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Abstract

The preparation steps of Co/γ -Al2O3 Fischer–Tropsch (FT) catalysts have been studied using spatially resolved UV–vis microspectroscopy.
The speciation of the different Co phases inside the support bodies changed by varying the composition of the impregnation solutions and the
applied treatment, that is, subsequent impregnation, aging, drying, and calcination. The activity in the FT synthesis reaction of the reduced catalysts
has been correlated with the applied preparation procedure. The highest activity was observed when γ -Al2O3 was impregnated with an aqueous
CoCO3 solution containing 1 equivalent citric acid. The formation of a Co citrate complex inside the support after impregnation was favored due
to the higher pH of this solution compared with a similar solution involving Co(NO3)2. After calcination, Co3O4 was observed with an eggshell
distribution, and no unfavorable CoAl2O4 was observed. The Co citrate complex formation is thought to restrict the extent of interaction of Co with
alumina to form CoAl2O4, thereby allowing a higher degree of reduction and a concomitant higher catalytic activity. This study demonstrates the
power of monitoring catalyst preparation with spatially resolved UV–vis microspectroscopy. The understanding of the physicochemical processes
occurring at the different stages of the preparation process allows fine-tuning of the catalyst properties, which is ultimately expected to enable the
development of improved supported catalysts.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, Fischer–Tropsch (FT) synthesis has attracted
renewed interest as a result of stringent regulations on sulfur
levels in transportation fuels and limited crude oil supplies. For
decades, supported Co metal particles have been known to be
very active for FT synthesis. Co-based FT catalysts are usually
prepared by impregnation of a porous support, such as alumina,
silica, titania, or, more recently, carbon, with a solution of a
cobalt precursor salt [1–8]. Calcination results in conversion of
the Co salt to oxidic species, which in the final step are con-
verted into metallic Co by reduction in a hydrogen atmosphere.
The catalytic performance is known to be a function of both
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the metal dispersion and the extent of reduction of the oxidic
precursor species [9]. Both the dispersion of the Co and the re-
ducibility of the oxidic precursor depend on the interaction of
Co species with the support; a weak Co–support interaction is
favorable for the reduction step, but may cause aggregation of
the metal particles on reduction. When the Co–support interac-
tion is strong, reaction between Co and the support may result
in Co aluminate, titanate, or silicate species when Al2O3, TiO2,
or SiO2 is used as the support. These Co–support species are
generally not easily reduced, resulting in a decreased amount
of metallic Co available for catalysis. The macrodistribution
of Co metal over the support is another factor influencing cat-
alytic performance. Packed-bed reactors, working under high
pressures, require large (mm-sized) catalyst particles; restricted
diffusion of CO into these catalyst particles decreases the reac-
tion rate, and local high H2/CO ratios may favor the formation
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of lighter products (low C5+ selectivity). These limitations can
be overcome when Co is present only in the outer regions of
the catalyst particles, that is, in a so-called “eggshell” distrib-
ution [10]. It is therefore evident that a delicate fine-tuning of
the metal–support interactions during the different preparation
steps is essential to obtain materials with optimal catalytic per-
formance.

The aim of this study is to investigate the metal ion–support
interactions throughout the preparation process of alumina-
supported Co FT catalysts. We have chosen to study cata-
lysts supported on mm-sized metal oxide bodies because this
is the preferred type of support used in industrial processes
with fixed-bed reactors [10]. In a previous study, the prepara-
tion process of CoMo/γ -Al2O3 catalyst bodies was monitored
by combined time and spatially resolved UV–vis and Raman
microspectroscopy [11,12]. The role of the different synthesis
parameters in the formation and subsequent decomposition of a
Co- and Mo-containing heteropolyanion inside γ -Al2O3 pellets
could be successfully identified in this way.

In the present study, spatially resolved UV–vis microspec-
troscopy [13] was applied to monitor the Co oxide speciation
and distribution during all steps of supported catalyst prepara-
tion. We show that the choice of the Co precursor, the impregna-
tion solvent, the presence of additional ligands, and the applied
drying/calcination procedure all had significant effects on the
final Co speciation, the Co distribution throughout the Al2O3
support bodies, and, consequently, the catalytic performance of
the different catalysts in the FT synthesis.

