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Abstract

The effects of the preparation method (combustion and incipient wetness) and Co loading (1-5 wt%) on the structure, redox, and mor-
phological properties of the Co/CeGystem were probed by X-ray diffraction, X-ray photoemission spectroscopy, scanning electron
microscopy, CO and §ichemisorption and temperature-programmed desorption measurements. Synthesis route and Co-loading control
the structure and morphological properties, markedly affecting the reactivity of the Cp&yst@m in the Fischer—Tropsch synthesis (FTS)
reaction (R = 250°C; PR = 20 atm). Both metal-support interaction(s) and Co dispersion control the strength and relative concentration of
CO and B adsorption sites enabling marked differences in the specific site—time—yield of the various catalysts.

0 2005 Published by Elsevier Inc.
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1. Introduction great practical interest, because the very low aromatic con-
tent, absence of sulphur, and moderate distillate fraction,

The pressing need to reduce the environmental impactcharacte_rized py a high cetane number, results in _superior
of modern technology and lifestyles imposes the need for COmbustion efficiency, leading to reduced £4&nd particu-
continuous development and upgrading of old and novel lat€ emissions from compression-ignited engiftgs
methodologies aimed at a significantly reducing pollutant _ TYPically, FTS catalysts include VIII group base metals
emissions, mainly from mobile sources, to warrant a tol- (€0, Ru, Fe), with Co-based ones ensuring a superior long-
erable quality of life in large metropolitan areas. This has chain hydrocarbon yield and longer lifetirf@e-8]. Although
prompted an extraordinary research effort aimed both at im- Many petrochemical companies have already patented their
proving emission control systems and synthesizing more ef-Wn know-how, with continued diversification of outlet
fective and cleaner fuels from syngas that have lowep,CO stream$9,10] and feed compositiof, 11], further_|mpr_ove-
NO,, and SQ emission leveld1-3]. In perspective, this me“nt n FTS,, catalysts can b? expected,_ mainly in terms
goal embodies a strategic advance for the petrochemical in-Of harrower prqduct dlstr|but|o.r[12], resistance to de-.
dustry, because it would enable the exploitation of natural activation by fouling, and espeqally enhanced mecharjlcal
gas (NG) instead of oil as raw material for fuel production, strength[13-15} Because of this, such factors as particle

in gas-to-liquid (GTL) technologji—5]. Synthetic gasoline size and shape, metal loading and dispersion, nature of the

. . ’ . = support, and type and strength of the metal-support inter-
obtained by Fischer—Tropsch synthesis (FTS) is in fact of action(s) have been widely assesge8,16-28] Numerous

studies have been devoted to ascertaining the influence of
* Corresponding author. Fax: +39-090-624247. oxide carriers (e.g., titania, silica, alumina, and zirconia) on
E-mail address: lorenzo.spadaro@itae.cni(it. Spadaro). the activity and stability of Co catalysf&7—22] and have
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determined that the “site time yield” of Co-based catalysts is
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Table 1

not affected by either the degree of dispersion or the supportList of the studied catalysts

identity [17,27,28]
The effects of ceria, as either a promoter or a support,

seem rather controversial, because both solid-state interac4(ODH)<b

tions and enhanced reactivity toward the gas pla3e5]

affect the redox and electronic properties of the active phase,
shaping a singular adsorption behavior reflected in unusual

catalytic features of active phasgz},25] In particular, an
enhanced reducibility and surface affinity of ceria for both
H> and CO moleculegR3,25]might well contribute to shap-
ing the reactivity of the Co/Cefsystem in FT$25]. Then,
controlling the “intimacy” of contact between support and

active phase, the synthesis route could exert a basic influ-
ence on the physicochemical properties and reactivity of the

final catalys{26].

Consequently, this paper is aimed at assessing struc-

tural, redox, and catalytic properties of differently loaded
(1-5 wt%) Co/Ce@ systems obtained by the conventional

incipient wetness technique and the combustion method, re-

ported by Bera et al[29,30] A systematic evaluation of
the activity pattern of the various systems in the FTS in
the light of the relative adsorption properties provides some
structure—activity relationships highlighting the fundamen-
tal effects of metal-support interactions and dispersion on
the reactivity of the Co/Cefsystem.

2. Experimental
2.1. Materials

Differently loaded (1-5 wt%) ceria-supported Co cata-
lysts were synthesized by either incipient wetness)(er
combustion routes ¢b) [29,30] Incipient wetness catalysts
were prepared by the stepwise addition of a Cof®@H,O
(Aldrich; >98%) aqueous solution to a powder Gesam-
ple obtained by the combustion method.

