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Abstract

Cobalt-aluminum catalysts were prepared using eith&t @recipitation onto freshly prepared Mg—Al or Zn—Al hydrotal-
cite (promoted samples) or co-precipitation ofCand AP (non-promoted samples). The evolution of initial hydrotalcite
structure was monitored during its calcination and reductive treatment. It has been shown that, at moderate temperatures,
hydrotalcites results decomposition yields a Co oxide phase supported by a highly defective inverted spinel-like structure.
Cations C8" enter the support structure, and occupy both tetrahedral and octahedral positions. Octahedron coordinated Co
species are reduced at 580-820After the reduction at 470—48G catalyst phase composition shows’Goipported on
inverted spinel-like structure, which contains®adn the octahedral coordination. Further reduction at@&@ansforms the
support to ‘ideal’ spinel, which contains no octahedron coordinatét GZhemical properties of the Co—Al catalysts, includ-
ing their performance in the Fischer—Tropsch synthesis (FTS), were found to depend on the catalyst reduction temperature,
and thus on the support structure. Metal-support interaction is supposed to explain the observed properties of metallic cobalt.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction species by water molecules, which are the primary
FTS product. It may be assumed that’G® oxidized
Cobalt-alumina catalysts are well known to be to C&* cations, which are located in the surface
active in hydrogenation reactions, CO hydrogenation octahedrons of alumina support. Other studies report
to hydrocarbons (the Fischer—Tropsch synthesis, FTS)on the effect of catalyst preparation conditions on
in particular. There are many papers reporting on the the extent of Co species reduction in Co—-Al catalysts
properties of these catalysts in the FTS [1-6]. Some [5-8]. However, further investigations are necessary
of them discuss catalyst deactivation under reaction to clarify the nature of interaction between the’Co
conditions (see for example [4]). Deactivation of cations and the support.
Co-Al catalysts is attributed to the oxidation of Co Here we report on the model cobalt-aluminum cat-
alysts, prepared by either precipitaion ofZoonto
"+ Corresponding author. Tekt 7-383-2-344109: freshly prepared Mg-Al or_Z_n—AI hydrotalcite (pro-
fax: +7-383-2-343056. moted samples) or co-precipitation of €oand AP+
E-mail addressyurieva@catalysis.nsk.su (A.A. Khassin). (unpromoted samples). Investigation focuses on the
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Table 1

The composition and the way of preparation of the catalyst samples under the study

Sample Composition Way of preparation Conditions

ZA Zn:Al =1:2 Coprecipitation of M& and AP+ from 10wt.% pH 6.6, 70C; NH4HCO;3
aqueous solution of the corresponding nitrates

MA Mg:Al = 1:2 pH 10; 65C; NaOH and

NaCO;z (1:5) mixture

CA Co:Al =12 pH 7.5; 60C; N&CO3

CA-l Co:Al =1:1, 3

CA-lI CoAl =1:1

N/CA CoAl =11 Incipient wetness impregnation of dried CA
sample by the agueous solution of Co nitrate

P/IMA Co:Mg:Al = 1:1:2 The same as for the MA (ZA) sample, but fol- pH 7.5; 60C; N&CO3
lowed by precipitation of C&" from a nitrate
aqueous solution

P/IZA Co:Zn:Al = 1:1:2 pH 7.5; 60C; N&CO3

nature of the interaction between €ospecies and
hydroxycompounds of Al and promoting metal, on the
effect of support composition and its structure on the
reducibility of Co species, as well as on the catalytic
properties of Co—Al catalysts. Below are investigation
results related to the structural evolution of Co—Al pre-
cipitated catalysts during their activation, and to their
catalytic performance in FTS.

2. Experimental section

2.1. Preparation of the catalysts

sensitivity of weight determining was about 0.1 mg
(approximately 0.1% of the sample weight). Heating
rate was 10 Kmin! at measurements in argon flow
and in air, and it was 5K mint at measurements in
hydrogen flow. Parameters for the STA TPR studies
were optimized in order to minimize criteridd de-
fined in [9,10]: P = BSo/FCo, wherep is the heat-
ing rate (K mirr1); F the flow rate (ml min't); Co the
initial H> concentration (mol m11); S the amount of
reducible species in the sample (mol). The value of
P should be at least lower than 20K. In our studies
P ~ 5%(5 x 107%)/150/(4.5 x 10°°) ~ 1.7K.

The accuracy of determining Co reduction degree
by means of temperature programmed reduction and

Eight samples were prepared. Table 1 presents theirtemperature programmed oxidation STA measure-

composition and their preparation procedure. Precip-

itation was performed from a stoichiometric 10 wt.%
aqueous solution of corresponding nitrates (‘pure for
chemical analysis’ grade, Uralian plant of chemicals,
Russia) at 60—7@. A mixture of 7.5 wt.% water solu-
tions of NaOH and NgCOs or 7.5 wt.% water solution

of NH4HCO3 were used as precipitants. Precipitated
catalysts were washed thoroughly by distilled water,
and dried overnight under an IR lamp in air. Catalyst
N/CA, prepared by an incipient wetness impregnation,
was dried overnight under the IR lamp in air.

2.2. Characterization techniques

In situ thermal gravimetry (STA) data were obtained

ments may be estimated as ca. 10%.

X-ray diffraction (XRD) studies were done with
Siemens D-500 diffractometer using the Cu Ka-
diation. Ex situ XRD measurements of calcined and
reduced samples were done in air soon after samples
exposure to air. In situ measurements were held in a
homemade chamber described elsewhere [11].

Infrared transmission spectra (IRS) were recorded
in a range of 300-4000 cm by FTIR spectrometer
Bomem MB-102. Powdered catalyst samples were di-
luted with Csl (or KBr), or the catalyst powder emul-
sions were prepared using a fluorinated oil.