2. Experimental

2.1. Catalyst preparation

All samples were prepared by pore-volume impregnation of
γ -Al2O3 pellets with metal-salt solutions. Cylindrical γ -Al2O3
pellets (Engelhard, 3 mm in both length and diameter), which
were calcined at 600 ◦C for 6 h and stored at 120 ◦C, were ap-
plied. The pore volume of this support material was 1.0 ml/g,
and its surface area was 200 m2/g. The point of zero charge
(pzc) of the γ -Al2O3 pellets was 8.9. The volume of the impreg-
nated solutions was equal to the pore volume of the γ -Al2O3
sample plus 10%. Impregnated samples were kept in a closed
vessel to prevent dehydration. All samples were aged for 5 min,
dried in a preheated tubular oven in a dry oxygen-free nitro-
gen flow at 120 ◦C for 2 h, and finally heated in nitrogen at
550 ◦C (at a heating rate of 3 ◦C/min) for 3 h. These samples
are referred to as calcined samples (c). Samples are labeled
x(w), x(d), and x(c), where x refers to the impregnation solu-
tion used (see below) and (w), (d), and (c) refer to wet, dried,
and calcined samples, respectively. Wet [x(w)] and dried [x(d)]
samples taken for analysis were discarded after UV–vis mea-
surements to ensure that the calcined samples [x(c)] were not
exposed to air after the start of the drying and calcination steps.

The Co concentration in all impregnation solutions was
1.35 M, corresponding to a metal content of 8.0 wt% after re-
duction. This amount of metal contained within the samples
was chosen because it is a compromise between obtaining good
Table 1
Metal solutions used for pore-volume impregnation experiments

Metal
precursor

Added
ligand

Solvent [Co2+]
(M)

pH d

(g/ml)

1 Co(NO3)2 – Water 1.35 3.2 1.19
2 Co(NO3)2 – EtOH anh. 1.35 – 1.02
3 Co(NO3)2 1 eq. citric acid Water 1.35 0.3 1.28
4 Co(NO3)2 1 eq. citric acid EtOH anh. 1.35 – 1.12
5 CoCO3 1 eq. citric acid Water 1.35 3.1 1.20
6 CoCO3 7.3 eq. NH3 Water 1.35 10.3 1.16

Table 2
Co2+ absorption maxima in the UV–vis spectra of the impregnation solutions

Transition [11] λ (nm)

1 4T1g → 4T1g (P) 511
2 4T1g → 4T1g (P) 519
3 4T1g → 4T1g (P) 511
4 4T1g → 4T1g (P) 517
5 4T1g → 4T1g (P) 511
6 4T1g → 4T1g (P) 513

spectroscopic data, which is limited by high metal loadings, and
relevant FT catalysis, which is usually performed over catalysts
with Co content >10 wt% [1]. The compositions of the impreg-
nation solutions and the main absorption band in the visible part
of the UV–vis spectra [14] are summarized in Tables 1 and 2, re-
spectively. Dry EtOH (Merck, p.a.) was obtained by distillation
from Mg and stored over 4-Å molecular sieves. A water-free
solution of Co(NO3)2 in dry EtOH (2) was obtained by re-
acting 3.93 g (13.5 mmol) of Co(NO3)2·6H2O (Acros, p.a.)
with 4.40 g (29.7 mmol) of ethyl orthoformate (Acros, p.a.)
to remove crystal water. Excess ethyl orthoformate and EtOH,
formed on reaction, were then removed under reduced pressure.
The deep-purple anhydrous Co(NO3)2 crystals thus obtained
were redissolved in dry EtOH in a dry nitrogen atmosphere
to a total volume of 10 ml (1.35 M Co). Solution 4 was pre-
pared in the same manner, with citric acid (OPG Pharma, p.a.)
added to the Co(NO3)2·6H2O before reaction with ethyl ortho-
formate. Aqueous solutions containing citric acid as additional
ligand (3 and 5) were prepared by dissolving the appropri-
ate amount of citric acid in water before adding the Co salt
[Co(NO3)2 and CoCO3 (Acros, p.a.), respectively]. Basic so-
lution 6 was prepared as described in the patent literature [15];
25.4 g (264 mmol) of (NH4)2CO3 (Acros, p.a.) was dissolved
in 100 ml of a 25 wt% ammonia solution (Merck, p.a.) under
gentle heating. Then 21.1 g (177.6 mmol) of CoCO3 was slowly
added, and the mixture was stirred for 2 h at 40–45 ◦C. The so-
lution was finally filtered over a cellulose filter and stored under
a nitrogen atmosphere to prevent air oxidation.