Combustion catalysts were obtained by placing in a ce-
ramic dish an aqueous solution of (MHCe(NG;)s-9H20
(Aldrich; 99.9%), Co(NQ@)2-6H>,O and oxaldihydrazide
(Aldrich; >98% reagent) as fuel. The dish was then in-
troduced into a muffle furnace preheated to 420 After
boiling, the solution ignited, producing a “cold flame” that
yielded a spongelike solif29,30] At the end of the com-

Code Preparation Co SABET

method (Wt%) (m2g1

Combustion (ODH) ®2 35
2(ODH)<cb Combustion (ODH) 06 18
4(ODH)<b Combustion (ODH) 36 09
5(ODH)<cb Combustion (ODH) 83 10
4(Urea)eb Combustion (Urea) 28 300
4-iw Incipient wetness A7 130

cal Electronics GMBH PHI 5800-01 spectrometer equipped
with an X-ray Al monochromated anode source (Al-Ka-
diation), at a beam power of 350 W, and a hemispherical
electron analyzer of 150 mm. The samples were analyzed
in ESCA multiplex mode, in the regions 770-810 eV (Co
2p3), 280-300 eV (C 1), 525-540 eV (O 1), and 870-
935 eV (Ce &), using a pass energy of 46.95 eV for ele-
mental analysis and 11.75 eV for determination of the ox-
idation number. The binding energy (BE) was calibrated
taking the C 1 photoelectron peak (284.8 eV) of “adven-
titious” carbon as a reference. Before measurements, pow-
dered samples were kept in the preparation chamber for
24 h at 60 x 10~8 Torr and then introduced into the ultra-
high-vacuum (10° Torr) analysis chamber. XPS data were
processed by the PHI MULTIPAK 6.1 software and the PHI
Handbook of XP§31].

X-ray diffraction (XRD) analysis of powdered catalyst
samples was done using a Philips X-Pert diffractometer op-
erating with Ni g-filtered Cu-K, radiation at 40 kV and
30 mA. Continuous scans were collected with scan rates of
0.5 min~! and 0.08 min~! in the & ranges 5-100° and
35°-45 and 60-70, respectively. The particle size of ce-
ria and cobalt oxide was determined by Scherrer’s equation,
assuming a Gaussian shape of the peaks.

Scanning electron microscopy (SEM) analyses were car-
ried out with a Jeol 5600 LV microscope, operating with an
accelerating voltage of 20 kV. SEM micrographs were taken
after coating by gold sputtering.

Temperature-programmed reduction (TPR) in the range
0-1000°C was performed in a flow apparatus operating in
both pulse and continuous modes using a linear quartz mi-
croreactor (i.d., 4 mm; length, 200 mm) fed with a 5.0%
Ho/Ar mixture flowing at 30 STP cAmin~! and with a

bustion process, the temperature was kept constant for 1 h aheating rate of 20C min~1. The sample weight was set to

420°C and then decreased to room temperature during 24 h.

keep the Co load constant (2.0-2.5 mg), avoiding mass and

To assess the effect of the reducing agent (fuel) on the heat-transfer limitations. Hydrogen consumption was moni-

structure of combustion catalysts, a 4% Co/Gesample
[4(Urea)<b] was synthesised using urea instead of oxaldihy-
drazide. The samples studied are listedatble 1

2.2. Methods

X-ray photoemission spectroscopy (XPS) analysis of cat-
alysts was performed in high-resolution mode using a Physi-

tored by a thermoconductivity detector (TCD) connected to
a PC for data storage and processing. The TCD response
was quantitatively calibrated by monitoring the reduction of
known amounts of CuO. Under such condition, TPR was re-
liable and accurate in terms of both peak positigib ¢C)
and hydrogen consumptios:-6%).

Modeling of TPR spectra was performed through decon-
volution analysis of experimental profiles by a linear combi-



L. Spadaro et al. / Journal of Catalysis 234 (2005) 451-462 453

nation of Gaussian components, using the PeakFit version 4fixed-bed SS reactor (i.d., 6 mm; length, 200 mm) con-
software package (Jandel Scientifig®]. taining 0.5 g of catalyst diluted with 1.5 g of CSi and fed