For calcination and reduction, we used 99.99% pu-
rity Ar and 99.9% purity H, which were additionally
purified from G traces to 0.1 ppm over a Ni—Cr cat-

by means of a Netzsch STA 409 thermal balance. The alyst, and also from water by silica gel.
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2.3. Catalytic tests

1362
621
569

Catalytic tests were held in a slurry reactor under
atmospheric pressuré® (= 1.2-1.3atm), and K©CO
ratio at reactor inlet was N-tetradecanen-Cj4H3p,
was used as a filling. Slurry temperature was varied
from 463 to 503 K with an accuracy df1 K. Inlet gas
also contained 10% of Nused as internal standard.

Slurry volume was 20ccm, and catalyst sample
weight varied from 1 to 2g. Catalyst powder with
particles less than 0.18 mm was used for the purpose.
Inlet gas velocity was varied from 0.3 to 1.21h
which seemed to have no influence on the catalyst
activity or selectivity. Gas feed was organized under
a single bubble regime, average bubble diameter be-
ing ca. 0.2mm, and residence time being ca. 3s. The
mass transfer coefficients of reactants in the slurry
could be estimated by the Mu-Yang model [12] as
0.03-0.04 cmsl, so the value ofk_a) was 50 times
higher than the observed rates of CO conversion.
This fact evidences that reactant diffusion is not the
rate limiting stage (hera is the area of gas bubbles,
which are resident in the slurry at a given moment).

Product was analyzed regarding gaseous products
(C1—Cs), condensate (§>-C15) and hydrocarbon frac-
tion Cy114 dissolved in the slurry. These products were

«©
(=3
wn
-

Absorbance

analyzed with TSVET-530 (USSR) chromatograph 7
equipped by a column packed withAl O3 (fraction

C1—Cg) and with TSVET-560 (USSR) chromatograph 2000 1600 1200 800 400
equipped by a glass capillary with phase SE-30 (for .

the Gg, fractions). As proved by special tests, the Wavenumber, cm

values of the Anderson—SchuItz—FIor'y (ASF) param- Fig. 1. IR spectra of the uncalcined samples under study: 1, ZA;
etero, calculated from the &-Cg fraction and from 2 MA: 3, CA: 4, CA-ll: 5. N/CA: 6, PIMA: 7, PIZA.
the Gs, fraction (dissolved in the slurry), differed
by less than 0.02, which is close to the measurements
accuracy. Sog-value was usually calculated solely 3. Results and discussion
from the data on fraction £-Cg.

The relative accuracy of methane formation rate 3.1. Characterization of catalysts
in a single measurement wasl8%. With five mea-
surements it was possible to achieve an accuracy of 3.1.1. Uncalcined catalysts
+11%. The relative accuracy of CO conversion rate  The IR spectra of uncalcined samples were registe-
determining was rather poor and equale2b%. This red to determine their phase composition (see
accuracy could be improved t&-20% by making Fig. 1). According to [13-15] these spectra evi-
several measurements. When determining the ASFdence, that all dry samples seem to contain the
parametery, accuracy was much better, since not the phase of a hydrotalcite-type structure. Absorption
absolute values, but only the ratio of, G and G, bands at 350-600cm are attributed to the lattice
formation rates was important. Thus, the accuracy of vibrations of cations, those at ca. 620-635¢nto
a-value determining was-0.015. MeZt—Al-OH bend vibrations, at ca. 660-680th
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Fig. 2. The XRD patterns of the uncalcined samples: 1, ZA; 2,
MA,; 3, CA. Asterisks show the peaks which are not attributed to
the hydrotalcite-type phase.

to Me?T—Al-OH stretch vibrations. Vibrations of
hydrotalcite lattice C@~ groups are registered
at 620-635 if4), 835-875 (2), 1020-1100 1)

and 1350-1420cnt (v3). Indistinct bands at 900—
1050cnT! are attributed tos Al-OH vibrations.

Bands at ca. 1617 or 1629 apparently belongsto
vibrations of HO molecules. Carbonate groups, ad-
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Fig. 3. STA data (DTG, solid line; DTA, dashed line) on the
calcination of the samples: 1, MA; 2, ZA; 3, CA; 4, CA-ll; 5,
N/CA; 6, PIMA; 7, PIZA.

a higher intensity of absorption band 1360¢TM
Normally, anion NQ~ is characterized by absorption
at ca. 1358 cm! [16].

3.1.2. Calcination of the catalysts in the inert gas
flow
Catalysts calcination in the inert gas flow causes

sorbed on the sample surface, are characterized bydecomposition of precursor compounds. Experimen-

the distinct band at 1490-1520 ci(vs CO327).
Conclusion about hydrotalcite-like structure gen-
eration agrees with the XRD data (see Fig. 2). An
important difference of the observed IRS spectra from
those, reported in [13,14] for hydrotalcites with stoi-
chiometry Me:Al= 6:2, is a much higher intensity of
Al-OH absorption bands with respect to fte-OH

tal STA profiles are given in Fig. 3. They are similar
to those reported earlier for hydrotalcites of Mg and
Co with stoichiometry Me:Al= 6:2 [13]. However,
weight loss effects (curves in Fig. 3) are shifted to
higher temperatures, and are not well resolved, since
temperature increment rate is relatively high. Accord-
ing to [13], hydrotalcite-type structure decomposition

absorption bands. One may explain this difference by a proceeds in two steps: G& groups removal (decar-
small content of divalent cations in the samples under bonylation) and OH groups removal (dehydroxyla-

the study.

