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The surface activity of a Fe—K/ZrO, sample prepared from iron
citrate and potassium carbonate has been investigated by the FTIR
spectroscopy of adsorbed CO and NO and compared with the be-
havior of a Fe/ZrO, sample. The addition of potassium produces a
strong decrease of the BET area and of the amounts of the adsorbed
molecules. At the same time the spectrum of the sample reduced
with H, at 573-773 K shows, under anhydrous conditions, the pres-
ence of small patches of reduced Fe, not easily formed on Fe/ZrO,
under the same thermal and reducing conditions. The formation
of new phases containing iron and potassium in close combination,
such as mixed iron—potassium oxalates and potassium ferrites that
fully cover the zirconia surface, was inferred from FTIR data. CO
adsorption favors the partial surface reduction of these phases pro-
ducing small Fe-carbonyl clusters in tight contact with potassium
and Fe,K-carboxylate surface species. The adsorption of NO, pro-
ducing nitrosyl species on the reduced iron particles and nitrite
groups on the potassium phase is in good agreement with the re-
sults of adsorbed CO. These results are confirmed by quantitative
determinations of adsorbed gases and by TPR experiments.  ©1997

Academic Press

INTRODUCTION

The structural effects of potassium or other alkali metals
on the chemical composition and the catalytic activity of
systems based on supported or unsupported iron have been
extensively studied and discussed since the beginning of
this century, particularly because of the importance of these
catalytic systems in the synthesis of ammonia.

It is now established (1) that the addition of evaporated
metallic potassium to monocrystalline iron (2) or to other
transition metals produces an electron transfer to the metal.
As a consequence of the increased electron density, the
metal is available for the back-bonding to the 2p* orbitals
of CO and diatomic adsorbed molecules, enhancing their
dissociation capacity. Therefore, the effect of K promotion
is to improve the activity of iron based catalysts, as is widely

known for example in the Fischer Tropsch (FT) and ammo-
nia synthesis, reactions in which CO and N; dissociation are
needed. However, these electronic effects have been exper-
imentally confirmed only by addition of metallic, nonionic
potassium on unsupported iron (or other transition metals)
kept in the zerovalent state under ultrahigh vaccum (UHV)
conditions.

However, the experimental conditions under which the
iron based catalysts are used for the FT or ethylbenzene to
styrene reactions are quite different. These catalysts con-
sist of oxidized iron phases with addition of ionic potassium
promoters, such as K,O or K,COg, and are active under con-
ditions that are only mildly reducing because of the pres-
ence of steam which can oxidize both the iron and the potas-
sium components. Moreover, the formation of new phases
such as ferrites (KFeO, and similar) has been clearly estab-
lished (3-5). Since in this case, at least in the bulk of the new
phase, both iron and potassium are oxidized, the effects of
electron transfer should be null or strongly reduced and the
zerovalent iron formed with difficulty.

As to the catalyst of ethylbenzene dehydrogenation, its
active state was demonstrated to be a metastable mixture of
magnetite and potassium ferrite phases (3, 4). In this case
the electron-donation effect of potassium to Fe® crystals
might be excluded, although the oxidation state of the active
centers on the iron surface should be affected by potassium
addition and difficult to determine (6).

A metastable equilibrium Fe**/Fe?* controls the valence
states of iron oxides in massive phases (7), but the formation
on the surface of highly dispersed zerovalent iron phases
cannot be excluded in reducing conditions and under vac-
uum. This hypothesis is most likely valid for supported iron
systems in the presence of potassium promoters. In these
systems iron may interact both with the support, forming
mixed iron-support phases (iron silicates, aluminates, ti-
tanates, etc.), and with the potassium forming KFeO, and
related polyferrite phases. Besides, the addition of K-based
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promoters such as KOH and K,COj3 causes a long resis-
tance to deactivation suppressing coking (1). Coke deposi-
tion with possible formation of iron carbide or oxicarbide
phases (8) and the simultaneous reduction of «-Fe,O3 to
magnetite and/or ilmenite-like FeO and Fe® phases (5, 7,
9) in strongly reducing conditions greatly complicates the
picture of the phases involved in the numerous, very im-
portant, hydrogenation—-dehydrogenation reaction steps in
which K-promoted iron systems are active.

In this paper we wish to contribute to the knowledge in
this field, with the warning that the conclusions are strictly
valid only for the experimental system studied, but, at the
same time, we hope to enlighten the more general debate on
the promotion effect of potassium. In previous papers (10,
11) one of us studied zirconia supported iron (Fe/ZrO,)
with 1% wt Fe in order to evidence the surface interac-
tions of iron dispersed on the support. In this system a
metastable solid solution of ferrous ions on the zirconia
surface is formed at 623 K in hydrogen and this is reduced
with difficulty to Fe even at 773 K. The FTIR spectra of
adsorbed CO and NO were utilized to show the high iron
dispersion and heterogeneity of sites with respect to both
the coordination and the oxidation numbers.

On the same Fe/ZrO, system the addition of small
amount of potassium as K,COj3 results in an easier reduc-
tion to zerovalent iron dispersed on the surface as is evi-
denced by FTIR experiments of CO and NO adsorption.
Therefore, the results here reported show that the addition
of potassium, even as ionic compound, favors in anhydrous
conditions the reduction of highly dispersed iron to zerova-
lent Fe microcrystals. The comparison between the Fe/ZrO,
and Fe—-K/ZrO; spectroscopic data gives an experimental
unequivocal evidence of the effect of K addition on the
surface state of supported iron catalyst.