CO uptake measurements were performed in a pulsewith a H/CO/N, = 64:32:4 reaction mixture at the rate
mode using He as carrier gas (30 STP3enin~1) as de-  of 50 STP cmMimin~! (GHSV, 6000 crig~th~1). Catalyst
scribed previously33]. Before measurement, catalyst sam- samples were reduced in situ at #@for 1 h under a 10%
ples were reduced under a 10%/N flow (100 cn? min—1) H2/N3 flow (100 STP cmimin=1), then cooled in flowing
for 1 h at 400°C and then flushed at the same tempera- H2/N2 at 250°C. The reaction temperature was monitored
ture (20 min) in the He carrier flow. After cooling to room by a thermocouple inserted into the catalyst bed. Reagents
temperature, CO pulses (0.5 pmol) were injected onto the @nd products were analyzed using an HP 5890 gas chromato-
sample until saturation was reached. Metal dispersion wasdraph equipped with SPB-5 and a Carboplot-Q columns,
calculated assuming a CO:Co chemisorption stoichiometry connected to thermal conductivity and flame ionization de-
equal to 1, whereas a surface density of 14.6 Co aton€nm  t€ctors for detecting permanent gases, hydrocarbons, and
was assumed for metal surface area (MSA) evalug8éh oxygenates.
Theo parameter, calculated as the normalized ratio of MSA
divided by the difference between total and MSA (e.qg.,
MSA/(SAseT — MSA)), is taken as a measure of the inter-
facial Co—CeQ area.

CO-TPD measurements on the saturated samples wer

carried out in a te_mperatu";;?_ng? of 20-300using He Combustion catalysts ((ODH}) obtained using oxal-

as carier gas flowing at 30 crmin™* and a heating rate of  ihydrazide as fuel are characterized by quite low surface

20°Cmin~=. _ area valuesTable J), decreasing with the Co loading from 4
Ho temperature-programmed desorption{FPD) was {5 1 n? gL, The 4iw sample features a comparatively larger

performed after an in situ activation treatment of the cata- gyrface area (13 fy~1), whereas using urea instead of

lysts under a 10% KN flow (100 cn¥min~?) for Lhat  oxaldihydrazide in the combustion synthesis route [4(Urea)-

4000C, with further saturation under ﬂOW|ng hydrogen at Cb] produces the |argest %T (30 rnz g_l)' h|gher by more

3. Results

e3.1. Sructural properties

room temperature for 10 min and then-80°C for 5 min. than one order of magnitude than that of the 4(OmHl)-
H2-TPD measurements were made in a temperature range okample (1 rﬁg{alt )
—80-800°C, using Ar as carrier gas (30 émin~) with a Some peculiar differences in the XRD patterns of the

heating rate of 20C min—1. The calibration of the peak area “highly loaded” Co/Ce® systems Fig. 1) further account
was done by pulse injection of known volumes of hydrogen for the specificity of the preparation method on the cata-
into the carrier gag33]. lyst structure. Both the 4(ODH)b and 4iw samples present
Catalyst testing in the FTS reaction was performed at very sharp diffraction lines in theg2range 20-10C, typi-
250°C and a total pressure of 20 atm, using a “down flow” cal of the cerianite with a fluorite-like structufg5], along
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Fig. 1. X-ray diffraction patterns of the catalysts 4(Ureb){a), 4(ODH)<¢b (b) and 4iw (c) in different 2 ranges: 20-100° (A), 35°-45° (B) and
60°-70 (C), respectively.
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Fig. 2. SEM pictures of samples 4(Ured){a, d), 4(ODH)<b (b, k) and 4iw (c, ¢), at different magnifications.

quite less intense reflexes in the é&ange 35-45 and 60— whereas the Co precursor is likely present in an amorphous
70°(Figs. 1B and 1§, attributable to the monoclinic CoO  state and/or with a relatively high dispersion on the ceria car-
[4(ODH)-cb] and cubic CgO4 (4-iw) phaseq36,37] re- rier.

spectively. In contrast, the XRD pattern of the 4(Ureb)- SEM images displayed ifig. 2 indicate that the cata-
sample outlines only the diffraction lines of the ceria car- lyst morphology is also closely related to the preparation
rier, although it is much “broader” and less intense than for method. The 4w catalyst features a quite “smooth” particle
previous samples. This different peak shape signals a no-shape Fig. 2c), although at higher magnification, the crys-
ticeable decrease in ceria particle size from an average valudalline structure of the support is rather evidefig( 2c’). At

of around 300 to 60 A (plan¢l1l) at ¥ equal to 28.55),  lower magnification Eig. 2b), the 4(ODH)eb sample looks
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Fig. 3. TPR profiles of the catalysts. Effects of the cobalt loading (A) and preparation method (B).
Table 2
TPR data of the catalysts
Sample To,red Low temperature range (LT) #1Co High temperature range (HT) JCe
o T, (°C) T, (°C) T (°C) T, (°C) Tis (°C)
1(ODH)<cb 275 328 408 446 02 640 980 ®6
2(ODH)<ch 269 327 405 450 14 636 934 B4
4(ODH)<cb 260 323 408 - D9 640 885 (0215]
4(ODH)-cbht) 320 - 407 - 9 - 814 o021
5(ODH)cb 210 280 361 - n2 655 846 @3
4(Urea)eb 100 161 234 323 11 532 869 ®2
4-iw 280 329 387 - 6 - 810 006

