product selectivity. This required to
operate the catalyst in each investigated condition for more than
100 consecutive hours. Reactants and C;-Cy49 products (paraffins,
olefins and alcohols) leaving the reactor have been quantified by
on-line and off-line gas-chromatography. The details on the prod-
ucts collection and on the GC analyses can be found elsewhere [26].
Carbon balances, calculated as moles of C contained in the reac-
tion products divided by the moles of converted CO, always closed
within £5%.

3. Results and discussions
3.1. Working catalyst characterization

Fig. 1(b and c¢) shows the optical micrographs of the used cata-
lysts, which we assume to be representative of the working catalyst.
In addition to the catalytic material, residues of quartz wool fibers,
used as inert filling of the reactor (more details on the reactor load-
ing scheme can be found in Supplementary material), and o-Al; 03
spheres, used as diluent of the catalytic bed, are also present.

Fig. 1(a and b) shows that the particle size, the particle shape
and the “eggshell-type” configuration of the used eggshell sample
is unchanged even after several hours on stream. This indicates
high mechanical strength and chemical resistance of the eggshell
pellets, which is a fundamental property for catalysts to be used in
packed bed reactors.

Fig. 1(c) shows that the particles shape of the powdered cat-
alyst is irregular and that different types of particles exist: (i)
grey particles entirely constituted by «y-Al,03 (possibly obtained
by fragmentation of the inert core of the eggshell catalyst), (ii)
black particles entirely constituted by Co/vy-Al,03 catalyst (active
shell), and (iii) black and grey particles constituted by a fraction
of y-Al,03 and a fraction of Co/y-Al;03. The average size of the
crushed eggshell catalyst, estimated by measuring the maximum
and the minimum dimensions of about two-hundred of these par-
ticles, results centered in the range 75-100 pm. Accordingly, the



Table 1
POW100 catalyst stability T=230°C, P=25bar, H,/CO=1.7mol/mol and
GHSV=46.01L(STP)h~'gc, ', inerts (N,+Ar) in the feed =24 vol.%.

T.oS.[h] Xcol%] Scua [%] Scs+[%]
44 34.2 10.7 741
66 33.6 11 72.7
87 33.7 11 73.2

161 34.1 10.9 733
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Fig. 2. CO conversion (Xco) and selectivity (S) to the main reaction products. P.C.:
T=230°C; P=25bar; H,/CO inlet molar ratio=1.7; GHSV=46.01L(STP)h"gc,';
inerts (N+Ar) in the feed =24 vol.%; T.0.5.F5600 =70 h and T.0.S.FOW100 =87 h,

powdered sample has been named POW100. The average spheric-
ity of POW100 particles, calculated as the average ratio between
the surface area of an ideal sphere with the same volume as the
given particle, and the surface area of the particle, is 0.78-0.79.
The corresponding diffusive length, calculated as shown in the Sup-
plementary material, is below 20 wm, a value assuring operations
under kinetically control regime [2,10].

3.2. Catalysts stability

In order to collect representative steady-state activity data, both
the catalysts considered in this work have been tested for more than
700h. In spite of the long runs, as already seen in the case of the
eggshell catalyst [19], also the powdered catalyst has been found
to be very stable with the Time on Stream (T.0.S.) both in terms of
activity and selectivity (Table 1). In particular, CO conversion varies
from 34.2% at T.0.S. 44 h to 33.7% at T.0.S. 656 h while CH4 and Cs.
selectivities vary from 10.7 and 74.1% at T.0.S.44 hto 10.9 and 73.1%
at T.0.S. 656 h.

3.3. Catalysts activity and selectivity

Fig. 2 shows the steady-state CO conversions mea-
sured at 230°C, 25bar, H,/CO feed molar ratio=1.7,
GHSV=46.01L(STP)h~'gc, 1, inerts in the feed = 24 vol.%, over the
eggshell (ES600) and the powdered eggshell (POW100) catalysts
measured respectively at T.0.S. 70 and 87 h. The selectivities to
methane, carbon dioxide, Cs. and Cq5+ hydrocarbons, olefins and
alcohols are also shown.