2.2. Characterization techniques

2.2.1. UV–vis
UV–vis (DRS) spectra were recorded (i) on wet impregnated

Al2O3 support bodies after 5 min of aging, (ii) after 2 h drying
at 120 ◦C, and (iii) after 3 h of calcination at 550 ◦C. All UV–
vis measurements were performed using a previously described
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custom-made setup [13]. Spectra were recorded across a line
through the middle of the cross-section of pellets that were bi-
sected (using a razor blade) in the middle, perpendicular to their
axis. The spatial resolution of these measurements was around
100 µm, and 10–15 spectra were recorded along each cross-
section, requiring approximately 3 min. Powder X-ray diffrac-
tion (XRD) measurements were recorded on a CPS120 XRD
system with a curved position-sensitive INEL detector (Bruker
AXS, Delft, The Netherlands), and applying a CoKα radia-
tion source (λ = 1.788965 Å). EDX line scans were obtained
with an XL30SFEG (FEI, The Netherlands) scanning electron
microscope. Analysis of the spectra was done with EDAX soft-
ware (Tilburg, The Netherlands). The estimated relative error
in the measurements depended on the absolute Co concentra-
tion and was found to be in the range of 5% (local Co content
>5 wt%) to 30% (local Co content <1 wt%).

2.3. Fischer–Tropsch synthesis

FT synthesis (FTS) was performed using a custom-built set-
up. In each case, two intact Co-loaded Al2O3 pellets (∼50 mg)
were mixed with SiC (0.2 mm) and were reduced in a flow of
hydrogen (20 ml/min) in He (40 ml/min). The sample was
heated at a rate of 5 ◦C/min to a final temperature of 350 ◦C,
where it was maintained for 2 h. The sample was then cooled
to 220 ◦C, and FT synthesis was performed in a H2/CO flow
(2:1 volume ratio), with the flow adjusted in such a way that the
conversion was 2.0% with a margin of 0.05%. The final activ-
ity and selectivity were measured after steady-state conditions
were reached, typically after 20 h. FTS was performed at 1 bar
total pressure, with partial pressures of the products (hydrocar-
bons and water) of approximately 2% and partial pressures of
CO and H2 of approximately 33 and 65%, respectively.

3. Results and discussion

3.1. UV–vis microspectroscopy

The impregnation of γ -Al2O3 pellets with Co(NO3)2 was
performed with both aqueous solution 1 and EtOH solution 2.
The UV–vis spectra recorded across the cross-sectional surface
of bisected pellets after 5 min of aging, after drying, and af-
ter calcination are depicted in Fig. 1. The assignments of the
absorption bands recorded on the wet, dried, and calcined sam-
ples are summarized in Table 3. Images of the corresponding
bisected dried and calcined samples are depicted in Fig. 2.
In the spectra of both wet samples 1(w) and 2(w) (Fig. 1),
an asymmetric band centered around 516 nm, indicative of
O-donor octahedral Co2+ complexes [4T1g → 4T1g (P) tran-
sition], is clearly discernible. The intense band at 296 nm is
due to the NO−

3 n → π∗ charge-transfer band [14,16,17]. The
slower migration rate of Co2+ toward the core of the pellets
in EtOH-containing sample 2(w) compared with sample 1(w),
which was impregnated with the aqueous solution, is clearly
visible. The slower migration rate may be due to the pres-
ence of bulky [Co(EtOH)6]2+ complexes instead of hydrated
Co2+ ions, which could also explain the small difference in the
Table 3
Spectral assignments of the different phases, including the related references

Co phase Transition λ (nm) Reference

Co(OH2)2+
6 (Oh) 4T1g → 4T1g (P) 515 [14]

4T1g → 4A2g 625 [14]
Co(OH2)5(OHs)2+ (Oh) 4T1g → 4T1g (P) 535 [18]

4T1g → 4A2g 635 [18]
CoII–Al HTa (Oh) 4T1g → 4T1g (P) 525 [21], this work

4T1g → 4A2g 640 [21], this work
CoIII–Al HTa (Oh) 1A1g → 1T2g 380 [25,26], this work

1A1g → 1T1g 650 [25,26], this work
CoAl2O4 (Th) 4A2 → 4T1 (P) 545 [14,27]

4A2 → 4T1 (P) 580 [14,27]
4A2 → 4T1 (P) 630 [14,27]

Co3O4 (Co3+ (Oh)) 1A1g → 1T2g 380 [27,28]
1A1g → 1T1g 700 [27,28]

NO−
3 n → π∗ 300 [14,16,17]

a Co–Al hydrotalcite, with general formula [Co(1−x)Alx (OH)x+
2 ]An−

x/n,
where A is the counter anion.