METHODS

The sample was prepared by coimpregnation of solutions
of ferric ammonium citrate and potassium carbonate on
ZrO, (BET =10.4 m?/g) prepared by hydrolysis of ZrOCl,
with NH4OH and calcined at 1100 K for 8 h. After Fe,K
impregnation the sample was dried at 383 K and then cal-
cined at 973 K for 2 h. During ZrO; preparation by hydrol-
ysis, CI~ was clearly present on the Zr(OH), precipitate.
However, it is our standard procedure to wash the precipi-
tate thoroughly with distillated water until negative AgNO3
test: after this procedure, residual ClI~ on ZrO, calcined at
823 K, determined by X-ray fluorescence, was found to be
around 0.05%. Neutralization of residual CI~ by KOH will
probably take place. The metal loading, determined by AA
spectroscopy, was 2 wt% Fe and 1.06 wt% K, yielding a
molar ratio Fe/K of 1.4 (hereafter FK1). The BET surface
area of the calcined sample decreased slightly to 9.7 m%g.
but it increased again to 11.9 and 11.7 m?%g after reduc-
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tion at 623 and 773 K, respectively. These values should be
compared with the value of 61 m?/g obtained for Fe/ZrO,
reduced at 623 K prepared by impregnation of an high area
support (10). Other samples were prepared in the same way
but starting from ferric nitrate and calcined for 2h at 773 K,
containing 2.02% Fe-1.21% K (FK2) or 1.96% Fe—-0.66% K
(FK3).

Quantitative adsorption experiments with CO and NO
at room temperature on FK1 gave values of 2.7 x 10~% and
4.0 x 10~2mol/mol Fe, respectively. The corresponding val-
ues found on Fe/ZrO;, were 0.115 and 0.48 (10). The BET
and the quantitative results are reported in Table 1.

FTIR spectra were recorded at RT on a Perkin Elmer
1760 instrument, equipped with a MCT cryodetector, with
2 cm~! resolution and with 64-128 scans accumulation and
with substraction of the background after the indicated
thermo-chemical treatments. The FTIR results of CO and
NO adsorption are obtained with a pellet of the sample out-
gassed and reduced in situ for 15 min under 100 mbar H;
at 573, 673, and 773 K (hereafter FK1(573), etc.), with a fi-
nal outgassing at the same temperatures to eliminate water
and carbon dioxide formed during the reduction. Survey
experiments here not reported show that the outgassing at
the same temperatures without reduction yielded samples
that were not very different in surface activity with respect
to the reduced ones.

FTIR experiments, not reported here in detail, with FK2
and FK3 samples were performed for comparison among
samples prepared under different thermal and chemical
conditions.

Temperature programmed reduction measurements
(TPR) were performed in a previously described standard
apparatus (13). The samples were calcined in situ at 773 K
(1 h)witha5% O;in Ar mixture, cooled down to room tem-
perature, and then heated at a linear rate of 10 K/min from
298to 1073 K with a gas (5% H, in Ar) mixture (40 ml/min).
Quantitative measurements of hydrogen consumption were
performed by calibrating the system with a known amount
of hydrogen.

TABLE 1
Quantitative Data on Fe, FeK/ZrO, Systems

Area
BET CO, 298K NO, 298 K TPR Ha/Fe
System (m?g) (mol/mol Fe) (mol/mol Fe) consumption
FK1
Oxidised 973 K 9.7 — — 21
Reduced 623 K 11.9 — —
Reduced 773 K 11.7 2.7-1078 4.0-107?
FK3(773) 0.61,0.74

Fe(1%)/Zr0,(623)* 61 0.115 0.48 0.93

2 Ref. 10.
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CO and NO chemisorption measurements were per-
formed using a pulse flow technique (13). Prior to measure-
ment, the sample was subjected to a thermal pretreatment
which involved: (i) exposure to Ar at 773 K for 30 min, (ii)
an injection of 10 pulses (3 ml each) of a reductive gas (5%
H, in Ar) mixture, and (iii) He purge at the same tempera-
ture for 15 min. The sample was then cooled in He flow to
298 K for CO and NO chemisorption experiments.

The Fe and K contents were determined by atomic ab-
sorption spectroscopy.

Gas of ultrahigh purity from UCAR were utilized with-
out further purification, except for NO which was freshly
distilled by cryo-condensation cycles.

RESULTS

FTIR Spectra of Adsorbed CO

As a preliminary observation, the spectra of FK1(773)
show, as reported in the literature (12), that K addition to
Fe/ZrO, nearly completely eliminates the hydroxyl surface
groups, leaving only very weak bands at 3680 and 3434 cm 1,
tentatively assigned to free OH groups on iron (14) and
potassium oxides (15), respectively.

Figure 1 shows the FTIR spectrum of CO adsorbed at RT
on the FK1(573) sample at increasing contact times. The
frequency range and the increasing intensity of the bands
of adsorbed CO shows that at RT an activated process of
CO adsorption, produces carbonyls in different configura-
tion plus carbonate—carboxylate groups (see the band at
1660 cm™1). The spectrum is limited to 1650 cm~* because,
at lower frequencies, no intense bands are clearly distin-
guished because of the very low transparency of the sample,
which contains strong residual carbonate-like bands in the
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FIG. 1. FTIR spectra of CO adsorbed at RT on FK1(573). Curve a,
immediately after contact with 43.5 mbar CO; curve b, after 20 min; curvec,
after 16 h.
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FIG.2. FTIR spectra of CO adsorbed on FK1(673). Curve a, after
contact with 1.5 mbar CO; curve b, after contact with 19.6 mbar CO, im-
mediately; curves c-e, spectrum recorded afterl5 min, 30 min, and 16 h,
respectively; curve f, after outgassing for 5 min at 300 K; curve g, after
outgassing for 15 min at 423 K.

background. However after 16 h the maximum absorbance
of the bands is ~0.1. Only the rotational contour of the
stretching mode at 2143 cm~! of CO gas in the cell with a
small optical path is evident at v > 2050 cm™. In this spec-
tral region no bands assignable to CO species reversibly
chemisorbed on ionic zirconium or iron sites (10) appear, as
was previously observed on the Fe/ZrO, sample. The weak
bands approximately centered at 2036, 1980-1960, 1900
1830-1797, 1660 cm~! change strongly in relative intensity
and slightly in frequency.