The ES600 catalyst is more active than POW100, as demon-
strated by a CO conversion of 42% versus a value of 34% measured
over the POW100 catalyst. In terms of FT products selectivity, the
two catalysts show similar selectivity to methane (~11.0%) and car-
bon dioxide (<1.0%). The Cs+ and C;s+ selectivities are also very
similar for the two catalysts, with ES600 only slightly more selec-
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Fig. 3. ASF hydrocarbons distribution as a function of the carbon number. Process
condition and T.o.S. as in Fig. 2.
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Fig. 4. Experimental olefin to paraffin ratio as a function of the carbon number.
Process condition and T.o.S. as in Fig. 2.

tive to heavier species than POW100 (SE°%0 =74%, SE8%0 =36%,
SEOW100=73%, SROW100 =34%). As a result, the Anderson-Schulz-
Flory (ASF) plots obtained for the two catalysts (Fig. 3) show similar
hydrocarbon distributions with the typical positive and negative
deviations for methane and C, hydrocarbons, respectively, and a
change of slope for a carbon number around 8. The chain growth
probability, estimated by considering the hydrocarbons with more
than 15 carbon atoms (cq5+), is close to 0.87 for both catalysts.

On the other hand, the eggshell catalyst shows lower selectivity
to olefins with respect to the powdered sample (18 vs. 23%), and
slightly higher selectivity to alcohols (3.9 vs. 2.5%). As shown in
Fig. 4, indeed, the olefin to paraffin ratio (O/P) plotted as a func-
tion of the carbon number (n) shows for both the catalysts the
well-known monotonically decreasing distribution for n> 2, with
ethylene out of trend, but POW100 shows higher O/P ratio than
ES600, due to higher olefins selectivity together with lower paraffin
selectivity (Fig. 5).

With both catalysts, the ASF diagram of alcohols (Fig. 6) shows
distributions characterized by change of slope in correspondence
of the C4 species. As discussed elsewhere [28], such a peculiar
trend can be explained by considering the presence of two differ-
ent routes for alcohol formation, i.e. an independent chain growth
route with oxy-species as intermediates (dominant for C;-Cs alco-
hols) and the hydroformylation of adsorbed olefins (dominant for
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C4-Cy7 alcohols). Interestingly, ES600 and POW100 catalysts show
similar C;-C3 alcohols selectivities, while for C4+ species the pow-
dered sample shows lower selectivity to alcohols than the eggshell
catalyst.

Such results may be explained by considering the different dif-
fusion lengths of the eggshell (58 m) and the powdered catalysts
(<20 pm). In particular, we speculate that the performances of the
eggshell catalyst are influenced by weak mass transport limita-
tions. In these conditions, indeed, we expect that the slow olefins
removal results in increased readsorption probability. As a matter
of fact, our data show that the products of the ES600 catalyst are
less olefinic than those of POW100 (Fig. 4). Also, our data show that
olefins readsorption is mainly followed by their hydrogenation to
the corresponding paraffins (Fig. 5) and only a minor amount of
readsorbed olefins is re-inserted in the chain growth mechanism.
This result, evidenced by the slightly higher selectivity to C;5+ of
the eggshell catalysts with respect to the powdered sample (Fig. 2),
is in good agreement by the results obtained by Fiore et al. [28]
during olefin cofeeding experiments. The readsorbed olefins also
undergo hydroformylation to the C,+; alcohol (n>3), as shown by
the higher alcohols selectivity of the ES600 catalyst (Fig. 6), again
in agreement with Fiore et al. [28].

Eventually, our data point out a CO conversion increase in
the presence of weak mass transfer limitations. We explain such
increase by considering that Fischer-Tropsch kinetics are positive
order with respect to H, and negative order with respect to CO
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Fig. 7. Arrhenius plots for ES600 and POW100 catalysts.

[29] and that the different molecular diffusivities of H, and CO in
the liquid waxes filling the catalyst pores [7] result in H,/CO ratios
higher in close proximity of the catalyst active centers than in the
bulk phase.

Indeed, as typical of reactions with kinetics having negative
dependencies on the concentration of the limiting reactant, there
is a range of Thiele modulus (¢) centered around ¢ =1 where the
effectiveness factor becomes greater than one [30]. Preliminary
estimates of Thiele modulus, carried out using relevant literature
intrinsic kinetics as well as literature data for CO diffusivity and
solubility in the liquid phase, are in line with this scenario, pro-
viding values of ¢ between 1 and 1.5 depending on the reaction
temperature.

3.4. Temperature effect and apparent activation energy

In order to confirm our speculation on the occurrence of “weak”
mass transfer limitation for the ES600 sample, activity tests at dif-
ferent temperatures (220, 230, 240°C) have been carried out on
both ES600 and POW100 catalysts and their apparent activation
energies have been estimated by using a literature power-law rate
expression to describe the CO consumption kinetics [31]. In Fig. 7,
the Arrhenius plots for the two catalysts are shown: they confirm
the higher activity of ES600. In line with our explanation for the
observed data, while an apparent activation energy of 100 k]/mol
has been estimated for the powdered sample, a value as low as
87 kJ/mol has been calculated for the eggshell catalyst. This shows
that the presence of slight mass transfer restrictions falsifies the CO
consumption kinetics on the eggshell samples.