observed main UV–vis absorption bands of solutions 1 and 2
(Table 2). The spectra of the dried samples [Fig. 1, 1(d) and
2(d)] also show that there is still very little Co in the core of the
pellets of sample 2(d). On drying, slight changes in the spec-
tra of sample 1 (i.e., the appearance of an additional shoulder at
around 635 nm) are observed. This band has been investigated
in great detail [18,19] and has been shown to originate from
Co2+-surface complexes, formed by displacement of some of
the water ligands around Co2+ by bridging surface hydroxyl
groups. The spectral changes for sample 2 on drying are more
pronounced; the 516-nm band in the spectra of 2(w) disappears
in favor of (near the edge of the bisected pellet) bands at 650 nm
(with a shoulder at higher wavelength) and 380 nm. The spec-
tra recorded more toward the core of the pellet display a band at
525 nm with a shoulder at 640 nm, along with a strong absorp-
tion band in the 350–400 nm region. The photograph of bisected
pellet 2(d) in Fig. 2 shows that the different regions in this sam-
ple have marked color differences, that is, brown near the edge
and pink toward the center of the pellet. However, immediately
after removal from the inert nitrogen atmosphere in the drying
oven, the sample was still completely pink. The brown color
near the edge of the pellets appeared within a few minutes after
exposure to air, pointing to the presence of a Co2+ species that
is easily oxidized. One possibility is Co–Al hydrotalcite (HT,
with the general formula [M2+

(1−x)M
3+
x (OH)x+

2 ]An−
x/n·mH2O),

which is known to be formed on metal-ion-assisted alumina
dissolution [20]. Oxidation of Co2+ to Co3+ in such an HT
structure has been reported in a study on Co–Al HTs with
various Co2+:Al3+ ratios. Samples with a Co2+:Al3+ ratio of
5 were reported to be brown (due to the presence of Co3+),
whereas samples with lower Co2+:Al3+ ratios were pink [21].
X-ray absorption spectroscopy (XANES) was used to prove
that oxidation of around 30% of the Co2+ in the sample with
a Co2+:Al3+ ratio of 5 had occurred [21]. To verify that Co–Al
HT had formed on drying of 2, a Co–Al HT reference mate-
rial with a Co2+:Al3+ ratio of 3 and CO2−

3 as the anion was
prepared as described previously [22]. The powder XRD pat-
tern of the pink product (Fig. 3) agrees well with that of Co–Al
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Fig. 1. UV–vis spectra recorded on bisected pellets, from edge to core, measured 5 min after impregnation (1(w) and 2(w)), after drying at 120 ◦C (1(d) and 2(d))
and after calcination at 550 ◦C (1(c) and 2(c)).
HT reported in the literature [23,24]. The color of the mater-
ial changed from pink to light brown overnight on exposure to
air; the UV–vis spectra of both samples are depicted in Fig. 4
[traces (a) and (b), respectively]. The XRD pattern of the sam-
ple does not change on exposure to air, suggesting that the
HT structure is conserved on oxidation. The main feature in
the UV–vis spectrum of the pink reference sample is a band at
around 525 nm, with a shoulder at 640 nm. An additional band
at 350–400 nm is observed in the spectrum of the brown sam-
ple, which clearly resembles that of the brown area of sample
2(d) [trace (c) in Fig. 4]. On the basis of the above, the ab-
sorption band of 2(d) in the 350–400 nm region is assigned to
octahedral Co3+ (HT) (1A1g → 1T2g transition), in agreement
with the literature [25,26]. The band around 650 nm near the
edge of the pellets is also assigned to Co3+ (Oh) (1A1g → 1T1g

transition) [26]. The extended oxidation of Co2+ near the edge
of the pellets on exposure to air agrees well with the assumption
that a sufficiently high local Co:Al ratio is necessary for oxida-
tion [21]. The spectra of 2(w) before drying suggest that there
indeed is a clear concentration gradient over sample 2. The band
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Fig. 2. Pictures of dried bisected pellets 1(d) and 2(d), and of bisected calcined samples 1(c) and 2(c).
Fig. 3. X-ray diffraction pattern of a Co–Al HT reference sample with a Co:Al
ratio of 3.

at 525 nm, still prominent in the pink region near the core of the
pellets, is due to octahedral Co2+ (HT). The 640-nm band in the
same region is assigned to Co2+–surface complexes, similar
to the assignment of this band in the case of 1(d). HT forma-
tion calls for substantial amounts of water to react with the
Co precursor and the Al2O3 support. Because HT formation
is observed in 2(d) with no water present in the (ethanolic) im-
pregnation solution, water is thought to enter the sample while
the (previously calcined and dried) γ -Al2O3 pellets are be-
ing weighed. Alternatively, water also may be provided by the
Al2O3 surface, because the typical hydroxyl concentration of
Fig. 4. UV–vis spectra of Co–Al HT (a) freshly prepared (pink), (b) after aging
(light brown), as compared to a spectrum from sample 2(d) (recorded 0.7 mm
from core) taken from Fig. 1 (trace (c)).