According the XRD data, Zn(OH)or AI(OH)3 are
also present in the samples ZA or MA, correspond-
ingly. For sample N/CA, vibrations of N§> group in
Co(NQG;3)2-6H20 are present at the IR spectrum (see

tion). The STA profiles of the MA and ZA sample
show an apparent non-homogeneity of these samples,
since three or even four weight loss effects may be
seen in these profiles, while only two can be expected
for the hydrotalcite-type structure decomposition.
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Actually, phase ZnO [17] (or MgO [18], or CoO
[19]) is detected by the XRD of sample MA (or ZA
or CA) after its calcination at 25C in air for 4 h.
Dehydroxylation of hydrotalcites should not proceed
at such a low temperature. This indicates that corre-
sponding phase Me(OH(COs), is obviously present
in the uncalcined samples.

CO3%~ removal from the hydrotalcite structure
leads to its transformation to cubic structure (NaCl-
type), keeping layered structure, however (see the
study of Cu—Zn-Al hydrotalcites in [20]). Two peaks
at ¥ ca. 13 and 19stay in the patterns of samples ZA
and MA. Two halos at 2 ca. 35 and 65are present
in the pattern of MA, indicating the cubic NaCl-type
structure. Most likely samples ZA and CA already
have ‘spinel-like’ cubic structure (or a ‘protospinel’
structure, see [21]), since a partial dehydroxylation of
the MA sample occurs at 25C already.

The XRD patterns of samples after calcination
at 500C show no peaks, assigned to the hydrotalcite-
type structure. For all samples, XRD reveals a
poorly-crystallized spinel phase (see Fig. 4, curves
2-7). The spinel-like phase lattice parameter could
be adequately determined only for samples ZA={
8.079A), MA (a = 8.007 A), and CA ¢ = 8.081A).
These phases cannot be identified without the IRS
data, and will be discussed later.

In sample N/CA well-crystallized G®4 spinel
phase ¢ = 8.080 A) co-exists with amorphous spinel.
In samples ZA, MA, CA%, P/ZA and M/ZA phase
Me?* O is present. The quantity of this divalent metal
oxide is different, particularly, there is a lot of ZnO
and MgO in samples ZA and MA, but only traces of
CoO are found in sample CA. The lattice parameter of
MeO phase in sample P/MA is equal to that reported
in [18] for pure MgO ¢ = 4.214A). Taking into
account that the lattice parameter of mixed Co-Mg
oxide depends almost linearly on the Zocontent
[22,34] and reaches 4.26 A for pure CoO [19], one
may conclude that there is no significant introduction
of Co?t into the Mg oxide. The analysis of the XRD
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Fig. 4. The XRD pattern of the calcined Al-containing samples: 1,
ZA calcined at 800C; 2, ZA calcined at 500C; 3, MA calcined

at 800C; 4, CA calcined at 50CC; 5, CA-ll calcined at 500C; 6,
P/MA calcined at 500C; 7, P/ZA calcined at 50C; (@), spinel
phase; #), ZnO; (1), MgO; (/), CoO.

evolution for samples MA and CA during their calci-
nation. IRS data evolution for sample ZA is similar to
that of sample CA. Fig. 6 shows the most important
IRS spectra of other calcined samples under the study.
The IR spectrum of MA and ZA samples calcined at
250°C differs from that of corresponding hydrotalcites
(see Fig. 5, curves 1 and 2). The intensity of absorption
bands at ca. 1500, 1400, 1020, 870, 670 and 560-cm

pattern of sample P/MA cannot exclude a presence of diminished strongly, thus, indicating the removal of a
an amorphous (or dispersed) CoO phase. For samplessignificant amount of groups G& and OH . Bands

CA-* lattice parameter of phase Me@,= 4.25A
indicates that this phase is a solution of some?ig
cations in the CoO oxide structure.

at ca. 790 and 630cn are shifted to higher fre-
guencies. Spectrum transformation continues at sam-
ple calcination at 500C (CA sample, Fig. 5, curve

The IRS data on the calcined samples are present in5) or at 800C (MA sample, Fig. 5, curve 3). These
Figs. 5 and 6 and in Table 2. Fig. 5 shows the IRS data spectra show three wide bands within 400-900tm
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Fig. 6. The IRS data on the calcined samples: 1, P/ZA calcined

Fig. 5. The evolution of the IR spectra of the samples MA and CA &t S00C; 2, P/ZA calcined at 80C; 3, P/ZA calcined at S0,
during the calcination in the Ar flow. Sample MA: 1, uncalcined; 2, then reduced at 65C€ and oxidized at 70&; 4, P/MA calcined at

calcined at 250C; 3, calcined at 80@C. Sample CA: 4, uncalcined; ~ 1000°C; 5, N/CA calcined at 50@; 6, N/CA calcined at 80T.
5, calcined at 500C; 6, calcined at 80TC.

the non-stoichiometric composition of samples: the IR

Absorption maxima positions are far from those typ- spectra change dramatically after samples calcination
ical for corresponding aluminates, as reported in (see at high temperatures (see below). In addition, for sam-
Table 2). Bands at ca. 1070, 1420 and 1520 tmmn- ple CA-Il, ratio C&:Al3* is above the stoichiome-
doubtedly show OH and CQ2~ groups to be still try. Thus, we ascribe the Me—Al spinel inversion to
present in the ‘spinel-like’ phase. the presence of anionic admixtures, which distort the

It has been shown in [24] that bands at 550—600, spinel structure, and make tetrahedral positions more
650-720 and 780-820cth may be attributed to  favorable for cations A+ than oxygen coordinated
inverted spinel structure, where somé#ktations oc- tetrahedrons in the ideal (high-temperature) spinel.
cupy tetrahedral positions. Our IR data on samples MA  On further calcination of samples CA and ZA in-
calcined at 800C, as well as on ZA, CAand CA-lical-  tensity of above mentioned absorption bands, related
cined at 500C are similar to those reported in [24] for  to the OH" and CQ?~ groups, decreases. The posi-
the M&t—AI3t oxides with inverted cationic distri-  tion of bands for sample ZA calcined at 8@shows
bution, in particular, for a (Mg2Al 1,2)Al 1 8300p.1704 that, it consists of ‘ideal’ ZnAlO4 phase. Sample CA
(O is a cationic vacancy) non-stoichiometric spinel. In after the calcination at 80C seems to be CoAD4,
our case, spinel phase inversion cannot be attributed tohowever its distortion is significant (see Fig. 5, curve
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Table 2