Figure 2 shows the spectrum of CO adsorbed on the same
sample FK1(673) in the range 2100-1100 cm~1: the slight
increase of transparency in the low frequency region of the
background due to the higher temperature of outgassing
allows the spectrum to be shown also in the 1650-1100 cm~*
range. The cutoff of the background at 1100-1000 cm™?, due
to the lattice modes of the support, produces spectra with
an intense noise, but no bands are found in and below this
range and the same holds for the FK1(773) sample.

The general features the spectrum of CO adsorbed on
the sample reduced at 673 K (Fig. 2) are not very different
from those of the sample reduced at 573 K, as far as the
frequencies of the surface species and their behavior with
the contact time are concerned. However, the intensity of
the carbonylic bands at 2037, 1981, 1956sh, 1895, 1870, 1793,
1762sh cm™! (curves a-f) is about three times larger with
respect to that reported in Fig. 1. The same increase in in-
tensity with the contact time is observed for the bands at
1650, 1601, 1354, 1300-1282 cm—*. During the slow process
of CO adsorption the overall transmittance of the sample
decreases, indicating that a reductive reaction induced by
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FTIR spectra of CO adsorbed on FK1(773). (A) Curve a, after contact with 57.7 mbar CO; curve b, spectrum after 15 min; curve c, after

outgassing for 5 min at 300 K. (B) Curves d and e, after outgassing for 15 min at 423 and 523 K, respectively.

CO adsorption occurs at the surface. The same effect is
found for CO adsorption on the sample reduced at 773 K
(see Fig. 3).

The outgassing of CO at 423 K (curve g) produces the
decrease of the bands at 2037, 1956, 1895, and 1650 cm™,
whereas the bands at 1981, 1870, 1793-1762, 1601, and
~1300 cm™~! have constant or slightly increased intensity:
this behavior shows an equilibrium and an interconversion
of adsorbed species which depends on the temperature and
on the CO pressure. After outgassing for 30 min at 523 K
all the iron-carbonylic bands in the range 2050-1700 cm™*
are removed from the spectrum and CO readsorption re-
stores the same spectrum: this seems to show a rather stable
surface arrangement.

Figure 3 shows that the results of CO adsorbed on
FK1(773) sample are qualitatively not different from those
reported in Figs. 1 and 2, but the overall intensity of the
bands increases further (about 4 times with respect to
FK1(673) and 12 times with respect to FK1(573)). Only the
broad bands at 1794-1762 cm~? increase in their relative
intensity. Also for this sample the CO adsorption is an ac-
tivated process at RT (main peaks at 2058sh, 2036, 1982,
1956sh, 1894sh, 1862, 1794-1762, 1650-1600, and 1310-
1282shcm™1); i.e., the species formed at the surface strongly
increase in their total concentration with the increase of the
temperature of reduction, but they change only slightly in
their structure and relative concentration.

In agreement with the results of Fig. 2, Fig. 3 (curvesc, d)
shows that the carbonyl species correlated to the bands at
1982, 1862, and 1794-1762 are resistant to outgassing and
they are weakly increasing in intensity, whereas those cor-
related to the bands at 2058, 2036, 1956, and 1895 cm™!
disappear or are converted to the more resistant ones by a
process of surface fluxionality.

A frequency shift and a conversion of the species are also
noticed in the low frequency region for the bands at 1650,
1600, and ~1300 cm~! and for the bands now centered at
1536 and 1324 cm~. Outgassing at 523 K (curve €) pro-
duces the nearly complete elimination of the intense bands
at 1982, 1862, and 1794-1762 cm~1. At the same tempera-
ture strong changes are noticed for the bands at low fre-
quency with shifts to 1530 and 1334 cm~! and the growth of
new broad bands at 1430-1338 cm~1. CO readsorption at
RT on the 523 K outgassed sample (data not reported for
the sake of brevity) restores nearly completely (the inten-
sity is reduced of only one-third) the spectrum reported in
Fig. 3A, curve a, showing that the process of CO adsorp-
tion occurs mainly at the surface and is almost completely
reversible.

The growth of the bands in the carbonate-like spectral
region accompanied by the decrease of Fe-carbonylic bands
between 2050 and 1700 cm~! by outgassing at 423-523 K is
an interesting occurrence that deserves further attention.

Figure 4, curve a, shows the difference between the spec-
trum after CO evacuation at 523 K and that of CO adsorbed
and evacuated at RT; curve b shows the same difference,
but of a different experiment with the gas phase heated in a
closed cell, without desorbate elimination at 523 K; both ex-
periments were performed on the same FK1(773) sample.
For the two different treatments the Fe-carbonylic bands
are fully eliminated and appear as negative peaks, but the
positive broad peaks with maxima at 1603, 1530, 1416, and
1345cm~1are more intense in curve b, i.e., if carbon monox-
ide or dioxide are not desorbed. The previous desorption
experiments show the reversibility of adsorbed CO; how-
ever, it is hypothesized that the growth of carbonate groups
leads to the transfer of CO onto the oxygens of the oxidized
potassium or iron phases and, in presence of gas phase, the
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FIG. 4. Difference spectraof CO heated or outgassed at 523 K and ad-
sorbed at 300 K. Curve a, spectrum of the sample saturated with 41.1 mbar
CO and outgassed for 15 min at 523 K minus that of the sample saturated
with CO at 300 K ; curve b, the same as curve a, but with the sample heated
for 15 min at 523 K in CO atmosphere.

conversion from carbonyl to carbonate-like groups with an
iron induced CO disproportionation.

In Fig. 5 the difference between the background spec-
trum of FK1(573) and those of FK1(673) and FK1(773)
samples is reported in the range 1800-1000 cm™; the two
strong and broad absorptions at 1620sh-1580 and 1320sh—
1308 cm~tare clearly correlated to surface species desorbed
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FIG. 5. Difference between the backgrounds of FK1 obtained at 573,

673, and 773 K. Curve a, difference between FK1(573) and FK1(773)
backgrounds; curve b, difference between FK1(673) and FK1(773) back-
grounds.
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FIG.6. FTIR spectra of CO adsorbed at RT and saturation on
FK1, FK2, and FK3(773) samples. Curve a, FK3 sample contacted with
29.4 mbar CO; curve b, FK2 sample contacted with 21.2 mbar CO; curvec,
FK1 sample contacted with 41.1 mbar CO.

inthe temperature gradient573-773 K. No bands are clearly
evident in the 1100-1000 cm~? range.