5 OH/nm2 is sufficient to account for the observed HT forma-
tion.

The UV–vis spectra of calcined sample 1(c) (Fig. 1) show
the presence of Co3O4 throughout the whole sample, as evi-
denced by strong absorptions at 410 and 700 nm due to Co3+
in octahedral positions [25,27–29]. Similar to 2(d), three dif-
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Fig. 5. UV–vis spectra recorded on bisected pellets, from edge to core, measured 5 min after impregnation (3(w) and 4(w)), after drying at 120 ◦C (3(d) and 4(d))
and after calcination at 550 ◦C (3(c) and 4(c)).
ferent regions can be identified for sample 2(c): a black outer
ring, a blue inner ring, and a white core (see Fig. 2). The spec-
tra recorded near the edge of the cross-section of bisected 2(c)
pellets are slightly different from the 1(c) spectra, with absorp-
tion maxima at around 400 and 650 nm for 2(c), due to the
presence of Co3O4. The spectra corresponding to the blue re-
gion in the pellet feature a well-defined triplet at 540, 580, and
630 nm corresponding to Co2+ ions in a tetrahedral environ-
ment [4A2 → 4T1 (P) transition] [14,27]. This Co aluminate is
the barely reducible CoAl2O4 (spinel), which is formed on mi-
gration of Co2+ ions into tetrahedral sites of the γ -Al2O3 lattice
[18,27,28,30]. As in the previously discussed samples impreg-
nated with EtOH solution 2, hardly any Co is observed in the
core of this sample. From both the spectra in Fig. 1 and the pic-
tures in Fig. 2, it is clear that CoAl2O4 has evolved on calcina-
tion from Co2+–Al HT in sample 2(d), that is, in places where
no oxidation of Co2+ occurred at the drying stage. Co3O4 is ob-
served in those places where oxidation of Co2+ was observed
on drying. Alternatively, the observed Co3O4 and CoAl2O4

regions may also be explained by the Co concentration gra-



L.G.A. van de Water et al. / Journal of Catalysis 242 (2006) 287–298 293
Fig. 6. Pictures of dried bisected pellets 3(d) and 4(d), and of bisected calcined samples 3(c) and 4(c).
dient over sample 2. Low Co concentrations (in other words,
low Co:Al ratios) may favor mixed metal–support species (i.e.,
CoAl2O4), whereas in regions with higher Co concentrations,
the pure metal oxide (Co3O4) is the predominant species. The
lack of a Co concentration gradient over sample 1 explains the
absence of CoAl2O4 in 1(c). A similar influence of the Co con-
centration on the species formed after calcination was reported
by Liotta et al., who found CoAl2O4 in a 1-wt% Co–Al2O3

sample after calcination at 500 ◦C and Co3O4 after calcination
of a 3 wt% sample [27], and by Ataloglou et al., who reported
similar results for a range of Co–Al2O3 samples with varying
Co concentrations [16]. Finally, the dispersion of the Co ox-
ide phase that emerges on calcination is expected to play a role
in CoAl2O4 formation in 2(c). Calcination of the Co–Al HT
phase [sample 2(d)] may result in highly dispersed CoO, which
easily reacts with the support to form CoAl2O4. In the case of
1(c), in contrast, a low dispersion of Co3O4 is anticipated from
Co(NO3)2 calcination [31], which does not give rise to the for-
mation of CoAl2O4 in 1(c).

The UV–vis spectra of γ -Al2O3 pellets impregnated with so-
lutions 3 and 4 after 5 min of aging (w), after drying at 120 ◦C
(d), and after calcination at 550 ◦C (c) are depicted in Fig. 5.
The influence of the solvent on the migration rate is even more
pronounced than in 1 and 2. The EtOH solution of the Co–citric
acid complex hardly enters the γ -Al2O3 pellets, as is also il-
lustrated by the photographs taken after drying and calcination
(Fig. 6), which is thought to be the result of the high viscosity
of solution 4.