199

Experimental data on the position of the IR absorption band maxima¥(cof the samples under the study

Sample Temperature of calcinatiotC)) Absorption band positions (crh)
MgAIl 204 [23] 309 522 580 688 -

250 - 450 - 640 814 1019
MA 800 - 515 - 684 805 1073
ZnAl>04 [23] 227 518 575 690 -

250 - - 551 669 818 1035
ZA 500 - - 590 679 783 1090

800 226 504 560 680 - 1125
CoAl,04 [23] 237 523 563 684 -

500 - - 591 715 818 1090
CA 800 225 508 557 674 - 1072
CA-Il 500 - 513 619 - 801

6). In addition, traces of above described ‘spinel-like’

nation, the octahedron site preference energy of the

phase are still present in the sample, indicating that Al cation is ca. 54 kJ mof relatively to the Cét
spinel phase inversion has not yet disappeared totally. cation (see [8,28]). Thus, a significant inversion of

Sample MA contains no ‘ideal’ MgA,4 phase even
after its calcination at 80 (see Fig. 5, curve 3).
Thus, according to the IRS data, hydrotalcite-type
structure transformation into Mé& aluminate pro-
ceeds gradually via a ‘spinel-like’ phase. The IR spec-
tra of ‘spinel-like’ phase show band at ca. 800¢m
which should be attributed to the removal of the de-
generacy of the Al-O vibration bands, and is related
to a partial inversion of spinel structure (see Figs.
5 and 6). In addition, a significant amount of the
OH~ and CQ?~ groups is present in the structure of
‘spinel-like’ phase, as it can be seen from IR spec-
tra within 1000-1600 cmt. Concerning the XRD

‘ideal’ spinel phase structure is not thermodynam-
ically favorable. However, spinel phase inversion
may be caused by anionic admixtures present in its
structure, as it was reported earlier for Cu-containing
spinels in [25,27].

According to IRS, samples CA and ZA transform
to the corresponding aluminates during their calcina-
tion at 800C. The evolution of aluminum-containing
phase structure in samples P/MA, P/ZA and N/CA
seems to be similar to that described above.

3.1.3. Reduction of cobalt containing catalysts
calcined at 500C

data described above, one may note that there are Experimental STA TPR profiles of samples calcined

two effects, which influence the lattice parameter of
‘spinel-like’ phase. They are: (i) a deficit of Me

to form stoichiometric aluminate, which diminishes
the lattice parameter; (ii) anionic admixtures like the
OH~and CQ?2~ groups, which increase the lattice pa-

at 450-500C are shown in Fig. 7. Two main regions
of samples weight loss are obviously distinguished:
in a range of 200-50C, as well as in a range of
500-700C.

Earlier, the TPR profiles of Co/AD3 catalysts

rameter value. Thus, ‘spinel-like’ phase lattice param- were studied in details by Arnoldy and Moulijn in [8]

eter values may vary in a wide range (see for example for sample 9.1% Co/AlO3 prepared via impregnation

[25-27]), making no contradiction with the XRD data. with Co?t nitrate. Four ranges of Co reduction were
The structure of phase under discussion was ear-observed. Region | (250-370) was attributed to

lier attributed (e.g. for the Mg-containing sample)
to MgAI204 [13] and (Mg/2Al1/2)Al1.8300.1704
[24]. According to the present data, we ascribe it
to the inverted spinel structure with a composition
of (Mez+1—xA|3+x)(Mez+xA|3+2—x)o4—y—z(OH_)2y
(C0O327),. Note that, for the normal oxygen coordi-

reduction of Cg@0O4 and CoO, and is very similar to
the STA effects in Fig. 7. Region Il (ca. 470) was
attributed to reduction of G from a CoAl-oxide
phase; no reduction in this range was observed in the
present study. Region Il (ca. 600) was assigned to
reduction of Cé* in surface positions of the support.
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Fig. 7. STA data on the reduction in the hydrogen flow of the
samples precalcined in the flowing inert gas: 1, CA; 2, CA-Il; 3,
N/CA; 4, PIMA; 5, P/ZA.

A similar attribution of Co/AbO3 catalyst reduction
at 600C was reported in [4]. However, it is evident
that this attribution cannot be regarded as consis-
tent with our data. Weight loss effect is too large to
be ascribed to the surface transformations. Accord-
ing to the data of [8] CoAlO4 reduction occurs at
850-950C (region IV).

In [7], the amount of C&" species reduced at
500-600C in Co/Alb,O3 was shown to increase after

Table 3

A.A. Khassin et al./Journal of Molecular Catalysis A: Chemical 168 (2001) 193-207

impregnated sample treatment with mixturg#+H,0

at 350C. In [1], reduction of impregnated catalyst
Col/Al,03 at 560 C was attributed to that of Go in
the octahedral positions of CoAD,.

Further, we shall use the data of [8] regarding hy-
drogen consumption during reduction at 6G0Qwhich
was measured to be }Hnolecule per 1Co atom re-
duced, indicating that G0 species are indeed reduce
in this region.

Normally, the C@QO4 spinel phase reduces either
at ca. 280C in a single step yielding Coor in two
steps at 250C and at 350C yielding CoO and CY
correspondingly (note that despite several explana-
tions given for experimental data contradictions, its
nature is still unclear). Apparently, weight loss by
samples N/CA and P/ZA within 200-500 should
be attributed to reduction of GO, (or Zn,Coz_,04)
to CoO (or Ca-,Zn,O) and, then, to metallic
Cd’. We also intend to attribute at least a part of
low-temperature weight loss of samples CA and
CA-Il to reduction of CaQO4. As for sample P/MA,
its weight loss at ca. 350-400 should be attributed
to reduction of Ce_, Mg, O.