In Fig. 6 the spectra of CO adsorbed at saturation on dif-
ferently prepared Fe—K/ZrO, samples reduced at 773 K are
reported for comparison. Curve c refers to the FK1 samples,
curves b and a refer to the FK3 and FK2 samples prepared
from iron nitrate with 0.66 and 1.21% K, respectively. We
have studied the CO adsorption on these samples in detail,
but the data are here summarized for the sake of brevity.
The main differences between the FK1 and the ex-nitrate
samples are:

() The higher intensity of the Fe-carbonylic bands at
2050-1700 cm™~1, with new peaks at 2044, 2004, 1968, and
1918 cm~! and the lower intensity of the bands at 1700—
1000 cm™! of the FK1 sample. New intense bands are
formed at 1695-1650 and 1340-1250 cm~! and the FK2 sam-
ple shows weak bands at 1055-1020 cm ™.

(i) The nearly complete absence of the strong broad
absorption at 1794-1762 cm~! and the reduced intensity of
the 2036, 1982, and 1895-1860 cm~! bands on the FK3 and
FK2 samples. However, on these samples the discrete peaks
are very numerous in the range 2100-1800 cm ™~ or seem to
be superimposed to a broad band at ~2000 cm~* assigned
to CO adsorbed on large Fe® particles (16-19).

(iii) The presence on FK3 and FK2 of bands at 2180 and
2115-2080 cm~* assigned to CO adsorbed on coordinatively
unsaturated Zr*+ or Fe?* ions, respectively, although with
minor intensity with respect the Fe/ZrO, system. The ex-
periments not reported here show that these species are
reversible at RT, similarly to the Fe/ZrO, system (10).

However, the calcination of FK2 and FK3 at 973 K pro-
duces samples which show the same surface activity toward
CO, i.e., lack of bands at 2180-2080 cm~* and formation of
the same carbonyl groups shown in Figs. 1-3.
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FIG.7. FTIR spectra of NO adsorbed on FK1(773) sample. Curves

a-d, after contact with 0.1, 0.4, 1.6, and 3.3 mbar NO, respectively; curves
e, f, as f, after 15 min and 3 h, respectively; curve g, after outgassing for
5 min at RT; curve h, after outgassing for 15 min at 423 K.

FTIR Spectra of Adsorbed NO

Figure 7 shows the FTIR spectra of NO adsorbed on the
FK1(773) sample at increasing pressures and contact times.
The increase in intensity of a broad band in the nitrosyl
stretching region, and the shift with the coverage from 1675
to 1752 cm~* with a shoulder at 1803 cm~! at higher cover-
ages is accompanied by the growth of a strong band at con-
stant frequency 1245 cm~! and by weak bands at 1327, 1410,
1456, and 1506 cm ™!, a process that is exactly parallel to that
shown by CO. A very weak combination band (not shown
in the figure) at 2564 cm~! grows with an identical behavior.
The outgassing at 423 K results (curve h) in the complete
elimination of the nitrosylic weak band. Weak components
of difficult assignment remain at 1620-1590 cm !, whereas
the bands at 1327 and 1245 cm~! slightly decrease.

The experiment of 1®*NO (99%) adsorption on the same
FK1 sample, reported in Fig. 8, produces a spectrum almost
identical to that of Fig. 7, with all the bands red-shifted
by the expected 0.982 theoretical ratio. The fitting is quite
good for the nitrosylic absorption, with some difficulty in
reproducing exactly an identical coverage and time of con-
tact and in identifying the intensity maximum of very broad
bands, while it is excellent for the other bands. Figures 7 and
8 give a good picture of the close resemblance of the NO
and ®NO adsorption results obtained on the FK1 sample.

TPR and Chemisorption Experiments

The TPR of Fe/ZrO; ex-nitrate (Fig. 9, curve a) shows
only one reduction peak at 573 K which may be assigned to
the partial reduction of Fe,O3 on the basis of its intensity. A
quantitative estimate of the amount of hydrogen consumed
indicate a Hy/Fe ratio of 0.93, i.e., lower than the theoretical
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FIG.8. FTIR spectra of >NO adsorbed at RT on FK1(773) sample;

curves a—g, after contact with 0.1, 0.4, 0.6, 0.8, 1.1, 3.0, and 5.5 mbar **NO,
respectively.

value of 1.5 expected for complete reduction to Fe®. This
peak is present also on the samples containing potassium
(Fig. 9, curve b) even if shifted to 623 K. However, in this
case a second peak appears at 773 K and the quantitative
analysis of the two peaks indicates H,/Fe ratios of 0.61 and
0.74, respectively. The very broad peak at ~1000 K can be
assigned to the reduction of the K,CO3 phase, in agreement
with its growth with the increase of the potassium amount
and with the analogous assignment of Stobbe (5).

A more complex behavior is shown by the samples pre-
pared from citrate with potassium (Fig. 9, curve c). Here
the main peak of reduction is present at 765 K and can
be related to a direct reduction in one step of Fe3* to Fe’.
However, in this case the quantitative analysis indicates a
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FIG.9. TPR profiles, normalized to the iron percentage, of catalysts
made from nitrate (a, Fe/ZrO,; b, FK3) and citrate (¢, FK1). Numbers be-
low the individual peaks indicate the H, consumption expressed as H,/Fe
mole ratio.
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H,/Fe ratio of 2.1 well above the theoretical value. In addi-
tion, two small peaks at 610 and 650 K could be related to a
minor process of reduction to Fe® occurring at the surface
of iron, i.e., at temperatures lower than 773 K because of
the close contact between iron and potassium. In this case
the broad TPR peak of K,CO3 reduction at 1000 K is not
observed, but the TPR results support the full reduction of
a KFeO; phase.