Citrate ligands coordinate strongly to Co2+ at neutral pH
(>4.5) [32], yielding an uncharged [Co(citrate)H] or negatively
charged [Co(citrate)]− complex. At lower pH, the citrate lig-
ands are not deprotonated and do not coordinate to the Co2+
ion, which exists as [Co(OH2)6]2+. This is illustrated by the fact
that the UV–vis spectra of aqueous Co(NO3)2 and Co(citrate)
solutions (1 and 3) are identical. The Co speciation on impreg-
nation and drying for sample 3 is similar to that of 1, with the
main absorption band due to Co2+ (Oh) at 514 nm [3(w)] and
527 nm [3(d)]. The 295-nm band is due to NO−

3 present in the
sample [14]. However, a notable difference from the spectra of
1 is the absence of a band at 635 nm due Co2+–surface interac-
tion. The spectra of the calcined sample 3 show the presence of
Co3+ (Oh) (at 375 and 640 nm), most likely as Co3O4, and, to-
ward the core of the pellet, Co2+ (Th) (at 545, 580, and 635 nm)
in CoAl2O4, which is illustrated by the blue color in that region
(Fig. 6). A Co concentration gradient may be the reason for the
CoAl2O4 formation, in a similar fashion as in sample 2(c). Co
citrate solutions are known to be more viscous than Co nitrate
solutions [33], which could decrease the migration rate of the
complex into the core of the support pellets and thus cause a
lower local Co concentration. CoAl2O4 surface spinel was not
observed in sample 1(c), where no citrate was present in the
impregnation solution and no Co concentration gradient was
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Fig. 7. UV–vis spectra recorded on bisected pellets, from edge to core, measured 5 min after impregnation (5(w) and 6(w)), after drying at 120 ◦C (5(d) and 6(d))
and after calcination at 550 ◦C (5(c) and 6(c)).
observed. Alternatively, CoAl2O4 formation may result from
a higher Co dispersion in 3(d) compared with in 1(d). Catalyst
supports, impregnated with aqueous solutions of metal chelates,
yield highly dispersed catalyst precursor species on drying, as
redistribution of the metallic species is prevented by the high
viscosity of the metal chelate solution [33]. Therefore, the metal
dispersion after drying is expected to be higher in sample 3 than
in sample 1, and this highly dispersed Co reacts easily with the
support to form CoAl2O4.

The spectra recorded on the wet sample impregnated with
EtOH solution 4 shows the band at 516 nm of Co2+ (Oh) in
the outer 0.1 mm of the cross-section, with no clear absorp-
tions visible in the rest of the sample. After drying, the Co2+
(Oh) band is slightly red-shifted to 545 nm, and an additional
broad shoulder around 370 nm is observed, which is tentatively
assigned to Co3+ (Oh) (1A1g → 1T2g transition). After calcina-
tion, no Co2+ (Oh) is visible; instead a very broad absorption
band, which may be due to oxidized Co species, is observed
throughout the entire sample, which points to Co migration at
the calcination step. Comparing the photographs of 4(d) and
4(c) confirms that the thickness of the Co-containing area has
increased on calcination.



L.G.A. van de Water et al. / Journal of Catalysis 242 (2006) 287–298 295
Fig. 8. Pictures of dried bisected pellets 5(d) and 6(d), and of bisected calcined samples 5(c) and 6(c).
The UV–vis spectra of Al2O3 pellets, impregnated with
aqueous solutions 5 and 6, are depicted in Fig. 7. The Co migra-
tion toward the core of the pellet is not complete after impreg-
nation with CoCO3 + citric acid solution 5 after 5 min of aging.
The Co concentration gradient is also clearly visible in the spec-
tra of 5(d) and 5(c). The 517-nm band in sample 5(w) is very
similar to that found for 3(w) (514 nm) and is indicative of the
hydrated Co2+ (Oh) ion. After drying, the difference between
samples 3 and 5 becomes more significant; the main Co2+ ab-
sorption band is observed at 527 nm for 3(d) and at 550 nm for
5(d). The difference may be due to the different pHs of the im-
pregnation solution on replacement of NO−

3 for CO2−
3 counter

ions; impregnation solution 5 has a pH of 3.1, and solution 3 has
a pH of 0.3. Because of the higher pH, a larger fraction of the
citric acid ligands are deprotonated and thus are able to form
complexes with the Co2+ ions in 5(d), causing a slight shift
in the Co2+ (Oh) band. The Co citrate complexes thus formed
may be either negatively charged (when all three carboxylic
acid groups are deprotonated) or neutral (with two deproto-
nated carboxylic acid groups), and the Coulombic interaction
with the protonated surface hydroxyl groups of the support will
slow the Co transport. After calcination, there is still a clear
difference between the spectra of 3(c) and 5(c). No CoAl2O4

is observed for 5(c) as the triplet due to tetrahedral Co2+ (545,
580, and 635 nm) is absent in the spectra, even in those places
where the local Co concentration is low. In contrast, the samples
prepared from solutions 2 and 3 clearly contain this undesired
spinel species after calcination. In the spectra of 5(c) two broad
bands at 375 and 640 nm, due to Co3O4, are visible in the outer
region of the pellet, whereas a featureless absorption band is
observed more toward the middle of the sample.