We attribute weight loss at ca. 60D to reduc-
tion of C&* in the octahedral positions of inversed
‘spinel-like’ phase accompanied by a simultaneous re-
moval of the OH and CQ?~ groups.

The XRD patterns of samples reduced at 4702480
(as well as of those reduced at 6@) show the peaks
from B-Cc® phase. The IRS data show a small amount
of Co304 phase in the samples, first reduced at
470-480C and then exposed to air for several hours.

The estimated extent of the Co reduction according to the TPR STA measurgments

Sample Co loadirfy (wt.%) The extent of Co reduction The extent of Co reduction
below 500C (%) at 500-700C (%)
CA 37 3z 163
CA-I 46 25 84°
CA-ll 54 35° 84°
N/CA 54 68 109
PIMA 29 74 237
ZIMA 24 68° 195

aThe values are given with respect to the total Co loading.

b The calculated loading of Co in the ‘totally’ reduced sample, which consists &f &1, Mg2+, zn?t and &~ species and is free

of the OH~ and CQ2~ groups.

¢ Calculated in the supposition that §®y transforms into C during the reduction and © transforms into HO.
d Calculated in the supposition that CoO transforms intd@ @aring the reduction and ¥ transforms into HO.
€ Calculated in the supposition that €otransforms into Cb and &~ transforms into HO.
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We believe CgO,4 oxide to form via the oxidation of
dispersed Cdby atmospheric oxygen.

TPR STA profiles allow us to estimate the amount
of reduced Co during the low-temperature reduction
of samples (see Table 3). We estimate assuming that
weight loss results from M, reduction to M&
producing BO. However, according to Table 3, this
hypothesis is not consistent with experiment, at least
for the high temperature reduction. It is evident that
OH~ and CQ?% removal is expected to occur at
500-700C. Actually, the latter assumption agrees
with the IRS data on reduced samples: reduction at
temperatures above 60D causes the decrease of
absorption bands intensity within 1000-1600¢m
(despite the fact that they do not vanish completely).

Temperature-programmed oxidation of reduced
samples by static air was used in order to correct the
estimation of reduction degree and to study the ac-
cessibility of C8 surface to molecules from the gas
phase.

3.1.4. Reoxidation of the catalysts

The STA profiles of reduced samples reoxidaiton
are shown in Fig. 8. Reoxidation was performed in
the static air. The profiles of reoxidation of sam-
ples, prereduced at temperatures above®60§how
three distinct effects. Two low-temperature effects of
weight gain in a range of 100—-2%0 are caused by the
Co0304 formation from the CB particles, which are

201
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Fig. 8. STA data on the reoxidation of the samples prereduced at
600-650C (the upper curve) and at 470—48D(the lower curve):
1, CA; 2, CA-ll; 3, N/CA; 4, PIMA; 5, P/ZA.

Cd® phase dispersion can hardly cause the observed
shift of reoxidation temperature. Since €may be

easily accessible to gaseous molecules. Weight gain atexpected to be better dispersed in the samples re-
500-600C and higher temperatures we attribute to the duced at lower temperatures, oxidation temperature
oxidation of encapsulated cobalt particles. Necessity is expected to shift to lower temperatures, i.e. con-

for Oz molecules to penetrate through the (N&lO,
phase barrier significantly decreases the rate df Co
oxidation at low and moderate temperatures.

The amount of Cbin reduced samples may be es-
timated from the total weight gain during the temper-
ature programmed oxidation treatment. The estimated
values are given in Table 4. It is assumed thaf Co
transforms to CgO4 during the oxidation. It is quite
natural to suppose that ‘encapsulated®@uarticles,
which may be oxidized at 500-600, will not be ac-
tive in the FTS. Experimental data on the amount of
‘accessible’ C8 are also presented in the Table 4.

Reoxidation profiles of samples, reduced at
470-480C, differ from the above discussed pro-
files by a significant shift of positions of maxima
from the weight gain effects to higher temperatures.

tradicting experimental fact. It is quite natural to
relate the observed difference in the oxidation max-
ima positions to some changes in the structure of
catalyst supports. We have mentioned above that
OH~ and CQ2~ groups removal occurs at 60D
in hydrogen medium. If this is the case, the shifted
positions of oxidation maxima are the important in-
dication to the ‘metal-support’ interaction for the
Col{(Me*1_, AI3+ ) (Mt AI3T5_ )04, (OH)yy,
(CO3%7),} catalysts, which should be taken into
consideration during catalyst performance analysis.
Please note that reoxidation profiles of impregnated
sample N/CA are the same for samples reduced at
480 and 600C.

Reduction extent of unpromoted (CA) samples is
far below 100%. Only ca. 70% of Co loading can be
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The estimated amount of oxidized Co according to the STA measuréments

Sample Temperature of reduction Amount of°C@&o loading (%) Amount of ‘accessible’ €oCo loading (%)
CA 470 11 6
600 35 15
CA-ll 480 34 19
600 63 51
N/CA 480 58 51
600 84 68
P/MA 480 56 35
600 115 78
ZIMA 470 76 61
600 108 65

aThe values are given with respect to the total Co loading.

reduced in samples P/MA and P/ZA at 470-480
However, the reduction extent of P/MA and P/ZA after
the reduction at 60 is obviously close to 100%

of cobalt reduction in these samples, and by a low
amount of ‘accessible’ cobalt. Cobalt reducibil-
ity increases with increasing Co loading. However,

(estimation gives values above 100%). Thus, one may ‘accessible’ cobalt amount does not exceed 50% even

conclude that:

e cations Cé* are incorporated in (M& 1_,Al3T,)
(Mez+A|3+2—x)o4—y—z(OH)Z)'(C0327)Z support
of calcined catalysts P/MA and P/ZA, and occupy
octahedral positions;

e Mgt and Zrf™ present in the support struc-
ture help a total reduction of 6 in support
(Me2t1 A3+, )(Me2F A3, )04y -(OH)z,
(CO3%7),, i.e. all cations C&" are located in
the octahedral positions, and no cations*Care
located in the tetrahedral positions.