8 T regand Tw, refer to the onset temperature of reduction and temperature of peak maximum. Sample 4:(15|§I-H)as been subjected to a calcination
treatment at 900C for 3 h.

very “rough” and irregular, being the result of extensive the combustion catalyst$-ig. 3A) display a main reduc-
“sticking” of small grains into large agglomeratdsd. 20'). tion peak centered at 420-4%0 (LT) convoluted with other
The structure of the 4(Urea} catalyst looks similar to that  poorly resolved components on the LT side with maxima at
of the 4iw sample Fig. 2a), although a more detailed obser- around 400 and 33%C, respectively. The relative peaks area
vation (Fig. 2) reveals that it consists of an array of small accounts for an biconsumption corresponding to an Ko
spherical particles forming an intricate network of different- value ranging from 1.02 [1(ODHb] to 1.12 [5(ODH)-

sized (0.1-1 um) macropores. cb]. An incipient H, consumption in the range 500—750
gives rise to a broad (unless symmetric) peak with a max-
3.2. Reduction pattern imum centered between 90Q [4(ODH)<cb] and 1000°C

[1(ODH)-ch], whose intensity (HT) corresponds to afCe

The TPR profiles of Co/Cefcatalysts, with reference  ratio between 0.23 and 0.38gble 2.
to the Co loading and preparation method, are shown in A comparison of the TPR spectra of similarly loaded
Fig. 3 The related onset temperature of reductidgéq), (4 wt%) Co/CeQ systems obtained by different routes
the temperature of peak maximurfi ), and the extent of and/or subjected to an additional calcination treatment at
H, consumption, expressed as the ratio of iolecules ~ 900°C for 3 h [4(ODH)<b("], is outlined inFig. 38. The
consumed per Co (low-temperature [LT] range) or Ce (high- HT calcination treatment at 90C affects the TPR pattern
temperature [HT] range) atom, are summarizeddahble 2 of the 4(ODH)¢b system, mainly causing a sharpening of

As a rule, all of the TPR profilesF{g. 3) consist of both LT and HT reduction peaks, the maximum of which
two regions of H consumption, spanning the ranges 250— also shifts slightly to lower temperature. In addition, the low
500°C (LT) and 500-1000C (HT), associated with a re- hydrogen consumption in the range 500-780present in
duction in the Co precursor(s) and ceria carrier, respectively the spectra of the untreated systems is no longer observable.
[25,38-45] Regardless of the loading, the TPR profiles of From a quantitative standpoint, the HCo ratio stays almost
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Table 3

H», CO chemisorption and XPS analysis of the catalysts

Sample H chemisorption CO chemisorption XP%S
(LMol gzp) umol g Deo® (%) 6° Coat/Ceat

1(ODH)<cb 30 17 12 0.023 Q09

2(ODH)<ch 134 2.7 0.8 0.064 Q24

4(ODH)-cb 180 19 0.3 0.090 Q036

5(ODH)cb 14.0 18 0.2 0.076 Q29

4(Urea)eb 3522 97.0 134 0.155 056

4-iw 69.0 160 21 0.054 Q21

@ Estimated on Co 2 and Ce @ core level contribution, respectively.
b The cobalt dispersion{c,) was calculated as [(M@b,.,med MOlco) X 100].
¢ The index of the cobalt—-CeQnterfacial areaq), was calculated as [MSASAgeT — MSA)].

unchanged (1.14-1.29), whereas thg/€Ge ratio decreases
from 0.38to 0.21Table 9. The TPR profile of 4w features
a LT reduction pattern similar to that of the 4(ODEY-sys-
tem, whereas a much lower rate of Ebnsumption (0.06) is
recorded in the HT region ({/Ce). According to XRD data
indicating the absence of a crystalline Coghase Fig. 1),
the 4(Urea)eb sample displays a peculiar reduction profile
in the LT region, where a very broad band of Ebnsump-
tion with several poorly resolved maxima signals g/8o
ratio comparable with that of the previous systeffab{e 9.
The H,/Ce value is yet intermediate between those of the
4(ODH)<cb and 4iw samplesTable 2. | —

0 50 100 150 200 250 300
3.3. Surface properties Temperature (°C)

A

L 4(Urea)-ch

CO desorption rate (a.u.)

X 4(ODH)-cb

The surface properties of the catalysts were investigated
by XPS, H and CO uptake measurements; the results are
summarized iMable 3 All of the catalysts are characterized
by larger XPS C@Ce atomic ratio values than were expected
from the bulk compositionTable 1), with the index of gen-
eralized surface Co enrichment rising with loading and the
highest on the 4(Ureadb sample.