Sample 6(w) shows a fairly homogeneous Co distribution
throughout the sample, with a main absorption band at 512 nm
that is identical to that of impregnation solution 6 (not shown).
After drying, the main band is shifted to 545 nm. Calcined sam-
ple 6(c) exhibits bands due to Co3+ in Co3O4 (400 and 690 nm)
near the edge of the sample, along with three bands due to
Co2+ (Th) in the CoAl2O4 spinel (540, 580, and 635 nm); see
Fig. 7. In Fig. 8, Co3O4 is shown as a dark ring near the edge of
the sample, whereas the CoAl2O4 region is indicated by a blue
color.

3.2. SEM-EDX

The UV–vis data discussed in the previous section provide
spatially resolved information on the nature of Co oxide species
in each sample. Rough indications on radial Co concentration
gradients can also be obtained from these spectra, although
quantification of these data is problematic in cases in which
different species exist throughout the pellets and in which high
metal-oxide loadings are used. The Co distribution was as-
sessed in a more direct manner by SEM-EDX analysis. The
Co profiles across bisected dried samples are shown in Fig. 9
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Fig. 9. Co distribution profiles over dried samples 1(d) and 2(d) and calcined
sample 2(c), as measured with SEM-EDX.

(1 and 2) and Fig. 10 (3–6). The profile of calcined sample 2(c)
is also presented in Fig. 9. The overall Co content of the sam-
ples seems to be somewhat lower than the expected value of
8 wt%, although the Co present near the very edge of the sam-
ples may not be accounted for completely due to the inherent
limitations of the measurements. The measured Co profiles are
in agreement with the UV–vis spectra; that is, a truly homoge-
neous Co distribution is found only in 1, where samples 3 and
6 have only a moderate gradient. The Co concentration gradi-
ent over sample 2 is in agreement with the hypothesis used to
explain the UV–vis spectra in the previous section; that is, air
oxidation of Co2+ in the HT structure observed after drying oc-
curs only at positions with high Co concentrations (>∼3 wt%).
Table 4
Co distribution and speciation of calcined samples, and catalytic performance
of calcined and reduced samples measured at 1 bar, 220 ◦C, H2/CO = 2 v/v,
2% CO conversion

Distribution Co3O4 CoAl2O4 Activitya C1 (wt%) C5+ (wt%) αb

1(c) Uniform ++ 1.6 15 58 0.74
2(c) Egg-shell + + 0.3 20 42 0.68
3(c) Intermediate + + 0.1 30 35 0.56
5(c) Egg-shell ++ 4.7 24 41 0.68
6(c) Uniform ++ 0.1 35 26 0.53

a Activity: 10−6 molCO/(s gCo).
b α is the probability for chain growth derived from an Anderson–Schulz–

Flory plot.

Similarly, after calcination, CoAl2O4 is observed only when the
local cobalt concentration is <∼3 wt%, which agrees nicely
with previously published findings [27]. The combination of
the Co citrate complex and EtOH as the solvent prevents Co
from entering the alumina pellet; the Co concentration is close
to 0 wt% in 4(d) (Fig. 10). When EtOH is replaced with water,
a distribution close to homogeneous is observed [3(d); Fig. 10],
although a gradient is still visible, and the observed CoAl2O4

in the UV–vis spectra of 3(c) corresponds to local Co concen-
trations <∼3 wt%.