3.2. Catalytic tests

3.2.1. Catalytic tests of the catalysts reduced at
580-630C

in sample CA-ll (Co:Al= 1). Reducibility of C3*
species is dramatically improved, when fgor Zré*
cation are introduced into the catalyst support. Actu-
ally, promoter cations replace inactive &ocations.
However, this advantage of promotion with Rig
and Zrt* is accompanied by a significant increase in
the size of metallic cobalt particles. Therefore, pro-
moted catalysts selectivity is much worse than that of
non-promoted ones.

Sample N/CA combines a low reducibility of CA
samples with a low dispersion of metal Co particles in
promoted catalysts. This may be reasonably explained
by the presence of two almost independent phases,
namely, CaO4 and support CA, which comprise the
N/CA sample.

Temperature dependence of CA samples activ-
ity (estimated by two points for sample CA and by

The results of the catalytic tests of catalysts reduced five points for samples CA-l and CA-Il) agrees well

at 580-630C in pure hydrogen flow are present in
Table 5. Note the following peculiarities of catalysts
performance. All catalysts exhibit a high selectivity
to heavy hydrocarbons. Experimental values cof
agree with the earlier hypothesis on the effect of Co
particles size on Cbselectivity in FTS [30,31]. The
highest selectivity was achieved with CA, CA-l and
CA-ll (unpromoted) catalysts, possessing smalle? Co
particles in reduced state.

with the literature data on the apparent activation
energy of CO conversion (14—-16 kcal mé) [30,32]
and CH; formation (25-30kcalmofl) [33]. The
same seems to be valid for catalyst P/MA. However,
sample N/CA exhibits a ‘zero’ apparent activation
energy for both CO conversion and gHbrmation.
Moreover, activity of sample P/ZA at 503K is sig-
nificantly less than at 483 K. P/ZA testing was trice
repeated (including the independent activation proce-

On the other hand, non-promoted catalysts are not dure), and showed same temperature dependence each
very active. This may be caused by a low degree time.
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Table 5

Catalytic performance of the studied Co/Al catalysts, reduced &t@00

Sample CA CA-I CA-ll N/CA P/MA P/ZA

Co loading (wt.%% 37 46 54 54 29 24

Amount of ‘accessible’ Cb (with respect to Co loading) 15 30 51 30 78 77

Cd° particle size (nnP) 5-6 4-55 6-7 15 11 9

Dispersion of C8¢ 0.20 0.23 0.17 0.07 0.11 0.13

Amount of surface Cb(umol CPsg!cat) 180 570 701 435 428 350

T =483K
CO conversion ratey(mol g~ cath?) 560 730 1340 730 830 920
CO conversion rate (mmolgd (accessible CYh1) 10.5 53 4.9 2.0 3.4 5.8
CO conversion TOF (10" mol per Co atms?) 8.6 3.6 4.7 4.7 5.6 7.3
CH, formation rate gmol gt cath1) 160 90 180 270 290 250
CH, formation TOF (10 mol per Co atmst) 25 4.6 6.1 17 19 20
ASF parameter for saturated -Cg 0.84 0.89 0.84 0.79 0.81 0.81
ASF parametet for olefins G—-Cg 0.76 0.84 0.81 0.74 0.78 0.76
Ratio of propene to propane 1.2 4 2 0.9 11 1

T =503K
CO conversion ratep(molg* cath 1) 1090 1490 1880 740 1170 650
CO conversion rate (mmolg (accessible CY h~1) 20.6 10.7 6.8 2.0 5.1 4.1
CO conversion TOF (10" mol per Co atms?) 17 7.3 6.6 4.7 7.6 5.2
CH, formation rate gmolg~! cath 1) 340 260 610 360 640 330
CH, formation TOF (10 mol per Co atm3s?t) 5.2 1.3 2.1 2.3 4.2 2.6
ASF parameter for saturated g-Cg 0.72 0.72 0.69 0.66 0.68 0.68
ASF parametet for olefins G-Cg 0.68 0.67 0.62 0.60 0.64 0.58
Ratio of propene to propane 1.3 14 2 1.3 1.2 0.4

aFrom the STA data (see the text).
bFrom the TEM data.
¢From the XRD data on the (1 1¢ peak broadening.

dThe ratio of the surface metal atoms amount to the total amount of metal atoms was estimated from the experimental value of the

average particle diameted, considering the cuboctahedral shape of a particle, as it was made in [29].

3.2.2. Catalytic tests of the catalysts reduced at
470-480C
The results of catalytic testing of catalysts reduced

at 470-480C in pure hydrogen flow are present in 3.

Tables 6 and 7. The footnotes for these tables are the

same as for Table 5.

1. Sample N/CA reduced at 480 performs similarly
to sample reduced at 600. The activity of sam-
ple reduced at 48C related to 1 g of catalyst was
found to be lower than that of sample reduced at
high temperatures. However, TOF values for CO
conversion and Cldformation are very close to
TOF values of N/CA reduced at 600. Thus, the
observed difference in activities may be ascribed
to the different extent of Co reduction.

2. Sample P/ZA reduced at 48D exhibits extremely
low activity in CO conversion. Traces of methane
and light hydrocarbons were detected at a reaction

temperature of 503 K. Product composition is close
to that obtained over samples CA and CA-Il re-
duced at 470 (see below).