DISCUSSION

As a preliminary consideration we recall that unambigu-
ous structural data on the FK1 system could not be obtained
by X ray technique because of the lack of unequivocal in-
strumental signals other than those of zirconia due, inter
alia, to the low percentage of iron and potassium. Simi-
larly undetected was the formation of the not well defined
and amorphous KFeO; phase, as in the case of metastable
Fe/ZrO, solid solution (10), because, in agreement with the
literature (3-5, 12), this can be detected by X ray diffrac-
tion only on samples containing 10% Fe and increasing
amounts of K, due to its instability when exposed to the air
atmosphere.

The BET analysis shows that the area of samples con-
taining iron and potassium in low quantity decrease only
slightly after calcination and increase only slightly after re-
duction with respect to the area of the sample without iron.
Moreover, a comparison of the quantitative CO and NO
adsorption results shows that the potassium addition to the
Fe/ZrO, systems reduced under the same conditions, de-
creases more than one order of magnitude the total amount
of these gases adsorbed on iron and more than five times
with respect to the sample containing only iron. From these
results a strong change of the number and of the environ-
ment of surface iron atoms by potassium addition, favored
by the formation of a new phase containing iron and potas-
sium in a close contact, may be inferred.

Therefore the FTIR results on CO and NO adsorption
and their comparison with the previously published results
on the Fe/ZrO, system (10, 11) are the main source of in-
formation on the nature of the surface sites exposed to the
adsorbate. Some hypotheses on the surface structure of the
catalyst can be extrapolated from this information. For ex-
ample it can be said, at least for the FK1 sample, that the
surface of zirconia is fully covered by a phase (or phases)
containing iron and potassium; in fact, CO adsorption does
not reveal the presence of any exposed Zr** sites as found
either on pure zirconia (20) or, even in lower concentration,
on Fe/ZrO, (10). In fact, Fig. 6 shows that the band at 2180-
2190 assigned to CO weakly chemisorbed on Zr** sites is
absent on the FK1 sample and very weak on the FK2 and
FK3 samples and decreases with increasing K percentage.
The surface coating of a phase containing iron and potas-
sium is probably responsible of the nearly constant values
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of the areas (~10 m?/g) observed on differently treated FK1
samples and on ZrO,.

A similar behavior is observed in NO adsorption: the ni-
trosylic bands are strongly lowered in intensity and changed
in frequency by K deposition as in the Fe/Al,O3 system (21)
and the band at 1180 cm ™, previously assigned to the NO,
group formed on the zirconia surface (11), is absent and
substituted by a band at 1245 cm~! assigned to a potassium
nitrite group (22) (see Fig. 7 and the relevant discussion).

To discuss the spectra reported in Figs. 1-3 of CO ad-
sorbed on the FK1 sample reduced and outgassed at in-
creasing temperatures, it seems useful to summarize their
main features.

The adsorption of CO isan activated process at RT, which
produces increasing quantities of adsorbed species both
in the carbonyl (2050-1700 cm™?) and in the carbonate-
carboxylate (1700-1000 cm™?) regions of the spectrum.
Therefore, CO is adsorbed on reduced metallic sites and
the former IR bands are attributed to CO adsorbed in the
linear and/or bridged form to Fe’. These sites may be ei-
ther already existent on the surface after the reducing-
outgassing treatment or may be formed by a slow CO
reduction process. The latter IR bands are attributed to
carbonate—carboxylate species formed by CO adsorbed on
already existent oxidized Fe—K surface sites and/or formed
by a redox process on the surface by CO itself. The latter
hypothesis is confirmed by the noticeable decrease in trans-
parency of the sample after contact with CO at RT, which
can be explained only by the slow reduction process of a
n-semiconducting ferric phase.

The experiments of CO desorption at 423 K (see Fig. 2,
curve g, and Fig. 3B, curve d) allow differentiation between
carbonylic species that are resistant at this temperature
(bands at 1982, ~1862, and 1794-1762 cm™1) and other
more weakly adsorbed carbonylic species (2058-2036, 1956,
1895 cm™1). The literature IR data of CO adsorbed on Fe°
particles, either supported and evaporated as microcrystals
(16), or on monocrystals exposing well defined Fe surfaces
as (111) (17, 18) or (100) (19) are in agreement with the
assignment of the carbonylic bands at v > 2000 cm~! to CO
adsorbed linearly on top of the FeCfirst layer sites (the bands
at 1982-1956 cm~! may be attributed to slightly tilted lin-
ear species). The bands at 1900-1800 cm™! are assigned to
bridged CO adsorbed on the second layer shallow hollow
sites, following the notation of Ertl and co-workers (17) for
Fe(111). The bandsin the range 1800-1700 cm~*are of more
difficult assignment, but they are increased in intensity by
increasing the potassium composition (2, 18, 19) and there-
fore they may be assigned to either Fe® p-bridged CO or
to linear or bridged CO species adsorbed on Fe’ sites per-
turbed by neighbouring potassium atoms. The large number
of the peaks in the range 2050-1700 cm~? can be rational-
ized on the basis of small Fe® crystallites showing a large
heterogeneity of the exposed sites.
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However, if this model could be extended to all the iron
phase, it should produce a large Fe dispersion and a con-
sequent large amount of adsorbed CO. This was in conflict
with the quantitative CO adsorption results that show a very
small total coverage by CO (less than 1% in Fe moles). The
residual iron phase is coated by potassium. Therefore the
FTIR data cannot be discussed in terms of CO adsorbed
on large sized exposed faces, but rather in terms of CO
adsorbed on a few and small iron clusters formed by reduc-
tion at the interface of Fe—K phases. Indeed, organometallic
carbonyl clusters show carbonylic bands with very high ex-
tinction coefficients (23). The spectra shown in Figs. 1-3
in the range 2050-1700 cm~! seem therefore in agreement
with the formation of iron-carbonyl clusters in low con-
centration. This hypothesis is also in agreement with their
constant frequency, independent of the coverage, and the
narrow halfwidth of the bands (in particular of those at
2036 and 1982 cm™1). We can therefore conclude that only
a few, small Fe,CO, clusters (with n and m very small) are
formed at the surface of a phase containing both iron and
potassium (for the bands at 1794-1760 cm™?, see Table 2).
The desorption experiments show that at least two types
of clusters with different n and m values and with different
thermal stability are formed. The region of their CO stretch-
ing bands is consistent with zerovalent iron clusters, but

also with the adsorption spectra of some carbonylferrates
(Table 2) formed by reduction of iron carbonyls of small
nuclearity with alkali hydroxides according to the general
scheme (23)

Fen(CO)m + 40OH™ — [Fe,(CO)m_1]*~ + CO5™ + 2H,0
(n=1-4,m=5,9,12, 14).