A further confirmation of the presence of weak mass transfer
limitations for the eggshell sample can be found by looking at the
evolution with temperature of the product distributions of the two
catalysts. Activity tests conducted at 220°C confirm the results
already obtained at 230°C (Figs. 8 and 9). The presence of weak
mass transfer limitations in the eggshell sample positively affects
both the CO conversion kinetics and the catalyst selectivity. The
hydrogenation of readsorbed olefins to the corresponding paraf-
fins is still dominant on both the re-insertion in the chain growth
mechanism and the hydroformylation to the C,+; alcohol. More
interesting are the results obtained at 240°C. As shown in Fig. 8,
the differences in the Cy5. selectivity of the two catalysts become
more evident, as pointed out also by the different values of the
chain growth probability (cc15+) estimated for both catalysts: 0.86
for POW100 sample and 0.87 for ES600 catalysts. Also the decrease
of the O/P ratio is more marked at 240°C than that recorded at
220 and 230°C. Such results not only confirm that, as expected,
the increase of temperature enhances the effects of mass transfer
limitations, but also constitutes an additional proof that the reason
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for the different selectivity of the two catalysts is the presence of
intraporous mass transfer restrictions in the eggshell sample.

Notably, the presence of weak mass transfer limitations makes
the performances of the ES600 sample better than those of the
powdered sample, which operates under a kinetically controlled
regime. Indeed, our data show that those restrictions boost the CO
conversion kinetics (major effect) and increase the Scs. selectivity
(minor effect). This results in a Cs. yield (per gco) for the eggshell
sample that is 29% higher than for the powdered sample. Such
increased yield can be used at the industrial scale to compensate
(at least partially) the lower inventory of active phase in the reac-
tor (and consequently the lower Cs. yield per unit volume) which is
obtained when an eggshell catalyst replaces an evenly impregnated
sample.

4. Conclusions

Following the innovative preparation procedure recently devel-
oped in our group [19], a small Co/y-Al,03 eggshell catalyst with
a diameter of 600 um, a cobalt loading in the shell of 16 wt.%,
a uniform thickness of the active shell and a diffusive length
of 58 wm, has been prepared. Its catalytic performances in the

Fischer-Tropsch synthesis have been compared to those of a pow-
dered catalyst with a diffusive length below 20 wm, obtained by
grinding and sieving the eggshell catalyst.

Interestingly, the eggshell catalyst shows higher CO conversion
and Cs. selectivity with respect to the powdered sample. Also, the
products are less olefinic than with the powder sample. We have
explained these results by considering the occurrence of modest
transport limitations in the case of eggshell catalyst, which boost
both the CO conversion kinetics and the catalyst hydrogenating
ability. The CO conversion is increased because the local H,/CO
ratio in close proximity of the active centers is higher than in the
bulk phase, and the CO conversion kinetics are positive order with
respect to H, and negative order with respect to CO. The slightly
higher selectivity to heavy species and the lower content of olefins
arerelated instead to the fact that the greater diffusion length of the
eggshell catalyst enhances the probability of primary a-olefins to
be re-adsorbed and hence to undergo secondary reactions. Among
these, hydrogenation to the corresponding paraffin is dominant,
even though minor increases of the chain growth probability and
of hydroformylation to the C,.; alcohol are also observed. As a
confirmation to our explanation for the observed data, while the
apparent FT activation energy for the powder catalyst is 100 kJ/mol,
that estimated for the eggshell catalyst is as low as 87 kJ/mol.

From a fundamental point of view, our data prove that the
onset of mass transfer restrictions in the LTFT affects both the cat-
alyst activity and its selectivity. In particular, weak mass transfer
limitations significantly boost the CO consumption kinetics, lower
the olefinicity of the products and slightly increase the selectiv-
ity to heavy products. From an applied point of view, in addition,
these results, by confirming the presence of slight mass transfer
restrictions which falsify the CO conversion kinetics on the eggshell
sample, point out that engineered eggshell catalysts with an opti-
mal thickness of the active shell represent an optimal solution to
achieve high Cys, yields per mass of cobalt in the reactor, while
limiting the AP in packed-bed reactors for the FTS. This is particu-
larly relevant in view of the development of compact technologies
to be used for the monetization of small and medium sized natural
gas fields, as well as associated gas fields (flaring down projects).
In those situations, indeed, it is crucial to limit the pressure drop
in the reactor and to synthetize liquid products that can be easily
transported far away from the natural gas source.
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