Unpromoted samples CA and CA-Il reduced at
470°C show activity (TOF of CO conversion) 10
times lower than that obtained over samples re-
duced at 600C. FTS product composition differs
significantly from that obtained over catalysts re-
duced at 600C. Methane, ethylene and propylene
are the main products at 503 K. TOF of gférma-
tion at 503K is 10 times lower than that obtained
over the catalysts reduced at 60 Reaction selec-
tivity towards methane at 503K is ca. 11 wt.% for
CA-ll and ca. 16% for CA reduced at 470. Paraf-
fins C2* comprise 35-50% of the overall CO con-
version. Thus, conversion towards olefins is about
30% (as referred to carbon). No @@ detected
(sensitivity towards C@is about 0.05vol.% at the
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Table 6
Catalytic performance of the studied Co/Al catalysts reduced at@80
Sample CA CA-II N/CA P/IZA
Co loading (wt %% 37 54 54 24
Amount of ‘accessible’ CY Co loading (%} 6 19 40 61
Cd° particle size (nnP) 5-6 4-5 15 9
Dispersion of C8¢ 0.20 0.17 0.08 0.13
Amount of surface Cb (umol Cd s g 1cat) 115 290 330 230
T =483K
CO conversion ratey(mol g~ cath?) ~16 79 450 No testing at 483K
CO conversion rate (mmolgd (accessible CYh1) 0.5 0.8 1.9
CO conversion TOF (10" mol per Co atms?) 0.4 0.76 3.8
CH, formation rate gmol gt cath1) 3.6 26 110
CH, formation TOF (10 mol per Co atmst) 0.9 2.25 9.2
ASF parameter for saturated -Cg - 0.65 0.77
ASF parametet for olefins G—Cg - 0.65 0.69
Ratio of propene to propane 1 3 1.7
T =503K
CO conversion ratep(molg~! cath 1) 22 83 430 ~20
CO conversion rate (mmolg (accessible CY h~1) 0.6 0.8 1.8 0.2
CO conversion TOF (10" mol per Co atms?) 0.53 0.81 3.6 0.24
CH, formation rate gmolg~! cath 1) 3.2 9 110 2.6
CH, formation TOF (10° mol per Co atms?t) 0.8 0.9 9.0 0.3
ASF parametetr for saturated 6-Cg - 0.67 0.66 -
ASF parameter for olefins G—Cg 0.35 0.59 0.62 0.58
Ratio of propene to propane 1 3 15 1

2From the STA data (see the text).

bFrom the TEM data.

¢From the XRD data on the (1 15y peak broadening.

dThe ratio of the surface metal atoms amount to the total amount of metal atoms was estimated from the experimental value of the
average particle diameted, considering the cuboctahedral shape of a particle, as it was made in [29].

outlet, i.e. 3% of the CO conversion in the case). At 483K, CA and CA-Il are even more selective
Additional data on the selectivity of samples P/ZA, in the synthesis of olefins. Their selectivity towards
CA and CA-Il reduced at 47@ are presented in  olefins is about 50% (as referred to carbon). However,

Table 7. their activity in methane synthesis is higher, than that
Table 7
More data on the FTS synthesis selectivity over the samples, reduced°& 470
Sample CA (%) CA-Il (%) PIZA (%)
T =483K
CHy selectivity (C basis) 22 32 No testing at 483K
CoH4 selectivity (C basis) 32 13
CsHg selectivity (C basis) 13 14
Cy4 olefins selectivity (C basis) 5 16
T =503K
CHy selectivity (C basis) 16 11 14
CyH4 selectivity (C basis) 24 7.5 8.9
Cs3He selectivity (C basis) 13 10 4.5

Cy4 olefins selectivity (C basis) 12 23 17
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at 503 K, while their activity towards paraffin&€is 1.

lower. Regarding the fraction of saturated hydrocar-

bons products one may notice a low value of parame-

tera. Amazingly,«-values for olefin fraction obtained

over CA-ll and P/ZA are high enough (0.65 at 483 K).
Note that it is often supposed, thatld, re-adsorbs

and incorporates rapidly into the hydrocarbon inter-

mediates on the surface of €d\Normally, apparent

molecular rate for gH4 to form is three to five times

lower than that for @Hg. Over catalysts in concern,

the ethylene formation molecular rate significantly

exceeds the rate of propylene formation. 2.

4. Discussion

According to the data described above properties of
Co-Al precipitated catalysts change dramatically, if
their reduction temperature is elevated to 8D0The
catalytic properties of precipitated samples reduced
at temperature below 50CQ differ a lot from the
properties of samples reduced at 600In addition,
catalytic properties of promoted samples reduced at
600°C slightly differ from those of unpromoted sam-
ples also reduced at 600. The structures of their
active components seem to be similar, and their dis-
persion is of the same order of magnitude. Therefore,
it is reasonable to ascribe the observed difference
in the catalytic properties to non-similarity in the 3.
structure of catalysts under discussion and first and
foremost of their support structure and composition.

Table 8

‘Spinel-like’ phase of non-reduced samples con-
tains a lot of C&+, OH~ and CQ2~. The amount

of anionic admixtures may be roughly estimated
from the STA data on the weight loss during reduc-
tion at 600C (Table 3). The amount of &b can

be estimated from the data on the reduction capa-
bility of cobalt cations (Table 4). Estimation results
are given in Table 8. Cations €b occupy both
octahedral and tetrahedral sites in the CAam-
ples, and mostly the octahedral sites in promoted
samples.

Reduction at low temperatures (below 50)
causes no significant removal of anionic admix-
tures from the support. However, there is some
discrepancy between the data on reduction de-
gree, estimated from the weight loss during the
low-temperature reduction and the data, esti-
mated from the weight gain during the oxida-
tion of samples CA and P/MA. This discrep-
ancy might indicate a partial removal of anionic
admixtures from the sample to occur. We may
suppose that support structure does not change
during the low-temperature reduction. We intend
to ascribe it to the removal of similar admixtures
from the structure of the CoO and (dg; O
phases during G0 reduction in these oxides. An
anion-exchanged structure of these oxides was
proved earlier in [34].