However, the very low CO uptake (1.7-2.7 umgﬁg of
the (ODH)<b catalysts accounts for metal dispersion values
between 0.2 and 1.2%. Mirroring a greater development of
total surface arear@ble J), the 4iw system features a con-
siderably greater CO uptake (16 pmgﬁg, corresponding
to only a slight increase in metal dispersion (2%). At least,
the catalyst 4(Urea}b, characterized by the largest S,
features the maximum CO uptake (97 pm(g]qy which ac-
counts for the highest metal dispersion value (13.4%) in the

=—4-(urea)

H, desorption (a.u.)

-
.....
-

.80 80 240 400 560 720 880
Temperature (°C)
(B)

series. Because of the variable MSA andsgA the6 pa- Fig. 4. CO-TPD (A) and H-TPD (B) spectra of various catalysts.
rameter ranges between a minimum of about 0.02 and a
maximum of 0.16 Table 3. occurrence of only one desorption peak at lower tempera-

The CO-TPD spectra of the 4(ODHp and 4(Ureayxb ture, with an intensity and position matching the LT peak
catalysts, shown iftig. 4A, besides accounting for the latter  of the previous sample, points to the presence of only weak
catalyst’'s much greater chemisorption capacity, also indi- adsorption sites on the poorly dispersed 4(ORb}ystem.
cates marked differences in the desorption pattern attribut-  Different surface properties of the various catalysts were
able to different populations of active sites. In particular, the also probed by the TPD profiles of preadsorbed hydrogen,
TPD spectrum of the 4(Urea} sample displays two convo-  shown inFig. 4B. In a qualitative agreement with the disper-
luted desorption peaks, centered at around 110 and@65 sion scale derived from CO uptake measurements, the most
with an overwhelming intensity of the latter. In contrast, the widely dispersed catalysts [i.e., 4(Urea)-cb and 4-iw] display
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Fig. 5. Relationship between CO uptake and XPS data. CO uptake vgd&ajomic ratio (A) and CACexps) atomic signal intensity v8 parameter (B).

Table 4
FTS catalytic activity data at 25 (Pr: 20 bar, GHSV: 6000 cfgg.L h~1)
Sample Activity Selectivity (% carbon basis)

O/C? Xco (%) oP C1 Co—Cs Csy Oxygenates
1(ODH)<cb 0.9 190 067 87 451 391 71
2(ODH)<cb 0.9 820 069 79 428 434 59
4(ODH)<cb 10 1640 072 90 421 442 47
5(ODH)<cb 11 9.80 062 114 37.0 465 53
4(Urea)eb 15 160 043 237 351 167 245
4-iw 1.4 550 066 118 376 435 71

@ Calculated by pulse titration measurements at4D@n fresh samples after the standard reduction procedure.
b calculated on the basis of Schulz—Flory equation.

an overwhelming intensity of the peak areas in comparison duced ceria matrix likely leads to supra-stoichiometric O/Co
to the 2(ODH)eb and 4(ODH)eb samples, corresponding values (1.4-1.5) on the v and 4(Urea)xb sampleg25].
to H, uptake values between 1 and 352 unﬁj{ @Table 3, The (ODH)<b catalysts feature an increasing activity
with marked differences in terms of position and relative in- with the Co loading until a maximum of 4 wt%, there-
tensity of the desorption peaks also evident. The most widely after (5(ODH)¢b) lowering to a level similar to that of the
dispersed systems present a similar desorption pattern in the2(ODH)-cb system in concomitance with a decrease: @b
range 0—720C, with an almost balanced contribution of the its lowest value Table 4. The selectivity is almost indepen-
peak areas below and above 3@ In contrast, both the  dent of the loading (and conversion), with an overall hydro-
4-(ODH) and 2-(ODH) catalysts feature a prevailing desorp- carbon yield>90% (Table 4. In particular, the 1(ODHgb
tion at low temperature with a very low amount (if any) of sample has the poorest performance, with ¢ value of
hydrogen released at300°C (Fig. 5. only around 2%, whereas the 4(ODE)-sample has the
highestX co (16.4%) along with the best chain growth prob-
ability (0.72).

Comparing the activity—selectivity pattern of similar
loaded catalysts prepared by different routes indicates that

Steady-state activity data (e.g., after 50 h) of the various the 4(Urea)eb catalyst exhibits the worst catalytic perfor-
catalystsin the FTS reaction at 2850 are summarized iha- mance, as evidenced by a strong decrease in both activ-
ble 4in terms of CO conversionXcp), product selectivity, ity (Xco, 1.6%) and long-chain hydrocarbon selectivity
and chain-growth probabilitys(). The data of Q titration (around 50% to &), with the latter mirroring ax value
measurements at 40C of the catalysts reduced according of only 0.42 [Table 4. The catalyst prepared by incipient
to standard procedure and giverilable 4in terms of §'Co wetness (4w) exhibits performance between that of the
ratio signal that the degree of reduction in the active phase foregoing two systems in terms of activitX o, 5.5%) and
is always close to the stoichiometric value (0.9-1.1) for the hydrocarbon selectivity (around 93%), with a value:aim-
(ODH)-cb systems, whereas some contribution of the re- ilar (0.66) to those of the (ODHgb systemsTable 4.