This scheme, that is convincing in solution, should be mod-
ified for reactions on a surface outgassed at 773 K, in which
the hydroxyls are very few, although it contains some sug-
gestions that can be considered valid also for our samples
in which basic hydroxyl groups can be easily formed both
by reduction of oxides with hydrogen and by hydrolysis of
K,COs. Indeed, the spectra of Figs. 1-3 show the simulta-
neous formation of broad bands at 1660-1600 and 1310-
1280 cm™, i.e., in a region compatible with the stretching
modes of surface bidentate carbonates (24), although the
loss of the vy carbonate mode at ~1050 cm™~? is to some
extent not consistent with this assignment and the band at
1450 cm~! of bulk K,CO4 (25) is not formed. The broad
bands shown in our spectra are in full agreement with the
spectrum of oxalate compounds such as K,C,04 absorbing
at 1650-1600 and 1320-1308 cm~! (26) or FeC,04- 2H,0
absorbing at 1640 and 1320 cm™! (27). These compounds

TABLE 2
IR Bands and Assignments of Fe, FeK, and Fe Carbonyl Systems

System Frequencies (cm™) Assignment References
Fe evaporated in UHV 2040-1915 Linear CO stretching 16
Fe supported on oxides 2035-1925 Linear CO stretching 16
Fe(111) 2000 CO on top 17
1850-1800 CO on shallow hollow
1530 CO on deep hollow
Fe(100) 2015-1940 CO on top 18
1860-1760 CO on shallow hollow
Fe(111) + K 2000 — 1740 (Shifts 6k) CO on top 2
1850 — 1820 (Shifts 6x) CO on shallow hollow
1530 — 1580 (Shifts 0k) CO on deep hollow
1360 — 1435 (Shifts 6k) CO on K modified sites
Fe(100) + K 1750(Fe/K =2) CO on top 19
1550 K«(CO)y species
Fe(CO)s 2034, 2013 Linear CO stretchings 23
Fe3(CO)1, 2043, 2020, 2008-1997 Linear CO stretchings 23
1865, 1834 Bridged CO stretchings
[Fes(CO)ul*>~ 1941, 1913, 1884 vCO 23
[Fes(CO)1s]>~ 2030, 1967, 1950, 1829 vCO 23
Fe/ZrO,(773) 2192-2184 Zr*-Cco
2140-2100 Fe?£*-CO 10
2066, 2045, 2024, 2018 Fex(CO)y(x~ 3)
1990-1970 Fe-CO
FK1(773) 2058, 2036, 1956, 1895 vCO of Fer(CO)p,
423 K depleted This work, see
1982, 1862, 1794-1762 vCO of FexK,(CO);, Discussion

1650-1600

473 K depleted
v,0CO of KFe-oxalates
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can be easily formed already during the preparation of the
catalyst for the reducing action of citrate and ammonium
anions on the potassium carbonate, with formation of an
intermediate mixed K,Fe(C20,) species as reported in the
literature (28). Under reducing conditions at 573-773 K
small amounts of metallic iron may catalyse the reduction
of K,CO3 (normally stable until 1100 K) as suggested by
the reduction of this compound at 570 K when deposited
on Fe-foil (6, 29, 30). Then the oxalates formed may be de-
composed with the possible formation of the KFeO, phase
(and Fe% as indicated in the literature (3-5, 12). The di-
valent iron, stabilized by the support alone (10), when in
contact with potassium can be at the same time oxidized
to Fe>* and reduced to Fe®. The latter, in CO atmosphere,
forms iron clusters of zero (or lower, if carbonylferrates are
formed) valence state. At the same time, the oxalate groups
are either thermally decomposed at 573-773 K to formate
and thento CO and CO; species, or remain undissociated as
residual potassium oxalates. Figure 5 shows that the species
evacuated from 573 to 773 K are related to oxalate rather
than to carbonate groups because the v(sym) C-O mode at
~1050 cm~1is not found. In CO atmosphere, for the rule of
microscopic reversibility, the decomposed oxalate groups
can be slowly reformed together with the reduced Fe car-
bonyl clusters; the redox activity of CO is evident from this
scheme, showing also that CO is not an innocent spectator
on the surface.

The general picture of the FK1 sample is therefore that
of a zirconia surface covered with a phase containing both
iron and potassium (for example as KoFe(C204)2, KFeOy,
or similar “sheet structure” compounds (31)) which fully
poisons the acid Zr** sites and the surface hydroxyls. This
hypothesis is in agreement with the elimination of residual
hydroxyls on the zirconia surface and the null pyridine ad-
sorption reported in literature (12). These phases can be
segregated and reduced at the surface forming, in CO at-
mosphere, patches of Fe-carbonyl clusters (partly in tight
contact with potassium as indicated by the bands at 1794-
1762 cm™1) and of K,C,0..