During reduction at 60, the octahedral Co
species of the support are reduced in CAam-
ples; while groups OH and CQ?2~ leave the

Comparison of the support ionic composition and the chemical properties of the studied catalysts

Sample CA, CA-If reduced CA-samples P/ZA, PIMA, reduced
at 480C reduced at 600C at 600C
Support composition
CO?t/AI3F ratio 0.9-1.3 0.6-0.8 0
Cc?t location Octahedrons and tetrahedrons Mostly tetrahedrons None
OH~ and CQ?% content High Medium Low
Temperature of Choxidation ¢C) 250-450 50-250 50-250
Catalytic properties (483K)
TOF of CO conversion 2-% 107° 4-6 x 1074 5-8 x 1074
TOF of methane formation 0.5 10°° 56 x 10°° 2-3x 1074
Selectivity to GH4 (C basis) (%) 13-30 1-3 <1
Selectivity to olefins (C basis) (%) 40-55 25-35 15-25
The value ofa for paraffins Low High High

ap/ZA was not tested in the FTS at 483K, however it exhibited the similar performance at 503 K.
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structure. However, in this case weight loss dur- particles. Apparently, this supposition needs verifica-
ing reduction is much less than by the sample pro- tion by special tests [35].

moted by Mg+ and Zrf*. One may suppose that
there is still a lot of anionic admixtures in the
structure of Co—Al support. Actually, the IR spec-
tra of samples registered after catalytic tests show,
that in samples CA- support still has structure
{Mez+xA|2+xo3+y—z(OH)2y(C%2_)z}- Band at
ca. 800 c! decreases and shifts to lower frequen-
cies for samples P/ZA and P/MA. However, it re-
mains distinct for samples CA. Note that if groups
OH~ and CQ? are present in the sample after re-
duction, values of specific activities (TOF values)
of catalysts are slightly underestimated.

4. Cations Cét are totally reduced at 60C in pro-

moted samples P/ZA and P/MA; content of groups 2.

OH~ and CQ?%~ being rather low (IRS data).

The data in Table 8 reveal correlation between

the amount of anionic admixtures in the support 3.

and the properties of Co—Al precipitated catalysts.

The properties of samples seem to have no correla- 4.

tion with amount of C&" in the support. However,
amount of Cé* in octahedral coordination may cor-
relate with the catalytic properties, since there are

no C&t in the high-temperature reduced samples 5.

and, vice versa, there is a lot of €oin the octahe-
dral coordination in the support of samples reduced
at low temperatures. Certain amount of octahedron
coordinated C8&" cations might be present in un-
promoted (CA*) samples reduced at 60D. More
definite conclusions need further detailed studies by
means of DRS UV-VIS, XPS and other techniques
[35,36].

Lapidus and coauthors reported in [1] on band
2050 cnt! in the IR spectra of the CO molecules ad-
sorbed on the surface of impregnated Ce@d sam-

ples. They assign these vibrations to CO molecules

adsorbed on the surface of the Cparticles, pos-
sessing a ‘less marked electron-donor capability’ or
‘Co’*’, particles. In [37], Kadinov et al. attributed
similar absorption band to the €o-CO species of
Co/Al,03 catalysts reduced at 723 K.

The presence of such species in the CoOhl
catalysts allows us to make a tentative supposition,

that reported above catalytic properties of samples

reduced at temperatures below 3Q0are related to
the a transfer of positive charge onto metallic Co

5.

1.

6.

7.

8.

Conclusions

The transformation of hydrotalcite-type structure
into Me?* aluminate during calcination proceeds
gradually through an inverted spinel structure with
a composition of (M&"1_ A3t )(Me?t Al3t,_ )
04_2y_Z(OH)2y(C032—)Z. Spinel phase structure
inversion is supposed to be thermodynamically fa-
vorable only due to the presence of some anionic
admixtures.

Reduction of C8&" species, located in the octahe-
dron sites of inverted spinel phase (support), oc-
curs at 580—62TC, and is accompanied by anionic
admixtures removal from the spinel structure.
Promotion of Co—-Al catalysts with Mg or Zr**+
increases the extent of €oreduction up to 100%.

A highly dispersed Cbphase is present in all re-
duced co-precipitated catalysts tested. Poor support
crystallinity most likely helps to avoid the forma-
tion of well-crystallized metallic cobalt particles.
Catalytic properties of Co—Al catalysts promoted
with Mg (or Zn) and reduced at 60G are similar

to those, expected for the dispersed® Qarticles
according to the literature data.

The catalytic properties of unpromoted Co catalysts
reduced at 60CC differ from those of catalysts
promoted by Mg (Zn) by a slightly lower specific
activity, a higher selectivity towards olefins and a
lower selectivity towards methane. Active compo-
nent dispersion in unpromoted catalysts is higher,
Co reduction degree is lower. The resulting per-
formance of these catalysts is far worse than that
of promoted catalysts.

Reduction temperature strongly affects the catalytic
properties of Co—Al catalysts. The catalytic prop-
erties of the Co—Al catalysts reduced at 470480
are dramatically different from those of same cat-
alysts reduced at 60C. A miserable activity, and
an abnormally high selectivity towards olefins, in-
cluding (surprisingly) ethylene, are characteristic
for these samples.

The obtained data allow us to suppose that the
observed difference in the catalytic properties
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can be related to the different structure of stud-

ied catalysts and first and foremost to their sup-
port structure and composition. The difference

of catalytic properties may be caused by a trans-
fer of positive charge onto metal Co particles in

the Co-Al samples reduced at low temperatures.
However, further investigations are needed to elu-
cidate the nature of the active component—support
interaction.
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