3.3. Fischer–Tropsch catalysis

The steady-state performance of the catalysts measured at
220 ◦C and 1 bar are reported in Table 4. Note that the spec-
troscopic data presented refer to calcined samples, whereas the
catalytic data were obtained with calcined and reduced sam-
ples, where the Co distribution may be affected by the reduction
step. Catalytic tests were performed with all calcined and re-
duced samples, except for 4, because hardly any Co was present
in these samples due to poor penetration of the Co citrate com-
plex into the pores of the support. The Co-specific activity
varied greatly, from 0.1 to 4.7×10−6 molCO/(s gCo). The high-
est activity was observed for sample 5, which was prepared
using an aqueous solution of CoCO3 and citric acid. The se-
lectivity toward methane varied from 15 to 35 wt%, whereas
the C5+ selectivity varied from 26 to 58 wt%. The highest se-
lectivity toward C5+ was found for the catalyst prepared using
Co(NO3)2 dissolved in water, containing poorly dispersed, ho-
mogeneously distributed Co3O4 particles after calcination. The
chain growth probability ranged from 0.53 to 0.74 and nicely
correlated with the trend in product selectivity.

The catalytic data show that calcined catalysts containing ir-
reducible CoAl2O4 [2(c), 3(c), and 6(c)] exhibit lower activities
than those without CoAl2O4 [1(c) and 5(c)]. Differences be-
tween 1(c) and 5(c) are likely to be related to the larger Co
surface area exposed by 5(c), because it is known that aque-
ous impregnations with nitrate precursors may result in large
particles [31,33]. The particle sizes of Co3O4 in 1(c) and 5(c)
were analyzed by XRD; see Fig. 11. In the XRD pattern of 1(c),
peaks due to Co3O4 particles are visible, whereas in the case
of 5(c) no Co3O4 features can be seen, pointing to very small
Co3O4 particles that cannot be detected by XRD.
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Fig. 10. Co distribution profiles over dried samples 3(d), 4(d), 5(d), and 6(d), as measured with SEM-EDX.

Fig. 11. XRD patterns of samples 1(c) (line (b)) and 5(c) (line (c)) and of a γ -Al2O3 reference sample (a). Peaks due to Co3O4 are marked (∗).
Catalyst 5(c) combines several features that are beneficial
for high catalytic activity in FTS:

– The absence of nitrate ions prevents the formation of large
oxidic particles on calcination.

– Using of CO2−
3 rather than NO−

3 counter ions in combina-
tion with citric acid results in increased pH in the impreg-
nation solution, which enhances the extent of complexation
of Co2+ by citrate ligands, thereby preventing formation of
Co2+-surface complexes on impregnation.

– Migration of the Co precursor into the γ -Al2O3 pellets is
slow enough to lead to high local Co concentrations near
the edge of the support particles (eggshell distribution).
Eggshell distributions may reduce CO diffusion restrictions
and hence lead to higher reaction rates and higher C5+
selectivities in experiments performed under “real” FT con-
ditions, that is, at higher pressures and at higher conversion
rates than in the present study [10].

– The presence of Co citrate complexes suppresses redistri-
bution of the catalyst precursor on drying, which restricts
the reaction of Co with the support.

4. Conclusion

Changes in the preparation procedure of γ -Al2O3-supported
Co FT catalysts have a significant effect on the type and size
of the Co species present in the resulting catalyst. These dif-
ferent Co–Al2O3 species were monitored during all stages of
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the preparation process using spatially resolved UV–vis mi-
crospectroscopy. This study found that the observed catalytic
performance of supported Co FT catalysts is the net result of
the interaction of Co precursor species with the catalyst support
surface, the acidity of the impregnation solution, the nature of
the counter anion, and the presence of any complexing agents.
These parameters influence the macrodistribution of Co over
the support body, the reducibility of the oxidic precursor af-
ter calcination, and the dispersion of the metallic particles. The
spectroscopic study described here is an example of how an-
alytical tools may aid the development of supported catalysts
through monitoring of the preparation process.

Large Co3O4 particles, which have only weak interaction
with the Al2O3 surface, are obtained after calcination when
an aqueous Co(NO3)2 impregnation solution is used for cata-
lyst preparation. The catalytic activity is reasonably good com-
pared with that of the other catalysts investigated due to the
good reducibility of large Co3O4 crystallites. Using EtOH as
the solvent for Co(NO3)2 impregnation leads to slower Co mi-
gration, which ultimately results in an eggshell distribution of
Co3O4 and some CoAl2O4 formation by reaction of some of
the metal oxide with the support oxide. When CoCO3 is used
in combination with citric acid in an aqueous impregnation,
a nonhomogeneous, eggshell-type Co distribution is obtained
under the preparation conditions studied. The citrate ligands in-
crease the Co dispersion and prevent the formation of CoAl2O4,
which is hard to reduce. Furthermore, an eggshell distribution
is observed, because the relatively high pH of the CoCO3/citric
acid impregnation solution ensures slow Co migration into the
support body. The combination of these factors results in the
highest catalytic activity of all samples studied here.
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