3.4. Catalytic activity
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Fig. 6. Deconvolution analysis of TPR spectra of the catalysts 4(Wea)(ODH)-cb and 4iw.
4, Discussion Other structural features denote the peculiarity of the

combustion route. In particular, because CoO is not stable
at a temperature 300°C in the presence of oxygg#0], its
formation (instead of the more stable 40, cubic phases)

on the 4(ODH)eb catalysts would be a consequence of

. AIthOLt’)gh Bera et al. emphha5|_sed tr?ec;/_aluabl_e eﬁfeCtS_Of unsteady-state conditions during synthesis. However, trans-
the combustion route on enhancing the dispersion of active 1 ation of the monoclinic CoO particles into gy crys-

phases on various oxide car ”65@’30’46] different struc- tallites with a cubic structure is enabled by calcination at
tural features indicate a critical influence of the fuel on the 900°C

efficiency of the synthesis route. In particular, the low sur- All of the aforementioned structural differences evidently

face area value of the (ODH) series can be tentatively . . . .
explained by the lower solubility of the oxaldinydrazide into P different reduction patterns. Nevertheless, according
P y y y to Arnoldy and Moulijin[40], the details of the Co—-CeO

the precursor solution. SEM analysis in fact reveals that the .

) : interaction are not straightforward from “rough” TPR pro-
large surface area of the 4(Ured)system arises from an in- files (Fig. 3), because several factors can simultaneousl
terparticle porosity, which is absent in the 4(OD¢l)sam- 9. 9 y

ple. Then a homogeneous solution of oxide precursors andaffeCt the redur::t(ljon Og C?('bﬁEdT?éalyStS;[ In an attem;l)t tod
urea, leading to the development of huge amounts of gaseou Vercome such crawoacks, e shectra were analyze
products (e.g., B CO,, H,O, NO,) during combustion y a mathematical fitting program and deconvoluted into

L AR ] ) H X 1 . .
would prevent the coalescence of hascent oxide particles inGaussllan compon.epts,cegch of \,Nh'Ch could behrelated tothe
the 4(Urea)b sample. In contrast, effective separation of reduction of a definite species based on the assump-

the catalyst particles would be hindered during the combus- tion of a normal distribution of activation energy for reduc-

tion of the oxaldihydrazide as a poorly homogeneous mixing tion [32]. A preliminary iterative procedure determined that
into the oxide precursors solutioRi(. 2). Such marked dif-

all of the spectra result from the linear combination of five
ferences in total surface area evidently imply quite different Gaussian components characterized by the same center po-
properties of the active phase of the (ODe#)and 4(Urea)-  Sition (M, °C) and full width at half-maximum (fwhm? C).

cb systems Table 3. Considering the main structural fea- Representative results of the deconvolution analysis of TPR
tures of the preshaped support, the incipient wetness routeSPectra of the 4(Ureaje, 4(ODH)-cb, and 4iw systems are
ensures SAet and metal dispersion values between those shown inFig. 6, and the Gaussian parameters of all spectra
of the (ODH)<b and (Urea)eb samples. In any case, a gen- are summarized iffable 5 The fact that all of the com-
eral relationship between the surface CO uptake (H@ﬁbm ponents remain almost unchanged in terms of position and
and the XPS Co atomic concentration ([&ed) of all of fwhm can be taken as a reasonable proof of the similar na-
the studied catalyst$={g. 5A) leads us to exclude relevant ture and reactivity of Co species in the various samf#gs
SMSI-type effects induced by the reduction treatment. In In particular, on the basis of literature findinf5,39-45]
addition, comparing the G&exps atomic ratio with the? and taking into account the XRD data and the effects of the
parameterFig. 5B), evaluated from CO chemisorptiofa- calcination treatment, Co loading, and preparation method
ble 3, the excellent straight-line relationship confirms the on the intensity of the various componeritalfle 5, the fol-
reliability of the latter in providing a measure of the Co— lowing assignment is tentatively made:

Ce(Q interfacial area. Such data prove that the reduction

treatment does not modify the dispersion of the Co precursorPeak 1 Reduction of the @04 phase (amorphous or crys-
over the ceria carrier to any significant extg2]. talline) to CoO.