The effect of K addition to Fe/ZrO, is therefore to favor
the partial reduction of iron, but this does not lead per se to
an increased iron dispersion and catalytic activity. The lat-
ter, which is promising for butadiene conversion (12, 32, 33),
but still to be proved for different reactions such as ethyl-
benzene dehydrogenation, is probably correlated to the re-
dox equilibrium Fe3*/Fe?* in presence of steam, but not to
the further reduction to Fe®. This hypothesis is confirmed
by an experiment, here not reported in detail, showing that
the adsorption of water (always present in the catalytic re-
actions discussed above) hinders the formation of the Fe®
carbonyl species by the well known oxidizing action of wa-
ter on iron.

The experiments reported in the Figs. 3B and 4 show
that the desorption and partial decomposition at 523 K

161

of CO adsorbed as Fe-carbonyl produces only partially
oxalates, but the new weak bands formed in the range
1600-1300 cm~* can be assigned to carbonate—carboxylate
species, formed by a mechanism of CO disproportionation
via iron carbonyls. This process refers only to a few car-
bonyl groups and is not important from the catalytic point
of view. A detailed assignment of these groups is not the
goal of this paper and is therefore omitted.

The comparison of the FK1 with FK2 and FK3 samples
reduced at 773 K, reported in Fig. 6, shows on the samples
prepared from iron nitrate at 773 K that a raft-like distri-
bution of iron is obtained, in phases that may or may not
contain potassium. The spectra of the adsorbed CO show
that part of the catalyst is in the form of the already studied
Fe/ZrO, system (10) (see bands at 2180, 2115-2080 cm™1);
the other part of the spectrum shows analogies with that
of FK1, but the bands at 1794-1762 cm™! are almost com-
pletely missing. As their presence is related to the pres-
ence of dispersed potassium interacting with iron (2, 6, 19),
we can deduce that on these samples potassium is not well
mixed with iron and is segregated as separate K,COs-like
phases. Indeed, previous HREELS results of CO adsorbed
on Fe® monocrystalline faces doped with evaporated potas-
sium (2, 6, 19), and references therein) show several bands,
all shifted to lower frequencies (from 1800 to 1750, 1610,
down to 1410 cm™! for higher K coverages) with respect
to the undoped Fe® surfaces. The segregated phase can be
partially formed of unreduced K,COj3; (the surface biden-
tate carbonates give bands at 1650-1600, 1300, and 1050-
1020 cm~! (24), visible in Fig. 6, curves b and c) and of
potassium, iron(l11) trioxalates. The latter compounds are
reported in literature (34) to show intense bands at 1710-
1650, 1390, and 1270-1250 cm™, all of which present also
in our spectra, although the 1390 cm~* band is weaker than
expected. The lower intensity of the carbonylic bands is in
agreement with the lower iron reducibility in these samples
due to the minor interaction with potassium.

The different reducibility of FK2 and FK3 samples can
be attributed also to the temperature of calcination (773
instead of 973 K), insufficient to stabilize the mixed Fe-K
phases and to reduce the nitrate anion from the precur-
sor; this can also produce a more difficult formation of the
mixed KFeO, dispersed phase. On the FK1 sample the for-
mation of potassium oxalate ex-citrate favors the interme-
diate KFe(ll) oxalates, which, by reduction at increasing
temperatures, produce Fe° clusters, forming, in CO atmo-
sphere, Fe-carbonyls in tight contact with K (see the bands
at 1794-1762 cm™1) or anionic carbonyl-ferrates stabilized
by the K* counterion. The final result is the higher reducibil-
ity, at least on the surface, of the sample containing potas-
sium as FeK-oxalates or KFeO,, with Fe and K in close
contact. These phases fully cover the support and hinder
the anchoring and stabilization of ferrous ions to the sur-
face of zirconia (10). In Table 2 all the relevant IR bands
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formed by CO adsorption are assigned by comparison with
the literature data.

The TPR spectra confirm the IR results. The formation
and the partial reduction of iron to Fe clusters, plus residual
amounts of Fe**—CO (x = 2,3) species (Fig. 6, curves b and
c) isparallelled in the TPR spectra by the incomplete reduc-
tion peak (H./Fe < 1.5) at lower temperature (573-623 K)
in both the Fe alone and Fe—K samples prepared ex-iron ni-
trate (Figs. 9a and 9b). The more complex situation of Fe*
reduction in the ex-citrate samples containing potassium
(Fig. 9¢) could be explained by assuming the formation of
iron—potassium oxalate phases or more likely KFeO,-like
phases as is implied by the 2.1 Hy/Fe ratio observed for
the large band centered at 765 K which can be accounted
for only by assuming a complete reduction of a KFeO,
phase. In agreement with Refs. (5) and (12), the effect of K
addition increases to 765 K the temperature of reduction
to Fe?, except for a small surface fraction which is reduced
at lower temperatures (peaks at 610, 650 K) in agreement
with the IR spectra of adsorbed CO. The same peak at 765
K is present also in the TPR spectrum of FK3, albeit with
a lower intensity and consistently with the lower K content
of this sample. If a 2/1 Hy/Fe reduction stoichiometry is as-
sumed for this peak and if a 1.5/1 H,/Fe stoichiometry holds
for the peak at 623 K, a simple normalization indicates that
approximately 20% of the Fe introduced in the FK3 sample
remains unreduced. A similar normalization procedure for
Fe/ZrO; (curve a) shows that the fraction of unreduced iron
is approximately 40%, so confirming the stabilizing effect
of zirconia on Fe(ll) (10) and providing evidence for the
easier reducibility of iron in catalysts where potassium is
present.

The nitric oxide adsorption on FK1 shows results that are
similar to those of CO adsorption, as found for the Fe/ZrO,
system (11). The IR spectra of NO adsorbed on supported
iron show a broad band with several components in the
range 1700-1820 cm~! assigned to mononitrosyl species
bound to iron sites with oxidation number between zero
and three and with different coordination (21, 35). Besides,
nitric oxide dissociates at low coverages on extended metal-
lic iron, leaving a partially oxidized surface exposed to the
subsequent NO doses. It is therefore difficult to determine
the oxidation state of the iron sites from the spectrum of
adsorbed NO, but a good criterion of assignment could be
that the frequency blue shifts from less than 1700 cm~* for
Fe® to more than 1820 cm™* for Fe*™ (x=2,3) ions as in
Ref. (11).