4.1. Physicochemical properties
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Table 5
Fitting parameter of TPR spectra
Sample Low temperature range (LT) High temperature range (HT)
M1i/fwhmy  Ag Mo/fwhmy  Ap Ma/fwhmg A3 Mgl/fwhmy Ay Ms/fwhms  Asg
(°crc) (Hz2/Co)  (°CIPC) (H2/Co)  (°CIPC) (H2/Co)  (°CIPC) (Hp/Ce)  (CCIPC) (Hp/Ce)
1(ODH)<b 337/65 015 406/45 @38 449/45 o9 644/170 1 1000/200 @5
2(ODH)cb 339/65 013 406/45 36 452/45 65 646/170 06 950/200 @6
4(ODH)<cb 336/65 008 392/45 @7 422/45 or4 641/170 ao 885/200 @8
5(ODH)cb 280/65 013 347/45 o2 380/45 ®B7 659/170 5 844/200 a8
4-iw 329/65 029 389/45 7 - - - - 813/200 06
4(0DH)cbda  367/65 026 407/45 103 - - - - 819/200 a1
4(Urea)eb 161/50 019 234/70 @32 323/110 ®9 532/180 9 869/210 a3

2 Sample 4(ODHpb(ht) has been subjected to a calcination treatment af @0fr 3 h.

Peak 2 Reduction of CoO particles (coming fromsOg re- 012
duction and/or present in an amorphous/crystalline 0101 °
phase) to C& ' 4Urea)cb o / O(OPH)-ch
Peak 3 Reduction of small CoO clusters and/of @ms in- =~ 0.08] /’
teracting with Ce@. 8 ' /
Peak 4 Reduction of surface CUS'€éons. X il 4(ODH)-ch
Peak 5 Reduction of bulk ¢&ions. L 009 .'/.
. . <Er 0.04 /' 2(ODH)-cb
Literature data on the reduction of ¢oy are rather /
controversial, because the appearance of theOge— /!
CoO— Ca° reduction steps in TPR measurements depends 0021 /
strongly on the experimental conditions, catalyst composi- 000w 4™ ® 1(0DH)-ch

tion, and perhaps dispersion of the active pHa$¢39-45]
For instance, stepwise reduction was not evident foO4d
supported Cq40,41] and Co—-Ce@'SiO, [45] catalysts, A; (H2/Co)
whereas Bruce et a[45] reported that the reduction of
the CaO4 spinel to C8 in Co/CeQ catalysts proceeds in
two steps, the maxima of which occur at around 300 and
400°C, respectively. The third component stems from the
reduction of Cé" ions in a strong interaction with the ce- two components in the LTTable § matches with the trans-

ria matrix[45], whereas the fourth component, present only formation of CoO/C8" species into the more stable £

in the spectra of combustion catalysig. 6), monitors the phasg47].

reduction of (surface) C¥ ions interacting with C8" ions The peculiar TPR pattern of the 4(Urea)-sample de-
[23,25,38] The concentrations of these latter two species are serves consideration, being the consequence of a much wider
in fact directly related, as indicated by the linear relationship dispersion of the active phas&aple 3. In this case, the
between the intensity of the third and fourth components of typical components of crystalline Co oxide(s) are hardly
combustion catalysts, shownhig. 7. As the inadequacy of  (if at all) visible, because the overwhelming contribution
the incipient wetness route in ensuring an effective disper- of components arising from the reduction of well-dispersed
sion of the Co precursor through the carrier, preventing the Cd** ions. Deconvolution analysis of this system indicates a
stabilization of these species on thewtsystem Fig. 7), marked shift to lower temperature of the components relative
this relationship indicates the reduction of about six sur- to the reduction of the supported phase, evidently prompted
face C& ions for each C&' ion. Finally, the intensity of by enhanced reactivity with respect to bulk oxide particles
the fifth component is associated with the reduction dfCe  (Table 5.

ions in the bulk of ceria particles and is virtually unaffected The large dispersion range spanned by the various cata-
by the presence of the active phd28,25,38] Some slight lysts also evidently implies a different structure of the sur-
shift in the relative maximum positioTéble § mirrors only face metal sites, as evidenced by the marked changes in
the different amounts of catalyst used in TPR measurementsboth CO Fig. 4A) and hydrogenKig. 4B) desorption pat-
(see Sectior®). Low (if any) surface reducibility of ceria, terns. Indeed, in concordance with very low metal disper-
as evidenced by complete disappearance of the fourth andsion, the TPD patterns of the 4(ODIdp-catalyst indicate
third peaks Fig. 3B), thus accounts for the catalyst recon- only weak chemisorption sites, likely located on high-index
structuring induced by the calcination treatment at 900  planes of large Co particles, whereas the TPD patterns of
[4(ODH)-cbM]. In addition, the greater intensity of the first the 4(Urea)eb sample feature a prevailing concentration of

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 7. Relationship between the intensity of 3rd and 4th Gaussian compo-
nents from modelling of TPR spectra.
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strong chemisorption sites linked to a greater degree of coor- 10
dinative unsaturation in small metal crystallites. Therefore,
rather different surface and structural properties account for SAEET.
the catalytic behavior of the various systems in the FTS re- g— '
action. s |ae
o 0%
4.2. Sructure—activity relationships §
2
Since the discovery of the FTS on cobalt catalysts at 0001 F R .
the start of the twentieth century, much research has fo- [ e
cused on improving process targets, particularly in concor- 0.001
dance with a growing interest in GTL technology over the 0 4 8 12 16
last two decadef3,17,27,28] Although the superior perfor- D¢, (%)

mance of Co catalysts is generally recognifél] several
aspects of reaction mechanism and catalyst requirements re-
main matters of debat®7,28,48] In particular, given the 121
structure-insensitive character of the FTS on Co-based cata-
lysts [17,27,28] most attempts to improve process perfor-
mance were pursued through the optimization of catalyst
structure and composition, reducibility of the active phase
[49], and reactor desigfiL7,27,28,50] However, studying
the influence of dispersion on the activity—selectivity pat-
tern of differently loaded (3—10 wt%) Co/#03, Co/SiQ,
and Co/TiQ catalysts, Reuel and Bartholomew found that
turnover frequency (TOF) depends on the support, disper-
sion, metal loading, and preparation metHsd,52] TOF
values between 2.2 and 38102 s~1 were reported for o
10 wt% Co/AbOs, Co/C, Co/MgO, and Co/Ti@systems, 00 25 50 7.5 100 125 15.0
although the same authors concluded that SMSI interference D¢,
could have led to unreliable estimates of the number of Co
surface SitGﬁZ]. Fig. 9. Hy/CO chemisorption ratio vs Co dispersion.
Consequently, given the numerous factors shaping the
catalytic pattern of Co systems, it is difficult to determine | the present study, the different catalytic efficiencies of
general rules that fully account for the various effects docu- the studied systems cannot be related to either substantial
mented throughout the vast literatji&—22,39-45,48-54] differences in the reduction degree of the active phaae (
Moreover, some peculiar aspects of the reactivity can be ple 4) or the availability of active metal site$gble 3, likely
related to the simultaneous occurrence of several ongoingdue to some synergetic effects of metal dispersion and the
modifications induced by the reaction system on the struc- ceria carrier. In fact, the plot of site-time-yield against the
tural properties of the catalyst. For instance, superior perfor- metal dispersion shown iRig. 8 exhibits a very sharp de-
mance of the Co catalyst has often been found for a high crease in the specific activity of surface Co atoms that cannot
degree of catalyst reduction attained in “diluted” systems at be explained in terms of “classical” structure—sensitivity ef-
much higher temperatures than for highly loaded dAés fects[49,52] In particular, such findings should be related
Complete reduction implies relatively poor dispersion of the to the different populations of active sites present on the var-
active phase due to high-temperature reduction treatment orious catalysts, particularly to the prevailing concentration of
metal loading49]. Moreover, relatively inert oxide materi-  strong adsorption sites with increasing metal dispersion, im-
als used as carriers for catalyst preparation do not displayplying a marked shift of both COF{g. 4A) and H, TPD
significant reactivity toward reagent molecules at typical (Fig. 4B) desorption spectra to higher temperatures.
FTS conditions, whereas cerium oxide(s) exhibits enhanced An active role of the ceria carrier on the surface and
reactivity toward both K and CO[23,25,38,53] Indeed, catalytic properties of the title system is also evident, con-
Shi et al.[55] recently showed that the addition of CeO  sidering that an increase in metal dispersion actually par-
enhances cobalt dispersion as well as the activity and selecallels an increased abundance and availability of surface
tivity of Co/SiO, catalysts. Although these authors did not sites that can adsorb eithep ldr CO moleculesTable 3.
report any quantitative estimate of the cobalt dispersion, they Obviously, the effects of the carrier would be enhanced at
concluded that the best activity—selectivity pattern is linked higher levels of metal dispersion. This is quite evident from
to an optimum CgCe atomic ratid55]. data inFig. 9 showing the relationship between the/60

Fig. 8. Site—time—yield vs Co dispersioP¢,).

104

H,/CO chemisorption ratio
D
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Fig. 10. Site—time-yield vs $#iCO chemisorption ratio.

chemisorption ratio and Co dispersion, resulting in a similar
sharp decrease in thekO ratio in the 4iw and 4(Urea)b
systems. Therefore, considering the strong surface affinity
of the partially reduced ceria for both reactant molecules
[23,25,55] the matrix may affect the chemisorption proper-
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