Figure 7 shows a continous blue shift of about 80
wavenumbers, increasing with the coverage and the con-
tact time, of the mononitrosyl band of NO adsorbed at RT
on FK1. The reasons for this shift may be numerous and
are here summarized: (i) dipole-dipole coupling effects in-
creasing with the NO coverage; (ii) chemical effects induced
by electron transfer by adsorbed NO to the surrounding
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iron sites; (iii) intrinsic surface heterogeneity, as revealed
by CO adsorption, due to different metallic clusters or to
differently exposed large Fe® faces; (iv) exposed iron sites,
with different oxidation number before the NO adsorption
orinduced by NO decomposition on the more reduced sites.

However, the initial ~1675 cm™! frequency of adsorbed
NO is consistent with a linear nitrosyl species adsorbed on
Fel sites (11, 21) and the shift to higher frequencies can be
attributed to an overlapping of the previously discussed ef-
fects: for example a band at 1735 cm~! was found on the
Fe/ZrO, system and was assigned to a NO adsorbed onto
Fe®+ reduced sites preexistent or formed by the partial
iron oxidation by decomposed NO. However, a comparison
of the results of NO adsorbed on Fe/ZrO; (11) with that of
the FK1 sample reduced in the same way evidences that,
with the exception of the shoulder at 1803 cm™, the fre-
quencies of NO adsorbed on the sample containing potas-
sium are definitely lowered by ~100 cm~. Also from the
point of view of the intensities of adsorbed NO bands, the
nitrosyl bands of FK1 are approximately one order of mag-
nitude less intense that those of the sample without potas-
sium. This can be due both to a minor concentration of
the surface species for the decrease of the areas (adsorbed
NO/Fe mole ratio is 0.04 vs the value of 0.48 for Fe/ZrO,)
and/or to a very different band intensity due to the different
chemical bonds formed by NO with different sites. This is
proved by the differences both in frequency and in resis-
tance to thermal evacuation: on the FK1 (Fig. 7, curve h)
the linear nitrosyls are desorbed by thermal evacuation at
423 K, whereas on the Fe/ZrO, they are resistant up to 623
K because of the strong bond with the oxidized Fe?* or Fe**
sites (11). The weak and broad bands which remain at 1620—
1590 cm™*! after evacuation are of uncertain assignment.
For their position they can be assigned to residual Fe>-NO
tilted groups or, more probably, they can be correlated to
the broad absorption between 1500 and 1300 cm~! and as-
signed to nitrate groups formed by NO dissociation (22, 36,
37). The same assignment to nitrate groups can be made for
the weak-broad bands at 1506, 1456, and 1410 cm~1. How-
ever, for these bands theoretical and the experimental shift
for the 1®NO adsorption are coincident (see Fig. 8). Hence,
these data could be in better agreement with NO adsorp-
tion as nitrosyl groups, strongly red-shifted in stretching
frequency because adsorbed on Fe? sites that are strongly
perturbed by neighboring K atoms (analogously to the car-
bonyl species at 1794-1762 cm™1).

Finally, the strong band at 1245 cm~! can be assigned,
for its spectral range and intensity, to the vzasym mode of a
nitrito species. In the case of Fe/ZrO, (11) an analogous as-
signmentto NO, groups chelated to zirconia was made for a
band at 1190-1150 cm 1. A partner weak band at 1310 cm™*
was assigned to the v;(sym) mode (22): for FK1 the corre-
sponding band is found at 1327 cm~. From these consider-
ations and from the presence of the same frequencies and
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intensities of the IR spectrum of KNO; and also the weak
combination band at 2564 cm™! (v1 + v3 = 2572 cm™Y) (22),
it may be inferred that a KNO, species is formed on the sur-
face, at the same time with the adsorption of NO and with
its partial decomposition on the reduced Fe sites. Bonzel (6,
29) hypothesized an equivalent mechanism of adsorbed NO
decomposition, with formation of NO; stabilized as KNO,
on the ionic K* phase, on Pt°. The thermal resistance of
this species up to 600 K is in agreement with findings of the
experiment reported in Fig. 7, curve h.

The experiments of labeled NO reported in Fig. 8 fully
confirm the overall picture exposed above.

In conclusion, the results of NO adsorption parallel ex-
actly those of CO adsorption, with nitrosyl (carbonyl) com-
plexes formed on reduced iron sites and nitrito (oxalate)
species formed on K. For CO as well as for NO no traces
of interaction with the zirconia are found, which implies
that it is fully coated by phases containing K and Fe.

CONCLUSIONS

Previous papers on the Fe/ZrO, system (10, 11) have
shown that iron is highly dispersed, mainly as coordina-
tively unsaturated Fe?* ion, onto the surface of zirconia
after reduction at 623-773 K with CO and NO adsorbed as
monocarbonyl or nitrosyl groups on these sites.

The potassium addition to the same system produces
a strong decrease of the amounts of adsorbed molecules.
The interaction of ferrous ions with the zirconia surface
is replaced, in the presence of potassium, by the growth
of a potassium ferrite phase containing oxidized iron and
potassium in close contact, in agreement with the literature
(3-5). This phase fully covers the surface of zirconia and is
reduced with H; at 773 K, producing patches of small Fe°
particles interspersed with K. In CO atmosphere small iron
carbonyls partially interacting with potassium and potas-
sium oxalate groups are formed at room temperature ac-
cording to the scheme

KFeO, + CO — K,C,04 + Fe,(CO)p,. [1]
These species decomposed under vacuum at 473-573 K.
By an analogous mechanism NO adsorbs on free iron and
potassium sites of the reduced surface, producing mononi-
trosyl species adsorbed on Fe® sites (on which NO partially
dissociates already to room temperature) and nitrite species
on potassium. The higher iron reducibility at the surface of
potassium ferrite, at least in absence of water, is attributed
to the close contact of iron with potassium in this phase.
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